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Introduction 
 

The reduction of car's CO2 emission and energy use in a smart way are today the 

biggest challenges car industry must surpass. One simple approach is to reduce car weight and 

to optimize its energy consumption. Today's cars are composed of complex networks of wires, 

making them ultra-monitored and always more connected, but it has a dramatic impact on 

vehicles' mass. Thus, simplifying these networks is one big step toward reducing cars' weight 

without impacting their efficiency.  This aim can be achieved by the integration of 

maintenance-free sensors operating wirelessly and powered by their environment. To answer 

this challenge, the MSCA-ITN ENHANCE project, a multidisciplinary research consortium, aims 

to develop a hybrid energy harvesting system capable of powering wireless sensors for the car 

of tomorrow. 

Due to their ability to exploit different types of wasted energy present in a car, as sunlight, 

motor vibrations, and heat, hybrid energy harvesters' development presents a high interest. 

Pb(ZrxTi1-x)O3 (PZT) is commonly used for this kind of application, especially for vibrational 

harvesters. It has been combined with a large spectrum material to optimize its properties for 

many applications. The major drawback of PZT is its environmental impact, but it can be 

replaced by lead-free perovskite based structures such as BiFeO3 (BFO), LiNbO3 (LNO), and 

(K,Na)NbO3 (KNN). For this purpose, the optimization of their synthesis and properties are of 

special interest.  

BiFeO3 is a multiferroic material, meaning that at least two of the three ferroic orders: 

ferroelectricity, ferromagnetism or antiferromagnetism and ferroelasticity coexist. Among 

multiferroics, perovskite BiFeO3 and its derived systems are interesting because they maintain 

their properties in extreme temperature environments due to their Curie (TC = 1103 K) and 

Neel temperatures (TN=643 K) well above room temperature. Photoelectric, pyroelectric, and 

piezoelectric properties are the most studied and appealing characteristics, making BFO an 

important material for energy harvesting applications.  

Different deposition techniques have been used to obtain thin films of BFO and its derived 

systems. The main deposition techniques which have been applied to the production of BFO 

films are: chemical solution deposition (CSD), pulsed laser deposition (PLD), sputtering, sol-gel 

and Metal-Organic Chemical Vapor Deposition (MOCVD). So far, compared to other methods, 

MOCVD has been relatively unexplored and never used to develop BiFeO3 deposition on silicon 

to fit the standard of the MEMs industry.  
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In this context, the research activity of the present thesis has been focused on the 

deposition of thin-films of pure and doped BiFeO3 systems using a Metal-Organic Chemical 

Vapor Deposition (MOCVD) approach. MOCVD deposition technique offers a large number of 

advantages compared to other thin-films production methods. Many MOCVD precursors are 

available; thus, when working on material optimization, many BiFeO3  systems can be quickly 

obtained and tested by a simple tuning of precursors ratio. This flexibility is also found in the 

great variety of used substrates. MOCVD is also very appealing in terms of film morphological 

consistency, chemical homogeneity, and density. As pulsed laser deposition (PLD), the proper 

combination of precursors, deposition conditions and substrates can lead to thin-films 

epitaxial growth. However, unlike PLD, MOCVD offers the possibility to deposit homogeneous 

samples on large area substrates and, because of its important presence in the industry, scale-

up of new processes is easier.   

The versatility conceded by the deposition of thin film by MOCVD permitted the deposition of 

a large quantity of simple and complex BiFeO3 systems. As material chemical composition has 

a critical influence on its properties, precursors’ thermal behavior has been checked by 

thermogravimetric analysis (TGA) for complex doped systems. The understanding of the films' 

chemical compositions and homogeneity has been obtained by energy-dispersive X-ray 

analyses (EDX) and X-ray ray photoelectron spectroscopy (XPS). The polycrystalline or epitaxial 

nature of the films has been controlled by X-ray diffraction (XRD) and by transmission electron 

microscopy (TEM) in the case of intricate nanostructures. Morphological study of the 

materials has been done by field emission scanning electron microscopy (FE-SEM) and atomic 

force microscopy (AFM). Coupled to the AFM, piezoresponse force microscopy (PFM) and 

piezoresponse force spectroscopy (PFS) have permitted the imaging of ferroelectric domains 

and the confirmation of the films' piezoelectric properties. 

The carried work aims to bring a methodology for the synthesis of BiFeO3 systems thin films 

that is compatible with conventional industrial processes. Along with studying of the 

deposition protocols within the University of Catania, national and international 

collaborations have been crucial for the in-depth analysis of thin films structures and 

functional properties. 

This work is articulated around the following points:  

• Selection of commercially available precursors for BiFeO3 deposition by MOCVDfor BiFeO3 on 

commercially available silicon substrates. 

• Investigation of LaNiO3 deposition as buffer layer by MOCVD on SrTiO3 and Si. 

• Investigation on the impact of rare earth and transition metals doping on BiFeO3 films 

properties: optical bandgap, ferroelectricity, piezoelectricity, pyroelectricity, photoelectricity 

and magnetoelectricity.  

• Deposition of singly and bi-doped BiFeO3 films and nanocomposites with control of their 

structural, morphological, and chemical integrity. 
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The thesis is organized as in the following. The first chapter reports the BiFeO3 films grown 

by MOCVD on IrO2/Si substrates, in which the conductive IrO2 layer functions as a bottom 

electrode and a buffer layer. This part of the work focuses on optimizing the MOCVD route for 

the deposition of homogeneous BiFeO3 thin films on Si (001) that were buffered with an IrO2 

layer. The method is compatible with conventional industrial processes to create a functional 

hybrid energy harvester. Special attention has been given to the impact of the different 

deposition parameters on the films’ quality. Moreover, preliminary work for the deposition of 

LaNiO3 buffer layer has been done. The use of Si-based substrates presents a major advantage 

for reducing the production cost of the BFO compared to the widely spread single-crystals 

substrates. 

The second chapter is devoted to the depositions of BiFeO3 films on SrTiO3 single crystal and 

its conductive variant Nb:SrTiO3. These substrates are attractive to grow quickly epitaxial thin 

films of BiFeO3 systems and so being able to obtain high repeatability when investigating 

materials properties. BiFeO3 doping is the most common and simple way to tune its 

properties. BiFeO3  A-site doping with rare earth elements has been intensively studied for all 

the deposition techniques mentioned above. Many elements have been used to substitute 

Bi3+ ions in BFO perovskite structures incorporated following a multitude of deposition 

methods. This work focused on dopant from the lanthanide series with: Neodymium (Nd), 

Samarium (Sm), Dysprosium (Dy) and Ytterbium (Yb). Along with depositions tuning and film 

morphological and chemical characterization, the functional properties have been 

investigated.  

The A-site of the BiFeO3 perovskite structure can be substituted, but B-site doping with 

transition metal is also a common procedure for modifying BiFeO3 properties. Combining 

BiFeO3 with BaTiO3 in ceramics mixed systems or layered structures improves the properties 

of BFO, playing a crucial role in reducing the conductivity of the mixture and decreasing the 

leakage current, potentially allowing for a better multiferroic material. In particular, due to 

their strongly enhanced dielectric and energy storage properties, the BFO–BTO solid solution 

films represent promising candidates for energy storage applications. In the third chapter, an 

in depth study is reported on the impact of precursors ratio used during the deposition by 

MOCVD and how it allows the self-growth of a Bi(1-x)BaxFe(1-y)TiyO3 solution or a Bi(1-

x)BaxFeO3/Bi(1-x)BaxFe(1-y)TiyO3 nanocomposite films.  

Finally, one last modification of the BFO systems is addressed using Co as a doping element. 

The Co-doping is appealing because it has for objective the deposition of a self-assembled 

magnetoelectric thin film. In the case of doping leading to a solid solution, Co is substituting 

the B site of the perovskite and has an important influence on BFO magnetic properties. Then, 

if careful attention is given to the deposition conditions, BFO-CFO nanocomposite thin-film 

can be deposited through a single step MOCVD process. The nanocomposite is composed of 

a BFO matrix with embedded CFO nanorods; in this configuration, coupling between BFO 

ferroelectric properties and CFO magnetic properties is expected. 
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1.  State of the art  
The name perovskite refers to the class of compounds which share the same crystal 

structure as CaTiO3 which was discovered on the Ural Mountains by Gustav Rose and named 

after the Russian mineralogist Lev Perovski. The perovskite crystal structure was first 

described by V.M. Goldschmidt in 1926 [1] in his work on tolerance factors, that represent a 

milestone in exploring the perovskite family of materials. 

1.1. The perovskite structure 

1.1.1. The ideal perovskite 

In his ideal form, a perovskite possesses a cubic ABO3  structure (space group Pm3m) 

(Figure 1), with A and B being the larger and the smaller cations, respectively. If the cubic 

structure is centred with the A cations, A resides in the dodecahedral sites coordinated by 

twelve oxygen anions and the BO6 octahedra occupying the cube corners.   

 

 

Figure 1 ABO3 ideal cubic perovskite structure centered around the A-site. [2] 

Most perovskites do not have this ideal cubic structure at room temperature. Instead, they 

often present distortions relative to the theoretical ideal cubic structure. The “tolerance 

factor” introduced in Goldschmidt’s work is an indicator of the perovskite structure stability. 

The tolerance factor can be calculated using the Equation 1. 

𝑡 =  
𝑅𝐴 + 𝑅𝑂

√2 ∗ (𝑅𝐵 + 𝑅𝑂)
  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛. 1 

 
In Equation 1,  RA, RB, and RO are the ionic radii of A, B and O2-. Different charges combination 

between the two cations are possible: A3+ and B3+ or A1+ and B5+ or A2+ and B4+. To follow 

Goldschmidt’s method, it is important to use the ionic radii values for the six-coordinated ions 
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defined by Shannon [3], even if A ion is 12-coordinated, since Goldschmidt description 

considers the ionic radii in a six-coordination environment [1]. For t=1, the tolerance factor 

suggests the formation of an ideal perovskite structure.  A deviation of the tolerance factor 

indicates possible structural distortion. In the case of a tolerance factor inferior to 1 caused 

by a too-small A ion, the BO6 octahedra can tilt to occupy the space, causing a lattice 

distortion.  The ideal cubic structure can form for 0.89 < t < 1 and, the perovskite structure is 

stable but distorted for 0.8< t < 0.89. A hexagonal structure can be one of the variants of the 

distorted perovskite ideal configuration, usually it is observed for t>1 but the tolerance factor 

gives only a general indication of the studied structure, which in this case makes hexagonal 

structure also visible for t<1 [4]. 

Changes in the ideal composition ABO3 have a significant impact in the distortions observed 

in most perovskites’ structures. The adaptable nature of perovskites is mostly due to the 

various possible substitutions at the A and B sites. Insertion of dopant elements can help to 

modify and adapt the material properties for a specific use, depending on their nature and 

their concentration.   

1.1.2. BiFeO3 structure and properties 

Bismuth ferrite, BiFeO3, (space group R3c) can be described based on a hexagonal unit 

cell: ahex=5.57Å, chex=13.86 Å and, Vhex=378.80 Å3. Its structure can also be seen as a 

rhombohedral cell: arh=5.63 Å, αrh= 59.34° and, Vrh= 124.6 Å3. The hexagonal cell contains six 

perovskite BiFeO3 unit cells and, the rhombohedral cell contains two of the perovskite-like 

structure of BiFeO3 [5,6]. Compared to the ideal perovskite structure, BiFeO3 perovskite-like 

unit cell is a rhombohedral distorted cell (pseudocubic) with apc=3.956 Å, αpc=89.45° (Figure 

2) [7]. BiFeO3, tolerance factor t is 0.88 with Bi3+ r6-coord = 1.03 Å, Fe3+ r6-coord = 0.55 Å and O2- r6-

coord = 1.4 Å [3]. 

 

 

 

 

 

 

 

 

Figure 2 BiFeO3 a) hexagonal unit cell with the rhombohedral cell and b) 2 pseudo-cubic cell included 
in the rhombohedral one. [8] 
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The unit vectors of the rhombohedral and hexagonal cells are related to the perovskite one 

by the transformation matrix Equation 2,3,4 and 5 [5,9,10].  

 

(
𝑎
𝑏
𝑐

)

𝑟ℎ

=  |
0 1 1
1 0 1
1 1 0

| ×  (
𝐴
𝐵
𝐶

)

𝑝𝑐

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛. 2 

 

(
𝑎
𝑏
𝑐

)

ℎ𝑒𝑥

=  |
−1 1 0
0 −1 1
2 2 2

| × (
𝐴
𝐵
𝐶

)

𝑝𝑐

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛. 3 

 

(
𝑎
𝑏
𝑐

)

ℎ𝑒𝑥

=  (
1 −1 0
0 1 −1
1 1 1

) ×  (
𝐴
𝐵
𝐶

)

𝑟ℎ

 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛. 4 

 

(
𝑎
𝑏
𝑐

)

𝑟ℎ

=  
1

3
(

2 1 1
−1 1 1
−1 −2 1

) ×  (
𝐴
𝐵
𝐶

)

ℎ𝑒𝑥

 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛. 5 

 

In BiFeO3, the ferroelectric properties, and so the internal polarization, comes mostly from the 

lone pair (s2 orbital) of Bi3+ ions, so the A-site. Internal BiFeO3 polarization is oriented in the 

[001]hex || [111]rh || [111]pc direction. Bismuth ferrite also displays antiferromagnetic 

properties. Its magnetic properties depend on the element occupying the perovskite B-site, in 

this case, Fe3+ ions [11]. 

Because it is ferroelectric, BiFeO3 exhibits a wide range of other functional properties, that 

find special interest in energy harvesting applications. As it is reported in Figure 3. it is not only 

ferroelectric but also piezoelectric and pyroelectric. Moreover, compared to other perovskites 

its small bandgap, ranging from 2.3 to 2.8 eV, makes it a good candidate for solar harvesting 

applications [11]. 

The theoretical potential of BiFeO3 is huge, but one of the most important challenges with 

BiFeO3 is its enormous leakage current. Mainly the consequences of an important 

concentration of oxygen vacancies and the presence of mixed Fe valences, BiFeO3 in its pure 

form shows a too high conductivity to be used directly for an out of the lab application. Further 

optimizations of the material are required to reduce its leakage [12]. 
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1.2. Available forms of BiFeO3 

1.2.1. Single crystal of BiFeO3 

Today, no BiFeO3 single crystals are commercially available. Experimental works report 

the growth of BiFeO3 single crystals from millimeter to centimeter size. Crystals are grown by 

melting Bi2O3 and Fe2O3, with, B2O3 added and acting as a flux thus reducing the mixture 

liquidus [13] [14]. An in-depth knowledge of Bi2O3–Fe2O3 phase diagram [15] lead to improved 

quality BFO single crystals. Using the flux method, X-ray analyses have reported that growth 

direction is along the polar axis [111]Rh of the structure [16]. Laser-diode heating floating-zone 

(LDFZ) is the method used to grow what are, so far, the largest BiFeO3 single crystals with a 

diameter of 4mm and a length up to 50 mm [17]. The advantage of this technique is the 

possibility to reshape the single crystal to adapt it to the study of specific properties [18]. 

Finally, the fluoride ion-assisted hydrothermal method can be used to grow various sizes of 

BFO single crystals, according to the processing conditions. The produced nanoplates lateral 

size range from 6.5 to 14.4 µm wide with a thickness that can be tailored from 80 nm to 1.14 

µm [19].  

1.2.2. Thin films of BiFeO3 

1.2.2.1. Single crystal substrates 

Epitaxial growth of BiFeO3 has only been achieved by using single-crystal substrates, 

preferentially SrTiO3 (with sometimes SrRuO3 bottom electrode) and doped (Nb, La) conductive SrTiO3. 

Through MOCVD, PLD or MBE BFO orientation matches the one of SrTiO3 (commercially available: 

(100)pc, (110)pc and (111)pc) [20-22]. 

1.2.2.2. Metallic substrates 

BiFeO3 films directly deposited on metallic substrates have not been intensively 

investigated. Nevertheless, few attempts are reported: BiFeO3 deposited by PLD on flexible 

magnetic Ni tapes with a preferential orientation (110)pc [23] and screen printed of 

polycrystalline BiFeO3 (Poly-BFO) on noble metal foils (Ag, Au and Pt) [24]. 

1.2.2.3. On silicon  

Direct deposition of BFO on Si is not common; the use of a buffer layer/bottom 

electrode is the preferred structure. Nevertheless, spray pyrolysis on (100) Si has given (001) 

oriented BFO (001)pc [25] and poly-BFO has been obtained by laser-MBE [26]. 

1.2.2.4. Use of buffer layer 

1.2.2.4.1. SrRuO3 

Due to their structures, some single-crystal substrates are materials of choice to 

deposit BFO thin films. SrTiO3, SrTiO3:Nb, [27] MgO, LaAlO3 and YSZ [28] all have been used 
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directly or in combination with bottom electrodes. MOCVD [27], spin-coating [29], sputtering 

[30], or PLD [31] have been explored for deposition of BFO films, their final orientations 

depending on the substrate ones. 

Combined with single crystal or Si substrates, SrRuO3 (SRO) is one of the most used bottom 

electrodes for deposition of BFO doped and un-doped systems [32]. Independently of the 

deposition technique:  spin coating [29], sputtering [30], or by pulsed laser deposition [31], 

(001)pc and (111)pc oriented BFO films have been obtained. BFO film orientation depends on 

the bottom electrode orientation, which is itself determined by substrate orientation [33-36]. 

1.2.2.4.2. LaNiO3 

LaNiO3 is another conductive perovskite that displays promising results as a bottom 

electrode for high-quality BFO films. The studies show that both LaNiO3 and BiFeO3 are 

prepared by sol-gel process on Si based substrates. The systems are polycrystalline but can 

present preferred orientation (001)pc and (110)pc [37-39]. 

1.2.2.4.3. Platinum  

On Si substrate, platinum bottom electrodes have been used in the following 

structures: Si/SiO2/TiO2/Pt and Si/SiO2/Ti/Pt. Polycrystalline tetragonal, P4mm BFO has been 

deposited on those substrates by sol-gel and PLD [40-42]. Poly-BFO with preferential (001)pc 

orientation has been obtained on Pt (111) with a chemical solution route [43]. 

1.2.2.4.4. Conductive oxide 

After metallic electrodes and conductive perovskites, conductive oxides can also be used 

as bottom electrodes. The sol-gel method on FTO or ITO coated glass or quartz is well 

developed and  can be used for poly-BFO deposition [44]. Those structures are of great 

interest for photovoltaic devices [45,46]. If deposition at high temperature is required, as in 

the MOCVD process, IrO2 can be used as bottom electrode and buffer layer for the growth of 

poly-BFO on Si [47].  

1.3. Tuning of the material in thin films 

1.3.1. Strained and stressed films 

Applying strain on film to tune BFO thin film properties has been studied several times. 

Different compressive strains can be applied to the film by varying the thickness of a strain 

tuning layer or the BFO itself [48,49]. Another similar approach consists to take advantage of 

lattice mismatch between BFO and its substrate ((001)- oriented LaAlO3, SrTiO3, MgO and 

buffered Si substrates to influence materials bandgap and ferroelectric properties [30]. Finally, 

self-assembled nano composites, such as BiFeO3-CoFe2O4 can also achieve strain engineering. 

Constraints between the two materials enable a magneto-structural coupling between 

antiferromagnetic BFO and ferrimagnetic CFO [50]. 
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1.3.2. Doping  

Single or co-doping at the A / B sites are the most established methods to tune BFO 

films or ceramics properties. [51] BFO doping with rare-earth elements [52] or transition 

metals [53] has been used to tune multiferroic, ferroelectric, dielectric, magnetic and 

photovoltaic properties. [54-56] Highly doped systems also present some potentials in 

properties enhancement. The superior concentration of doping elements implies that, as 

demonstrated for BiFeO3-BaTiO3, homogeneous solid solution cannot always be achieved, and 

the material may present multiple phases [57]. Modification induced in doped systems is not 

only functional but also structural. In the case of fibers doping, increase of the specific surface 

area, pore size and reduce grains size are reported [58]. 

Due to its simplicity, doping is the favorite technique to tune BFO properties. However, 

modifications of process conditions during material deposition can also have a significant 

impact on final properties. For example, processing atmosphere and gas ratio used in the 

ceramic or film production can influence the microstructure, quantity of impurities and the 

bulk photovoltaic properties [33,54].  

We saw that the use of self-assembled nanocomposites or highly doped BFO matrix are of 

special interest. Superlattice structures have been investigated as another way to combine 

materials properties and to take benefit of their interactions, in our case, between BFO and 

other functional materials. Most of the studied systems are BiFeO3-BaTiO3 systems stacked to 

create and enhance the magnetoelectric coupling control [59-61]. Tunability of ferroelectricity 

and ferromagnetism have also been investigated in other multilayers such as BiFeO3-BiMnO3 

[62], BiFeO3 -Fe3O4 [63] and BiFeO3 - La2/3Sr1/3MnO3 [64]. 

1.3.3. Post process treatment 

After optimizing the process conditions, strain, dopants, and structure, some last steps can 

still improve BiFeO3 properties. The poling procedure consists of the application of an electric 

field on BFO films or ceramics to control the polarization state in the material. Global 

polarization, polarization relaxation, polarization fatigue, all can have an influence on 

conduction currents in the material. The linear dependence of the current on the polarization 

was clearly be observed [65]. Knowing this, poling can improve photovoltaic efficiency in pure 

BiFeO3 [66] or multi-doped BFO systems [67] and, so, bring adapted solutions for either energy 

harvesting or sensor applications [68]. Similarly, the application of magnetic field can be used 

to tune photoelectrochemical behaviors [33]. 
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1.4. Temperature dependance of the material 

properties 

For BiFeO3 films, very few studies have been done. In the temperature range from -193 to 27°C, 

dependence between temperature and permittivity is visible as Ꜫr increases while sample temperature 

rises [69]. On the other hand, from 0 to 400°C, material permittivity shows great stability [70]. 

For doped and undoped BiFeO3 [71], BiFeO3–BaTiO3 [72,73] or related ceramics systems [74,75], the 

dielectric behavior was investigated over a wide range of temperature, starting at room temperature, 

and going at least to 350°C.  As the temperature rises, permittivity increases as well as the dielectric 

loss, which follows linearly the temperature gain. Ceramics’ Curie temperature can be tuned by doping 

or changing ceramic stoichiometry [74,75].  

In BiFeO3–BaTiO3 ceramics, the temperature dependence of piezoelectric coefficient is reported [76]. 

The coefficient d33 increases first and then decreases in the temperature range. The piezoelectric 

temperature enhancement is partly related to the augmentation of the dielectric constant and its quick 

deterioration at high temperature comes from thermal depolarization. A study on Ca-doped BiFeO3–

BaTiO3 ceramics has reported a similar behavior for the electromechanical coupling [77]. BiFeO3–

PbTiO3 ceramic shows an increase of conductivity up to 350°C, but it presents variations of the 

permittivity and dielectric loss like lead-free systems [78]. 

Some modified BFO ceramics show that doping or combination with lead-free materials provide a high 

thermal stability [79]. As an example, LiNbO3 doping gives permittivity stability in the 200°C-500°C 

temperature range [80]. Mg-doped BiFeO3–BaTiO3 ceramics present a constant d33 coefficient up to 

400°C [81]. 

1.5. Challenges and drawback of the material 

Studies of BFO films have established the deposition, tuning, and working mechanisms of 

the material. However, several challenges are still present. The first one concerns the film 

deposition method, with the majority of the films deposited through pulsed laser deposition, 

sol-gel or sputtering, the MOCVD, the technique of choice for film quality and upscale 

perspective, is still not enough spread. Moreover, if not deposited on single crystal substrate, 

BFO films are polycrystalline with in general no preferential orientation. Working on oriented 

samples on low cost substrate still need to be pushed forward. Finally, despite its huge interest 

for energy harvesting, very few devices have been designed and tested [82] [83]. Thanks to 

the various strategies explored, we have a broad understanding of the material possibilities 

and huge flexibility to adapt the material to the working environment of energy harvesting 

device [84]. 
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2.  BiFeO3 thin film on Silicon substrate 

2.1. MOCVD of BiFeO3 on IrO2/Si 

2.1.1. Introduction 

Multiferroics are materials in which at least two of the three ferroic orders, 

ferroelectricity, ferromagnetism or antiferromagnetism, and ferroelasticity coexist. Among 

multiferroics, perovskite bismuth ferrite (BiFeO3) and its derived systems are of special 

interest for keeping their properties in extreme temperature environments because of their 

Curie (TC = 1103 K) and Neel temperatures (TN = 643 K) well above room temperature [1,2]. In 

addition to ferroelectric and antiferromagnetic properties, BiFeO3 nanostructures, combined 

with graphene, show appealing photocatalytic activity [3,4]. Photoelectric, pyroelectric, and 

piezoelectric properties are the most studied and appealing characteristics, which make 

BiFeO3 an important material for energy harvesting applications [5]. The possibility of 

combining the above-mentioned properties in a single device, a hybrid energy harvester, 

makes BiFeO3 one of the most promising materials for the next generation of lead-free 

harvesters. For piezoelectric harvester, Pb(ZrxTi1-x)O3 (PZT) has been commonly used [6,7], but 

the rising of environmental issues and questions on process sustainability has brought the 

light on lead-free perovskite-like systems , such as BiFeO3, LiNbO3 [8,9], and (K,Na)NbO3 [10], 

because of their encouraging capabilities for hybrid energy harvesting [11–13].  

Different deposition techniques have been used to obtain thin films of BiFeO3, and their 

derived systems [14–16]. Most of the synthetic routes continue to rely on expensive single 

crystal substrates, such as SrTiO3, SrTiO3:Nb, and LaAlO3 [17,18], but recently flexible or even 

bendable substrates are investigated [19].  

The main deposition techniques that have been applied to the production of BiFeO3 films are: 

chemical solution deposition [20,21], pulsed laser deposition (PLD) [22,23], sputtering [24], 

sol-gel [15,16], and Metal Organic Chemical Vapor Deposition (MOCVD) [25–28]. So far, only 

sol-gel and sputtering have been applied to deposit BiFeO3 film used in a piezoelectric 

harvester [28,29], due to their simplicity and low operating temperature, which enable the 

use of a wide variety of substrates. The latest results for photovoltaic oriented devices have 

been obtained by PLD deposited films [23]. However, these techniques may have some 

drawbacks due to the substrate dimensions and difficulty in process scalability. MOCVD is a 

very appealing technique in terms of homogeneous and conformal deposition on large area 

substrates and easy possibility of scaling up, thus appointing itself as one of the best 

industrially applicable process.  

This study aims to optimize a method for the fabrication of highly homogeneous BiFeO3 (from 

now on BFO) thin films on Si (001) that were buffered with an IrO2 layer, compatible with 

conventional industrial processes in order to create a functional hybrid energy harvester. 
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Moreover, special attention has been given to the impact of the different deposition 

parameters on the quality of the films that were grown on Si. Si-based substrates present 

many advantages, the first one is the important cost reduction when compared to the widely 

spread single crystals. Subsequently, when considering that Micro Electro-Mechanical systems 

(MEMs) microfabrication on Si implies well known protocols and techniques, keeping Si as 

base material for future functional structures is a key factor in lowering the cost and avoid the 

time-consuming process development for single crystals.  

