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Chapter 1  

 

General Introduction 

 

 

 

During the past few years, an important interest has raised towards multiferroic 

materials. Multiferroics are compounds in which several ferroic orders coexist and 

can be simultaneously ferro-or antiferroelectric as well as ferro-or antiferromagnetic 

(AF). This multifunctional character may open the way toward other applications in 

storage media and represent a viable approach to the design of logic architectures. 
[1-3] 

However, the choice of multiferroic from natural seems very limited, since hardly 

any material exhibits the coexistence of ferroelectric and ferromagnetic properties at 

room temperature, except BiFeO3. [4] 

 

1.1 Introduction of BiFeO3 

1.1.1 Introduction of structure and polarization 

BiFeO3 (BFO) is perhaps the only material that is both magnetic and a strong 

ferroelectric at room temperature. [5] The recorded FE (ferroelectric) Curie 

temperature for BFO is 1043 K[6], and the AFM (anti-ferromagnetic) Neel 

temperature is 647 K[7]. BiFeO3 is usually prepared from equal parts of Bi2O3 and 

Fe2O3, the phase diagram for the system Bi2O3/Fe2O3 has been mapped out and is 

shown in Figure 1.1. [5, 8] There are many other phases in this phase diagram of 

BiFeO3, such as Bi2O3, Bi25FeO39 and Bi2Fe4O9, which makes it difficult to get pure 

phase BFO.  

BiFeO3 is a typical perovskite compound. The sketch of perovskite structure is 

shown in Figure 1.2. The structure contains two cation sites in the crystal lattice: the 
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larger cation A (Bi in BFO) resides on the corners of the unit cell, and the smaller 

cation B (Fe in BFO) is in the center of the unit cell. The oxygen ions (O) are on the 

centers of the faces, and the structure is formed via a network of corner-linked 

oxygen octahedra, with the larger cation (A) filling the dodecahedral holes and the 

smaller cation (B) filling the octahedral sites. [9]   

 

 
Figure 1.1 Compositional phase diagram of BiFeO3. [8] 

 

 
Figure 1.2 Crystal structure for the ABO3 perovskite. [9] 
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Bulk single crystal BFO show a rhombohedrally distorted perovskite structure 

with space group R3c (a=3.96 Å and α=89.4º) at room temperature. [10, 11] R3c is the 

ground state for BFO [12] (Figure 1.3(a)), while there are many other structure 

symmetries can be obtained, depending on production process. Tetragonal phase 

(Figure 1.3(b)) shows an extremely high c/a ratio (1.2-1.3), while it is the most 

widely investigated BFO structure due to the outstanding ferroelectric behaviors.  

 

 
Figure 1.3 Crystal structure for the (a) rhombohedral BFO and (b) tetragonal BFO. 

 

The presence of multiferroic property in BiFeO3 can be simply described by its 

crystal structure. The polarization is mostly caused by the stereochemically active 

lone pair (s2 orbital) of Bi3+, while the magnetization mostly comes from Fe3+. It is a 

perovskite with A-site ferroelectricity and B-site magnetism. [5] 

From first-principles density functional calculations, the most natural value of the 

polarization for rhombohedral BFO is 90-100 μC cm-2 along the [111] direction [12], 

while tetragonal BFO (P4mm) which keeps a giant axial ratio (a=3.67 Å, c=4.65 Å 

and c/a=1.27) is predicted a large polarization (151 μC cm-2) [13, 14]. But the 

polarization actually measured in a bulk single crystal BFO was only 3.5 μC cm-2 

and 6.1 μC cm-2 along the (001) and (111) axis, respectively. [15] In 2003, Wang et 

al.[16] reported the tetragonal film on SrTiO3 substrate showed huge Pr value of 50-60 

μC cm-2, which was one order of magnitude higher than that of bulk BFO. They 

pointed that strain effect was one of the reasons that there was a large difference 

between properties of bulk and thin film BiFeO3. Then most of researches focused on 

the high quality BFO thin films, prepared by pulse laser deposition (PLD), sputtering, 
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and so on. Some of the reported data are listed in Table 1.1.  

  

Table 1.1 Various measured values for the polarization of BiFeO3 thin films 

First Author Preparation Structure symmetry Pr 

(μC cm-2) 

Ec 

(kV cm-1) 

Wang [16] PLD Epitaxial (001), tetragonal 60 200 

Shuai [18] PLD Rhombohedral 65 250 

Ricinschi [19] PLD Oriented (001), tetragonal 131 (90K) 180 

Li [17] PLD (001), monoclinic 

(110), monoclinic 

(111), rhombohedral 

55 

80 

100 

- 

- 

- 

Wu [20] Rf-sputtering R3c 49 400 

Singh [21] CSD Oriented (001), rhombohedral 50 (80K) 100 

Hong [22] Sol-gel Polycrystalline, R3m 0.418 21 

Wang [23] Sol-gel R3m 0.69 100 

 

The polarization results from Li et al.[17] were consistent well with calculated 

values. But it can be noticed that the Pr value is spread by changing preparation 

method, substrate, and so on. Furthermore, some of the BFO samples don’t show 

saturated hysteresis loop, which is imputed to the leakage current generally.    

 

1.1.2 Phase transition of BiFeO3 

Recently, there are many researches focus on the phase transition of BFO, from 

rhombohedral to monoclinic or tetragonal or further orthorhombic. For bulk BFO, in 

Figure 1.4 [5], the transition is under high pressure and/or high temperature. The 

ground state is rhombohedral, which turns to orthorhombic at higher temperature. 

The transition at 370 ºC, reported by Polomska [24], is caused by magnetoelectric 

coupling to the antiferromagnetic Neel temperature. It is possible that the phase 

transition reported at 458 K and ambient pressure could be the same as that observed 

at room temperature and ca. 4 GPa. With increasing temperature, there are 

orthorhombic-cubic transition and finally, the decomposition. 
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Figure 1.4 Sketch of possible phase diagram as function of pressure and temperature. [5] 

 

While for film BFO, strain which is an alternative way of inducing ‘‘pressure’’ in 

crystal, plays an important role in the transition of structure symmetry.[25-28] As 

shown in Figure 1.5 [26], phase transition carries out with increment of misfit strain. 

The appearance of “aa phase” results from the positive misfit (i.e. tensile stress), 

while the “c phase” results from the negative misfit strain (i.e. compressive stress). 

Moreover, there is another kind of pressure considered contributing for phase 

transition, as called “chemical pressure”, arisen from chemical substitution. [5] 

 

 
Figure 1.5 Misfit-temperature phase diagram of (001) single domain BFO thin film grown on the 

cubic substrate.[26] 
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Chaigneau et al. [29] reported the phase transition in Bi1-xPbxFeO3 system. In Figure 

1.6, with increasing Pb concentration, the structure becomes cubic from 

rhombohedral. It is reported that addition of x in Bi1−xPbxFeO3 progressively breaks 

the ferroelectric ordering up to the point where the structure becomes cubic on 

average. The decreasing of Tc with increasing Pb content also confirms that adding of 

Pb atoms destabilizes the ferroelectric rhombohedral order and stabilizes the cubic 

phase via a complex texture of mixed phases. In the light of the literature, they 

suggest that this mechanism can be generalized to other (BiA)FeO3 solid solutions 

(A=Sr, La, Ca, Ba,…). With increasing A content, the rhombohedral BiFeO3 

distortion decreases up to reach a pseudocubic cell.[30-32] 

 

 
Figure 1.6 Phases diagram of Bi1-xPbxFeO3. [29] 

 

 
Figure 1.7 Schematic phase diagrams of the BiGaxFe1 xO3 

 

Belik et al. [33] reported the phase transition of “R3c to Cm to Pcca” in 

BiFe1-xGaxO3 system (Figure 1.7) under high-temperature and high-pressure, which 

can be considered as B-site substitution for BFO. The (almost pure) R3c phase was 
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found at 0 ≤ x ≤ 0.2; the Cm phase at 0.4 ≤ x ≤ 0.5, and the pyroxene phase at 0.7 ≤ x 

≤ 1. BiGa0.3Fe0.7O3 was a mixture of the Cm phase ( 85%) and the R3c phase ( 15%). 

BiGa0.6Fe0.4O3 was a mixture of the pyroxene phase ( 75%) and the Cm phase (

25%). Application of moderate pressure stabilizes perovskite-type modifications of 

BiGaO3, and the first perovskite phase of BiGaO3 has the Cm symmetry.[34] 

 

Figure 1.8 Symmetric phases of monoclinic BFO, (a) rhombohedral-like phase; (b) tetragonal-like 

phase.[38] 

 

Monoclinic phase represents the nearly vertical limit between the rhombohedral 

and the tetragonal phases (Figure 1.8). Previous first-principles calculation found the 

monoclinic structure to be the ground state for T-like BiFeO3. [35] Three types of 

ferroelectric monoclinic phases are known, namely, MA, MB and MC. The MA and MB 

belong to the space group Cm while the MC belongs to Pm. For the MA/MB phases, 

the unit cell is double and rotated by 45 º about the c axis with respect to the 

pseudocubic cell and the polarization is confined to the (11
_

0) plane. The MA and MB 

unit cells are similar but their magnitudes of the polarization components in the three 

axes directions corresponding to the pseudocubic unit cell are different. For the MC 

phase, the polarization is constrained to lie within the (010) plane. [13] The standard 

notation [36] are used to distinguish these three monoclinic cases based on the 

orientation of P with respect to the pseudocubic coordinates: MA and MB for P|| 

[uuv]pc, with u<v and u>v, respectively; and MC for P|| [u0v]pc. The tetragonal (T), 

rhombohedral (R), and orthorhombic (O) phases correspond to a constraint of P to a 

symmetry axis along [001]pc, [111]pc, or [011]pc, respectively; see Figure 1.9.[28] For 

instance, BFO films grown on low misfit substrates reportedly adopt a monoclinic 
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structure of the MA phase for compressive strain and the MB phase for tensile strain 

(space group Cm or Cc, depending on whether the oxygen octahdra rotations are 

suppressed by the substrate or not, respectively).[37-40] It is reported that the 

stress-induced phase transitions in BiFeO3 follow the path of rhombohedral to 

monoclinic to tetragonal.[28] 

 
Figure 1.9 Schematic comparison of monoclinic structures. Polarization direction in differently 

distorted perovskite structures: The polarization points in a direction parallel to that connecting the 

origin with the indicated dots for R, O, and T, or with any point on the lines labeled MA, MB, and MC. 

The path R-MA-MC-T observed here and in relaxer ferroelectrics is indicated by arrows. 

 

In the group of the lead-based perovskites, such as PZT, PZN-PT, and PMN-PT, 

the existence of such a monoclinic phase, which is stability limited around a narrow 

region near morphotropic phase boundary (MPB), is crucial in explaining the 

outstanding properties of these materials. [41-43] The large piezoelectric response 

around MPB is driven by the electric-field induced rotation of the electrical 

polarization P, supported by theoretical [44] and experimental [45] studies. For example, 

applying an electric field along the pseudocubic [001] direction in rhombohedral 

PZN-PT induces a rotation of the polarization occurring along the rhombohedral- 

tetragonal path (i. e., P continuously rotates from the [111] to [001] direction), and a 

large piezoelectric response can result from such a path switch. [46]  

However, there is few reported about the practical and technological implications 

of phase coexistence and morphotropic phase boundary like behavior in BFO system. 

Moreover, the mechanism of the chemical substitution induced phase transition is 

still an open question.    
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1.2 Structure modified for BiFeO3 

1.2.1 Major problems of BiFeO3 

In the earlier years of BFO’s birth, it failed to make any remarkable impact on 

electronic industries due to problem of leakage current. The main reason is that the 

BFO synthesized by even established methods are generally plagued by impure 

phases. [47] In its bulk form, measurements of the ferroelectric and transport 

properties in BFO have been limited by the problem of leakage, mainly due to low 

resistivity [10], lattice defects and nonstoichiometry. 

Recently, advanced thin film preparation technologies make it is possible to obtain 

high quality thin film BiFeO3, without impurity phase detected. However, there is an 

instinct fact that the electronegativity of Bi (2.02) is larger than that of Fe (1.83), 

where the electronegativity is 3.44 for O. According to the Pauling electronegativity 

theory, the higher the difference of electronegativity between two elements is, the 

stronger the bond energy is. Accordingly, the bond energy of Fe-O is stronger than 

that of Bi-O. [48] The evaporable Bi is easily lost during process of vacuum or heat 

treatment, resulting in vacancy-defects.  

On the other hand, the valence of Fe is variable that both Fe2+ and Fe3+ occupy the 

octahedral site in perovskite structure. The octahedrons are connected by vertices, so 

that there is one O2- between Fe2+ and Fe3+, which blocks the direct hopping of 

electrons from Fe2+ to Fe3+. Nevertheless, the hopping of electrons becomes possible 

in these materials when oxygen vacancies are present, which act as “bridge” between 

Fe2+ and Fe3+. The oxygen vacancies carrying positive charge attract electrons from 

Fe2+, but they are not effective electron traps even at room temperature, so electrons 

can easily escape from the oxygen vacancies traps and hop to Fe3+. Based on this 

consideration, it is reasonable to believe that the hopping of electrons from Fe2+ to 

Fe3+ plays an important role in the electronic conduction. [49] 

 

1.2.2 Solution  

The theoretical feasible way to reduce leakage current is to control the formation 

of vacancies and/or prevent the Fe2+. It is well known that many physical properties 

of materials may vary significantly with a small change of chemical composition 
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through doping or substitution of impurities. The chemical substitution for BFO has 

been widely investigated to deal with the major problems of BFO. 

