In this context, the main objectives of this thesis are (i) to develop a strategy for the epitaxial growth of ferroelectric films, like PZT and PMN-PT (ii) to evaluate the piezoelectric properties of the as-deposited epitaxial films by realizing some simple MEMS devices, such as membranes and cantilevers and (iii) to verify if the performances of monocrystalline piezoelectric layers are increased compared to the polycrystalline layers. We have focused our researches on Si(001) substrate with SrTiO 3 buffer layer and SrRuO 3 bottom electrode, since these two oxides have the same perovskite ABO 3 crystal structure and lattice constants similar to the ferroelectric materials we studied. PZT and PMN-PT have been grown on Si substrate using sol-gel method since the sol-gel method is the easiest way to homogeneously spread ferroelectric films on a large inch Si wafer with compatibility of standard cleanroom technologies.
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General Introduction

Due to their intrinsic piezoelectric properties, ferroelectric films naturally become promising materials for micro electromechanical system (MEMS) devices, especially for those lead-based ferroelectric oxides which possess large piezoelectric coefficients and tunable chemical compositions. Modern electronics and the tendency of monolithic packaging increasingly require the silicon-based integration of ferroelectric films in order to reduce the manufacture cost, increase the sensitivity, and assemble different functional components into one single chip. The most commonly used heterostructure in the industry is traditionally based on platinized silicon substrate, which provides low resistivity as a bottom electrode and relatively robust chemical stability on silicon. However, ferroelectric films usually have lower performances on Si than its bulk counterpart due to many defects induced by the substrate and the growth conditions. Continuous development of MEMS devices requires better quality films to achieve high performances, leading to increasing researches on the optimization of growth process and to developing the innovative heterostructures during recent years.

A high quality oxide film on Si is also required, not only for piezoelectricity but also for other applications of oxide films, involving a wide range of dielectric, pyroelectric and optical properties, such as FeFET (Ferroelectric Field Emission Transistor), FeRAM (Ferroelectric Radom Access Memory), infrared sensors, and light modulators. Although platinized Si substrate is often used in the industry, its own drawbacks, such as polycrystalline structure, dead layer, pyrochlore phase, will prevent further promotion of its piezoelectric and other properties. The strategy that replaces by an oxide-terminated Si substrate, like YSZ (Yttrium-Stabilized Zirconia), TiO 2 , SrTiO 3 , to grow epitaxial piezoelectric films has been proposed to check if the properties could be enhanced. Actually, the technical obstacle hindering the heteroepitaxy of oxide films is the formation of native silica layer on Si. In 1998, a commensurate SrTiO 3 /Si interface was successfully obtained using Molecular Beam Epitaxy (MBE) technique. MBE system having extremely high vacuum allows a precise control of the interface, composition and thickness of growing structures at atomic level. Based on such oxides/Si substrate, heteroepitaxy of functional materials, such as III-V, Ge, and also the perovskite ferroelectric oxides, could be available by different deposition techniques. High performances and large piezoelectric coefficients of such epitaxial ferroelectric films have been already demonstrated by different MEMS devices using this new heterostructures.
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-3 -electrode, the ferroelectric properties of PZT films are evidenced by the electrical measurement. Moreover, in this chapter the optimal deposition of SrTiO 3 and SrRuO 3 films are also addressed.

In Chapter 4, another ferroelectric material, i.e. 0.9Pb(Mg 1/3 Nb 2/3 )O 3 -0.1PbTiO 3 (PMN-PT) which is a typical relaxor ferroelectric, will be discussed as concern its epitaxial deposition and characterizations. The epitaxial PMN-PT film is successfully deposited by sol-gel method on SrTiO 3 /Si(001) without the help of a seeding layer. Electrical measurements based on SrRuO 3 bottom electrode and infrared transmission spectroscopy demonstrate a diffused phase transition across a large range of temperature for the epitaxial PMN-PT film, which we attribute to the existence of residual stress in the film.

The microfabrication process of simple MEMS devices, i.e. cantilever and membrane, based on epitaxial PZT films will be presented in Chapter 5, including the mechanical characterization and the simulations. Due to the lack of a reliable bottom electrode at the beginning of this elaboration, PZT/SrTiO 3 /Si stack is used for fabrication of membranes which is realized by back-etching of Si substrate to access the bottom of the PZT film. PZT films deposited on SrRuO 3 /SrTiO 3 /SOI (silicon-on-insulator) are used for fabrication of cantilevers whose thickness is simply defined by the SOI structure. Piezoelectric response under a given dc voltage is characterized by interferometer for both cantilever and membrane structures.

Hysteresis loop evidences a real piezoelectric effect exerting on the MEMS devices. Besides, simulations by finite element method and analytical modeling are performed to study the characterization results. 

I.1) Piezoelectric MEMS overview

As a new technical discipline born in 1980s, piezoelectric MEMS (Micro-ElectroMechanical System) become a rapidly evolving area in the research and development of MEMS filed. The basic principle of piezoelectric MEMS is based on the intrinsic electromechanical coupling effect of piezoelectric materials to transform the energies between electrical and mechanical forms. In piezoelectric materials, elastic strain is induced by application of an electric field (converse effect), or electric charges appear on the surfaces of a piezoelectric element (direct effect) upon application of an elastic stress. This exclusive advantage of piezoelectric materials promotes the requirement of MEMS sensors and actuators in many applications, such as ultrasonic transducer [1] , accelerometer [2,3] , micro pump [4] , gas sensors [5] , and energy harvesting [6] . For most of the applications, the use of bulk piezoelectric materials has already existed for a long time. The miniaturization of piezoelectric devices into MEMS scale is primarily promoted by the requirement of exchanging minimal amount of energy and obtaining improved performances, like higher resonance frequencies, low operation voltages, and high sensitivities. Various illustrative applications of piezoelectrics MEMS are listed in Table I.1:

Table I.1 -List of some piezoelectric MEMS devices.

Sensors

Actuators RF MEMS Others

Mass sensor [7] Pressure sensor [8] Hydrophone [9] Microphone [10] Accelerometer [11] Gyroscope [12] Infrared detector [13] Piezoelectric micromachined ultrasonic transducers (pMUTs) [14] Micro mirror [15] Micro pump [16] Micro valve [17] Printhead [18] Ultrasonic motor [19] Camera autofocus [20] Contact switches [21] Signal filters [22] Tunable capacitor [23] Bulk acoustic resonator [24] Optical modulator [25] Energy harvesting [26,27] Sensors and actuators represent two principal categories of piezoelectric MEMS devices.

Typically, piezoelectric sensors are configured as direct mechanical transducers by using direct piezoelectric effect to generate an electrical output signal, or as resonators for which the resonance frequency and amplitude are influenced by input physical quantities. Taking mass sensor as an example, a surface acoustic wave is usually generated on piezoelectric film by applying ac voltage. Absorbed particles on the surface can shift the resonance frequency of the acoustic wave. By sweeping the frequency, the frequency shift is detected and consequently the mass of the absorbed particles is measured. Piezoelectric actuators are commonly designed in either bimorph or expansion structure to obtain the elastic displacement. In the former one, bimorph structure with piezo-active layer and piezo-inactive elastic layer is used to amplify the Chapter I -Physical principles and motivations -7 -in-plain piezoelectric strain into beam deflection [28] . The design of bimorph structure can be a beam, like in a contact radio frequency (RF) switch or a membrane, like in a micro pump. In a contact RF switch, piezoelectric beam is used to perform the mechanical movement to switch

between short and open circuits. Such RF switch operates with a low insertion loss at GHz band thanks to the high-quality factors [21] , which provides tremendous advantages over GaAs and silicon switching devices. In expansion structure, mechanical displacement is obtained directly from longitudinal electric-field-induced strain [29] . Therefore, the structure has a relatively simpler design compared to bimorph structure, but a smaller displacement. Another application can be found in optical modulation by using various electro-optic properties of piezoelectric materials.

Usually, piezoelectric materials have good electro-optic switching times and modest half-wave voltages, especially for relaxor ferroelectrics, so that the phase, amplitude, frequency or polarization of a light beam can be modulated at the GHz band [30] . Energy harvesting using piezoelectric MEMS is another emerging technology that was developed in the late 1990s, where the piezoelectric materials convert the environmental vibrations, like seismic vibrations and acoustic noise, into electrical energy. The produced power (few mW) is usually sufficient for most of handheld devices and passive sensors. Wang et al published their work in 2006 on piezoelectric nano-brushes which can be integrated into clothes to harvest the energy of human motions [27] .

Piezoelectricity is not the only choice for MEMS devices. Other physical principles, like electrostatic interaction [31] , thermomechanical bimorph effect [32] , and magnetostrictive effect [33] , are also available in MEMS design. Due to its relatively simple fabrication process, electrostatic MEMS has been successfully commercialized for different kinds of actuators [34] , as also for sensors [35] and transducers [36] . Even with the disadvantage of nonlinearity, electrostatic devices can reach an electro-mechanical coupling coefficient k 2 of 100% in small signal limit [37] , which is larger than that of piezoelectric effect. Another competing technology is thermomechanical bimorph effect, which utilizes the difference of in-plane thermal expansion of two parallel layers to generate the deflection in the cantilever or membrane [38] . However, this effect is naturally of high power consumption due to the large heat dissipation. Further possibilities are magnetostrictive and electromagnetic effects, but they require a special coil structure and the resistive loss is inevitable. But for those applications where a remote power supply is mandatory, they remain of the preferred choice [39] . Compared with other physical principles employed in MEMS, piezoelectricity has following advantages for applications:

(1) Large actuation force and low operating voltage: Many ferroelectric materials, like leadbased ferroelectrics Pb(Zr x Ti 1-x )O 3 (PZT) [40] , possess large piezoelectric coefficients (either d 33 or e 31 ) which can generate large force actuation and large displacement, especially by

Chapter I -Physical principles and motivations -8 -using the curvature of bimorph structure. Piezoelectric thin film actuators can be driven by high-frequency circuit to enable high contact force, high restoring force, and temperaturestable switches operating at ≤10 V thanks to their high dielectric constants [41] . Although such low-voltage actuation switches have been realized using electrostatic actuation, these actuators lack the restoring force necessary for long cycle lifetimes.

(2) Low dielectric loss, namely high efficiency and high quality factor Q: Indeed, the performance of piezoelectric MEMS largely depends on the film quality, like crystalline quality, formation of dead layer, chemical stoichiometry, presence of charge traps, etc., which is strongly affected by the fabrication process. Varieties of deposition technologies are available to deposit high-quality piezoelectric films with different heterostructure designed for specific requirements. Using optimal growth condition, piezoelectric films with low insertion loss, high piezoelectric coefficients, and high quality factor Q, can be achieved.

(3) High-speed and high-frequency operation: Shrinking dimension of MEMS devices down to µm-level provides the possibility to work at the frequency range from high MHz to low GHz, i.e. RF band. Resonance frequency of piezoelectric RF MEMS is mainly determined by lithography through the shape of both the electrode and piezoelectric components. Using the non-linear part of the piezoelectric response such resonance frequency can be dynamically tuned by applying dc bias voltage. On the other hand, the high-frequency losses of films may be smaller than those of bulk materials if crystalline orientation and domain wall mobility are controlled during thin film deposition. Moreover, it was demonstrated that, using the interface of two materials with different piezoelectric coefficients, THz acoustic wave can be possibly detected [42] , which largely widens the frequency domain of the piezoelectric MEMS.

(4) Linear piezoelectric response between electric signal and elastic stress: In most cases, piezoelectric response maintains linear relationship between electric signal and elastic stress. The linear effect largely simplifies the design of piezoelectric MEMS and electronic controller. On the contrary, the nonlinear electrostatic effect is determined by both electric voltage and the distance between two electrodes. The so-called "pull-in" instability must be carefully considered during the design since the applied voltage could exceed a certain critical voltage and induce a short circuit [43] .

(5) The possibility to scaling down to Nano-ElectroMechanical System (NEMS): Piezoelectric NEMS with smaller dimension results in higher frequency, higher quality factor and ultrahigh sensitivity compared with MEMS counterpart. For instance, based on a nanoscale
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-9 -piezoelectric beam, the attogram-scale mass, like protein molecule, can be measured by using beam resonance [44,45] . The enhanced performances in NEMS provide the opportunity to perform new experimental researches in the fields, like medical testing and biological research.

Figure I.1 -Monolithic integration of different components on the same silicon substrate [46] .

Integration of piezoelectric MEMS on conventional CMOS (complementary metal-oxide semiconductor) substrate permits the monolithic fabrication, allowing a way to promote production yield, shrink device dimension, and decrease the manufacture cost. MEMS packaging takes the majority of the cost since the device which contains various mechanical structures, chemical active surface, for instance, must be compatible with application-specific environment that requires not only the electromagnetic isolation but also the transfer of measured physical quantity from outside space. Therefore, monolithic integration can effectively decrease the cost by combining the package processes of each individual component. Even before the term "MEMS" was coined, sensors had been already integrated into the electronics to monitor the operating condition, which acted as an "eye" for the electronics to "see" the real physical world.

Nowadays, most significant MEMS products, like printheads [47] , accelerators [48] , digital light processors [49] , are actually integrated with ASIC electronics (Application-Specific Integrated Circuit) to realize additional functions, such as environmental monitoring, energy management, temperature stabilization, and simple computation. Moreover, according to European Roadmap for Nanoelectronics, systems-on-a-chip that will amalgamate different components, like optical communication, energy harvester, sensor, and actuator, on a single die has been proposed to satisfy the application-specific requirement (Figure I.1) [46] . On the other hand, more and more emerging techniques appear, like spintronics [50] , photonics [51] , microfluidics [52] , molecular electronics [53] , and nano-electronics [54] . If all these principles could be integrated, devices with new functions and applications can be fabricated with shrinking dimension. Smart devices, like smart dust [55] and drug delivery [56] , would be available for special applications in the future. This so-called "Beyond Moore's Law" is apart from the development of conventional electronics Chapter I -Physical principles and motivations -10 -which doubles its performance each 18 months. Obviously, due to different crystalline structure and chemical context monolithic integration must involve several prerequisite considerations, like Si passivation, template layer, bottom electrode, etc., for the deposition of functional materials on the commonly used Si wafer. Another issue must be considered such that the thin film materials usually have modified properties different from those of the bulk one. Many effects, like elastic stress, oxygen vacancies, interfacial states, film thickness, can degrade or enhance the performance of the thin film materials and, therefore, the device can be engineered by changing the growth condition for specific purpose.

I.2) Piezoelectricity and ferroelectricity

I.2.1) Piezoelectricity

The term "piezoelectricity" describes an intrinsic electromechanical property of piezoelectric materials that can convert electrical energy into mechanical energy, and vice versa.

In the direct effect, when piezoelectric material undergoes an elastic stress, electrical charges accumulate on the surfaces of the material. In the converse effect, elastic strain is induced when an electric field is applied on the material. From crystallographic perspective, the appearance of piezoelectric properties can be predicted by knowing the symmetry of the crystalline structure.

Those crystalline materials having a centrosymmetric structure are not piezoelectric, which is attributed to the fact that the opposite electric charges in the centrosymmetric lattice cannot be separated by the uniaxial deformation of the lattice, i.e. elastic strain. However, these 11 centrosymmetric crystalline structures out of 32 crystalline classes can still reduce their dimension along the direction of applied electric field, which is caused by the electrostatic attraction between electric-field-induced dipoles. This phenomenon is called "electrostriction" and occurs in all the dielectrics but is much weaker than piezoelectric effect. The induced strain by electrostriction effect is usually proportional to the square of the induced polarization and no reversal effect exists, namely the elastic stress cannot induce the polarization by electrostriction effect. The remaining 21 non-centrosymmetric crystals are piezoelectric except for class-432. In those 20 non-centrosymmetric crystalline structures, the uniaxial deformation of the lattice caused by elastic stress can shift the positive and negative charges along the opposite directions, leading to the formation of electric dipole. This reversible physical process has a linear relationship between the applied elastic stress and the induced polarization. Switching the direction of the applied electric field also change the sign of the induced strain, and vice versa. It is different from the quadratic effect of the electrostriction which is always compressive strain.

To summarize, Figure I.2 shows the categories among those 32 crystalline classes according to their electrical properties. Generally, the linear relationship in piezoelectric effect can be simply represented by the definition of piezoelectric coefficient in following equation:

! = ! ! = ! ! Equ. I.1
where P is the polarization density induced by the applied stress σ in the direct effect, and S is the elastic strain induced by the applied electric field E in the converse effect, as illustrated in Figure In practice, a more universal equation of piezoelectricity that can incorporate both mechanical and electrical aspects is required. The equation should also involve the rotational transformation in 3D space. The so-called "coupled equations" dedicated for the requirement are shown as follows for a free-standing piezoelectric material:

! = ! ! • ! + ! ! • ! ! = ! • ! + ! ! • ! Equ. I.2
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where s E is the mechanical compliance, d is the piezoelectric coefficient and ε T is the dielectric constant. These 3 constants concern the intrinsic properties of piezoelectric material. The remaining physical quantities in coupled equations are the induced strain S, the applied stress T, the electric field E and the induced electrical displacement D. All the values are rank-2 tensors that usually take the reduced notation, i.e. Voigt notation. Within, the converse piezoelectric coefficient d t is mathematically the transpose matrix of the direct piezoelectric coefficient d. For orthotropic piezoelectric materials, due to the lattice symmetry there are only 9 + 5 + 3 = 17 constants in the coupled equations whose physical quantities are shown in the form of matrix as follows:

! !×! = ! !! ! !" ! !" ! !! ! !" ! !! 0 !"#. ! !! ! !! ! !! ! !×! = 0 0 0 0 0 0 ! !" ! !" ! !! 0 ! !" 0 ! !" 0 0 0 0 0 ! !×! = ! !! 0 0 0 ! !! 0 0 0 ! !! Equ. I.3
Piezoelectric thin films are usually treated as transversally isotropic by averaging the in-plane physical quantities. Then, the number of independent constants in the coupled equation is reduced to 4 + 2 + 1 = 7 according to the following relations:

! !! = ! !! , ! !" = ! !" , ! !! = ! !! , ! !! = ! !! !! !" ! ! !" = ! !" , ! !" = ! !" , ! !! = ! !! Equ. I.4
In thin films, d 31 or d 32 indicates the in-plane (or transversal) piezoelectric coefficient, and d 33 indicates the out-of-plane (or longitudinal) one. And, d 24 or d 15 represents the relationship between the shear strain and the applied electric field. By using Piezoresponse Force Microscopy (PFM) in lateral or vertical mode, d 24 /d 15 or d 33 can be measured [57] . Besides, d 31 and d 32 can be determined by measuring the electric-field-induced deflection of a piezoelectric cantilever [58] .

The above coupled equations are taken in the "Strain-Charge" form. The other forms of the coupled equations and the corresponding piezoelectric coefficients used in different thermodynamic contexts are represented as follows:
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! = ! ! • ! -! ! • !! ! = ! • ! + ! ! • !! ! !" = !! ! !! ! ! = - !! ! !! ! ! ! = ! ! • ! + ! ! • ! ! = ! • ! + ! ! • ! ! !" = !! ! !! ! ! = !! ! !! ! ! "Voltage [E]" (V/m) ! = ! ! • ! -ℎ ! • ! ! = -ℎ • ! + ! ! !! • ! ℎ !" = - !! ! !! ! ! = - !! ! !! ! ! ! = ! ! • ! + ! ! • ! ! = -! • ! + ! ! !! • ! ! !" = - !! ! !! ! ! = !! ! !! ! !
Within the table, the matrix of c (stiffness coefficients) is the inverse of that of s (compliance coefficients), i.e. c = s -1 . In the definition of piezoelectric coefficient in Table I.2, the first term is related to the direct effect, and the second term is related to the converse effect.

I.2.2) Ferroelectricity

As shown in Figure I.2, ferroelectric materials are a subclass of pyroelectric materials which maintains a permanent electric dipole in crystalline lattice when the external electric field is absent. Pyroelectric materials can respond to a temperature variation by accumulating electric charges on the surface. Essentially, the permanent dipole is determined by the lattice geometry of the pyroelectric material. Temperature variation changing the lattice constants can change the length of the permanent dipole, and therefore change the dipole moment. Different from the lattice deformation induced by uniaxial stress, temperature-induced deformation cannot separate the opposite charges if no permanent dipole develops in the lattice, i.e. non-pyroelectric materials. However, not all the pyroelectric materials are ferroelectric as some might be paraelectric, for which the permanent dipoles are randomly distributed due to thermal excitation, and no macroscopic spontaneous polarization happens. Only those pyroelectric materials whose permanent dipoles align along a preferred direction in the whole ferroelectric domain are called ferroelectrics. Unlike paraelectric pyroelectrics, the removal of the applied electric field does not lead to the disappearance of the spontaneous polarization in ferroelectric material. Moreover, the electric field can change and switch the spontaneous polarization, and therefore tune the properties of the ferroelectric material. Figure I.4 shows a typical P-E hysteresis loop, i.e. polarization vs. electric field, of ferroelectric material, where the polarization is not only determined by the applied electric field but also by the historical state. Usually, poling process is necessarily carried out before utilization to align the ferroelectric domains in a preferred direction in the as-prepared material. Then, increasing the applied electric field will increase the polarization since more ferroelectric domains are switched in the same direction. After all the Chapter I -Physical principles and motivations -14 -ferroelectric domains are aligned, the polarization undergoes a linear increase due to dielectric polarization. The intersection of such linear line with polarization axis is called "saturated polarization" (P s ), which indicates the intrinsic spontaneous polarization in the material.

Afterwards, the polarization will decrease with reducing the electric field since the ferroelectric domains partially switch back to random distribution. But the majority of the ferroelectric domains keep along the preferred direction, forming the remnant polarization (P r ) at zero electric field. The electric field required to cancel the remnant polarization is called "coercive electric field (E c )". Another important factor that strongly determines the spontaneous polarization in ferroelectric material is the temperature. The spontaneous polarization can be theoretically depicted by the Landau-Ginzburg-Devonshire free energy, which is shown as follows for the case of tetragonal lattice with no stress and electric field applied on the ferroelectric material.

! = ! ! ! ! + ! ! ! ! + ! ! ! ! Equ. I.5
where P is the spontaneous polarization, a i are the dielectric stiffness coefficients. The first-order dielectric stiffness a 1 is given by the Curie-Weiss law, a 1 = (T-T C )/2ε 0 C, where T C and C are the Curie temperature and constant, respectively. Therefore, the free energy as a function of polarization also varies with the temperature ( 

I.2.3) Piezoelectric and ferroelectric materials

Piezoelectricity can be realized by a large number of materials spanning from common biologic tissues, like seashell [59] , human bones [60] , and high polymers [61] to the conventional piezoelectric materials used in the research and industry, like AlN [62] , ZnO [63] , and PZT [64] . For piezoelectric MEMS, two principal crystalline structures are concerned, i.e. wurtzite and perovskite structures, which we will discuss in this section with introduction of the common used piezoelectric materials.

I.2.3.1) Wurtzite structure

Wurtzite structure originates from the name of a zinc iron sulfide mineral ((Zn, Fe)S), whose crystalline structure belongs to the hexagonal crystal system. The structure is mainly adopted by the ferroelectric materials ZnO and AlN. Taking ZnO as an example, the hexagonal structure of wurtzite ZnO is schematically presented in Figure I.6. The wurtzite structure of ZnO can be regarded as two interconnecting sublattices of Zn 2+ and O 2-, such that each Zn ion is surrounded by a tetrahedra of O ions, and vice-versa. In the ideal wurtzite structure, these two sublattices relatively shift 3/8 of the lattice constant along c-axis, leading to that the ratio c/a is (8/3) 1/2 , i.e. 1.6330. For ZnO, the hexagonal structure has a space group of P6 3 mc, which has no inversion symmetry and results in the piezoelectricity, with the lattice constants of a = 3.2495 Å and c = 5.2069 Å, i.e. c/a = 1.60 close to that of the ideal one, and the density of 5.605 g/cm 3 [65] .

The shift of two sublattices is about 0.3836 along c-axis for ZnO, leading to the formation of
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-16 -spontaneous polarization in the lattice, i.e. pyroelectricity [66] . In addition, ZnO is also known to crystallize in the cubic zincblende and rocksalt (NaCl) structures. The cubic zincblende structure forms by growth on cubic substrate [67,68] , and the rocksalt structure is a high-pressure metastable phase at ~10 GPa [69] .

The zincblende ZnO also possesses the piezoelectric properties but is lack of pyroelectric properties. Moreover, ZnO has a wide band gap of 3.4 eV [70] with intrinsic carrier concentration of ~10 16 cm -3 . Due to the large exciton binding energy of 60 meV at 300 K, ZnO becomes an important candidate for blue and ultra-violet optical devices. As a ferroelectric material, ZnO has a spontaneous polarization of -0.057 C/m 2 [71] and the piezoelectric coefficient is 0.89 C/m 2 , -0.51 C/m 2 , and -0.45 C/m 2 for e 33 , e 31 , and e 15 [72] . Other promising advantages of ZnO include its broad fabrication methods, such as sol-gel [73] , sputtering [74] , metal organic chemical vapor deposition [75] , and pulsed laser deposition (PLD) [76] , low power threshold for optical pumping [77] , piezoelectricity [27] , radiation hardness [78] and biological compatibility [79] . Together, these properties enable ZnO to be an ideal candidate for a variety of devices ranging from sensors through to ultra-violet laser diodes and nanotechnology-based devices such as displays. AlN is another example of wurtzite structure with covalent bonds and lattice constant of a = 3.112 Å and c = 4.982 Å [80] . The two sublattices of AlN relatively shift a distance of 0.38 c-axis lattice constant, leading to the spontaneous polarization of -0.081 C/m 2 along c-axis with the piezoelectric coefficients of 1.46 C/m 2 , -0.60 C/m 2 , and -0.48 C/m 2 for e 33 , e 31 , and e 15 . The piezoelectricity of AlN is primarily generated by changing the N-Al-N bond angle, rather than changing the Al-N bond length. However, reorientation of the polarization requires breaking primary chemical bonds, so AlN is not ferroelectric and, therefore, yields piezoelectric constants that are very stable as a function of temperature, frequency, and the amplitude of the drive electric field [81] . AlN has some advantages over ZnO. First, AlN is widely used in the industry due to the perfect compatibility with silicon semiconductor technology, whereas ZnO has the problem of fast diffusion. On the other hand, wurtzite AlN has a wide band gap of 6.2 eV with a large resistivity and good film quality are reported to grow between 100°C and 900°C [82] . On the contrary, with a smaller band gap, i.e. 3.4 eV, ZnO is a semiconductor which is easier to be doped, e.g. Zn interstitials [83] , leading to a high dc conductivity. For those sensors and actuators working at frequencies below about 10 kHz, the use of ZnO is limited. Moreover, AlN and AlGaN are usually used to fabricate light-emitting diodes operating in blue to ultraviolet region [84, 85] due to its wide band gap.

I.2.3.2) Perovskite structure

Perovskite oxides is a large family of oxide materials with a general chemical formula of [86, 87, 88] . In the formula, both A and B cations can be doped by different atoms to modulate the electrical properties. Taking PZT as an example, Figure I.7 exhibits the crystalline structure of PZT material. In the unit cell, eight Pb atoms occupy each corner, and Zr or Ti atoms randomly locate near the center of the lattice. The central Zr or Ti atom is surrounded by an octahedron that consists of eight oxygen anions at the face center of the lattice. Usually, A and B cations have very different radius in ferroelectric materials. For PZT, the radius of Pb atom (175 pm) is larger than that of Zr (160 pm) and Ti (147 pm). Goldschmidt tolerance factor indicates such incompatibility of ionic radius in a crystal structure, which is defined as follows for perovskite material:

A 2+ B 4+ O 2- 3
! = ! ! + ! ! 2 ! ! + ! ! Equ. I.6
where r A , r B and r O represent the radius of A, B and oxygen respectively. For those A and B cations having ideal radius like SrTiO 3 (STO), t is less than one and B atom steadily locates at the center of the cubic lattice, resulting in the non-piezoelectric properties. On the contrary, the tolerance factor of PZT is larger than one. The relatively large free space in the oxygen octahedron provides the possibility to generate permanent dipole by shifting the B cation away from the center of the lattice.