X-ray diffraction (XRD) has been used for structural characterization, field-emission 

scanning electron microscopy (FE-SEM) and energy dispersive X-ray analysis (EDX) have been 

used for the morphological and chemical analysis, respectively. Finally, local piezoresponse 

force spectroscopy (PFS) [30] and the domain mapping with piezoresponse force microscopy 

(PFM) have confirmed the piezoelectric/ferroelectric properties of the samples. 

2.1.2. Materials and methods 

2.1.2.1. Thin film Deposition 

Bi(phenyl)3 and Fe(tmhd)3 (phenyl = –C6H5, H-tmhd = 2,2,6,6-tetramethyl-3,5-

heptandione), were mixed and used as a multicomponent precursor mixture. Bi(phenyl)3 and 

Fe(tmhd)3 were purchased from Strem Chemicals Inc. (France) and used without any further 

purification. Thin film depositions were performed in a customized, horizontal, hot wall 

MOCVD reactor with a 20° inclined sample holder. The bi-metallic mixture was placed in an 

alumina boat and heated at 120 °C. Argon and oxygen were used, respectively, as carrier and 

reactant gasses, by varying their flow from 150 sccm to 900 sccm (standard cubic centimeter 

per minute) for both species. The depositions were carried out in the temperature range 600–

800 °C for 60 min. BFO films were deposited on a 10 mm × 10 mm Si (001) substrate coated 

with a 200 nm film of IrO2 acting, at the same time, as bottom electrode for piezoelectric 

characterization and as buffer layer between BFO and Si.  

2.1.2.2. Thin film Characterization 

Analyses of crystalline phases were done through X-ray diffraction (XRD) 

measurements. θ–2θ XRD patterns were recorded in grazing incidence mode (0.8°) using a 

Smartlab diffractometer (Rigaku, Japan), which was equipped with a rotating anode of Cu Kα 

radiation operating at 45 kV and 200 mA. The morphologies were examined through field 

emission gun scanning electron microscopy (FE-SEM), using a SUPRA VP 55 microscope (ZEISS, 

Germany). The films were analyzed by energy dispersive X-ray (EDX) analysis using an INCA-

Oxford windowless detector (Oxford Instruments, UK) with an electron beam energy of 15 

keV. Film roughness and ferroelectric properties were measured on an Atomic Force 

Microscopy NT-MDT solver PRO with a conductive gold coated silicon cantilever, CSG10/Au, 

purchased from NT-MDT (NT-MDT, Russia). The BFO samples were grounded to the IrO2 

bottom electrode and a good contact was obtained with silver paint. 



 

25 
 

2.1.3. Results and Discussion 

2.1.3.1. Metal Organic Chemical Vapor Deposition (MOCVD) Grown BiFeO3 

Films on IrO2/Si Substrate 

Starting deposition experiments, as presently reported, are based on earlier works 

performed on single crystals SrTiO3 [26]. Good results were obtained in the temperature range 

750–800 °C, with the best film quality and piezoelectric performance being obtained for the 

films that were deposited at 800 °C on SrTiO3. Thus, preliminary depositions have been carried 

out at 750 °C and 800 °C with Ar and O2 gas flows of 150 sccm for both species. Nevertheless, 

films that are deposited at 800 °C are not homogeneous and show delamination due to the 

effect of the high temperature on the IrO2 bottom layer, which causes its corrugation. Films 

deposited at 750 °C on a 10 × 10 mm2 IrO2/Si substrate, while using a susceptor with an 

inclination of 20°, show good properties in term of homogeneity and adhesion. The susceptor 

inclination has no effect on adherence, but it might have some effect on the homogeneity of 

the film. The sample structure has been checked using XRD and patterns have been recorded 

in the range 20–60° (Figure 1a) and are in agreement with the ICDD data (Card No 20-0169) 

based on the rhombohedal structure, space group R3c, of the BFO phase.  

 

 

Figure 1 (a) X-ray diffraction (XRD) pattern, (b) field-emission scanning electron microscopy (FE-SEM) top view image, (c) 
energy dispersive X-ray analysis (EDX) analysis, and (d) FE-SEM cross section image of the BiFeO3 thin film deposited on 

IrO2/Si substrate 
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The main diffraction peaks are observed at 2θ = 22.60°, 31.90°, and 39.15°, which are 

associated, respectively, with the 100, 110, and 111 reflections of the BFO phase, considering 

a pseudocubic structure. BiFeO3 might be considered pseudocubic, having the rhombohedral 

structure cell parameters of arh = 3.965 Å and αrh = 89.4° [2]. Thus, the deposited thin films are 

polycrystalline and comparison of the peak intensities with the database values indicates a 

slight preferential orientation along the <110> direction.  

FE-SEM has been used to monitor film morphology and, when coupled with energy 

dispersive X-ray analysis (EDX), to check chemical homogeneity and assess the elemental 

quantification in the films. The BFO films show a very uniform and dense morphology with 

massive and well coalesced grains. They adopt elongated shapes with two different 

preferential orientations (Figure 1b). EDX analysis shows chemical composition homogeneity 

on large sample areas. The sample average composition indicates a Bi:Fe ratio equal to 1 

(Figure 1c). Film thickness has been also checked by several cross sections and shows an 

average value of 600 nm (Figure 1d). The IrO2 layer of 200 nm is clearly identifiable between 

the MOCVD grown BFO film and Si substrate (Figure 1d). 

2.1.3.2. Impact of Gas Flows on BiFeO3 Film Growth 

Basic deposition parameters produced good quality films in terms of structure and 

composition. Nevertheless, the impact of the gas flows (either carrier or reactant) on the film 

morphology and quality is one of the major steps to develop a fully optimized process. Starting 

from the initial parameters, deposition temperature = 750 °C, Flow(Ar) = 150 sccm, Flow(O2) 

= 150 sccm, and duration 1h, the effect of the gas flow variation has been investigated by 

changing one gas flow (Ar or O2) and maintaining constant all of the other parameters to 

understand the impact of each one of them on the final product. In Figure 2, the results of 

BFO films deposited with diverse Ar or O2 flows are summarized based on the FE-SEM 

comparative images.  

Figure 2. Comparison of BiFeO3 (BFO) thin films deposited under different conditions. BFO reference sample is in the center, 
on the left the impact of the argon flow and on the right the impact of the oxygen flow on BFO are presented.  
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The morphologies of films deposited with 500 sccm or 900 sccm Ar flows, keeping all 

the other parameters constant, are reported on the left side of Figure 2. The FE-SEM plan-

view images show homogeneous samples with grains of 700–800 nm. The cross-section 

images show that the deposition at 500 sccm does not present major changes in terms of 

density and thickness with respect to the 150 sccm Ar deposited film. On the other hand, at 

900 sccm, the cross section of the film indicates an important increase of film density, but the 

main drawback is that the film growth rate is significantly decreased when compared to our 

reference experimental conditions. The average growth rates drop from 9 nm/min to 4 

nm/min. This variation might be related to a dilution effect, since the carrier flow increase 

determines the precursor dilution. The coupled influence of the carrier flow increase and 

precursor dilution is responsible for the lower growth rate and, consequently, for the 

formation of thinner but denser films at the highest carrier flow (900 sccm). 

When considering previous results with argon, a significant flow of oxygen, 900 sccm, has 

firstly been tested. BFO growth rate is not limited by the high O2 flow and, at the same time, 

film top-view and cross section show a denser film composed of grains of about 800–850 nm 

(Figure 2, right side). According to these first observations, and to the promising impact that 

the high oxygen flow has on the film quality, a deposition experiment has been tailored while 

using a first step of 10 min. with Flow (O2) = 900 sccm followed by a second one of 50 min. 

with Flow (O2) = 150 sccm. The first step enables the creation of a seed layer with smaller 

nucleation sites, the second allows for these nuclei to grow, giving rise to coalesced grains 

forming a dense and homogeneous film. FE-SEM analysis (Figure 2, right side) confirms this 

observation, the grain size is smaller, and cross section shows an important diminution of the 

roughness and extremely dense BFO film. As expected, the growth rate is unchanged when 

compared to the reference sample. Thus, a visible improvement of the film quality is observed 

by simply varying the oxygen flow during the deposition of the film and, at the same time, the 

process remains straightforward without adding extra steps. 

2.1.3.3. Impact of the Temperature on BiFeO3 Film 

Attempts to tune the sample orientation by changing deposition temperature have 

been done in the 600–800 °C temperature range with an Ar flow of 150 sccm and an O2 flow 

of 900 sccm for 10 min. and 150 sccm for 50 min. Depositions that were performed at 600 °C 

lead to a deterioration of film quality and homogeneity. FE-SEM image shows flat iron rich 

islands on the BFO film surface. Moreover, material quality and density are also heavily 

impacted by the low temperature process, coalescence is incomplete, and cracks are visible. 

At 800 °C, the IrO2 layer is no longer stable and it starts to interact with the film. The buffer 

layer corrugates in several points, forming bumps on the surface and leading to the  

delamination of the Si/IrO2/BFO structure. Defects that are caused by extreme conditions 

make the samples realized outside of the temperature range 650–750 °C, difficult to be 

analyzed and compared to previous results. Within this ideal 100 °C deposition range, XRD 

patterns, as reported in Figure 3a–c, indicate that polycrystalline single phase BFO films are 

deposited.  
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When comparing the various sample patterns, it has been observed that a preferential 

orientation competition takes place between the (100) and (110) planes, but no complete 

orientation is observed, whatever the deposition parameters. The cross-section images 

(Figure 3d–f) of the films deposited in this temperature range show similar thicknesses, thus 

pointing to similar growth rates. Specifically, growth rates have been evaluated every 50 °C 

between 600 °C and 750 °C, yielding growth rates of 7, 10, 11, and 10 nm/min., respectively, 

for 600, 650, 700, and 750 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. XRD diffraction patterns and FE-SEM cross section images of BFO thin films deposited at (a,d) 650 °C, (b,e) 700 °C, 
and (c,f) 750 °C. 
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This independence between film thickness and substrate temperature in the 600–750 °C range 

seems to point to a mass transport regime. Figure 4 represents the plot of the ln growth rate 

vs. 1000/T. The apparent activation energy of 22 kJ/mol, as derived from the Arrhenius plot, 

clearly indicates that, in the used deposition temperature range, BFO film growth occurs in 

the mass transport-limited regime. 

 

Figure 4. Arrhenius plot of the ln growth rate vs. 1000/T for the BiFeO3 MOCVD process starting from the Bi(phenyl)3 and 
Fe(tmhd)3 precursors. 

2.1.3.4. Functional Properties 

BFO thin film topography on the IrO2 buffer layer has been recorded by a classical 

contact mode vertical atomic force microscopy (AFM) scan (Figure 5a). The 5 µm × 5 µm 

investigated area exhibits the same morphology as the one that was observed by FE-SEM 

(Figure 1) with a root mean square (RMS) roughness of 28.6 nm.  

Figure 5. (a) Atomic force microscopy (AFM) scan of a 5 µm × 5 µm area and (b) butterfly loop (the “black” curve corresponds 
to the −9V to +9V scan and “red” curve corresponds to the +9V to −9V) of the “as deposited” BFO thin film on Si obtained by 
PFS. 
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The piezoelectric property of the deposited film on the IrO2/Si substrate has been investigated 

through piezoresponse force spectroscopy (PFS). Piezoresponse (in terms of the amplitude of 

the out of plane displacement, Mag), as a function of the alternating voltage, showed the 

typical butterfly loop [30,31] for an applied bias from −9 V to 9 V between microscope 

cantilever tip and BFO bottom electrode IrO2 (Figure 5b), indicating the piezoelectric behavior 

of the film. 

In Figure 5b the unit for the Mag is nA, because the instrument measures the vertical 

displacement from the photocurrent of the laser beam reflected by the displaced tip. In 

particular, the tip displacement is proportional to the difference between the photocurrent 

incident on different photodiode sections. Figure 5b shows a hysteresis loop, since, after 

applying a −9V bias and then reducing the bias until 0V (black curve), the piezoresponce is 

different from that observed when applying a +9V bias and then reducing it to 0V (red curve). 

Following this first observation, a study of ferroelectric domain switching [32] has been carried 

out on a 2.5 µm × 2.5 µm area. Figure 6a reports the AFM topography of the scanned area. At 

first, a PFM image of the ferroelectric domain of the “as-deposited” BFO film was obtained in 

terms of phase difference between the vertical piezoresponse signal and an applied 

alternating voltage, before the application of any bias voltage (Figure 6b). Subsequently, to 

observe the switching of the domains, a bias voltage of −9V was applied to the entire area 

through the scanning tip and map of the ferroelectric domains was recorded with a 0 V bias 

voltage (Figure 6c). Subsequently, a similar PFM image was obtained at 0V (Figure 6d), after 

the application of a +9V bias. The polycrystalline nature of the film might limit phase scan 

interpretation and, indeed, the measured signal is the average of all the ferroelectric domains 

that were placed between the cantilever tip and the bottom electrode. Very few differences 

between domain phases of the “as prepared” BFO film and the film after application of the −9 

V bias are visible (Figure 6c). On the other hand, the impact of the application of +9 V bias on 

the film polarization was much more important (Figure 6d), indicating the switching of several 

ferroelectric domains. As an example, the material has a visible response after bias voltage 

application because of domains switching when comparing the circled zones on Figure 6b–d.  
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Figure 6. Ferroelectric domains switching: (a) AFM image of the scanned 2.5 µm × 2.5 µm area and (b) phase scan of the “as 
deposited” BFO film; (c) phase scan of the BFO film after the application of a −9 V bias; and (d) phase scan of the BFO film 

after the application of a 9 V bias. 

PFS and PFM confirmed the piezoelectric properties of the as deposited BFO film. 

Furthermore, even if sample polycrystallinity might limit ferroelectric mapping, domains 

switching can be observed by reducing the working area, thus confirming the functional 

properties of the BFO thin film on Si. 

2.1.4. Conclusion 

In conclusion, BFO films have been successfully deposited by MOCVD on silicon 

substrate, with an IrO2 bottom electrode, acting as a buffer layer since it can stand high 

temperatures. The morphology, density, thickness, and Bi:Fe ratio in the films are 

homogenous on the whole sample surface of 10 mm × 10 mm. The BFO thin films show 

different growth orientations, but no specific relationship has been found between 

orientation and experimental conditions. Various experiments indicate that the optimal 

deposition temperature range is between 650 °C and 750 °C with a fixed argon flow of 150 

sccm and the use of high oxygen flow, 900 sccm for 10 min., in order to induce the formation 

of numerous BFO nucleation sites, and 150 sccm for 50 min. to trigger the growth of a denser 

film with smaller grains when compared to the other investigated conditions.  
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Thus, the BFO films can be successfully deposited on Si at a lower temperature and in a more 

cost-effective process, with respect to the previously reported methodologies. Moreover, the 

present approach offers the major advantage to be easily scalable and the use of IrO2, as a 

conductive oxide, gives the opportunity for future characterizations and device 

microfabrications. Finally, it can be pointed out that the material quality and production cost 

of lead-free perovskites, as BFO, are key points for the scaling-up development of a new 

generation of hybrid energy harvesting devices. The MOCVD approach, as presently reported, 

answers to both demands and it is compatible with the current technologies.  

2.2. MOCVD of LaNiO3 bottom electrodes 

Interest for the technology transfer of MOCVD BFO growth process from academic 

research to industry is extremely high. An MOCVD process for the deposition of polycrystalline 

perovskite BFO films has been successfully developed and optimized to some extent. Films 

complexity and polycrystalline nature can be the source defects in the material and may finally 

impact device efficiency. Working on the nature of a more suited bottom electrode, which 

may also act as a buffer layer, is a direct way to improve film general quality. For the deposition 

of BFO thin film, LaNiO3 (LNO) is a candidate of choice to act as a buffer layer. Using LNO as 

bottom electrode in the fabrication of ferroelectric device is very attractive due to its 

conductive property, of special interest for functional characterization. In addition, LNO has a 

perovskite structure, and thus it shows a good lattice match with respect to BFO [33][34]. In 

particular, LNO displays a trigonal structure which can be seen as a hexagonal cell of 

parameters: a=5.457 Å, c =13.146 Å and γ=120°, or can be described as a rhombohedral cell 

with parameters of a=3.8375 Å and α=90.64°.  Rhombohedral LaNiO3 can be approximated as 

a pseudo-cubic system: a=3.859 [35][36][37]. LNO cell parameter corresponds well to many 

other perovskite materials such as SrTiO3 (STO), LaAlO3 (LAO), BaTiO3 (BTO), Pb(Zr,Ti)O3 (PZT) 

and of course BFO. LNO epitaxial growth on oriented cubic or pseudo cubic single crystal 

substrates is well established [38][39][40]. Stabilizing the LNO phase on single crystal is a first 

step but investigating its stability on Si is of higher interest due to the incomparable 

opportunity this system would offer for process scale-up. 

Compared to other nickelates, the biggest interest of LNO is due to its unique property, as a 

perovskite, to present a metallic conductivity in a wide temperature range, from 1 to 1000 K, 

with no metal to insulator transition (MIT). The other nickelates obtained with lanthanide 

elements possessed a MIT temperature which increases as the lanthanide (Ln3+) dimension 

decreases [41][42]. 

Several examples already report deposition of LNO by MOCVD using similar precursors 

combination:   

• La(tmhd)3, Ni(tmhd)2 [43-45] 

• La(tmhd)3 , Ni(acim)2 or Ni(tmhd)2 [46] 
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Arrhenius plots of the film growth rate function of the temperature and function of the 

deposition regime have been reported for atmospheric pressure CVD and pulsed injection 

CVD. Also, it is worth noting that the relation between La:Ni ratio in the film and in the 

precursors mixture is strongly influenced by the deposition technique [45]. Optimization of 

the deposition process is also challenging because of the many factors which can disturb the 

formation of the desired phase.  

The existence of many phases Lan+1NinO3n+1 and the decrease of their stability in the following 

order: La2NiO4 (n=1) > La3Ni2O7 (n=2) > La4Ni3O10 (n=3) > LaNiO3 (n=∞) is a major obstacle for 

the growth of the desired phase. Phase with n≥ 4 are unstable [42] [47]. 

2.2.1. Methods 

In this research activity, the study, has been devoted to the deposition of LNO and its use as a 

buffer layer for the growth of BFO on Si (001) and SrTiO3 (100) substrates.  

A simple synthetic MOCVD approach has been adopted, the versatility of the method 

facilitated the work on multiple precursor systems to define the most promising precursor 

mixture. Depositions have been carried out in the same MOCVD hot wall reactor used for the 

deposition of BFO thin film systems. Substrates were heated up to 750°C and maintained on 

a 20° susceptor to optimize gas flow on the substrate.  Argon and oxygen have been used, 

respectively, as carrier and reactant, with a similar flow rate of 150mL/min. MOCVD workflow 

consisted in a single step deposition using 3 different precursors mixture:  

• La(hfa)3∙diglyme (hfa= 1,1,1,5,5,5-exafluoro-2,4-pentanedione; diglyme = bis(2-

methoxyethyl) ether and Ni(acac)2 (acac= acetylacetonate), vaporized at 120°C 

• La(hfa)3 ∙diglyme and Ni(hfa)2∙diglyme, vaporized at 115°C 

• La(hfa)3∙diglyme and Ni(tta)2∙TMEDA (tta= 4,4,4-Trifluoro-1-(2-thienyl)-1,3-

butanedione) (TMEDA= N,N,N',N'-tetramethylethylenediaminee), vaporized at 130°C 

The individual thermal behavior of the single precursors was investigated by 

thermogravimetric analysis (TGA), samples weight was 5-10 mg, and the analyses were made 

under nitrogen. In order to compensate the high fluorine content in the precursors, O2 gas 

flow have been saturated with water, (through a bubbler), to make it reacting with the 

fluorine, to be eliminated as HF gas. Films have been deposited at 750°C and their 

morphologies have been studied by FE-SEM and their chemical composition controlled by 

EDX. Finally, films’ deposited phases have been checked by XRD.   
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2.2.2. Thermal properties of the precursors and MOCVD 

growth  

The thermal behavior of the individual precursors has been investigated through TG 

analysis at atmospheric pressure and under a flow of nitrogen. All studied precursors showed 

a TGA with a single step indicating an evaporation of the precursor without decompositions. 

The TG curves of the La(hfa)3∙diglyme, Ni(hfa)2∙Diglyme and Ni(tta)2 ∙TMEDA have very low 

residues, between 0% to 2% of the initial weight. Ni(hfa)2∙Diglyme and Ni(tta)2 ∙TMEDA are 

showing vaporization in a temperature range significantly lower or higher, respectively, of the 

La(hfa)3∙diglyme one. Despite having an important 20% of residue, Ni(acac)2 has a suited 

thermal behavior, with a complete vaporization in the 250-275°C temperature range, similar 

to La(hfa)3∙diglyme behaviour (Figure 7). 

Knowing the precursor general thermal behavior, the mixtures containing Ni(acac)2 and 

Ni(hfa)2∙diglyme have been heated up to 120°C and 115°C respectively in the reactor 

sublimation zone and the mixture Ni(tta)2∙TMEDA have been used at 130°C.  
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Figure 7. TGA curves of the used precursors a) La(hfa)3∙diglyme, b) Ni(acac)2, c) Ni(hfa)2 ∙diglyme and d) Ni(tta)2∙TMEDA 
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2.2.3. Morphological and structural characterization  

Sample morphology have been observed through FE-SEM and reported in Figure 8. 

Depositions performed on silicon show dense polycrystalline films for all the precursors 

mixture, with the best density obtained using Ni(acac)2 showing well coalesced grains (Figure 

8 a and c). Ni(tta)2∙TMEDA seems to give films with higher roughness with some visible round 

agglomerations of grains (Figure 8b). On STO, general films homogeneity improves, with the 

formation of cubic grains using Ni(acac)2 and Ni(hfa)2∙diglyme (Figure 8d and f). As it is 

expected using a single crystal substrate, films obtained using Ni(tta)2∙TMEDA present a 

smoother surface even though being clearly polycrystalline (Figure 8e). 

 

 

 

 

Modifications in La:Ni ratio in the initial precursors’ mixture do not have a noticeable impact 

on the film morphology. EDX analysis shows that the La:Ni precursor ratio directly influence 

the La:Ni films ratio but important variations in the films ratio have been noted for identic 

process parameters and for all the used precursors. Finally, important fluorine amount is 

present in the film indicating the formation of at least one fluoride phase. The attempts made 

to reduce fluoride phases content by post process annealing at 700°C under 150ml/min 

oxygen flow saturated in water did not have noticeable impact on film chemical composition. 

XRD study of the deposited films with the different precursors mix shows that Si and 

STO substrates influence only the preferential orientation of the different film phases, but not 

their nature. For each precursor mixture, it has been decided to report the pattern which give 

the best understanding of the deposited phases (Figure 9). 

Following the EDX analysis, all the precursors mix lead to the deposition of a significant 

amount of the LaOF despite the use of a water bubbler. The most promising films have been 

Figure 8. FE-SEM images of the thin films deposited on Si (001) with La(hfa)3∙diglyme and, a) Ni(acac)2 or b) Ni(hfa)2∙diglyme or c) 
Ni(tta)2∙TMEDA and deposited on STO (001)  with with La(hfa)3∙diglyme and, d) Ni(acac)2 or e) Ni(hfa)2∙diglyme or f) 

Ni(tta)2∙TMEDA 
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obtained using Ni(acac)2. In this case the most stable La-Ni-O phase, the La2NiO4 forms as a 

major component and only minor LaOF and NiO parasitic phases are present (Figure 9a). 

Regardless of the initial precursors ratio or process conditions, mixtures containing 

Ni(hfa)2∙diglyme or Ni(tta)2∙TMEDA led only to the formation of LaOF, NiO and NiF2 phases 

(Figure 9b and c).  

2.2.4. Conclusion 

This preliminary study for LaNiO3 deposition by MOCVD process highlighted the 

difficulty to stabilize a pure LaNiO3 phase. The major critical point encountered is the presence 

of LaOF phase in the samples, indicating its significant stability compared to the others. 

Attempts to reduce its formation did not show a significant effect. Compared to the other 

mixtures, the precursors mix of La(hfa)3∙diglyme and Ni(acac)2 showed the most promising 

results in term of phase formation with the stabilization of La2NiO4.  

Obtaining a LaNiO3 phase is a great challenge, one of the reasons is the stability of the Ni3+ ion 

which decrease at high temperatures and in environment with low oxygen partial pressure. 

The most stable Ni2+ oxidation state directly impacts the deposition of NiO and the 

Lan+1NinO3n+1 stoichiometry, favoring formation of the La2NiO4 phase [48]. 

More recent studies have shown that the partial substitution of the Ni by other transition 

elements as Fe or Mn can have a positive effect on stabilization of the LaNiO3 phase [49] [50]. 

Future optimization route of this process should focus on several points: 

• Reduction of the LaOF phase 

• Tuning of the process parameters for the La(hfa)3∙diglyme and Ni(acac)2 mixture 

o Lower deposition temperature  

o Richer oxygen environment  

o Other precursor ratios 

• Doping LaNiO3 B-site with transition metals  

Figure 9. XRD pattern recorded in grazing incidence (0.8°) of the thin films deposited on Si (001) with La(hfa)3∙diglyme and, a) 
Ni(acac)2 or b) Ni(hfa)2∙diglyme. XRD pattern recorded in Bragg-Brentano configuration of films deposited on SrTiO3 (001) 

with La(hfa)3∙diglyme and c) Ni(tta)2∙TMEDA 
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2.3. Microfabrication on BiFeO3 cantilevers 

During the secondment periods done in Prof. Paul Muralt’s Lab at EPFL and in Prof. Ausrine 

Bartasyte’s Lab at UFC/Femto-ST, simple microfabrication of cantilevers of 

BiFeO3(poly)/IrO2/Si has been attempted. To understand the critical points for the fabrication 

of vibrational harvester’s particular attention has to be placed both on the films’ growth and 

on the preparation of the cantilevers. 

2.3.1. Work realized in EPFL 

Au top electrodes with a Cr layer to improve the adhesion have been deposited by sputtering 

through a hard mask. The electrodes design has been done to respect the standard setup used 

at the EPFL (Ecole Polytechnique Fédérale de Lausanne). Deposited electrodes may be used to 

perform classic Polarization-Voltage and Capacitance-Voltage loop and, by clamping the 

sample at one extremity, to apply an AC voltage to measure its displacement and so to obtain 

the direct e31,f piezoelectric coefficient of the studied cantilever (Figure 10a and b) [51].  

 

The first group of samples, deposited at the University of Catania, was made to study the 

impact of process conditions on film piezoelectric behavior. All samples have been deposited 

for one hour but at different Ar and O2 flows. Impact on the growth rate, film density, and 

quality have been investigated in the previous part (Chapter 1.3). The electrode pattern 

reported in Figure 11a. was deposited as 200 nm thick Cr/Au gold film on the sample surface. 