Bi site doping with La, Nd, Sm or Ce atoms have been attempted in suppressing 

the generation of oxygen vacancies during the preparation process of BFO film by 

controlling the volatilization of Bi. [50-53] And Fe-site doping with Cr, Mn or Ti atoms 

has been documented of successfully reducing the formation of Fe2+. [54-57] To further 

improve the ferroelectricity of BFO films, co-substitution strategy has been adopted. 
[22] Some reported experimental results for leakage current and polarization 

properties of doped BFO are shown in Table 1.2. The leakage current of BFO thin 

films can be significantly reduced by 1-3 orders of magnitude via chemical 

substitution. [18] 
 

Table 1.2 Various measured values for the electric properties of doped-BiFeO3 

First Author Compound Leakage at 

100 kV cm-1 

(A cm-2) 

Pr 

(μC cm-2) 

Ec 

(kV cm-1) 

Singh [58] BiFe0.5Cr0.5O3 10-7 30 370 

Wu [59] BiFe0.95Mn0.05O3/ 

BiFe0.95Zn0.05O3 

10-7 80 350 

Hong[22] BiFe0.95Ti0.05O3 10-7 3.948 181 

Chishima[60] BiFe0.996Zn0.001Mn0.003O3 10-7 40 25 

Kim [54] BiFe0.97Cr0.03O3 9.2×10-7 61 290 

 

1.3 BiMO3 compound  

A number of strategies have been proposed to prepare noncentrosymmetric 

materials, for example, utilizing cations with a lone pair of electrons, such as Bi3+ 

and Pb2+ usually have asymmetric coordination environments. Bi- and Pb-based 

perovskite have received renewal attention in recent years due to the great interest in 

multiferroic materials. Bi-based materials are considered as good alternatives to 

Pb-based system, due to the similar ion off-centering reduced ferroelectric 

polarization, and nontoxic of Bi-based oxide. [61, 62] 

In Bi-based system, BiMnO3 and BiFeO3 are multiferroic. Moreover, there are 
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group of BiMO3 with nonmagnetic ions (M=Al, Sc, Ga and In). BiAlO3 crystallizes 

in a noncentrosymmetric structure and is isotypic with the well-known BiFeO3. [63] 

BiScO3 crystallizes in centrosymmetric structure. [64] BiGaO3 has a centrosymmetric 

pyroxene-type structure, [33, 63] while BiInO3 has orthorhombically distorted GdFeO3- 

type structure. [61]  

The stability and distortions of perovskite-type oxides (ABO3) can be qualified 

using the tolerance factor: 

 

                            (1.1) 

 

where rA, rB and rO are the ionic radii of the A, B, and oxygen ions, respectively. [65, 

66] For A-site driven ferroelectricity, the ferroelectric distortions of the perovskite are 

mainly described as a shift of the A-site cation with respect to the surrounding 

oxygen ions with smaller accompanying shifts of the B-site ions. We use the r values 

of six-fold coordination, and the stability of the perovskite structure is expected 

within the limits 0.77< t< 0.99 in this case. For BFO (rBi=1.03Å, rFe= 0.645Å, and 

rO=1.4Å [67]), t=0.84, located in the stability region. The BiAlO3 with t=0.888 shows 

larger ferroelectric distortion. While BiInO3 with t=0.78 suggest rotational instability.  

From the equation of tolerance factor, it is easy to find that smaller B-site ions are 

helpful to enhance ferroelectric distortion. Under the case of six-fold coordination, 

the ionic radii for Al, Ga, Sc and In are 0.535, 0.62, 0.745 and 0.8 Å, [67] respectively, 

while that of Fe is 0.645 Å. The theoretical studies give some evidences for the 

relationship between B-site ions and ferroelectric properties. From first principle 

calculation, the ferroelectric polarization for BiAlO3 should be 75.6 μC cm-2 along 

[111] direction, and BiGaO3 is 151.9 μC cm-2 along the [100] direction. They are 

predicted to be high-performance ferroelectrics. [68] While for BiInO3, the calculated 

spontaneous polarization is as small as 18 μC cm-2. [61] It means that not only the 

stereochemically active 6s2 lone pair electrons of Bi3+ but also the M-ion 

displacement can affect the polarization behavior in BiMO3 compounds. Study from 

Zhang et al. [69] supported this opinion. They found that the Fe-O off-centering in the 

T phase contributed to the large ferroelectric polarization in the T-phase BiFeO3.  

However, there are few reports on BiMO3 compounds, perhaps due to the extreme 

productive condition, such as high-temperature (>1000 ºC) and high-temperature (~6 
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GPa). [70] As introduced in section 1.2.2 that B-site substitution in BiFeO3 is 

generally carried out to deal with leakage current. But there is no study focus on the 

relationship between B-site substitution induced structure distortion and ferroelectric 

properties. It is reasonable to expect that the B-site substitution will bring some 

interesting changes into BiFeO3 structure and further influence the ferroelectric 

properties. 

 

1.4 Chemical solution deposition method 

1.4.1 Introduction of film deposition process 

The deposition process plays an important role in determining the crystal structure 

of BFO thin films, which in further influence ferroelectric properties of BFO. [21] 

Pulsed laser deposition (PLD) is a widely used technique for the preparation of 

complicated oxide thin films. It is reported that thin films prepared by PLD keep high 

quality and excellent properties. However, for pure BFO, it was reported that the 

ambient (oxygen) pressure and substrate temperature should be addressed, in order to 

obtain pure perovskite phase. [71] Moreover, excess Bi is needed to prevent Bi 

deficiency due to the volatility of Bi, which makes it difficult to control chemical 

composition. Thus an optimization of the deposition conditions is extremely 

important. Molecular-beam epitaxy (MBE) method is another way to deposit BFO 

films. Comparing with PLD, the growth condition of MBE is more convenient to be 

controlled, due to the Bi partial pressure can be set independently. [72] Besides these, 

metal organic chemical vapor deposition (MOCVD) [73], magnetron sputtering [74], 

and RF-sputtering [75] were also used to prepare BFO thin films. However, these 

methods are carried out under vacuum condition and greatly depended on instrument, 

which is disadvantageous for real device application.  

From mid 1980s, chemical solution deposition (CSD) for preparing perovskite thin 

films has been investigated. [76] CSD has an advantage in exact control of 

stoichiometry composition. Meanwhile, it is particularly important from an industrial 

aspect because of its suitability for large-area deposition and mass production. [21] 

The general principle involved in the solution deposition of films is to prepare a 

“homogeneous” solution of the necessary cation species that may later be coated to a 
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substrate. The fabrication of thin films by this approach involves four basic steps: (1) 

synthesis of the precursor solution; (2) deposition by spin-coating or dip-coating, 

where drying processes usually begin depending on the solvent, (3) low-temperature 

heat treatment for drying, pyrolysis of organic species (typically 300-400 ºC), and 

formation of an amorphous film; (4) higher temperature heat treatment for 

densification and crystallization of the coating into the desired oxide phase. [9, 77] 

 

1.4.2 Precursor solution 

Solution preparation generally involves the use of metal organic compounds that 

are dissolved in the common solvent. The most frequently used CSD approaches can 

be grouped into three categories: (1) Sol-gel processes that use 2-methoxyethanol as 

a reactant and solvent. (2) Chelate processes that use modifying ligands, such as 

acetic acid. [78, 79] (3) Metal organic decomposition (MOD) routes that use water 

insensitive metal carboxylate compounds. Among these routes, chelate process is 

relative simple, as the distillation and refluxing strategies are not required with 

comparison with sol-gel method. Besides some acceptable disadvantages, such as the 

complex composition in prepared solution due to continued reactivity, a number of 

research groups routinely use it as their primary method of film fabrication.  

 

 
Figure 1.10 Tautomerism of 2, 4-pentanedione. 

 

The chelate process relies heavily on the molecular modification of the alkoxide 

compounds through reactions with other reagents, namely chelating ligand, such as 

acetic acid, acetylacetone, or amine compounds. The molecular structure of 

acetylacetone is shown in Figure 1.10. Acetylacetone is an organic compound with 

molecular formula C5H8O2. This diketone is formally named 2, 4-pentanedione. It is 

a precursor to acetylacetonate (acac), a common bidentate ligand. It is also a building 
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block for the synthesis of heterocyclic compounds. The structure sketch for chelate 

compounds by using acac as chelating ligand is shown in Figure 1.11. [80] The small 

oligomeric species will form during solution synthesis.   

 

 

Figure 1.11 Atomic structure of M(C5H7O2)3 (M=Bi, Fe, Al, Ga et al.) 

 

1.4.3 Film deposition 

To optimize film properties for specific applications, the structural evolution of the 

as-deposited film to the crystalline ceramic state is important. In the deposition 

process, the oligomeric solution precursor species containing an organic fraction is 

converted to the desired crystalline ceramic. For example, for crystallization to occur, 

M-O-C (or M-O-H) bonds must be broken and M-O-M bonds are formed. Some of 

the processes involved in the transformation are (1) continued condensation reactions, 

(2) organic pyrolysis and concomitant M-O-M bond formation, (3) elimination of 

structural free volume through relaxation, and (4) crystallization. To control the 

properties of the final ceramic film, an understanding of the thermodynamics and 

kinetics of the processes is required. Generally, the film is heated rapidly to the 

crystallization temperature, which results in the formation of crystalline phase. Rapid 

thermal heat treatment has the potential advantage of being an “isothermal” process, 

making simple route and effectively balances the competing kinetics which is arisen 
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from various processes that take place during the conventional transformation.  

 

1.5 Object of this work  

In this study, we focus on the structure and electrical properties of BiFeO3-based 

thin films, where chemical solution deposition method is chosen as preparation 

method. The main object of this work is as below. 

(1) In most of studies on BiFeO3, Bi is overdosed to compensate Bi-evaporation. 

The changes of ferroelectric behavior are conventionally attributed to excess Bi, 

lacking the detailed discussion on why overdosed Bi influences the structure and 

properties of the BiFeO3 films. Thus we would like to search the optimal route to 

crystallize pure BiFeO3 thin films by CSD method. Via doping excess Bi, find the 

relationship among defects, strain, structure distortion and electric properties. These 

results will offer better understanding of the contribution of excess Bi on properties 

of BiFeO3. 

(2) For thin films, strain from substrate plays an important role in crystal structure. 

For further ferroelectric measurement, the electrode is also important. In our study, 

LaNiO3 is chosen as bottom electrode. We would like to discuss the influence of 

LaNiO3 electrode on the structure and electrical properties of top BiFeO3 films. By 

simply altering annealing temperature to control structure of LaNiO3 layers, which 

are able to provide support for ferroelectric properties of top BiFeO3 films. 

(3) Considering that the physical properties of materials may vary significantly 

with a small change of chemical composition through doping or substitution, 

substitution on Fe-site by Al or Ga are carried out. Al and Ga keep smaller ionic radii 

than Fe, which is considered to enlarge tolerance factor after doping. The point for 

substitution is to alter the Fe environment, which plays an important role in electric 

conduction and polarization. Via systematic studies on BiFe1-xAlxO3 (BFAO) and 

BiFe1-xGaxO3 (BFGO) systems, to get information of phase transition and variation 

of electrical properties arising from substitution.  

 

1.6 Synopsis of the dissertation 

  Chapter 1 introduces the basic performance of BiFeO3, focusing on various phases 
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and structure modification. Chemical solution deposition (CSD) process is described 

and chosen as film fabricated method in our study.  

  Chapter 2 presents the effect of excess Bi on BiFeO3 structure and ferroelectric 

properties. The overdosed Bi takes influence on in-plane stress and further effects 

electric behavior.  

  Chapter 3 describes the role of LaNiO3 bottom layers on contribution of electric 

properties of top BiFeO3 films. Excellent polarization properties can be obtained by 

improving quality of LaNiO3 bottom layers. 

  Chapter 4 presents a systematic study on Al doped BiFeO3 thin films. The rough 

phase diagram of BiFe1-xAlxO3 is obtained based on various annealing temperatures. 

Polarization property is found to be enhanced around morphotropic phase boundary 

(MPB). It offers new understandings about the relationship between structural 

instability, symmetry and ferroelectric properties   

Chapter 5 describes the research on Ga doped BiFeO3 thin films. The stable 

monoclinic phase is obtained in BiFe1-xGaxO3 system. The polarization value of 230 

μC cm-2 is detected around MPB.  

Chapter 6 is the overall discussion and conclusions. The effect factors for 

ferroelectric properties are discussed, including both of stress induced strain and 

B-site displacement.  
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Chapter 2  

 

 Effect of Excess Bi on BiFeO3  

Structure and Ferroelectric Properties  

 
 

 

 

2.1 Introduction 

There have been many researches focus on BiFeO3 thin films and many attractive 

results are obtained. The detected polarization is able to around 100 μC cm-2, [1] 

which is almost the same as theoretical value. However, the obtained films, in 

particular, polycrystalline films had several common problems caused by some 

unidentified factors, which resulted in irreproducible physical characteristics. For 

example, the polarization curves of films are unsaturated until high electric field is 

applied. The values of saturated polarization as well as coercive electric field are 

scattered, strongly depended on the deposition conditions. These issues have been 

frequently argued from the perspective of Bi deficiencies and the resultant leakage 

current. [2-4]
 The Bi deficiencies are known to occur in vacuum process or annealing 

for crystallization at high temperature because of the high volatility of Bi. To 

compensate for the Bi loss, Bi is conventionally overdosed in most of the studies. 

Thus it is strongly required to precisely understand the influence of 

non-stoichiometric Bi on the structural and ferroelectric properties of BFO films. 

Gao et al. [5] and Kim et al. [6] reported that overdosing the 5-10 mol% amount of Bi 

could effectively improve the ferroelectric properties of the BFO thin films. However, 

these works have focused on only the phenomenological changes of the ferroelectric 

behavior for the excess Bi, lacking the detailed discussion on why overdosed Bi 

influences the structure and properties of the films.
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In this section, we describe the effect of overdosed Bi on the structural and 

electrical properties of BFO films prepared by CSD and discuss the ferroelectric 

behavior in relation to structural change yielded by the excess Bi. These results will 

offer better understanding of the contribution of excess Bi on properties of BFO and 

its relationship with the above issues. 

 

2.2 Experiment 

2.2.1 Precursor solution 

BFO thin films were fabricated by the CSD method on glass substrates (Corning 

Eagle XG, Non-alkaline aluminosilicate glass). The thermal expansion coefficient of 

glass substrate (3.17×10-6 ºC-1) is close to that of Si (3×10-6 ºC-1). Based on the 

advantage of precise control of composition for the CSD method [7], we prepared 

precursor solutions with stoichiometric and 5%, 8%, 10%, 12% and 15% mole ratios 

of excess Bi, named as BF, B1.05F, B1.08F, B1.1F, B1.12F and B1.15F, respectively. 

The starting reagents were bismuth nitrate (Bi(NO3)3·5H2O, 99.5%) and ferric nitrate 

(Fe(NO3)3·9H2O, 99%). They were dissolved in acetic acid (C2H4O2, 99.7%) by 

stirring under heating. An appropriate amount of acetylacetone (C5H8O2, 99%) was 

added into the solution as a chelating agent. The concentration of precursor solutions 

was 0.2 mol L-1.  

 

 
Figure 2.1 Flow chart for deposition BiFeO3 thin films by CSD method. 
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2.2.2 Film deposition 

The precursor solution was spin-coated onto glass substrate, followed by 

pre-heating at 180 °C and heating at 380 °C for 180 s to remove the solvent and 

organic pyrolysis, respectively. These steps were repeated for 5 times to obtain the 

desired thickness. Finally, the films were annealed for crystallization using both rapid 

thermal annealing (RTA) and normal annealing (Tube), where the heating rates and 

holding times at final temperatures are 100 °C s-1, 10 min for the RTA and 10 °C 

min-1, 5 h for the normal annealing, respectively. Flow chart is shown in Figure 2.1. 

 

2.2.3 Measurement 

The thickness of the thin film with 5 layers was detected to be near 200 nm by 

stylus method. X-ray diffraction (XRD) was carried out for structure detection by 

using Rigaku-Smartlab. Raman spectra were collected from JASCO NRS-3300 to 

investigate molecular vibrations and bonds. Atomic force microscopy (AFM) was 

used for surface morphology evaluation. In order to detect the distribution of excess 

Bi in thin films, transmission electron microscope (TEM) associated with energy 

dispersive x-ray analysis (EDAX) was carried out on cut-cross section of films.   