PZT ferroelectric material is actually a solid solution whose crystalline structure varies with the ratio of rhombohedral PbZrO 3 and tetragonal PbTiO 3 (PT). When PT > 48%, ferroelectric tetragonal structure is energetically stable, where the permanent dipole has 6 possible orientations along the longest axis of the tetragonal lattice, i.e. <100> direction. In the rhombohedral region where PT < 48%, the favorable orientation of the permanent dipole is along the space diagonal of the lattice, i.e. <111> direction, and so there exists 8 possible orientations. The piezoelectric coefficients of PZT
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-18 -increase with the chemical composition approaching the so-called Morphotropic Phase Boundary (MPB) at PT = 48%. The piezoelectric coefficient varying with chemical composition can be theoretically predicted by Haun's model [89] . Near MPB, PZT material exhibits an average crystalline structure in either tetragonal or rhombohedral lattice by conventional XRD measurement (X-Ray Diffraction). Both PZT phases are energetically favorable, so there are 14 possible polarization directs and the piezoelectric properties are largely enhanced. Moreover, high-resolution synchrotron XRD reveals a local monoclinic crystalline structure in PZT material near MPB [90] . In the Zr-rich composition, the local monoclinic lattice randomly distributed in three preferred orientations results in the rhombohedral symmetry [ 91] , and in the Ti-rich composition the local monoclinic lattice with four preferred orientations results in the tetragonal symmetry [92] . Such composition dependency of electrical properties can be observed in Figure I.8 (b) [93] , where the symbols are for e 31, f data and the lines are for d 33, f data. Both bulk PZT ceramics and thin films often show the maxima in the piezoelectric d and e coefficients generally appeared at the MPB [94,95] . This phenomenon does not have a strong deposition dependent correlation with the factors like deposition method, film orientation, film thickness. At MPB, monoclinic phase exists within a certain width in chemical composition near MPB which narrows with increasing the temperature. Above the Curie temperature, the crystalline lattice of PZT becomes cubic and the Zr or Ti cation exactly locates at the center of the lattice, leading to the phase transition of PZT materials into the paraelectric phase. properties of PMN into an ordinary ferroelectric one [96] . Such phase boundary exists at x = 0.4

Chapter I -Physical principles and motivations -19 -separating pseudocubic phase (relaxor ferroelectric) and tetragonal phase (normal ferroelectric) [97] . Near the MPB, monoclinic crystalline structure is energetically favorable, which has several energetically equivalent orientations for the permanent polarization, so that the maximal dielectric constants and piezoelectric coefficients occur. At x < 0.4, PMN-PT has a pseudocubic structure with space group Pm3m at room temperature with no evidence of long range ordering of the dissimilar B site cation in ABO 3 perovskite structure. Those local nano-sized ferroelectric domains randomly distributed in the paraelectric host material were found to be responsible for many anomaly electrical properties of PMN-PT, like huge dielectric constant (> 20000), giant piezoelectric coefficient, temperature-dependent electrical properties, etc. In Chapter 4, more discussion will be addressed in detail on the nature of relaxor properties and the epitaxial growth of PMN-PT films on Si substrate. [START_REF] Jaffe | Piezoelectric Ceramics[END_REF] and the composition dependence of the relative piezoelectric response in PZT thin films [95] .

I.2.3.3) Summary

From crystallographic aspect, piezoelectricity is intrinsically induced by those crystalline structures with no inversion symmetry. Two major categories, i.e. wurtzite and perovskite, of piezoelectric materials are widely used in the research and industry, as we mainly discuss on 4 important piezoelectric materials, such as ZnO, AlN, PZT, and PMN-PT. Since those lead-based ferroelectric materials having large piezoelectric coefficients is essential for MEMS applications, we will study these two ferroelectric materials, i.e. PZT and PMN-PT, in this thesis with epitaxial growth on silicon and various characterizations on the thin films. Remnant polarization is poled along the norm of the thin film under the electric field with the same direction, leading to the strain in the thickness direction and the stress in the in-plane directions. The unimorph structure of the cantilever bends when the induced stress of the piezoelectric layer acts on the passive elastic layer. Alternatively, interdigitated electrodes can be patterned on the ferroelectric film surface if the film is deposited on an insulating substrate. With such configuration, remnant polarizations are induced between two electrode fingers along the inplane direction. The longitude piezoelectric coefficient is used to produce the in-plane strain, on actuation with an electric field, to deflect the unimorph structure of the cantilever. Moreover, although the surface displacement induced by the out-of-plane d 33 coefficient with the top and bottom electrodes is modest, the so-called piston motion as shown in Figure I.9 (c) can be useful in some potential electronics applications [START_REF] Roberts | A piezoelectric microvalve for compact high-frequency, high-differential pressure hydraulic micropumping systems[END_REF] . Except for the piezoelectric coefficients discussed above, other parameters in Table I.3 are also important and of interest in addition to force, deflection and piezoelectric charge (current). For piezoelectric energy harvesting with deflected laminated structure, the true power generation figure of merit concerns both the piezoelectric coefficient as well as the relative dielectric constant, i.e. ! !",! /! ! ! !! . This figure of merit averages the generated power of the cantilever with consideration of cantilever power loss by transfer of energy to the piezoelectric layer.

I.3) Physical principle of piezoelectric MEMS

I.3.1) Operation modes and figures of merit

Coupling coefficient (k 2 ) describes the effectiveness of energy transformation from electrical to mechanical energy, which is essential for resonating structures. Part of the electrical energy is dissipated and transformed to heat, which is defined by dielectric loss tangent (tan δ). In piezoelectric sensor, dielectric loss also imposes limits to the resolution by generating a noise current or voltage, i.e. the signal-to-noise ratio. Table I.3 also lists those parameters for three common used piezoelectric materials. Among those materials, lead-based materials PZT have the Chapter I -Physical principles and motivations -21 -largest piezoelectric coefficient and dielectric constant. However, for application of energy harvesting small dielectric constant is of advantage since that generates large output voltage and current and, therefore, AlN and ZnO with small piezoelectric coefficient is useful. 

I.3.2) Influence of ferroelectric thin films

I.3.2.1) Effect of film orientation

Since the piezoelectric properties of ferroelectric materials originate from spontaneous polarization, piezoelectric coefficients can be defined from the perspective of electrostriction which determines the elastic strain induced by the interaction of electric dipoles:

! !" = ! !" ! !"# ! ! Equ. I.7
where Q is the electrostriction coefficients, and P is the spontaneous polarization. In the particular case of tetragonal structure where the spontaneous polarization P aligns in the longest axis of the lattice, the piezoelectric coefficients can be defined as below:

! !! = 2! !! ! !! ! ! ! ! !" = ! !" = 2! !! ! !" ! ! ! ! !" = ! !" = 2! !! ! !! ! ! Equ. I.8
The other piezoelectric coefficients in Equation I.3 are equal to zero due to the rotational symmetry. For thin film, the "3" subscript usually indicates the normal to the film surface, and ! !! * constant represents the effective longitudinal piezoelectric coefficient, which is not
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-22 -necessarily parallel to the permanent polarization. Considering a piezoelectric film with n (3) normal direction applied by an electric field E 3 in the same direction, ! !! * constant is also determined by the relative orientation of spontaneous polarization in the film, which can be derived by rotational transform (the summation is taken over repetitive suffixes):

! !! * = ! !"# ! ! ! ! ! ! ! ! ! !(!, !, ! = 1,2,3) Equ. I.9
where ! ! ! , ! ! ! , and ! ! ! are the components of the normal vector of the surface in the Cartesian coordinates of the crystalline lattice.

On the other hand, ferroelectric thin film is often involved in a composite structure interacting with the other layers of the heterostructure, like elastic layer, silicon substrate, template, for instance, which can be regarded as a mechanically closed system, as shown in Such interaction with the substrate is very anisotropic, leading to the identical strains along the in-plane directions (indices 1, 2) and the zero stress perpendicular to the film surface (index 3).

Therefore, the effective deformation of the thin film is dependent of not only one piezoelectric coefficient. For the film on a very thick (or rigid) substrate, the so-called effective piezoelectric coefficient is available with consideration of the compliance tensor (S) and the piezoelectric coefficient (d):

! !",! = ! !" ! !! ! + ! !" ! !and$! !!,! = ! !! - 2! !" ! ! !! ! + ! !" ! ! !" Equ. I.10
The above equations turn out that d 33, f is always smaller than d 33 and that the absolute value of e 31, f is always larger than that of e 31 , both of which can be measured directly. Another effect of substrate clamping is the inequality of direct and converse piezoelectric coefficients in the form of thin film [START_REF] Lefki | Measurement of piezoelectric coefficients of ferroelectric thin films[END_REF] . (52:48), which are clamped on silicon and STO substrates [START_REF] Lesoult | Segregation during solidification with spongy deformation of the mushy zone[END_REF] . For both tetragonal and rhombohedral PZT films, the maximum ! !! * is found in the direction along or very close to the pseudocubic [001] direction. The converse piezoelectric coefficient is not substrate-dependent, while the direct piezoelectric coefficient exhibits a larger value for the film on a relatively soft substrate (Si) than on a relatively rigid substrate (STO). However, both direct and converse piezoelectric coefficients show a smaller value than that of bulk material due to the clamping effect of the substrate. [START_REF] Ouyang | Intrinsic effective piezoelectric coefficients of an epitaxial ferroelectric film[END_REF] .

I.3.2.2) Effect of residual stress

Residual stress is another important effect relating with the dielectric constant [103] and the piezoelectric properties [104,[START_REF] Zhou | Residual stress in PZT thin films prepared by pulsed laser deposition[END_REF][START_REF] Yao | Residual stress analysis in ferroelectric Pb(Zr 0.52 Ti 0.48 )O 3 thin films fabricated by a sol-gel process[END_REF] of the epitaxial ferroelectric films. Generally, three types of residual stress possibly develop in the epitaxial films, such as epitaxial stress, thermal stress and transformation stress [START_REF] Luo | Preparation of Ferroelectric PZT Thin Films by Pulsed Laser Deposition and the Dependence of Substrate Temperature[END_REF] . Epitaxial stress results from the lattice mismatch between the film lattice parameter (a 0 ) and the substrate lattice parameter (a s ) at growth temperature. Since the substrate thickness is much greater than that of the film, the induced epitaxial stress is tensile when a s > a 0 or compressive when a s < a 0 . The lattice mismatch is defined as follows:

! = ! ! -! ! /! ! Equ. I.11
Epitaxial stress can be released by forming dislocations at film/substrate interfaces or increasing the film thickness. Thermal stress develops due to the different thermal expansion coefficients between the film and the substrate during cooling process in the fabrication. Taking epitaxial PZT film on silicon substrate as an example, the thermal expansion coefficient of PZT is about Chapter I -Physical principles and motivations -24 -7.0×10 -6 K -1 , larger than that of silicon (2.6×10 -6 K -1 ). During the cooling process, PZT film contracts less than the bulk one due to the clamping of silicon substrate, leading to a tensile residual stress. Lee et al investigated the effect of thermal residual stress in PZT film [START_REF] Lee | Effects of Residual Stress on the Electrical Properties of PZT Films[END_REF] . It was concluded that higher remnant polarization (P r ) and higher saturation polarization (P s ) will be induced when compressive stress occurs, while piezoelectric properties will be enhanced when tensile stress occurs. Transformation stress involves the ferroelectric-paraelectric phase transition in ferroelectric materials, leading to the multiply preferred orientations of the lattice. Figure I.12 (a) demonstrates the three possible variants of tetragonal lattice originated from initial cubic lattice when the temperature decreases below the Curie temperature [START_REF] Roytburd | Threedomain architecture of stress-free epitaxial ferroelectric films[END_REF] . The free energy may increase due to the domain interfaces and the lattice mismatch between the film and the substrate.

To minimize the free energy, textured structure of ferroelectric domains will develop in the film.

The architecture of ferroelectric domains can be either a/c/a/c 2-domain structure for small cdomain fractions ( pyrochlore phase probably forms depending on the growth conditions. The study of processdependent PZT film exhibits that pyrochlore-free PZT film has less internal stress than that of pyrochlore-containing PZT film [START_REF] Ong | Processing Effects for Integrated PZT: Residual Stress, Thickness, and Dielectric Properties[END_REF] . holding large dielectric constant and piezoelectric coefficients, especially for PMN-PT which is a typical relaxor ferroelectric material. In this section, we will introduce the historical development and the state-of-art technology for the integration of those two materials on Si.

I.4.1) Epitaxial PZT films

Most applications of PZT films, which cover from dynamic random access memories, field effect transistors, ferroelectric random access memories, to piezoelectric MEMS [START_REF] Kingon | Ferroelectric films and devices[END_REF][START_REF] Whatmore | Ferroelectric thin and thick films for microsystems[END_REF] , require the growth of high-quality PZT films on silicon to promote their performances. Intermediate template layer and chemical barrier must be carefully considered to prevent undesired interdiffusion between the substrate and the PZT film and oxidation reactions [START_REF] Revesz | PZT Interaction with Metal and Oxides Studied by Rutherford Backscattering Spectrometry[END_REF] . In the applications, PZT films are usually inserted between conductive top and bottom electrodes in order to form a metal-insulator-metal heterostructure. Due to simple fabrication and excellent conductivity, platinized silicon substrate is widely used as template. Thin Ti adhesive layer is usually deposited between Pt electrode and Si substrate to ameliorate crystalline quality and therefore electrical properties of the PZT films: this is mainly due to the formation of an additional TiO 2 layer on Pt surface [START_REF] Hase | Difference in microstructure between PZT thin films on Pt/Ti and those on Pt[END_REF] . In fact, Pt layer does not inhibit the diffusion of Ti to its surface so that Ti reacts with oxygen into TiO 2 during the thermal treatment [START_REF] Al-Shareef | Electrodes for ferroelectric thin films[END_REF] . The additional TiO 2 layer plays the role of nucleation centers for growth of PZT films, giving better crystalline structure and therefore enhanced electrical properties compared with those PZT films directly grown on Pt electrode [START_REF] Willems | Nucleation and orientation of sol-gel PZT-films on pt electrodes[END_REF] .

However, epitaxial growth of PZT films on polycrystalline metallic electrode often generates high-density defects which prevent the movement of ferroelectric domain walls [START_REF] Colla | Fatigued state of the Pt-PZT-Pt system[END_REF] . Polarization switching is therefore suppressed due to such pinning effect, giving rise to the dead-layer problem [START_REF] Warren | Electronic domain pinning in Pb(Zr,Ti)O 3 thin films and its role in fatigue[END_REF] . Moreover, the fatigue problem which occurs in the PZT films on metallic electrode is attributed to the oxygen vacancies trapped near metal/oxide interface. The trapped oxygen vacancies have been also identified as being responsible for the increase of leakage current (dc degradation) in the capacitors [START_REF] Scott | Quantitative measurement of space-charge effects in lead zirconate-titanate memories[END_REF][START_REF] Chen | Compositional control of ferroelectric fatigue in perovskite ferroelectric ceramics and thin films[END_REF] , and would build an internal electric field in the films to prevent further domain switching. To delay apparition of the fatigue, use of oxide template on Pt layer has been proven as an effective approach. Besides, better fatigue resistance of PZT films can be intentionally obtained when both top and bottom electrodes are conductive oxides [START_REF] Al-Shareef | Contribution of electrodes and microstructures to the electrical properties of Pb(Zr 0.53 Ti 0.47 )O 3 thin film capacitors[END_REF] .

Actually, the enhanced fatigue resistance of PZT films is due to the fact that the oxide acts as an "oxygen sink" which can fill the oxygen vacancies during switching cycle [START_REF] Yoo | Leakage current mechanism and accelerated unified test of lead zirconate titanate thin film capacitors[END_REF] . Several oxide electrodes, like RuO 2 [123, 124] , SrRuO 3 (SRO), YBa 2 Cu 3 O 7-δ (YBCO) [START_REF] Ramesh | Fatigue and retention in ferroelectric Y-Ba-Cu-O/Pb-Zr-Ti-O/Y-Ba-Cu-O heterostructures[END_REF] , LiNbO 3 [126, 127] , La x Sr 1-

x CoO 3 (LSCO) [START_REF] Ramesh | Ferroelectric La-Sr-Co-O/Pb-Zr-Ti-O/La-Sr-Co-O heterostructures on silicon via template growth[END_REF] have been proposed for PZT capacitors.

PZT film was deposited by sol-gel method with RuO 2 top and bottom electrodes [START_REF] Al-Shareef | 5th International Symposium on Integrated Ferroelectrics (ISIFS)[END_REF] . It was observed that the film shows no polarization fatigue up to 10 11 switching cycles. The enhanced Chapter I -Physical principles and motivations -26 -fatigue resistance is also attributed to the increased stability of RuO 2 /PZT interface which has a low lattice mismatch, a more favorable contact potential, and a sharp interface structure without virtual inter-diffusion. In the same way, PZT film with YBCO top and bottom electrodes shows very little polarization fatigue up to the same number of switching cycles. On the contrary, a Pt/PZT/Pt capacitor typically exhibits fatigue-free behavior only to 10 8 -10 9 cycles [START_REF] Teowee | Fatigue and retention behaviors of Pt-PZT-metal capacitors with various top metallizations[END_REF] . These PZT films deposited on oxide/Pt template are often polycrystalline with certain orientation preference. Thus, the piezoelectric performances can be further promoted if the textured structure of PZT film is improved. R. Ramesh et al. reported the use of yttria-stabilized zirconia (YSZ) deposited by RF sputtering to completely substitute metallic template [START_REF] Ramesh | Fatigue and retention in ferroelectric Y-Ba-Cu-O/Pb-Zr-Ti-O/Y-Ba-Cu-O heterostructures[END_REF][START_REF] Ramesh | Ferroelectric La-Sr-Co-O/Pb-Zr-Ti-O/La-Sr-Co-O heterostructures on silicon via template growth[END_REF] . Highly oriented PZT films were deposited with either YBCO or LSCO electrode on YSZ-buffered Si substrate.

The fatigue problem was dramatically decreased, leading that the PZT capacitor shows a larger remnant polarization ΔP of 25-30 µC/cm 2 for an applied field of only 70 kV/cm (ΔP = switched polarization -non-switched polarization). Besides, better fatigue resistance was observed with symmetrical electrodes, i.e. oxide/ferroelectric/oxide, as compared with the one with single oxide electrode [START_REF] Lee | Effects of crystalline quality and electrode material on fatigue in Pb(Zr,Ti)O 3 thin film capacitors[END_REF] .

In parallel, R. A. McKee et al. demonstrated a successful method to grow a layer of commensurate crystalline STO on silicon substrate with an abrupt oxide/Si interface, using Molecular Beam Epitaxy (MBE) [START_REF] Mckee | Crystalline Oxides on Silicon: The First Five Monolayers[END_REF][START_REF] Mckee | Physical structure and inversion charge at a semiconductor interface with a crystalline oxide[END_REF] . The availability of such a high-quality perovskiteterminated Si(001) substrate attracted increasing interest to integrate various functional oxides on Si wafer, like Sr x Ba 1-x TiO 3 [START_REF] Droopad | Epitaxial oxides on silicon grown by molecular beam epitaxy[END_REF] , BiFeO 3 [START_REF] Wang | Epitaxial BiFeO 3 thin films on Si[END_REF] , LaAlO 3 [START_REF] Reiner | Growth and structural properties of crystalline LaAlO 3 on Si (001)[END_REF] . In 2001, researchers in Motorola Lab published a pioneer work concerning the successful integration of epitaxial PZT films on Si substrate by using STO template and LSCO electrode [START_REF] Wang | Epitaxial ferroelectric Pb(Zr,Ti)O 3 thin films on Si using SrTiO 3 template layers[END_REF] . Compared with YSZ template, this heterostructure is relatively simple and the STO template has the same perovskite structure as PZT. Clean and sharp interfaces between layers are observed with negligible inter-diffusion. Larger piezoelectric coefficients and smaller dielectric constants were obtained as compared to YSZ-buffered Si substrate, which was associated with the smaller in-plane lattice mismatch [START_REF] Nguyen | Misfit strain dependence of ferroelectric and piezoelectric properties of clamped (001) epitaxial Pb(Zr 0.52 Ti 0.48 )O 3 thin films[END_REF] .

The epitaxial relationship in the heterostructure was verified by XRD as (100 (52:48). The values are closed to the theoretical prediction if the clamping effect of silicon substrate is taken into consideration [START_REF] Du | Crystal orientation dependence of piezoelectric properties of lead zirconate titanate near the morphotropic phase boundary[END_REF] .

)
Chapter I -Physical principles and motivations -27 - [START_REF] Borowiak | Pulsed laser deposition of epitaxial ferroelectric Pb(Zr,Ti)O 3 films on silicon substrates[END_REF] .

Then, different deposition technologies with various oxide electrodes have been proposed to integrate PZT films on STO-buffered Si substrate, like PLD with SRO [START_REF] Maki | Low-Temperature Fabrication of Epitaxial and Random-Oriented Pb(Zr,Ti)O 3 Capacitors with SrRuO 3 Electrodes on Si Wafers[END_REF] or (La x Sr 1-x )MnO 3 [START_REF] Borowiak | Pulsed laser deposition of epitaxial ferroelectric Pb(Zr,Ti)O 3 films on silicon substrates[END_REF] electrodes, sol-gel method with SRO [START_REF] Maki | Low-Temperature Fabrication of Epitaxial and Random-Oriented Pb(Zr,Ti)O 3 Capacitors with SrRuO 3 Electrodes on Si Wafers[END_REF] or LSCO [START_REF] Liu | Epitaxial La-doped SrTiO 3 on silicon: A conductive template for epitaxial ferroelectrics on silicon[END_REF] electrode, off-axis magnetron sputtering with SRO electrode [START_REF] Sambri | Enhanced critical temperature in epitaxial ferroelectric Pb(Zr 0.2 Ti 0.8 )O 3 thin films on silicon[END_REF] . The diversity of fabrication technologies largely excites the research interest to employ epitaxial PZT films in MEMS devices. E. K. Reilly and P. K. Wright presented their first MEMS device which was based on PLD-deposited PZT film with STO buffer layer and SRO bottom electrode on Si substrate [START_REF] Reilly | Modeling, fabrication and stress compensation of an epitaxial thin film piezoelectric microscale energy scavenging device[END_REF] . Then, a similar device has been demonstrated using off-axis magnetron sputtering [START_REF] Isarakorn | Epitaxial piezoelectric MEMS on silicon[END_REF] , which gave a piezoelectric coefficient (d 31 ) of 130 pm/V for PZT (20:80). The quality factor Q of an epitaxial PZT/Si cantilever reached 169 in air and 284 in vacuum at the resonance. Vibration energy harvester based on PZT/SRO/STO/SOI heterostructure was successfully fabricated, as illustrated in Figure I.14 [START_REF] Isarakorn | The realization and performance of vibration energy harvesting MEMS devices based on an epitaxial piezoelectric thin film[END_REF]147] . Large piezoelectric coefficient (e 31 = -18.2 ± 0.9 C/m 2 ) together with low dielectric constant (ε = 150) of the epitaxial PZT(20:80) film is the key advantage to realize high performance piezoelectric energy harvesters. Power density as high as 105 µW•g -2 •mm -3 was generated with small resistive load and high electric current. The low optimal load resistance is considered as being easily matched with standard electronics. It is superior to what is obtained by polycrystalline PZT and AlN films whose high impedance limits the output current.

be very arallel to 01͒. The nm and matching . Finally, e sample ly shows ZT films cm at 5 ere meato 15 V. types of as polar-PZT ͑on d on the polycryse of the epitaxial tion ͑⌬ P s applied g that the on. Also ezoelectric coefficient is about 25 pm/V. The ͑001͒-textured PZT shows a saturated d 33 of about 75 pm/V. The epitaxial PZT exhibits a d 33 of 125 pm/V, the highest among the three samples. This orientation dependence of d 33 is similar to the theoretical result in literature. 5,13 We note that the film annealed at 450 °C shows a somewhat lower piezoelectric coefficient, suggesting that further improvements are required. Referring to Haun's calculation 13 that the maximum d 33 for PZT 40/60 is about 200 pm/V, we can see that our epitaxial FIG. 3. Piezoelectric hysteresis loops measured using an atomic force microscope for the four types of films used in this study. 

I.4.2) Epitaxial PMN-PT films

Due to its compositional complexity and poor thermodynamic stability, epitaxial growth of good quality PMN-PT films is much difficult [START_REF] Lavric | Epitaxial thin film heterostructures of relaxor ferroelectric Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3[END_REF][START_REF] Bai | Epitaxial Pb(Mg 1/3 Nb 2/3 )O 3 thin films synthesized by metal-organic chemical vapor deposition[END_REF] . In order to obtain epitaxial single-crystal PMN-PT films, early researches are mainly based on oxide substrates, like MgO [START_REF] Takeshima | Preparation of Lead Magnesium Niobate Titanate Thin Films by Chemical Vapor Deposition[END_REF][START_REF] Bui-Thi | Phase optimisation of PMN-PT thin films deposited by Pulsed Laser Deposition on MgO substrates and Pt-coated silicon[END_REF] and STO [148, 152] . C. B. Eom el at reported their first use of vicinal (001) STO substrate with >4° miscut to stabilize the perovskite PMN-PT phase and successfully obtained the almost PMN-PT pure phase with good stoichiometry [START_REF] Bu | Perovskite phase stabilization in epitaxial Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 films by deposition onto vicinal (001) SrTiO 3 substrates[END_REF] . Compared with exact (001) STO substrate, the high-density steps on the top surface of the miscut STO substrate can effectively depress the formation of pyrochlore PMN-PT phase. On the other hand, platinized Si was firstly proposed for integration of PMN-PT on Si. However, epitaxial PMN-PT films grown on platinized Si often show a textured perovskite phase with (111)-preferred orientation along the norm of the film surface and the randomly distributed in-plane orientations, leading to a polycrystalline structure in the film. This textured polycrystalline structure with high-density grain boundaries and the dead layer induced by oxide/Pt interface will deteriorate the piezoelectric performance of PMN-PT films.

Therefore, in order to promote the formation of high-quality perovskite PMN-PT structure, oxide seeding layers on Pt/Si were employed, like LSCO [START_REF] Tantigate | Preparation of thin films on silicon substrates by pulsed laser deposition[END_REF] , BaTiO 3 [START_REF] Wakiya | Stabilization of perovskite Pb(Mg 1/3 Nb 2/3 )O 3 thin film by a thin BaTiO 3 buffer layer on Pt/Ti/SiO 2 /Si[END_REF] , LaNiO 3 [156, 157] and TiO 2 [START_REF] Li | Effects of annealing technique and TiO 2 seed layer on the phase composition of 0.7Pb(Mg 1/3 Nb 2/3 )O 3 -0.3PbTiO 3 film[END_REF] . Furthermore, a CeO 2 /YSZ/Si substrate was proposed to completely replace the metallic template for highly c-axis oriented PMN-PT film on Si [159,[START_REF] Jiang | Epitaxial 0.65PbMg 1/3 Nb 2/3 O 3 -0.35PbTiO 3 (PMN-PT) thin films grown on LaNiO 3 /CeO 2 /YSZ buffered Si substrates[END_REF][START_REF] Shinozaki | Fabrication and optical properties of Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 thin films on Si substrates using the PLD method[END_REF] . However, a critical thickness of about 700 nm still limits the film quality of such epitaxial PMN-PT film, above which pyrochlore phase appears in the matrix of perovskite PMN-PT. In 2011, C. B. Eom's group successfully combined two technologies, namely STO buffer layer and miscut Si wafer (~4°), to deposit epitaxial 0.67PMN-0.33PT films on silicon, where SRO was used for bottom electrode [START_REF] Baek | Giant piezoelectricity on Si for hyperactive MEMS[END_REF] . The µm-thick PMN-PT film shows a dramatic improvement in both phase purity and epitaxial pyrochlore-free phase ( [START_REF] Baek | Giant piezoelectricity on Si for hyperactive MEMS[END_REF] .