Then, the samples have been glued by UV tape (Figure 11b), and after their alignment in the 

machine, the cantilevers have been separated by the dicing of the substrate so they can be 

clamped for individual piezoelectric measurements. After being exposed to UV, UV tape allows 

an easy beam separation (Figure 11c). The last step consisted of reaching the IrO2 bottom 

electrode, the film surface was gently scratched with a diamond tip and silver paste is added 

to ensure good contact. (Figure 11d). Initial sample sizes were 2 cm x 1.2cm and the final 

samples are 1.5 mm x 9 mm. 

Figure 10. a) Scheme to measure the e31f piezoelectric coefficient [52] b) BFO/IrO2/Si samples campled in the EPFL Set-up 
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The sample preparation steps have been carried out with care. However, short circuits in the 

cantilevers have been quickly noted, leading to a complete failure of the prepared cantilever, 

independently of the process condition used for BFO film deposition. 

FE-SEM sample investigation gave some hints on the critical problems we have 

encountered when using the films for microfabrication. As seen before, the deposited films 

are pure polycrystalline BFO, but a close investigation of the surface revealed the presence of 

100-200 nm wide pinholes (Figure 12a). Cross-sections (Figure 12b) showed a significant film 

thickness variation on large samples with, in some cases, a film thickness close to the one of 

the top electrodes. The coupling of those two major defects favored the contact between the 

top and the bottom electrode. The presence of a short circuit in a device hampers its 

functional characterization. 

 

 

 

 

 

Figure 12. FE-SEM image of a BFO/IrO2/Si sample, which shows potential causes of short circuit: a) pinhole visible in the 
plan view and b) cross section of the Au/Cr/BFO/IrO2/Si stack.  

Figure 11. Preparation steps of the BFO/IrO2/Si beams with a) electrodes 
design, b) samples position on UV tape for dicing, c) diced cantilever and d) 

samples freed from the UV tape. 
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2.3.2. Work realized in UFC/Femto-ST 

Considering the first feedback of the microfabrication steps, new attempts to improve 

the process and to reduce the causes of failure have been made—the first modification 

concerned deposition duration, which have been increased to obtain thicker films.It is worth 

noting that for a longer deposition time, at 750°C, the substrate thermal stability is even more 

critical.  The following substrates IrO2/Si, IrO2/SiO2/Si and IrO2/TiN/Si, present good thermal 

stability. On the other hand, on IrO2/Pt/Si and IrO2/Ir/Si substrates, the Pt or Ir metallic layer 

films show a tendency to agglomerate when left at high temperature for more than one hour. 

This does not impact the nature of the deposited BFO films, but it compromises its structural 

integrity, leading to important cracks and delamination (Figure 13a). 

 

 

 

 

 

As seen during the first trials, one of the problems for microfabrication is the thickness 

difference on large samples with at some point uncovered bottom electrode. Considering the 

substrate position in the reactor, the further the sample is from the precursor sublimation 

zone, the thinner the deposited film will be. As a final attempt, to improve the thickness 

homogeneity of the samples (2 cm x 1.5 cm), films have been deposited in a two-step process, 

each step consisting of a 2-hour deposition, with a rotation of 180° between the 2 steps. The 

deposited films show a high density, large grain sizes and a significant increase in film thickness 

between 900 nm and 1.2 µm.  Small superficial cracks are still visible, but a closer FE-SEM 

investigation does not indicate that the few visible defects are directly linked to the bottom 

Figure 13. FE-SEM images of a) BFO deposited on an unstable substrate; b) low magnification of a new sample 
prepared for microfabrication; c) closer investigation for defects with no sign of contacts to the bottom electrode 

and d) XRD pattern of the new textured BFO film. 
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electrode (Figure 13b and c). BFO films deposited on IrO2/Si substrate with the previously 

reported route are polycrystalline and up to 500 nm thick films, no preferential orientation is 

clearly visible.  However, with the two-step thicker films have been obtained and preferential 

orientation growth along the [001]pc is clearly visible, as shown in Figure 13d. 

Cr/Au electrodes have been sputtered on the film, the part where the electrode was not 

necessary for the beam clamping, were protected by high-temperature tape. Sample edges 

have been cut and cantilevers freed by dicing of the silicon substrates. Prior to dicing, samples 

have been coated in resin to help to maintain sample structural integrity during the cutting 

process (Figure 14.b). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Unfortunately, despite all the extra care devoted to the film deposition and the cantilever 

preparation, the Au/BFO/IrO2 structure does not behave like a metal/insulator/metal 

structure, but more like a small resistor. Conductivity measurements indicate a film resistivity 

of 40 Ω. Such a small value can be explained in different ways: direct short circuit caused by 

contact between the bottom and the top electrode or important leakage material. BiFeO3 

films are known for their important leakage current that can cause device failure [53]. Oxygen 

vacancies in the material can be the main cause of high leakage currents. Some post-process 

procedures have been investigated to reduce them [54]. The most common one is rapid 

thermal annealing (RTA) under air or oxygen atmosphere. 

Figure 14. Preparation steps of the new BFO cantilever on Si samples: a) 2 cm x 1.5 cm as 
deposited samples; b) Cr/Au top electode sputtering and resin coating (redish coloration), c) 

and d) liberation of the BFO cantilever 



 

41 
 

One sample has been processed under air and the other under oxygen atmosphere as 

those two conditions seem to offer the best results in reducing sample conductivity [55] [56].  

Before sputtering top electrodes, samples have been heated at 700°C for one minute and the 

first part of the cool-down process has been carefully controlled to avoid too much thermal 

stress in the sample and film delamination (Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

Less leakage current is expected and so a reduced conductivity. However, both RTA 

treatments did not have a noticeable effect on the conductivity of the samples compared to 

the untreated one. This important conductivity makes ferroelectric, piezoelectric and 

characterization for vibrational energy harvester impossible. 

Future improvements of the process are needed to reach a functional BFO vibrational 

energy harvester. Film general quality can always be pushed forward and the tendency to have 

[001]pc growth orientation for BFO on IrO2 is a promising route for the development of highly 

textured BFO film on Si-based substrates. Finally, as leakage current is always a source of 

failure in BFO films, working with doped BFO films to reduce leakage impact would be 

interesting. In addition, even if the reduction of oxygen vacancies by post-process RTA did not 

show significant results, performing deposition in a richer oxygen environment may 

contribute to reducing at least partially the quantity of oxygen vacancies. 
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Figure 15. Temperature profile followed for the RTA of the BFO on Si samples 
under atmosphere or oxygen. Black curve reports the temperature measured by 

the thermocouple while red one is the value set in the software. 
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3.  Lanthanide doping at A-site of BiFeO3 films: 

optimization of the synthetic procedure and 

functional properties 

3.1. Pyroelectric Dy-doped BiFeO3   

Multiferroics are multifunctional oxides with fundamental physical properties that are 

very promising for potential applications in several fields: transducers, energy harvesting, 

sensors, spintronics [1]. BiFeO3 (BFO) and its related systems, with their high ferroelectric and 

magnetic transition temperatures (TC = 1103 K and TN = 643 K) [2], are of special interest, as 

they maintain their ferroelectric, piezoelectric and pyroelectric properties even in an extreme 

temperature environment. 

The development of BFO based energy harvesters has been mostly investigated for exploiting 

their photoelectric and piezoelectric properties [3,4]. Instead, power generation employing 

the pyroelectric effect has been more rarely studied, and, in particular, previous works based 

on BFO thin films are limited to pure BFO, La-doped BFO, or BFO/Pb(ZrxTi1-x)O3 bi-layers [5]. 

Pyroelectricity originates from a change of an internal polarization of the material, particularly 

of the spontaneous ferroelectric polarization, upon a temperature change [6]. Pyroelectricity 

is thus of special interest for thermal energy harvesting, meaning the transformation of heat 

fluctuations into electricity. It is of interest in systems with temperature variations with time, 

and it differs from the thermoelectric effect needing a thermal gradient, and thus a spatial 

temperature difference [7,8]. As leading materials for energy harvesting, Pb(ZrxTi1-x)O3 (PZT) 

and (1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3] (PMN-PT) have been widely incorporated and 

combined with lead-free materials to tune their piezoelectric and pyroelectric properties [9-

13], but today the use of lead-based materials raises environmental issues, which are always 

at the center of our attention. The answer is the development and integration of lead-free 

perovskite-like materials, such as BiFeO3, LiNbO3 [14-16], or (K,Na)NbO3 [17], in energy 

harvesters [18-20]. The possibility of combining at least two of the previous properties in a 

single device, a hybrid energy harvester, makes BFO one of the most promising materials for 

the next generation of energy harvesters and, recently, some BFO-based energy harvesting 

devices have already been studied [21-24]. In general, the pyroelectric properties of ceramics 

and single crystals have been intensively studied compared to thin films. Films present several 

advantages: with their smaller heat capacity, they are subjected to a larger temperature 

change upon a given heat input and are suitable for integration into microsystems [25]. Fine-

tuned depositions can give high-quality materials and some deposition techniques offer good 

process scalability [7, 26]. Among the above mentioned lead-free materials, BFO presents an 

intrinsic polarization of 60 µC/cm2 and 100 µC/cm2 along the [001]pc  and [111]pc directions, 
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respectively [1, 27], (pc stands for the pseudocubic unit cell), which makes it a perfect 

candidate to investigate its pyroelectric response. 

 Moreover, pyroelectricity is strongly influenced by material preparation conditions, and a 

fine-tuning of BFO thin film properties can be achieved in many ways. Numerous approaches 

have been reported: strained films [28, 29], modified synthesis parameters [30, 31], synthesis 

of BFO nanocomposites [32,33], but, by far, the easiest and most used approach is the ionic 

substitution, which is achieved by doping BFO films with transition metals and/or rare-earth 

elements [34-37]. Doing so, BFO structure and properties can be widely modified, adapting 

and designing the material to different situations/use/working conditions, and recent works 

have been focused on BFO A-site doping. BFO systems have been deposited on various 

substrates using pulsed laser deposition (PLD) [38,39], metal-organic chemical vapor 

deposition (MOCVD) [40-43], sputtering [44], sol-gel [45, 46] and chemical solution deposition 

[38, 47].  

In this study, we report on the giant pyroelectric properties of pure BFO and Dy-doped 

BFO (BDFO) films deposited, through a simple, easily scalable MOCVD approach, on Nb-doped 

SrTiO3 (STO:Nb) (001) single crystal substrates. Bi(phenyl)3, Fe(tmhd)3 and Dy(hfa)3diglyme 

(phenyl= -C6H5; H-tmhd=2,2,6,6-tetramethyl-3,5-heptandione; H-hfa= 1,1,1,5,5,5-hexafluoro-

2,4-pentanedione; diglyme= bis(2-methoxyethyl) ether) are used as precursors, mixed in a tri-

component source. The high-quality epitaxial growth of BDFO on STO:Nb is confirmed through 

X-ray diffraction (XRD) and Raman spectroscopy, while field emission scanning electron 

microscopy (FE-SEM) allowed to assess the flat, homogeneous  surfaces of deposited films. 

The effect of Dy-doping, whose amount has been evaluated by means of X-ray photoelectron 

spectroscopy (XPS) and energy dispersive X-ray analysis (EDX), on ferroelectric, dielectric and 

pyroelectric properties of BDFO thin films has been investigated.  Materials bandgap have 

been evaluated by UV-Vis spectroscopy and Atomic force microspy (AFM) coupled with 

piezoresponse force microscopy (PFM) have been used to investigate the samples 

piezoelectric response. Permittivity and loss tangent have been determined using impedance–

capacitance–resistance (LCR) measurements. The correlation between Dy-doping and the 

pyroelectric response of BDFO thin films has been established by applying an oscillating 

temperature ramp on the samples. A clear-cut trend has been observed with the best 

dielectric and pyroelectric properties found for an intermediate Dy doping. 

3.1.1. Experimental details 

Films depositions were carried out in a customized, horizontal, hot-wall MOCVD 

reactor. Bi(phenyl)3 and Fe(tmhd)3 precursors were purchased from Strem Chemicals Inc. and 

used without further purification, while the Dy(hfa)3•diglyme was synthesized in our lab 

following the protocol reported in ref. [48]. A tri-metallic mixture of the mentioned precursors 

was placed in an alumina boat and heated at 120 °C. Oxygen and argon were used, 

respectively, as reactant and carrier gases; their flows were kept constant for the whole 
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deposition at 150 sccm (standard cubic centimeter per minute) for both species. The 

depositions were carried out in the temperature range 750 °C to 800 °C for 60 min. BFO films 

were deposited on a 5 mm x 10 mm STO:Nb (100) substrate acting at the same time as the 

bottom electrode for ferroelectric and functional characterization [40].  

XRD patterns were recorded using a Rigaku Smartlab diffractometer, equipped with a rotating 

anode of Cu Kα radiation operating at 45 kV and 200 mA. Bragg-Brentano patterns were 

acquired with a resolution step of 0.02°. Film surface morphology was examined by field 

emission scanning electron microscopy (FE-SEM) using a ZEISS VP 55 microscope. Films atomic 

composition was analyzed by energy dispersive X-ray analysis (EDX), using an INCA Oxford 

windowless detector with an electron beam energy of 15 keV and a resolution of 127 eV for 

the Mn Kα. X-ray photoelectron spectra (XPS) were measured at 45° takeoff angle, relative to 

the surface plane, with a PHI 5600 Multi Technique System (base pressure of the main 

chamber 3 x 10–10 Torr). The spectra were excited with the Al-Kα radiation. XPS peak 

intensities were obtained after a Shirley background removal. Spectra calibration was 

achieved by fixing the “adventitious” C 1s peak at 285.0 eV. 

Before any functional characterization, 150 nm thick Cr/Au top electrodes (3.84 mm2) were 

sputtered on the samples through a hard mask. Dielectric properties were investigated 

through capacitance and loss measurements with an impedance–capacitance–resistance 

(LCR) meter (Model HP 4284A, Hewlett–Packard, Tokyo, Japan) at 500 mV at room 

temperature. Several points were taken at three frequencies: 100 Hz, 1 kHz, and 10 kHz. Films 

PE negative half loops have been measured at a constant frequency of 5 kHz to limit the impact 

of leakage currents [49]. Measurement are the results of 20 average loops under an applied 

field from -200 to 0 kV/cm. BDFO pyroelectric coefficients were measured following a classic 

dynamic method. An oscillating triangular signal has been used to control a Peltier element 

for applying temperature changes on the samples. Simultaneously to the temperature 

oscillation, the current between the film top and bottom electrode was registered [50]. 

Measurements were performed at room temperature at 10 mHz with a variation of 4 °C (RT ± 

2 °C).  The slow heating rate of 0.08 °C/s, coupled with the small substrate thickness, 0.5 mm, 

enables a good and homogeneous thermal transfer across the whole sample. 

Raman spectra were collected using Jobin-Yvon/Horiba LabRAM and Renishaw Raman RM-

1000 spectrometers. Raman spectroscopy measurements have been performed in a 

backscattering geometry with a 100x magnification objective (1µm focusing spot) at room 

temperature. We used a 514.5-nm line of an Ar+ ion, and its power was maintained at 0.8 to 

avoid heating the sample. Incident laser and scattering light have been polarized parallel (HH) 

or perpendicular to each other (HV).  

UV-Vis spectrometer was used to collect the absorption spectra of the deposited films on 

transparent STO (100) single crystal substrate. Then bandgap was calculated by using Tauc’s 

plot equation. 
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3.1.2. Precursors thermal behavior 

A straightforward MOCVD route, using a multicomponent precursor mixture, has been 

applied for the fabrication of pure and doped BiFeO3 films, using the Bi(phenyl)3 and 

Fe(tmhd)3, as Bi and Fe sources, and the Dy(hfa)3•diglyme to dope BiFeO3 films at the A-site 

with Dy3+.  Three different Dy doping amounts in the precursor mixture have been evaluated 

by using Dy/(Dy+Bi) molar ratios of 8%, 11% and 15%, giving rise to films with the following 

compositions (vide infra): Bi0.94Dy0.06FeO3 (from now on BDFO- 6%), Bi0.92Dy0.08FeO3 (BDFO-8%) 

and Bi0.89Dy0.11FeO3 (BDFO-11%). 

The thermal behaviors of the multicomponent source containing Bi(phenyl)3, 

Fe(tmhd)3, and Dy(hfa)3•diglyme have been investigated by thermogravimetric (TG) 

measurements at atmospheric pressure under nitrogen flow. A precedent study has shown 

that Bi(phenyl)3/ Fe(tmhd)3 mixture in the 1:0.66 ratio has excellent thermal behavior with a 

final residue of 5% [40]. To focus the thermal study of the three metallic precursor mixture, 

the higher content Dy mixture in a ratio Bi:Fe:Dy of 1: 0.66: 0.18 has been chosen as case 

study.  

TG dynamic analysis shows a single step indicating that the mixture evaporates without 

decomposition in the temperature range of 140–270 °C (Figure 1a). Compared to the 

bicomponent mixture used for pure BFO deposition, we noted a slight residue increase of 12% 

of the initial mass.  

Then, mixture mass transport properties behavior has been investigated by isothermal 

gravimetric analysis. Samples were brought to temperature, through a 5°C/min heating ramp, 

and maintained at 110°C, 120°C, 130°C, and 140°C for 3 hours (Figure 1b).  Isothermal curves 

indicate a linear behavior for the 110°C-130°C temperature range, thus confirming that the 

mixture seems to perform as an ideal single-source mixture. From 140°C, deviation starts to 

be visible, indicating a preferential use of the precursor mixture up to 130°C. This has been 

assessed through a designed experiment: the mixture sample has been maintained for 3 hours 

at 130°C and then subjected to a heating ramp. The mixture source behavior is unchanged, 

thus displaying important thermal stability at 130°C (Figure 1c) 

Mixture vaporization rate (mg/min) has been calculated from previous isothermal curves. The 

apparent vaporization energy has been derived, and it is equal to 24 ± 0.91 kJ/mol (Figure 1d). 
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3.1.3. Structural Characterization 

X-ray diffraction. BDFO structural characteristics have been investigated by XRD, the 

planes and their reflections are reported considering a pseudocubic structure. In fact, the 

parent BFO has a rhombohedral structure with arh = 3.965 Å and αrh = 89.41° but, given the 

angle of almost 90°, it is usually referred as pseudocubic. Thus, a lattice mismatch of 1.53% at 

room temperature is expected for the epitaxial (001)pc BFO films on the SrTiO3 substrate 

having a perovskite cubic structure with an a-axis parameter aS = 3.905 Å. The θ-2θ XRD 

patterns of BFO and BDFO are reported in Figure 2a.  For all samples, pure and Dy-doped BFO, 

the diffraction patterns show exclusively reflections associated with BFO-like phase and 

STO:Nb 001 and 002 reflections, thus indicating that highly oriented films are grown without 

forming any parasitic phases. 

A closer look at the second-order reflections, Figure 2b, reveals structural changes caused by 

the dopants. Firstly, the increase of the Dy content causes a broadening of the BDFO 002 

reflection. In addition, a shift of the 002 reflections toward higher angles and, consequently, 

the decrease of the out-of-plane lattice parameter are observed, as the average A-site ionic 

radius is reduced when the smaller Dy3+ (r12-coord = 1.24 Å) replaces Bi3+ (r12-coord = 1.36 Å) 

[51,52]. 

Figure 1. a) TGA analysis of the precursor mixture, b) Isothermal behavior of the precursor mixture at various temperatures, c) TGA of 
the precursors mixture after 3h isotermal at 130°C and d) Arrehnius plot of the precursor mixture vaporization rate. 
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The films out-of-plane alignment has been confirmed by recording the rocking curves of the 

002 reflections of the four studied films. The second order reflections are at the following 

positions: 45.75°, 45.73°and 45.93°, 45.97° for the BFO, BDFO-6%, BDFO-8% and BDFO-11%, 

respectively. The rocking curves and the full width half maximum (FWHM) values of each 

system have been reported in Figure 2c. Pure BFO and BDFO-6% films show a similar mosaicity, 

with a FWHM of 0.27° and 0.24°, respectively. At higher doping, the shift of the 002 reflection 

and its broadening, visible in the θ-2θ patterns, are reflected on the rocking curves FWHM 

values of 0.78° and 1.04° for the BDFO-8% and BDFO-11%, respectively. It is worth noting that 

even if the increasing doping indicates a higher misalignment of film grains, all the films are of 

high quality in terms of pure phase and high out-of-plane orientation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  XRD patterns of the doped and undoped BFO films: a)  θ-2θ patterns  and b) enlarged 2θ region in the 44°-48°; c) 
rocking curves of the BFO and BDFO films around their 002 reflections;  d) φ scan of 210 reflections  of the  BDFO 11% film 

and the  STO:Nb substrate.  

 

Considering the remarkable out-of-plane alignment, in-plane alignment has been investigated 

by recording Φ-scans of the BDFO films. A similar study has already been performed on BFO 

deposited on STO (001) [40], demonstrating its epitaxial growth on STO single crystal. 

Following a similar approach, Φ-scan patterns of the highest doping content film, the BDFO-

11% and the STO:Nb substrate have been recorded at χ=26° to observe both BDFO (2θ = 

51.52°) and STO:Nb 210 (2θ = 52.33°) reflections (Figure 2d). The presence of four peaks every 
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90° of Φ indicates that the film is in-plane aligned.  The correspondence of the (210) BDFO 

poles with the STO:Nb (210) poles demonstrates that BDFO films are epitaxially grown cube-

on-cube on STO:Nb single crystal substrate.  
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Figure 3.  In-plane XRD patterns  (ω=0.5°) realised at  Φ= 0° 8 (black) and 90° (red)  for a) undoped BFO, b) BDFO-6%, c) 
BDFO-8% and d) BDFO-11%. 

All BFO and BDFO thin films in-plane diffraction patterns have been recorded with 2θχ /φ 

scans starting from 20° to 60°, so both the first order and second-order reflection of the 00l 

diffraction peak can be observed (Figure 3). During the measurements for both φ=0° and 90°, 

the diffractometer axis ω has been maintained at an angle of 0.5° to limit diffraction from the 

STO substrate. Rotating the samples along φ allows the observation of the reflection of the 

(h00)pc and (0k0)pc. Diffraction patterns have been aligned on the Au 111 diffraction peak (2θχ 

/φ=38.185°), due to the top electrode, and on STO 002 (2θχ /φ=46.485°). The pure BFO thin 

film sample reveals a small component of the 110 reflections at 2θχ /φ =32.048° (Figure 3a). 

All the Dy-doped systems show a good in-plane orientation. For all films, cubic lattice 

parameters have been calculated thanks to the out-of-plane and in-plane diffraction patterns 

(Table 1).  
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Table. 1 Calculated out-of-plane and in-plane parameters of BFO and BDFO thin films on STO:Nb (100). 

 Calculated lattice parameter in Å from 
 

Out-of-plane In-plane Φ=0° In-plane Φ=90° 

BFO 3,960 3,982 3,958 

BDFO-6% 3,962 3,964 3,964 

BDFO-8% 3,948 3,966 3,961 

BDFO-11% 3,946 3,944 3,945 

The calculated parameters do not permit us to clearly understand if a structural change 

happens in the film with the Dy-doping concentration increase. However, because of the 

doping, a clear out-of-plane and in-plane contraction of the lattice is visible, reducing the 

lattice mismatch between the film and the STO substrate to 1%. Diffraction peaks of the film 

120 and the substrate 210 reflection peaks have been done between 2θ= 50° to 54° with χ=26° 

(Figure 4). Pure BFO peaks splitting in the 120 and -120 reflections assess the rhombohedral 

nature of the film. For Dy-doped systems a shift toward higher angles is observed. The 

extremely broad nature of their peaks suggests the presence of a peak splitting like what have 

been observed for BFO. Literature reports a phase transition from rhombohedral tot 

orthorhombic structure in the case of BFO Dy-doping, with a morphotropic phase boundary 

around a Dy content of 8% [53]. Fully orthorhombic BDFO have been observed for Dy-doping 

of 15%, indicating a slow transition from the rhombohedral to the orthorhombic phase 

[54,55]. Present XRD study reports the structural transition between pure rhombohedral BFO 

film and distorted rhombohedral BDFO-6%, 8% and 11% systems.  

 

 

 

 

 

 

 

 

 

 

Figure 4. XRD patterns of the BFO and BDFO thin films acquired in Bragg-Brentano mode (θ-2θ) for χ=26°. 
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Raman spectroscopy. BFO rhombohedral unit cell (space group R3c) is composed of 10 atoms 

which implies30 (3N) vibration model and 27 (3N-3, 3 is the number of acoustic vibration 

mode) optical mode: Γopt,R3c = 4A1 + 5A2 + 9E. The modes A1 and E (2 time degenerated) are 

Raman and IR active and the A2 modes are silent. [56-59].  

BiFeO3 Raman tensor [60]: 

 

𝐴1(𝑧) = (
𝑎

𝑎
𝑏

) , 𝐸(𝑥) = (
𝑐 𝑑

𝑐
𝑑

) , 𝐸(𝑦) = (
𝑐

−𝑐 𝑑
𝑑

)  

 

BiFeO3 is an optically uniaxial crystal, which means that the refractive index of one crystal axis 

(the optical axis) is different from the refractive index of the two other axes. This specific axis 

is called the optical axis and is parallel to the ferroelectric polarization [0001]hex || [111]pc for 

the BiFeO3. The angle θ between the BFO optical axis and the phonon propagation vector 

directly influences the phonon wavenumber [61]. Pure E(TO) and A1(LO) modes are visible for 

θ=0° and E(LO) and A1(TO) modes for θ= 90°. In those configurations, Raman spectroscopy 

can detect 13 modes. 

In the present study, epitaxial BiFeO3 (001)pc and BDFO (001)pc films have been deposited on 

Nb:SrTiO3 (100). The scattering surface being different from (111)pc, it is expected to observe 

ordinary E(TO) phonons and phonons with mixed symmetry LO-TO and mixed A1-E character 

dependent on the θ angle between [111]pc and the laser direction [62,63]. In this case, θ ≈ 

54.7 ° and 22 modes can theoretically be observed [64,65]. 

Raman spectroscopy from (001)pc BFO scattering surface (after a rotation of θ ≈ 54.7 °) has the 

following  Raman tensors [66]: 

𝐴1(𝑧′) = (
𝑎′

𝑏′ 𝑐′

𝑐′ 𝑑′

) , 𝐸(𝑥′) = (
𝑒′ 𝑓′

𝑒′

𝑓′
) , 𝐸(𝑦′) = (

𝑔′

ℎ′ 𝑖′

𝑖′ 𝑗′
) 

 

In a backscattered geometry configuration for a (001)pc oriented BFO we have the following 

selection rule (Table 2): 

Table. 2 Raman modes selection rules for BFO (001) in backscattered configuration. 