For electric measurement, we prepared LaNiO3 (LNO) bottom electrode and Au 

top electrode (200 μm diameter) by sputtering. Leakage current behaviors were 

estimated by using Keithley 230 voltage source and Keithley 6487picoammeter. The 

polarization hysteresis was measured at a frequency of 10 kHz at room temperature 

by using ferroelectric test system FCE-1.  

 

2.3 Results and discussion 

2.3.1 Structural and morphology properties 

Figure 2.2 shows x-ray diffraction patterns of synthesized thin films annealed by 

RTA at 500 °C, 550 °C, and 600 °C in air. In Figure 2.2(a), when annealed at 500 °C, 

the film with stoichiometric composition shows only the γ-Bi2O3 phase stable at low 

temperature (500 °C). When the annealing temperature up to 550 ºC, the sample 
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crystallizes in BFO-R3c phase without any other phase can be detected, matching 

well with PCPDF No. 01-072-7678. In Figure 2.2(e), when annealed at 500 ºC, the 

XRD curve of B1.15F shows a peak around 28 º, arisen from the formation of  

 

 
Figure 2.2 X-ray diffraction patterns of (a) BF, (b) B1.05F, (c) B1.08F, (d) B1.1F, (e) B1.15F, and 

(f) process condition diagram of RTA-annealed BiFeO3 with excess Bi. 
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excess-Bi phase, Bi24Fe2O39. With increasing annealing temperature, peak for the 

second phase disappears. It means that increasing annealing temperature promotes 

the crystallization of BiFeO3 phase and prevents the formation of the other phases, 

such as γ-Bi2O3 and Bi24Fe2O39. Meanwhile, the peak intensities of γ-Bi2O3 phase 

which is easy to form at 500 ºC turn to weak for B1.05F and cannot be detected for 

B1.08F and B1.1F. The increased excess Bi prevents the formation of Bi2O3 and 

relatively lowers the crystallization temperature of BFO. 

 

 
Figure 2.3 XRD patterns of (a) RTA- and (b) Tube 5h- annealed BFO samples, and partially 

enlarged (30-34º) XRD patterns for (c) RTA- and (d) Tube 5h- annealed samples.  

 

Based on the XRD results, the process condition diagram of BiFeO3 is shown in 

Figure 2.2(f), as a function of excess Bi and RTA annealing temperature. It is obvious 

that at some certain annealing temperature, such as 550 ºC, thin films can crystallize 

in BFO-R3c symmetry without detectable second phase within a wide range of 

excess Bi. In other words, it means that there would be many defects in the prepared 

R3c structure originated from nonstoichiometry by overdosed Bi. Thus it is important 
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to investigate the influence of defects on structure of BFO films.  

However, it should be mentioned that the obtained phases from RTA may be not in 

final stable states because the RTA is not a process under thermodynamic equilibrium. 

In order to optimize the crystal structure, we prepared another group of samples by 

normal furnace annealing at 550 °C in air for 5 h (Tube 5h). As shown in Figure 

2.3(b) that all the samples show rhombohedral BFO structure with R3c symmetry 

without obvious precipitation of other phases, similar with RTA-annealed samples 

(Figure 2.3(a)). It indicates that R3c phase is stable at 550 ºC. In partially enlarged 

figures (Figure 2.3(c) and (d)), the primary split peaks around 32 º which belong to 

(104) and (110) planes for R3c symmetry turn to be clear after long-time annealing, 

suggesting the improvement of crystallinity. Moreover, it can be noticed that there 

are shifts for the peak positions of each sample, which indicates the change of lattice 

constants.   

 

 

Figure 2.4 The calculated lattice parameters of Tube 5h- annealed samples. 

 

The lattice parameters of Tube-5h annealed samples were calculated using the 

whole powder pattern fitting (WPPF) method, as shown in Figure 2.4. The lattice 

constants a and c decrease rapidly with adding the excess Bi, taking a minimum 

around 5 mol% (B1.05F), which are 0.30 % lower than those of the stoichiometric 

BF film. It is suggested that the overdosed Bi is likely to be incorporated into the 
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perovskite lattice and the ratio of constituent elements in the unit lattice will change 

consequently due to charge compensation. The non-stoichiometric defects in BFO 

originated from evaporation loss of Bi during long-time annealing generally expand 

the lattice because of charge repulsion. As shown in Figure 2.4 that BF sample keeps 

the largest a and c value, confirming the presence of Bi vacancies. B1.05F shows 

smaller a and c values compared with BF, indicating the decrease of defects. It means 

that around 5 mol% excess Bi can compensate the evaporation loss of Bi during 

long-time annealing. The increment of lattice constants for B1.15F may be due to a 

relative decrease of Fe: Bi ratio accompanied by vacancy-defect formation at the 

Fe-site. 

Apart from defects, the films suffer huge in-plane stress from the substrate, which  

 

 
Figure 2.5 In-plane XRD curves around (012) and (110) peaks in comparison with the out-of-plane 

XRD curves for RTA- annealed (a) BF, (b) B1.05F, (c) B1.1F and (d) B1.15F. 
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can be affected by overdosed Bi and take influence on BFO structure. Figure 2.5 and 

Figure 2.6 show the in-plane XRD curves around (012) and (110) peaks in 

comparison with the out-of-plane XRD curves for RTA- and Tube 5h- annealed 

samples, respectively. The positions of all the in-plane peaks shift somewhat to lower 

angle region compared with those of out-of-plane peaks, indicating the increase of 

interplanar spacing. 

 

 
Figure 2.6 In-plane XRD curves around (012) and (110) peaks in comparison with the out-of-plane 

XRD curves for Tube 5h- annealed (a) BF, (b) B1.05F, (c) B1.1F and (d) B1.15F. 

 

In order to discuss these relative changes for in-plane distortion, we calculate Δd = 

(din-plane-dout-of-plane)/dout-of-plane for (012) and (110) planes where d denotes the 

interplanar spacing of each lattice plane. Figure 2.7 shows the results. The observed 

Δd comes from the in-plane stress caused by the different thermal expansion 

coefficients between films and substrates. In our studies, the thermal expansion 

coefficient of glass substrate is smaller than that of BiFeO3 films, and the strain 



Chapter 2: BiFeO3 thin films with excess Bi 

32 
 

derived from the glass substrate is estimated to be an order of GPa, assuming the 

Young modulus and Poisson’s ratio similar to ferrite. [7] As a result of that, the 

in-plane stress is tensile, which results in positive Δd value.  

In Figure 2.7, it is interesting that for the sample with excess Bi, Δd of the (110) 

plane is almost half that of the (012) plane, indicating that the in-plane distortion 

depends on the lattice plane. And it is obvious that all the four curves follow the 

similar tendency that Δd value is maximum at B1.05F. It is opposite to the behavior 

of lattice constants as shown in Figure 2.4. The sample which keeps the smallest 

lattice parameters shows the largest in-plane distortion. As discussed above, around 5 

mol% excess Bi can compensate the evaporation loss of Bi during long-time 

annealing. In other words, it can be suggested that B1.05F is actual stoichiometric 

and there are Bi vacancies in BF sample and Fe vacancies in B1.1F and B1.15F 

samples. The defective structure will suffer stress relaxation, which is the response 

for the slight crystal distortion. For B1.05F sample, it shows better crystallinity and 

is strained without stress relaxation, showing larger Δd value. 

Moreover, comparing the Δd value of RTA- and Tube 5h- annealed samples, the 

increased Δd value after Tube 5h- annealing suggests the enhanced strain and the 

 

 

Figure 2.7 The calculated Δd value, where d denotes the interplanar spacing of each lattice plane 

and Δd = (din-plane - dout-of-plane)/dout-of-plane.  
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Figure 2.8 Raman spectra of (a) RTA- and (b) Tube 5h- annealed BFO films, collected at room 

temperature without polarization. 

 

 
Figure 2.9 Raman shift of A1-1 mode determined by curve fitting for Tube 5h-annealed samples. 
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resultant large crystal distortion. Besides the improvement of crystallinity, the 

bonding reaction of overdosed Bi with O during long-time annealing is considered to 

be contributed for the enhanced strain. As reported that, in BFO sample which keeps 

overdosed Bi, the unbonded Bi’’’ can be bonded with O during annealing in air, as 

the expected reaction is shown below: [8, 9] 

 

2Bi’’’+3O2=2BiBi+6OO+6h˙                    (2.1) 

 

The bonding reaction will lead to integrated structure and higher stress between 

interplanar. But it can be noticed that a certain amount of electro holes are produced 

in the reaction, which perhaps take influence on electric properties. 

As the evidence for molecular vibrations, Figure 2.8 show the Raman spectra 

collected at room temperature without polarization. The Raman active modes of the 

rhombohedral BFO can be summarized using the following irreducible 

representation: [10]  

 

Γ=4A1+9E                           (2.2) 

 

Among these modes, the A1-1 mode around 130 cm-1 has a symmetrical Lorentzian 

profile with the highest intensity.[11, 12] This mode is influenced by the force constant 

of Bi-O in the rhombohedral BFO where the short-range interatomic force dominates 

over the long-range ionic force. Thus, BFO crystal with higher quality is considered 

to keep higher Raman frequency for A1-1 mode. It is also known that the increase of 

the Raman frequency shift is associated with the tensile stress existing in the film.[13] 

The larger the tensile stress existing in the film, the higher frequency of Raman shift 

appears. For closer inspection, the positions of A1-1 mode determined by curve 

fitting are plotted in Figure 2.9. The highest Raman frequency shift is observed for 

B1.05F, which confirms the above results that the film with excess Bi around 5 mol% 

is strongly tensile-strained accompanied by high crystalline quality, as compared 

with other samples. 

The surface morphology of BFO samples is investigated by AFM as shown in 

Figure 2.10. B1.05F shows smaller crystal grain compared with BF and B1.1F. 

Meanwhile, the grain grows obviously after Tube 5h annealing.  



Chapter 2: BiFeO3 thin films with excess Bi 

35 
 

 

 
Figure 2.10 AFM images for (a) RTA- and (b) Tube 5h- annealed BF, (c) RTA- and (d) Tube 5h- 

annealed B1.05F, and (e) RTA- and (f) Tube 5h- annealed B1.1F. 

 

The TEM-EDAX images of Tube 5h-annealed B1.1F measured from cross-cut 

section are shown in Figure 2.11(a) and (b). Figure 2.11(c) is the overlayer of Figure 

2.11(a) and (b). It is clear that excess Bi disperses well in the thin film. A rich Bi 

region forms around the interface and no obvious second phase is detected. 
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Figure 2.11 TEM-EDAX images of (a) Bi, (b) Fe and (c) overlayer for Tube 5h- annealed B1.1F 

measured from cross-cut section. 

 

2.3.2 Electric properties 

Figure 2.12 shows the leakage current density (J) versus applied electric field (E) 

curves of Au/BFO/LNO/glass structures measured at room temperature. The Tube 

5h- annealed samples show leakage current one or two orders of magnitude higher 

than that of RTA- annealed samples. The potential reasons for the increased leakage 

from long-time annealing are those: (1) grain growth, which is confirmed by AFM 

images. Fujisawa et al. [14] reported that in PZT films the grain boundary was the 

leakage current conduction path. Based on the schematic diagrams given from Miao  
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Figure 2.12 J-E curves of Au/BFO/LNO/glass structures measured at room temperature for (a) BF, 

(b) B1.05F, (c) B1.1F and (d) B1.15F. 

 

  

Figure 2.13 Sketch for the possible current conduction path in (a) RTA- and (b) Tube 5h- annealed 

BFO films. 
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Figure 2.14 logJ-logE curves for (a) RTA- and (b) Tube 5h- annealed BFO films. 

 

et al. [15] for BST films, we draw a sketch to describe the possible current conduction 

path in Au/BFO/LNO structure (Figure 2.13). In model a, which shows small crystal 

grain, the short-cut routes for leakage should be blocked (circle area) and thereby 

lead to lower leakage current in RTA- annealed sample. In model b, which has larger 

grain size and relatively short conduction paths, the leakage current increases. In 
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other words, the higher leakage current exhibited in Tube 5h- annealed films may be 

attributed to larger grain size and shorter conduction paths. (2) Increased electron 

holes. For sample with excess Bi, a reasonable quantity of electron hole (h˙) formed 

after long-time annealing, arisen from the bonding reaction between un-bonded 

excess Bi and oxygen. It is reported that the h˙ can act as a detrimental carrier of 

leakage current. Thus the increased leakage after long-time annealing is reasonable. 

Figure 2.14 show the logJ-logE curves for (a) RTA- and (b) Tube 5h- annealed 

samples. Curves of logJ-logE are approximated to a straight line with gradient of 1 at 

the beginning, followed by a straight line with gradient of 2. These suggest that the 

conduction at interfaces of Au/BFO and BFO/LNO is ohmic and the space charge 

limited current (SCLC) becomes dominant in the range of higher electric field. [15]  

The current density for SCLC can be express as 

 

                        (2.3) 

 

where J is current density, E is electric field, ε0 is permittivity of vacuum, ε is 

dielectric constant, d is thickness, μ is carrier mobility and the expected slope is 2-3. 
[16, 17] 

In both of (a) and (b) figures, stoichiometric BF films show largest leakage current. 

A similar reduction of leakage current by overdosed Bi was reported for the films 

prepared by CSD method, though the J-E behavior is slightly different with our 

results in the low electric field region. [5, 9, 18] In these papers, the lower leakage 

current was discussed in the following two terms: (1) reduced defects, assuming that 

the Bi vacancies due to Bi2O3 volatility were compensated by excess Bi or (2) the 

grain size reduction with the increase of excess Bi. In our studies, the changes of 

lattice parameters by adding excess Bi support the contribution of the term (1), that is, 

metal vacancies in both A and B-sites are minimum around the excess Bi amount of 5 

mol%. In addition, AFM images of the grain show that the term (2) may be 

concerned with the leakage current. Particularly for Tube 5h- annealed samples, the 

smaller grain as seen in B1.05F decreases carrier mobility due to the presence of 

complex grain boundaries which makes leakage-path barriers. 

Figure 2.15 shows electric polarization (P-E) curves of BFO measured at room 

temperature. Except B1.15F, the other samples exhibit well-saturated hysteresis after  
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Figure 2.15 P-E curves of (a) BF, (b) B1.05F, (c) B1.1F and (d) B1.15F measured at room 

temperature at 10 kHz. 

 

Tube 5h- annealing. It is interesting that RTA- annealed samples which are low 

conductivity, shows poor polarization behavior, while Tube 5h- annealed samples 

which keep high leakage, shows enhanced polarization. As a result of this, we 

suggest there is little relationship between leakage current and polarization behavior.   