I.4.3) Summary

As we discussed above, the effective strategy to enhance piezoelectric properties of ferroelectric films on silicon is the epitaxial deposition of high-quality single-crystal films. To satisfy such requirement, two approaches can be taken: (i) utilizing perovskite oxide to substitute

(a) (b) (c) (d)
metallic template on silicon to have a commensurate oxide/Si interface, and (ii) introducing oxide bottom electrode as oxygen sink, thus leading to low oxygen vacancies and better electrical performance. In this thesis, we will utilize sol-gel method to deposit ferroelectric thin film, i.e.

PZT and PMN-PT, on silicon wafer by using STO template and SRO bottom electrode.

I.5) Objectives of the thesis

The This approach will induce a huge societal impact by allowing in one hand for a more in-depth penetration in the mass market of new functionalities related to these materials as the technology proposed is compatible with existing mass fabrication plants and on the other hand notable advances in state-of-the-art material quality.

In this thesis, two piezoelectric oxides are mainly developed and researched, namely PZT (52:48) and 0.9PMN-0.1PT, for their epitaxial growth on silicon substrate and various characterizations. The research will address the special issue of the integration of single crystal thin films with silicon-based technologies by a bottom-up approach (epitaxy). As this technology
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-31 -constitutes a high breakthrough compared to the standard way, the research will be proposed in the "fundamental research" framework. In this approach, the originality of the research is to obtain silicon-compatible epitaxial high quality materials by using different deposition tools derived from the microelectronic industry: MBE, sol-gel and PLD. In the partners of the project, INL has a strong experience on the growth of STO single crystal layers on Si by using MBE method. For the application, the deposition of low resistivity bottom electrode is a mandatory requirement for most devices, which is accessible by using PLD method in NIMP (National Institute of Materials Physics, Romania). Besides, LETI could process the sol-gel layers deposited on STO buffered layers, which has been conventionally utilized for a long time to grow ferroelectric films on 200 mm Si wafer in their MEMS research. The research will therefore give the opportunity to benchmark sol-gel, PLD and MBE techniques. This innovative approach will provide original and important data on the ability to provide high quality films with standard technologies which is a crucial point to go through integration. 

Chapter II -Epitaxial growth and characterization technologies

II.1) Introduction

The aim of this chapter is to present the fabrication technologies used in this thesis to grow the different layers involved in the integration of Pb(Zr x Ti 1-x )O 3 (PZT) or xPb(Mg 1/3 Nb 2/3 )O 3 -(1-

x)PbTiO 3 films on Si, as well as the main characterization tools that allowed the optimization of growth conditions. Different fabrication technologies were used according to the different layers of our samples: Molecular Beam Epitaxy (MBE) for the oxide buffer layer on Si, Pulsed Laser Deposition (PLD) for the conductive oxide layer and sol-gel method for the piezoelectric film. Each of these technologies will be briefly introduced. The main characterization tools used in this thesis concern structural characterization, such as X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), and electrical or piezoelectric characterization. The different experimental tools will be presented with emphasis on the available information.

II.2) Deposition technologies for epitaxial growth

II.2.1) General features of epitaxial growth

The technical term "epitaxy" derives from two Greek roots: epi-which means "above" and taxis-which means "in ordered manner". Epitaxy refers to the growth of a crystalline film on a crystalline substrate, where one or more preferred orientations of the substrate are preserved in the epitaxial film. It is widely used in semiconductor manufacturing to grow high-quality functional films for specific applications [1,2,3,4,5] . Figure II.1 illustrates the atomistic processes involved in the epitaxial growth. First, atoms sublimated from target material arrive at substrate surface in high vacuum and condense by the way of chemical or physical adsorption. Driven by thermal diffusion, the adsorbed atoms migrate on the substrate surface and form crystalline nuclei by colliding between them. Usually, physical adsorption whose bonding energy is weaker than that of chemical adsorption has a longer diffusion length, providing larger possibility for the atoms to jump to the sites of minimal energy. The crystalline substrate provides the periodical adsorbing sites on the surface for bonding and nucleation of adsorbed atoms. Some surface defects on substrate caused by a slight misorientation, like step edges and kinks, have a relatively small bonding energy, and behave as preferential nucleation centers. In addition, a screw dislocation on substrate surface with spiral edge can provide a continuous mechanism to grow single crystalline film within a much longer duration at low activation energy. Epitaxial growth of high-quality crystalline film is only possible when the crystalline structures of film material and substrate are compatible and the lattice mismatch between them is small. • Frank-van der Merwe mode or 2D layer-by-layer growth: In this growth mode, a new layer is forming only after the completion of the underneath layer. It occurs when the wettability of the substrate by the film is high. The ideal layer-by-layer growth mode is difficult to be realized over a long distance. The deposited atoms are more strongly linked to the substrate than to each other.

• Volmer-Weber mode or 3D island growth: In that case, the bonding energy between film atoms is much stronger than between film atoms and substrate, the wettability of the the
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-48 -substrate by the film is low. The Volmer-Weber growth evolves by coalescence of a large number of surface nuclei that grow bigger and spread during the growth. Thus, it may lead to a high mosaicity in the epitaxial film and a large roughness of the surface. Usually, continuation of the Volmer Weber growth mode will result in the columnar growth which forms needle-like structure on the substrate.

• Stranski-Krastonov growth mode or mixed growth: This growth mode is considered as an intermediate mode between the two previous growth modes. After forming an intermediate 2D wetting layer (few monolayers) on the substrate, 3D islands are formed on its top.

In the general case of heteroepitaxy, the lattice mismatch between film and substrate has to be taken in account: At the first steps of growth, the epitaxial film is growing pseudomorphically, adapting its lattice parameter to the substrate one. Accumulation of elastic strain energy occurs and increases with the deposited thickness. Beyond a certain critical thickness, relaxation of elastic strain energy can take place following two possible processes: plastic relaxation by formation of dislocations at the interface or elastic relaxation by formation of coherent 3D islands. Thus, the growth mode will greatly influence the crystalline structure of epitaxial films.

Large lattice mismatch that leads to high elastic strain may give rise to various defects in the film, like crystallographic misorientation relative to the substrate, polycrystalline structure or even amorphous structure. Small lattice mismatch between film material and substrate is essential in the epitaxial growth to decrease interface strain and obtain high-quality crystalline film.

In some cases, the lattice mismatch accommodation can operate differently. Consider, for example materials having a similar cubic lattice structure and nearly close lattice constants, so that direct cube-on-cube growth mode is allowed during deposition, as illustrated in Figure II.3 (a).As an illustration, the lattice constant of SrTiO 3 (STO) cubic structure is 3.905 Å close to that of BaTiO 3 (BTO) (a = 3.992 Å, c = 4.036 Å). The heteroepitaxy of BTO on STO substrate follows the cube-on-cube growth mode due to the small lattice mismatch (~2.2%). In other cases where film and substrate have different lattice constants, a large lattice mismatch can be accommodated by re-orientating the crystalline structure. Crystalline silicon has a larger lattice constant (5.432 Å) than that of STO, but the heteroepitaxy of STO on Si is still possible because the lattice mismatch can decrease to 1.65% by rotating the STO unit cell 45° relative to the Si To resume, there will be a direct relationship between the growth mode and the film morphology, giving rise to different structural properties such as crystalline quality, surface roughness and interface abruptness in heterostructures, and thus modifying the physical properties.

II.2.2) Molecular Beam Epitaxy

Since its invention in the late 1960s by J. R. Arthur and Alfred Y. Cho to realize the superlattice structure of GaAs and Al x Ga 1-x As [6] , MBE system has been widely used to deposit high-quality epitaxial film of various materials, such as functional oxides, III-V semiconductors, and even organic materials, in semiconductor manufacturing and research. Compared with other deposition technologies, MBE system has several advantages:

• An Ultra-High Vacuum (UHV) environment: The deposition process is typically carried on at 10 -10 ~ 10 -9 Torr, providing a contamination-free environment for a high-quality epitaxial growth. The atomic species sublimated from effusion cells may directly arrive at sample surface without collision with the residual atoms in UHV, and therefore generate a socalled "molecular beam" between the cell aperture and the substrate.

• A precise control of the growth at monolayer scale and of the quality of surfaces and interfaces: Deposition speed in MBE system is relatively low (< 10 nm/min), so that the layer-by-layer growth mode can be achieved. The deposition process can be easily controlled by switching mechanical shutters on the path of the molecular beams. Moreover,
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-50 -the stoichiometry of the growing film can be easily controlled and tuned by changing the temperature of each effusion cell, enabling a precise control of the chemical composition of the film. Even superlattice structures can be elaborated by periodically switching the shutters.

• A compatibility with in-situ growth monitoring tools: Thanks to the UHV ambient, an insitu monitoring of the growing surface is feasible by using Reflective High-Energy Electron Diffraction (RHEED), which has become a versatile tool in MBE system to characterize crystalline structure and growth mechanisms of epitaxial films. • A sample introduction chamber equipped with an outgasing furnace and a transfer chamber: They serve as buffer chambers to prevent the contamination and keep the UHV when transferring the sample. A 2-inch molyblock is used as universal sample holder, which can be transferred using a cartridge and several magnetically-coupled canes between the chambers.

• An MBE growth chamber: It contains the main components for epitaxial deposition such as effusion cells, RHEED system, plasma generator and mass spectrometer, and an in-situ observation tool, RHEED equipment. The UHV in the growth chamber is maintained by a series of pumps, like mechanical pump, turbo pump, ionic pump and cryogenic pump.
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-51 -During deposition, sample surface is directly exposed to the atomic beams. A main shutter above the sample surface and several shutters in front of each effusion cell aperture are switchable by using magnetically-coupled valves to control the deposition process. A proportional-integral-derivative controller is used to stabilize the substrate temperature and the temperature of each effusion cell. For the deposition of oxide or nitride films, the desired atmosphere can be introduced from an external gas source. The plasma can be generated when a high-energy atmosphere is desired.

RHEED system becomes an essential component in modern MBE system, since it allows the in-situ observation of the growing surface by the operator in order to monitor the deposition process. The system mainly consists of an electron beam gun and a fluorescence screen, as illustrated in Figure II.5. In this setup, the electron beam is generated by thermionic emission and emitted towards sample surface with an incident grazing angle of around 1°~3°. At such small incident angle, the penetration depth of the electron beam into the sample surface is limited within a few nanometers, so that RHEED can be considered as a surface-sensitive analytical tool.

The electron beam diffracted from sample surface is directly visualized on the fluorescence screen. An external camera is often used to record the RHEED pattern for post-analysis. In the particular case of epitaxial growth of STO buffer layer on Si substrate, RHEED pattern is also helpful to maintain the chemical stoichiometry of Sr and Ti by observing the surface reconstruction. Generally, when the epitaxial growth is out of the stoichiometry, the extra atoms steadily occupy the periodic minimal energy sites on the surface, forming additional features on RHEED pattern. In the case of a Sr-rich STO surface, each Sr atom will occupy a 2 unit cell along (110) direction on STO surface. The ×2 surface reconstruction appears between the main integral lines on RHEED pattern. When the surface is Ti rich, the ×2 surface reconstruction occurs along (100) direction on RHEED pattern as illustrated in Figure II 

II.2.3) Pulsed Laser Deposition

PLD is a versatile deposition technology to grow high-quality thin film in semiconductor manufacturing [7,8,9] . During the deposition process, a succession of laser pulses heats, ionizes and evaporates the target material. A transient plasma plume is formed and rapidly expands onto the substrate surface. The atoms ablated from the target material arrive at the substrate surface through the plasma plume and then nucleate to form the thin film. This deposition technology by using laser pulse allows a stoichiometric transfer for a variety of materials, such as hightemperature superconductors [10] , functional oxides [11,12,13] and nitrides [14,15,16] , carbides [17,18] , metals [19,20] , and even polymers [21,22,23] . The high-power laser pulses used in the deposition favor the stoichiometric transfer of the target material onto the substrate surface. The stoichiometry of the film deposited by PLD is very close to that of the target material, and therefore it is possible to prepare stoichiometric films using a single alloy bulk material. Compared with the other deposition technologies, PLD system usually has a relatively simple configuration shown in Figure II.8 for the setup used in this thesis. The UHV is maintained in the growth chamber in the order of 10 -9 mbar. A KrF excimer laser (wavelength: 248 nm, pulse duration: 30 ns) is generated by an external laser system and focused through a series of optical lens on the surface of target material. For some PLD setups, an optical aperture is usually employed to define the cross-section of the laser beam. Several aspects that can influence the plasma plume, like laser energy, pulse duration, background pressure, target-substrate distance, also determine the crystalline quality of the deposited film. Hereafter, we will discuss those important parameters in details:

• Substrate temperature: Similar to other deposition technologies, substrate temperature is an essential parameter to control the crystalline structure and the quality of the film. A sufficient temperature is necessary to enhance the thermal diffusion of species and the crystallization process. The nucleation density usually decreases with increasing substrate temperature, leading to a more homogeneous thin film [24] . However, an overheating problem could also result in the deviation of the stoichiometry from that of target material, and therefore lead to undesired phase in the thin film.

• Pulsed laser: The laser energy used to ablate the target material is mainly determined by several aspects, like wavelength, energy flux, and pulse frequency. The optical index of the target material determines the ablation depth of the laser beam, usually ~20 nm. Different from other deposition technologies, within the duration of laser pulse, a large supersaturated flux of ablated atoms arrive at the substrate surface, causing a very large nucleation density. The high nucleation density on the surface can increase the roughness of the deposited film, and result in a reduced crystalline quality.

• Atmosphere: A reactive gas in the growth chamber is required when some materials are deposited, such as oxide and nitride. Taking the deposition of STO as an example, an

Chapter II -Epitaxial growth and characterization technologies -55 -oxygen atmosphere can compensate an oxygen loss during the ablation process. An insufficient oxygen pressure could result in the formation of oxygen vacancies in STO thin film, degrading the electrical properties. On the other hand, high-pressure atmosphere could scatter and decelerate the ablated high-energy atoms, and therefore change the shape and the energy of the plasma plume. The high-energy plasma could re-sputter the deposited film, and consequently slow down the deposition speed and change the stoichiometry.

• Target-substrate distance: Usually, the substrate surface is mounted parallel to the surface of the target material, and faced at the center of the plasma plume. The target-substrate distance (typically 2 ~ 10 cm) is a key parameter that determines the activation energy and the flux of deposited atoms arriving at substrate surface. A larger distance can result in the lack of kinetic energy of the deposited atoms, and a smaller distance can cause a resputtering process. Besides, the homogeneity of the film, which is related to the distribution of the atom flux in the plasma plume, is also determined by the target-substrate distance.

II.2.4) Sol-gel method

Sol-gel method is a wet chemical deposition technology commonly used in thin film deposition and nanomaterial synthesis [ 25 ] . Comparing with other conventional processing methods for metallic oxide fabrication, like sintering of ceramics, pulling single crystals and drawing glass fibers, obviously, the sol-gel method has many advantages, especially for thin film fabrication, as follows:

• Good homogeneity. Since it is a liquid reaction processing, the diffusion rate of ions or molecules in a liquid is much faster than that in a solid.

• Ease of composition control and doping.

• Low sintering temperature.

• Large-area thin films. The spin-coating method is compatible with modern semiconductor fabrication to spread sol-gel solution on a large inch Si wafer, even for those coating on a surface with a complicated shape. The coating area is not limited by a vacuum chamber, such as vapor deposition or sputtering.

• Large possibility of microstructure control. Different microstructures of final products can be obtained by modifying the deposition conditions, like porous or dense, organicinorganic hybrids, multi-layer structures, and nano-composites.

• Lower cost than other techniques.
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The term "sol-gel" explicitly concerns two chemical states during the process, namely sol and gel. Figure II.9 describes the sol-gel processing fabrication for metallic oxide thin film. The sol is a colloidal solution that consists of several starting materials in the form of submicron solid particles dispersed in the solvent as the precursor [26] . Generally, the sol particles may interact by van der Waals forces or hydrogen bonds. For most ferroelectric oxides, the starting material is usually organometallic compound, which undergoes hydrolysis and poly-condensation process at near room temperature to prepare the precursor solution. To spread the sol on the substrate for thin film deposition, several methods are available, like spin-coating, spraying, and dip-coating.

Then, the sol film undergoes a series of thermal treatments to be solidified to form a crystalline oxide film on the substrate. During the solidification, the coated sol film is first dried to remove the solvent. The discrete colloidal particles precipitate to form the gel which is a cross-linked polymer network with abundance of pores. In most gel systems used for materials synthesis, the interactions are of a covalent nature and the gel process is irreversible. Then, the gel film is calcinated at an elevated temperature (350°C ~ 450°C). During the calcination, the pores in the film will shrink and the gel network will collapse, leading to smaller contact angle of the grains.

Usually, the density of the gel increases with increasing the calcination temperature. At the same time, the organometallic compounds are decomposed by removing -OH and other functional groups. Only oxide material remains in the film after calcination to form a layer of amorphous material. A post thermal treatment at higher temperature (500°C ~ 800°C) is required to crystallize and enhance the crystalline phase of the film. For PZT material, the crystallization temperature of the thermodynamically stable perovskite phase is between 500°C and 700°C, usually via a transient non-ferroelectric pyrochlore-type phase, which is lead-deficient. The latter is stable between approximately 450°C

and 550°C [27] . By Rapid Thermal Annealing over the temperature region of stability of the pyrochlore phase, the perovskite phase could be enhanced [28] . Extra lead organic compound in sol-gel solution could lower the perovskite crystallization temperature [29] , and compensate the lead loss during thermal treatment. The crystallization temperature of the perovskite PZT also depends on the Zr/Ti ratio and is higher for Zr-rich PZT. The activation energy for the nucleation is larger than for the growth, in other words, nucleation is the rate-limiting step for the perovskite crystallization. The activation energy for nucleation is decreasing with increasing Ti-content in PZT [30,31] .

II.3) Characterization technologies

II.3.1) X-ray diffraction

Crystalline structure of epitaxial thin films was analyzed by XRD technology. The configuration of the Rigaku SmartLab high-resolution diffractometer used in this thesis is illustrated in Figure II.10, which consists of several components like a microfocus rotating anode X-ray tube, a twin-crystal monochromator, a series of aperture slits, an X-ray detector and a mechanical rotational system. In X-ray tube, X-ray radiation is produced by the collision of highvelocity electron beam on a cathode target material, usually Cu. During the collision, most of the kinetic energy of electron beam is dissipated as heat, but around 1% of the energy is converted into X-ray radiation. A typical X-ray spectrum (Figure II.11) consists of a continuous background and a series of atomic emission lines which corresponds to the specific elements in the cathode.

Table II.1 shows the wavelength of the atomic emission lines of several common cathode materials. Usually, the monochromator is required to single out the desired emission line, like Cu K α1 , from the continuous background as incident X-ray beam. A series of aperture slits are installed on the path of incident X-ray beam to define the divergence angle and the width of the incident beam. On the path of diffracted X-ray beam, the aperture slits determines the angular resolution. The attenuator in front of the X-ray detector is necessary to decrease the intensity of diffracted X-ray beam to the measurement limit of the detector. During the characterization, the intensity of diffracted X-ray beam is measured by X-ray detector while changing the angles in the rotational system according to the specific XRD mode. Finally, the intensity is recorded as a function of those angles.
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-58 - In principle, XRD measurement uses the elastic scattering of X-ray photons by the coreelectrons of the atoms to detect the crystalline structure of the material. In the elastic scattering, the wavelength of X-ray photon is maintained constant but the wave vector is changed. The Xray beam diffracted by each atom in a periodic crystalline structure will interfere with each other, producing a structure-dependent intensity. Since the number of the unit cell is nearly infinite in the material, only in some particular conditions, the intensity of the interference is not equal to zero. Bragg's law defines the possible values of 2θ angle, namely the angle between the incident beam and the diffracted beam, at which such particular condition can be satisfied. In Bragg's law,
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-59 -the crystalline structure is regarded as a stack of parallel diffracting planes (Figure II.12) and those possible 2θ angles are defined by the following equation:

2! sin ! = !" Equ. II.1
where d is the spacing between the parallel diffracting planes, λ is the wavelength of the X-ray, and n represents the diffraction order. Moreover, a more general law called "Laue equations" is available to describe the possible diffraction conditions that use the wave vector in the equation instead of the wavelength:

!! = ! ! -! ! = ! Equ. II.2
where ! ! and ! ! are the wave vector of the incident beam and the diffracted beam respectively, !! is the difference of ! ! and ! ! called "scattering vector", and ! is a reciprocal space vector of the crystalline structure. The Bragg's law discussed above is thus the particular case in Laue equations, which regards the scattering vector as!2sin ! /!. In short, the possible diffractions only happen when the scattering vector is equal to a reciprocal space vector of sample's crystalline structure. Therefore, XRD characterization is actually equivalent to the detection of the reciprocal vector by rotating the scattering vector in reciprocal space. With Rigaku high-resolution XRD, several crystallographic angles in the rotational system can be changed, as illustrated in Figure Chapter II -Epitaxial growth and characterization technologies -61 -

• 2θ/ω scan: This mode simultaneously rotates 2θ and ω angles while keeping θ = ω. During scanning, the scattering vector Δk is always along the normal direction of the film surface. So the reciprocal vector and the lattice constant in the out-of-plane direction are analyzed in this mode.

• In-plane 2θ/ω scan: To measure the in-plane lattice constants, 2θ and ω angles must be as small as possible while keeping sufficient intensity of diffracted X-ray for the detector.

Instead of changing 2θ/ω angle, this mode rotates θ φ and φ angles simultaneously. In addition, the initialization step to align the φ angle along the scattering vector is required before the measurement.

• Ω scan: It is also called "rocking curve", since the incident and diffracted beams simultaneously rotate in the same direction by changing ω angle while keeping 2θ angle constant. It is primarily used to analyze the crystalline quality of the film in terms of mosaicity, curvature, misorientation, and inhomogeneity.

• Φ scan: This mode can analyze the orientation of the film crystalline structure. During the scan, the corresponding χ angle of the detected crystalline plane, like (101), is fixed at a desired orientation, while φ angle rotates from 0° to 360°. By this way, the symmetry of the crystalline plane around the normal to the surface is analyzed.

• Pole Figure : Pole figure can be regarded as a series of Φ scans, which varies the χ angle for each single scan. The analyzed region in the reciprocal space covers a semi-spherical surface, which has a fixed 2θ angle, namely a fixed length of scattering vector. In pole figure, more detailed information than the Φ scan about the symmetry of the analyzed crystalline structure is visualized in the 2D image.

• Reciprocal Space Mapping: This mode takes a 2D snapshot of the selected region in the reciprocal space, which actually consists of a series of Φ scans while varying the 2θ angle for each single scan. It provides the most complete amount of information about the texture, the crystalline quality, the internal strain, and the fine structure of the film crystal [32] .

• X-Ray Reflectivity (XRR): This mode does not detect any crystalline structure, but gives information on thickness, density and interface roughness of the different layers of a heterostructure. The rotational system in XRR measurement is similar to that of 2θ/ω scan, but has a very small incident angle usually less than 10°. With such small incident angle, X-ray beam is partially reflected at the surface and different interfaces of a heterostructure.

The interference of all the reflected X-ray beams gives rise to the outcoming X-ray beam,
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-62 -where the reflectivity of the heterostructure is determined by the thickness, the electron density, and the roughness of each layer. By using Fourier transform or transfer-matrix method, the related parameters of each layer can be derived.

II.3.2) Transmission Electron Microscopy

The first TEM setup was invented by Max Knoll and Ernst Ruska in 1931 as the extension of the optical microscopy, it utilizes high-speed electron beam instead of light to image the object. In TEM, the electrons are emitted either by thermionic or field electron emission, and then accelerated by high voltage (100 ~ 1000 kV) to a velocity approaching the speed of light (0.6c ~ 0.9c). The associated de Broglie wavelength is much smaller (0.04 ~ 0.008 Å) than that of the light and thus allows a sub-nanometric resolution. Such high resolution enables material imaging and structure determination at atomic level. Besides, due to the electric charge carried by the electron, the control of the electron beam, like focus and bending, is much easier than that of the light by using either electric field or magnetic field. Figure II.15 shows the schematic of a typical TEM column which mainly consists of several components, such as electron beam gun, two series of magnetic lenses as the ocular and objective lens, and the screen in the vacuum system. An energy dispersive spectrometer, which analyses the emitted X-ray associated with the interaction of the electrons and material sample to detect the chemical composition, is usually added to TEM setup nowadays.

Bright field mode is the most common mode of operation for TEM. In this mode, the contrast of TEM image is formed directly by the scattering and the absorption of electrons in the sample. The thicker part of the sample or the part with a higher atomic weight will appear dark, while the others will appear bright. Therefore, TEM contrast can distinguish any variation of the crystalline structure, like dislocations, grain boundaries and additional phases. The diffraction mode is another TEM mode used for the analysis of crystalline materials in which the electron beam undergoes Bragg scattering. By using an objective aperture, the desired Bragg diffraction can be selectively projected on the imaging screen, making this mode useful for the detection of crystalline structure. As an application, the crystalline orientation in layers of a heterostructure along the electron beam direction can be analyzed. In this thesis, TEM setup is mainly used to analyze crystalline structure, interfaces of heterostructure layers and other morphotropic structures in ferroelectric materials. Chapter II -Epitaxial growth and characterization technologies -64 -
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The electrical results can be analyzed according to two equivalent circuit models, namely the parallel circuit model and the series circuit model (Figure II.17). In the series circuit model, the real and imaginary parts of the impedance represent the resistance (R) and the reactance (X), respectively. In the parallel circuit model, the admittance (Y), namely the inverse of the impedance, is used to represent the conductance (G) and the susceptance (B). Equation II.3 gives the real and the imaginary parts of the impedance and the admittance:

Impedance in series circuit:

! = ! ! = ! + !" = ! ! - 1 2!"! ! ! Equ. II.3
Admittance in parallel circuit:

! = ! ! = ! + !" = ! -2!"! ! !
where f is the frequency of the excitation ac signal, j is the imaginary unit, In addition, quality factor (Q) and dissipation factor (D), namely loss tangent, are often used to quantify the inherent dissipation in the ferroelectric film, which are defined as follows:

! = 1 ! = ! ! !or!! = 1 ! = ! ! Equ. II.4
In HP 4284A, three variables, namely dc bias, ac frequency and amplitude, can be swept during the measurement. In the following part, several commonly used modes in the electrical domain wall movements at low dc bias. Usually, the latter one is more significant than the former one in electrical permittivity, leading to the rise of dielectric permittivity at low dc bias. The C-V curve often exhibits a slight asymmetry that is probably caused by the presence of internal fields, known as imprint effect. The tunability of ferroelectric films in dielectric permittivity is defined using Equation II.5:

Tunability! = ! ! 0 -! ! ! ! ! ! ×100 Equ. II.5
where ε r (0) and ε r (E) are the dielectric permittivity at zero field and under applied bias field, respectively. The loss tangent (related to the leakage current) is also an important parameter of thin film ferroelectric capacitor since it degrades the charge retention. It is largely dependent on the structural and chemical quality of the ferroelectric film and of the film -electrode interfaces. 