 
 
 
 
 
 

 A1(LO+TO) A1(TO) E(LO+TO) E(TO) 

-Z(XX)Z X  X  

-Z(XY)Z or -Z(YX)Z    X 

-Z(YY)Z X  X  
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Recent work on BFO single crystal by Himcinschi et al. [65] reported that in-plane rotation (Φ 

azimuthal angle) of the sample impacts the Raman intensities but does not lead to phonon 

frequency dispersion as the θ angle does. Between single crystal and BFO thin film, it must be 

noted that epitaxial growth of BFO might induce strain on the film because of the 

film/substrate lattice mismatch [67]. A mismatch of 1.53% is expected when BFO is deposited 

on STO, which is relatively small and should not induce an important change in the material 

symmetry.  

Several examples of (001)pc single crystal or thin-film are reported in the literature, but in the 

past θ = 54.7° angle has been neglected and so been the sources to controversial attribution 

of the vibration modes. Based on Hlinka et al. [62], Talkenbergerst et al. [64] proposed a new 

interpretation of the previous works, considering the mixed mode natures. We updated their 

work (Table 3) with new results obtained on BFO single crystal along the [001]pc [65] and with 

the present data of epitaxial BFO (001)pc/ Nb:STO (100). 

 

 

 

 

 

Typical BFO Raman spectra collected in (HH) and (HV) configuration are reported in Figure 5. 

BDFO Raman spectra (HH) have been compared to the BFO one in Figure 6a. Under the same 

measurement conditions, a diminution of the Raman intensity signal is observed, and is 

caused by the change of BDFO band gap value with respect to BFO (from 2.68 eV to 2.25 eV, 

see Figure.8). Thus, the excitation laser is being absorbed by the BDFO, leading to a diminution 

of the signal.  Wavenumber shift and variation of peak width for the ETO(2)-A1TO(1), A1LO(1)-

ELO(2), and A1LO(2)-A1TO(2) modes for all the samples are reported in Figure 6b,c,d. Apparent 

shifts toward higher wavenumbers are observable for all 3 modes. Moreover, peak width is 

also subjected to noticeable changes confirming the structural modification caused by the Dy 

doping.  

Figure 5. Raman spectra of pure BFO (001)pc thin film on STO:Nb (100) collected in a) HH and b) HV configurations. 
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Figure 6. a) Raman spectra of BFO ond BDFO thin films (001)pc on STO:Nb (001) collected in HH configuration. Peak 
position and with of the a) ETO(2)-A1TO(1), b) A1LO(1)-ELO(2) and c) A1LO(2)-A1TO(2) modes. 
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Table. 3 Comparison between present work and previously calculated or measured Raman modes for BFO (001)pc. 

Phonon 

mode 

Extraordin

ary 

Phonon 

mode 

 [64] [63] [69] [68] [70] [64] [65] 
This work 

HH 

This 

work 

HV 

   

Calc. 

[7] at 

θ=54.7

° 

Single 

crystal 

(001)pc 

Single 

domain 

crystal 

(001)pc 

Film 

(001)pc 
(001)pc 

Film 

(001)pc 

single crystal 

(001)pc 
(001)pc (001)pc 

   T = 5K T=4K T=81K RT RT RT RT RT RT 

     57       

(1)  ETO (1) 74 77 74.2 - - - - - - 

 1 ETO (1)-ELO (1) 79.5 - 79.6 - - - - - - 

  -      105    

(2)  ETO (2) 132 136 127 - - 118 - - - 

 2 ETO (2)-A1TO (1) 143.9 147 145 136 140 135 138 142.1 143.2 

 3 A1LO (1) -ELO (2) 176.1 176 168 168 173 172 172 173.7 175.2 

     175.9       

 4 A1LO (2)-A1TO (2) 224.2 227 212 212 220 218 220 220.2 222 

     224.2       

(3)  ETO (3) 240 - - - - - 237 - - 

 5 ETO (3)-ELO (3) 241.7 - - - - - - - - 

            

(4)  ETO (4) 265 265 265.4 - 265 266 - - - 

 6 ETO (4)-ELO (4) 275.6 279 277.7 275 279 277 - - - 

            

(5)  ETO (5) 278 - - - - - - - - 

 7 ETO (5)-A1TO (3) 294.5 - 295.2 - 288 - 288 291.3 295 

 8 ETO (6)-ELO (5) 349.0 351 350.4 335 350 350 - - - 

            

(6)  ETO (6) 351 - - - - - 347 348.8 - 

 9 ETO (7)-ELO (6) 370.6 375 371.5 363 371 365 370 369.1 366.8 

            

(7)  ETO (7) 374 - - - - - - - - 

 10 ETO (8)-ELO (7) 434.5 437 - 425 - - 432 - - 

            

(8)  ETO (8) 441 - - - - - - - - 

 11 A1LO (3)-ELO (8) 473.7 473 473.0 456 - 465 470 469.2 469.8 

    490        

(9)  ETO (9) 523 525 523.1 - 520 517 520 520.68 - 

 12 ETO (9)-A1TO (4) 551.9 - 553 549 550 548 545 - 553.3 

 13 A1LO (4) -ELO (9) 606.3 - - 597 - - 620 - 620.9 
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3.1.4. Compositional and morphological investigation 

Compositional analysis. This work principal aim is to define a relation between the dopant 

concentration and multifunctional properties. XPS and EDX analyses have been used to assess 

the presence of Dy in the film and to determine the solid solution average composition. The 

Dy doping is assessed by the presence of the 3d5/2 peak at 1297.8 eV. Due to the low kinetic 

energy of the 3d5/2 derived photoelectrons (188.8 eV) and, in turn, to their low mean free path 

[71], Dy detection is strongly affected by the presence of surface overlayers and, therefore, a 

preliminary 10 min sputtering is needed to clearly detect the Dy 3d5/2 band. Note that the Dy 

4d peak at about 153 eV cannot be detected because of its overlapping with the much more 

intense Bi 4f signals. Thus, quantitative XPS analysis of Dy is hampered due to the combination 

of the low mean free path of Dy 3d5/2 photoelectrons and to the effects of the sputtering 

process [72, 73], which can induce changes on the surface composition.  

EDX spectra also confirm the presence of Dy dopant in the thin film. Two Dy peaks can be 

observed: M line at 1.29 keV and Lα line at 6.49 keV. The proximity between Dy Lα and Fe Kα 

(6.39 keV) lines makes precise Dy quantification challenging, but an accurate approach to EDX 

Dy and Fe quantification makes possible to estimate film composition. Since the EDX software 

does not allow the use of the Dy M lines for Dy quantification, Dy Lα and Fe Kα lines have to be 

used for elements quantification. To overcome this problem, an undoped BFO film has been 

used as a reference to get a conversion coefficient between the Fe Kα and the Fe L line 

intensity. Then, for Dy-doped films, the study of the ratio between the Fe Kα line and the Fe L 

line, compared to the reference value obtained for pure BFO sample, allowed us to separate 

the contribution of the Dy L peak in the quantification of Fe in the films. Table 4 reports the 

nominal precursor mixture composition, deposited films stoichiometry and overall (Bi+Dy) / 

Fe ratio in the films. 

Table. 4 Relationship between precursor nominal composition and film stoichiometry based on EDX evaluation. 

Precursor composition 
Film stoichiometry 

Dy / (Dy + Bi) (Bi + Dy) / Fe 

BiFeO3 0% 0.95 

Bi(1-x)DyxFeO3 (x = 0.08) 6% 0.96 

Bi(1-x)DyxFeO3 (x = 0.11) 8% 0.91 

Bi(1-x)DyxFeO3 (x = 0.15) 11% 0.95 

 

This approach enables to estimate the increase of doping element in the film: interesting is 

the linear trend between the mixture nominal element composition and the final film 

composition, which allows, in a flexible and simple way, to predict and finely tune film 

properties. 
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Morphological characterization.  BFO and BDFO film samples, deposited on STO:Nb (5 mm x 

10 mm), present mirror-like surface quality. FE-SEM micrographs of the studied films, 

obtained through detection of secondary electrons, are reported in Figure 7. The morphology 

of pure BFO film is very uniform (Figure 7a) and presents well-coalesced, large, squared grains 

of about 500 nm in average. Dy-doped BFO films, with increasing Dy doping from 6% to 11%, 

are reported in Figure 7b, c, d, respectively, and show an even smoother morphology with a 

flat surface formed by fully coalesced regular grains; thus, the increase of doping content 

seems to improve film morphology.  

Finally, sample thickness has been checked through FE-SEM cross-sections. The thicknesses of 

both BFO and BDFO samples are in the range of 450-500 nm, indicating a similar growth rate 

of 8 nm.min-1 for a 1-hour MOCVD process [35]. 

 

Figure 7. Secondary electron FE-SEM plan view images of a) BiFeO3, b) BDFO 6%, c) BDFO 8%, and d) BDFO 11%. 

3.1.5. Functional characterizations  

Bandgap. The optical absorption of the MOCVD deposited BFO, and BDFO films was measured 
in a UV-Vis spectrometer, then the optical bandgap value was obtained using Tauc’s equation 
[74, 75]. Films have been deposited on a transparent substrate of SrTiO3 (100).  
 
Film bandgap was extrapolated from the plot of (α*h*ν)1/n vs (h*ν), with (n =1/2 because of 
BFO direct bandgap) with α, h and ν being the film absorption coefficient, the Planck’s 
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constant and the photon frequency, respectively [75]. For (α*h*ν)2 = 0, the linear region's 
fitted curve gives a film bandgap of 2.68 eV, which indicates a maximum absorption for a 
wavelength of 460 nm (Figure 8). Reported optical band gap values for pure rhombohedral 
BFO film range from 2.01 eV to 2.82 eV, the variation being caused by deposition method and 
used substrate [76].  
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Figure 8. Tauc's plots of the undoped and Dy-doped BFO thin films calculated from UV-Vis absorption spectra. 

 
The same approach has then been applied to Dy-doped BFO thin films, also deposited on 

transparent STO. Tauc’s plots of all the studied samples are reported in Figure 8, where the 

influence of Dy doping on the material bandgap can be observed. First, Dy-doping of 6% has a 

strong impact on material bandgap, inducing an important reduction of its value up to 2.33 

eV. Dy-dopings of 8% and 11% also have a noticeable influence on the bandgap, bringing it to 

2.28 eV and 2.25 eV, respectively. As the Dy percentage increases, the dopant impact on the 

bandgap value seems to be reduced and tends to a limit (Table. 5). 

 

 
 
 
 
 
 

Piezoresponse force microscopy. Piezoelectric and ferroelectric properties of the BDFO 

films have been investigated through piezoresponse spectroscopy (PFS) and piezoresponse 

force microscopy (PFM).  Previous studies have already reported PFM and PFS investigation 

of BFO thin films on Nb:STO 001  [40] and have described good and stable piezoelectric and 

ferroelectric properties with a 2V coercive voltage. We decided to focus on the new BDFO 

BiFeO3 2.68 eV 

BDFO-6% 2.33 eV 

BDFO-8% 2.28 eV 

BDFO-11% 2.25 eV 

Table. 5 Summary table of the bandgap energy value for the different Dy-doped BFO films. 
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systems (6%, 8%, and 11%) to explore the Dy-doping effect on piezoelectric and ferroelectric 

properties. 

Single-point PFS have been measured by applying a ±9V round trip on the sample between 

the cantilever tip and the sample conductive substrate (Figure 9). Measured piezoresponse 

amplitude (Mag) is a function of the applied oscillating voltage (Vac) for a defined bias voltage, 

from -9V to 9V.  

Figure 9 shows typical butterfly loops, characteristic of the film piezoelectric behavior, 

obtained for BDFO-6% and BDFO-8%. Local ferroelectric switchings (Phase) are reported for 

the same samples and correspond to the phase difference between Vac and the induced 

vertical piezoresponse signal from the sample at different bias voltage. The coercive voltage 

value of 2V found for BDFO-6% is similar to the previous measured value  of pure BFO [35]. 

However, BDFO-8% coercive voltage benefits of a significant increase to the value of 3V. 

 

Local measurements showed promising piezoelectric and ferroelectric answer for BDFO-6% 

and BDFO-8%. To go further in this investigation, we decided to perform a writing experiment 

to map samples ferroelectric domain. On the other hand, BDFO-11% did not show a 

significative response, so no writing experiment was attempted.   

Atomic force microscopy (AFM) topography scans of the studied 4µm x 4µm samples are 

reported (Figure 10). Simultaneously, phase maps of the ferroelectric domains of the “as-

deposited” films were recorded by using a Vac=0.9 V at a 0 V bias voltage (Figure 10 b and d). 

A 7 V bias was then applied to the films from the PFM tip on a smaller 1µm x 1µm area. After 

the writing, the new phase image of the larger 4µm x 4µm area has been recorded at 0 V bias 

voltage to observe the switching of ferroelectric domains. The areas exposed to the 7 V bias 

show a significant phase switch (Figure 10 c and e) compared to the initial phase scan, thus 

confirming the ferroelectric nature of BDFO 6% and 8%. 

Figure 9.  PFS spectroscopy of the BDFO thin film a) BDFO-6%, b) BDFO-8% and c) BDFO-11%. Films piezoelectric response 
(Mag) is reported as black curves and phase switching as red curves. 
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Polarization. The polarization-electric field (P-E) negative unipolar loops have been measured 

between -200 and 0 kV/cm at 5 kHz to limit leakage current impact on the measurements (the 

sample had a more important leakage under positive polarity) [49]. The Figure 11 reports P-E 

unipolar loops of 500 nm-thick BFO, BDFO-6%, BDFO-8% and BDFO-11% thin films at room 

temperature. Unipolar loops do not allow the material ferroelectric switch, thus film 

polarization cannot be measured and compared.  However, impact of film ferroelectric 

properties can be easily observed, as the asymmetric shape of the reported P-E unipolar loops 

is the direct consequence of material ferroelectric behavior. All thin film ferroelectric half 

loops show a rounded tip and an increasing charge with decreasing electric field amplitude, 

which is common for BiFeO3 systems [73]. This difference with the classical shape of 

ferroelectric hysteresis loops indicates the presence of important leakage currents in the 

samples. As the thin film Dy-doping increases from 6% to 8%, the impact of a ferroelectric 

behavior is more and more visible. For a Dy doping amount superior to 8%, a significant 

reduction of the BDFO properties has been observed. A similar behavior has been previously 

reported and attributed to a phase transition from a ferroelectric to a paraelectric phase due 

to the rare-earth doping amount [1, 11, 34]. Thus, larger ferroelectric contributions are visible 

for the Dy-doped BFO films, compared to the undoped BFO one, which indicates the strong 

influence of Dy-doping on material properties. 

Figure 10. BDFO-6% a) AFM topography scan b) PFM phases scan before applying +7V bias voltage c) PFM phases scan after 
applying +7V bias voltage. BDFO-8% c) AFM topography scan d) PFM phases scan before applying +7V bias voltage e) PFM phases 

scan after applying +7V bias voltage. 
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Figure 11. P-E negative unipolar loops of doped and undoped BFO films, measured between -200 and 0 kV/cm at 5 kHz. 

Permittivity. Sample relative permittivity (Ꜫr) and dielectric loss [tan(δ)] at three different 

frequencies (100 Hz, 1 kHz and 10 kHz) are reported in Figure 12a. Sample permittivity values 

have been calculated from the capacitance  measured in parallel plate configuration: 

(Au/Cr)/BDFO/STO:Nb. Compared to previous studies, pure BiFeO3 films possess a similar 

relative permittivity value of Ꜫr BFO= 130 at 1 kHz, in the literature reported values oscillate 

around Ꜫr = 100, depending on the synthetic method and the measurement frequency [26,77]. 

The major aspect of this test is to evidentiate the impact of Dy-doping on the film permittivity. 

The first two levels of doping (6% and 8%) provoke an important and significant increase of 

the film permittivity, the highest value of Ꜫr BDFO=250 at 1 kHz is obtained for a Dy doping 

content of 8%. Above this concentration, similarly to the trend observed during the 

polarization study of BDFO films, a deterioration of the film permittivity has been detected 

with a Ꜫr decrease from 250 to 170 between BDFO-8% and BDFO 11%. Dy-doping also affects 

dielectric losses of the films at 100 Hz (Figure 12b). At this frequency, the tan(δ) of BFO is 4.7, 

while for the BDFO samples lower losses are observed, of about 0.4 for the 6% and 11% 

samples and 1.9  for the 8% one.   
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Figure 12. a) Relative permittivity (Ꜫr) and b) dielectric loss [tan(δ)] of doped and undoped BFO films,  measured at 100 Hz, 1 
kHz, 10 kHz. 

Pyroelectric properties.  The oscillating temperature method was applied for the pyroelectric 

measurements. While the average temperature was achieved using heating elements, the 

temperature oscillation was realized with Peltier cooling elements in the substrate chuck. A 

critical parameter is the homogeneous temperature distribution within the sample. Thus, 

before starting any measurement, to ensure a homogeneous temperature of the whole 

sample, temperature equilibrium between the Peltier and the samples had to be achieved 

[78]. All the four systems, pure and Dy-doped BFO films, have been carefully put into thermal 

equilibrium and precycled to avoid thermally stimulated currents before their pyroelectric 

properties were investigated. Samples have been tested “as-deposited”, no poling has been 

performed. 

Pyroelectric responses of BFO, BDFO 6%, BDFO 8% and BDFO 11% samples are reported in 

Figure 13a, b, c and d, respectively. Pyroelectric current (in blue) is easily identified because it 

reverses its sign when the applied temperature ramp (triangular temperature waveforms in 

black) is reversed. The pyroelectric coefficients were calculated using equation 1: 

𝑝𝑖 =  
𝑖𝑝

𝑑𝑇
𝑑𝑡

× 𝐴
         . (𝟏) 

 where pi , ip,  A and dT/dt are the pyroelectric coefficient, pyroelectric current, area of the 

electrode and heating rate of the sample, respectively [60]. Because of the leakage in the 

samples, pyroelectric current does not always reach saturation. In addition, the domains do 

not adapt immediately to the change of temperature, because of domain wall traps and build-

up of film stress (elastic energy). This creep is well seen at the end of the temperature ramp. 

In contrast, when the temperature goes back to its average value, there is an easy back-

switching and a reduction of elastic energy. The polarization reacts immediately, as seen at 

the beginning of the temperature ramp, in the case of samples reported in Figure 13a, b, and 
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d. A similar behavior is observed for the BDFO 8% sample (Figure 13c), but in addition the 

back-switching seems to be very quick, leading to a kind of overshoot. 

 

Figure 13. Pyroelectric responses of a) BiFeO3, b) BDFO 6%, c) BDFO 8%, d) BDFO 11% to a triangular temperature waveform 
ΔT=4 °C at RT. 

Even though samples have a very leaky behavior, excellent pyroelectric coefficients have been 

measured and this indicates a possibility that films are likely self-poled.  For each film, the 

pyroelectric coefficient value has been reported along with the relative permittivity and the 

figure of merit for pyroelectric energy harvesting application (FE) in the Table 6. FE is calculated 

with Equation 2, where ε0 and εr are vacuum permittivity and material relative permittivity, 

respectively [79]. Figure of merit values are of great interest to simplify the comparison of 

materials for a given application. Whatever the electronics for harvesting the pyroelectric 

energy, the delivered current is governed by the pyroelectric coefficient of the material, and 

the voltage by the charge on the capacitor (also proportional to pi) divided by the capacitance, 

which is proportional to the dielectric constant (𝜀0𝜀𝑟), yielding the material’s figure of merit 

for pyroelectric energy harvesting as given in Equation 2. 

 

𝐹𝐸 =
𝑝𝑖

2

𝜀0 × 𝜀𝑟
     . (𝟐)  
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Pyroelectric response is closely linked to the material polarization and the ferroelectric 

transition temperature, and typically it increases along with dP/dT [80]. Because PE loops have 

shown an increase of the film ferroelectric component till a nominal Dy doping of 8%, a similar 

behavior of the pyroelectric coefficient is expected, followed by a deterioration of pyroelectric 

properties for a higher doping ratio. If interest in BFO ceramic pyroelectric properties is well 

established, results regarding thin film characterization are still limited. Previous studies 

report pyroelectric values up to 90 µC/(m² K)  for undoped BFO ceramics, 91 µC/(m² K) for 

BFO/PZT thin films, 137 µC/(m² K) for Bi(1-x)SmxFeO3 ceramics and 145.5 µC/(m² K) for Bi(1-

x)GdxFeO3 ceramics [5, 12, 26]. The undoped BFO thin film deposited in this work displays a 

pyroelectric coefficient of 188 µC/(m² K), a value higher than any previously reported 

coefficient for BFO, regardless of the chosen synthetic route. This important increase of the 

pyroelectric coefficients can be mainly explained by the epitaxial nature of the grown films 

[81]. Moreover, the dense and homogeneous nature of the film, made possible by the MOCVD 

protocol used for the sample preparation, also have a significant impact on film pyroelectric 

coefficients [7]. As expected, Dy-doping has a strong impact on film pyroelectric behavior, 

which follows a similar trend to that observed in the P-E measurements. For a Dy doping of 

8% a maximum value of pi = 426 µC/(m² K) is found, which is more than twice the value of the 

pure BFO film.  

Efficiency for energy harvesting is easily compared thanks to the FE which depends not only 

on sample pyroelectric response but is also influenced by permittivity. Ideally, improvement 

of pyroelectric generator comes with increasing pyroelectric coefficient and reducing the 

permittivity. Presently reported undoped BFO films already show similar FE than PZT and PMN-

25PT assessing the importance of good quality lead-free material [85, 86]. Then, even though 

a certain increase of the film permittivity is observed till a Dy-doping of 8%, the huge 

pyroelectric response gives rise to a FE  as high as 82 J/(m3K2) for the BDFO-8%, suggesting 

outstanding properties compared to previous BFO systems and equivalent to single crystal 

LiTaO3 [7].  

 

 

 

 

 

 

 

 

 



 

68 
 

Table. 6 Comparison of presently obtained pyroelectric coefficient, permittivity and FE for the BFO and Dy-doped BFO films 
with respect to available literature values for BFO, LiTaO3, LiNbO3, PZT and PMN-25PT systems. 

System Synthesis method Shape 

T 

measurement 

(°C) 

pi 

[µC/(m²*K)] 
εr 

FE 

[J/(m3K2)] 
Ref 

BiFeO3 MOCVD Thin film RT 188 130 (at 1 kHz) 30.71 
This 

Work 

BDFO-6% MOCVD Thin film RT 256 190 (at 1 kHz) 38.96 
This 

Work 

BDFO-8% MOCVD Thin film RT 426 250 (at 1 kHz) 81.98 
This 

Work 

BDFO-11% MOCVD Thin film RT 288 170 (at 1 kHz) 55.1 
This 

Work 

BiFeO3 PLD Thin film RT 40 
~100 

(at 10 kHz) 
1.81 [11] 

Bi1−xLaxFeO3 PLD Thin film RT 85 
~240 

(at 10 kHz) 
3.4 [11] 

BFO/PZT (70/30) sol-gel Thin film RT 91 288 (at 1 kHz) 3.25 [5] 

BFO/PZT (30/70) sol-gel Thin film RT 5.1 244 (at 1 kHz) 0.02 [5] 

BiFeO3 chemical solution Thin film RT 15 76 (at 1kHz) 0.33 [82] 

BiFeO3 
solid-state-

reaction 
Ceramic RT 71 

~100 

(100 kHz) 
5.69 [83] 

BiFeO3 
solid-state-

reaction 
Ceramic 25 90 - - [84] 

Bi1−xNdxFeO3 (x=0 – 

0.15) 

solid-state-

reaction 
Ceramic RT 30 - 50 

100 to 140 

(at 1kHz) 
1 - 2 [77] 

Bi1-xSmxFeO3 (x = 

0.01– 0.08) 

solid-state-

reaction 
Ceramic RT 137 

120- 140 

(100 kHz) 

15.1 - 

17.66 
[12] 

BiFeO3 
solid-state-

reaction 
Ceramic RT 90 103 (1 MHz) 8.88 [26] 

Bi1-xEuxFeO3 (x=0.05) 
solid-state-

reaction 
Ceramic RT 133.2 145 (1 MHz) 13,82 [26] 

Bi1-xGdxFeO3 

(x=0.05) 

solid-state-

reaction 
Ceramic RT 145.5 141 (1 MHz) 16.96 [26] 

Bi1-xTbxFeO3 (x=0.05) 
solid-state-

reaction 
Ceramic RT 88 122 ( 1 MHz) 7.17 [26] 

Bi1-xDyxFeO3 

(x=0.05) 

solid-state-

reaction 
Ceramic RT 98 128 (1 MHz) 8.47 [26] 

Other lead-free systems 

LiTaO3  single crystal  190 47 87 [7] 

LiNbO3  single crystal  96 31 34 [80] 

Other lead-based systems 

PZT (Toshiba)  ceramic RT 350 471 29 [85] 

PMN- 25 PT  ceramic RT 602 1648 25 [86] 
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3.2. Nd and Yb doping for photovoltaic  

Perovskite solar cells have grown in interest over the past years, the combination of their 

growing power conversion efficiency and their ferroelectrics properties makes them of 

particular interest. However, despite the promising results they have been obtained in lead-

based perovskites, the environmental problems related to the production and the stability of 

such material arise.  

In these circumstances, photovoltaic, ferroelectric, lead-free perovskites or related structures, 

such as BiFeO3, LiNbO3, and (K,Na)NbO3, are of high interest. In conventional PV-devices, the 

photoexcited electrons and holes are separated by a built-in electric field at the p-n junction 

and have a photovoltage limited by their bandgap. Different working mechanisms can be 

described in ferroelectric materials. The electron/hole separation comes from the built-in 

electric field induced by the remnant polarization of the material (Figure 14), and the bandgap 

of the ferroelectric material does not limit the Voc. Moreover, because the remnant 

polarization is not limited to a reduced region, like the p-n junction, but is present throughout 

the bulk of the ferroelectric material, it helps separate electron-hole pairs, which is no more 

limited to the depletion zone. [87,88] 

 

 

Figure 14. Schematic illustration of the working principle of (a) p-n junction photovoltaic devices and (b) ferroelectric 
photovoltaic devices [87]. 

 

Despite all the efforts made during the last years, ferroelectric PV with lead-free perovskite is 

still an academic research topic, and the latest BFO PV-devices are made by sol-gel or PLD, 

which are not suited to an industrial scale-up. BFO deposition by MOCVD is a solution that can 

be adapted to actual production constraints, maintain high film quality, and reduce production 

cost [39,89]. 

 



 

70 
 

Another fundamental aspect is the tuning of BFO properties, from light absorption to carrier 

lifetime, many routes have been tried working on film thickness, film orientation, nature of 

the electrodes [90]. Every aspect of device preparation influences the final efficiency. 

Nevertheless, bismuth ferrite doping with lanthanides or transition metal is the most used 

approach to modify and significantly improve film properties as the bandgap, Voc, and Jsc, 

which are looked at to compare different processes, impact the film properties. [91] 

To use lead-free perovskites as PV transducers and for easy sample characterization, device 

critical aspects are the thin-film exposition to the light source and the harvesting of the 

generated photocurrent. Thanks to their simplicity, simple parallel plate electrode structures 

are widely used and are often combined with transparent electrodes. In our case, 3 sample 

structures can be considered. Among the 3 configurations proposed (Figure 15), A / B and C, 

all can be analyzed and theoretically be integrated as a PV transducer (in A and B illumination 

comes from the top, in C from the bottom). 