For Tube 5h- annealed samples, the remnant polarization (Pr) takes a maximum of 

14.8 μC cm-2 and the coercive field (Ec) takes a minimum of 117 kV cm-1 for B1.05F, 

respectively, showing similar behavior to calculated Δd result that the distortion is 

maximum at B1.05F. As shown in Figure 2.16, except stoichiometric BF samples, 

there is an approximate linear relationship between Pr value and calculated Δd for 

samples with excess Bi. It indicates that the Pr value of the films should strongly 

depend on the strain [19] and the resultant lattice distortion in the films, i.e. the Δd 
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value. The lattice distortion induces Fe-ion displacement relative to the negative 

charge center, as well as the ion off-centering driven by the stereochemically active 

6s2 lone pairs on Bi3+ ion. For B1.05F, the overdosed 5 mol% Bi compensates the Bi 

vacancies to reduce crystal defects firstly and then the long-time annealing optimizes 

crystallinity to enhance strain. In this situation, the strain-induced distortion is 

maximum and lead to largest Pr value.     

 

 
Figure 2.16 Plots for remnant polarization (Pr) vs. in-plane Δd of (a) (110) and (b) (012) plane. 
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2.4 Conclusions 

Polycrystalline BiFeO3 thin films with overdosed Bi up to 15 mol% have been 

prepared through chemical solution deposition (CSD). All the films crystallize in R3c 

structure after annealing at 550 ºC for 5h by normal furnace. The structure analysis 

by the out-of-plane and the in-plane XRD show that the film with 5 mol% excess Bi 

has the smallest lattice parameters indicative of the low ion vacancies and is strongly 

strained. Moreover, long-time annealing is benefit for crystallization and building up 

stress, which will further enhance polarization. The ferroelectric polarization curve of 

film with 5 mol% excess Bi shows well saturated hysteresis accompanied by the 

largest saturation polarization of 14.8 μC cm-2 after long-time annealing. It is found 

that the value of saturation polarization is strongly correlated with the crystal 

deformation induced by in-plane tensile stress. These indicate that the excess Bi 

greatly influences the P-E properties of BFO thin films via enhancement of lattice 

deformation induced by in-plane stress.  
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Chapter 3  

 

 LaNiO3 Bottom Electrode and Its Influence  

on BiFeO3 Structure and Electrical Properties  

 

 

 

3.1 Introduction 

In Chapter 2, we got the enhanced polarization in Tube 5h- annealed B1.05F films. 

But the observed largest Pr value is 14.8 μC cm-2, which is smaller than the reported 

value for polycrystalline BFO prepared by CSD method. Lahmar et al. [1] fabricated 

BFO films on commercial (111)Pt/Ti/SiO2/Si substrate by CSD and obtained the Pr 

value of ~50 μC cm-2 for BFO with 10% Bi excess. Simoes et al. [2] reported the 

similar results of Pr values. Both of them used the Pt/Ti/SiO2/Si substrate, which is 

widely used in CSD method. However, in our study, the difference is that we choose 

commercial glass substrate, the rate of thermal expansion and contraction of which is 

similar with Si substrate. But the glass substrate is amorphous and the thermal 

conductivity of glass substrate (0.1 W m-1 K-1) is much smaller than that of Si 

substrate (149 W m-1 K-1). As a result of it, the glass substrate is considered to be 

helpful for temperature control in comparison with Si substrate. In this case, LaNiO3 

is fabricated as bottom electrode on glass substrate by sputtering, due to the good 

electrical conductivity and lattice match with BFO [3].  

LaNiO3 (LNO), which is a pseudocubic perovskite with a lattice parameter of 3.85 

Å, has attracted much attention in the past few years, as a conducting layer for 

applications in ferroelectric memories. [4] The resistivity of LNO is isotropic and low 

(~225 μΩ cm-1 at room temperature) [5], which is comparable to that of SrRuO3. It is 

well known that perovskite oxide electrodes, such as SrRuO3, LaNiO3, and BaPbO3, 

effectively improve crystal growth and electric properties of ferroelectric oxide. [6-10]
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The specific characteristics of the LaNiO3 electrode are low preparation temperature, 

good conductivity and chemical stability. [8] Of particular interest, the LaNiO3 

electrode is promising to induce the preferred-orientation and improve the 

film/electrode interface of ferroelectric films, which often dominates the 

performance of ferroelectric films. [6] As a result of these, in chapter 3, we detected 

the process conditions for preparing high quality LNO layer on glass substrate and 

searched the influence of LNO layer on BFO films. We found that the crystallinity of 

LNO layer play an important role in ferroelectric behavior of BFO films.    

 

3.2 Experiment 

3.2.1 Fabrication of LaNiO3 layer on glass 

The LNO layer was deposited on glass substrate (Corning Eagle XG, Non-alkaline 

aluminosilicate glass) by sputtering in a vacuum system with a base pressure lower 

than 7.5×10-6 torr. The total gas pressure is 10 mtorr (O2 6%). The temperature of 

substrate is 400 ºC. The thickness of the deposited LNO layer is around 100 nm. In 

order to investigate the effect of crystallinity of LNO layer on BFO properties, the 

as-sputtered LNO layer were annealed at 550, 600 and 650 ºC in air by normal 

furnace for 3 h, with temperature increasing at a rate of 10 ºC min-1. 

 
Table 3.1 Annealing conditions for LNO layers and BFO thin films. 

 

3.2.2 Deposition of BiFeO3 on LaNiO3/glass 

The deposition of BFO films on LNO layers followed the steps shown in section 

2.2. Precursor solutions with stoichiometric (BF) and 5% (B1.05F), 10% (B1.1F) 

mole ratios of excess Bi were prepared. BFO films were fabricated by spin-coating 

onto LNO/glass and further heat-treatment. The films were annealed at 500 and 550 

ºC for crystallization using rapid thermal annealing (RTA, temperature rise up in 1 

 RTA (ºC) Normal furnace (ºC) 

LNO/glass  550, 600, 650 (3h, at rate of 10 ºC min-1) 

BFO/LNO/glass 500, 550(10min) 500, 550 (5h) 
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min and keep 10 min) and normal furnace (Tube 5h, quickly push into the pre-heated 

furnace and keep 5 h). The details are shown in Table 3.1 

 

3.2.3 Measurement 

X-ray diffraction (XRD) was carried out for structure detection by using 

Rigaku-Smartlab. Atomic force microscopy (AFM) was used for surface morphology 

evaluation. For electric measurement, we prepared Au top electrode (200 μm 

diameter) by sputtering onto BFO/LNO/glass. Leakage current behaviors were 

estimated by using Keithley 230 voltage source and Keithley 6487picoammeter. The 

applied voltage was swept from 0 V to 4 V, and from 4 V to -4 V, and from -4 V to 0 

V, at a rate of 0.1 V s-1. The polarization hysteresis was measured at a frequency of 5 

kHz at room temperature by using ferroelectric test system FCE-1.  

 

3.3 Results and discussion 

3.3.1 Structure and morphology of LaNiO3 bottom electrodes 

 

 

Figure 3.1 XRD patterns of LNO layers, annealed at different temperature. 
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Figure 3.2 Calculated grain size and d-spacing value for LNO layers.  

 

 
Figure 3.3 AFM images for (a) as-sputtered, (b) 550 ºC, (c) 600 ºC, and (d) 650 ºC annealed LNO.  

 

Figure 3.1 shows the XRD patterns of LNO layers, in which the (00l)-oriented 

growth is detected. It is clear that with raising annealing temperature, the diffraction 
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peaks shift somewhat to right accompanied by the increment of peak intensities. It 

indicates the decrease of d-spacing and enhanced crystallinity. The calculated d value 

and grain size are shown in Figure 3.2. The as-sputtered LNO layer shows the largest 

grain size and the largest d-spacing. For the annealed LNO layers, with raising 

annealing temperature, grain size increases while d-spacing decreases contrarily.  

The surface morphology of LNO layers are shown in AFM images in Figure 3.3. 

650 ºC-annealed sample (Figure 3.3(d)) shows clear crystal grain with size around 

120 nm, which matches well with the calculated particle size from XRD curves.  

 

3.3.2 Stoichiometric BiFeO3 on LaNiO3 bottom electrodes 

 

 

Figure 3.4 XRD patterns of BFO films deposited on (a) 600 ºC- and (b) 650 ºC- annealed LNO 

layers; partially enlarged XRD curves(20º-25º for (100) plane and 45º-50º for (200) plane) and 

linear fitting for 500 ºC-Tube 5h annealed BFO films deposited on (c) 600 ºC- and (d) 650 ºC- 

annealed LNO layers.  
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In Chapter 2, the used LNO bottom electrodes were annealed at 550 ºC for 

crystallization, which was not the optimal temperature proved by XRD and AFM 

results. As a result of that, 600- and 650 ºC- annealed LNO layers were usded as 

bottom electrodes for deposition stoichiometric BFO (BF) films, respectively. 

Considering the using of LNO bottom laryers is abel to effectively improve crystal 

growth of top BFO films, we reduced the annealing temperature of BFO/LNO/glass 

to 500 ºC. After fabrating BFO films, Au top electrode was sputterred on BFO films 

for electrical measurement. The XRD patterns of Au/BFO/LNO/glass substrate are 

shown in Figure 3.4.  

As discussed in setion 2.3.1 that, stoichiometirc BFO prepared on glass substate 

just keeps γ-Bi2O3 phase after annealing at 500 ºC. But as seen in Figure 3.4 (a) and 

(b) that the BFO/LNO/glass annealed at 500 ºC show pure R3c BFO phase, without 

any other phase can be detected. It demonstrates that the using of LNO underlayer 

reduces the crystallization temperature of top BFO films. The matched lattice 

parameter between BFO and LNO is considered to be able to lower the driving force 

for crystallization process, which makes it possible to get pure BFO phase at lower 

temperature. It is an important discovery that we can obtain pure phase BFO at low 

temperature, keeping an advantage of preventing Bi vacancies which is easy to form 

at high temperature.  

Figure 3.4(c) and (d) show the partial enlarged curves for 500 ºC-Tube 5h 

annealed BFO on 600 ºC- and 650 ºC- annealed LNO, respectively. Compared with 

BFO on 600 ºC- annealed LNO, the BFO on 650 ºC- LNO shows clear and sharp 

(012) BFO peak, indicating better crystallinity.  

The J-E properties of synthesized samples are measured at room temperature and 

shown in Figure 3.5. Increasing annealing temperature from 500 ºC to 550 ºC, makes 

leakage current increased one order of magnitude. The grain growth [11] (Figure 3.6) 

and increased Bi vacancies can respond for it. Figure 3.7 shows the J-E curves of 550 

ºC-Tube 5h annealed BFO films on LNO layers that annealed at different 

temperatures. Film deposited on 550 ºC-annealed LNO shows the largest leakage 

current. It indicates that the crystallinity of bottom LNO layer takes an important role 

in the leakage current of top BFO film.  

Figure 3.8 shows the P-E curves of two groups of samples. For BFO on 600 

ºC-LNO (Figure 3.8(a)), all the samples show saturated polarization, and samples 
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annealed at 550 ºC shows larger Pr value than that of 500 ºC annealed samples. The 

largest Pr value of 15.3 μC cm-2 is detected for 550 ºC-Tube 5h annealed sample. 

This value is closed to the obtained largest Pr value in Chapter 2 (14.8 μC cm-2 for 

B1.05F, doposited on 550 ºC- LNO and annealed by tube for 5 h). For BFO on 650 

ºC- LNO (Figure 3.8(b)), an amazing huge polarization of 120 μC cm-2 is observed 

from 500 ºC-Tube 5h annealed film. 

 

 
Figure 3.5 J-E curves of BFO on (a) 600 ºC and (b) 650 ºC annealed LNO layers, measured at 

room temperature. 
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Figure 3.6 AFM images for BFO sample on 650 ºC-LNO, annealed by normal tube furnace for 5h 

at (a) 500 C and (b) 550C. 

 

 

Figure 3.7 J-E curves of BFO films annealed at 550 ºC for 5h on LNO layers that annealed at 

different temperatures. 

 

Figure 3.9 show the P-E curves of BFO annealed by tube for 5 h at (a) 500 ºC and 

(b) 550 ºC, deposited on LNO layers that annealed at different temperatures. For 550 

ºC- annealed BFO (Figure 3.9(b)), films deposited on 600 ºC- and 650 ºC- LNO 

show similar saturated loops with good squareness. However, at lower annealing 

temperature of 500 ºC, as shown in Figure 3.9(a), film on 650 ºC- LNO shows 
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extremly larger Pr value than film on 600 ºC- LNO. It is easy to understant that the 

enhanced polarzaiton is due to less defects achieved by low-temperature annealing. 

As determinated in Chapter 2 that structure with less defects can be strained without 

relaxation, which will lead to higher in-plane distortion and enhanced polarization. 

However, it is confused that the BFO films on 600 ºC- and 650 ºC- LNO show quite 

different polarization behavior after low-temperature annealing. We suggest the 

crystallinity of BFO films takes influence on it, but the reason is not clear yet. 

 

 
Figure 3.8 P-E curves of BFO on (a) 600 ºC and (b) 650 ºC annealed LNO layers, measured at 

room temperature at 5 kHz. 
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Figure 3.9 P-E curves of BFO annealed by tube for 5 h at (a) 500 ºC and (b) 550 ºC, deposited on 

LNO layers that annealed at different temperatures. 

 

3.3.3 BiFeO3 with excess Bi on LaNiO3 bottom electrodes 

Considering the results shown in Chapter 2 that BFO with 5 mol% excess Bi 

shows the largest Pr value, we deposited BFO films with excess Bi (5 and 10 mol%) 

on 650 ºC-LNO. All the samples crystallize in R3c phase BFO. As shown in Figure 

3.10(c) and (d) that, with increasing the amount of excess Bi from 5 to 10 mol%, the 

(012) peak intensity of BFO shifts to higher angle, indicating the decrease of 

vacancy-defects in crystal structure. For stoichiometric BFO film, in Figure 3.4(d), 

the (012) peak is detected at 22.47 º, indicating the presence of Bi vacancies. 
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Figure 3.10 XRD patterns of (a) B1.05F and (b) B1.1F deposited on 650 ºC annealed LNO layers; 

partially enlarged XRD curves(20º-25º for (100) plane and 45º-50º for (200) plane) and linear 

fitting for Tube 5h-500 ºC annealed (c) B1.05F and (d) B1.1F.  

 

The J-E curves of BFO with excess Bi are shown in Figure 3.11. There are similar 

tendencies in these two groups. With increasing annealing temperature, the leakage 

current increases. 550 ºC-RTA annealed samples show the highest leakage current. 

Moreover, as shown in Figure 3.12, BF film shows higher leakage current than that 

of B1.05 and B1.1F films. The presence of defects, such as Bi vacancies can account 

for them.  

The hysteresis loops are shown in Figure 3.13, measured at room temperature at 5 

kHz. For B1.05F, which is suggested keeping the least vacancies, the saturated 

hysteresis loops are observed except for the 550 ºC-RTA annealed sample. For B1.1F, 

the 500 ºC-Tube 5h annealed sample shows huge remnant polarization of 142 μC 

cm-2, which is close to the largest Pr value that has been reported for BFO films. It 

can be noticed that the 500 ºC-Tube 5h annealed samples show the best polarization 

behaviour. As we discussed in Chapter 2, in-plane strain makes great influence on 
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Figure 3.11 J-E curves of (a) B1.05F and (b) B1.1F on 650 ºC annealed LNO layers, measured at 

room temperature.  