! ! = ! ! + !" 1 + !"# Equ. II.6
where ! ! is the permittivity at the high frequency limit, !" = ! ! -! ! where ! ! is the static, low frequency permittivity, ω is the angular frequency, and τ is the characteristic relaxation time of the medium. The dielectric permittivity is a complex value of which the real and the imaginary parts are related to the stored energy and the dissipated energy in the electric dipole. C p -D vs. ac amplitude: It is also called "Rayleigh analysis" which was developed as an analogue approach as the Rayleigh law applied for ferromagnetic material [33,34] . In ferroelectric material, the dielectric or piezoelectric response includes both intrinsic and extrinsic contributions. The intrinsic response refers to the atomic lattice contribution at the unit cell level. The extrinsic response refers to the movement of domain walls [35] . The defects in the ferroelectric material act as the pinning centers to prevent the movement. In such a case, the potential energy becomes an irregular function of the domain wall position (Figure II.20). For small electric field, the movement of domain walls is confined between the large potential barriers, and thus is reversible near the equilibrium position. For large electric field, the domain wall is driven across the potential barrier, and thus the movement is an irreversible and lossy process. Several characterization technologies are available to separate intrinsic and extrinsic contributions in ferroelectrics, like temperature dependence of the piezoelectric and dielectric properties [36] , the frequency dispersion, and also the Rayleigh analysis. The Rayleigh analysis is often performed under the sub-switching condition, namely the ac amplitude is lower than the coercitive electric field, to avoid the unexpected polarization switching. The field-dependent dielectric permittivity and polarization can be simply expressed as following:

! !! = ! !"!# + !! ! ! ! = ! !"!# ! ! + !! ! ! Equ. II.7
where ! !"!# is the initial dielectric permittivity caused by the intrinsic component and the reversible movement of domain walls, and α is the Rayleigh coefficient which quantifies the field-dependent irreversible movement of domain walls [37] . These two parameters are found to be strongly dependent on various parameters, such as grain size, local fluctuation of chemical composition, crystalline structure of the material, nature of defects, external dc bias, history of the sample, and also aging conditions. Another version of Rayleigh Law introduces a threshold electric field (E th ) into the equation [38] , namely the permittivity remains constant for E < E th and then increases according to the following equation for E > E th :

! !! = ! !"!# + ! ! ! -! ! Equ. II.8
This E th value is often not easily determined since the increase of the permittivity can happen gradually, and therefore the selection of E th value may become arbitrary. A 5% rise with respect to the low field value has been proposed as the reference for E th [39] . Because the nonlinearities have been associated with interface pinning, the threshold field is considered as the measurement of the degree of pinning effect [40] . In addition, at higher fields beyond the Rayleigh region, the 

II.3.3.2) Polarization vs. electric field

Two electronic circuits are commonly used to measure the polarization of ferroelectric film, namely Sawyer-Tower circuit [ 42 ] and virtual ground circuit. 

! = ! ! = ! !"# ! ! ! ! = ! ! -! ! ! Equ. II.9
where S and d are the area and the thickness of the ferroelectric capacitor, respectively.
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II.3.4) Piezoresponse Force Microscopy

Piezoresponse Force Microscopy (PFM) is a versatile characterization technology for studying at a sub-micronic scale the piezoelectric properties of ferroelectric films. It is usually based on a modified Atomic Force Microscopy setup. Figure II.23 shows the main features of a typical PFM setup. By using a conductive tip, an electric field is directly applied at nanometric scale on the surface of a ferroelectric film. The induced displacement of the film surface is mechanically coupled with the PFM cantilever, and can be detected with a four -quadrant photodiode in the setup [43] . However, the static displacement induced by the applied electric field is too weak (~ 100 pm) to be easily detected because of the relatively large surface roughness.

Increasing the imaging voltage is a way to increase the signal-to-noise ratio, but a high imaging voltage may possibly reverse the ferroelectric domains and make a non-destructive characterization impossible. Practically, a sinusoidal ac voltage is applied in PFM setup instead of a dc voltage. The amplitude of the applied ac voltage is usually smaller than the coercive voltage of the ferroelectric film to avoid the destruction of ferroelectric domains structure. Consequently, the local surface of a ferroelectric film vibrates at the same frequency as the applied ac voltage. A lock-in amplifier is used to extract the electrical signal associated with the vibration from an extremely noisy background by using the applied ac voltage as a reference. The amplitude and phase of the vibration are the final outputs at each pixel of the image while scanning the surface of the ferroelectric film. 

II.3.5) Mechanical characterization

The mechanical performance of piezoelectric devices was characterized by WYKO NT3300

Profiling System which can make non-contact distance variation and vibration measurements by using light interference. Two modes are available for this setup: Phase-Shift Interferometry (PSI) that uses a single wavelength of the light, and Vertical-Scanning Interferometry (VSI) that uses multiple wavelengths of the light. PSI mode is suitable for a continuous surface whose roughness is less than 1/4 wavelength (about 150 nm) and the resolution is about 0.1 nm. VSI mode is good for measuring the height varations as high as millimeter, but has a reduced resolution of about 10 -30 nm. Here, PSI mode is used in the characterization of piezoelectric devices, like membrane and cantilever, since the actuated mechanical displacement is in agreement with the range and the resolution of this mode. The configuration of the profiling system is shown in Figure II.26.
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-72 - In WYKO NT3300 profiling system, a white light beam generated by the illuminator is filtered by a monochromator into single wavelength for PSI mode. A beam splitter is used to divide the light beam into two paths, in which one is focused on the sample surface for detection and another used as reference. During scanning on the sample surface, the optical path of the detection beam varies with the vertical profile of the surface at the focus of the light, so the phase changes. At Mirau interferometer, the detection beam reflected from the film surface interferes with the reference beam and thus the intensity changes according to the profile of the surface. The intensity at each pixel is converted to the vertical height to form the profile image of the sample surface. In this thesis, the profiling analysis was mainly used to measure the mechanical displacement of the piezoelectric devices as a function of the applied dc voltage. By using finite element method or analytic method, such function is modeled and the piezoelectric coefficients can be extracted.
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III.3) Sol-gel deposition of PZT film on

III.1) Introduction

In this chapter, we will present the strategies developed to realize the integration of epitaxial PZT(52:48) films on Si substrate. Integration of functional oxides on Si requires the use of buffer layer to transfer the crystalline structure from silicon to oxide [1,2] . Two fabrication procedures were employed which are alternatively based on Gd 2 O 3 or SrTiO 3 (STO) as the buffer layer. First, the use of Gd 2 O 3 layer on Si (111) substrate was attempted which, however, leads to a pyrochlore-containing PZT film due to the presence of large lattice mismatch. This experiment, lack of successful integration of epitaxial PZT films on Si, will be introduced in Appendix A. In the second alternative, STO buffer layer grown by Molecular Beam Epitaxy (MBE) on Si(001) substrate was employed. PZT films were mainly deposited by sol-gel method directly on STO buffer layer with or without SrRuO 3 (SRO) bottom electrode. The SRO layer was grown by Pulsed Laser Deposition (PLD) for electrical characterizations. Finally, the as-grown ferroelectric films will be characterized by X-Ray Diffraction (XRD) to verify the epitaxial structure. Atomic Force Microscopy (AFM) was used for surface topography and Transmission Electron Microscopy (TEM) was carried out for microstructure which was observed on Si(110) crosssection. Ferroelectric properties of the PZT films were then studied using either macroscopic electrical measurement or Piezoresponse Force Microscopy (PFM) for their local electromechanical behavior. And other characterizations performed on the PZT films were also introduced respectively in this chapter.

III.2) Evaluation of SrTiO 3 film on Si(001) for the use of buffer layer

III.2.1) Experimental details

In this section, we mainly introduce the fabrication process for the epitaxial growth of STO film on Si(001) substrate which is another promising buffer layer for integration of functional materials on Si. The whole process can be divided into 3 steps. The first step involves the chemical treatment for a clean and atomically flat Si surface. Then, passivation of Si surface will be performed in MBE chamber to obtain an oxide-terminated and SiO 2 -free Si surface. Finally, the so-called two-step growth method was used in order to obtain substrate-like STO film on Si, which has been already well developed at INL institute.

III.2.1.1) Chemical treatment of Si(001) substrate

In the industry, buffered hydrofluoric acid (BHF) is widely used to remove the native SiO 2 layer for chemical treatment of Si surface [3] . HF selectively etches SiO 2 without attacking Si substrate, which takes the following chemical reaction: chemical bonds [4] . On Si(001) surface, the atoms yield a dimmer structure along Si [110] rows, leading to a doubling of the surface periodicity along the Si [110] direction [5] . 1. After chemical treatment, Si surface is covered by a 1nm-thick SiO 2 layer. Sr deposition is performed on this SiO 2 /Si(001) substrate in UHV at 600°C in order to cover 2 ML of Sr on the surface.
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2. The substrate is then annealed at 750°C for 20 min to remove the SiO 2 layer. Under Sr catalysis, following chemical reactions promote the formation of volatile SiO gas: Finally, this 1/2 ML Sr is oxidized at approximately 400°C for 1 min to form 1/2 ML SrO on the Si surface. During the oxidation, such ×2 feature of the RHEED pattern remains stable and the oxygen pressure should be as low as 5×10 -8 Torr in order to avoid the formation of silicate. 

SiO ! + !Si! !"(!"#) !SiO! ↑!or SiO ! !"(!"#) !SiO! ↑ +O ! + e ! Equ.

III.2.1.3) Two-step growth method

Several aspects must be considered for deposition of STO film on Si(001) substrate, especially like lattice mismatch and interface energy. As discussed in Chapter II, small lattice mismatch can be achieved between STO and Si if STO unit cell rotates by 45° around Si[001] axis (Figure III.4 (a)). Besides, the systematic study in Ref. 7 gives the surface energies for SrOterminated STO surface (0.801 J/m 2 ), Si surface (1.7 J/m 2 ), and STO/Si interface (0.574 J/m 2 ), implying that γ Si > γ STO + γ interface , namely STO can wet Si surface. Therefore, 2D growth mode is theoretically available for the epitaxial growth of STO on Si. Moreover, it was experimentally confirmed that the STO film can keep stable on Si surface up to the temperature of 1000 K [8] . 
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-82 -At INL, the pioneer work of STO epitaxy on STO or Si substrate using our oxide MBE system has been well established [9,10,11] . The growth window for STO homoepitaxy and heteroepitaxy on Si was successfully identified, which is helpful to optimize the growth condition from thermo-kinetic aspect. Figure III.5 shows such thermo-kinetic diagram in oxygen pressure and substrate temperature for STO/Si(001) system. In the homoepitaxy, substrate temperature could span a large range from 250°C to 750°C. In the whole temperature range, RHEED pattern always shows streaky feature, indicating a well-crystallized STO film. Besides, when the growth temperature is lower than 450°C, Bragg spots appear in the pattern suggesting a 3D growth mode. Oxygen pressure can be as high as the upper limit of our MBE system (1×10 -5 Torr) while the streaky RHEED pattern is still observed. In the limit of growth rate of our MBE system (1~3 ML/min), STO film always shows a good crystalline structure in the homoepitaxy. For STO heteroepitaxy on Si, initial stage must be carefully optimized in order to transfer the crystalline structure from SrO/Si to STO with a well-defined STO/Si interface. Once a certain thick STO film (~10 ML) is grown, the subsequent growth can turn to the homoepitaxial one since the effect of STO/Si interface becomes negligible. Therefore, two-step growth method has been proposed by taking the advantage of both epitaxial growth windows. In the initial stage, first 2 ML STO requires low oxygen pressure (5×10 -8 Torr) and low substrate temperature (360°C) to avoid degradation of STO/Si interface. This 2 ML STO usually exhibits an amorphous feature on RHEED pattern which will turn to the streaky feature with growing. After that, oxygen pressure can be set up to 1×10 -6 Torr while keeping the substrate temperature. The low substrate
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-83 -temperature ensures an atomically abrupt STO/Si interface by preventing the formation of amorphous silicate layer at the interface [12,13] . The high oxygen pressure at this stage enhances the stoichiometry, hindering the formation of oxygen vacancies that lead to a degradation of electrical properties. Once 10 ML STO is deposited, annealing process at 600°C is performed in UHV to enhance the crystallization of STO film. In the following growth, the condition can turn to the homoepitaxial one, where the optimal substrate temperature is 600°C and the optimal oxygen pressure is 1×10 -6 Torr. When the desired thickness is achieved, the sample should be cooled in oxygen down to room temperature in order to prevent the formation of oxygen vacancies.

Figure III.6 shows the RHEED patterns of a 56ML-thick STO film along Si[100] and

Si [110] azimuths, respectively. The streaky lines and the high contrast in the pattern reveal a well-defined 2D growth mode, i.e. good crystalline quality and high surface smoothness. Since the Sr/Ti ratio is at the good stoichiometry, no additional feature, like ×2 surface reconstruction, is observed on both patterns. Additional characterizations on this STO film will be introduced in the following section to examine the usefulness as the buffer layer. 

III.2.2) Crystalline structure and topography of epitaxial SrTiO 3 film

Crystalline structure of the STO film deposited by two-step growth method was characterized by XRD. Compared with those of bulk STO (cubic lattice with a = 3.905 Å), this 6nm-thick STO film
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III.2.3) Conclusion

The epitaxial growth of STO film on Si(001) developed by Motorola Lab was successfully realized in our oxide MBE system. The epitaxial STO film exhibits a single crystalline structure in the form of perovskite lattice with an abrupt and commensurate oxide/Si interface. The film quality of the as-prepared STO film approaches that of the bulk counterpart thanks to the wellestablished two-step method. Various characterizations confirm that such STO-terminated Si(001) substrate can act as an excellent oxide template for the subsequent deposition of functional materials. In the following, we will perform sol-gel deposition of PZT film on this STO/Si(001) substrate to obtain integration of ferroelectric thin film on Si.
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III.3) Sol-gel deposition of PZT film on SrTiO 3 /Si(001)

III.3.1) Sol-gel deposition of PZT film

At LETI, sol-gel deposition of functional oxide films has been employed for a long time due to its simplicity and compatibility to modern cleanroom technologies. Therefore, it was used in this thesis to grow ferroelectric films on STO/Si(001) substrate. For PZT deposition, the solgel precursor solution from Mitsubishi Chemical Inc. mainly consists of several organometallic compounds, like lead acetate (Pb(CH 3 COO) 2 ), zirconium tetra-n-butoxide (Zr(OC 4 H 9 ) 4 ), and titanium tetra-iso-propoxide (Ti(OCH(CH 3 ) 2 ) 4 ), as the starting materials which are dissolved into the isopropanol alcohol ((CH 3 ) 2 CHOH). This precursor solution is one of the acetic acid based sol-gel solutions which were invented at Queen's University in 1988 [15] . The acetic acid sol-gel solution rests with the property of acetic acid to slow the hydrolysis and the condensation reaction of transition metal alkoxides by forming more stable metal alkoxo-acetylates [16] . Chemical composition of the solution is identical to the stoichiometry of the final PZT film except that extra 10 wt% Pb is intentionally added to redeem the loss during thermal treatment, namely Pb:Zr:Ti = 100:52:48 with 10 wt% Pb for the PZT film at MPB. Figure III.9 shows the whole sol-gel deposition process employed in this thesis [17] .

To spread PZT precursor solution on STO/Si substrate, spin-coating is employed [18] . At the rotation speed of 1500 rpm for 20 sec, 70nm-thick PZT film can be obtained on a 2-inch Si wafer by one spin-coating. Then, the coated sol film is dried at 130°C for 150 sec to evaporate the solvent and calcined at 350°C in the air for 150 sec. Low-temperature calcination is found mandatory before high-temperature annealing in order to yield a smooth surface without hillocks [19, 20] . After calcination, high-temperature annealing process is carried out in a RTA furnace to crystallize the amorphous PZT film. The advantage of RTA in the area of ferroelectric films is the short duration, which can largely reduce the time-temperature pyrochlore phase and enhance the formation of perovskite phase [21] . In addition, oxide films treated by RTA have a better surface morphology and serious out-diffusion is efficiently prevented. The latter one is of particular importance when considering integration of ferroelectric films with other semiconductor devices [22] . In this thesis, RTA was performed for 1 min in pure oxygen flux (100 sccm). At such short duration, the loss of volatile PbO is largely depressed [23] . Figure III.10 shows the variation of the preset temperature used for 650°C RTA, where the heating rate is around 14°C/s and the sample is cooled in the protection of oxygen flux.
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III.3.2) Influence of annealing temperature

As discussed in Section III.4.1, RTA annealing temperature, i.e. the driving force for crystallization of the amorphous PZT film, must be carefully optimized to obtain high-quality crystalline PZT film. During the annealing, various film defects are possibly formed, like Pb deficiency, pyrochlore phase, and crystalline mis-orientation, which are closely related to the annealing temperature [24,25] . In this section, the influence of RTA temperature on epitaxial PZT(52:48) film will be studied at 650°C and 700°C for comparison. Both temperatures are often used [26] and 700°C is used at LETI for PZT deposition on Pt/Si substrate. The two PZT films were deposited on STO/Si(001) by performing one spin-coating and the thickness of the STO
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-87 -buffer layer is about 6 nm. PZT film thickness is measured by X-Ray Reflectivity (XRR) and both are about 70 nm. In the following, we will present the comparison between 650°C and 700°C PZT samples from their crystalline structure and electrical properties. Finally, we conclude that the PZT film annealed at 650°C, i.e. standard RTA temperature, has better film quality and will be exerted more characterizations.

III.3.2.1) Crystalline structure

Out-of-plane 2θ/ω XRD was performed on both PZT films annealed at 650°C and 700°C to measure the crystalline structure (Figure III.11). No metastable pyrochlore phase is detected in both PZT films by checking the Bragg angles in Table III.1 [27] . Therefore, 650°C is sufficiently high to crystallize pure perovskite PZT phase. Only (00l) Bragg peaks are detected for PZT and STO, indicating a unique crystalline orientation normal to the film surface. Fine crystalline structures are derived from the Gaussian fit of PZT(002) Bragg peak. Within, 650°C PZT film consists of two PZT phases, of which the one with larger c-axis lattice constant (4.071 Å) dominates the film, i.e. 90.76% in the peak area, and the remnant has a smaller c-axis lattice constant (4.005 Å). For 700°C PZT film, two PZT phases have the same c-axis lattice constant (4.031 Å) but different peak width. From XRD database (ICSD 90478), lattice constants of the bulk PZT(52:48) are known as c = 4.110 Å and a = 4.055 Å, which are indicated in the figure for a-and c-domains. Compared with the bulk one, smaller c-axis lattice constant in the PZT films indicates a tensile stress. In principle, tensile stress often develops in PZT film as residual stress after the cooling process in RTA treatment due to the fact that the thermal expansion coefficient of PZT film (~10 -5 K -1 ) is larger than that of Si substrate (2.6×10 -6 K -1 ) [28] . To relieve such stress, either strained PZT film occurs leading to large out-of-plane lattice constant or a-domain structure is formed [29] . Thus, segregation of two PZT phase occurs in 650°C PZT film and, on the contrary, RTA treatment at an elevated temperature for 700°C PZT film results in large volume of a-domains. This a-domain orientation leads to a reduction in the ferroelectric properties of thin film, provided that non-180° motions are minimized [30] . Moreover, the rocking curve of PZT(002) Bragg peak reveals a quite different film quality between two PZT films, where the FWHM values are 0.87° and 2.64° for 650°C and 700°C PZT film. Obviously, the PZT film annealed at the standard RTA temperature has superior film quality compared with the one annealed at an elevated temperature. PZT film undergoes a tensile stress. STO(002) Bragg spot shows a smaller Q z value than that of the bulk one, which is mainly due to the clamping effect of Si substrate whose lattice constant is smaller than that of STO. In addition, the PZT(013) Bragg spot with an ellipse-like shape suggests a homogeneous PZT crystalline structure close to c-domain PZT structure. Such result is in agreement with the 2θ/ω scan XRD where the PZT structure with larger c-axis lattice constant is dominant in the film. 

III.3.2.2) Surface Topography

III.3.2.3) Electrical characterization

To measure the electrical properties of PZT/STO/Si, Au/Ni top electrode was deposited by e-beam evaporator and patterned by lift-off method. Ni layer between Au and PZT acts as an adhesive layer to enhance the electrical contact. The final Au/Ni top electrode is about 90×90 µm 2 large and 250 nm thick, where the Ni layer is about 3 nm thick. Electrical impedance of the Au/Ni/PZT/STO/Si capacitor was measured by HP Agilent 4284A impendence meter, where the top electrode was applied by detection voltage and the p-type Si substrate was virtually grounded.

Before the measurement, poling process was performed on PZT films at 8 V for 1 min. In Figure
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-91 -III.16, the capacitance of the stack is shown as the function of applied dc bias which was measured in C p -G mode using 0.1V ac voltage. For both PZT samples, the capacitance shows a larger value at negative dc bias than that at positive dc bias, similar to a typical n-MOS capacitor. High depletion region is observed at positive dc bias for both PZT samples. Relative permittivity derived at -6 V is 44.27 for 650°C PZT film and 79.06 for 700°C PZT film, smaller than that of a typical PZT (300~3850) and STO (300). Small dielectric permittivity is mainly due to the appearance of SiO 2 layer at STO/Si interface (see the TEM image in Figure III.18), which is formed during the thermal treatment of sol-gel deposition. The interfacial SiO 2 layer which has a small relative permittivity (usually ~3.9) will take the most applied voltage drop in the heterostructure and, therefore, leads to a small permittivity measured in the C-V curve. Moreover, all the C-V hysteretic loops at various frequencies show an anti-clockwise direction. Since the ferroelectrically-inactive layer takes the most applied voltage, the contribution of the ferroelectric PZT layer to the hysteretic loop is nearly negligible than that of STO and SiO 2 layers. Therefore, the heterostructure of our PZT films can be regarded as a typical n-MOS capacitor. Charge transport in the n-MOS capacitor allows charge injection from either side of the electrical contacts, leading to the clockwise C-V hysteretic loop if charge injection takes place from Si substrate or the anti-clockwise hysteretic C-V loop if charge injection takes place from top electrode (Figure III.17) [31] . On the contrary, the metal-ferroelectric-silicon (MFS) heterostructure always shows the clockwise C-V hysteretic loop if the oxide charge is negligible.

As a result, two hysteretic loops add up to a combined C-V curve which could change the clockwise hysteresis, that is the characteristic of ferroelectric material, to an anti-clockwise one. In our PZT films, the charge injection is likely attributed to the high-density oxygen vacancies which are generated due to the insufficient oxygen ambient (< 10 -6 torr) in MBE system during
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III.3.3) Microscopic structure of PZT/SrTiO 3 /Si(001) stack

TEM measurement was used to study the microstructure of PZT/STO/Si heterostructure, which was performed on the PZT film annealed at 650°C along the Si(110) cross section. Figure III.18 shows the TEM images at the magnification of 50k and 150k. Each layer in the heterostructure is clearly identified due to the abrupt interfaces. The layer thickness is 70 nm for PZT, 14.7 nm for STO, and 5 nm for SiO 2 , respectively. Amorphous SiO 2 layer forms between STO and Si due to the RTA treatment at 650°C in pure oxygen. Epitaxial growth of PZT film was not degraded by the formation of SiO 2 layer thanks to the stable STO buffer layer. In addition, subgrain structure is observed in both PZT and STO layers, which contributes to the fluctuation of the contrast in the images. The formation of subgrain structure is a typical microstructural response to the elastic stress, relating to the progressive mis-orientation until large-angle grain boundaries are formed [32] . In our PZT films, elastic stress mainly originates due to the lattice mismatch and the thermal treatment. The rotation of the subgrain structure is limited within small angle, demonstrating that the stress is relatively small and, therefore, the single crystalline structure of the PZT film is still not interrupted. Average size of the subgrain is about 45×35 nm 2 for PZT film and 13×10 nm 2 for STO film. From the side of Si substrate to PZT top surface, density of the subgrains gradually decreases and the size increases. It is likely caused by the relaxation process of the elastic stress. Similar subgrain structure was also observed in the Figure III.19 shows the high-resolution TEM (HR-TEM) images at the magnification of 400k on the same PZT specimen. Three HR-TEM images were respectively taken at different film depth from the top surface to the STO/Si interface. Near the top surface, a subgrain boundary is clearly seen separating two regions which are visualized as different lattice planes. However, the Fourier Transform (FT) image reveals a pure perovskite PZT phase in the reciprocal space. In the middle region of the PZT layer, both HR-TEM and FT images show a pure single crystalline structure. Lattice constants derived from the reciprocal spots of the FT image are 4.091 Å for c-axis and 4.068 Å for a-axis, larger than those from XRD measurement. The larger lattice constants can be attributed to the fact that the sample specimen prepared for TEM measurement was intentionally thinned at submicron thickness for TEM observation, leading to the structural relaxation of the film. Again, the TEM image near STO/Si interface clearly shows a 5nm-thick amorphous SiO 2 layer between STO and Si substrate. In the bottom region, no additional TEM contrast contributes to the Si crystalline lattice, suggesting that the diffusion of metallic atoms, like Pb from PZT layer, is efficiently prevented by STO buffer layer.

The corresponding FT image shows two different reciprocal lattices which are related to the Si and STO crystalline structures.

III.3.4) Chemical profile of PZT/SrTiO 3 /Si(001) stack

Sol-gel PZT film usually presents an inhomogeneous chemical profile along the film depth after high-temperature annealing process, namely at the phase transformation from amorphous metallic oxide phase to perovskite phase [34] . The formation of compositional gradient is mainly due to the fact that Ti-rich compositions nucleate and grow more easily, leading to higher Ti content towards the substrate and higher Zr content towards the film surface [35] . Figure III.20 shows such formation during crystallization process. Since the sol-gel solutions are mixed at molecular level, the homogeneity of the initial gel film is still maintained after calcination at 350°C [36] . The in-plane lattice constant of PbTiO 3 is 3.95 Å, and for PbZrO 3 the lattice constants are a 0 = 5.87 Å, c 0 = 4.10 Å [37] . Therefore, the formation of PbZrO 3 , having a larger lattice mismatch with STO template (3.905 Å), is preferred in the bulk of the film rather than at PZT/STO interface. On the other hand, the phase transformation to perovskite is more exothermic with increasing Ti concentration, namely more energetically preferred [14] . Thus, the initial stage of crystallization is dominated by Ti-rich composition, and consequently Zr content is generally enriched in the remnant gel film. Moreover, the diffusion in the amorphous film is larger than that in the crystalline film where it is practically zero for the cations due to the low annealing temperature (i.e. 650°C) as compared to the temperature at which the cations start to migrate (above 850°C) [38] . Eventually, the compositional gradient of Ti and Zr is formed in the PZT film after full crystallization. Thick PZT film, which is prepared by multiply annealing process, often shows an oscillating chemical profile (Figure III.21) [39] . At MPB, PZT film has the maximum piezoelectric properties and small deviation away from the nominal chemical composition in local film can lead to the dramatic degradation of the properties for the whole PZT film [40] . On the other hand, the loss of volatile Pb, which happens by evaporation into the air or diffusion into the substrate during the thermal treatment, can bring about the deficiency of Pb in PZT film. Although extra Pb is often added into the sol-gel solution, gradient Pb content, which can result in unwanted PZT phase, can also deteriorate the electrical properties of the PZT film [41] . 
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-96 - thermal annealing [45] . Although few amount of Si is detected in the oxide layers, STO buffer layer acts as an excellent barrier which prevents the diffusion of all the metallic elements into the Si substrate. It's believed that this temperature-dependent diffusion process deteriorates PZT film quality and also electrical properties, making 650°C superior to the higher annealing temperature.