 

 
Figure 15. Investigated photovoltaic structure for the characterization and the integration of lead-free perovskite thin films. 

 

• Configuration A in the case of BFO is the easiest to realize using Nb:SrTiO3 conductive 

single crystal substrates. Nb:SrTiO3 is useful for thin-film preparation and properties 

investigation. However, substrate cost, reduced size, and limited microfabrication 

capability make it a poor candidate for large scale PV transducers.  

 

• Configuration B is the configuration where Si is the main substrate combined to a 

conductive layer on the top of which perovskite can be deposited. We have the 

following structure BFO/IrO2/Si, IrO2 acting as the bottom electrode and buffer layer 

for bismuth ferrite. As for configuration A, the last step is the deposition of a 

transparent top electrode. 

 

• Configuration C is by far the most used structure for the study of BFO in PV-devices 

with a functional film deposited directly on a glass substrate coated with a transparent 

electrode (ITO or FTO). In the previous studies on PV-BFO, sol-gel, PLD, and sputtering 

are the three techniques used for thin film deposition. They offer a deposition 

temperature much lower than the 750/800 °C substrate temperature, required for 

MOCVD so that glass can be used as a transparent substrate. For high deposition 

temperatures, above 500°C, commercial products such as quartz coated with ITO are 
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available. Few references regarding FTO/Quartz can be found, but they are all 

prepared “in-lab,” and so far, only FTO/Glass can be bought. Top electrodes nature can 

be as varied as the metal sources available.  

 

Investigation of the lanthanides doping influence on the photoelectric properties of the 

material is one of the aspects of this work. To do so, pure BFO, BFO Nd-doped and Yb-doped 

thin-films have been deposited on (1cm x 1cm) STO (100) samples (configuration A). The use 

of single crystal substrate allows to focus only on the doping impact without worrying about 

film general quality or orientation. For each doping element, four doping level were deposited. 

The prepared samples have been sent to Dr. David Munoz-Rojas and Abderrahime Sekkat in 

Laboratoire des Matériaux et du Génie Physique (LMGP) for ongoing photovoltaic 

characterizations. A summary table of previous works on photovoltaic properties for previous 

BiFeO3 based systems is reported in Appendix 2. 

 

3.2.1. Nd-doping  

A simple single-step MOCVD approach has been used for the deposition of Nd-doped 

BFO films on STO:Nb (100). The multicomponent precursor mixture is composed of a 

Bi(phenyl)3 and Fe(tmhd)3 (1:0.66) ratio in which Nd(hfa)3diglyme is added. In this way, the 

dopant amount in the film can be easily modified by a simple change of the Nd(hfa)3diglyme 

quantity in the vaporized precursor mixture (at 120°C). Deposition temperature was 

maintained at 750°C for one hour, under an argon and oxygen gas flow of 150ml/min. Argon 

and oxygen are respectively carrier and reactant gas. 

The oriented growth of BFO-Nd on STO:Nb is confirmed through X-ray diffraction (XRD), while  

field emission scanning electron microscopy (FE-SEM) allowed to assess the flat, 

homogeneous  surfaces of deposited films. Nd-doping amount has been measured by energy 

dispersive X-ray analysis (EDX) and the doping impact on bandgap controlled by UV-Vis 

spectroscopy. Finally, preliminary photovoltaic measurements have been done.  Samples are 

referred by the Nd-doping percentage measured in the film. 

 

Morphological characterization of the films has been done using FE-SEM. Micrographs are 

reported in Figure.16. Deposited thin-films morphologies are very similar between each other 

with flat and homogeneous surface across the films. Only BFO-Nd 7% seems to have a slightly 

less coalesced feature than the other films (Figure 16a). At higher doping concentration, 14.5% 

superficial cubic-like grains are visible, which may be associated with Bi2O3 phase (Figure 16c).  
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Coupled with FE-SEM, EDX analysis confirmed the presence of Nd-dopant in the reported 

films. On EDX spectra the presence of Nd dopant is permitted by the identification of the L line 

at 5.228 keV. While Dy quantification might have been limited by peaks overlap, quantification 

of Nd does not suffer from the same limitation. In Table 7 the nominal precursor compositions 

have been reported and the percentage of Nd-doping and the (Bi+Nd) / Fe ratio in the films.  

 

 

 

 

 

 

 

X-ray diffraction analysis. Extended x-ray scans (from 20° to 80°) have been done to identify 

the deposited phase.  The substrate STO 002 reflection peak was used as a reference to 

evaluate the doping impact on the deposited films. Only for BFO-Nd 14.5% low signal of Bi2O3 

parasitic phase was measured, which correspond well to the previous morphological 

investigation.  A zoomed part of the diffraction patterns (from 44.5° to 47°) around substrate 

Precursor composition 
Film stoichiometry 

Nd/ (Nd + Bi) (Bi + Nd) / Fe 

Bi(1-x)NdxFeO3 (x = 0.088) 7% 0.96 

Bi(1-x)NdxFeO3 (x = 0.118) 9% 0.92 

Bi(1-x) NdxFeO3 (x = 0.177) 14.5% 0.96 

Bi(1-x) NdxFeO3 (x = 0.235) 24.5% 0.91 

Table. 7 Relationship between precursor nominal composition and film stoichiometry based on EDX evaluation. 

Figure 16.  Secondary electron FE-SEM plan view images of a) BFO-Nd 7%, b) BFO-Nd 9%, c) BFO-Nd 14.5%, and d) BFO-
Nd 24.5%. 
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and film second order reflections is reported (Figure 17). BFO 002 theoretical diffraction peak 

is indicated.  Second-order reflection of BFO-Nd 7%, 9%, 14.5% and 24.5% are respectively at 

45.34°, 45.25°, 45.71°, and 45.77°. As Nd-doping concentration increases average size of the 

A-site decrease because of the substitution of Bi3+ by Nd3+, which has a smaller ionic radius 

(Bi3+ r12-coord = 1.36 Å and Nd3+ r12-coord = 1.31 Å) [51]. The reduction of the cell parameter causes 

the shift toward higher angles. However, for the lower doping content (7% and 9%) a shift 

toward lower angle angles is visible. A possible explanation of the general peak shift may be 

attributed to some internal strain, but this feature requires further investigation to fully 

explain the mechanism behind this phenomenon.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Optical bandgaps of the reported systems deposited on transparent undoped STO (100) 

substrate have been calculated using a UV-Vis spectrometer. From the measured optical 

absorption, the bandgap value was obtained using Tauc’s equation, the film bandgaps were 

extrapolated from the plot of (α*h*ν)2 vs (h*ν), see Chapter 3.1.5 [74,75].  

 
 
 

Figure 17.  XRD θ-2θ patterns of the second-order reflection Nd-doped BFO films. 
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Nd-doped BFO thin-film Tauc’s plots have been compared to the one of pure BFO thin film to 

examine Nd-doping's influence on the material bandgap (Figure 18). As observed for Dy-

doping, the first Nd-doping of 7% has a noticeable impact on the material bandgap, inducing 

a diminution of its value up to 2.57 eV. However, for Nd-doping of 9% and 14.5%, material 

bandgap modification is limited with identic values of 2.56 eV. Then, for the highest doping 

amount of 24.5%, a small decrease of the bandgap to 2.52 eV is noted (Table 8).  

 

 
 

 

 

 

 

Figure 20 shows the semi-log plot of current versus voltage (I-V) for the pure and Nd-doped 

BFO thin films. For the measurement, STO:Nb was used as the bottom electrode, and an 

indium/aluminum top electrode was deposited on the film (Configuration A), a scheme of the 

studied structure is reported in Figure 19. 

 

 Table. 8 Summary table of the bandgap energy value for the different Nd-doped BFO films. 

BFO-Nd 7% 2.57 eV 

BFO-Nd 9% 2.56 eV 

BFO-Nd 14.5% 2.56 eV 

BFO-Nd 24.5% 2.52 eV 

Figure 18. Tauc's plots of the undoped and Nd-doped BFO thin films calculated from UV-Vis absorption 
spectra. 
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BFO films and BFO-Nd 7% show good answers with a noticeable increase in the measured 

current between the dark or under light configuration. However, with the increase of Nd-

doping, a decrease in terms of current output was measured. Moreover, Nd-doping also 

significantly impacts the leakage current reduction with a value of 1.14 x 10−7 A and 1.09 x 10−8 

A for BFO and BFO-Nd 7% at -2V, respectively (Figure 20b). A close-up comparison of the BFO 

and BFO-Nd 7% I-V curve for the samples kept in the dark and under illumination is reported. 

Under dark conditions, pure BFO film shows a diodelike rectifying I-V behavior (Figure 20c). 

Under light, BFO displays, analogously to BFO-Nd 7%, (in the dark and under light) a good 

rectifying behavior (Figure 20c and d). As observed before, a substantial photoinduced current 

is measured in the two systems.  

 

 

 

 

Figure 19. Schematic view of the investigated structure for (I-V) measurements in dark or under light. 

Figure 20. Semi-log plot (I-V) curves of the undoped and Nd-doped BFO thin films a) in dark or b) under light and 
comparison of (I-V) curves in dark/under-light of c) undoped BFO film and d) BFO-Nd 7% film. 
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3.2.2. Yb-doping 

MOCVD hot-wall reactor with one sublimation zone has been used to investigate the 

MOCVD process. The single-source precursor mixtures, of 250 mg, were composed of: 

Bi(phenyl)3 and Fe(tmhd)3 in a (1:0.66) ratio. Various amounts of Yb(hfa)3diglyme were 

incorporated in the initial Bi:Fe mixture to achieve ytterbium doping. During the one-hour 

depositions, the substrate temperature was maintained at 750°C and the precursor mixture 

vaporized at 120°C. A constant flow of argon (150 mL/min) and oxygen (150mL/min) have 

been used as a carrier and reactant gas, respectively.  

Films morphologies have been observed by field emission scanning electron microscopy (FE-

SEM), and the film elemental compositions have been studied by energy dispersive X-ray 

analysis (EDX). Film structure and growth quality has been controlled by X-ray diffraction 

analysis (XRD). Finally, the Yb-doped films optical band gap has been calculated using UV-Vis 

spectroscopy, and the relation between dopant concentration and material bandgaps 

assessed. Samples are indexed by the Yb-doping percentage measured in the film. 

 

 

 

 

 

 

 

 

 

 

Morphological characterization.  Micrographs obtained by FE-SEM are reported in Figure 21. 

The morphology of BFO-Yb 9% is the more uniform and smoother observed between the 

deposited samples, even if complete coalescence is not achieved at some point of the film 

(Figure 21a).  At higher doping concentration, 12% and 14% similar morphologies are visible 

with large 500 nm squared grains but, the coalescence is still not complete (Figure 21b and c). 

Figure 21. Secondary electron FE-SEM plan view images of a) BFO-Yb 9%, b) BFO-Yb 12%, c) BFO-Yb 14%, and d) BFO-
Yb 30%. 
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For the BFO-Yb 30%, grains are still visible, but the surface quality is higher than the one 

obtained for the previous 12% and 14% doping. 

The presence of Yb dopant in the film was confirmed using EDX. Two Sm peaks can be 

observed: M line at 1.29 keV and Lα line at 6.49 keV. No peak overlap is noticed, and precise 

quantification of the dopant has been possible. In Table 9 the nominal precursor compositions 

have been reported and correlated to the percentage of Yb-doping and to the (Bi+Yb) / Fe 

ratio in the films.  

Table. 9 Relationship between precursor nominal composition and film stoichiometry based on EDX evaluation. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Precursor composition 
Film stoichiometry 

Yb/ (Yb + Bi) (Bi + Yb) / Fe 

Bi(1-x)YbxFeO3 (x = 0.088) 9% 1.06 

Bi(1-x)YbxFeO3 (x = 0.118) 12% 0.98 

Bi(1-x) YbxFeO3 (x = 0.177) 14% 1.08 

Bi(1-x) YbxFeO3 (x = 0.235) 30% 0.93 

Figure 22. XRD θ-2θ patterns of the second-order reflection Yb-doped BFO films. 
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X-ray diffraction.  Large XRD scans have revealed no secondary phases, with only visible the 

reflection peaks of the film and the substrates (00l) planes. In Figure 22. are reported the 

second-order reflection of the films and substrate at 45.86°, 45.86°, 45.87°, 46° for the BFO-

Yb 9%, BFO-Yb 12%, BFO-Yb 14%, and BFO-Yb 30% respectively. The increase of Yb doping is 

visible because it induces a shift of the peaks toward higher angles, as the average A-site ionic 

radius is reduced when the smaller Yb3+ (r12-coord = 1.20 Å) substitute Bi3+ (r12-coord = 1.36 Å). 

[51] A broadening of the 002 reflection peak is also visible and increases with the quantity of 

Yb-doping.   

 

Optical bandgap. A UV-Vis spectrometer has been used to measure the optical absorption of 

the BFO-Yb films deposited on undoped STO (100), a transparent substrate. From the optical 

absorption, the bandgap value was obtained using Tauc’s equation [74,75]. The film bandgaps 

were extrapolated from the plot of (α*h*ν)2 vs (h*ν), see Chapter 3.1.5.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 23.  Tauc's plots of the undoped and Yb-doped BFO thin films calculated from UV-Vis absorption spectra. 
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BFO-Yb thin-film Tauc’s plots have been compared to the one of pure BFO thin film (Figure 

23). The influence of Yb doping on the material bandgap can be observed. As observed for Dy-

doping, the first Yb-doping of 9% has a strong impact on the material bandgap, inducing an 

important reduction of its value up to 2.58 eV. Then, Yb-doping of 12% and 14% impact is also 

important with an optical bandgap value of 2.50 eV and 2.46 eV, respectively. Finally, for the 

highest doping amount of 30%, an increase of the bandgap to 2.51 eV is measured, indicating 

a limit in the bandgap tuning with Yb (Table 10). 

Table. 10 Summary table of the bandgap energy value for the different Yb-doped BFO films. 

 
 
 
 
 
 
 
 

3.3. Sm-doping 

An MOCVD approach similar to the one used for the previously presented systems has 

been applied.  Depositions have been realized in a MOCVD hot-wall reactor with one 

sublimation zone for the vaporization of the precursor mixtures (250 mg). The mixtures consist 

of Bi(phenyl)3 and Fe(tmhd)3  in a (1:0.66) ratio in which an increased amount of 

Sm(hfa)3diglyme is added to reach the desired concentrations in the film. Depositions have 

been carried out at 750°C and the precursor mixture vaporized at 120°C. A constant flow of 

argon (900 mL/min) and oxygen (150mL/min) have been used as carrier and reactant gas, 

respectively. Four different Sm-doping ratios have been achieved, and deposited films are 

reported with respect to their Sm-doping amount. 

The produced samples have been sent to Ramesh’s Lab at Berkley University for in-depth 

ferroelectric and piezoelectric characterizations. As requested to facilitate those 

measurements, film thickness has been reduced by a smaller deposition duration (15 minutes) 

and an increase of argon flow compared to previous experiments (from 150mL/min to 900 

mL/min).      

Film microstructures have been investigated through field emission scanning electron 

microscopy (FE-SEM) and their chemical quantification by energy dispersive X-ray analysis 

(EDX). Finally, identification of the deposited phases and control of the film out-of-plane 

orientations were studied by X-ray diffraction analysis (XRD). Ferroelectric and piezoelectric 

characterizations are still ongoing. A summary table of previous works on piezoelectric 

characterization of BiFeO3 based systems is reported in Appendix 1. 

 

BFO-Yb 9% 2.58 eV 

BFO-Yb 12% 2.50 eV 

BFO-Yb 14% 2.46 eV 

BFO-Yb 30% 2.51 eV 
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As it has been done for the other BFO based samples, FE-SEM observations have been used 

to observe the film morphologies for the different obtained Sm-doping concentrations. 

General film morphologies are very smooth and regular; only for BFO-Sm 4.5%, cubic shaped 

grains  are noticed, typical of a Bi2O3 superficial parasitic phase. For BFO-Sm 7.5% and 14% 

microstructure is well defined with large square grains of about 1 µm. BFO-Sm 25% sample 

shows a homogeneous surface with few un-coalesced spots (darker on the images, see Figure 

24.d). FE-SEM cross-section shows the impact of the high Ar flow rate and the reduced 

deposition time. The measured thickness of the as-deposited samples ranges between 120 to 

150 nm (Figure 25.a).  Coupled with the FE-SEM investigation, the film component atomic 

percentages have been assessed by EDX. Samarium percentages in the films with respect to 

bismuth ((Sm)/(Sm+Bi)) are already reported in the sample names; four concentrations have 

been achieved 4.5%, 7.5%, 14%, and 25%. Even for low doping concentration, a precise 

samarium quantification is possible because Sm L and M lines (5.633 keV and 1.078 keV, 

respectively) do not overlap with other element lines (Figure 25.b). Doping concentration does 

not significantly impact either film morphologies or thickness. 

Figure 24. Secondary electron FE-SEM plan view images of a) BFO-Sm 4.5%, b) BFO-Sm 7.5%, c) BFO-
Sm 14%, and d) BFO-Sm 25% 
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Figure 26..  XRD θ-2θ patterns of the second-order reflection Sm-doped BFO films. 

X-ray diffraction analysis. Large x-ray scans (from 20° to 80°) have been done on the reported 

samples to confirm the deposited phases. All films show great out-of-plane alignment in the 

[001] direction. To compare films, diffraction patterns have been centered around the STO 

002 diffraction peak at 2θ=46.485°. Only for BFO-Sm 4.5% small amount of Bi2O3 is visible, and 

no other phases have been observed. In Figure 26. a close-up between 44° and 48° shows the 

second-order reflection of the films and substrate (00l) plane. BFO 002 theoretical diffraction 

peak position is indicated at 2θ=45.69°. The 002 diffractions peaks of BFO-Sm 4.5%, 7.5%, 14%, 

Figure 25.  a) FE-SEM cross- section image of the deposited Sm-doped BFO thin films and b) EDX spectra of BFO-Sm 30%. 
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and 25% are respectively at 45.41°, 45.53°, 45.60°, and 45.69°. The reduction of the cell 

parameter causes the shift toward higher angles because of the substitution of Bi3+ by Sm3+, 

which has a smaller ionic radius (Bi3+ r12-coord = 1.36 Å and Sm3+ r12-coord = 1.28 Å) [51]. An 

increase in the peak width is also visible as the Sm concentration rises. However, especially 

for lower doping concentration, a substantial shift toward lower angles is noted. Wang et al.  

[29] have reported a similar behavior for BFO thin films grown on STO with increased film 

strain while its thickness decreases. As the deposited films are 120-150 nm, a similar 

phenomenon is observed.  

3.4. Conclusions 

The main aim of the present study is to determine if dense films of undoped and Dy-doped 

BiFeO3, as deposited on STO:Nb (100) through a simple, industrially appealing  MOCVD route, 

may be integrated as lead-free pyroelectric energy harvester. Thus, ferroelectric, dielectric 

and pyroelectric properties of Bi1−xDyxFeO3 (x = 0, 0.06, 0.08 and 0.11) thin films have been 

investigated. An extraordinary high pyroelectric coefficient of 188 µC/(m² K) has been found 

for the undoped BFO film, an indication of the possible self-poling and the high quality, of the 

epitaxial films grown by MOCVD. Dy3+ substitution has been shown to lead to a large increase 

of pyroelectric properties with respect to the undoped system. A giant value of the 

pyroelectric coefficient of 426 µC/(m² K) has been achieved for the 8% Dy3+ doping. Above this 

concentration, pyroelectric properties start to degrade. The presently found pyroelectric 

coefficients are significantly higher than those reported in the literature and the figure of 

merit values for energy harvesting are impressively promising.  In fact, the obtained FE value 

of 82 J/(m3 K2) for the BDFO-8% sample, is a striking improvement with respect to the 

previously highest reported value of FE  = 17 J/(m3 K2 ) for a Bi1-xSmxFeO3 ceramic sample.  

Other lanthanide dopings have been carried out in this part. Neodymium and ytterbium 

have been investigated for the tuning of BiFeO3 photovoltaic properties. Pure BiFeO3 and solid 

solutions of Bi1−xNdxFeO3 (x = 0.07, 0.09, 0.145 and 0.245) and, Bi1−xYbxFeO3 (x = 0.09, 0.12, 

0.14 and 0.30) have been prepared by MOCVD on 1 cm x 1cm STO:Nb (100) conductive 

substrate. Prepared samples have been sent to Dr. David Munoz-Rojas and Abderrahime 

Sekkat at LMGP to investigate their photovoltaic properties. Preliminary results show the 

moderate influence of Nd-doping on BiFeO3 properties even though it helps reducing leakage 

current. According to the bandgap measurements, Yb-doping seems to have a more defined 

impact on the film photovoltaic response. 

The last type of the lanthanide used to substitute Bi3+ ions in the BiFeO3 perovskite 

structure was samarium. Interest in this doping was brought to us by Prof. Ramamoorthy 

Ramesh (University of California, Berkeley).  An MOCVD approach, similar to those previously 

described, has been used to prepare thinner 100-150 nm films of pure BiFeO3 and 

Bi1−xSmxFeO3 (x = 0.09, 0.12, 0.14 and 0.30) solid solutions. Classical morphological and 
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structural characterization has been reported. Ferroelectric and piezoelectric 

characterizations are still ongoing. 

The very appealing and excellent properties reported in this study indicate that the 

presently described, straightforward and facile MOCVD synthetic route produces high quality 

epitaxial BFO and Ln-doped BFO thin films, which may be envisaged as lead-free materials of 

choice for energy harvesting. 
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4.   Co-doping at A- and B-sites of BiFeO3 films: 

selective growth of solid solutions or 

nanocomposites 

4.1. Introduction 

In the last two decades, considerable attention has been focused not only to search new 

multiferroic materials, but also on the synthesis and characterization of mixed multifunctional 

materials in order to exploit novel systems with appealing functionalities. The multiferroic 

bismuth ferrite (BiFeO3, BFO from now on) [1,2] has received considerable attention since it 

is probably the only material that is both magnetic and ferroelectric at room temperature. A 

lot of research has been devoted to the optimization of the BiFeO3 as ceramics,[3] thin films 

[4] and nanostructures [4,5]. The interest for the BFO is also boosted by its being a lead-free 

perovskite since the rising of environmental issues and questions on process sustainability has 

put in evidence lead-free perovskite systems. The structure of perovskites can be described 

as a cubic compact packing of oxygen and A cations, where A cations substitute 1/4 of the 

oxygen atoms in the packing thus having a 12-fold coordination, and B cations, which occupies 

1/4 of the octahedral sites. Thus, having the BFO phase the ABO3 perovskite structure, there 

is a huge variety of doping possibilities by substitution at the 12-fold coordinated A-site or at 

the 6-fold coordinated octahedral B-site, or even substitution at both sites. Many studies have 

been reported on singly doped BiFeO3 at the A-site with alkaline earth (Ca, Ba) [6,7] or the B-

site with transition metals (Ti) [8], but the synthesis and characterization mainly regard 

ceramic materials. A few studies have been also reported on BiFeO3 films singly doped with 

Ca, [9,10]   Ba, [11] La [12-14] or Ti [15] which apply mainly pulsed laser deposition (PLD) and 

solution routes as synthetic approaches. 

In regard to co-doped BiFeO3 as solid solutions, particular attention has been devoted to the 

preparation of mixed systems containing BiFeO3 and BaTiO3 (BFO-BTO), mainly as ceramic 

mixed systems, [16-25] mixed nanocrystalline materials [26,27] or layered structures [28,29].  

Efforts have been devoted to the preparation of BFO-BTO systems in thin film form through 

PLD [30-35] and sputtering [36-38]. A few studies have also been reported on the preparation 

of BFO-BTO composite thin films through chemical solution processes [39-41]. Recently, PLD 

has been also applied to the growth of multiferroic BiFeO3−BaTiO3 superlattices [42-44].  

The BFO-BTO solid solutions yield the opportunity to create improved unexpected or superior 

properties beyond averaging of their end member properties. The addition of BaTiO3 to BiFeO3 

improves the properties of BFO, playing a crucial role in reducing the conductivity of the 

mixture and decreasing the leakage current, potentially allowing for a better multiferroic 

material. In particular, due to their strongly enhanced dielectric and energy storage 
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properties, the BFO−BTO solid solution films represent promising candidates for energy 

storage applications [45-47].  

In this context, application of a simple and highly versatile synthetic approach such as metal-

organic chemical vapor deposition (MOCVD) to synthesize these doped systems would be 

highly appealing. MOCVD has been already applied to the deposition of undoped BiFeO3 films 

[48-53] but, to our knowledge, there are very few reports on the MOCVD deposition of doped 

BiFeO3 films. Recently, the MOCVD fabrication of xBiCoO3-(1-x)BiFeO3 films with various 

BiCoO3 concentrations (0≤ x ≤ 58 at.%) has been reported [54,55]. In previous studies, we 

focused on the synthesis of single crystalline pure BiFeO3 films [56,57] and BiFeO3 films doped 

at the A or B site with Ba or Ti, respectively, [57,58] with the goal of studying the suitable 

processing conditions to introduce Ba or Ti within the structure. 

In this chapter, the MOCVD process has been exploited as a synthetic route to produce Ba 

and Ti co-doped BiFeO3 thin films. This study represents, to our knowledge, the first report on 

the MOCVD fabrication of Ba/Ti co-doped BFO solid solutions or nanocomposites on niobium 

doped SrTiO3 (STO) (100) and yttria stabilized zirconia (YSZ) (100) substrates. Films have been 

grown using a facile approach based on a molten multi-component source, that consists of 

the Bi(phenyl)3, Fe(tmhd)3, Ba(hfa)2•tetraglyme and Ti(tmhd)2(O-iPr)2 (phenyl= -C6H5, H-

tmhd=2,2,6,6-tetramethyl-3,5-heptandione; O-iPr= iso-propoxide; H-hfa=1,1,1,5,5,5-

hexafluoro-2,4-pentanedione; tetraglyme = 2,5,8,11,14-pentaoxapentadecane) precursor 

mixture.  A comprehensive, in depth study of both the vaporization mass-transport behavior 

of the multi-component source and of the structural, morphological and compositional 

characterizations of deposited films provides a clear correlation between composition of the 

multi-component source and the formation of the Bi(1-x)BaxFe(1-y)TiyO3  solid solution films or 

the Bi(1-x)BaxFeO3/Bi(1-x)BaxFe(1-y)TiyO3 nanocomposite films. To this aim, X-ray diffraction (XRD), 

transmission electron microscopy (TEM), energy dispersive X-ray analysis (EDX) and X-ray 

photoelectron spectroscopy (XPS) have been essential to identify the formed phases and, 

together with piezoresponse force microscopy (PFM) and piezoresponce force spectroscopy 

(PFS), to correlate film nature and piezoelectric and ferroelectric properties.  