 

 

Figure 3.7 J-E curves of BFO films with different amounts of excess Bi annealed at 500 ºC for 

5h by tube (on 650 ºC- LNO bottom electrodes). 
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Figure 3.8 P-E curves of (a) B1.05F and (b) B1.1F on 650 ºC annealed LNO layers, measured at 

room temperature at 5 kHz. 
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Figure 3.14 P-E curves of BFO films on 650 ºC- LNO layers, annealed by tube for 5 h at (a) 500 

ºC and (b) 550 ºC.  
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polarization, while strain is mainly affected by crystallinity and defects. Annealing at 

500 ºC is benefit for preventing Bi evaporation while annealing for a long time 

improves the crystallinity. As a result of these, the in-plane strain is more efficiently 

enhanced after 500 ºC-Tube 5h annealing. Thus it is feasible that 500 ºC-Tube 5h 

annealed samples show the huge polarization value. 

For comparison, the P-E curves for BFO films on 650 ºC- LNO layers are grouped 

by annealing temperatures, as shown in Figure 3.14. The polarization behavior 

greatly changes by raising annealing temperature from 500 ºC to 550 ºC. It means 

that the heat treatment is an important factor for crystallization and polarization of 

thin films.   

 

3.4 Conclusions 

LaNiO3 bottom electrodes play an important role in the structure and polarization 

properties of top BFO films. 650 ºC-annealed LNO layer shows better crystallinity, 

offering a condition for growing high quality BFO film on it. 500 ºC-Tube 5h 

annealed B1.1F, which is deposited on 650 ºC-annealed LNO, shows the largest Pr 

value of 142 μC cm-2, attributed to the high in-plane strain achieved by long-time and 

low-temperature annealing. 
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Chapter 4  

 

 Phase Transition and Electrical  

Properties of BiFe1-xAlxO3 Thin Films 

 

 

 

4.1 Introduction 

Many physical properties of materials may vary significantly with a small change 

of chemical composition through doping or substitution of impurities. The chemical 

substitution for BFO has been widely investigated to improve ferroelectric properties 

of BFO. [1-4] 

In BFO system, oxygen vacancies are mainly originated from loss of Bi during 

vacuum process or heat treatment. Due to the variable valence state of Fe (+2 and 

+3), the hopping of electron from Fe2+ to Fe3+ plays an important role in electric 

conduction.[5] In order to enhance the ferroelectric properties, many authors have 

already reported chemical substitution on the A and/or the B site of BiFeO3, the goal 

of which is to alter the Fe environment.[6] Singh et al. [7] prepared Cr-doped BFO 

films and suggested that the stable Cr3+ ions would control the volatile nature of Fe3+ 

ions and reduce the formation of Fe2+ ions. Doping of Mn and Ti atoms were also 

documented of successfully reducing the formation of Fe2+, resulting in the reduced 

leakage current. [2-4] Moreover, the changes of ferroelectric behavior were generally 

accounted for the reduced leakage current by substitution. 

Besides the influence on leakage current, chemical substitution can make change 

of crystal structure via the “chemical pressure”, an alternative way of inducing 

pressure like strain. [8, 9] It is known that Bi3+ with stereochemically active 6s2 lone 

pair electrons takes a main contribution for ion off-centering which will induce 

ferroelectric polarization.[10] However, recently, Zhang et al.[11] indicated that a large
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Fe-ion displacement from the relative negative charge center induced by epitaxy was 

the mechanism for the large polarization in the tetragonal-like BFO phase. Thus, the 

substitution-induced structure change seems attractive. Will structure distortion 

induced by substitution be able enhance the polarization?  

In the range of chemical substitution for BFO, aluminum has never been chosen, 

although Al3+ ion has a definite oxidation state as Cr3+. Moreover the ionic radius of 

Al3+ (0.535 Å) is smaller than that of Fe3+ (0.645 Å), which is considered to bring 

larger perovskite tolerance factor by Al substitution on Fe-site (see section 1.3). 

 BiAlO3 (BAO) has a similar structure to BiFeO3 with octahedrally coordinated 

Al3+ ions. Bulk BiAlO3 has R3c symmetry with a=5.38 Å and c=13.40 Å, which is 

smaller than that of R3c BiFeO3 (a=5.58 Å and c=13.87 Å). The theoretical study 

showed that the ferroelectric polarization of BAO should be 75.6 μC cm-2 along [111] 

direction, which was a high-performance ferroelectric. [12,13] Son et al. [14] reported an 

epitaxial BAO films on (001) SrRuO3/ (100) LaAlO3 substrate prepared by PLD. The 

sample exhibited the remanent polarization of 29 μC cm-2, which was quite smaller 

than theoretical value. Meanwhile, limited by the extreme preparation conditions of 

BAO, such as high pressure and high temperature, there were few practical studies 

focusing on BAO.     

In this study, we prepared Al-doped BFO thin films (BiFe1-xAlxO3, BFAO) via 

chemical solution deposition (CSD) method and detected the influence of Al doping 

on BFO structure, phase transition and electrical properties. From that, it is possible 

to guide synthesis of novel and greatly improved materials.  

 

4.2 Experiment 

4.2.1 Precursor solution 

The BiFe1-xAlxO3 (x=0, 0.1, 0.2, 0.3 and 0.4, BF1-xAxO) thin films were prepared 

via CSD method. The starting reagents were bismuth nitrate (Bi(NO3)3·5H2O, 

99.5%), ferric nitrate (Fe(NO3)3·9H2O, 99%) and aluminum nitrate (Al(NO3)3·9H2O, 

99.5%). They were dissolved in acetic acid (C2H4O2, 99.7%) according to 

stoichiometry by stirring under heating. An appropriate amount of acetylacetone 

(C5H8O2, 99%) was added into the solution as a chelating agent. The concentration of 
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precursor solutions was 0.2 mol L-1.  

 

4.2.2 Films deposition 

The solution was spin-coated onto glass substrate or Si (100) substrate, followed 

by pre-heating at 180 ºC and heating at 380 ºC for 3 min to remove the solvent and 

decompose the nitrates, respectively. The films were annealed for crystallization 

using rapid thermal annealing (RTA, temperature rise up in 1 min and keep 10 min) 

and normal furnace (Tube 5h, quickly push into the pre-heated furnace and keep 5h). 

For ferroelectric measurement, we also fabricated BFAO films on LNO layer, which 

was prepared by sputtering and annealed at 650 º C for 3 h by normal furnace (see 

section 3.2.1). Details for annealing process are shown in Table 4.1. 

 

Table 4.1 Conditions for annealing process of BFAO films 

 Glass substrate Si(100) substrate LNO/glass 

RTA (ºC) 500, 550, 600, 650 600, 700, 800, 900 500, 550 

Tube 5h(ºC)   500, 550 

 

4.2.3 Measurement 

X-ray diffraction measurement was used to characterize structure properties at 

room temperature (Cu Kα radiation, Rigaku-Smartlab). Raman spectra were 

measured at room temperature without polarization (JASCO NRS-3300). AFM 

images were collected to describe the morphology of thin films surface. For electric 

measurement, we prepared Au top electrode (200 μm diameter) by sputtering onto 

BFO/LNO/glass. Leakage current behaviors were estimated using Keithley 230 

voltage source and Keithley 6487picoammeter. The applied voltage was swept from 

0 V to 4 V, and from 4 V to -4 V, and from -4 V to 0 V, at a rate of 0.1 V s-1a 

ferroelectric test system. The polarization hysteresis was measured at a frequency of 

5 kHz at room temperature by using ferroelectric test system FCE-1. 
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4.3 Results and Discussion 

4.3.1 Phase transition of BiFe1-xAlxO3 films 

 

 
Figure 4.1 XRD patterns of BF1-xAxO on glass for (a) x=0, (b) x=0.1, (c) x=0.2, and (d) x=0.3. 

 

  Figure 4.1 shows the XRD patterns of BFAO films deposited on glass substrate 

and annealed at different temperatures. The synthesized pure BFO thin films keep 

perovskite structure with rhombohedral distorted. Especially the sample annealed at 

600 ºC shows obvious split peaks of (104) and (110) which are considered as 

characteristic for R3c BFO. For BF0.9A0.1O as shown in Figure 4.1 (b), Bi2O3 

appears as the second phase after annealing at 500 and 550 ºC, while sample 

annealed at 600 ºC shows single phase. It suggests that Al doping will increasing 
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crystallization temperature for R3c-BFAO. In Figure 4.1(c), BF0.8A0.2O shows 

other peaks around 24, 30 and 34º after annealing at 550 ºC, which can be denoted in 

Cm phase of BFO. As shown in Figure 4.2, the XRD pattern of BF0.8A0.2O matches 

perfectly with the calculated data of Cm phase (for lattice parameters a=0.5325 nm, 

b=0.5316 nm, c=0.4635 nm and β=91.306 º by using the structural parameters given 

in the literature [15]) and PCPDF data of R3c phase. It indicates the co-existence of 

R3c and Cm phase at x=0.2. However, the Cm phase is not stable at high temperate. 

With increasing annealing temperature to 600 ºC, pure R3c phase appears. With 

increasing Al concentration to 0.3, the stable region for Cm phase extends (550-650 

ºC). 650 ºC- annealed BF0.7A0.3O shows mixture phase of R3c and Cm. 

 

 

Figure 4.2 Comparison of XRD pattern for 550 ºC-RTA annealed BiFe0.8Al0.2O/glass with 

calculated diffraction data for the Cm phase and PCPDF data of R3c phase. 

 

The phase diagram of similar solid solution BiGa1-xAlxO3 has been given by the 

previous work though it is for powders prepared via the high-pressure (6 GPa) and 

high-temperature (1373-1473 K) method. [16] It is reported that this system has a 

pyroxene-type structure (BiGaO3, x=0) with space group Pcca and a perovskite 

structure (BiAlO3, x=1.0) with space group R3c as end members. Within the 

experimental composition range (x=0.25, 0.5, 0.75), this system shows a specific 

phase with both BiGaO3- and BiAlO3- type structure, which has been indexed in a 

monoclinic system with space group Cm (similar to the PbTiO3-type perovskite 

structure with space group P4mm). [15, 17]  
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Figure 4.3 Raman spectra of 550 ºC-RTA annealed BFO/glass and BF0.8A0.2O/glass, collected 

at room temperature.  

 

Raman spectra give evidence for the presence of Cm phase. For BFO, Raman 

shifts for rhombohedral symmetry can be detected. The peaks at 127 and 219 cm-1 

can be denoted as A1 modes, while peak at 279 cm-1 is due to E mode for active 

modes of the rhombohedral BFO (Γ=4A1+9E). For BF0.8A0.2O, a broad peak 

appears at 673 cm-1. It is the distinctive characteristic of the T-like monoclinic phase, 

which doesn’t present in rhombohedral phase. [18, 19] It suggests the co-existence of 

R3c and Cm phases clearly. 

In our study, the Cm phase was obtained under low temperature and normal 

atmospheric pressure, which is different from the reported essential condition of 

high-temperature and high-pressure. The formation of Cm phase at low temperature 

of 773 K under normal atmospheric pressure is likely associated with strain induced 

in the film formation. The strain is derived from the difference of thermal expansion 

coefficient between film (10.9×10-6 ºC-1 for BFO [20]) and substrate (3.17×10-6 ºC-1), 

reaching an order of GPa by estimated assuming thermal expansion coefficient and 

typical values of Young modulus (~195 GPa) and Poisson’s ratio (~0.3) for ferrite. [21] 

The film suffers in-plane tensile stress from the glass substrate that has a smaller 
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thermal expansion coefficient. This tensile stress expands the lattice volume and 

lowers formation energy of crystal phase that has larger unit cell volume. Thus, it is 

natural that the tensile stress assists the transition to Cm phase with larger unit cell 

volume than R-phase. In this case, the thermal stability of the produced Cm phase at 

the preparation temperature is required. As the Cm phase is reported to be stable 

below 873 K, our preparation temperature satisfies this limitation. Moreover, with 

increasing Al concentration, the chemical pressure arisen from substitution increases, 

inducing higher crystal distortion and appearance of Cm phase. However, the 

detailed origin for formation of the Cm phase is not yet clear.  

 

 
Figure 4.4 The calculated lattice parameters for BFAO films annealed at 600 ºC. 

 

The parameters of samples annealed at 600 ºC are calculated by the whole powder 

pattern fitting (WPPF) method and plotted in Figure 4.4. When x≤0.2, there is a 

rough tendency that the lattice constant decreases with increasing Al concentration, 

which can be explained by the smaller ion radius of Al3+ (0.535 Å) compared with 

that of Fe3+ (0.645 Å). For x=0.3, the a value increases, perhaps due to the existence 

of Cm phase which keeps larger unit cell volume than R3c phase. 

In order to detect the crystallization property of BFAO at temperature higher than 

650 ºC, thin films were deposited on Si (100) substrate which can be heated at higher 

temperature. Pure BFO is not stable at high temperature known from Figure 4.5(a).  
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Figure 4.5 XRD patterns of BF1-xAxO films on Si (100) substrate for (a) x=0, (b) x=0.1, (c) x=0.2, 

(d) x=0.3 and (e) x=0.4. 

 

Thin film which is heated up to 700 ºC shows major other phase of Bi2Fe4O9, 

originated from the reaction: [22-24] 
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               (4.1) 

 

Subsequently, γ-Bi2O3 and α-Fe2O3 appear with increasing annealing temperature.  

There are many compelling changes in XRD patterns after doping Al. 

BF0.9A0.1O shows oriented Fe2O3 phase at high temperature (Figure 4.5(b)). The 

rhombohedral (012) and (024) planes correspond to cubic (001) and (002), 

respectively. It means that the Al doped BFO thin films tend to be c axis-oriented 

growth on Si (100) substrate at high temperature. [25] In Figure 4.5(c), two peaks 

located at 38 º and 59 º are observed for 900 ºC annealed BF0.8A0.2O, detected to be 

(002) and (003) peaks for tetragonal BFO (T-BFO), respectively. With increasing 

amount of doping Al, the relative intensity of T-BFO increases (Figure 4.5(d) and 

(e)). When x=0.4, T-phase turns to the principal phase for BF0.6A0.4O. 

 

 
Figure 4.6 (a) Wide range out-of-plane XRD and (b) in-plane XRD curves for 900 ºC- annealed 

BF0.6A0.4O/Si (100). 
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In previous studies, the T-like phase BFO films were generally fabricated by PLD 

or sputtering method under vacuum. There was no report that T-BFO was able to 

obtain via simple chemical solution deposition method. In the other word, the 

synthesized T-BFO in our study is polycrystalline with oriented growth not epitaxial 

growth. The position of the (00l) peaks yields the out-of-plane parameter for BFAO 

of c= 4.71±0.01 Å. This c value is larger than that of strained BFO deposited on 

LAO (c=4.66 Å) substrate. For more evidence of T-like phase, wide range 

out-of-plane XRD and in-plane XRD are carried out on 900ºC-annealed BF0.6A0.4O 

(Figure 4.6). In Figure 4.6(a), clear (00l) peaks for T-phase are shown, with slight 

amount of oriented (Fe,Al)2O3 phase. In the in-plane XRD curves, the peak around 

35 º is assigned to (110) plane of BFAO with P4mm symmetry, with a value of 3.61 

Å. The c/a value of the fabricated BFAO film is 1.3, which matches well with 

reported c/a values of tetragonal-like BFO (c/a=1.2-1.3). 