III.3.5) Conclusion

In this section, sol-gel deposition of PZT film was performed on STO/Si(001) template and followed by a RTA process at 650°C and 700°C. The experiment proves that 650°C RTA temperature is sufficiently high to complete the crystallization of the deposited PZT film while 700°C RTA temperature could deteriorate the film quality due to the overheating. Both XRD and TEM measurements confirm an epitaxial single crystalline PZT film with no pyrochlore phase on STO/Si(001) substrate. It is concluded that crystalline orientation of the as-prepared PZT/STO/Si stack follows the relationship of [100] PZT (001) // [100] STO (001) // [110] Si (001). However, due to the lack of a bottom electrode with low resistivity and Ohmic contact in the PZT capacitor, ferroelectric properties cannot be properly measured. Thus, in the next section we will introduce a conductive SRO layer in the stack and then characterize epitaxial PZT film based on this bottom electrode.

III.4) Use of SrRuO 3 bottom electrode for integration of PZT on Si

III.4.1) Introduction

As discussed in Section III.4, doped-Si substrate cannot play the role of bottom electrode to apply the actuation voltage on PZT film, as it will result in the most voltage drop on ferroelectrically-inactive layers. Thus, an additional conductive layer on STO/Si(001) must be considered, which should have high conductivity and also structural and chemical compatibility with STO-terminated Si substrate and PZT layer. In this thesis work, SRO film grown by PLD is used for this purpose. SRO has been proven to be a promising bottom electrode [46] for preparing various technically important oxides, such as superconducting [47] , ferroelectric [48] and high dielectric-constant materials [49] . SRO is a ternary transition metal oxide, having good electrical conductivity (~280 µΩ•cm for single crystal) and GdFeO 3 -type orthorhombic structure (space group Pbnm) with lattice constants of a 0 = 5.57 Å, b 0 = 5.53 Å, and c 0 = 7.85 Å [50] . SRO unit cell can be regarded as a slightly distorted tetragonal structure (Figure III.23) with lattice constants of
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-98 -a t = 3.93 Å, c t = 7.85 Å and γ = 89.6°. Small lattice mismatch allows the deposition of SRO on various substrates, such as STO [51,52] , LaAlO 3 [53, 54] , MgO [55] , and Si with yttria-stabilized zirconia as buffer layer [56] . Besides, the lattice mismatch of SRO and PZT on the {001} surface is fairly small (-2.7%). Moreover, SRO is chemically stable up to 1200 K in either oxidizing or inert gas atmospheres [57] . In principle, when SRO is deposited on exact (001) STO substrate, the film can grow epitaxially with its (001), (110), or (1-10) planes parallel to the (001) STO surface, leading to six possible domain orientations (Figure III.24) [58] . In order to prepare epitaxial single-domain SRO film on STO, a vicinal STO (001) substrate is used with a large miscut angle and a miscut direction close to the [010] axis [59,60] . The constriction from high-density atomic steps on the miscut STO surface facilitates the epitaxy of SRO with only one single domain [61] . 

III.4.2) Pulsed laser deposition of SrRuO 3 film on SrTiO 3 /Si(001)

The PLD setup used to grow SRO film on STO/Si in this thesis has been introduced in Chapter 2. The optimal growth condition has been well developed at the National Institute of Materials Physics (NIMP) in Bucharest Romania. STO/Si substrate is first cleansed by acetone and ethanol, and then dried in nitrogen flux to remove the surface contamination. KrF excimer laser at the wavelength of 248 nm is used to ablate SRO target. During the deposition, STO/Si substrate is mounted at the center of the plasma plume with a substrate-target distance of 6 cm.

Energy density of the laser is about 2 J/cm 2 , and the pulse frequency is 5 Hz. In the optimal condition, substrate temperature is 700°C and oxygen pressure is about 0.133 mbar. The nominal deposition rate under this condition is about 25 nm/2000 pulses. In Table III.2, all the parameters used in PLD deposition of SRO film are summarized. Electrical resistivity of the as-grown SRO film [62] was measured by 4-point probes method, as shown in 

SRO+STO(002)
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In conclusion, our SRO film deposited by PLD on STO/Si(001) substrate exhibits an epitaxial single crystalline structure with high film quality. Electrical measurement shows that the conductivity of the SRO film is as low as few hundreds µΩ•cm and is nearly constant in the whole range of the measurement. AFM topography reveals a quite smooth surface of the film. Therefore, our SRO film could be an appropriate bottom electrode to substitute doped-Si substrate for integration of epitaxial PZT films on STO/Si substrate. In the following, we will present the sol-gel deposition of PZT film on this SRO/STO/Si(001) substrate.

III.4.3) Sol-gel deposition of PZT film on SrRuO 3 /SrTiO 3 /Si(001)

Based on SRO bottom electrode, sol-gel deposition of PZT(52:48) films on STO/Si(001) substrate was processed in this section with the same recipe as we used for 650°C PZT in Section III.3.1. Compared with doped-Si, actuation voltage is directly applied on PZT layer through SRO bottom electrode so that ferroelectric properties could be reproduced in the electrical measurement. From crystallographic perspective, STO buffer layer is essential to the whole epitaxial heterostructure, such as its crystalline structure and thickness, and therefore could affect the properties of the PZT film. On the other hand, ferroelectric film usually has degraded electrical properties than the intrinsic properties of the bulk one, where the formation of tensile residual stress and ferroelectric dead layer acts an important role [64,65] . Tensile stress develops on cooling through the Curie point resulting in a-axis domains [66,67] and ferroelectric dead layer with low permittivity and inactive piezoelectric response often occurs near the ferroelectrics/electrode interface [68] . By increasing the film thickness, residual stress can be structurally released [ 69 ] and the effect of dead layer can be largely reduced. Therefore, ferroelectric films are often grown up to µm thickness in order to approach the intrinsic properties and achieve the large actuation force and deflection for MEMS applications [70] .

In this section, effects of STO buffer layer and PZT film thickness will be studied. Three PZT samples were deposited by sol-gel method on SRO/STO/Si(001) substrate. In Sample A and B, PZT film was fabricated based on different quality of STO buffer layer, where the STO layer of Sample A is epitaxial single crystal with good quality and the STO layer of Sample B has inferior crystalline quality with small amount of ( 101)-oriented crystalline structure. Here, crystalline quality is defined by the FWHM value of the rocking curve on STO(002) Bragg peak.

Besides, 1.26µm-thick PZT film was grown on SRO/STO/Si(001) substrate for Sample C. In solgel method, each cycle of spin-coating, drying and calcinations was repeated 3 times before one RTA annealing, as described in Figure III.9. RTA annealing was processed 1 time for the 250nmthick PZT films of Sample A and B and 5 times for the 1.26µm-thick PZT film of Sample C. Table III.3 summarizes all the parameters of the heterostructure for 3 PZT samples. In the

Chapter III -Integration of epitaxial PZT thin film on Si substrate

-102 -following, we will present various characterizations on those 3 PZT samples, i.e. crystalline and microscopic structure, electrical measurement, and piezoelectric response. Those RTA layers are clearly identified by the interfaces in TEM image. The thickness of each RTA layer from the substrate to the top surface is about 0.24 µm, 0.24 µm, 0.23 µm, 0.27 µm, and 0.28 µm, respectively. The overall thickness of the PZT film is about 1.26 µm. No pyrochlore phase is observed in all the PZT layers, which often appears as amorphous contrast in TEM image. Pore structure is formed in the 2 nd RTA layer, whose average size is about 60 nm. It is assumed that those pores were formed due to a fast densification of the sublayer surface that prevents the evaporation of inner organic substances and forms bubbles [71] . Besides, fluctuation of the TEM contrast in the PZT film is mainly caused by the small tilt of the crystalline orientation. Since the PZT film is epitaxially grown on the substrate, such fluctuation likely results from the small-angle subgrain structure of the film. From substrate to the top surface, these subgrains slightly tilt with increase of the film thickness, leading that the TEM contrast gradually transforms from dark to bright. The tilt of the subgrains is a mechanism to relieve the residual stress which is thermally generated during RTA process by clamping effect of the Si substrate and is a thickness-dependent effect.

In addition, HR-TEM images at the magnification of 200k exhibit two regions near the Si substrate and within the PZT film of Sample C (Figure III.32). In the left image, flat and continuous interfaces with commensurate crystalline structure are clearly seen without any interfacial defects between each oxide layer. Similar to our PZT/STO/Si(001) sample, a 4.3nmthick layer of amorphous SiO 2 forms between STO and Si due to the thermal treatment. The image also reveals a pure crystalline structure in the Si substrate, demonstrating that no lead is diffused into the Si substrate to form lead silicate. Besides, all the oxide films appear to be crystallized in perovskite structure with continuous crystalline lattice. FT image (at the corner of the image) evidences only one reciprocal lattice for all the oxide layers, implying that all the oxide layers near the substrate undergo an elastic stress and, therefore, have similar lattice constants. Moreover, the right image shows a continuous single crystalline structure of the PZT film, which is also confirmed by the single reciprocal lattice in the FT image (at the corner of the image). A pore with bright TEM contrast is found on the right part of the image, which corresponds to the porous structure in the second PZT sublayer in Figure III.31. The bright contrast is due to the small thickness of the pore compared with the other region, where the single crystalline structure is not interrupted in the pore and is continuous with the same lattice constants. 

III.4.3.3) Electrical characterizations

To measure the electrical properties, Ru top electrode was deposited by rf sputtering on PZT films and then patterned by chemical etching to form Ru/PZT/SRO capacitors with the size of 90×90 µm 2 . The thickness of Ru top electrode is about 100 nm. In the measurement circuits, detection voltage was applied across the Ru top electrode and the SRO bottom electrode and the latter was virtually grounded.

a. Impedance vs. dc bias

In Figure III.33, the electrical impedance as the function of dc bias, i.e. C-V curve, is shown for all the 3 PZT films which were measured in C p -D mode using 0.1 V ac voltage at 100 kHz. For all the C-V curves, the expected butterfly shape induced by the polarization reversal can be clearly observed. Significant difference is observed in dielectric permittivity and loss between these 3 PZT samples which are 956 and 8.5% for Sample A, 1326 and 10.2% for Sample B, 1390 and 8.4% for Sample C at their maxima. At the maxima, the electrical permittivity and loss are mainly contributed from the domain wall movement and maximized due to the most randomly distributed ferroelectric domains at such dc bias [72] . The coercive electric field of the PZT films can be measured as the half value between the two maxima [73] , which is 28.8 kV/cm for Sample A, 28.8 kV/cm for Sample B, and 20.6 kV/cm for Sample C. Such coercive voltage is nearly independent on the range of the measurement and the ac frequency. Moreover, the saturation dielectric permittivity and loss at the high dc bias gradually increase from Sample A (269 and 1.7%) and B (379 and 2.3%) to Sample C (519 and 2.9%). 
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In our PZT films, crystalline quality and film thickness could attribute to the distinct electrical impedance among the 3 PZT samples. The PZT film of Sample A with small film thickness and small FWHM value, i.e. good crystalline quality, undergoes a large residual stress due to the thermal treatment and the clamping effect of the Si substrate. The residual stress in the PZT film leads to the structural constraint on the reversal of the ferroelectric domains causing smaller dielectric permittivity. On the contrary, the inferior crystalline quality in Sample B and the large PZT film thickness in Sample C could provide additional mechanisms to release such residual stress, approach the properties of the bulk material, and thus strengthen the ferroelectric response to the applied ac electric field [74] . At the same time, domain wall movement increases the energy dissipation in the polarization reversal, leading to the larger dielectric loss in Sample B and C. Besides, the film thickness likely has the strong effect on the electrical impedance that Sample C has the largest dielectric permittivity in the whole range of the measurement and the smallest coercive electric field. Moreover, all the C-V curves are not symmetrical about zero dc bias but shift to the negative electric field, indicating that the spontaneous polarization towards the substrate is energetically favorable, which is known as the imprint effect. The imprint effect can be induced by various mechanisms [75,76,77,78] and is mainly related to the formation of oxygen vacancies for PZT capacitors [79] . In our case, Ru top electrode provides a reducing ambiance and leads to the formation of oxygen vacancies near the Ru/PZT interface in the PZT film [80] by following chemical reaction [81] :

2h • + O !! ! !! ! = 1 2 O ! + V ! !! !! Equ. III.3
where the equation takes the Kröger-Vink notation [82] . The loss of volatile PbO during thermal annealing also creates oxygen vacancies by the Schottky reaction near the top surface [83] .

Pb !! !" !! ! + O !! ! !! ! = V !" !! !! + V ! !! •• + PbO Equ. III.4
Figure III.34 schematically shows the influence of those oxygen vacancies on the preferred polarization orientation [84] . For symmetrical oxygen octahedron, the potential energy profile of the Ti 4+ ion has two equally weighted potential minima located at the top and the bottom of the central plane. The octahedron distorted by the oxygen vacancy and the dangled bonds require additional energy 2ΔH p1 for Ti 4+ located at the bottom minimum site to displace to the upper one.

Therefore, the polarization directing from the center of oxygen octahedron to the Ti 4+ ion energypreferably orientates from the higher density of oxygen vacancies to the lower one, namely from Ru top electrode to SRO bottom electrode. Furthermore, the imprint effect in our PZT films can be also attributed to the asymmetrical materials and their growth conditions used for the top and bottom electrodes, i.e. Ru/PZT and SRO/PZT interfaces [85] , especially for Sample C in which Sample C, in agreement with the result of the C-V measurement, which can be also attributed to the variance of the crystalline quality and the film thickness. In principle, dielectric dispersion of a perovskite film has certain characteristic features which allow interpretation of the measured values on the assumption of the intrinsic properties, the grain boundary, the film thickness, the buffer layer and series resistance associated with the electrodes [86] . For the range of kHz -MHz, no bulk relaxation mechanisms can result in a dielectric dispersion and, thus, their characteristics are mainly affected by the processing condition of the top and bottom electrodes, the size of the capacitors, and the film thickness [87] . Generally, thickness-dependent P-E loop can be attributed to a number of factors, where foremost of these are the role of residual stress and interface layers with the properties that differ from the interior of the PZT film [88] . Sample A and B with small PZT thickness are likely affected by the clamping effect of Si substrate and the interface layers. Increase of the film thickness can release the residual stress and reduce the contribution of the interface layers,
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-111 -causing that the electrical properties approach to its bulk counterparts. Thus, the small coercive electric field and the large remnant and saturation polarization of Sample C are due to the large PZT film thickness. Sample B has a slightly larger saturation polarization than that of Sample A, which is possibly caused by the inferior film quality in Sample B. Moreover, compared with C-V measurement the coercive electric field derived from P-E loop nearly doubles for all the PZT samples. The doubling of the coercive electric field is attributed to the fact that the P-E loop is acquired at a certain frequency and the C-V curve is a quasistatic measurement, i.e. the dc bias is swept at few millivolts/second (equivalent to mHz in frequency) with a negligible ac detection voltage [89] . I-V characteristics are studied between Sample A and B showing little difference in the leakage current in Figure III.37. For both PZT samples, the leakage current density is less than 100µA/cm 2 within ±12 V. Two local maxima of the current density occur near the zero dc voltage due to the polarization reversal, in agreement with the coercive voltage in the C-V measurement. Compared with polycrystalline film, epitaxial PZT film with enhanced crystalline quality has a larger leakage current density at the same dc voltage [90] . Small leakage current in polycrystalline PZT film is attributed to the structural defects, especially grain boundaries, which affect the charge transport by either trapping (lower concentration) or scattering the carriers (lower mobility) [91] . The non-symmetry of the I-V curves at high voltage likely originates from the use of different top and bottom electrode materials. The negative dc bias corresponds to the Chapter III -Integration of epitaxial PZT thin film on Si substrate -112 -electron injection from Ru top electrode to PZT film. It can be assumed that the combination of the injected electrons with the high-density oxygen vacancies at Ru/PZT interface contributes to the larger leakage current at negative dc bias. Besides, the breakdown voltage was measured by applying an increasing dc voltage until the leakage current suddenly reaches to the compliance current of the equipment. The positive and negative breakdown voltages are averaged, giving the value of 702kV/cm for Sample A and 682kV/cm for Sample B, respectively.

d. Leakage current vs. dc voltage

III.4.3.4) Local electromechanical properties

Local electromechanical properties of Sample A and B at microscopic scale were measured by PFM at NIMP institute to study the effect of STO buffer layer. The PFM setup is based on a modified VEECO Dimension 3100A AFM setup with a dual-frequency resonance-tracking lockin amplifier. The PFM cantilever used to apply detection voltage on the local PZT surface is coated by conductive diamond, which has a resonance frequency at 75 kHz and a force constant at 2.8 N/m. In Figure III.38, surface topography is measured for both PZT samples where Sample A has a relatively rough surface and Sample B consists of high-density hillocks on the surface.

To measure ferroelectric hysteresis loop, cantilever tip was fixed on the sample surface while applying the detection voltage. PFM field-off mode was used in the measurement, namely the piezoresponse of the film is read after removal of dc bias at each step. The use of field-off mode is mainly to reduce the capacitance signal of the PZT film on the output and, therefore, is likely affected by the back-switching effect [92] . In Figure III.38, such hysteresis loops, presented by the phase component, are clearly observed for both PZT samples. Sample A shows a rectangular shape with abrupt switching feature and, on the contrary, Sample B gives a gradual switching feature. Generally, several factors are concerned with polarization reversal as the function of dc bias, such as domain nucleation at critical dc bias, domain growth after nucleation, and pinning effect [93] . The abrupt switching feature in Sample A manifests a uniform critical dc bias, i.e. coercive voltage, in the PZT film. Due to the high film quality with less pinning centers in Sample A, ferroelectric domains switched by dc bias grow rapidly, leading to a complete domain switching in a transient time constant across the whole PZT film. On the contrary, the pinning centers in the PZT film of Sample B due to the inferior film quality largely distribute the critical dc bias in the film and, therefore, the switching process of the polarizations occurs gradually in a large range of dc bias. Memory effect of ferroelectric film is essentially important for the application of Fe-FET devices [94] . The retention property describes such effect of the film, which can retain a given level of electric signal in the electrical dipole after a given time period from the write operation. It is usually defined by the remnant polarization stored in the ferroelectric film, such as
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, where ΔP r is the decrease of the remnant polarization due to depoling effect and P r (0) is the remnant polarization at time zero [95] . By PFM setup, retention property can be studied by periodically reading the artificial ferroelectric domains which were intentionally created by dc voltage in the film. Figure III.39 shows such time-dependent artificial ferroelectric domain for both PZT samples each 30 min within 2 hours. Here, the phase component of PFM output is taken for the images. The bright region in the artificial ferroelectric domain corresponds to +11V writing voltage, which has the similar feature as the unpoled region. It indicates that the spontaneous polarization in both PZT samples holds the energetically-preferred orientation towards the substrate, which is in agreement with the imprint effect as we concluded from the macroscopic electrical measurement. With increase of the duration, two PZT samples exhibit distinct behavior in the retention property. Sample-A shows a volatile ferroelectric domain whose
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-114 -spontaneous polarization in the dark region gradually switches back to the energy-preferred direction, namely, towards the Si substrate. On the contrary, sample-B shows a nearly constant PFM image in the whole duration, demonstrating a good resistance to the back-switching mechanism. In principle, the back switching effect can be attributed to the thermodynamic instability which is caused by electrostatic or elastic energy from built-in electric fields [96] and strain [97] . The better resistance to such instability in sample-B can be attributed to the highdensity pinning centers, such as dislocations, formed in the PZT film. On the other hand, the formation of dislocations effectively decreases the thermal stress which is regarded as the driving force in the back-switching process. However, for sample-A where the dislocation is insufficient to release the thermal stress, large driving force combined with the lack of pinning centers is the cause for the back switching effect with increase of the time. 

III.5) Conclusion

In this chapter, we introduced the fabrication process and the characterizations to integrate epitaxial PZT films on STO/Si(001) substrate. Epitaxial growth of STO film on Si(001) is successfully realized by effusion cell in our MBE system, providing an excellent oxide/Si substrate for the subsequent growth of PZT film. Then, epitaxial PZT film was grown by sol-gel method on STO/Si(001) thank to the small lattice mismatch between PZT and STO. In addition, SRO film was deposited by PLD on STO/Si(001) for the use of bottom electrode due to its high conductivity and similar perovskite structure with most functional oxides. The as-prepared

IV.1) Introduction

IV.1.1) Relaxor ferroelectrics

Relaxor ferroelectrics with anomalous properties have dramatically promoted piezoelectric performance over ordinary ferroelectric materials. For example, compared with Pb(Zr x Ti 1-x )O 3 (PZT), Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT), one of the lead-based relaxor ferroelectrics, shows dielectric permittivity that can be 10 to 20 times and piezoelectric coefficients that can be 5 to 10 times larger than those of bulk PZT ceramics. Besides, it has a large electromechanical coupling coefficient of k 33 ~0.9 [1] . Thus, relaxor ferroelectrics could provide superior properties which make them attractive for various high technological applications. These applications involve ferroelectric hysteresis (for non-volatile memories), high permittivity (for capacitors [2,3] ), high piezoelectric effects (for sensors, actuators [4] , resonant wave devices [5] , and energy harvester [6,7] ), high pyroelectric coefficients (for infrared detectors [8] , micro-cooler [9] ) , strong electro-optic effects (for optical switches [10] ) and anomalous temperature coefficients of the resistivity (for overload protection circuits [11] ). Compared with Debye-like ferroelectrics, they are featured by diffuse frequency-dependent permittivity maximum with a broad relaxation spectrum and other anomalous temperature-dependent electrical properties [12] . (1) In normal ferroelectrics, dielectric susceptibility shows a Curie-Weiss law behavior at the transition temperature (T c ), whereas in relaxor ferroelectrics at the transition temperature (T m ) the peak must have a divergence but it is broad and rounded. (2) In relaxor ferroelectrics, there is a strong frequency dependence in the peak position, T m as a function of χ'(T). (3) The polarization in normal ferroelectrics goes to zero at T c and in relaxor ferroelectrics the polarization extends well beyond T m . In Figure IV.1, different properties of normal and relaxor ferroelectrics are summarized for comparison, mainly from electric-field-induced or temperature-dependent polarization, and temperature-dependent dielectric permittivity. The principal mechanism leading to the anomalous properties of the relaxor ferroelectric is the formation of polar nanoclusters in the disordered matrix of the materials, which will develop into macroscopic ferroelectric domains in normal ferroelectric materials. In the following, we will mainly discuss such physical background for relaxor ferroelectrics.

In principle, the mechanism leading to the diversity of the dielectrics can be attributed to the so-called correlation length (r c ) which is a temperature-dependent quantity relating to the dipole-dipole interactions [13] . For normal dielectrics, the correlation length is as small as lattice constant, where the dipole polarizes only the region in its immediate vicinity. Thus, normal dielectrics behave like an isolated dipole which can be pictured by Debye equation or its variants [14, 15, 16, 17] . In highly polarizable dielectrics, the presence of a dipolar entity can induce dipoles
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-127 -within a large correlation length, where the dipolar motion is correlated, leading to the formation of a polar nano-region. In Figure IV.2, the comparison in microstructure is schematically drawn between ordinary and ferroelectric dielectrics [18] . Further, the physical picture of ferroelectricity in Figure IV.2 (b) can be divided into two classes according to r c and the mean separation between dipoles (r ij ) [19] . For those ferroelectrics where r c < r ij , spatial randomness of the uncorrelated polar regions suppresses ferroelectric order and a dipolar glass-like (or relaxor) state occurs at low temperature due to some correlations among the nano-regions, i.e. identified as relaxor ferroelectrics. On the contrary, since r c > r ij ( 
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-128 -With the help of the physical model discussed above, different electrical properties between normal and relaxor ferroelectrics can be understood. First, remnant polarization is small in relaxor ferroelectrics due to the lack of dipole interaction and, therefore, coercive electric field also decreases. With decrease of r c , e.g. caused by increase of the temperature, the hysteresis loop of relaxor ferroelectrics approaches that of ordinary dielectrics, i.e. a slim loop, especially for the extreme case where r ij >> r c . This temperature-dependent correlation length will give the phase diagram in Figure IV.3, where N * is a characteristic quantity of the relaxor material separating dipolar glass and normal ferroelectrics according to r c . Besides, similar to its analogs, i.e. glass materials, relaxor ferroelectrics have not first-order ferroelectric phase transition, like normal ferroelectrics, which will undergo a smooth decrease of field-induced polarization through the socalled dynamic transition temperature (T m ). The polarization retains a finite value to rather high temperature due to the fact that nano-size polar domains persist above T m . Here, the temperature at which the nano-size polar domains come into existence is called Burns temperature (T d ). On the other hand, relaxor ferroelectrics naturally exhibit a diffuse phase transition and strong frequency dispersion in the peak temperature (T m ) and the magnitude of permittivity below T m .

Frequency dispersion in the relaxors is associated with the large distribution in the size of the polar region which is possibly caused by the compositional fluctuations in the materials. 

IV.1.2) PMN-PT solid solution

Pb(Mg 1/3 Nb 2/3 )O 3 (PMN) and its derivative PMN-PT are the most extensively studied relaxor ferroelectrics [20,21,22] and, therefore, in this chapter we will try to achieve the epitaxial growth of PMN-PT films on Si(001) substrate using SrTiO 3 (STO) buffer layer. Generally, the
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-129 -strategy of manufacturing relaxor ferroelectrics is to incorporate ferroelectrically-active materials into dielectric host material in order to introduce dipolar defects. Typical examples include the most commonly used relaxors, such as lead magnesium niobate (i.e. PMN) [23] , lead magnesium niobate-lead titanate (i.e. PMN-PT) [24] , lead lanthanum zirconate titanate where the La atoms substitute and occupy the site of Pb [25] . PMN is a Pb-containing relaxor ferroelectric and has a chemical formula like Pb(B' x B" 1-x )O 3 , where B' is the ferroelectrically-inactive cation and B" is the ferroelectrically-active cation. The 1:2 atomic ratio of B' and B" in PMN provides the mechanism to form compositional fluctuations away from complete B ordering, leading to the formation of polar region. On the contrary, for those materials, like Pb(Sc 1/2 Ta 1/2 )O 3 , Pb(Mg 1/2 W 1/2 )O 3 , and Pb(Yb 1/ 2 Nb 1/2 )O 3 with 1:1 atomic ration of B' and B", complete ordering is possible and the relaxor transition is eventually replaced by a normal ferroelectric transition [26] .

In PMN, two distinct types of ordered domains are identified existing in nanoscale region [12] . One type is formed due to the chemical order of 1:1 atomic ratio between B' and B" caused by compositional fluctuations. Such B':B"=1:1 ordered domains are embedded into the disordered matrix to retain the charge balance, and cannot develop to long-range order. Previous research results show that ordered domains appear in PMN with a size less than 5 nm and a volume fraction less than 30% [27,28] . They also whow that another type of ordered domains has local rhombohedral symmetry (R3m) with a size less than 10 nm, which is formed by atomic shifts along {111} direction. These atomic shifts nucleate in the cubic matrix on cooling through T d and are correlated to form polar nano-regions which give PMN its ferroelectric behavior. The volume and the number of polar nano-regions increase with decrease of the temperature. However, growth of polar nano-regions is inhibited by the chemical order and never coarsens into large domains. Due to the presence of polar nano-regions, PMN shows a broad maximum of dielectric permittivity near 265 K with a huge value (~10 4 at 1 kHz) and other anomalous properties (huge dielectric permittivity ~10 4 , giant electrocaloric [29] and piezoelectric [30] coefficients) useful for various applications. Its electrical properties can be tuned by doping normal ferroelectric materials PbTiO 3 (PT) to enhance the interaction between polar nano-regions. Figure IV.4 shows the phase diagram of PMN solid solution with PT [31] , where a morphotropic phase boundary at X = 0.3 ~ 0.35 exists, separating rhombohedral phase (relaxor ferroelectrics) and tetragonal phases (normal ferroelectrics). It is noteworthy that in the region where X < 0.3, PMN-PT phase undergoes a rhombohedral structure in the nano-regions whose longest body diagonal randomly distributes along eight {111} directions leading to a pseudocubic crystalline structure in the macroscopic measurement, like X-Ray Diffraction (XRD). Dielectric constant increased with Mg and Nb concentration, reaching a maximum at 0.9PMN-0.1PT, with loss tangent values below 0.03. For 0.9PMN-0.1PT at room temperature, the pseudocubic lattice constant is 4.029 Å [32] . gel method modified precursor solution is often used, in which either new raw materials and solvent are prepared [48,49,50,51] or chemical additives, like catalyst, are involved to promote the formation of perovskite phase, yield a smooth surface, and densify the thin film [52] . For the substrate, platinized Si surface is commonly used in the industry for its good metallic properties and high oxidation resistance. But little success has been achieved in obtaining high quality PMN-PT films due to the formation of pyrochlore phase [ 53,54] . Another possibility is a CeO 2 /YSZ terminated Si substrate [55,56] . However, high fabrication temperature of PMN-PT using PLD prevents its integration with standard IC process. Thus, seeding layer is necessarily inserted between PMN-PT and the substrate to ameliorate the interface and improve the perovskite formation, like PbO [40] , PZT [57] and PT [32] . Besides, the effect of seeding layer combined with thermal treatment could influence the crystalline orientation and the textured structure of the film [36,58] . Researchers found that piezoelectric coefficients and other electrical properties of PMN-PT films are strongly influenced by the c-axis crystalline orientation, i.e. either c-{100} or c-{111} PMN-PT, where c-{100} PMN-PT usually shows better performance [38, 59] . Therefore, for Si monolithic integration, seeding layer on Si surface turns to be a preliminary requirement for high-quality PMN-PT thin films.