4.2. Experimental section 

Fe(tmhd)3, Bi(phenyl)3 and Ti(tmhd)2(O-iPr)2 complexes were purchased from STREM 

Chemicals and used without further purification, while the Ba(hfa)2•tetraglyme has been 

synthesized following a slightly modified procedure (dichloromethane has been used instead 

of toluene) of that reported in ref. 59. Dynamic and isothermal thermogravimetric (TG) 

measurements were made using a Mettler Toledo TGA2 and the STARe software. The weight 

of the samples investigated was between 8-12 mg. Analyses were made under prepurified 

nitrogen (30 sccm, sccm = standard cubic centimeter per minute) using a 5 °C/min heating 

rate. Temperature was measured with an accuracy of ± 0.1 °C. 
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The undoped and doped BiFeO3 films were deposited in a low pressure, horizontal, hot wall 

reactor equipped with a single sublimation zone. The precursor mixture was heated at 120-

130 °C, a suitable temperature for an efficient vaporization without thermal degradation. 

Argon was used as a carrier gas (flow = 150 sccm), while the reactant gas (oxygen flow = 150 

sccm) was introduced in the main flow in close to the reaction zone. The gas flows were 

controlled by mass flowmeters. Depositions were carried out for 60 min at 800 °C and 5 torr. 

Niobium doped (100) SrTiO3 single crystals were purchased from Crystal Gmbh. 

X-ray diffraction measurements (XRD) were recorded using a Smartlab Rigaku diffractometer 

in Bragg-Brentano mode, equipped with a rotating anode of Cu Kα radiation operating at 45 

kV and 200 mA. The Cu Kβ was eliminated using a Ni filter. The rocking curves were recorded 

after correcting ψ and φ angles in order to optimize the intensity of the (00l) substrate and 

thin film peaks. 

Film surface morphology was examined by field emission scanning electron microscopy (FE-

SEM) using a ZEISS VP 55 microscope. The atomic composition of the films was analyzed by 

energy dispersive X-ray analysis (EDX), using an INCA-Oxford windowless detector with an 

electron beam energy of 15 keV. 

Cross-section TEM analysis have been performed using a JEOL 2010 F, equipped with the 

Gatan imagining filter instrument.  

X-ray photoelectron spectra (XPS) were measured at 45° take-off angles relative to the surface 

plane with a PHI 5600 Multi Technique System (base pressure of the main chamber 3 x 10–10 

Torr).  The spectra were excited with the Al-Kα radiation. XPS peak intensities were obtained 

after a Shirley background removal. Spectra calibration was achieved by fixing the 

“adventitious” C 1s peak at 285.0 eV. A 60 s Ar+-ion sputter etching was performed by rastering 

a 3 x 3 mm2 area (3 kV, 20 mA emission, beam current 1.0 µA). 

Scanning probe microscopy and spectroscopy have been performed with a Solver P47 NT-MTD 

instrument. For simultaneous topographic and piezoelectric properties evaluation, Atomic 

Force and Piezoresponce Force Microscopies (AFM and PFM) were performed adopting Au-

coated silicon probe with a nominal 35 nm tip curvature radius and a typical force constant of 

0.1N. AFM images were obtained in contact mode. The noise level before and after each 

measurement was 0.01 nm. 

To evaluate the piezoelectric/ferroelectric properties simultaneously to the topological 

scanning in contact mode, a lock-in technique is used to measure the modulated motion of 

the BiFeO3 films (Zac), under a modulated tip voltage, (Vac), that is applied by a function 

generator between the tip and the STO:Nb substrate used as bottom electrode. The amplitude 

of the vertical displacement Zac and the phase difference between Zac and Vac signal have been 

monitored through a lock-in amplify.  Single-point Piezoresponce Force Spectroscopy has been 

performed measuring the piezoresponse (in terms of amplitude and phase differences) upon 
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applying a cyclic additional bias voltage in the ± 9V range between the AFM tip and STO:Nb 

substrate.   

 

4.3. Results 

4.3.1. Thermal behavior of the multi-component mixtures 

A multicomponent source containing Bi(phenyl)3, Fe(tmhd)3, Ba(hfa)2•tetraglyme and 

Ti(tmhd)2(O-iPr)2 with two different element ratios, namely Bi:Ba:Fe:Ti of 1:1:1:1 and 1:2:1:1, 

has been applied.  The thermal behavior of the precursor mixtures has been characterized by 

dynamic and isothermal thermogravimetric (TG) analyses at atmospheric pressure under 

nitrogen flow. TG dynamic data of both mixtures show mainly a single step, indicating that the 

mixtures vaporize without decomposition with low residues. The TG curves of the 1:1:1:1 and 

1:2:1:1 mixtures are reported in the Figure 1. They show a single step weight loss in the 

temperature range of 150-300 °C with a residue of about 12.6% and 9.5%, respectively. 

Given the similar behavior of the two mixtures, as a case study we choose the 1:2:1:1 source 

to investigate in more detail the mass transport properties of the multicomponent mixture. In 

Figure 2a, the isothermal curves of the 1:2:1:1 mixture are reported, starting from when the 

sample reached the set temperature, i.e. after 12 min with a heating rate to reach the set 

temperature of 5 °C/min. The measurements show a linear behavior in the investigated 

temperature range of 120-150 °C. The linear trend is a clear indication that the mixture 

containing the four Bi:Ba:Fe:Ti precursors presents a behavior of a well performing “single-

source mixture”. From these data, the vaporization rate was derived, and it is reported in 

Figure 2b. In this case, being the mixture composed of four different precursors, the 

vaporization rate is reported as related to the mixture weight loss and not to the vaporized 

moles, so the unit are mg/min and not mol/min. The apparent vaporization energy has been 

derived and it is equal to 29.1 ± 1.5 kJ.mol-1. The linear trend of the “single source mixture” 

clearly points to a proper behavior of the four-component mixtures for application in MOCVD 

processes of Bi-Ba-Fe-Ti based films. 
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Figure 1. TG curves of the 1Bi:1Ba:1Fe:1Ti and 1Bi:2Ba:1Fe:1Ti mixtures carried out at atmospheric pressure under 30 sccm 
of nitrogen. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Isothermal curves a) and Arrenhius plot b) of the 1:2:1:1 mixture carried out at atmospheric pressure under 30 
sccm of nitrogen. 
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4.4. Structural investigation of BiFeO3 based films  

The above described mixtures have been applied to the deposition of the Ba and Ti co-

doped BiFeO3 thin films on (100) SrTiO3:Nb and yttria stabilized zirconia (YSZ) (100)  substrates. 

The SrTiO3:Nb substrate has been chosen because SrTiO3 is the best substrate for the epitaxial 

growth of BiFeO3 due to the excellent lattice match and, being doped with Nb, it possesses 

the suited electrical properties to be used as a bottom electrode for Piezo Force Microscopy 

(PFM) measurements. The YSZ substrate (aY-axis parameter of 5.139 Å) has been used to allow 

compositional characterization through EDX analysis (vide infra). 
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Figure 3. a) XRD patterns and b) enlarged region in the 42-48° range of an undoped BiFeO3 (______),  A-type (______) and B–type (______) 
films grown on SrTiO3:Nb (100) substrates; c) Rocking curve of the A-type film at 2θ = 21.45°; d) Rocking curves of the B-type film for 

the two reflections at 2θ = 43.50° and 44.90°. 
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BiFeO3 has a rhombohedral structure with arh= 3.965 Å and αrh= 89.4° but given the angle of 

almost 90° it may be considered as a pseudocubic and the cubic notation is used throughout 

the manuscript. The substrate SrTiO3 has a lattice parameter aS= 3.905 Ǻ, thus a mismatch of 

1.53% is expected for a <001> growth of the BiFeO3 pure phase.  

Deposition temperature of 800 °C was chosen for this study since it has been previously shown 

that it is a suited temperature in our growth process for the deposition of pure BiFeO3 [55]. 

The in-situ deposited films are mirrorlike, dark orange in color and have a thickness that ranges 

in the 400-500 nm. Thus, considering a 1h deposition duration time, an average growth rate 

of about 8 nm/min is obtained. 

X-ray diffraction (XRD) technique has been used to characterize the film structure and 

crystallinity. Figure 3a and 3b report the XRD θ-2θ scans of films deposited at 800 °C using the 

1:1:1:1 and the 1:2:1:1 mixtures and from now on indicated as A-type (solid solutions) and B-

type (nanocomposite) films, respectively, compared with the pattern of an undoped BiFeO3 

phase film. In Figure 3b, the peak positions are evidenced by a green (STO substrate), black 

(pure BFO), red (A-type) and blue (B-type) line.  

 

In the A-type film, in addition to the substrate peaks at 22.75° and 46.50°, only two peaks at 

21.45° and 43.70°, the second of which represents the second order reflection, are observed, 

thus pointing to the formation of a single-phase film out-of-plane oriented. Therefore, this 

pattern is indicative of a high degree of texturing. In addition, the peaks are shifted toward 

lower angles as clearly observable in the enlarged XRD region reported in Figure 3b, thus 

indicating an out-of-plane parameter, as calculated from the 002 peak position, of 4.143 Å, a 

value larger than the one of 3.965 Å, reported for the pure BiFeO3 phase. The increase in the 

out-of-plane parameter may be related to both the insertion of Ba2+ (r6-coord = 1.35 Å) at the 

Bi3+ (r6-coord = 1.03 Å) site, and of Ti4+ (r6-coord = 0.605 Å) at the Fe3+ (r6-coord = 0.55 Å) site. The 

choice to consider a six-fold octahedral coordination for both the A and B ions is due to the 

fact that to fit the structure correctly in the Goldschimdt [60] perovskite classification, ionic 

radii values of ions six-coordinated have to be considered.  

The very good out-of-plane alignment of crystallites of the A-type films has been confirmed 

by the full width half maximum (FWHM) value of 0.28° for the rocking curve of the 001 

reflection at 21.45° (Figure 3c). 

B-type films, deposited using the 1:2:1:1 mixture, show a more complex pattern (Figure 3a). 

In addition to the substrate peaks, more peaks are observed at 21.35°, 22.00°, 43.45° and 

44.90°, with the last two being the second order reflection of the lowest angle peaks. The very 

broad peak observed around 40° can be likely assigned to another orientation of the doped 

phases [19].  
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Based on the position of the second order reflections at 43.45° and 44.90°, the out-of-plane 

parameters have been calculated to be 4.165 Å and 4.037 Å, respectively for the two phases. 

The film is also in this case highly aligned as confirmed by the recorded rocking curves (Figure 

3b) of the 002 peaks at 43.45° and 44.90°, respectively. The FWHM of the two rocking curves 

are 0.45° and 0.46°, respectively. Both rocking curves show a shoulder on the higher angle 

side likely arising as rocking curves of the higher angle peaks.   

The presence of more peaks having small FWHM of the rocking curves prompted us to assume 

that two different textured phases are formed in the B-type films. Matching the B-type pattern 

with ICDD database, the peak at 43.45° is slightly shifted with respect to the peak Bi6Ti3Fe2O18 

(ICDD N° 21-0101), while the peak at 44.90° may be associated either with BaFeO3 (a-axis 

parameter = 4.012 Å, ICDD N° 14-0180), or BaTiO3 either as a cubic (ac-axis parameter = 4.031 

Å, ICDD N° 31-0174) or tetragonal (ct = 4.038 Å, ICDD N° 05-0626) structure phases.   

To shed more light on the peak attribution, the pattern was also compared with those of the 

singly doped Ba- or Ti-BiFeO3 films synthesized through MOCVD using similar deposition 

conditions (Figure 4a) [58]. The peak at 44.90° resembles to the peak found in the  Bi(Ba)FeO3 

film, [58] while the peak at 43.45° may correspond to the peak found at 43.65° of the 

Bi(Fe,Ti)O3 film [58]. It is interesting to observe that both the singly doped films show large 

peaks, where two components may be seen. 

This peak “splitting” may be associated with concentration gradients of the BFO doped phase 

film either with Ba or Ti elements.  

On the other hand, the peak at 43.45° is also similar to the value (43.70°) found for the A-type 

sample. This comparison points to the following situation: the deposited B-type film is a 

nanocomposite made of two differently doped BiFeO3 phases. Additional investigations are 

needed to unveil the nature of the B-type films. 
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Figure 4.  XRD patterns in the 42-48° range of a A-type sample (______) and B–type sample (______) compared with undoped 
BiFeO3 (______), and singly doped Bi(1-x)BaxFeO3 (______)  and BiFe(1-y)TiyO3 (______) films grown on SrTiO3:Nb (100) substrates. 
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4.4.1. TEM characterization of BiFeO3 based films  

To have further insights on the nature of the nanocomposite films, TEM investigations 

have been carried out. The TEM bright image (Figure 5a) shows a 400 nm total thick film, which 

actually presents three main structural and morphological features: a 200 nm thick layer 

deposited near the substrate surface, some columns embedded inside this initial layer and a 

further 200 nm thick film. In addition, the TEM image shows that the film peeled off from the 

substrate, as clearly visible from the presence of the very light zone at the film/substrate 

interface (Figure 5a). 

  

The peel off was probably due to the mechanical stress suffered during the sample 

preparation for TEM analysis. The dark field images (Figure 5b,c) clearly indicate that the total 

deposited film belongs to the same phase, while the columns possess a different brightness, 

thus indicating a different crystalline structure and/or chemical composition. To confirm this 

observation, the selected-area electron diffraction (SAED) patterns of the different features 

have been observed with the incident electron beam perpendicular to the cross-section and 

are reported in Figure 6. Figure 6a shows the SAED pattern of the substrate indicating an a-

axis parameter of 3.912 Å, very close to the theoretical STO value. Figure 6b-d reports the 

SAED patterns of the more external 200 nm film (point A indicated in the Figure 5a), the 200 

nm layer deposited near the substrate surface and the columns embedded inside this initial 

layer (point B indicated in the Figure 5a). The SAED pattern of the B-type film at point A shows 

spots perfectly matching those of the STO substrate, supporting not only the oriented film 

growth, as indicated by the XRD pattern, but also pointing to the formation of a textured film. 

The lattice constants measured by the SAED patterns for the external layer indicate squared 

grains with an a-axis parameter of about 3.941 Å. This value is slightly smaller than the a-axis 

parameter of pure BFO.  

  

Figure 5. TEM cross-section of the B-type film:  bright field image (a) and dark field images of (b) grains possessing the SAED of 
Figure 6b and (c) of embedded columns showing the SAED of Figure 6d. 
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A closer look to SAED pattern from the lower part of the B-type film (Figure 6c,d) allows to 

distinguish spots from the embedded columns and broad spots due to the defective layer with 

defects and/or stress. In Figure 6c, two blue concentric distorted squares highlight spots from 

the 200 nm layer deposited near the substrate, while in Figure 6d the red square represents 

the SAED pattern of the embedded columns. The two different SAED patterns clearly indicate 

that the 200 nm layer at the interface with the substrate have in-plane and out-of-plane 

parameters of 3.988 Å and 4.162 Å, respectively. The columns likely possess a cubic structure, 

and since the first order reflection is not allowed, it should be either a body centered or a face 

centered cell. The observed lattice parameter is about 4.016 Å.  

 

 

Figure 6. SAED patterns of the a) STO substrate, b) the more external 200 nm film 
(point A), c) the 200 nm layer deposited near the substrate surface (point B), and d) the 
columns embedded inside this initial layer (point B). For points A and B notation, see 
Figure 5a. 
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To further support identification of the different phases present in the B-type films, the Energy 

Filtered-TEM (EF-TEM) analysis has been performed to image the distribution of the elements 

within the film. In Figure 7, the Bi, Fe and Ti maps are shown, while it was not possible to 

record the Ba map because of the overlapping with the Bi signal. The EF-TEM analyses indicate 

that the Bi and Ti are uniformly distributed within the entire film, but the columns are Fe-rich. 

On the other hand, it is not possible to exclude that the Ti observed also for the nanocolumns 

may arise from the layer underneath. 

4.4.2. Compositional characterization of BiFeO3 based 

films  

The elemental and chemical composition of films has been determined using EDX and 

XPS. To determine the elemental composition of the deposited layers using EDX is not an easy 

task due to the overlap of the Ba L lines and Ti Kα lines and to the presence of Ti in the 

substrate. To overcome this problem, EDX analyses were carried out also on singly doped 

systems grown on YSZ substrates to check the correlation between the nominal mixture 

stoichiometry and the film composition. EDX data on singly doped Bi(Ba)FeO3 and BiFe(Ti)O3 

films are compared in Table 1 with the mixture nominal stoichiometries. 

  

Figure 7.  EF-TEM images of Bi, Fe and Ti signals of the B-type sample. 
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Sample 
Nominal mixture 

stoichiometry 

Film 

stoichiometry 

Bi:Ba:Fe:Ti 

(atomic %) 

Acation : Bcation 

ratio 

Bi(Ba)FeO3 1Bi:2Ba:1Fe 12.4:14.9:21.8 1.2:1 

BiFe(Ti)O3 1Bi:1Fe:1Ti 7.6 :2.5:3.3 1.3:1 

A-type 1Bi:1Ba:1Fe:1Ti 9.7 :2.8:5.6:5.1 1.2:1 

B-type 1Bi:2Ba:1Fe:1Ti 9.6:7.4:8.7:7.6 1:1 

 

Table 1. EDX analyses of A-type and B-type samples compared to singly doped Bi(Ba)FeO3 or BiFe(Ti)O3 
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Figure 8.  EDX Spectra of the a) A-type sample and b) the B-type sample on YSZ substrate. 
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From this data compared to the A-type and B-type EDX spectra (Figure 8) it is possible to 

extrapolate the compositions of the A-type and B-type samples (Table 1), yielding an average 

composition of Bi0.8Ba0.2Fe0.5Ti0.5O3 and a Bi0.6Ba0.4Fe0.6Ti0.4O3 compositions, respectively.  

These compositions have been confirmed through XPS quantitative analyses. XPS atomic 

concentration was evaluated by estimating the integrated area of C 1s, O 1s, Bi 4f, Ba 3d 5/2, 

Ti 2p3/2, and Fe 2p3/2 peaks corrected for the corresponding relative atomic sensitivity factor 

based on empirical data reported by Wagner [61] and corrected for the transmission function 

of the PHI spectrometer [62]. In Table 2, the quantitative analyses of the A-type and B-type 

samples produce a composition of films as-deposited and after 5 min sputtering. Both samples 

show surface carbon contamination, which is mainly due to adventitious C.  A small amount 

of carbonate (shoulder at about 288.5 eV) is observed only for B-type films due to the higher 

atomic % of Ba, which like all the alkaline-earth metal is prone to carbonate formation. After 

sputtering, data indicate that only negligible C contamination is present in the film bulks and 

the following compositions are observed Bi0.9Ba0.1Fe0.5Ti0.5O3 and Bi0.6Ba0.4Fe0.6Ti0.4O3 for A-

type and B-type films, respectively. 

In Figure 9 a, high resolution spectra region of Bi 4f of the A-type and B-type samples are 

compared to those observed for the pure BFO and singly-doped (Bi,Ba)FeO3 and Bi(Fe,Ti)O3.  

The spectrum of the pure BFO shows a single component with the binding energy of the Bi 

4f7/2 observed at 158.6 eV. A similar spectrum is observed for the (Bi,Ba)FeO3 film, indicating 

that Bi experiences the same environment of the pure BFO, thus confirming that Ba is 

occupying the A site of the perovskite. On the other hand, in the case of the Bi(Fe,Ti)O3, the Bi 

4f7/2 is  observed at 159.0 eV as a consequence of the different environment experienced by 

Bi in this sample, thus confirming that Ti substitutes Fe in the structure, i.e. occupies the B-

site of the perovskite.  The Bi 4f7/2 binding energy of the A-type sample is found at 159.1 eV, a 

similar position to that observed for the Bi(Fe,Ti)O3.   

Different findings are observed for the B-type sample, for which the Bi 4f7/2 peak position is at 

158.9 and the FWHM of the peak (1.8 eV) is broader than the one observed in the other cases 

(1.4 eV), thus indicating that two different components are likely present in the structure. 

 

 

 

 

 

 

 

Table 2. XPS analyses of the surface and after 5 min sputtering of A-type and B-type samples. 

  Atomic % 

  Bi Ba Fe Ti O C 

Type-A surface 7.4 0.1 1.9 1.3 38.1 51.2 

 after sputter 17.9 2.2 9.1 9.8 60.0 1.2 

Type-B surface 4.4 3.9 1.3 0.9 24.3 65.2 

 after sputter 12.9 10.5 11.9 8.5 59.3 1.7 
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Figure 9.  a) Bi 4f, b) Ti 2p, c) Fe 2p3/2, and d) Ba 3d5/2 XPS spectral regions of BFO (black), Bi(Fe,Ti)O3 (orange), (Bi,Ba)FeO3 
(green), A-type (red) and B-type (blue) samples.  

To assess this observation, the deconvolution of these peaks has been done and reported in 

Figure 10. Of the two components, one is found at 158.6 eV and can be assigned to Bi with 

similar environments to BFO and (Bi,Ba)FeO3 samples. The second component is observed at 

159.2 eV indicating a Bi environment similar to Bi(Fe,Ti)O3  and A-type samples.  

 

 

 

 

 

 

Figure 10. Deconvolution of XPS Bi 4f spectra region for the a) A-type and b) B-type samples. 
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Similarly to what observed for Bi, the positions of the Ti 2p3/2 peaks (Figure 9b) are similar 

between Bi(Fe,Ti)O3 and A-type films (457.8 eV). On the other hand, the Ti 2p3/2 peak of B-

type film is observed at lower B.E. (457.4 eV) compared to the other two, thus indicating the 

effect of the Ba amount within the phase. Note that the Ti 2p1/2 peak is overlapped with Bi 

4d3/2. 

The Fe 2p3/2 band (Figure 9c) consists for all samples of broad peaks with a maximum around 

709.6 eV for BFO, (Bi,Ba)FeO3 and B-type films and around 710.4 eV for Bi(Fe,Ti)O3 and A-type 

sample. It is worth to note that the broad peak of Fe 2p3/2 for B-type films may be related to 

contribution of two different stoichiometric phases referable to the A-type or Bi(Fe,Ti)O3 

component and the (Bi,Ba)FeO3 component.  

Finally, the Ba 3d5/2 region of A- and B-type films and of (Bi,Ba)FeO3 sample is reported in 

Figure 9d. The Ba signals in all cases is dominated by the contribution of surface carbonate 

contaminations at 779.8 eV, which are typical of alkaline-earth-containing oxides, although a 

shoulder at low BE (in the 778.2 – 778.6 eV range) can be observed for the three films. This 

low BE shoulder can be assigned to the barium ions in the BFO lattice. 

 

4.4.3. Morphological characterization of BiFeO3 based 

films  

The FE-SEM images of the A-type films show a very uniform, homogeneous and flat 

morphology (Figure 11a). The cross-section indicates the formation of a very compact and 

dense film of about 350 nm in thickness (Figure 11b). 

B-type films (Figure 12a) show a homogeneous surface with outgrowth grains of about 150-

200 nm in dimensions coming out from the underneath flat surface. The electron 

backscattered (BSE) image (Figure 12b) indicates the presence of brighter grains, that means 

grains which are rich in heavier elements, likely Bi. The cross-section (Figure 12c) confirms the 

formation of a dense film with a rougher surface and a thickness of about 450-500 nm.  

A- and B-type films topography have been investigated using atomic force microscopy (AFM) 

(Figure 12 d,e). AFM data confirm film morphology previously observed through FE-SEM 

(Figure 12a). The A-type sample (Figure 12d) presents a flat sample surface with fully 

coalesced grains and a root mean square (RMS) roughness of about 3.3 nm (measured on an 

area of 5 μm × 5 μm). 

B-type film (Figure 12e) displays a much more intricate surface morphology with many high 

spots also corresponding to the FE-SEM investigation (Figure 11), the root mean square (RMS) 

roughness on a 5 μm × 5 μm area is 16.0 nm.   
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Figure 11. Secondary electron FE-SEM plan view (left) and cross-section (right) images of the A-type 
sample. 

Figure 12.  Secondary electron FE-SEM plan view (a), backscattered electron plan view (b) and secondary electron cross-
section (c) images of the B-type sample. AFM topography images of A-type film d) and of B-type film e). 
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4.4.4. Piezoelectric characterization of BiFeO3 based films  

Piezoresponse Force Spectroscopy (PFS) has been used to determine if 

piezoelectric/ferroelectric properties are present in doped A-type and B-type films. Single-

point PFS has been obtained by applying between the tip and the sample a ±9V round trip bias 

voltage to the oscillating voltage (Vac). Piezoresponse was measured in terms of the amplitude 

of the out-of-plane displacement (Mag) and phase difference (Phase) between piezoresponse 

signal and the alternating voltage [63,64].  

Figure 13a shows the dependence of amplitude and phase upon the bias voltage for Type A 

sample. Amplitude measurement presents the classical piezoelectric butterfly loop and the 

phase analysis also present the typical hysteresis loop associated with the ferroelectric 

switching behavior [65]. The coercitive voltage of the studied domain is about 2V. A writing 

experiment has been performed on A-type sample.  

 

  

Figure 13. (a) Butterfly loop (black curve) and hysteresis ferroelectric loop (blue curve) in the −9V to +9V scan of the A-type 
film on STO:Nb. AFM scan (b) of a 10 µm × 10 µm area and (c) AFM image after writing with a -7 V on a 3 µm × 3 μm area. d) 
Phase switch of 15° observed in the 3 µm × 3 μm area after -7V bias voltage application. 
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The PFM images of the Phase between applied Vac potential and the vertical piezoresponse of 

the films on a 10 µm x 10 µm area has been obtained with a 0V bias voltage between the tip 

and the film (Figure 13b) [56]. Then, a −7 V bias has been imposed to the tip, which has been 

moved along a smaller (3 µm× 3 μm) area. After the writing, the new phase image (Figure 13c) 

of the same area shows a clear phase switch of 15° (Figure 13d) where the -7V bias voltage 

has been applied.  

B-type sample has shown no piezoelectric or ferroelectric properties. This finding may be 

related to various observations such as the cubic structure of the more external part of the 

film (see TEM section) and the high roughness of the layer analogously to data previously 

reported by Lorenz et al., [66] who found no ferroelectric response on BTO33/BFO67 

composite (vide discussion section for further interpretation).  

4.5. Discussion  

Nanocomposite systems of the type (1-x)BiFeO3-xBaTiO3 have, recently, attracted a great 

attention due to their interesting multiferroic properties. Several reports appeared in the 

literature for the (1-x)BiFeO3-xBaTiO3 in ceramic form and a few studies have been reported 

on the preparation of solid-solutions thin films and BFO-BTO multilayers. Nevertheless, to our 

knowledge, no reports are known on the fabrication of solid solutions BFO-BTO in thin film 

form through a scalable and industrially appealing technique such as MOCVD. In the last two 

decades, we have studied a great variety of perovskite based oxide films, going from the high 

Tc superconductors such as TlBaCaCuO [67] and La(1-x)BaxCuO4 [68] to the giant k CaCu3Ti4O12 

[69,70], from the dielectric LaAlO3 [71] to the ferromagnetic  Pr0.7Ca0.3MnO3 [72].  