Figure 4.7(a) shows the room temperature Raman spectra of BF0.6A0.4O/Si(100) 

samples annealed at different temperature. Based on the previous studies of Raman 

scattering on BFO, we assign the main peak at 150 cm-1 in the curve of 600 ºC to the 

A1 mode of R3c group (4A1+9E). For P4mm space group, the Raman active modes 

can be summarized by (3A1+B1+4E). According to the calculated data, in the curve of 

900 ºC, peaks around 129 and 158 cm-1 can be assigned to A1 mode, while peak at 

242 cm-1 can be denoted to E mode. [26-28] Known from XRD patterns (Figure 4.5(e)), 

crystal structure of BF0.6A0.4O transfers from rhombohedrally distorted perovskite 

to tetragonal symmetry via an amorphous region with increasing annealing 

temperature from 600 ºC to 900 ºC. The Raman scattering results match well with the 

XRD suggested phase transition.  

In Figure 2.7(b), BFO and BF0.9A0.1O, which show γ- Bi2O3 and α-Fe2O3 phases 

from XRD patterns, present quite different curves compared with the other three 

samples which keep T-phase. Peaks around 98, 134 and 204 cm-1 can be assigned to 

γ- Bi2O3, while peaks at 224, 245 and 292 cm-1 are denoted to α-Fe2O3 phase. [29, 30] 

At x=0.2-0.4, typical peaks for T-phase are shown.  

Based on the above discussion, we made a process condition diagram of 

BiFe1-xAlxO3 as a function of the Al doping concentration (x) and RTA annealing 

temperature (Figure 4.8). At x≤0.1, samples show rhombohedral structure in the 

range from 550 ºC to 650 ºC. With increasing annealing temperature, the other  
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Figure 4.7 Raman spectra of (a) BF0.6A0.4O/Si (100) annealed at different temperature and (b) 

900 ºC- annealed BF1-xAxO/Si (100).  

 

phases appear due to the decomposition of BFO. For BF0.8A0.2O, Cm phase appears 

at 500 ºC and transforms to R3c symmetry at 600 ºC, with a co-existence of R3c-Cm 

phases at 550 ºC. Further increasing temperature leads to BFO decomposition. 

However, a slight amount of tetragonal phase is detected in 900 ºC-annealed 
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BF0.8A0.2O. With increasing Al concentration, at x=0.3 and 0.4, the amount of T 

phase increases, and T phase is the major phase in BF0.6A0.4O. The T phase is 

formed under high temperature and high Al concentration. While the Cm phase is 

likely to appear in the region of low temperature and high Al concentration. There is 

an obvious co-existence region for R3c and Cm phase, while no such co-existence 

region for T phase. 

 

 
Figure 4.8 Process condition diagram of BFe1-xAlxO3 (x=0-0.4) as a function of the Al doping 

concentration (x) and RTA annealing temperature. 

 

The morphology of BF0.6A0.4O samples annealed from 600 ºC to 900 ºC is 

distinguishable as shown in Figure 4.9(a), (b), (c) and (d), respectively. An 

understanding of the structural evolution can be understood by investigation of the 

surface topography of these films using AFM. With annealing temperature increasing, 

the morphology transforms from spherical agglomerates to irregular granular, with a 

non-crystallinity intermediate region. For low Al doping concentration samples, the 

amount of irregular granular is less as shown in AFM images (Figure 4.9(e) and (f) 

for BF0.7A0.3O and BF0.8A0.2O, respectively). 
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Figure 4.9 AFM images for BF0.6A0.4O/Si (100) annealed at (a) 600 ºC, (b) 700 ºC, (c) 800 ºC, 

(d) 900 ºC; 900 ºC- annealed (e) BF0.7A0.3O and (f) BF0.8A0.2O on Si (100). 

 

4.3.2 Structure and morphology of BFe1-xAlxO3/LaNiO3/glass 

The XRD patterns of RTA-annealed Au/BF1-xAxO/LNO/glass structure are 

shown in Figure 4.10(a) and (b). The BF1-xAxO films have no specific crystal 

orientation on (100)-oriented LNO underlayer. In Figure 4.10(a), after 500 ºC-RTA 

annealing, the formed crystalline phase is rhombohedral BFO with R3c symmetry for 

x=0 and 0.1, while obviously changes to the Cm symmetry at x= 0.3 and 0.4 though 

the detected peaks are weak and broad. The mixture phases is observed at x=0.2. 

However, the detected Cm phase is instable at high temperature, which just exists at 

x=0.4 associated with R3c principal phase after annealing at 550 ºC by RTA (Figure 

4.10(b)). It matches well with the process condition diagram of BF1-xAxO shown in 

Figure 4.8 that Cm phase exists at low temperature and high Al concentration region.  

Considering the results based on pure BFO films that long-time annealing is 

benefit for crystallinity and enhancing in-plane strain, which will bring excellent 

polarization behavior, the prepared BF1-xAxO/ LNO/glass were annealed by normal 

furnace for 5h at 500 ºC and 550 ºC, the XRD patterns of which are shown in Figure 

4.10(c) and (d), respectively. In Figure 4.10(c), at x≤0.2, the patterns show slight 
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change that the FWHM values reduce in comparison with RTA-annealed samples 

(e.g. the FWHM value of (202) plane (~39º) decreased from 0.31 º (RTA) to 0.24 º 

(normal-annealed) for pure BFO), indicating improved crystallinity. However, at 

x=0.3, the Cm phase disappears and in return the R3c phase grows with a small 

amount of impurity phase. Furthermore, at x=0.4, some impurity phases (such as 

Bi2Fe4O9) is detected. These results suggest that the Cm phase generated at high Al 

concentration (x>0.2) is metastable. In Figure 4.10(d), after long-time annealing at 

550 ºC, only R3c phase form and Cm phase is not detected. Meanwhile, at x≥0.2, 

some impurity phases appear. It demonstrates that the crystal structure of BFAO is 

instable at high Al concentration, resulting in the formation of impurity phase after 

long-time annealing at 550 ºC.   

 

 

Figure 4.10 XRD patterns of Au/BFAO/LNO/glass substrate annealed at (a) 500 ºC and (b) 550 ºC 

by RTA, and (c) 500 ºC and (d) 550 ºC by normal tube furnace for 5h.  
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Figure 4.11 Comparison of XRD pattern for 500 ºC-Tube 5h annealed BiFe0.8Al0.2O/LNO/glass 

with calculated diffraction data for the Cm phase and PCPDF data of R3c phase BFO. 

 

Figure 4.11 shows the XRD pattern of 500 ºC-Tube 5h annealed BiFe0.8Al0.2O, 

along with the calculated diffraction data of the Cm phase and the PCPDF data of 

R3c phase. It is clear that this sample keeps co-existence of R3c and Cm phase.  

The morphology of 500 ºC-Tube 5h annealed samples is shown in Figure 4.12. At 

x=0.1 and 0.2, samples show relatively smaller grain size in comparison with BFO 

(x=0) and BF0.6A0.4O (x=0.4). It means that substitution of Al in a certain range 

will reduce the grain size. It is reported that the film crystallization occurs by a 

nucleation- and- growth process, while nucleation plays a significant role in defining 

the film microstructure. From standard nucleation and growth theory, the energy 

barrier for homogeneous nucleation is described by 

 

                        (4.2) 

 

where γ is the interfacial energy, ΔGv is the driving force for crystallization (i. e., the 

free energy difference per unit volume for the amorphous films- crystalline films 

transformation). [31] It is difficult to assess the free energy of amorphous films before 

annealing. Since BFO and BFAO films were prepared by the CSD method with same 

process, it is assumed that the free energies of BFO and BFAO films are similar in 

the amorphous state. Meanwhile the free energy of crystalline BFO and BFAO films 

are not well known. However it is known that the bond energy of Al-O is stronger 
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than that of Bi-O and Fe-O. Accordingly, we suggest the free energy (~lattice energy) 

of BFAO is higher than that of BFO. Thus the ΔGv value of BFAO is lower than that 

of BFO, while the energy barrier for nucleation of BFAO is higher than that of BFO. 

From these, more energy needs to deal with energy barrier for nucleation during  

 

 

Figure 4.12 AFM images for 500 ºC-Tube 5h annealed BF1-xAxO/LNO/glass at (a) x=0, (b) 

x=0.1, (c) x=0.2 and (d) x=0.4. 

 

 

Figure 4.13 AFM images for BF0.8A0.2O/LNO/glass annealed by (a) 500 ºC-RTA, (b) 500 

ºC-Tube 5h, and (c) 550 ºC-Tube 5h.  
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isothermal annealing process for BFAO films in comparison with BFO films, 

reducing the energy for crystal growth process. As a result of that, in a certain range 

of Al-substitution, the grain size reduces with increasing Al concentration. There is 

another evidence for the above theoretical derivation. As shown in Figure 4.1, with 

increasing Al concentration, the crystallization temperature of R3c-phase increases. It 

perhaps originates from the higher energy barrier for nucleation of BFAO. In Figure 

4.12(d), at x=0.4, the anomalous grain growth perhaps due to the appearance of 

impurity phase.  

In Figure 4.13, for BF0.8A0.2O, 500 ºC-RTA annealed sample shows relatively 

small grain size. After 500 ºC-Tube 5h annealing, grain size grows slightly. While 

after 550 ºC-Tube 5h annealing, an obvious grain growth can be detected. The 

long-time annealing at 500 ºC is seemed to be able to control grain size and improve 

crystallinity at the same time. As the relatively small grain size is able to reduce 

leakage current and high crystallinity is benefit for strain-induced polarization, it can 

be expected that sample which is long-time annealed at 500 ºC will show excellent 

electrical properties.  

 

4.3.3 Electrical properties of BFAO thin films 

The leakage current properties of BFAO are shown in Figure 4.14. For 500 

ºC-RTA annealed samples, in Figure 4.14(a), with increasing Al concentration, the 

leakage current decreases. BF0.7A0.3O shows leakage current two orders of 

magnitude lower than that of BF0.9A0.1O. It is known that the bond energy of Al-O 

is larger than that of Fe-O, which benefits for reducing oxygen vacancies originated 

from Bi lost. Moreover, due to the variable valence state of Fe (+2 and +3), the 

hopping of electron from Fe2+ to Fe3+ plays an important role in electric conduction. 

Al3+ ion which has a definite oxidation state can suppress the electron hopping. Thus 

Al substitution can efficiently decrease leakage current. For the other annealing 

process, the change of leakage current follows the same general trend with Al 

substitution. And as expected that for the long-time annealed samples, 550 ºC-Tube 

5h annealed samples (Figure 4.14(d)) show higher leakage current than 500 ºC-Tube 

5h annealed samples (Figure 4.14(c)), arisen from grain growth, defects and impurity 

phases induced by high temperature annealing.  
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Figure 4.  J-E curves of Au/BFAO/LNO/glass annealed by (a) 500 ºC-RTA, (b) 550 ºC-RTA, 

(c)500 ºC-Tube 5h, and (d) 550 ºC-Tube 5h, measured at room temperature. 
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Figure 4.15 P-E curves of Au/BFAO/LNO/glass annealed by (a) 500 ºC-RTA, (b) 550 ºC-RTA, 

(c)500 ºC-Tube 5h, and (d) 550 ºC-Tube 5h, measured at room temperature. 
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The prepared BFAO films showed an interesting feature of polarization. As shown 

in Figure 4.15(a), for 500 ºC-RTA annealed BFAO, R3c-phase films (x=0.1 and 0.2) 

have saturated hysteresis loops with good squareness, while the Cm-phase BFAO 

(x=0.3) shows poor polarization behavior. The obtained remanent polarization (Pr) at 

x≤0.2 (~30μC cm-2) are quite smaller than the values conventionally reported for 

BFO, although the Pr value slightly increases with increasing Al concentration. In 

Figure 4.15(b), increasing annealing temperature to 550 ºC by RTA is useless to 

enhance polarization. The Pr values of 550 ºC-RTA annealed BFAO even reduce to 

lower than 15μC cm-2. These results are perhaps due to the poor crystallinity of 

RTA-annealed samples.  

In Figure 4.15(c), all the films keep well saturated hysteresis with good squareness, 

attributed to the better crystallinity by long-time annealing. The observed remanent 

polarization is 120 μC cm-2 at x= 0.1, the same as that of pure BFO films reported in 

section 3.3.2. Here, the most striking feature is that a larger polarization of 145 μC 

cm-2 is observed at room temperature for x=0.2, where R3c and Cm symmetries 

coexist. This value is higher than the theoretical polarization of BiAlO3 (75.6 μC 

cm-2) and approaches to the theoretically predicted value of tetragonal-like BiFeO3 

(150 μC cm-2). However, the polarization value rapidly decreases to 25 and 7.5 μC 

cm-2 for x=0.3 and 0.4, respectively. This reduction reflects the presence of impurity 

phases such as Bi2Fe4O9. The results shown in Figure 4.15(d) confirm the adverse 

effect of impurity phase on polarization behavior. Only BF0.9A0.1O, which keeps 

pure R3c phase, shows high Pr value, while the other samples show Pr value lower 

than 20 μC cm-2. 

It is interesting that the observed enhancement of polarization has a strong 

correlation with the coexistence of R3c and Cm phases. BiFe0.8A0.2O film which 

exhibits the largest polarization is the mixture of R3c and Cm phase, which is the 

pleomorphic phase boundary (PPB) similar to morphotropic phase boundary (MPB). 

It is reported in Pb(Zr, Ti)O3 (PZT) system that large piezoelectric response is 

expected around the MPB through an unusual switching of the polarization path 

under applied electric field. [32] Enhancement of polarization arising from the change 

of switching behavior of polarization path is also observed around the MPB in 

BiFeO3-PbTiO3 films.[33] In addition, first-principle study demonstrates that the 

polarization value of BFO is also dependent on the switching paths in structural 
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spacing. [34] As a result of these, we suggest that the lattice instability and the 

resultant rotation of polarization switching paths around the PPB between R3c and 

Cm phase may be responsible for the polarization enhancement of BF0.8A0.2O. 

Moreover, the increased carrier mobility around PPB will benefit for the mobility of 

domain walls, which will results in the high remanent polarization. As a result of 

these, it can be suggested that the B-site substitution promotes the structure 

deformation accompanied by the rotation of polarization direction, resulting in the 

enhanced polarization.    