Recently, use of STO as buffer layer on Si for the growth of functional materials, like InP [ 60 ] , PZT [ 61 , 62 ] , has attracted increasing attentions for scientific interests and industrial applications. Having the commensurate crystalline structure with PMN-PT [ 63 , 64 ] , STO is supposed to be an excellent template on Si substrate to avoid the problems mentioned above and yield single crystalline films. On the other hand, epitaxial single crystal oxides have been proven possessing enhanced electrical performance and properties compared to their polycrystalline counterpart [65,30] . In this section, we tried to deposit 0.9PMN-0.1PT films using sol-gel method on STO-terminated Si(001) substrate to obtain single crystal PMN-PT films. Then, SRO layer was added into the stack as bottom electrode, which allows us to perform electrical measurements on PMN-PT films.

IV.2.2) Sol-gel deposition of PMN-PT films

PMN-PT films were deposited on STO-terminated Si(001) substrate using the similar solgel process as we employed for PZT deposition (Figure IV.5). PMN-PT precursor solution mainly consists of several metalorganic compounds which are dissolved in 1-butanol (C 4 H 10 O) solvent, such as lead acetate trihydrate (Pb(CH 3 COO) 2 •3H 2 O), magnesium acetate tetrahydrate (Mg(CH 3 COO) 2 •4H 2 O), niobium pentaethoxide (Nb 2 (OC 2 H 5 ) 10 ), and titanium tetra-isopropoxide (Ti{OCH(CH 3 ) 2 } 4 ). Except for extra 10wt% Pb, atomic ratio of Pb:Mg:Nb:Ti is chosen as 100:30:60:10 for 0.9PMN-0.1PT solid solution due to its high dielectric constant and outstanding electrostriction coefficients near room temperature [66] . Extra lead is added in order to compensate the loss during thermal treatment. During the fabrication, STO/Si substrate was first cleaned by acetone and ethanol and then dried by nitrogen flux. Spin-coating process at 1500 rpm for 20 sec was performed to spread the solution onto STO/Si substrate. Coated sol film was then dried at 130°C for 150 seconds and pyrolyzed at 350°C for 150 seconds in air. Finally, the pyrolyzed film was annealed at 650°C for 1 min in pure oxygen flux by Rapid Thermal Annealing (RTA). The thickness of as-grown PMN-PT film by 1 spin-coating was around 90 nm, larger than that of PZT film (70 nm) for the same fabrication condition. The larger thickness of the PMN-PT film can be attributed to the high viscosity of the sol-gel solution than that of the PZT one. Since both PMN-PT and STO films recover their bulk lattice constants, it is believed that the discrepancy of the lattice constant between TEM and XRD results is attributed to the thinning process during TEM cross-section preparation [67] . 

IV.2.5) Phase transition studied by infrared transmission

Lattice dynamics of our epitaxial PMN-PT film was studied by infrared transmission spectroscopy at varying temperature. Infrared spectrum is widely used to measure structural or molecular characteristics of the material since the electrical interaction between the characteristic phonon in the sample material and the incident infrared photon gives rise to the resonance frequency in the absorbance [68,69] . This experiment was performed at AILES (Advanced Infrared Line Exploited for Spectroscopy) infrared beamline in SOLEIL synchrotron using a Bruker E55 Fourier transform spectrometer with resolution of 1 cm -1 and a liquid N 2 cooled bolometer that covers the 20 -1000 cm -1 spectral region. PMN-PT film grown on STO-Si template and the STO-Si template itself were characterized at various temperatures by IR transmission since silicon is transparent in the IR wavelength range. Figure IV.10 shows the infrared transmission spectra of an epitaxial 90nm-thick 0.9PMN-0.1PT film grown on STO/Si(001) substrate at the selected temperatures from 5 K to 385 K. Contribution of the STO/Si substrate to the infrared transmittance, which was also measured, is retracted from the PMN-PT/STO/Si result. The measurement spans from 20 cm -1 to 700 cm -1 in wavenumber with normal specular transmission through the flat planar film surface, i.e. along Si(001) direction. In principle, infrared transmittance can be transformed to the linear absorption coefficient (α) which is an intrinsic parameter of the material and relates to the complex dielectric permittivity (ε = ε'iε"). In all cases, the complex permittivity can be obtained in a standard way by the Kramers-Kronig analysis of broad-enough frequency range of infrared spectrum [70] . In practice, a more accurate and convenient method is to use simple physically acceptable models for the dielectric function ε(ω) and fit them directly to the infrared spectrum. The so-called Drude-Lorentz model and its derivatives were proposed to express the dielectric function as the sum of damped quasiharmonic oscillators in the following form [71] .

! ! = ! ! -!"" = ! ! + ! !" ! ! !! ! -! ! + !! ! ! ! Equ. IV.1
where ω pi , ω 0i and γ i denote the plasma frequency, the transverse optical (TO) eigenfrequency and the line width (scattering rate) of the i-th Lorentz oscillator. ε ∞ is the high-frequency dielectric constant representing the contribution of all oscillators at very high frequencies. For our PMN-PT film, the fitting result of Drude-Lorentz model using least-square method are shown in According to group analysis, there are three active infrared bands for a simple perovskite structure ABO 3 (Pm3m), i.e. (i) Last mode: A-cation oscillation against BO 6 -octahedra framework (TO1) [72] , (ii) Slater mode: mutual B-O 6 oscillations [73] , (iii) Axe mode: the bending of the O 6 octahedra (TO4) [74] . An additional forth mode is related to B'-B" vibrations for ordered A(B' 1/2 B" 1/2 )O 3 (Fm3m) [75] . Compared with PMN at room temperature [76] , admixture of 10% PT in our epitaxial 0.9PMN-0.1PT film result in an increase in the TO1 (55 cm -1 ~ 71 cm -1 ) and TO2 (216 cm -1 ~ 238 cm -1 ) frequencies and decrease in the TO4 (569 cm -1 ~ 561 cm -1 ) frequency at the same temperature. Temperature-dependent frequency shift of TO1 band is clearly seen from 90.0 cm -1 at 5 K to 52.6 cm -1 at 385 K, indicating a ferroelectric soft mode towards the Burns temperature (T d ) from the lowest temperature. The relevant softening temperature should be much higher than the ferroelectric transition temperature [77] , namely around T d where the polar nano-regions begin to appear [ 78 ] . Beside, an underdamped band with sharp peak permanently occurs at 79.4 cm -1 at all the temperatures. In TO2 mode, the bands slightly shift to Chapter IV -Integration of epitaxial PMN-PT films on Si substrate -138 -the lower frequency towards the high temperature suggesting an increase of the interatomic bond length, i.e. thermal expansion. Three peaks at 275 cm -1 , 316 cm -1 , 343 cm -1 have pronounced intensity in the 5 K spectrum, which gradually decrease with increase of the temperature and become negligible above 70 K. Related to the B'-B" vibrations, they are specific for the ordered structure in the PMN-PT film and give a measure of the overall degree of order (including short range order) [75] . In the disordered sample at elevated temperature, this mode becomes weaker and broader. Since the ferroelectric soft mode always happens, the appearance of these three peaks likely indicates a local ferroelectric transition at 70K. At high frequency from 470 cm -1 to 700 cm -1 , the band is associated to (Nb-O), (Ti-O), and (Mg-O) TO4 stretching modes in the PMN-PT structure [ 79 ] . Moreover, the presence of some additional weak infrared modes, essentially at 157 cm -1 and 430 cm -1 , which slowly disappear upon heating might be connected with the appearance of 3 different atoms in the B sites or the polar clusters in the paraelectric phase [80] . Real dielectric permittivity (ε') in Figure IV.11 (a) shows a strong dispersion. The static permittivity, i.e. ε' at 0 cm -1 , is about 100 for 0.9PMN-0.1PT, which is much lower than the experimental value of the bulk counterpart (10 3 ~ 10 4 ). Low static permittivity is possibly attributed to the absence of an additional dispersion below the phonon range, which comes from fluctuations of polar nanoregions [81] . On the other hand, the residual stress of the PMN-PT thin film could be another source to the decrease of the low static permittivity. Again, the mode in the 270-350 cm -1 range correlates a high-degree ordered structure in the PMN-PT film below 70K. In 

IV.3) Use of SrRuO 3 as bottom electrode for integration of PMN-PT on Si

To study the electrical properties, epitaxial PMN-PT film was grown on STO/Si(001) using PLD deposited SRO as bottom electrode. 270nm-thick PMN-PT film was obtained by performing 3 cycles of spin-coating, drying, and calcination as we used in Section IV.2.2. RTA was performed after these 3 cycles to crystallize the amorphous PMN-PT film. In the following, we present the crystalline and electrical properties of the PMN-PT(270 nm)/SRO(21.0 nm)/STO(12.1 nm)/Si(001) stack. In the C-V curve, butterfly-like hysteresis loop is clearly observed, indicating a typical ferroelectric behavior. Compared with the bulk counterpart, PMN-PT thin film capacitor exhibits a low dielectric permittivity (< 800) in the whole range of either dc bias or ac frequency. The degraded dielectric permittivity of the thin relaxor ferroelectrics film is likely attributed to the impact of the residual stress which is developed due to thermal treatment and lattice mismatch [82] . Between PMN-PT films of 90 nm and 270 nm thickness, a tensile stress is developed in the film and gradually relaxed with increase of the film thickness. On the other hand, the average mismatch stress could be transformed into a non-uniform (chemically disordered) stress when the film is cooled down through the phase transition, and thus impacts the relaxor properties of the PMN-PT film. The amplitude of such non-uniform stress can be related to the peak spreading of the rocking curve and increases with decrease of the film thickness. The larger amplitude of the non-uniform stress corresponds to larger film stiffness which is proportional to the relative permittivity of the clamped film. Thus, it is possible to explain the low dielectric permittivity of our 270nm-thick epitaxial PMN-PT thin film. Moreover, decrease of dielectric permittivity with increase of ac frequency is observed in C-f measurement. It is likely due to the small resonance frequency of this non-uniform state which contributes less to the dielectric response at high frequency. Large dielectric loss of the PMN-PT film (~40%) is measured at high frequency. Except for the contribution of film defects, like oxygen vacancies, Pb deficiency, etc., such nonuniform state with large film stiffness possibly leads to the high energy dissipation during the polarization reversal at high frequencies.

IV.3.1) Structural characterization by XRD

IV.3.2) Electrical measurement

Figure IV.14 shows the electric-field-induced polarization of the epitaxial PMN-PT film measured using Sawyer-Tower circuit at 500 Hz. Generally, slim hysteresis loop indicates relaxor-like behavior since no preferentially oriented polarization occurs at zero electric field while the wide one indicates ferroelectric-like behavior [83] . For the hysteresis loop with small opening in the figure, our epitaxial PMN-PT film likely acts as a one between a pure relaxor and a normal ferroelectrics. The loop widening could be related to the presence of the selfpolarization [84] . The origin of the self-polarization could be related to the inhomogeneous distribution of space charges through the film, charge concentration at the film-electrode interface, or internal fields which is caused by Schottky barrier at the film-electrode interface [85] . Thus, the charge gradient induced in the film could result in preferentially-oriented polar nanoregions which would give rise to the ferroelectric effect. Moreover, the non-negligible leakage current in the measurement probably also attributes to the widened hysteresis loop. 

IV.4) Conclusion

Although it is difficult to achieve sol-gel deposition of a pure perovskite PMN-PT film on Si due to its complex chemical composition, our strategy using STO buffer layer and SRO bottom electrode successfully attains a single crystalline 0.9PMN-0.1PT film without pyrochlore phase on Si(001) substrate. XRD characterization confirms an epitaxial PMN-PT film on either STO/Si(001) or SRO/STO/Si(001) substrate, which undergoes an in-plane tensile stress and thus has a smaller c-axis lattice constant compared to the bulk one. No TEM evidence supports the presence of any supperlattice structure, i.e. chemical ordering structure, in the 90nm-thick PMN-PT film at room temperature. However, temperature-dependent infrared transmission shows a clear softening process towards the high temperature in the 5 K ~ 385 K range and a local ferroelectric transition occur at around 70 K. No feature of relaxor ferroelectrics is observed in the temperature-dependent electrical measurement. Since large tensile stress occurs in the epitaxial single crystal PMN-PT film caused by the clamping effect of Si substrate, the effect of elastic stress is likely responsible for the anomalous behavior and should extract profound experimental researches on those phenomena. In addition, based on our tentative experiments in this thesis, further optimization and characterizations are still required to enhance the film quality of sol-gel PMN-PT film and perform systematical study on the variety of the effects. The similar research performed on single crystal PMN-PT, polycrystalline PMN-PT film, or the film based on oxide substrates should be carefully studied for single crystalline PMN-PT film on Si substrate, such as strain effect [81,86] , morphotropic boundary [87] , chemical composition [88] , bottom electrode [ 89 ] , and so on. Especially for sol-gel deposition, chemical profile and homogeneity of the epitaxial film are closely related to the growth condition, which thus influences various characteristics of the PMN-PT film. Moreover, single crystalline PMN-PT film grown on Si needs to be extensively developed and studied for diverse electronic devices.

New applications might be discovered due to its high electrical performance and anomalous microscopic structure.

V.1) Introduction

MEMS microfabrication is not a completely new technology but based on a package of available cleanroom facilities which have been already developed for a long time in IC industry [1] . Except for that, additional technologies for MEMS manufacture must take diverse materials, like PZT, AlN, Ni, Fe, Co [2] , into consideration for various MEMS devices, which are more than the conventional materials used for IC manufacture, such as Si, SiO 2 , Si 3 N 4 , Al. On the other hand, various mechanical structures in MEMS devices need special fabrication process to satisfy different application-specific purpose. Similar to IC, MEMS manufactures handling the tiny dimension in massive production are also based on photolithography technology with a series of photomasks [3,4] . Table V 

IC fabrication MEMS fabrication

Thermal oxidation [5] Dopant diffusion [6] Ion implantation [7] Chemical vapor deposition [8] Evaporation [9] Sputtering [10] Wet etching [11] Plasma etching [12] Reactive-ion etching [13] Ion milling [14] Surface micromachining [15] Bulk micromachining [16] : Deep Reactive Ion Etching (DRIE) [17,18] Substrate bonding [19] : fusion bonding [20] , anodic bonding [21] , eutectic bonding [22] , solder bonding [ 23 ], thermal compression [24] Non-silicon microfabrication: LIGA [25] , SU-8 [26] and plastic molding [27] .

Low-stress LPCVD [28] Batch micro-assembly [29] and monolithic integration [30] In this chapter, microfabrication will be performed on single crystal PZT films grown on Si substrate to realize piezoelectric membrane and cantilever. Both structures, already successfully realized at LETI with polycrystalline PZT [31,32] , are the most commonly used mechanical structures in MEMS devices. In our case, piezoelectric membrane structures were fabricated starting with PZT stack having no bottom electrode. Membrane can be also fabricated when the bottom electrode is included in the initial stack. During the microfabrication, Si substrate was etched out from backside to access the bottom surface of the piezoelectric film and then followed by the deposition of metallic electrode. Microfabrication of piezoelectric membrane only requires PZT/STO/Si starting stack which is relatively simple for film deposition. On the contrary, cantilever fabrication requires as-prepared bottom electrode in the starting stack which increases the complicity of the deposition process. However, with bottom electrode, time-consuming backside etching of Si substrate can be avoided. Here, SOI (silicon on insulator) substrate is used to define the cantilever thickness by preserving the SOI Si layer during the etching. But the presence of the buried SiO 2 layer could modify the optimal condition for deposition of those functional films on SOI substrate. In this thesis, PZT films deposited on SRO/STO/SOI substrate will be used for cantilever microfabrication. Furthermore, based on those two different mechanical structures, various measurements will be carried out to characterize the piezoelectric performance of the PZT films at device level. Using computational analysis, piezoelectric coefficients can be finally extracted from the measurement.

V.2) Microfabrication process for membrane and cantilever

V.2.1) Piezoelectric membrane

Piezoelectric membrane is designed to have large lateral dimension to enhance mechanical deflection at low actuation voltage. In this thesis, piezoelectric membrane has the lateral dimension of 400×400 µm 2 so that use of plastic photomask is possible manageable. The plastic photomask has sufficient resolution (minimum linewidth: 50 µm) in this case and can largely reduce the design duration. Photomask layout was designed using the software -CleWin. In CleWin, multiply photomask layers are visualized in superimposed view and the pattern geometry is represented by the vectors. 1. Surface preparation. Before microfabrication, Si wafer was cleansed by acetone and ethanol, and then dried in nitrogen flux to remove the contaminations.

2. Top electrode. Ru top electrode was fabricated by etching the coated Ru layer on PZT film. Ru electrode was used due to the fact that the PZT film with Ru electrode was found to have better resistance to fatigue problem compared with that of Pt top electrode [33] . 100nm-thick Ru top electrode was first deposited by rf sputtering on a cleansed PZT surface. Then, positive photoresist AZ1314 was spin-coated to obtain a 1.2µm-thick film on Ru top electrode. With the photomask, the coated photoresist was exposed under the radiation of ultraviolet light for lithography. Additional part of Ru top electrode was finally removed by wet etching, where the water-based solution with sodium hypochlorite (NaClO) was used.

SiO 2 elastic layer.

To compensate residual stress and enhance mechanical deflection, SiO 2 elastic layer is usually added into the stack because of its compressive thermal stress [34] and simple fabrication process. SiO 2 deposition was carried out in a PE-CVD setup (Plasma-Enhanced Chemical Vapor Deposition) by decomposing TEOS (Si(OC 2 H 5 ) 4 ) at 650°C, where the following reaction occurs [35] :

Si(OC 2 H 5 ) 4 → SiO 2 + byproducts Equ. V.1

Then, lithography was performed on the deposited SiO 2 layer which will be selectively etched to expose Ru top electrode for electrical contact. The etchant is buffered-HF solution. 
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Deposition of Al layer.

A metallic hard mask was required for back etching of Si substrate, since the common polymer photoresist cannot persist with the plasma damage during the etching.

Here, we use Al for hard mask because of its easy etching process. Al layer was first deposited on the back surface of Si wafer by PVD (Physical Vapor Deposition) and then the lithography was performed. Extra part of the Al layer was removed by wet etching, where the etching solution consists of phosphoric, acetic, and nitric acids, known as PAN etch. [36] , and TSV (Through Silicon Via) [ 37] in advanced 3D wafer level packaging, due to its ability to form the structure with high-aspect ratios [38] . The dominant technology for high-rate DRIE is known as the Bosch process which alternatively repeats the following two modes to achieve nearly vertical structures (Figure V.3):

Back etching of

! Passivation on the bottom and the newly-exposed sidewall of the trench. For Si, C 4 F 8 is often used to yield a Teflon-like substance in the plasma during typically 10 seconds on Si.

! Plasma etching by SF 6 for Si. This process is a nearly anisotropic etching, where the ionized atoms attack the wafer from a nearly vertical direction under electric field. The etching first removes the polymer deposited on the bottom of the trench during passivation and then continues to remove the silicon isotropically. This process does not etch the polymer on the sidewall since the etching of the polymer requires both radicals and ions. A single DRIE cycle will remove 0.5 to 1 µm silicon and the cycle is repeated until the structure has been etched. Finally, to avoid plasma damage of DRIE on PZT film, remnant 5µm-thick Si substrate was etched by RIE using CHF 3 /O 2 etchant. In DRIE, the plasma ions accelerated by the electric field do not form a straight beam but an angularly scattered cone. This will decreases the etching speed at the corner compared with that at the edge, leading to concave bottom geometry after the etching. Thus, compromise between continuation of etching to obtain a well-defined geometry and protection of PZT film from plasma damage must be made.
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V.2.2) Piezoelectric cantilever

Chrome-coated hard photomask for piezoelectric cantilever fabrication was already designed and used at LETI. The patterns of the photomask are schematically shown in Figure V.5, including two individual layers for electrodes (green) and etched trench (grey) respectively.

To define the thickness of the cantilever, the strategy is to use a SOI wafer where the SOI Si and the BOX (buried oxide) SiO 2 are preserved to form the structural layer of the cantilever, while the bulk Si substrate is partially etched to release the cantilever. On the photomask, both bottom and top electrodes are designed on the top surface of the PZT film, where the bottom electrode takes the big capacitor for electrical contact. Nevertheless, since the SRO layer is fully spread on the wafer, bottom electrode can be realized by contacting the SRO layer from the edge of the wafer, usually by silver paste. The fabrication differs from that of piezoelectric membrane, since SOI wafer and SRO bottom electrode are used in the starting stack. Note however that SOI wafer can also be used for piezoelectric membrane realization. It allows avoiding the deposition of elastic membrane. Instead of back etching of Si substrate as we did for piezoelectric membrane, the presence of SRO bottom electrode can help to avoid such time-consuming process and the same photomask is possibly used for all the etching processes. In Figure V.6, the microfabrication process for realizing piezoelectric cantilever on PZT/SRO/STO/SOI starting stack is schematically shown. The thickness is 250 nm for PZT, 20 nm for SRO, 24 nm for STO, 5 µm for SOI Si, and 500 nm for BOX SiO 2 . In the following, we will discuss each step in details. In addition, the photoresist used in the etching of PZT layer will be reused in the subsequent steps, including IBE (Ion Beam Etching) etching of SRO/STO, DRIE etching of SOI Si, and plasma etching of bulk Si substrate. Therefore, the photoresist is required to be chemically and mechanically robust enough for those processes. AZ 4562 photoresist is selected for this purpose and 6.2µm-thick film can be coated at 4000 rpm. To enhance the robustness of the photoresist, post-bake at 110°C was performed for 1 min. Finally, reflow process was carried out at 180°C for 15 min to avoid thermal softening and roundening which will form resist walls after IBE step.

3. Etching of SRO/STO layer. Since both SRO and STO have small thickness around 20 nm, IBE can be a convenient way to etch these layers. The etching process is monitored by mass spectrometry on the metallic elements, like Sr, Ru and Ti, where the signal of atom counts is used to determine the end of the etching process. In addition, due to the high energy of the ion beam during IBE etching, temperature increases rapidly within few minutes, leading to thermal decomposition of the photoresist. Therefore, cooling system is required in the IBE setup to avoid burning of the photoresist. etching. Finally, the etching of 500nm-thick BOX SiO 2 layer was achieved by RIE using the source gas of CHF 3 /SF 6 .

6.

Etching of bulk Si substrate to release the cantilever. 50µm-thick Si was then etched from the substrate by a plasmaless and room-temperature process using XeF 2 as the source gas. XeF 2 gas isotropically etches Si without affecting most other materials, like oxides, resists, aluminum, gold, and most nitride films [39] , which is typically used to release non-silicon structures for MEMS microfabrication [40] . Other advantages include its fast etching rate and prevention of stiction between the structure being released and the substrate. In the process, the etching takes the following chemical reaction:

2XeF 2 +Si→2Xe↑+SiF 4 ↑ Equ. V.3
Finally, the coated photoresist will be stripped from the top surface. However, such microfabrication process described above draws many technical problems. 

1) Finite Element Method

To extract piezoelectric coefficients from MEMS device, Finite Element Method (FEM) was used to simulate the mechanical displacement at a given dc voltage. The principle of FEM method can be found in the appendix of this chapter. Material model and boundary condition must be first identified for a well-defined FEM problem. Figure V.8 schematically shows a 2D FEM model (cross-section) as an example of simulation of a piezoelectric cantilever. In this case, use of 2D FEM model is available due to the planar stacks of the cantilever and the homogeneous vertical electric field. Two different physical materials are concerned in this model, i.e. linear elastic material and piezoelectric material. The former one involves all the materials expect for PZT layer, which requires only two parameters, i.e. Young's modulus and Poisson's ratio. More complicated elasticity matrix is needed if the material is not isotropically homogeneous.

Additional parameters are needed for piezoelectric material, i.e. PZT, like piezoelectric The geometry of this model is meshed by mapped rectangles since the cross section of the cantilever takes rectangular shape (Figure V.9). Compared with free triangles, such meshing method can effectively reduce the number of the elements and the calculation errors in this case. 

V.3.1.2) Analytic model

Since piezoelectric cantilever usually takes a relatively simple form that consists of a stack of parallel layers (Figure V.10), such problem can be completely resolved by an analytic method [41] . In the stack, neighboring layers are mechanically coupled and the voltage is applied on the opposite surfaces of the ferroelectric layer. In Figure V.10, the stacked layers are denoted by i and the thickness is defined as t i . h i is defined as the distance from the top surface of layer i to the bottom of the cantilever. The normal direction of the stack is denoted as z-axis. The analytical model used in this thesis for piezoelectric cantilever takes several effects into consideration, such as residual stress, piezoelectricity, and thermal expansion. In the following, we will show the mathematical derivation of such model and give the function of the cantilever deflection at the end. In the model, the strain distributed in the multilayers can be decomposed into a uniform component (c) and a bending component. Uniform strain is a homogenous component applying on the entire cantilever, which only induces the change of the length. Bending component is purely caused by the difference of the strain between the layers, leading to the bending of the cantilever with a bending axis whose length is unchanged. Hence, the total strain in the stack can be formulated as:

ε!=!c!+! z!-!t b r for 0!≤!z!≤!h n Equ. V.4
where z = t b indicates the location of the bending axis and r is the radius of curvature of the stack. The normal stresses in the layers are related to the strains induced by various effects and defined by the following equation:

σ i !=!E i ε!-! d i V i t i !-!α i ΔT i !-! σ i (for 0!≤!z!≤!h n ) Equ. V.5
where E i is the Young's modulus, d i is the in-plane piezoelectric coefficient (d 31 ), V i is the voltage across the piezoelectric film, t i is the thickness, α i is the thermal expansion coefficient, ΔT is the temperature difference, and ! ! !is the residual stress. In Eq. 5.5, the strain distribution in the stack is defined by three parameters, i.e. c, t b , and r. Those three parameters can be determined by the following boundary conditions:

1. The resultant force due to the uniform strain component is zero.

! ! ! ! ! !!! = ! ! ! - ! ! ! ! ! ! -! ! !" ! -! ! ! ! ! ! !!! = 0 Equ. V.6
Hence, the uniform strain component can be determined, such that

! = ! ! ! ! ! ! !" ! -! ! ! ! ! ! + ! ! ! ! ! !!! ! ! ! ! ! !!!
Equ. V.7

2. The resultant force due to the bending strain component is zero.
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! ! ! -! ! ! !" ! ! ! !!! ! !!! = 0 Equ. V.8
Hence, the position of the bending axis can be determined, such that

! ! = ! ! ! ! 2ℎ !!! + ! ! ! !!! 2 • ! ! ! ! ! !!!
Equ. V.9

3. The sum of the bending moment with respect to the bending axis (z = t b ) is zero.

! ! ! -! ! !" ! ! ! !!! ! !!! = 0 Equ. V.10
Hence, the curvature can be determined by Eqs. 5.7, 5.10, 5.12 and 5.13, such that

1 ! = ! ! ! ! 2ℎ !!! + ! ! ! -! ! !" + ! ! ! ! ! ! + ! ! ! ! ! ! ! ! ! ! 6ℎ !!! ! + 6ℎ !!! ! ! + 2! ! ! -3! ! 2ℎ !!! + ! ! ! ! Equ. V.11
After the curvature (r) is known from Equ. V.11, the small mechanical deflection at the end point of an L-length cantilever can be simply given by the following equation:

! = ! ! 2!
Equ. V.12

V.3.2) Characterization on piezoelectric membrane

Piezoelectric response at a given dc voltage was measured by interferometer for both membrane and cantilever. The principles of the interferometry and the setup used in this thesis have been introduced in Section II.3.5. During the measurement, dc voltage was swept while the topography of the piezoelectric device was measured and recorded at each voltage step. The detected point on the membrane surface is indicated in the inset image. The appearance of such hysteresis loop demonstrates that the membrane was well actuated by the applied dc voltage through the piezoelectric effect of the PZT film. The slope of the linear part in the hysteresis loop is measured about 1.95×10 -2 µm/V. 