In the present study, we exploited the possibility to apply the successful approach, 

standardized in the past in our group, for the deposition of perovskite films to the fabrication 

of even more complex systems containing four different elements in a perovskite phase.  

A combination of XRD, TEM, EDX and XPS investigations has allowed a clear-cut identification 

of the nature of the deposited films. The presence of a few peaks in the patterns of both type 

films indicates the formation of highly out-of-plane oriented samples, as confirmed by the 

FWHM of the rocking curves of the two samples. XRD data point to the formation of two 

different phase films starting from different precursor mixture stoichiometries. A single phase 

is observed for the A-type sample. The occurrence of a higher number of peaks in the B-type 

films clearly indicates the presence of two different phases in the film. Nevertheless, for the 

thin films, it is very difficult to univocally identify the phase due to the peak broadening, 

merging and shift due to doping.  

In the present study for the first time a combination of techniques has allowed identification 

of formed phases in MOCVD grown BFO-BTO films. According to the XRD data, the XPS studies 

confirm the formation of a single phase for the A-type film. In fact, the binding energy peaks 

indicate a unique component for the various elements. On the other hand, the presence of 
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two components in the Bi binding energy peak in B-type sample confirms the presence of two-

phase components, whose nature has been unveiled through TEM investigation.  

TEM investigation has been used to complete characterization in the complex B-type sample. 

Morphological observation, EF-TEM analysis and SAED patterns of B-type film point to the 

formation of nanocolumns embedded in the growing layer of a different composition. EF-TEM 

analysis indicates that the nanocolumns are iron rich and this finding, combined with results 

obtained from the XRD patterns of B-type and (Bi,Ba)FeO3 films, points to the formation of 

Bi(1-x)BaxFeO3 nanocolumns. The possibility that the nanocolumns may be formed of BaTiO3 

can be ruled out. In fact, even though the BaTiO3 possesses a cubic structure (ac= 4.031 Å, 

ICDD N° 31-0174) or a tetragonal structure (at= 3.994 Å and ct= 4.038 Å, ICDD N° 05-0626) at 

temperature higher than 800 °C, thus the out-of-plane parameter would fit the 4.022 Å value 

found for the nanocolumn, the excess of Fe in the nanocolumn clearly point to the formation 

of (Bi,Ba)FeO3. columns. The defective phase, where the nanocolumns are embedded, has a 

different diffraction.  

It is interesting to compare the out-of-plane parameters derived from TEM with those 

estimated from XRD pattern (Table 3). The good agreement between the two sets of data and 

the difference with the in-plane parameter point to the formation of a tetragonal doped phase 

for the layer at the substrate interface with a c/a ratio of 1.04.  

 

 

 

 

 

 

 

 

On the other hand, squared grains are found in the most external layer of B-type sample, 

having an a-axis parameter of about 3.93 Å. The peak associated with this value is not 

immediately visible in the XRD pattern due to its position being hidden under the low angle 

side of the STO (002) peak at 2θ=46.48°. The nature of this phase is still an open issue. On the 

other hand, this kind of systems are very complex as recently reported by Nan et al., [73] who 

realized BiFeO3-BaTiO3-SrTiO3 solid-solution films where rhombohedral and tetragonal 

nanodomains coexist embedded in a cubic matrix. 

Feature  

In-plane 

axis (Å) 

(TEM) 

Out-of-plane 

axis (Å) (TEM) 

Out-of-plane 

axis (Å) 

(XRD) 

Squared grains 

 

3.941 3.936 3.928 

Columns 4.016 4.022 4.037 

Defective layer 
 

3.988 4.162 4.165 

STO substrate 3.912 3.915 3.905 

Table 3. Comparison of cell parameter value of the B-type sample derived from TEM and XRD measurements. 
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Another comment deserves the non-isovalent nature of doping ions at the A-site or B-site of 

BFO. Nevertheless, in present samples charge compensation is likely to occur due to the 

almost equal amount of Ba2+ and Ti4+ doping ions [74]. 

Morphological characterization through FE-SEM and AFM indicate the formation of a very 

smooth surface (Rrms = 3.3 nm) for the lower Ba doping, i.e. the A-type Bi(1-x)BaxFe(1-y)TiyO3 solid 

solution and a rough surface (Rrms = 16.0 nm) for the higher doping phase, the B-type 

composite Bi(1-x)BaxFeO3/Bi(1-x)BaxFe(1-y)TiyO3. 

The high roughness of the B-type film may be responsible for the absence of piezoelectric and 

ferroelectric response in accordance with data previously reported for BTO33/BFO67 

composite films having a Rrms of 8.5 nm [66]. In the present case, the absence of piezoelectric 

response may be also ascribed to the cubic nature of the upper part of the film. On the other 

hand, the A-type film shows a piezoelectric and ferroelectric behavior with a coercitive voltage 

of 2V.  

These piezoelectric behavior findings are also in accordance with literature data, which report 

the occurrence of the morphotropic phase boundary for a percentage of BaTiO3 between 32 

and 35% [19,75]. 

 

4.6. Conclusion 

The MOCVD approach proved a powerful tool for the fabrication of Ba and Ti co-doped 

BiFeO3 films. An accurate control of processing parameters, in particular the multicomponent 

source mixture ratio, resulted selectively and reproducibly in the formation of two different 

systems: a single-phase solid solution Bi0.8Ba0.2Fe0.5Ti0.5O3 for the A-type sample and a 

nanocomposite for the B-type sample with an average composition of Bi0.6Ba0.4Fe0.6Ti0.4O3, 

formed by Bi(1-x)BaxFeO3 nanocolumns embedded in a Bi(1-x)BaxFe(1-y)TiyO3 phase. To our 

knowledge, this study represents the first report on MOCVD of Ba and Ti co-doped BiFeO3 

films and the presently addressed comprehensive characterization adds a notable tile in the 

overall mosaic of the BiFeO3-BaTiO3 systems. This synthetic approach exemplifies a more cost-

effective process, with respect to previously reported methodologies, and the major 

advantage to be easily scalable. 
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5.  Cobalt doping of BiFeO3 films: optimization of 

the synthetic procedure to selectively grow 

solid solutions or nanocomposites  
 

 
Multiferroics are materials that combine two or more ferroic orders and have been at the 

center of numerous researches because of their potential used in a wide range of fields such 

as sensors, actuators, or electronic memory devices [1]. In the case of data storage, the 

information could be encoded either in the polarization or the magnetization of the material, 

thanks to the interactions between ferroic orders. Such material can store data written by 

applying an external electric field and read those data magnetically (and vice versa), giving the 

potential to better device integration and reduced power consumption. [2] 

Magnetoelectricity (ME) is the name given to the coupling between a material magnetic and 

electric properties. ME makes possible the manipulation of the magnetization by applying an 

electric field or the control of the polarization by applying a magnetic field. The 

magnetoelectric coupling has been reported in single-phase or two-phases composite 

systems. Normally, for a single-phase material to display ME coupling, it implies that 

ferroelectric and ferromagnetic orders are coexisting in this material [2].  

Compared with single-phase multiferroic thin films, two-phase nanocomposite ones have 

advantages regarding compositional flexibility, phase selections and distribution, and 

morphology. Two-phase systems have a strain-mediated magnetoelectric coupling resulting 

from close contact between magnetostrictive (or piezomagnetic) and piezoelectric materials 

(or electrostrictive). The larger the interfacial area between the two phase composite, the 

larger will be the ME coupling observed in the material [2,3].  

In this context, because nanocomposite systems can provide electric control of 

magnetic anisotropy by exploiting the elastic strain transfer from one component to another. 

Perovskite-spinel nanocomposite thin films are of great interest for multiferroic devices due 

to ferroelectric and ferromagnetic properties' coexistence and the observation of 

magnetoelectric coupling between two immiscible phases. The most widely studied examples 

are BiFeO3–CoFe2O4 (BFO–CFO) or BaTiO3–CoFe2O4 (BTO-CFO) [3-6]. 

At room temperature, BiFeO3 (BFO) is a multiferroic perovskite, in a single phase coexist 

ferroelectric (Curie temperature TC ~ 1103 K) and antiferromagnetic (TN ~ 643 K) properties, 

which can persist even at high temperature. The ferroelectric and the antiferromagnetic 

components lead to weak linear intrinsic magnetoelectric properties in the material [2, 7]. 

Among magnetic materials, spinel ferrites are of high interest because of their important 

magnetic response. CoFe2O4 (CFO) is a typical ferrimagnetic oxide with a high saturation 
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magnetization, high Curie temperature, and a large magnetocrystalline anisotropy. Moreover, 

CFO has a large magnetostriction coefficient, making it a promising candidate for its 

integration in nanocomposite to improve the ME coupling with the ferroelectric phase.   

Depending on phase organizations, nanocomposite thin films can be divided into three 

different categories [3,8,9]:  

• 0-3 type nanocomposite films (nanoparticles dispersed in a continuous matrix): their 

synthesis is quite straightforward, but the induced important leakage current makes it 

very difficult to polarize. Moreover, the particle's random distribution in the matrix is 

a challenge to obtain a homogeneous nanocomposite structure.  

• 2-2 type nanocomposite films (consisting of bilayer or multilayer thin films stacks): 

consist of an alternating growth of an epitaxial ferroelectric (ferromagnetic) thin film 

on a ferromagnetic (ferroelectric) film. Such structures are easy to fabricate simply by 

alternating the deposited films, and they also offer a good reduction of leakage 

currents. The main drawback is the clamping effect between film and substrate, which 

may reduce or even suppress in-plane elastic deformation of the film induced by an 

external magnetic or electric field and so degrading the ME coupling. 

• 1-3 type nanocomposite films (aligned nanocolumns within a continuous matrix): can 

be described as a ferroelectric (ferromagnetic) matrix in which ferromagnetic 

(ferroelectric) vertically aligned nanostructure (VAN) is grown epitaxially. Compared to 

2-2 type nanocomposite, 1-3 type are more subjected to leakage current but are less 

impacted by substrate clamping and are expected to have a larger ME coefficient.  

  

BFO-CFO nanocomposites have already been obtained through several synthetic routes 

PLD [3,4,10], sputtering [11], sol-gel [9,12], chemical solutions [13], and obtained in the form 

of powders [13], fibers [14], and thin films. 1-3 type films have been mostly obtained by PLD 

on SrTiO3 (100) [4], but other examples can be found on (110) or (111) [6,10] STO, on (100) 

LaAlO3 single crystal [15], or pre-patterned Si-based substrates [16]. 

MOCVD protocols have been studied to propose the one-step facile MOCVD deposition 

process of BFO-CFO 1-3 type nanocomposite thin films SrTiO3 (100). A mixture of Bi(phenyl)3, 

Fe(tmhd)3, Co(tta)2TMEDA (Htta= 2-thenoyl-trifluoroacetone, TMEDA= N,N,N’,N’-

tetramethylethylendiamine) precursors has been used for all the depositions. Process 

investigation focused on the impact of precursor ratio and mixture vaporization temperature 

on the final films' quality. As it has been done in the previous parts, depositions have been 

carried out for one hour at 750°C in an MOCVD hot-wall reactor, with a single sublimation 

zone. Argon and oxygen have been used as carrier and reactant gas, respectively, with a 

constant 150mL/min flow rate.  

Film morphologies have been controlled by field emission scanning electron microscopy 

(FE-SEM), and limits of the chemical quantification by energy dispersive X-ray analysis (EDS) 

have been commented. Finally, identification has been permitted by X-ray diffraction analysis 
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(XRD) analysis. Atomic force microscopy coupled with piezoresponse force microscopy 

(AFM/PFM) and vibrating sample magnetometry (VSM) have been used to confirm the 

piezoelectric and ferroelectric properties of some films and to investigate their 

magnetizations, respectively. 

5.1. First Approach 

The first approach focused on the deposition of the BiFeO3 and CoFe2O4 phases as two 

independent phases. Two precursor mixtures have been independently designed to deposit 

separately BFO or CFO. 

• For the deposition of BiFeO3 thin films to compensate Bi volatility, the Bi(phenyl)3 : Fe(thmd)3 
molar ratio is : (1: 0.66) 

• For the deposition of CoFe2O4 phase, Co(tta)2(tmeda) and Fe(thmd)3 has been considered as a 
ratio of: (1:2) 

 
Then after the selection of the two based mixture for the deposition, they have been mixed 
at different BFO:CFO molar ratio : 

• 1:1 which is equivalent to a precursor mixture of Bi:Co:Fe → (1 : 1 : 2.66) 

• 1:1.5 which is equivalent to a precursor mixture of Bi:Co:Fe → (1 : 1.5 : 3.66) 

• 1:2 which is equivalent to a precursor mixture of Bi:Co:Fe → (1 : 2 : 4.66) 
 

Considering the amount of different precursors, the vaporized mixture (total weight of 250 

mg) needs to be prepared before each deposition. Making it in advance for several deposition 

is not advisable because this procedure could lead to a bad precursor mixing and an 

uncontrolled stoichiometry in the vaporized mixture and, consequently, in the deposited film. 

For this first method, depositions of four different types are reported (Table 1); the focus was 

on the impact of the BFO:CFO ratio of the vaporized mixture on the deposited thin film 

morphology and structure. 

 
 Table. 1 List of the four different types of film deposited. 

Samples BFO:CFO Tprecursors [°C] 
Sample 1 1:1 130 

Sample 2 1:1 120 
Sample 3 1:1.5 120 

Sample 4 1:2 120 
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X-ray diffraction (XRD) analysis has been used to control the nature of the deposited films and 

to identify if the samples show the characteristics of a BiFexCo(1-x)O3 solid solution or a BFO-

CFO nanocomposites. Film comparison is permitted by taking the substrate STO 002 reflection 

peaks (2θ= 46.485°) as reference. Large θ-2θ scans acquired in Bragg-Brentano configuration 

from 20° to 60° indicates the presence of well out-of-plane oriented films for the four reported 

samples. However, for (1:1.5) and (1:2), the films present a small Bi2O3 parasitic phase 

component. For an easier understanding of the deposited systems, a zoom on the 42° to 48° 

region is reported in Figure 1. The threes samples deposited with the lower BFO:CFO ratio 

show a diffraction peak around 2θ= 45.69° and have been attributed to a BFO like phase. In 

the case of BFO:CFO ratio (1:2), a shift toward lower angles has also been noted (2θ= 45.50°) 

and is combined with the presence of a shoulder at 2θ= 46.24° suggesting the presence of a 

supplementary peak. In this case, no CFO phase has been deposited, but this splitting in two 

peaks suggests the presence of two BFO-like phases in the films. The two BFO:CFO films 

deposited with a (1:1) ratio give the most promising results compared to the other samples. 

With a vaporization temperature of 120°C, a minimal CFO quantity is present in the film. 

However, by raising the vaporization temperature to 130°C, the amount of CFO detected in 

the film increases significantly. With a theoretical CFO (004) diffraction peak at 2θ= 43.06°, 

the peak shift at 2θ= 43.25° indicates an out-off plane compression of the CFO phase. Also, 

the broad shoulder at 44.5° has been previously reported as a stressed BFO phase [17]. 
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Figure 1. XRD θ-2θ diffraction pattern of the 42° to 48° of all the reported samples. 
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FE-SEM observations have been used to explore the film morphologies for the different 

deposition conditions and initial vaporized mixture (Figure 2). From the analysis of the XRD 

patterns, the samples of interest, because of the presence of the CFO phase, are the ones 

obtained with the BFO:CFO ratio of (1:1).  Films obtained with a vaporization temperature of 

120 °C, even if few points with incomplete coalescence are visible, display a very smooth 

surface. At its surface, the small cubic structures diffused in the BFO matrix are attributed to 

CFO. The other (1:1) film deposited with a vaporization temperature of 130°C had a similar 

diffraction pattern but indicated a larger CFO component in the film. Figure 2a shows a similar 

view to Figure 2b: a BFO matrix in which cubic CFO nanocolumns are self-grown, but film 

morphology is more uneven with an increase of coalescence problem. However, columns 

dimension and density across the film is significantly higher with a Tp=130 °C suggesting 

control of CFO phase density through the precise control of the vaporization temperature. For 

BFO:CFO (1:1.5) and (1:2), very similar morphologies have been observed. Films growth is not 

homogeneous, giving poorly coalesced films with high roughness.  

Coupled with FE-SEM investigation, the chemical composition of the film was attempted by 

EDX.. Due to the proximity of Fe Kβ and L line (6.398 keV and 0.705 keV respectively) and Co 

Kα and L (7.059 keV and 0.776 keV), accurate quantification of the two elements is a real 

challenge (Figure 3) and the reported element atomic % does not correspond to the XRD and 

FE-SEM analysis. 

Figure 2. FE-SEM micrographs of the films deposited with the first approach a) Sample 1 b) Sample 2 c) Sample 3 and d) Sample 4. 
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Figure 3. EDX spectra of Sample 4, illustrating the Fe and Co K lines overlap. 

 

5.2. Second approach 

The second approach is similar to what has been done in Chapter 3. for BiFeO3 A-site doping 

with rare-earth elements with a constant vaporization temperature of 120°C. Cobalt ions can 

substitute Fe in the B-site of BiFeO3 perovskite structure and be incorporated in a BiFexCo(1-

x))O3 solid solution. While a first route investigated the vaporization of a BFO and CFO 

combined precursor preparations, the second method used BFO precursors mixture (Bi:Fe --

>1:0.66) as the starting point for the incorporation of Co in the perovskite structure and the 

simultaneous deposition of BiFeO3 and CoFe2O4 phase. 

In this part, three different types of depositions are reported. Synthetic conditions are 

identical between all the reported samples, which differ only in the formulation of the 

vaporized mixture. As seen previously, quantification of Co-doping in the thin film is difficult 

because of the overlap between K and L lines of Co and Fe (Figure 3). To facilitate the results 

discussions, all the reported experiments have been identified by the precursors mixture they 

have been deposited with: 

 
• Sample 1: Bi:Fe:Co → 1: 0.66 : 0.11 

• Sample 2 : Bi:Fe:Co → 1 : 0.66 : 0.17 
• Sample 3 : Bi:Fe:Co → 1 : 0.53 : 0.134 
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The first two depositions have been done maintaining the ideal Bi:Fe ratio (1:0.66) needed to 

stabilize the BFO phase. At the third attempt, it has been decided to deviate from this ideal 

ratio as an attempt to go out of the ideal deposition condition of the BFO phase and see if it 

favors the formation of the CFO phase.  

5.2.1. Structural and morphological characterization  

X-ray diffraction (XRD) technique has been used to characterize the film structure and identify 

the different deposited phases. The XRD θ-2θ scans of films have been acquired in Bragg-

Brentano mode from 20° to 60° and have been compared to study the impact of various Co-

doping (Figure 4a). For better accuracy, all diffraction patterns have been aligned on the 

substrate STO 002 reflection peaks (2θ= 46.485°). The large scan of the films reveals good out-

of-plane orientation in the [001] direction for all the deposited films., only the (1:0.66:0.11) 

contains a superficial parasitic phase of Bi2O3. A closer look at the 42° to 48° region reveals 

more information on the films (Figure 4b). All the deposited systems show one peak around 

pure BFO 002 reflection at 45.69°, indicating a major component of BFO related phase in the 

films. Co-doping increase does not provoke a significant peak shift, but a broadening of the 

BFO 002 reflection is clearly visible for higher doping concentration. Due to the extremely 

close ionic radius of Fe3+ (r6-coord spin low = 0.55 Å and r6-coord spin high = 0.645 Å) and Co3+ (r6-coord spin 

low = 0.545 Å and r6-coord spin high = 0.61 Å) [18] in the case of the deposition of a BiFexCo(1-x)O3 

solid solution a low Co-doping would not significantly distort the BFO structure to induce a 

visible shift in the diffractions peaks. For the (1:0.66:0.11) and (1:0.53:0.134) samples, the 

peak corresponding to the 004 reflection of CFO is observed at 2θ=43.25°. The shift with 

respect to the theoretical value of 2θ=43.06° indicate a compressive strain along the c-axis. A 

broad shoulder at around 2θ=44.5° is present on all the samples. After in-plane 

measurements, a previous study attributed it to strain along the c-axis of the BFO related 

phase [17].   

 
Figure 4. XRD patterns of the films obtained with the second approach: a) Large scan of samples showing high out-of-plane alignment 

and b) 42° to 48° patterns for phases identification.  
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FE-SEM observation of sample morphologies confirmed what has been understood from the 

XRD analysis. For (1:0.66:0.11) the presence of a small number of Bi2O3 superficial squared 

grains on the sample surface is easily identified, while for (1:0.66:0.17) only the mirror-like 

surface is observed. All samples show high homogeneity in their morphology across the whole 

films with a very flat surface with no apparent grains of the BFO matrix. 

In (1:0.53:0.134) sample, the only systems where a clear nanocomposite system was 

deposited according to the XRD pattern, a similar uniform BFO-like matrix is visible, but 50 to 

100 nm squared structure of vertically aligned CFO nanopillars can also be identified. To 

confirm their nature, electron backscattered images of the film is reported in Figure 5d. The 

use of the electron backscattered detector (BSD) helps visualize the film's chemical difference 

thanks to the different atomic composition of its different phases: the heaviest the elements, 

the brightest appears the region. CFO columns containing cobalt, a lighter element with 

respect to bismuth present in BFO, look significantly darker than the BFO matrix, confirming 

the CFO phase's regular distribution in the BFO homogeneous matrix. 

 

Figure 5. FE-SEM micrographs of the reported samples a) (1:0.66:0.11), b) (1:0.66:0.17), c) (1:0.53:0.134) and d) comparison 
between morphology (SE) and density (BSD) in the (1:0.53:0.134) film. 
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5.2.2. Functional characterization 

Not only does BFO-CFO composites possess exciting ME coupling properties, but previous 

studies have demonstrated some significant increase in the magnetic properties in Co-doped 

BFO (solid solution) [19]. Samples of BFO-Co solid solution films and BFO-CFO nanocomposites 

have been sent to Ramesh Lab at University of California, Berkley for functional 

characterization. Following data on the ongoing work have been provided and are used with 

the authorization of Prof. Ramamoorthy Ramesh, Dr. Lucas M Caretta, Dr. Eric Parsonnet, and 

Rustem Ozgur. Studies are still ongoing and aim to characterize ferroelectric, piezoelectric, 

magnetic, and magnetoelectric coupling of the different systems. Preliminary results 

of (1:0.66:0.17) and (1:0.53:0.134) are reported below; the focus has been the confirmation 

of piezoelectric and ferroelectric and on the measurement of samples magnetic 

property. Piezoresponse force microscopy (PFM) has been used to confirm the presence of 

piezoelectric and ferroelectric behavior in the deposited (1:0.66:0.17) film. Out-of-plane 

(Figure 6a) and in-plane (Figure 6d) atomic force microscopy topographic images of large 20 

µm x 20 µm areas have been recorded. The out-of-plane (Figure 6b and c) and in-plane (Figure 

6e and f) piezoresponse and phase difference between the piezoresponse signal and the 

alternating voltage (Vac= 500mV) are also reported. As previously observed by FE-SEM, 

the (1:0.66:0.17) sample displays a very flat and consistent surface. A homogeneous out-of-

plane piezoresponse is measured, and the phase scan shows an extremely uniform response, 

indicating a similar out-of-plane orientation for all the ferroelectric domains. In-plane scans 

reveal more information about in-plane domain distributions; two domains in-plane 

orientations are visible with phase differences of 135° and -135°. The in-plane piezoresponse 

map exhibits the same information as the phase scan, with opposites piezoresponse for the 

two domain in-plane directions.  

 

 

 

 

 

 

Figure 6. Out-of-plane a) AFM topography, b) Phase scan, c) Piezoresponse scan and in-plane: d) AFM topography, e) Phase 
scan and f) Piezoresponse scan. All images are from the (1:0.66:0.17) film. 
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Then, to confirm the possibility of the deposited film ferroelectric properties and visualize its 

domain switching, a writing experiment has been carried out on a smaller region. AFM 

topography scan of the 4 µm x 4 µm area of interest is reported in Figure 7a, and the written 

pattern in Figure 7b. The film was not subjected to any poling process, the following procedure 

has been performed on the “as-deposited” material. The domain switching is caused by the 

application of a bias voltage (between the PFM the tip and the film) of +9V (white area) or a -

9V (black area) (see Figure 7b). After applying the bias voltage, an out-of-plane of the film 

piezoresponse and phase maps have been registered. Piezoresponse mapping shows the clear 

boundaries of the areas where the bias voltages have been applied (Figure 7c). The phase scan 

shows that a clear switch occurred in the films between the areas poled with +9V and -9V, 

with a 220° phase difference (Figure 7d). The film can maintain those two different 

polarizations states, demonstrating the film domain switching and thus confirming its 

ferroelectric nature. 

After assessment of piezoelectric and ferroelectric behavior of the deposited BFO-Co solid 

solution , investigation on the material magnetic properties has been carried out using 

vibrating sample magnetometry (VSM).  Sample (1:0.66:0.17) shows an in-plane 

magnetization of about 30 emu/cc (Figure 8a). Previous studies on Co-doped BFO systems 

deposited by MOCVD on STO report a strong correlation between Co-doping amount/phase 

structure and sample magnetization. Co-doped BFO systems display a significant 

magnetization increase up to a Co-doping of 25%. Above this concentration, rhombohedral 

structure changes to tetragonal, and a decrease of the magnetization was reported. The 

morphotropic phase boundary has been estimated to be between a Co-doping of 20% to 25% 

[19-21].   The nanocomposite (1:0.53:0.134) film has also been investigated by VSM and has 

shown an out-of-plane magnetization, which was expected regarding CFO orientation in the 

material. However, the measured Ms≈27 emu/cc is lower than expected, and further 

investigations need to be done (Figure 8b).  



 

126 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. a) Out-of-plane AFM topography of the studied zone, b) Written pattern with a DC bias voltage of +9V 
(white) and -9V (black). After writing experiment: Out-of-plane c) piezoresponse scan and d) phase scan. 

Figure 8.  Magnetization hysteresis loop obtained by VSM of the a) In-plane (1:0.66:0.17) solid solution sample and b) Out-of-plane 
(1:0.53:0.134) nanocomposite sample. 
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5.3. Conclusion 

Deposition protocols of BiFeO3-CoFe2O4 1-3 type nanocomposite in a single step MOCVD 

process have been successfully investigated. Both reported approaches allowed the 

deposition of VAN of CFO in a BFO matrix. Moreover, BiFexCo(1-x)O3 solid solution has also been 

obtained, allowing us to understand more on the deposition mechanism.  

The first approach shows that precursor vaporization plays a crucial role in tuning the CFO 

dimension and distribution density. However, the use of a large quantity of precursors really 

impacted film quality and a better balance in vaporized mixture stoichiometry is mandatory 

to improve film quality.   