 

Table 3.2 Pr and Ec values for BF1-xAxO films (500 ºC-Tube 5h annealed) 

x Phase Pr (μC cm-2) Ec (kV cm-1) 

0 R3c 120 668 

0.1 R3c 116 643 

0.2 R3c+Cm 145 478 

0.3 R3c+Impurity 24.5 478 

 

For further understanding, the list for Pr and Ec values of 500 ºC-Tube 5h annealed 

samples are shown in Table 3.2. For R3c phase, the Pr and Ec values are approximate 

to 120 μC cm-2 and 650 kV cm-1, respectively. At the co-existence region of R3c and 

Cm phase, Pr value increases while Ec value decreases. It demonstrates the lattice 

instability during MPB may be responsible for the polarization enhancement. At high 

Al concentration of x=0.3, the presence of impurity phase makes strain relaxation 

and huge drop of Pr value. It is obvious that the in-plane tensile stress and Al 

substitution induced phase transition makes great influence on polarization property. 

 

4.4 Conclusions   

BiFe1-xAlxO3 thin films with R3c, Cm and T phase can be simply obtained by the 

chemical solution deposition (CSD) method. The T phase is formed under high 

temperature and high Al concentration. While the Cm phase is likely to appear in the 

region of low temperature and high Al concentration. There is an obvious 

co-existence region for R3c and Cm phase, while no such region for T phase. The 

phase transition is associated with strain induced in the film formation. In the 
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intermediate region around x=0.2, the mixture of R3c and Cm phases is confirmed. 

The long-time annealed BFAO films show an enhancement of polarization as large as 

145 μC cm-2 around PPB. These results suggest that modification of Fe-site of BFO 

induces structure and phase instability and provides a possibility of prominent 

enhancement of polarization and piezoelectric response.  
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Chapter 5  

 

Phase Transition and Electrical  

Properties of BiFe1-xGaxO3 Thin Films 

 

 

 

5.1 Introduction 

Besides Al, in the group of nonmagnetic ions with +3 oxidation state, Ga is 

another attractive element. Researches on polar perovskite-type crystal, such as 

BiMO3 (M=Al, Ga, In, and Co) have been intensively done. [1-4] Belik et al. [5] 

reported that a large family of polar materials with R3c and Cm symmetries was 

found for solid solution of BiGaxM1-xO3 (M= Cr, Mn and Fe) and the 

supertetragonal-Cm like phase which was just obtained in BFO film previously could 

be stabilized in bulk form in this system. 

BiGaO3 is indexed in an orthorhombic system with lattice parameters of a≈5.4162 

Å, b≈5.1335 Å and c≈4.9685 Å. Theoretical studies on BiGaO3 predicted that they 

could be high-performance piezoelectrics and ferroelectrics with a very large 

spontaneous polarization (151.9 μC cm-2 along the [100] direction). [6] However, 

high-pressure and high-temperature synthesis is required for preparation of this 

material as reported, the same as BiAlO3. In the research of Belik et al., after 

high-pressure and high-temperature process, the synthesized Cm phase samples are 

powder, which prevents the measurement of ferroelectric properties of these novel 

materials. 

Thus, in this section, we would like to fabricate Ga-doped BFO (BiFe1-xGaxO3, 

BF1-xGxO) thin films by simple chemical solution deposition. The phase transition 

with Ga concentration will be investigated. Then the electrical properties of 

BiFe1-xGaxO3 thin films will be detected.
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5.2 Experiment  

5.2.1 Precursor solution 

The BiFe1-xGaxO3 (BF1-xGxO, x=0, 0.05, 0.1 and 0.2) thin films were fabricated 

by the CSD method. The starting reagents were bismuth nitrate (Bi(NO3)3·5H2O, 

99.5%), ferric nitrate (Fe(NO3)3·9H2O, 99%) and gallium nitrate (Ga(NO3)3·8H2O, 

99%). They were dissolved in acetic acid (C2H4O2, 99.7%) with stoichiometry by 

stirring under heating. An appropriate amount of acetylacetone (C5H8O2, 99%) was 

added into the solution as a chelating agent. The concentration of precursor solutions 

was 0.2mol L-1.  

 

5.2.2 Film deposition 

The solution was spin-coated onto glass or Si(100) substrate, followed by 

pre-heating at 180 ºC and heating at 380 ºC for 3 min to remove the solvent and 

decompose the nitrates respectively. These steps were repeated for 5 times to obtain 

the desired thickness (~200 nm). After that, the films were annealed by RTA 

(temperature rise up in 1 min and keep 10 min) and normal furnace (Tube 5h, quickly 

push into the pre-heated furnace and keep 5h). Details for annealing process are 

shown in Table 5.1.The LNO underlayer and Au top layer with 200 μm in diameter 

were fabricated by sputtering and acted as electrodes for ferroelectric measurement. 

The LNO bottom electrode was annealed at 650 º C for 3 h. Details for annealing 

process are shown in Table 5.1. 

 

5.2.3 Measurement 

The structural properties of the prepared films were characterized by X-ray 

diffraction (Cu Kα radiation, Rigaku-Smartlab). AFM images were collected to 

describe the morphology of thin films surface. Leakage current behaviors were 

estimated using FCE-1 Keithley 230 voltage source and Keithley 6487 picoammeter . 

The applied voltage was swept from 0 V to 4 V, and from 4 V to -4 V, and from -4 V 

to 0 V, at a rate of 0.1 V s-1. The polarization hysteresis was measured at a frequency 



Chapter 5: BiFe1-xGaxO3 thin films 

89 
 

of 5 kHz at room temperature by using ferroelectric test system FCE-1.  

 

Table 5.1 Annealing conditions for BFGO films on different substrates 

 Glass substrate Si(100) substrate LNO/glass 

RTA (ºC) 500, 550, 600, 650 600, 700, 800, 900 500, 550 

Tube 5h(ºC)   500, 550 

 

5.3 Results and discussion 

5.3.1 Structure and phase transition of BiFe1-xGaxO3 films 

 

 
Figure 5.1 XRD patterns of BF1-xGxO on glass for (a) x=0.05, (b) x=0.1, (c) x=0.2, and (d) 

x=0.3. 

 



Chapter 5: BiFe1-xGaxO3 thin films 

90 
 

Figure 5.1 shows the XRD patterns of BF1-xGxO (BFGO) films deposited on 

glass substrate and annealed at different temperature. At x=0.05, when annealed at 

low temperature, the second phase (Bi2O3) appears, while sample annealed at 650 ºC 

shows pure R3c phase. The perovskite structure with rhombohedral distortion is 

supported by the clear split peaks around 32 º, which are the peaks of (104) and (110) 

plane for R3c-BFO. At x=0.1, sample annealed at 550 ºC shows a mixture of R3c and 

Cm phases. After increasing annealing temperature to 600 ºC and 650 ºC, the peaks 

for Cm phase disappear and sample keeps pure R3c phase. At x=0.02 and 0.03, the 

pure Cm phase appears after annealing around 550 ºC and 600 ºC, and disappears at 

higher temperature. The BFGO films keep the same tendency with BFAO films that 

the Cm phase appears at low temperature and high Ga (Al in BFAO system) 

concentration regions. However the difference is that in BFAO system, the peaks for 

Cm phase are broad and in weak intensities. While in BFGO system, sharp and high 

intensities peaks are shown in XRD curves, indicating the better crystallized Cm 

phase in comparison with that of BFAO system.   

 

 
Figure 5.2 XRD patterns of 550 ºC annealed BF1-xGxO/glass (x=0.1-0.3). 

 

For detailed comparison, XRD patterns of 550 ºC annealed samples were detected 

in wider 2θ range by Rigaku-Smartlab, as shown in Figure 5.2. It is obvious that the 
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R3c-Cm co-existence region is at x=0.1-0.2, R3c is major phase at x=0.1 while Cm is 

major phase at x=0.2. At x=0.3, pure Cm phase appears. It indicates that Cm phase is 

easy to form at high Ga concentration region.  

We calculated the lattice parameters of 550 ºC-RTA annealed BFGO which were 

prepared on glass substrate by the whole powder pattern fitting (WPPF) method, 

listed in Table 5.2. At x=0.05, the a value of R3c phase is smaller than that of BFO, 

due to the smaller ionic radius of Ga3+ in comparison with Fe3+. As x rising from 0.05 

to 0.2, a parameters of R3c phase increase, arisen from the monoclinic distortion 

induced by in-plane tensile stress. At x=0.1 and 0.2, where is the co-existence region 

for R3c and Cm phase, the c values of unit cell show large deviation between R3c  

 

Table 5.2 Calculated lattice parameters for 550 ºC-RTA annealed BF1-xGxO/glass 

x R3c Cm 

a (Å) c(Å) a(Å) c(Å) c/a 

0 5.5764 13.8551    

0.05 5.5651 13.8556    

0.1 5.5671 13.8437 5.3312 4.6378 0.87 

0.2 5.5678 13.8891 5.3126 4.6922 0.88 

0.3   5.3102 4.6874 0.88 

 

 
Figure 5.3 Ga concentration (x)-dependence of lattice parameters c for BF1-xGxO/glass annealed 

at 550 ºC. 
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phase and Cm phase, as shown in Figure 5.3, indicating a complex structure in this 

region corresponded with the strain-induced monoclinic distortion. At x=0.3, Cm 

phase of BF0.7G0.3O shows smaller lattice parameters than that of BF0.8G0.2O, 

arisen from the smaller ionic radius of Ga3+. 

The approximate phase diagram of this system (BiFe1-xGaxO3) has been given by 

Belik et al. It is reported that this system has a pyroxene-type structure (BiGaO3, 

x=1.0) with space group Pcca and a perovskite structure (BiFeO3, x=0) with space 

group R3c as end member. With increasing x value (Ga concentration), this system 

shows a phase transition around x=0.3 from rhombohedral structure (R3c) to a new 

monoclinic structure with space group Cm which is similar to the PbTiO3-type 

perovskite structure with space group P4mm. [5] But in their study, the Cm phase just 

can be prepared via the high-pressure (6 GPa) and high-temperature (1700 K) 

method, which is quite different from our results that the Cm phase just appears at 

low temperature.  

This striking result that the Cm phase is successfully obtained at low temperature 

of 833 K under normal atmospheric pressure is likely associated with strain induced 

in the film formation. This strain is derived from the difference of thermal expansion 

coefficient between film (10.9×10-6 ºC-1 for BFO [7]) and substrate (3.17×10-6 ºC-1 for 

glass), reaching an order of GPa by estimated assuming thermal expansion 

coefficient, and typical Young modulus (~195 GPa) and Poisson’s ratio (~0.3) for 

ferrite. [8] The film suffers in-plane tensile stress from the glass substrate which has a 

smaller thermal expansion coefficient. This tensile stress expands the lattice volume 

and lowers formation energy of crystal phase that has larger unit cell volume. 

Furthermore, for BiFe1-xGaxO3, the substituted Ga3+ performs stronger distortion of 

octahedral environment, tending to a square-pyramidal coordination which is similar 

to the pyroxene-type structure of BiGaO3. This kind of distortion will lead to the 

increase of unit cell volume, resulting in the structure transition to the phase with 

large unit cell volume (R3c→Cm→Pcca with increasing Ga concentration). The 

calculated lattice parameters shown in Table 5.2 support this suggestion. Thus, it is 

natural that the tensile stress assists the transition to Cm phase accompanied by the 

Ga-substitution.  

As another factor of Cm-phase occurrence, crystallization at low temperature 

should be also considered. For the bulk reaction of Bi-Fe-Ga-O system, high 



Chapter 5: BiFe1-xGaxO3 thin films 

93 
 

temperature and/or high pressure are supplied as driving force for crystallization 

arisen from the small solubility of Bi-Ga-O system. Meanwhile, high pressure is 

required to prevent the structure containing Bi from decomposition. In our study, 

contributed to the advantage of CSD method, the crystallization process occurs at 

lower temperature that high pressure is not necessary for low-temperature 

crystallization. It allows stabilization of high-pressure phase such as Cm phase at 

ambient pressure.  

In either case, the thermal stability of the produced Cm phase at the preparation 

temperature is required. As the Cm phase is reported to be stable below 873 K, our 

preparation temperature satisfies this limitation. When annealing temperature is 

higher than 600 ºC, Cm phase disappears. However, the detailed origin for formation 

of the Cm phase is not yet clear.  

 

 
Figure 5.4 XRD patterns of BF1-xGxO films on Si (100) substrate for (a) x=0.05, (b) x=0.1, (c) 

x=0.2, and (d) x=0.3. 
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In order to detect the crystallization of BFGO at temperature higher than 650 ºC, 

thin films were deposited on Si (100) substrate which can be heated at higher 

temperature. Figure 5.4 shows the XRD patterns of BFGO films deposited on Si (100) 

substrate. 

In Figure 5.4(a), BF0.95G0.05O shows the similar behaviour with pure BFO. Film 

that is heated up to 700 ºC shows major other phase of Bi2Fe4O9. Subsequently, γ- 

Bi2O3 and α-Fe2O3 phase appear with increasing annealing temperature arisen from 

decomposition of BFO. At x=0.1 and 0.2, 600 ºC annealed sample shows the 

co-existed of R3c and Cm phases, with slight amount of Bi2Fe4O9. With increasing 

annealing temperature, the impurity phases turn to major phase. 900 ºC-annealed 

BF0.9G0.1O shows oriented Fe2O3 phase, which is close to 900 ºC-annealed 

BF0.9A0.1O. 900 ºC-annealed BF0.8G0.2O shows two weak peaks around 38 º and 

59 º, which is similar as the (002) and (003) tetragonal phase peaks detected in 

BFAO system. The out-of-plane spacing for T-BF0.8G0.2O is calculated to be 4.71 

Å, which is the same as T-BFAO. However, in BFAO system, with increasing 

amount of doping Al, the intensity of T-BFAO increases. When x=0.4, T-phase turns 

to the principal phase for BF0.6A0.4O. It is different in BFGO system, as seen in 

Figure 5.4(d), at x=0.3, we cannot detect any peak for T-phase. There is an instinct 

reason for this change that the ionic radius of Ga3+ (r =0.47 Å and r =0.62 Å) is 

larger than that of Al3+ (r =0.39 Å and r =0.535 Å) and close to that of Fe3+ 

(r =0.49 Å and r =0.645 Å). Al-substitution seems to make larger distortion of 

crystal structure due to the huge difference in ionic radius. Thus, the highly-distorted 

tetragonal phase is easy to form in BFAO system.  

Based on the XRD patterns, we made a process condition diagram of BFe1-xGaxO3 

as a function of the Ga doping concentration (x) and RTA annealing temperature. At 

x≤0.05, samples show rhombohedral structure in the range from 550 ºC to 650 ºC. 