V.3.3) Characterization on piezoelectric cantilever

A piezoelectric cantilever with a nominal length of 140 µm was measured by interferometry. Figure V.13 shows the profile along the length of the cantilever under a sweeping dc voltage between +8 V and -8 V. Undercut of 20 µm is observed due to the isotropic XeF 2 etching process and therefore the real length of the cantilever is 160 µm. The right image in For analytic modeling, Table V.2 summarizes all the useful parameters, i.e. the thickness and the young's modulus of each layer, where the young's modulus of SrRuO 3 and SrTiO 3 are taken from Ref. 42 . We set the young's modulus (E) and the piezoelectric coefficient (d 31 ) of PZT film as the variable of the deflection of the cantilever. Since the deflection is a linear function of E and d 31 , the other effects, like residual stress and thermal expansion, can be ignored if relative deflection is taken into the calculation. Since part of SOI Si is unpredictably etched, we simply give the piezoelectric coefficient (d 31 ) derived from analytic method for two types of stack, i.e.

with or without SOI-Si/BOX-SiO 2 , with Young's modulus of 180 GPa for sol-gel PZT film [43,44] . For the full stack with SOI-Si/BOX-SiO 2 , piezoelectric coefficient of PZT film is 198 pm/V and, on the contrary, for the stack with fully-etched SOI Si the value is quite small (4.17 pm/V). 

V.4) Conclusion

In this chapter, based on single crystal epitaxial PZT films, we presented the cleanroom microfabrication processes dedicated to membrane and cantilever structures, respectively, and the characterizations to study their electromechanical performance. Microfabrication of membranes works well using PZT/STO/Si starting stack. However, microfabrication of cantilevers based on PZT/SRO/STO/SOI-Si starting stack drew many technical problems, such as burning of photoresist, unwanted etching of SOI Si. Those problems resulted in dysfunction of the piezoelectric cantilevers. For both structures, characterization of interferometry, which measures the mechanical deflection of the piezoelectric devices under a given dc voltage, clearly shows a piezoelectric response with hysteresis loop. Simulation by FEM and analytic method has been performed but precise piezoelectric coefficients are still impossible to be extracted due to various problems. Eventually, such microfabrication process should be optimized in the future, especially for cantilever structure, to avoid those technical problems mentioned above in order to extract the precise effective piezoelectric coefficients from simulation.

General conclusion and perspectives

Integration of functional materials, such as ferroelectric or piezoelectric oxides, on silicon has become a great challenge for developing a great variety of applications in the field of sensors, actuators, energy harvesters, and so on. The objective of this thesis has mainly focused on integration of single crystal like epitaxially grown ferroelectric thin films, i.e. Pb(Zr 0.52 Ti 0.48 )O 3 (PZT) and 0.9Pb(Mg 1/3 Nb 2/3 )O 3 -0.1PbTiO 3 (PMN-PT), on Si substrate. This project was initiated by CEA LETI and INL in order to study the ability of integrating single crystalline piezoelectric oxides epitaxially grown on Si with the aim to enhance the performance of piezoelectric MEMS devices. The strategy of this integration was based on the epitaxial growth of oxide template and bottom electrode, allowing the subsequent deposition of high-quality epitaxial ferroelectric films.

A main part of our work has concerned the optimization of the growth conditions of ferroelectric oxides in term of crystallinity and electrical performances. In the last part, cleanroom microfabricaiton was performed to realize piezoelectric cantilever and membrane for device-level characterization. Using interferometry measurement, an appropriate piezoelectric response was detected under dc actuation voltage. This result indicates the successful integration of epitaxially grown ferroelectric film on silicon wafer, which could satisfy the requirement of silicon monolithic integration for future MEMS devices.

In the first step, both PZT and PMN-PT films were deposited by sol-gel method due to its simplicity and compatibility with modern MEMS manufacturing. For PZT deposition, Gd 2 O 3 template was first attempted on Si(111) substrate. Nearly-zero lattice misfit of Gd 2 O 3 and Si results in an excellent epitaxial Gd 2 O 3 film grown by Molecular Beam Epitaxy (MBE). However, the large lattice misfit of Gd 2 O 3 and PZT causes a degraded PZT film which consists of polycrystalline perovskite phase and pyrochlore phase. The formation of a non-ferroelectric pyrochlore phase with a reduction of piezoelectric performance of the PZT film allowed to not continuing the experiment on Gd 2 O 3 template. Another approach using SrTiO 3 (STO) template and SrRuO 3 (SRO) bottom electrode successfully yields an epitaxial single-crystal PZT film with pure perovskite phase. Deposition of STO was realized by MBE and SRO was grown by Pulsed Laser Deposition. The as-deposited STO and SRO films are epitaxially grown on silicon thanks to their small lattice misfit. Ultra-high vacuum conditions in the MBE chamber allow a precise interface engineering that allows the subsequent growth of epitaxial STO and SRO films. The successful deposition of epitaxial STO template is essentially important to the whole process of integration, which provides an oxide-terminated silicon surface. Different annealing temperatures were studied for the influence on the crystalline structure and the electrical properties of the PZT films. Compared with the overheating at 700°C, 650°C annealing for 1 min is adequate for a full crystallization of the amorphous PZT film without any pyrochlore phase. The as-grown PZT/SRO/STO/Si stack follows the relationship of crystalline orientations as [100] PZT (001) // [100] SRO (001) // [100] STO (001) // [110] Si (001). The epitaxial PZT films up to 1.26 µm thickness exhibit high film quality, large remnant polarization, and piezoelectric function, which are important requirements for piezoelectric MEMS. The films show athickness-dependent properties indicating a stress-releasing mechanism in the epitaxial film. This effect likely has strong influence on the electrical properties of the epitaxial PZT film, where the best film quality gives rise to lower permittivity and smaller remnant polarization. In addition, PFM measurement (Piezoresponse Force Microscopy) shows distinct domain dynamics between two PZT films with different film quality. The time evolution of the artificial ferroelectric domain demonstrates a back-switching mechanism in the best-quality PZT film. It can be concluded that a large residual stress appears, leading to the instability of the ferroelectric domains which will turn back to its initial orientation within a few hours.

In a second step, sol-gel deposition of PMN-PT thin films on silicon wafer was also carried out in this thesis using STO template and SRO bottom electrode. It was not easy to achieve pure perovskite PMN-PT films on silicon wafer without pyrochlore phase due to its complicated chemical composition. From the aspect of epitaxy, our successful integration of pure perovskite PMN-PT films on silicon wafer will definitely extend its practical applications. Similar to sol-gel PZT film, both 90 nm and 270 nm epitaxial PMN-PT films grown on SRO/STO/Si substrate shows a relationship of crystalline orientations corresponding to [100] PMN-PT (001) // [100] SRO (001) // [100] STO (001) // [110] Si (001) with a tensile residual stress. Although bulk PMN-PT was observed to form superlattice structure indicating the formation of chemically ordered structure, our TEM observation on epitaxial PMN-PT film shows no such structure at room temperature. Moreover, temperature-dependent infrared transmission exhibits a clear softening process towards the high temperature between 5 K and 385 K and a local ferroelectric transition occurs at around 70 K. The temperature-dependent electrical measurement shows a broaden peak of dielectric permittivity without frequency dispersion, namely no feature of relaxor ferroelectrics. Besides, electrical measurement at room temperature shows a behavior between relaxor ferroelectric and ordinary ferroelectric. Since large tensile stress occurs in the epitaxial single crystal PMN-PT film, the effect of elastic stress is likely responsible for the anomalous behavior. Further experimental researches are still required to explain those phenomena.

In a last step, based on epitaxial PZT film grown on silicon wafer, microfabrication was processed in clean room to realize piezoelectric cantilevers and membranes. The membrane structure was successfully obtained based on PZT/STO/Si stack with good piezoelectric functions. However, the cantilever structure was not well fabricated as the structural SOI (Silicon-On-Insulator) Si was accidentally etched out leading to unpredictable cantilever geometry. Although the cantilever functions well under the actuation of dc voltage, it was not possible to extract the piezoelectric coefficients. Optimization of the microfabrication process should be carried out to get a new reliable heterostructure.

In summary, this thesis draws the main focus on integration of epitaxial ferroelectric films on silicon substrate. Use of STO template and SRO bottom electrode has been experimentally proven as an appropriate way to grow epitaxial single-crystal thin film in this thesis work. Piezoelectric properties of the epitaxial PZT and PMN-PT films were clearly detected through various characterizations and different MEMS structures. However, further optimization and characterizations are still required to enhance the properties of sol-gel ferroelectric films and perform systematical study on various effects. The similar researches performed on bulk single crystal, polycrystalline film, or the film based on oxide substrates should be carefully studied for single-crystal films on Si substrate, such as strain effect, morphotropic boundary, chemical composition, bottom electrode, and so on. For sol-gel deposition, chemical profile and homogeneity of the epitaxial film are closely related to the growth condition, which thus influences various characteristics of ferroelectric film. Tensile stress is often developed in sol-gel deposited ferroelectric films, leading to the formation of a-domain. The presence of a/c/a/c domain structure can help exhausting the dielectric permittivity and the piezoelectric coefficients of the epitaxial films and, thus, deteriorate their performance in the applications. Since the tensile stress is mainly caused by different thermal expansion coefficients between PZT and Si, decrease of annealing temperature in the sol-gel deposition is likely feasible to avoid large tensile stress. This concerns the modification of the sol-gel process using a low-temperature precursor solution. In addition, SOI wafer is widely used in MEMS manufacture. Due to the addition of a buried SiO 2 layer, optimum deposition condition of oxide layers on SOI wafer is modified and different from those on Si wafer. This will definitely induce the derivation of the piezoelectric performance of the ferroelectric thin film away from the best one. The optimization should involve the consideration of the thermal conduction and also the thermal dilatation in the SOI wafer. Thus, the growth temperature of STO, SRO, PZT, and PMN-PT must be tuned for the new substrate to achieve the optimal properties. In order to achieve a well-defined piezoelectric cantilever, our microfabrication process needs to be improved to avoid the accidental etching of the BOX Si layer. The thick photoresist for a series of etching processes must be carefully selected to prevent burning from the plasma damage. Besides, from the aspect of MEMS device, additional characterizations are needed to measure residual stress, piezoelectric coefficient of the clamped and released ferroelectric films, and mechanical properties, like Young's modulus,
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Figure I. 2 -

 2 Figure I.2 -32 crystalline classes categorized by their electrical properties.

I. 3 .

 3 The unit of measurement for piezoelectric coefficient d can be either C/N for the direct effect or m/V for the reverse effect. Theoretically, the two piezoelectric coefficients derived from direct and converse effects are physically equal for a free-standing piezoelectric material, which is, however, not true for a thin film piezoelectric material clamped by the substrate.

Figure I. 3 -

 3 Figure I.3 -Schematic of the direct and converse effects of piezoelectricity.

Figure I. 4 -

 4 Figure I.4 -A typical hysteresis loop for ferroelectric material.

  Figure I.5 (a)). When the temperature is below T C , a 1 becomes negative. The free energy shows two minima at +P s and -P s , suggesting two possible states of spontaneous polarization. An applied electric field larger than the energy barrier between the two states can switch the spontaneous polarization. With increasing the temperature, the spontaneous polarization usually decreases and eventually vanishes at the Curie temperature (Figure I.5 (b)), corresponding to the ferroelectric-paraelectric phase transition. The minimal free energy only happens at P s = 0 when T > T c , i.e. no spontaneous polarization. The typical P-E hysteresis loop of ferroelectric material disappears and follows a nonlinear relationship (Figure Chapter I -Physical principles and motivations -15 -I.5 (c)). Such nonlinear dielectric response results from the permanent polarization which cannot develop in the entire ferroelectric domain and cannot keep the preferred direction at zero electric field. In addition, the nonlinear dielectric response at an elevated temperature tends to be linear due to the fact that the permanent polarization is weakened by thermal excitation.

Figure I. 5 -

 5 Figure I.5 -Temperature-dependent properties of ferroelectric material: (a) the free energy, (b) the spontaneous polarization, and (c) the P-E loop.

Figure I. 6 -

 6 Figure I.6 -The atomistic model of wurtzite ZnO structure.

  Figure I.8 (a) shows the phase diagram of PZT solid solution.

Figure I. 7 -

 7 Figure I.7 -Schematic of PZT crystalline lattice and the origin of permanent dipole in tetragonal lattice.

Figure I. 8 -

 8 Figure I.8 -Phase diagram of PZT solid solution[START_REF] Jaffe | Piezoelectric Ceramics[END_REF] and the composition dependence of the relative piezoelectric response in PZT thin films[95] .

  can operate in different modes using corresponding electrode configuration and figure of merit. Taking cantilever as an example, several piezoelectric coefficients are used in MEMS devices, as shown in Figure I.9. The first configuration with the electrodes on top and bottom surfaces utilizes the transverse piezoelectric coefficient (! !",! -the subscript f after a piezoelectric coefficient denotes an effective coefficient for a thin film).

Figure 1 . 9 -

 19 Figure 1.9 -Illustration of common sensing and actuation modes in piezoelectric MEMS.

  Figure I.10 for piezoelectric cantilever.

Figure I. 10 -

 10 Figure I.10 -Actuator and sensor applications for piezoelectric laminated cantilever.

  Figure I.11 theoretically predicts the effective longitudinal piezoelectric Chapter I -Physical principles and motivations -23 -coefficient ! !! * for two PZT materials, i.e. tetragonal PZT (50:50) and rhombohedral PZT

Figure I. 11 -

 11 Figure I.11 -Effective longitudinal piezoelectric coefficient ! !! * as a function of film orientation for the case of (a) tetragonal PZT (50/50) film and (b) rhombohedral PZT (52/48) film on various substrates[START_REF] Ouyang | Intrinsic effective piezoelectric coefficients of an epitaxial ferroelectric film[END_REF] .

  Figure I.12 (b)) or 3-domain structures in cellular arrangement for relatively large c-domain fractions (Figure I.12 (c)). Moreover, for lead-based ferroelectric materials,
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 124 Figure I.12 -(a) the cubic-tetragonal transform of crystalline structure at the Curie temperature, (b) the formation of c/a/c/a 2-domain architecture, and (c) the formation of 3-domain architecture below the Curietemperature[START_REF] Kingon | Ferroelectric films and devices[END_REF] .I.4) Single crystal piezoelectric films on Si: state of the art

Figure I. 13 -

 13 Figure I.13 -Piezoelectric hysteresis loops measured using PFM for (left) 4 heterostructures and (right) thedifferent chemical compositions[START_REF] Borowiak | Pulsed laser deposition of epitaxial ferroelectric Pb(Zr,Ti)O 3 films on silicon substrates[END_REF] .

  Figure I.14 -The epitaxial PZT/Si membrane in Ref. 146 (left) and the energy harvester with a Si proof mass in Ref. 146 (right) .

  Figure I.15). Micro-cantilever structure was fabricated, showing Chapter I -Physical principles and motivations -29 -a well-defined linearity of piezoelectric response under ac and dc voltage. After pre-poling process, an effective e 31, f coefficient as high as -27±3 C/m² was measured, which are the highest reported e 31, f value for any piezoelectric thin films. A large figure of merit for energy harvesting (~50) was determined, exceeding all the previously reported values for ferroelectric energy harvester. With such large transversal piezoelectric coefficients, the required actuation voltage can decrease below 2.5 V while keeping a sufficiently large electric-field-induced displacement. Such low actuation voltage is compatible with the low-voltage CMOS circuits. Therefore, the excellent piezoelectric performance of epitaxial PMN-PT films can provide a wide range of piezoelectric device applications, such as ultrasound medical imaging, microfluidic control, piezotronics, and energy harvesting.

Figure I. 15 -

 15 Figure I.15 -Fabrication and characterization of PMN-PT micro-cantilevers. (a) SEM image of PMN-PT cantilever. (b) Cantilever profile as a function of dc voltage. (c) Bright-field cross-sectional TEM image near the PMN-PT/SRO interface. (d) High-resolution TEM image of PMN-PT/SRO interface[START_REF] Baek | Giant piezoelectricity on Si for hyperactive MEMS[END_REF] .

  research work of the thesis was carried out in the framework of and funded by a French National Research Agency (ANR) project, Single crystal dielectric thin films for integrated capacitors (MOCA), ANR-10-NANO-0020. MOCA brought together 4 major French laboratories, Laboratoire d'Electronique et de Technologie de l'Information (LETI), Institut des Nanotechnologies de Lyon (INL), Laboratoire Structures, Propriétés et Modélisation des Solides (SPMS), Institut Franche-Comté Electronique Mécanique Thermique et Optique -Sciences etTechnologies (FEMTO-ST) and a private company STmicroelectronics in Tours, to develop and provide a clear status on the superiority of the epitaxial single-crystal thin films in various targeted proofs of concept, like acoustic resonators, high-K capacitors and piezoelectric actuators, compared to their polycrystalline counterpart. The MOCA project involves the research of heterogeneous integration of functional materials on Si substrate to increase the interaction, like sensing, actuation, time reference, frequency filters, integrated capacitors, as close as possible to the microelectronic one, which allows envisioning new devices associated with the "More Moore" concept. Beyond miniaturization, more functions can be added onto the existing Si technologies (diversification) in a "more than Moore" approach where the European semiconductor industry plays a worldwide leading role. The properties of single crystal perovskite materials which exhibit an impressive series of outstanding coupling properties, like dielectric constant, piezoelectric coefficient, pyroelectric coefficient, are expected to overcome those of corresponding polycrystalline films. Therefore, it appears very promising to develop technological routes allowing the synthesis of single crystal ferroelectric materials on Si substrates and decrease the technology cost without any trade-off concerning the material quality.
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Figure II. 1 -

 1 Figure II.1 -Atomistic processes of the epitaxial growth.

Figure II. 2 -

 2 Figure II.2 -Three possible epitaxial growth modes during the deposition of film material on substrate.

  substrate (Figure II.3 (b)).

  Figure II.3 (c) illustrates another case corresponding to a pseudostructure. The example is the heteroepitaxy of SrRuO 3 (SRO), which has an orthorhombic structure with lattice constants a = 5.567 Å, b = 5.530 Å and c = 7.845 Å, on STO substrate. The Chapter II -Epitaxial growth and characterization technologies -49 -crystalline structure of SRO can be considered as a pseudocubic unit cell with a lattice constant of 3.923 Å that is very close to that of STO substrate.

Figure II. 3 -

 3 Figure II.3 -The arrangement of the unit cell of the film material on the substrate: (a) cube-on-cube mode, (b) rotation of film unit cell by 45°, and (c) pseudo-structure.

Figure II. 4 Figure II. 4 -

 44 Figure II.4 shows the Riber 2300 MBE system used at INL, which is dedicated to the deposition of functional oxides. This equipment consists of the different following parts:

Figure II. 5 -

 5 Figure II.5 -Schematics of the RHEED system in MBE growth chamber.

Figure II. 6 -

 6 Figure II.6 -Six types of RHEED patterns for (a) perfect crystalline surface, (b) real epitaxial surface, (c) rough surface, (d) 3D growth mode, (e) polycrystalline surface and (f) amorphous surface.

  .

  7. Therefore, by monitoring the RHEED pattern along(110) and (100) directions in real time during the deposition process, the chemical stoichiometry can be maintained by changing the deposition speed of either Sr or Ti effusion cell.Chapter II -Epitaxial growth and characterization technologies-53 -

Figure II. 7 -

 7 Figure II.7 -The ×2 reconstruction of STO surface in the case of Sr-and Ti-rich and the corresponding RHEED pattern.

Figure II. 8 -

 8 Figure II.8 -The configuration of a typical PLD system.

Figure II. 9 -

 9 Figure II.9 -The process of sol-gel deposition.

Figure II. 10 -

 10 Figure II.10 -The configuration of Rigaku SmartLab high-resolution X-ray diffractometer.

Figure II. 11 -

 11 Figure II.11 -A typical X-ray spectrum generated by Mo and Cu cathode target.

Figure II. 12 -

 12 Figure II.12 -The illustration of Bragg's law.
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 13 

Figure II. 13 -

 13 Figure II.13 -Several crystallographic angles changed in XRD measurement.

Figure II. 14 -

 14 Figure II.14 -The analyzed region (in red) detected by various XRD modes in the reciprocal space. Taking cubic crystalline structure as an example.

Figure II. 15 -

 15 Figure II.15 -The schematic of a transmission electron microscope column.

Figure II. 16 -

 16 Figure II.16 -Principle of HP 4284A impendence meter and the equivalent circuit in the electrical characterization.

  R s and C s are the resistance and the capacitance in series circuit, G and C p are the conductance and the capacitance in parallel circuit. When small capacitance is measured, which implies that the effect of the parallel resistance (R p ) has relatively more significance than that of series resistance (R s ), the parallel circuit model (C p -G) should be used. Otherwise, the series circuit model (C s -R s ) should be used. For ferroelectric thin film capacitor whose capacitance is usually less than 1 nF, the C p -G parallel circuit model is often used in the electrical characterization.

Figure II. 17 -

 17 Figure II.17 -Two modes in the electrical characterization: (a) C p -G parallel mode, (b) C s -R s series mode.

  characterization will be addressed by taking C p -D mode as an example, namely capacitance and dielectric loss in parallel circuit: Chapter II -Epitaxial growth and characterization technologies -65 -C p -D vs. dc bias (or C-V measurement): A typical ferroelectric film often shows a butterfly-like hysteresis loop in C-V measurement (Figure II.18). The dielectric permittivity in ferroelectric film involves two contributions: 1) extension of the permanent polarization at high dc bias, and 2)

Figure II. 18 -

 18 Figure II.18 -The electrical impedance of PZT ferroelectric film in C p -D mode by sweeping dc bias.

C

  p -D vs. ac frequency: The dielectric dispersion is essentially related to the separation of positive and negative charges which has various sources at different resonance frequency, such as ferroelectric domain walls movement, dipolar vibration, atomic movement, and separation of electrons and nuclei (Figure II.19). At high frequency, those having lower resonance frequency do not contribute to the permittivity due to the fact that the separation of the charges cannot follow the change of the alternative electric field. Debye model and its variants are commonly used to describe the dielectric dispersion by using the concept of ideal and non-interacting Chapter II -Epitaxial growth and characterization technologies -66 -electric dipoles. In Debye relaxation, the electric permittivity of a single electric dipole is represented as a function of the frequency of ac electric field by the following equations:

Figure II. 19 -

 19 Figure II.19 -Dielectric permittivity (ε' and ε") spectrum over a wide range of frequencies.

Figure II. 20 -

 20 Figure II.20 -Potential of a domain wall in a medium with randomly distributed pinning centers.

  Chapter II -Epitaxial growth and characterization technologies -68 -onset of polarization switching changes the energy landscape of the system. The Rayleigh Law no longer applies and the field dependence becomes sub or super linear. In Figure II.21, the three regions in the field-dependent dielectric permittivity are schematically represented.

Figure II. 21 -

 21 Figure II.21 -Schematic of the ac field dependence of dielectric permittivity [41] including 3 regions, namely the low field region (I), the Rayleigh region (II), and the high field region (III).

  Figure II.22 exhibits the configuration of Sawyer-Tower circuit used in this thesis. On the oscilloscope, channel X (V x ) displays the voltage of the applied ac signal and channel Y (V y ) displays the voltage drop across the reference capacitor (C ref ) which is proportional to the accumulated charge on the surface of ferroelectric film. The polarization and the applied electric field on the ferroelectric film can be derived by following equations:

Figure II. 22 -

 22 Figure II.22 -Illustration of the Sawyer-Tower circuit.

Figure II. 23 -

 23 Figure II.23 -The principle of a typical PFM setup.

Figure II. 24 -

 24 Figure II.24 -Two PFM modes: vertical and lateral mode.

Figure II. 25 -

 25 Figure II.25 -The influence of the orientation of the permanent polarization on the output amplitude and phase of lock-in amplifier in an ideal smooth ferroelectric film.

Figure II. 26 -

 26 Figure II.26 -The configuration and the principle of WYKO NT3300 profiling system.
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  Figure III.1 (a) shows the surface topography of the treated Si wafer, which was obtained by AFM setup in the air. Atomic steps are clearly observed with the terrace width of 150 nm and single-layer step height. In Figure III.1 (b), RHEED pattern was measured on the same Si surface after removal of SiO 2 layer in the vacuum. ×2 reconstruction, which corresponds to the Si free surface, is clearly seen in the pattern along Si[110] azimuth. The reconstruction is generated due to the minimization of surface energy by forming the surface

Figure III. 1 -

 1 Figure III.1 -Si(001) surface after chemical treatment: (a) 1×1 µm 2 AFM surface topography measured in the air and (b) RHEED pattern with ×2 surface reconstruction measured in the vacuum along Si[110] azimuth.

Figure III. 2 -

 2 Figure III.2 -The mechanism of de-oxidation by using strontium (Ref. 6).

III. 2 3.

 2 Meanwhile, Sr atoms are partially evaporated during the annealing process until 1/6 -1/3 ML of Sr remains on the Si surface. RHEED pattern of this sub-ML Sr will show ×2, ×3 and ×6 features along the Si[110] azimuth at 600°C, indicating a mixture of c(3×2) and c(6×2) phases of Sr/Si system on the Si surface (Figure III.3 (a)).

4 .

 4 In order to obtain a 1/2 ML Sr coverage, deposition of additional Sr must be performed at 600°C to turn the RHEED pattern to the one that has only ×2 feature (Figure III.3 (b)).

Figure III. 3 -

 3 Figure III.3 -Evolution of the RHEED pattern on the Sr/Si system along the Si[110] azimuth from (a) 1/6 -1/3 ML to (b) 1/2 ML Sr coverage on the surface.

  Figure III.4 (b) illustrates such atomistic model for the epitaxial growth of STO film on SrOpassivated Si(001) surface.

Figure III. 4 -

 4 Figure III.4 -The atomistic model of (a) the epitaxial relationship between STO and Si(001) substrate and (b) the epitaxial growth of STO on 1/2 ML SrO covered Si substrate.

Figure III. 5 -

 5 Figure III.5 -The thermo-kinetic diagram of STO/Si(001) system in oxygen pressure and substrate temperature. The inset images are the RHEED pattern and the TEM images.