The second approach can be considered softer because it implies a reduced quantity of 

precursors and a lower vaporization temperature to deposit the nanocomposite. Co precursor 

relative concentration to BFO mixture is one of the key parameters to regulate the different 

phase formation. Precise control of the precursors’ ratio helped in the selective growth of 

solid solution or nanocomposite, demonstrating its critical impact on developing high-quality 

films. Clear ferroelectric and piezoelectric behaviors of the solid solution have been observed. 

Magnetization properties of both solid solution and nanocomposite have been measured.  

Further functional characterizations are ongoing in the Ramesh Lab (Prof. R. Ramesh, UC 

Berkley): ferroelectric, piezoelectric, magnetic, and so ME coupling are yet to be investigated. 

For Co-BFO solid solutions, an in-depth study of the Co concentration impact on the material 

properties needs to be carried out.  Then, for BFO-CFO systems, properties depend on both 

the morphologies and the ratio of the BFO and CFO phases, further development in the 

deposition process is of special interest to finely tune the integration of CFO nanostructures. 
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Conclusion 

Within the MSCA-ITN ENHANCE project the present work have been focused on the 

optinisation of the Metal-organic chemical vapor deposition process of lead-free prevoskite 

thin films of multiferroic BiFeO3 systems for hybrid energy harvesting. Materials ferroelectric, 

piezoelectric, pyroelectric and photovoltaic properties have been investigated on Si-based and 

SrTiO3:Nb single crystal substrates. BiFeO3 doping has been extensively investigated and the 

relationship between dopants and functional/structural properties have been exposed. 

In the Chapter 2, we first focused on the deposition of BiFeO3 by MOCVD on silicon 

substrate, with IrO2 acting as a stable, at high-temperature, buffer layerand bottom electrode 

for the film functional characterization. The morphology, density, thickness, and Bi:Fe ratio in 

the films are homogenous on the whole sample surface of 10 mm × 10 mm. The BFO thin films 

show different growth orientations, but no specific relationship has been found between 

orientation and experimental conditions. Various experiments indicate that the optimal 

deposition temperature range is between 650 °C and 750 °C with a fixed argon flow of 150 

mL/min and the use of high oxygen flow, 900 mL/min for 10 min., in order to induce the 

formation of numerous BFO nucleation sites, and 150 mL/min for 50 min. to trigger the growth 

of a denser film with smaller grains when compared to the other investigated conditions. Thus, 

the BFO films can be successfully deposited on Si at a lower temperature and in a more cost-

effective process, with respect to the previously reported methodologies. Moreover, the 

present approach offers the major advantage of being easily scalable and the use of IrO2, as a 

conductive oxide, gives the opportunity for future characterizations and device 

microfabrication. Finally, it can be pointed out that the material quality and production cost 

of lead-free perovskites, as BFO, are key points for the scaling-up development of a new 

generation of hybrid energy harvesting devices. The reported MOCVD approach answers to 

both demands and is compatible with the current technologies.  

Then, to optimize the growth of BiFeO3 on Si (001) and SrTiO3 (100) substrates, a study devoted 

to the deposition of a LaNiO3 buffer layer by MOCVD has been realized. The versatility of the 

MOCVD approach has facilitated the work on multiple precursor systems to define the most 

promising precursor mixture between: La(hfa)3∙diglyme and Ni(acac)2, vaporized at 120 °C; 

La(hfa)3 ∙diglyme and Ni(hfa)2∙diglyme, vaporized at 115 °C; La(hfa)3∙diglyme and 

Ni(tta)2∙TMEDA, vaporized at 130 °C. Substrates were heated up to 750 °C and maintained on 

a 20° susceptor to optimize gas flow on the substrate. The carrier (argon) and reactant 

(oxygen) gas flows were maintained at 150 mL/min. The most promising results have been 

obtained with the precursor mixture of La(hfa)3∙diglyme and Ni(acac)2, which help to stabilize 

the La2NiO4 phase. Other precursor mixture, despite their good thermal behavior, produced 

films with high LaOF contamination. Multiple points for the MOCVD protocol optimizations 

have been proposed and are still under study.  
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Exchange periods in Prof. Paul Muralt’s Lab at EPFL and Prof. Ausrine Bartasyte’s Lab at 

UFC/Femto-ST allowed us to look at the major steps of BiFeO3(poly)/IrO2/Si cantilevers 

microfabrication. Critical points regard the preparation of the vibrational harvester’s 

fabrication and the films’ growth quality. Future improvements of the process are needed to 

reach a functional BFO vibrational energy harvester. Film general quality is crucial and can 

always be pushed forward. We observed a preferential [001]pc growth orientation of BFO on 

IrO2, and it opens a promising route for the development of highly textured BFO film on Si-

based substrates by MOCVD. Finally, the main failure cause has been attributed to significant 

leakage current in the samples; working with doped-BiFeO3 films and post-process treatment 

would be one of the ways to reduce them.  

In Chapter 3, we focused our investigation on the A-site doping of the BiFeO3 with 

elements from the lanthanides’ series. This approach has been selected because of the 

simplicity with which it can be adapted and included in an MOCVD single-step methodology, 

with respect to other strain-controlled properties or post-process treatments to fine-tune 

material properties.  

The first doping element of interest has been the dysprosium, with as main interest the study 

of Bi1−xDyxFeO3 (x = 0, 0.06, 0.08 and 0.11) thin films deposited on STO:Nb (100) through an 

industrially appealing  MOCVD route. Our goal was to determine if dense films of undoped 

and Dy-doped BiFeO3 may be integrated as a lead-free pyroelectric energy harvester. Thus, 

the ferroelectric, dielectric, and pyroelectric properties of pure BiFeO3 and solid solution of 

Dy-doped BiFeO3 thin films have been investigated. An extraordinary high pyroelectric 

coefficient of 188 µC/(m² K) has been found for the undoped BFO film, an indication of the 

possible self-poling and the high quality, of the epitaxial films grown by MOCVD. Dy3+ 

substitution has been shown to lead to a large increase of pyroelectric properties with respect 

to the undoped system. A giant value of the pyroelectric coefficient of 426 µC/(m² K) has been 

achieved for the 8% Dy3+ doping. Above this concentration, pyroelectric properties start to 

degrade. The presently found pyroelectric coefficients are significantly higher than those 

reported in the literature and the figure of merit values for energy harvesting are impressively 

promising.  In fact, the obtained FE value of 82 J/(m3 K2) for the BDFO-8% sample is a striking 

improvement with respect to the previously highest reported value of FE  = 17 J/(m3 K2 ) for a 

Bi1-xSmxFeO3 ceramic sample. Additionally, Dy-doping influence on material bandgap and 

piezoelectric response has been checked. In-depth structural characterisations by XRD and 

Raman spectroscopy were done to  assess film quality and report structural changes caused 

by the Dy-doping. The very appealing and excellent properties reported in this part indicate 

that the presently reported, straightforward MOCVD synthetic route produces high-quality 

epitaxial BFO and BDFO thin films, which may be envisaged as lead-free materials of choice 

for pyroelectric energy harvesting. 

The second and third doping elements investigated for the tuning of BiFeO3 properties have 

been neodymium and ytterbium. Pure BiFeO3 and solid solutions of Bi1−xNdxFeO3 (x = 0.07, 

0.09, 0.145 and 0.245) and, Bi1−xYbxFeO3 (x = 0.09, 0.12, 0.14 and 0.30) have been prepared by 
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MOCVD on 1 cm x 1cm STO:Nb (100) conductive substrate. Prepared samples have been sent 

to Dr. David Munoz-Rojas and Abderrahime Sekkat at Laboratoire des Matériaux et du Génie 

Physique (LMGP) to investigate the photovoltaic properties of the deposited materials. 

Moreover, the impact of doping on film morphologies, structure, and bandgap have been 

carried out. Preliminary results show the moderate influence of Nd-doping on BiFeO3 

properties even though it helps reducing leakage current. According to the bandgap 

measurements made, Yb-doping seems to have a more defined impact on the film 

photovoltaic response. 

The fourth and last of the lanthanides used to substitute Bi3+ ions in the BiFeO3 perovskite 

structure was samarium. Interest in this doping was brought to us by Prof. R. Ramesh, 

University of California Berkeley.  An MOCVD approach, similar to those previously described, 

has been used to prepare thinner 100-150 nm films of pure BiFeO3 and Bi1−xSmxFeO3 (x = 0.09, 

0.12, 0.14 and 0.30) solid solutions. Classic morphological and structural characterization has 

been reported. Ferroelectric and piezoelectric characterizations are still ongoing.  

In Chapter 4, the MOCVD approach proved to be a powerful and flexible tool for the 

fabrication of Ba and Ti co-doped BiFeO3 films. Accurate control of processing parameters, in 

particular the multicomponent source mixture ratio, resulted selectively and reproducibly in 

the formation of two different systems: a single-phase solid solution Bi0.8Ba0.2Fe0.5Ti0.5O3 and 

a nanocomposite sample with an average composition of Bi0.6Ba0.4Fe0.6Ti0.4O3, formed by Bi(1-

x)BaxFeO3 nanocolumns embedded in a Bi(1-x)BaxFe(1-y)TiyO3 phase. To our knowledge, this study 

represents the first report on MOCVD of Ba and Ti co-doped BiFeO3 films, and the presently 

addressed comprehensive structural and compositional characterizations add a notable tile in 

the overall mosaic of the BiFeO3-BaTiO3 systems.  

In Chapter 5, we presented the development of two single-step MOCVD deposition 

protocols of BiFeO3-CoFe2O4 nanocomposite and BiFe1-xCoxO3 solid solutions. Both approaches 

allowed the deposition of VAN of CFO in a BFO matrix and Co-doped BFO films. A careful 

investigation allowed us to identify key mechanisms in the selection of the growth phases. We 

saw that the large quantity of precursors impacted film quality and that precursor vaporization 

plays a crucial role in tuning the CFO distribution across the film. Precise control of mixture 

stoichiometry and more specifically Co precursors relative concentration to Bi and Fe helped 

in the selective growth of solid solution or high-quality nanocomposite films. Clear 

ferroelectric and piezoelectric behaviors of the solid solution have been observed, and 

magnetization properties of both solid solution and nanocomposite have been assessed. 

Further functional characterizations are ongoing at Ramesh Lab (UC Berkeley) with indepth 

studies of ferroelectric properties, piezoelectric and, magnetic properties, and ME coupling.  
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Appendix 1 
 

Summary Table of photovoltaic properties of BiFeO3 systems 

Materials & Heterostructures 
Orientati

on 

Open 

circuit 

voltag

ec Voc 

(V) 

Short 

circui

t 

curre

nt Isc 

(pA) 

Short 

circuit 

current 

density 

Jsc 

(mA/cm

2) 

Irradiation 

λ 

(nm)/inten

sity  

(mW/cm2) 

PCE (%) 
EQE 

(%) 

Comme

nts 

Referen

ce 

Single crystals 

BaTiO3 (AFM tip electrode) 1  22.8 36.3 405 / 100  1.11 BPVE [1] 

BaTiO3 (AFM tip electrode) 1  47.6 75.8 405 / 160  1.45 BPVE [1] 

BaTiO3 (AFM tip electrode) 1  69.8 111,1 405 / 275  1.24 BPVE [1] 

BaTiO3 (AFM tip electrode) 1  178.7 284.4 405 / 470  1.85 BPVE [1] 

BaTiO3 (AFM tip electrode) 1  12 19.1 
AM1.5 G / 

100 
4.8  BPVE [1] 

ITO/PMN-PT doped with 0.5 

mol % WO3 /ITO 
 ~0.2   406 /260    [2] 

Au/BFO/Au   0.007

5 
 532 /    [3] 

Pt/BFO /Pt 110 13  0.001 405  3x10-5  [4] 

Ceramics 

BaTiO3 + 5wt.% CaTiO3 (Au 

electrode) 
 ~70  ~10-7 

Mercury arc 

lamp/10 
   [5] 

KNbO3-Ba(Ni1/2Nb1/2)O3 

ceramic (ITO electrode) 
 ~7x10-

4 
 ~10-4 

halogen 

lamp/4 
   [6] 

ITO/BFO /Au  0.58  0.005 405 /10 0.005 0.16 
(p-n 

junction) 
[7] 

ITO/(Bi1 − xSmx)FeO3 /Au  0.7  0.094 405 /10 0.25 3 
(p-n 

junction) 
[7] 

ITO/BFO3Nd /Au (d= 0.15 

mm) 
 0.77  0.045 405 /~10 0.08 1.4 

(p-n 

junction) 
[8] 

ITO/BFO5Nd /Au (d= 0.15 

mm) 
 0.72  0.127 405 /~10 0.24 4 

(p-n 

junction) 
[8] 

ITO/BFO7Nd /Au (d= 0.15 

mm) 
 0.73  0.139 405 /~10 0.32 4.4 

(p-n 

junction) 
[8] 

ITO/BFO10Nd /Au (d= 0.15 

mm) 
 0.71  0.067 405 /~10 0.09 2.1 

(p-n 

junction) 
[8] 

Au/BFO/Au    0.0075 532 / <20    [3] 

ITO/BFO3Nd/Au (d = 

0.10mm) 
 0.87  0.098 405 / 91 

0.25 mac 

(I=2.4mW/c

m2) 

0.33  [8] 

ITO/BFO3Nd/Au (d = 

0.15mm) 
 0.86  0.076 405 / 91 

0.23  

(I=2.4mW/c

m2) 

0.26  [8] 

ITO/BFO3Nd/Au (d = 

0.20mm) 
 0.89  0.067 405 / 91 

0.23  

(I=2.4mW/c

m2) 

0.23  [8] 

ITO/BFO5Nd/Au (d = 

0.10mm) 
 0.78  0.388 405 / 91 

0.82  

(I=2.4mW/c

m2) 

1.31  [8] 

ITO/BFO5Nd/Au (d = 

0.15mm) 
 0.8  0.317 405 / 91 

0.7  

(I=2.4mW/c

m2) 

1.07  [8] 

ITO/BFO5Nd/Au (d = 

0.20mm) 
 0.76  0.296 405 / 91 

0.28  

(I=2.4mW/c

m2) 

1  [8] 
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ITO/BFO7Nd/Au (d = 

0.10mm) 
 0.9  0.344 405 / 91 

0.76 

(I=2.4mW/c

m2) 

1.16  [8] 

ITO/BFO7Nd/Au (d = 

0.15mm) 
 0.82  0.35 405 / 91 0.75 1.18  [8] 

ITO/BFO7Nd/Au (d = 

0.20mm) 
 0.87  0.186 405 / 91 0.59 0.63  [8] 

Pt/(Bi0.85;Pr0.15)FO/ITO         [9] 

Thin films 

Pt/PZT(52/48)/Ni  0.8  6x10-5 300-390 /1    [10] 

Pt/PZT(20/80)/Pt Poly.   0.008 350-450/10    [11] 

ITO/PZT(53/47)/ITO Poly. 0.25  5x10-6 632 / 0.45 0.22   [12] 

LSMO/PLZT(3/52/48)/Nb:ST

O 
-100 0.71  ~2x10-3 

365 / 

0.0|587 
~0.05   [13] 

LSMO/PLZT(3/52/48)/Nb:ST

O 
-100 0.71  ~1x10-3 365 / 0.8563 ~0.28   [13] 

ITO/BFO/SrRuO3/ SrTiO3 -1 0.3  4x10-4 435 / 0.75    [14] 

Pt/BFO/Pt  20  0.05 375 /100    [15] 

ITO/Bi2FeCrO6/Nb:STO  ~0.6  ~0.11/0.

99 
635 / 1.5  ~0.8 

/6 
 [16] 

ITO/PZT/Cu2O/Pt  0.4  4.5 
AM1.5G / 

100 
0.57   [17] 

glass/ZnO:Al/BiFeO3/La0.67Sr

0.33CoO3 
 0.22  4 

white light / 

1% of 

normal sun 

light 

   [18] 

Pt/BFO/SrRuO3 Poly. 0.08  0.063 
white light / 

100 
   [19] 

0.9(BiFeO3)–

0.1(YCrO3)/Pt/TiO2/SiO2/Si 

(bottom-up electrode) 

Poly. 0.51  0.00148 
white light / 

100 
   [20] 

0.9(BiFeO3)–

0.1(YCrO3)/Pt/TiO2/SiO2/Si 

(lateral electrode) 

Poly. 0.32  0.44x10-

3 

white light / 

100 
   [20] 

Pt/BFO/STO 111 3.9  0.262x1

0-3 
100    [21] 

Pt/BFO/STO (poled) 111 17.8  0.3x10-3 

Sun light 

simulator / 

100 

   [21] 

Nb:STO/BFO/Au 1 0.04  6 
white light / 

285 
0,03   [22] 

AZO = Al-doped Zn/ 

BiFeO3/F- doped SnO2 = FTO 
Poly. 0,63  0,13 

AM1.5G / 

100 
2.0810^-2 

7 max 

(λ= 

488n

m) 

 [23] 

Fe/BFO/LSMO/STO 1 0,21  6x10-4 "light" / 20    [24] 

Graphene/BFO/Pt/Ti/SiO2/Si Poly. 0.44  0.025 
AM1.5G / 

100 
   [25] 

Graphene/BFO/Pt/Ti/SiO2/Si 

(After HNO3 treatment) 
Poly. 0.2  2.8 

AM1.5G / 

100 
   [25] 

ITO/BFO/Pt Poly. 0.1  0.0025 X / 0.45 0.125   [26] 

Pt/BFO/Pt 1 16  0.12 
white-light / 

285 
   [27] 

ITO/BFO/SRO 1 0.8  1.5 
AM1.5G / 

285 
 

10 (λ 

= 325 

nm) 

 [28] 

Pt/BSFCO/Pt Poly. 0.9  5x 10-5 
white light / 

100 
   [29] 

Au /Na0.5Bi0.5FeO3/TiO2/ITO 

glass 
Poly. 0.394  4.63x10-

3 

AM1.5G / 

100 

0.0006 

(maximum 

of 0.0075 

  [30] 
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with 7 V 

pre-polar)) 

Au /BFO 

/(111)Pt/TiO2/SiO2/Si(100) 

(Anneal under air and poled) 

Poly. 0.45  FIG. 5. 
250 to 2500 

/166 
   [31] 

Au /BFO 

/(111)Pt/TiO2/SiO2/Si(100) 

(Anneal under O2 and poled) 

Poly. 0.14  FIG. 5. 
250 to 2500 

/166 
   [31] 

Au /BFO 

/(111)Pt/TiO2/SiO2/Si(100) 

(Anneal under N2 and poled) 

Poly. 0.13  FIG. 5. 
250 to 2500 

/166 
   [31] 

Au /BFO 

/(111)Pt/TiO2/SiO2/Si(100) 

(Anneal under air and poled) 

Poly. -0.47  FIG. 5. 
250 to 2500 

/166 
   [31] 

Au /BFO 

/(111)Pt/TiO2/SiO2/Si(100) 

(Anneal under O2 and poled) 

Poly. -0.2  FIG. 5. 
250 to 2500 

/166 
   [31] 

Au /BFO 

/(111)Pt/TiO2/SiO2/Si(100) 

(Anneal under N2 and poled) 

Poly. -0.14  FIG. 5. 
250 to 2500 

/166 
   [31] 

CuSCN and senstise with 

N719 / BFO/ZnO/FTO 
Poly. 0.51  1.4 

AM1.5G / 

100 
0.38   [32] 

CNT/BFO/Pt Poly. 0.47  2.10E-3 
AM1.5G / 

100 
2.2x 10-4   [33] 

Pt/BFO/STO 001    405 nm 

laser 
  BPVE [34] 

BFO/Pt/TiOx/SiO2/Si Poly. 0.24  2.00E-4 450 / 1.0 

Power 

density 

25nW/cm2 

 (p-n 

junction) 
[35] 

Al-doped ZnO BFO 

bilayer/Pt/TiOx/SiO2/Si 
Poly. 0.45  0.15 450 / 1.0 

Power 

density 

20μW/cm2 

 (p-n 

junction) 
[35] 

Pt/TiO2/BFO/ITO Poly.   -0.46 
Xe-lamp 

/100 
   [36] 

Au/BFO/FTO (Anealing 

450°C) 
Poly. 0.09  0.96 365 / 250    [37] 

Au/BFO/FTO (Anealing 

500°C) 
Poly. 0.7  1.11 365 / 250    [37] 

Au/BFO/FTO (Anealing 

550°C) 
Poly. 0.15  4.58 365 / 250    [37] 

Au/BFO/ITO -1 0.2  0.06 375 / 630    [38] 

Ag/BFO/FTO Poly. 0.25  0.02 
Xe lamp / 

100 
0,00075   [39] 

Ag/BFO (Nd-Cr co-doped) / 

FTO 
Poly. 0.8  0.16 

Xe lamp / 

100 
0.0262   [39] 

Ag/BFO/FTO Poly. -0.16  0.0204 405 / 200    [40] 

Ag/(Bi;Ca)CFO/FTO Poly. -0.36  0.646 405 / 200    [40] 

Ag/(Bi;Ca)CFO/FTO Poly. 0.11  0.116 405 / 200    [40] 

Au/(Bi;Nd)FO/ITO Poly. ~0.7  0.5 405 / 0.82   [41] 

Au/BFO/ITO Poly. ~0.7  0.014 405 /    [41] 

ITO/AuNPs/BFO/FTO Poly. 0.2  0.0053     [42] 
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ITO/AuNPs/Bi0.85La0.15FeO

3/FTO 
Poly. 0.3  0.0185     [42] 

Au/RGO/BFO/TiO2/Pt/TiO2/

SiO2/Si 
Poly. 0.814  5.17 

AM1.5G / 

100 
3.11   [43] 

Nanomaterials 

Ag/ (Pr-Cr) BFO NTs/Ag Poly. ~0.20   405 / 91    [44] 

Ag/ (Pr) BFO NTs/Ag Poly. ~0.22   AM1.5G / 10 0.5 max   [44] 

Ag/ (Cr) BFO NTs/Ag Poly. ~0.12   AM1.5G / 10 0.106 max   [44] 

Ag/ BFO NTs/Ag Poly. ~0.15   AM1.5G / 10 0.207 max   [44] 
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Appendix 2 
 

Summary Table of piezoelectric coefficients for BiFeO3 systems 

Material & 

Heterostructure 

Orientation 

(pseudocubic) 

Piezoelectric coefficients  

[pC/N] 

Dielectric 

constant 
K2 Ref. 

Films 

BiFeO3 Poly.  At 1MHz Ꜫr=107  [1] 

BiFeO3 (001) d33= 70 180  [2] 

BiFeO3 Poly. d33=50   [3] 

BiFeO3 Poly. d33= 90   [4] 

Bi1-xTbxFeO3 (BTFO) Poly. At x=0.11;  d33=140   [4] 

BiFeO3 (001) and (110)  At 100Hz Ꜫr=200  [5] 

La-doped BiFeO3 (001) and (110)  At 100Hz Ꜫr=300  [5] 

(1-x)BiFeO3–xBiCoO3 (x = 

0-0,30) 
(001) d33=100 at x=0,1   [6] 

BiFeO3 (001) d33=51   [6] 

BiFeO3 (001) and (111) 
e31,f= -3,5 C/m² (001) e31,f=-1,3 

C/m² (111) 

At 10kHz Ꜫr=122 

for (001) and 

Ꜫr=58 (given from 

the Ꜫ33) 

 [7] 

BiFeO3 (001) d33= 50   [8] 

BiFeO3 (100) d33 = 17 and d33 = 22   [9] 

BiFeO3 (100) d33= 58 ; e31,f= -4 C/m² At 100kHz = 130  [10] 

BiFeO3 (100) e31,f= -4,3 C/m² ~150  [11] 

BiFeO3 (100) e31,f= -3,6 C/m² At 100Hz Ꜫr=150 
K²=0,1% ; k²31,f 

= 6,0% 
[12] 

Ceramics 

Na0.5K0.5NbO3–BiFeO3 (1-

2% of BFO) 
 185  Kp=46% [13] 

(1−x−y)(Bi0.5 Na0.5 TiO3)–

x(Bi0.5K0.5 TiO3) – y (x = 

0.18; y = 0.03) 

 170  Kp=0,366 [14] 

(1-x)BiFeO3–xBaTiO3 Mn 

doped 
 d33=116  (x= 0,25) 

At 1kHz Ꜫr = 557  

(for x= 0,25) 
 [15] 

(1-x)BiFeO3–xBaTiO3 Mn 

undoped 
 d33=47 (x= 0,25) 

At 1kHz Ꜫr = 605  

(for x= 0,25) 
 [15] 

(0.6)BiFeO3–(0.4)PbTiO3  

d31=-41.6 ; d33= 49,1; d15=211,4; 

dh= 132,4; g31=-9,65 x 10-3 Vm/N ; 

g33=-12.3 *10-3 Vm/N ; g15=40,2 

*10-3 Vm/N ; e31=8,7 C/m; 

e33=9,16 C/m ; e15=6,62 C/m; 

Ꜫt33/Ꜫ0 = 488 ; 

ꜪS33/Ꜫ0 = 404,2 ; 

Ꜫt11/Ꜫ0 = 594 ; 

Ꜫs11/Ꜫ0 = 436 

kp = -0,3 ; k31 = 

-0,18; k33=0,23 

; k15=0,52; kt= 

0,14 

[16] 

0.65BiFeO3–0.35BaTiO3  d33= 104   [17] 

(1-y)BiFe1-x(Mg0.5Ti0.5)xO3 – 

y BaTiO3  (y=0.29, x=0-

0.12) 

 155 (x=0.03 BFMT-BT)   [18] 
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(1-x)BiFeO3–xBaTiO3 

(x=0,3) 
 d33= 134  860 Kp=0,29 [19] 

Mn- and Cu-doped 

BiFeO3–BaTiO3 
 165  Kp=0,32 [20] 

(0.7-x)BiFeO3–0.3BaTiO3-

xLaFeO3 (x = 0–0.2) 
 for x=0 d33=80; for x=0,025 d33=244 

and d33max=350 

At 1MHz with 

x=0.025 Ꜫr=406 
 [21] 

x Li2CO3-doped BiFeO3-

BaTiO3-Bi(Zn0.5Ti0.5)O3  

(x= 0.3 mol%)  

 184  Kp = 0.357 [22] 

BiFeO3  151 673  [23] 

BiFeO3-PbTiO3-BaTiO3 (x 

= 0.21) 
 150 At 1kHz Ꜫr = 479  [24] 

BiFeO3-PbTiO3-BaTiO3 (x 

= 0.23) 
 222 At 1kHz Ꜫr = 545  [24] 

BiFeO3-PbTiO3-BaTiO3 (x 

= 0.25) 
 149 At 1kHz Ꜫr = 496  [24] 

La-doped BiFeO3–BaTiO3  

(1.5BaLa) 
 340   [25] 

La-doped BiFeO3–BaTiO3  

(1.0BaLa) 
 297   [25] 

Bulk 

BiFeO3  d15 = 27.6; d31 = 12.67; d33 = 18   [26] 

Nanofibers 

BiFeO3 Poly. d33 = 11   [27] 
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