With increasing annealing temperature, the other phases appear due to the 

decomposition of BFO. When x=0.1 and annealing temperature around 550 ºC to 600 

ºC, the co-existence of R3c and Cm phase appears. This is the region as called 

pleomorphic phase boundary (PPB). With increasing temperature to 650 ºC, the Cm 

phase disappears and only R3c phase remains. Subsequently increasing temperature, 

the other phases appear due to the decomposition of BFO. At x≥0.2, the pure Cm 

phase forms around 550 ºC and the other phase of Bi2Fe4O9 appears even at low 



Chapter 5: BiFe1-xGaxO3 thin films 

95 
 

temperature of 600 ºC. It means that at high Ga concentration, the BFGO structure is 

unstable. Thus the second phase is easy to form at temperature as low as 600 ºC. At 

x=0.2, a slight amount of tetragonal phase is formed at 900 ºC. However the T-phase 

disappears at x=0.3, perhaps due to the decomposition of BFGO. 

 

 
Figure 5.5 Process condition diagram of BFe1-xGaxO3 as a function of the Ga doping concentration 

(x) and RTA annealing temperature. 

 

5.3.2 Structure and ferroelectric properties of BFGO/LNO 

The XRD patterns of Au/BF1-xGxO/LNO/glass structure are shown in Figure 5.6, 

grouped by annealing method. Seen from Figure 5.6(a), after 500 ºC- RTA annealing, 

BFGO crystallize in R3c phase at x=0.05; at x=0.3, the Cm phase is formed; for 

x=0.1 and 0.2, the mixture of R3c and Cm phase appears. The 500 ºC-RTA annealed 

BFGO/LNO/glass keep the similar crystalline condition with 550 ºC-RTA annealed 

BFGO/glass. The decrease of crystallization temperature means that on LNO/glass 

substrate, the R3c-Cm phase transition is easier to carry out in comparison with on 

glass substrate. We attribute it to the similar crystal structure of LNO and BFO, 

which are both perovskite and keep approximate unit cell (aBFO=3.97 Å and 

aLNO=3.85 Å). The nucleation and crystal growth on LNO/glass will be easier due to 
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the matched lattice is able to decrease the driving force of crystallization. As a result 

of that the Cm phase can be formed at lower temperature on LNO/glass substrate. 

 

 

Figure 5.6 XRD patterns of Au/BFGO/LNO/glass substrate annealed at (a) 500 ºC and (b) 550 ºC 

by RTA, and (c) 500 ºC and (d) 550 ºC by normal tube furnace for 5h. 

 

However, extending annealing time by normal furnace tube (Figure 5.6(c)) at 500 

ºC, the co-existence region for R3c and Cm phase just appears at x=0.1. When x=0.2, 

the pure Cm phase is shown. The shift of R3c-Cm boundary to low Ga concentration 

region after long-time annealing arises from the increased strain induced by higher 

crystallinity after long time annealing, where the phase transition is mainly carried 

out under stress. In Figure 5.6(b), the 550 ºC- RTA annealed samples shows the 

similar curves as that of 500 ºC- RTA annealed samples. However, after long time 

annealing at 550 ºC, the other phase is formed at x≥0.2. It means that at high Ga 
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concentration, arising from high structure distortion, the BFGO structure is not stable 

and easy to decomposition at high temperature.  

 

 

Figure 5.7 Comparison of XRD pattern for 500 ºC-Tube 5h annealed BF1-xGxO/LNO/glass with 

calculated diffraction data for the Cm phase and PCPDF data of R3c phase BFO, at (a) x=0.1 and 

(b) x=0.2. 

 

Figure 5.7 show the comparison between measured XRD spectrum of Tube 5h-500 

ºC annealed BFGO and diffraction data of the Cm phase calculated for lattice 

parameters a=0.5325 nm, b=0.5296 nm, c=0.4697 nm and β=91.056 º by using the 

structural parameters given in the literature. The XRD pattern of BF0.8G0.2O 

matches perfectly with calculated data of Cm phase, while BF0.9G0.1O shows 

mixture of R3c and Cm phase.  

The surface morphologies of 500 ºC-Tube 5h annealed samples are shown in 

Figure 5.8. It is obvious that at x=0.1 the grain size is uniform and the smallest. The 

similar phenomenon that R3c-Cm co-existence region keeps smaller grain size is also 
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observed in BFAO system.  

 

 
Figure 5.8 AFM images for 500 ºC-Tube 5h annealed BF1-xGxO/LNO/glass with (a) x=0, (b) 

x=0.05, (c) x=0.1 and (d) x=0.2. 

 

Figure 5.9 shows the J-E properties of BFGO samples grouped by annealing 

process. For RTA annealed samples, in Figure 5.9(a) and (b), leakage current 

decreases with increasing Ga concentration. It confirms our suggestion that 

Ga-substitution can efficiently decrease leakage current by suppressing formation of 

Fe2+, the similar as Al-substitution. According to the Pauling electronegativity theory, 

the higher the difference of electronegativity between two elements is, the stronger 

the bond energy is. Accordingly, the bonding energy of Ga-O is stronger than that of 

Bi-O and Fe-O (bonding of Ga3+-O2- is 2.94 eV and Fe3+-O2- is 2.6 eV [9]). Thus the 

strong chemical bond of Ga-O reduces oxygen vacancies arisen from volatilization of 

Bi during heat treatment, which will reduce leakage current.  

For Tube-5h annealed samples, at x=0.3 in Figure 5.9(c) and x=0.2 and 0.3 in 

Figure 9(d), samples show unusual high leakage current. It is perhaps due to the 
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presence of the other phase, which is detected from XRD in Figure 5.6. For the 

samples which show pure R3c and/or Cm phase follow the tendency that leakage 

current decreases with increasing Ga concentration.  
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Figure 5.9 J-E curves of Au/BFAO/LNO/glass annealed by (a) 500 ºC-RTA, (b) 550 ºC-RTA, 

(c)500 ºC-Tube 5h, and (d) 550 ºC-Tube 5h 
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Figure 5.10 P-E curves of Au/BFGO/LNO/glass annealed by (a) 500 ºC-RTA, (b) 550 ºC-RTA, 

(c)500 ºC-Tube 5h, and (d) 550 ºC-Tube 5h, measured at room temperature. 
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The P-E hysteresis loops of BFGO grouped by annealing process are shown in 

Figure 5.10. The 500 ºC- annealed samples keep better polarization behaviour than 

550 ºC- annealed samples. The maximum electric field which can be applied on 550 

ºC- annealed samples (Figure 5.10(b) and (d)) is around 500 kV cm-1, much smaller 

than that of the 500 ºC- annealed samples (≥1000 kV cm-1, Figure 5.10(a) and (c)). 

Moreover, the Pr values of 550 ºC- annealed samples are limited around 15 μC cm-2, 

which are consistent with the other 550 ºC- annealed samples in our study (i.e. BFO 

and BFAO). In contrast, the 500 ºC- annealed samples present huge remnant 

polarization values, an order of magnitude higher than that of 550 ºC- annealed 

samples. It is surprised that the XRD curves of 500 ºC- and 550 ºC- annealed 

samples are similar and there is little difference in leakage current, but a huge 

distance in polarization value is shown. We suggest that it is due to the presence of 

Bi vacancies coming from evaporation of Bi at high annealing temperature. The 

presence of vacancies will lead to in-plane strain relaxation, which against the 

saturated polarization. Moreover, the enhanced polarization after long-time annealing 

at 500 ºC can be also account for the enhanced crystallinity. 

The Pr and Ec values for 500 ºC-Tube 5h annealed samples are listed in Table 5.3. 

At x=0.1, where R3c and Cm phase co-exist, BF0.9G0.1O keeps the largest Pr value 

of 230 μC cm-2 and the smallest Ec value of 562 kV cm-1.  

 

Table 5.3 Pr and Ec values for BF1-xGxO films (500 ºC-Tube 5h annealed) 

x Detectable phase Pr (μC cm-2) Ec(kV cm-1) 

0 R3c 120 668 

0.05 R3c 130 614 

0.1 R3c+Cm 230 562 

0.2 Cm 30 614 

0.3 Cm+Impurity 22 614 

 

This value is the highest one ever measured for a ferroelectric and higher than the 

theoretically predicted values of tetragonal-like BiFeO3 (150 μC cm-2) and P4mm 

BiGaO3 (152 μC cm-2). However, the polarization value rapidly decreases to 30 μC 

cm-2 at x=0.2. The pure Cm phase shows much smaller Pr value than that of R3c 

phase and R3c-Cm mixture. We confirmed that similar results can be obtained with 
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reproducibility by preparing samples separately using other precursor solutions.  

It is interesting that the observed huge polarization has a strong correlation with 

the coexistence of R3c and Cm phases. BiFe0.9Ga0.1O3 film which exhibits the largest 

polarization is in the intermediate region for phase transition from R3c to Cm phase, 

which is a pleomorphic phase boundary (PPB) and similar as morphotropic phase 

boundary (MPB). As a result of these, we suggest that the lattice instability and the 

resultant change of polarization switching paths around the PPB between R3c and 

Cm phase may be responsible for the appearance of the huge polarization. Figure 

5.11 shows the spontaneous polarization directions of the rhombohedral (R) and 

monoclinic (MA and MB) phases of BiFeO3. It is reported that for single crystalline 

BiFeO3, the spontaneous polarization is almost independent of in-plane strain. The 

elastic strain induced by out-of-plane mismatch stress rotates the spontaneous 

polarization direction. [10] In contrast, in our study, due to the polycrystalline structure, 

the out-of-plane mismatch stress is too weak to take significant influence on 

polarization properties. The in-plane tensile stress induced phase transition makes it 

is possible for the rotation of polarization direction. However, the ongoing detailed 

study on the correlation between PPB and polarization will be required for clarifying 

the origin of the observed huge polarization.  

 

 
Figure 5.11 The spontaneous polarization directions of the rhombohedral (R) and monoclinic (MA 

and MB) phases of BiFeO3. 
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5.4 Conclusions 

BiFe1-xGaxO3 thin films with R3c and Cm were simply obtained by the chemical 

solution deposition (CSD) method. This kind of material was conventionally 

synthesized only under high-pressure and high-temperature previously. The thin 

films crystallized in rhombohedral perovskite structure with space group R3c up to 

x=0.05 and in tetragonal-like monoclinic structure with space group Cm above x=0.2. 

The coexistence of both phases was observed at x=0.1-0.2. We discover that the film 

with coexistence of R3c and Cm phases exhibit a huge ferroelectric polarization of 

230 μC cm-2 after long-time annealing at 500 ºC, which is the highest one ever 

measured in a ferroelectric. It was suggested that the observed huge polarization 

arises from the presence of PPB which induces the lattice instability and changes the 

switching paths of polarization. 
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Chapter 6  

 

Conclusions 

 

 

 

  The BiFeO3-based thin films were prepared by simple chemical solution 

deposition (CSD) method in this study. Based on the research of excess Bi and 

chemical substitution induced property evolution, we got a clear understanding of the 

relationship between strain and polarization properties.  

  In Chapter 2, polycrystalline BiFeO3 thin films with overdosed Bi up to 15 mol% 

have been prepared. All the films crystallized in R3c structure after annealing at 550 

ºC for 5h by normal furnace. The structure analysis by the out-of-plane and the 

in-plane XRD showed that the film with 5 mol% excess Bi had the smallest lattice 

parameters indicative of the low ion vacancies and was strongly strained. Moreover, 

long-time annealing is benefit for crystallization and building up stress, which will 

further enhance polarization. The ferroelectric polarization curve of film with 5 mol% 

excess Bi showed well saturated hysteresis accompanied by the largest saturation 

polarization of 14.8 μC cm-2 after long-time annealing. It was found that the value of 

saturation polarization is strongly correlated with the crystal deformation induced by 

in-plane tensile stress. These indicate that the excess Bi greatly influences the P-E 

properties of BFO thin films via enhancement of lattice deformation induced by 

in-plane stress.  

LaNiO3 bottom electrodes play an important role in the structure and polarization 

properties of top BFO films. 650 ºC-annealed LNO layer shows better crystallinity, 

offering a potential for growing high quality BFO film on it. 500 ºC-Tube 5h 

annealed B1.1F, which is deposited on 650 ºC-annealed LNO, shows the largest Pr 

value of 142 μC cm-2, attributed to the high in-plane strain achieved by long-time and 

low-temperature annealing. 

From these two chapters, it is suggested that reduced defects by overdosed Bi or
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decreasing annealing temperature, and increased crystallinity by extending annealing 

time are the efficient methods to enhance in-plane stress, which will further affect the 

ferroelectric properties of BiFeO3. There is a linear relationship between observed Pr 

value and in-plane stress induced crystal distortion in our study.  

 In Chapter 4 and 5, doping of Al and Ga on Fe-site were carried out. BiFe1-xAlxO3 

(BFAO) and BiFe1-xGaxO3 (BFGO) thin films were fabricated by CSD method and 

the phase transition from ground R3c phase to tetragonally-distorted Cm phase was 

observed in both two systems. In BiFe1-xAlxO3 system, R3c, Cm and T phases appear. 

The T phase is formed under high temperature (900 ºC) and high Al concentration 

(x=0.2-0.4). While the Cm phase is likely to appear in the region of low temperature 

(500-550 ºC) and high Al concentration (x=0.2-0.4). There is an obvious co-existence 

region for R3c and Cm phase (x=0.2), while no such region for T phase. In 

BiFe1-xGaxO3 system, R3c and Cm are the principle phases, while T phase no longer 

appears. BFGO films crystallize in R3c phase up to x=0.05 and in Cm phase above 

x=0.2. The coexistence of both phases is observed at x=0.1-0.2. It is found that the 

polarization can be greatly enhanced around the co-existence region of R3c-Cm 

phase, with Pr value of 145 μC cm-2 for BFAO and 230 μC cm-2 for BFGO.  

The Pr value of 230 μC cm-2 observed in BFGO is the highest value ever been 

measured in ferroelectric. So far the presence of MPB in PZT-based piezoelectric 

ceramics is confirmed to be the most important region where very large piezoelectric 

responds can be obtained. Our results suggest that modification of Fe-site for BFO 

induces phase instability and provides a possibility for formation of MPB-like region. 

The appearance of MPB-like region can be achieved at low temperature and normal 

atmosphere by simple CSD method. It opens a new path to research the lead-free 

electric devices. Bi is nontoxic in its oxide forms, and BiFeO3-based system is able 

to be the alternative for PZT-based system.  
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Symbol List 

 

R3c One of space groups in trigonal crystal system  

R Abbreviation for “Rhombohedral” 

P4mm One of space groups in tetragonal crystal system 

T Abbreviation for “Tetragonal” 

Cm One of space groups in monoclinic crystal system 

MA Space group Cm, with polarization orientation [uuv] (u<v) 

MB Space group Cm, with polarization orientation [uuv] (u>v) 

MC Space group Pm, with polarization orientation [u0v] 

Pcca One of space groups in orthorhombic crystal system 

a, b, c Lattice constant 

α, β Lattice constant 

r Ionic radius 

t Tolerance factor 

P Polarization 

Ps Spontaneous polarization 

Pr Remnant polarization 

Ec Coercive electric field 

Tc Curie temperature 

d Interplanar spacing 

Δd Spacing distance between in-plane and out-of-plane, calculated 

by Δd= (din-plane-dout-of-plane)/dout-of-plane 

J Current density 

E Applied electric field 
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