Figure III. 6 -

 6 Figure III.6 -RHEED patterns of a 56ML-thick STO film on Si(001) along (a) Si[100] and (b) Si[110]azimuths.

  Figure III.7 shows the out-of-plane 2θ/ω XRD for a 6nm-thick STO film on Si(001) substrate. The sharp and intense peak at 2θ = 69.13° is Si(004) Bragg peak. STO(002) Bragg peak at 2θ = 46.65° shows an outspread peak with the Pendellösung fringes, which is due to the small thickness and the extremely smooth surface of the STO film. STO lattice constants derived from out-of-plane and in-plane (not shown) 2θ/ω XRD are c = 3.96 Å and a = 3.89 Å.

  Figure III.7 exhibits the Φ scan XRD on STO{202} and Si{404} Bragg peaks. Both Bragg peaks having a 4-fold rotational symmetry demonstrate that the STO film is single crystal with tetragonal structure on Si substrate. The angle between two Bragg peaks is 45°, caused by the rotation of STO unit cell around Si[001] axis. Therefore, the crystalline relationship of STO/Si is [100] STO (001) // [110] Si (001). In addition, an extremely smooth STO surface with step-and-terrace structure was observed by AFM (Figure III.8). In average, the surface structure has a terrace width of 240 nm and a unit cell height of STO lattice, i.e. 0.4 nm, along <100> on the surface.

Figure III. 7 -

 7 Figure III.7 -Out-of-plane 2θ/ω XRD on STO/Si(001). The inset image shows the Φ scan on STO(202) (*) and Si(404) (Δ).

Figure III. 8 -

 8 Figure III.8 -Surface topography of the as-grown STO film within 1×1 µm 2 area.

Figure III. 9 -Figure III. 10 -

 910 Figure III.9 -Sol-gel deposition process used in this thesis for epitaxy of PZT films on STO/Si.

Figure III. 11 -

 11 Figure III.11 -Out-of-plane 2θ/ω XRD on 650°C and 700°C annealed PZT films on STO/Si(001). The right image shows the Gaussian fit on PZT(002) Bragg peak with indication of the bulk counterparts.

Furthermore, in

  order to confirm the epitaxial growth of the PZT films, Φ scan XRD was performed on PZT{202} and Si{404} Bragg peaks. In Figure III.12, 4-fold rotational symmetry is observed on those Bragg peaks for both 650°C and 700°C PZT films. Angular difference of 45° between PZT{202} and Si{404} Bragg peaks is caused by the rotation of PZT lattice along the Si[001] axis. This rotation reduces the lattice mismatch of PZT and STO so that the preliminary of epitaxial growth can be satisfied. In conclusion, the relationship of the crystalline orientations in PZT/STO/Si(001) heterostructure is derived as [100] PZT (001) // [100] STO (001) // [110] Si (001) for both PZT samples.
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 1213 Figure III.12 -Φ scan XRD on PZT{202} and Si{404} Bragg peaks for both 650°C and 700°C PZT films.

Figure III. 14 -

 14 Figure III.14 -Reciprocal space mapping on (a) PZT(002) and (b) PZT(013) Bragg spots for 650°C PZT film.

  Surface topography was measured by VEECO Dimension 3100 AFM setup in tapping mode. In Figure III.15, both 650°C and 700°C PZT samples show a quite smooth surface within the area of 1×1 µm 2 . Large amount of nano-scale hillocks are observed in random distribution on the surface of 650°C PZT film. On the contrary, no additional feature can be seen on the surface of 700°C PZT film. The RMS values of the surface roughness derived from the 5×5 µm 2 AFM topography is 0.80 nm for 650°C PZT film and 1.36 nm for 700°C PZT film, demonstrating a large topographic fluctuation on the surface of 700°C PZT film.

Figure III. 15 -

 15 Figure III.15 -Surface topography of PZT films on STO/Si annealed at 650°C (left) and 700°C (right).

Figure III. 16 -

 16 Figure III.16 -The capacitance of Au/Ni/PZT/STO/Si stack at 10 kHz, 100 kHz, and 1 MHz for the PZT films annealed at 650°C (a) and 700°C (b), respectively.

Figure III. 17 -

 17 Figure III.17 -Clockwise and anti-clockwise C-V hysteresis loop for an n-MOS capacitor and clockwise C-V hysteresis loop for an MFS capacitor.

Figure III. 20 -

 20 Figure III.20 -Formation of gradient PZT film during crystallization process.

Figure III. 21 -

 21 Figure III.21 -Zr content within a 2µm-thick PZT film measured as a function of the distance to the bottom electrode. Open squares: standard film with 53/47 solutions; filled circles: film with optimized Zr/Ti.

Figure III. 22 - 2 o

 222 Figure III.22 -Chemical profile of the epitaxial PZT film on STO/Si(001) substrate measured by SIMS.

Figure III. 23 -

 23 Figure III.23 -The crystalline structure of SrRuO 3 and the reduced pseudo-cubic structure.

Figure III. 24 -

 24 Figure III.24 -Schematic diagram presenting six possible domain orientations of SRO on STO (001) substrate.

Figure III. 25 .

 25 Linear relationship of the applied current and the measured voltage is observed in the whole range of measurement from 1 µA to 3 mA, corresponding to the voltage from 0.46 mV to 1.6 V. Within this range, electrical resistivity remains constant at 408.8 µΩ•cm. Compared with the SRO film deposited on STO substrate in Ref. 63 with a resistivity of 650 µΩ•cm, our SRO film on STO/Si obviously gives a smaller electrical resistivity. In the reference, the lowest resistivity (< 200 µΩ•cm) was found at the substrate temperature of 775°C. However, at such substrate temperature the film surface has a relatively larger roughness than that at 700°C, making it inappropriate for the use of bottom electrode.

Figure III. 25 - 4 -

 254 Figure III.25 -4-point probes method (left) and I-V characteristic of the as-grown SRO film on STO/Si (right).

Figure III. 26 -

 26 Figure III.26 -Out-of-plane 2θ/ω XRD of SRO/STO/Si(001) stack and STO/Si(001) substrate (left) and the Gaussian fit on SRO+STO(002) Bragg peak.

Figure III. 27 -

 27 Figure III.27 -5×5 µm 2 AFM surface topography of the as-grown SRO film deposited on STO/Si(001) substrate.

  In Figure III.28, out-of-plane 2θ/ω XRD is measured on 3 PZT samples where the PZT/SRO/STO/Si stack and the SRO/STO/Si substrate are indicated in black and red, respectively. The measurement demonstrates a pure perovskite PZT phase in all the samples which are free of pyrochlore phase and have only PZT(00l) crystalline orientation normal to the film surface. Interestingly, the PZT film of Sample B grown on a STO buffer layer with small amount of (101)-oriented structure still shows a single crystalline structure. Φ scan XRD on PZT{202} and Si{404} Bragg peaks (not shown) confirms that all the PZT films are epitaxially grown on SRO/STO/Si(001) substrate with crystalline orientation of[100] PZT (001) // [100] SRO (001) // [100] STO (001) // [110] Si (001). Furthermore, fine crystalline structure of epitaxial PZT films can be derived by fitting the PZT(002) Bragg peak with multiply Gaussian functions, shown in the right image of Figure III.28. For Sample A, PZT film consists of two phases where the one with larger c-axis lattice constant dominates the film. On the contrary, Sample B consists of only one PZT phase that has the similar lattice constant as the dominant phase of Sample A. The difference of Sample A and B in crystalline structure could be attributed to the crystalline quality of the PZT film. The film quality is defined as the FWHM value of the rocking curve of PZT(002) Bragg peak, giving a value of 0.32° for Sample A and 1.13° for Sample B. The inferior PZT quality of Sample B is epitaxially originated from its STO buffer layer which has a large FWHM value. Thus, the inferior film quality likely provides a mechanism for structural relaxation, leading to a uniform PZT lattice constant in Sample B, while segregation of PZT lattice constant occurs in Sample A where large residual stress forms due to the lack of relaxation mechanism. Three PZT phases are found in Sample C, which is likely caused by the multiply RTA processes during the sol-gel deposition of µm-thick PZT film. Since the PZT film was grown in layer-by-layer mode, each PZT sublayer undergoes different times of thermal treatment, thus leading to the segregation of PZT lattice constant in Sample C. An intermediate Chapter III -Integration of epitaxial PZT thin film on Si substrate -103 -FWHM value of 0.67° is measured for Sample C. Besides, the fitting result of the PZT(002) and STO(002) Bragg peaks by multiply Gaussian functions is summarized in Table III.4.

Figure III. 28 -

 28 Figure III.28 -(a) Out-of-plane 2θ/ω XRD of PZT/SRO/STO/Si stack (black) and SRO/STO/Si substrate (red) and (b) the Gaussian fit on PZT(002) Bragg peak.

Figure III. 29 -Figure III. 30 -

 2930 Figure III.29 -RSM measurement on the PZT(013) and SRO/STO(013) Bragg spots of Sample A and B. The corresponding Bragg spots of the bulk materials are indicated.

Figure III. 31 -

 31 Figure III.31 -TEM image of Sample C at the magnification of 4k on Si(110) cross section.

Figure III. 32 -

 32 Figure III.32 -TEM images of PZT/SRO/STO/Si(001) at 200k magnification on Si(110) cross section at the regions near the Si substrate (left) and within the epitaxial PZT film (right).

Figure III. 33 -

 33 Figure III.33 -Electrical impedance of Ru/PZT/SRO capacitors at 100 kHz as the function of dc bias.

  Chapter III -Integration of epitaxial PZT thin film on Si substrate-109 -each PZT sublayer and electrode/PZT interface was processed by different times of RTA annealing.

Figure III. 34 -

 34 Figure III.34 -The influence of oxygen vacancies on the preferred orientation of spontaneous polarization.

Figure III. 35 -

 35 Figure III.35 -Electrical impedance of sample-A and sample-B as a function of ac frequency.

Figure III. 36 -

 36 Figure III.36 -Polarization as a function of applied electric field for Ru/PZT/SRO capacitors.

Figure III. 37 -

 37 Figure III.37 -Leakage current density as the function of dc voltage measured on Sample A and B.

Figure III. 38 -

 38 Figure III.38 -Surface topography and hysteresis loop measured on Sample A and B.

Figure III. 39 -

 39 Figure III.39 -Time evolution of the artificial ferroelectric domain created on Sample A and B within 2 hours.

  Figure IV.2 (b)), normal ferroelectrics can undergo a phase transition into ferroelectric order accompanied with spontaneous polarization.
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 12 Figure IV.1 -Comparison between normal (a) and relaxor (b) ferroelectrics.

Figure IV. 3 -

 3 Figure IV.3 -Schematic temperature-dipolar phase diagram showing the relationships between the dipolar glass, ferroelectric and paraelectric phase.

Figure IV. 5 -

 5 Figure IV.5 -Sol-gel fabrication process used in this thesis to grow PMN-PT films on STO/Si(001) substrate.

Figure IV. 6 -

 6 Figure IV.6 -2θ/ω XRD measurement on PMN-PT/STO/Si(001) stack. The inset shows the pole figure characterization on PMN-PT{202} and Si{202}.

Figure IV. 7 -

 7 Figure IV.7 -XRD reciprocal space mapping on PMN-PT/STO/Si. (a) The out-of-plane direction ranged from 2θ=42° to 70° with Ω range of ±3.5° and (b) The in-plane region around PMN-PT(110) Bragg spot.

Figure IV. 8 -

 8 Figure IV.8 -Surface topography of as-grown PMN-PT film within 5×5 µm 2 area.

Figure IV. 9 -

 9 Figure IV.9 -TEM images of the PMN-PT/STO/Si(001) stack on Si(110) cross-section with the magnification of (a) ×20k and (b) ×200k. Image (c), the Fourier transform from (a), shows single crystalline in reciprocal space. Image (d) shows the TEM diffraction on the whole stack.

Figure IV. 10 (

 10 Figure IV.10 (solid lines) and the experimental spectra are shown by circular dots. Moreover, Figure IV.11 exhibits the complex dielectric permittivity deduced from the best fitting of the results.

Figure IV. 10 -

 10 Figure IV.10 -Infrared transmission spectra of the epitaxial 90nm-thick 0.9PMN-0.1PT film at selected temperatures from 5 K to 385 K. The experimental data is shown by circular dots and the fitting result is shown by solid lines. The spectra are shifted in y-axis for better visualization. Characteristic regions are indicated with the related chemical bond, where the B site represents the Nb or Ti atom. The peak around 320 cm -1 on the measurement performed at 5K is due to the presence of dopants inside the silicon (vibration signature).

Figure IV. 11 -

 11 Figure IV.11 -Dielectric permittivity and loss spectra of epitaxial 0.9PMN-0.1PT film obtained from the fits of infrared transmittance in Figure IV.10 using Drude-Lorentz model.

  Figure IV.11 (b), TO1 mode is split into A 1 and E symmetry for rhombohedral phase. The dielectric loss (ε") clearly shows a decrease of A 1 (TO1) frequency towards the high temperature, indicating a ferroelectric soft mode.

Figure IV. 12 -

 12 Figure IV.12 -Out-of-plane 2θ/ω XRD of the as-grown PMN-PT film on SRO/STO/Si(001) substrate. The inset in the left image is the φ scan XRD on PMN-PT{202} (*) and Si{404} (Δ), respectively. The right image shows the Gaussian fit on PMN-PT (002) and SRO/STO(002) Bragg peaks.

Figure IV. 13 -

 13 Figure IV.13 -Electrical impedance of Ru/PMN-PT/SRO/STO/Si capacitor as a function of dc bias at 100 kHz (left) and ac frequency (right), which is measured in C p -D mode.

Figure IV. 14 -

 14 Figure IV.14 -Polarization hysteresis loop measured at 500 Hz for the epitaxial PMN-PT film.

Figure IV. 15 -

 15 Figure IV.15 -Temperature-dependent dielectric permittivity measured at different ac frequency.

Figure V. 1 Figure V. 1 -

 11 Figure V.1 exhibits the starting stack for the microfabrication, i.e. PZT/STO/Si, where the thicknesses are 250 nm, 17.5 nm, and 300 µm for PZT film, STO film, and Si substrate, respectively. Moreover, Figure V.2 schematically presents the whole microfabrication process, which can be divided into five main steps. Each step will be discussed in the following:

Figure V. 2 -

 2 Figure V.2 -Schematics of the fabrication process for piezoelectric membrane.

Figure V. 3 -

 3 Figure V.3 -The Bosch process for etching a silicon trench by DRIE.

6 .

 6 Bottom electrode. After back-etching of Si substrate, deposition of Au and Cr was performed to get electrical contact with the back surface of the piezoelectric membrane. Thickness of Au Chapter V -Microfabrication and characterization of piezoelectric devices -158 -and Cr are 100 nm and 10 nm, where the Cr layer is used to enhance the adhesion of Au with PZT film. In order to obtain a continuous bottom electrode fully covering the sidewall and the back surface of the piezoelectric membrane, both e-beam evaporation and rf sputtering technologies are necessarily required. For e-beam evaporation, substrate is usually tiled to expose the sidewall under vapour flux, however, which will draws a shadow on the opposite sidewall leading to the discontinuity of the deposited bottom electrode. For rf sputtering, high-energy plasma could damage the PZT film and argon atom is also possibly implanted, although it has a better step coverage than e-beam evaporation. Therefore, the strategy is to perform e-beam evaporation first to protect the membrane from the plasma damage and then use rf sputtering to fully cover the shadowed region.

Figure V. 4 -

 4 Figure V.4 -SEM image on a piezoelectric membrane.

Figure V. 5 - 1 . 160 - 2 .

 511602 Figure V.5 -Schematically showing the patterns of the hard photomask for piezoelectric cantilever and the starting stack of the heterostructure (not to scale) for the fabrication.

3 . 2 Figure V. 6 -

 326 Figure V.6 -Schematics of the microfabrication process for piezoelectric membrane.

  photoresist/Ru/PZT/SRO/STO/partial-SOI-Si/BOX-SiO 2 .

Figure V. 7 -

 7 Figure V.7 -SEM images of the piezoelectric cantilever.

  coefficients and electrical permittivity, to respond to the applied voltage. Since the longitudinal expansion is negligible in this case, only the transverse piezoelectric coefficient (d 31 ) is set in the coupling matrix. For boundary conditions, mechanical one should define the free boundaries and the fixed constraints, which are marked in blue and red respectively in the figure. On the other hand, electrical boundary condition should define the zero charged surfaces and the applied dc voltage around the PZT layer. Here, we define the applied voltage on the top surface and the grounded voltage on the bottom surface. Except for those two surfaces, the other surfaces of the PZT layer are zero charged to satisfy the electrical neutrality. Microfabrication and characterization of piezoelectric devices -163 -

Figure V. 8 -

 8 Figure V.8 -The planar stack of the piezoelectric cantilever. The mechanical free boundaries and fixed constraints are labeled in blue and red respectively.

  For a given d 31 , the ratio of the cantilever deflection and the applied voltage, i.e. sensitivity, can be derived from post-processing. Thus, the sensitivity as a function of d 31 can be plotted by sweeping d 31 value and the piezoelectric coefficients can be extracted by fitting the experimental result.

Figure V. 9 -

 9 Figure V.9 -The mesh of the piezoelectric cantilever using mapped rectangles.

Figure V. 10 -

 10 Figure V.10 -Schematics showing a multilayer structure in the cantilever.

Figure V. 11

 11 (a) shows the topographic image of a Capa1-typed piezoelectric membrane which was captured by the interferometer at zero dc voltage. By taking the mechanical deflection of a point on membrane surface as a function of dc voltage, hysteresis loop was drawn in Figure V.11 (b).

Figure V. 11 -

 11 Figure V.11 -(a) topography of a piezoelectric membrane captured by interferometer at zero dc voltage and (b) hysteresis loop of the mechanical deflection as a function of a point detected on membrane surface.

  Figure V.12 (b) and (c) exhibit such open-circuit voltage generated by the piezoelectric membrane where the actuation ac voltage is sinuous and rectangular at 50 kHz. For sinuous ac voltage, the open-circuit voltage shows an asymmetrical output at its positive and negative parts, which can be attributed to the asymmetrical stack of the piezoelectric membrane. Delay is observed in the output voltage due to the finite-velocity propagation of the acoustic wave in the PZT film. For rectangular ac voltage, the electrical pulse induces a transient increase of the open-circuit voltage, which decreases exponentially after the switch of the sign of the input voltage. In this measurement, both direct and converse piezoelectric effects are necessary to transduce the ac voltage from one top electrode to the other and, therefore, the result further confirms the piezoelectricity of the epitaxial PZT film in the membrane.In conclusion, piezoelectric membrane was successfully fabricated based on epi-PZT/STO/Si stack. Due to the lack of bottom electrode, Si substrate was etched out in order to access the bottom surface of the PZT film. Metallic bottom electrode was then deposited from backside of the stack. SEM image shows a rounded rectangular membrane slightly different from the designed pattern. The electrical measurement confirmed a piezoelectric response of the membrane structure.

  Microfabrication and characterization of piezoelectric devices-167 -

Figure V. 12 -

 12 Figure V.12 -Electrical measurement of a Capa2-typed piezoelectric membrane: (a) schematics of the electronic circuit and the display on oscilloscope for (b) sinuous input and (c) pulsed input.

Figure V. 13

 13 Figure V.13 clearly shows a hysteresis loop of the mechanical deflection actuated by the dc voltage at the point 126µm-away from the clamp. The slope of the linear part of the hysteresis loop is 0.28µm/V, which corresponds to 0.413µm/V for the end point at the cantilever.

Figure V. 13 -

 13 Figure V.13 -Characterization on the deflection of piezoelectric cantilever under a sweeping dc voltage, where the hysteresis loop was measured at the point 126µm-away from the clamp (indicated by red point).

  

  

  

  

  

Table I .2 -4 different forms of coupled equations and the corresponding piezoelectric coefficients.

 I 

	"Stress [T]" (N/m 2 )	"Strain [S]" (m/m)
	"Charge [D]" (C/m 2 )	

Table I .3 -Thin film piezoelectric and dielectric properties. Physical parameter Coefficients/figures of merit ZnO

 I 

				AlN	PZT
	Deflection force, piezoelectric charge				
	of deflected piezoelectric laminated	e 31,$f ! C/m !2	-1.0	-1.05	-8 ~ -12
	structure				
	Longitude piezoelectric coefficient	d 33,#f ! pm/V	5.9	3.9	60 ~ 130
	Dielectric constant of planar capacitor structure	ε 33	10.9	10.5	300 ~ 1300
	Piezoelectric voltage in deflected piezoelectric laminated structure	d 31,$f /ε 0 ε 33 ! GV/m	-10.3	-11.3	-0.7 ~-1.8
	Coupling coefficient for plate wave	e 31,$f 2 /ε 0 ε 33 ! GPa	10.3	11.9	6 ~ 18
	Dielectric loss tangent	tanδ" @"1"to"10"kHz,"10 5 !V/m	0.01 ~ 0.1	0.003	0.01 ~ 0.03
	Signal-to-noise ratio	e 31,$f / ε 0 ε 33 tan δ ! 10 5 !Pa 1/2	3 ~ 10	20	4 ~ 8
	Coupling coefficient for thickness wave	d 33,#f 2 •c 33 E /ε 0 ε 33	7.4 %	6.5 %	7 % ~ 15 %

Table II .1 -The wavelength of the characteristic emission lines for several common cathode materials. Emission line Cu (29#) Mo (42#) Fe (26#) Co(27#) Cr (24#)

 II 

	K α1 (Å)	1.54060	0.70930	1.93604	1.78897	2.28970
	K α2 (Å)	1.54439	0.71359	1.93998	1.79285	2.29361
	K β (Å)	1.39222	0.63229	1.75661	1.62079	2.08487

III.2) Evaluation of SrTiO 3 film on Si(001) for the use of buffer layer
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  Si substrate -79 -SiO 2 + 6HF ! H 2 [SiF 6 ] + 2H 2 O Equ. III.1 where H 2 [SiF 6 ] is water soluble. At INL, the treatment combines the use of BHF solution and ultraviolet (UV) ozone generator in order to form a protective contamination-free SiO 2 layer on Si surface. Optimal treatment process has been already developed at INL institute as below: 1. First, Si substrate is processed by UV ozone generator for 20 min to bury a layer of pure SiO 2 underneath the native SiO 2 layer. 2. The entire SiO 2 layer is removed by BHF etching for 30 sec. The Si substrate is then cleansed by deionized water (DI-water) for 90 sec to dilute the remnant BHF and dried in pure nitrogen flux. 3. Si substrate is again processed by UV ozone generator for 2 min. Finally, a layer of highpurity contamination-free SiO 2 is formed which can protect the Si surface from atmosphere before being introduced into MBE chamber.

After chemical treatment, Si surface is covered by ~1nm-thick SiO 2 layer and is prepared for the deposition of STO layer.

Table III .1 -XRD data for PZT pyrochlore phase.

 III 

	hkl	111	311	222	400	331	511	440	622	444	800
	d hkl (Å)	6.04	3.16	3.02	2.62	2.40	2.02	1.85	1.58	1.51	1.31
	2θ hkl (°)	14.65	28.22	29.55	34.20	37.44	44.83	49.21	58.36	61.34	72.03

Table III .2 -Optimal growth condition for PLD deposition of SRO film on STO/Si(001) substrate.

 III 

	Laser wavelength:	248 nm	Substrate temperature: 700 °C
	Pulse frequency:	5 Hz	Oxygen pressure:	0.133 mbar
	Energy density:	2 J/cm 2	Deposition rate:	25 nm / 2000 pulses
	Substrate-target distance:	6 cm		

Table III .3 -The parameters of the PZT/SRO/STO/Si(001) heterostructure for PZT samples.

 III 

	Heterostructure	Sample A	Sample B	Sample C
	PZT(52:48)	250 nm	250 nm	1.26 µm

  .1 summarizes various cleanroom technologies used in IC and MEMS manufacture for comparison.

Table V .1 -List of various cleanroom technologies for IC and MEMS microfabrication

 V 

  Si substrate. Si substrate was etched out by DRIE and RIE from backside in order to expose the back surface of the piezoelectric film for depositing bottom electrode. DRIE having a fast etching speed (~1 µm/min) is used to remove most of Si substrate and then followed by RIE to remove the remnant Si. DRIE technology is widely used in MEMS manufacture, highdensity capacitors

4 & 5. Etching of SOI Si and BOX SiO 2

  . DRIE is selected in this case to perform highly anisotropic etching to remove additional SOI Si for a steep-sided trench. After etching, passivation of SOI Si layer is required at the end of DRIE using C 4 F 8 for 1 min. A Teflon-like passivation layer is formed to protect the SOI Si layer from the attack of the following XeF 2

Table V .2 -The parameters used in the model of piezoelectric cantilever. Thickness Young's Modulus (GPa)

 V 

	Ru	100 nm	447
	PZT	250 nm	180
	SrRuO 3	20 nm	164
	SrTiO 3	24 nm	284
	SOI Si	5 µm	170
	BOX SiO 2	500 nm	70

Poisson coefficient, etc. Those parameters are useful for comparison and modeling of the piezoelectric MEMS devices. Finally, new applications might be discovered due to the high performance of the epitaxial single-crystal films on Si in various effects, which could be extensively developed and studied for different electronic devices.

This work, partly realized on NANOLYON platform, has been supported by the French Agence Nationale de la Recherche (ANR) through the project MOCA 2010-NANO-020 and the project MINOS ANR-07-BLAN-0312. of five chapters.

IV.2.1) Introduction

Since PMN was first synthesized by Smolenskii and Agranovskaya in the late 1950s [33] , various technologies have been developed to deposit PMN and PMN-PT thin films, such as Pulsed Laser Deposition (PLD) [34] , sol-gel deposition [35] , radio frequency magnetron sputtering [36] , Metal Organic Vapor Phase Epitaxy [37] . Among those, sol-gel deposition is a competitive one due to its large homogeneity, good stoichiometry, low cost, and compatibility with modern IC fabrication process [38] . To meet the system-on-chip requirement, the imperative consideration is to integrate PMN-PT films on Si wafer. The main challenge for the fabrication is the formation of pyrochlore-free PMN-PT [39,40] . PMN-PT tends to form a pyrochlore phase under relatively high annealing temperature (~850°C) due to the enhanced interaction of Pb 2+ with Nb 5+ [41] and, thus, appropriate selection of annealing temperature should be considered while keeping a complete crystallization. Low reaction temperature to form perovskite PMN-PT can be achieved by adding extra PbO or MgO into the starting materials [42,43] and, simultaneously, additional PbO can compensate the loss during thermal annealing. Fan et al found that excessive lead can help to eliminate the unwanted pyrochlore phase in sol-gel deposition [44] . Another strategy to enhance the relaxor properties of PMN-PT films is derived from the fact that the relaxor properties essentially relates with Mg-O-Nb bonds. The so-called columite method was developed in which Mg-Nb-containing compound is first prepared before reacting with Pbcontaining compound to form PMN-PT [23,45] . This B-site precursor method was largely extended to the perovskite formation of other relaxor ferroelectrics by Lee et al [46,47] . Moreover, for sol- [ 1 , 2 ] . Gd 2 O 3 has a cubic crystalline structure ( Ia3 ) at room temperature, similar with that of manganese oxide (Mn 2 O 3 ), called bixbyite structure. At 1200 °C, phase transition occurs and Gd 2 O 3 changes to monoclinic structure (C2/m). In the cubic structure, there are two types of gadolinium sites, both with a coordination number of 6 but with different geometry of the surrounding oxygen atoms. The lattice constant of bulk Gd 2 O 3 is 10.814 Å [3] , nearly 2 times of that of silicon (5.431 Å), which produces perhaps the smallest lattice mismatch (-0.44 %) with Si. Bulk Gd 2 O 3 presents a dielectric constant of 24 [4] , a bandgap of 5.3 eV [5] , conduction and valence band offsets with respect to Si of 1.8 eV and 2.4 eV, respectively. [7,8] . Compared with bi-domain structure of Gd 2 O 3 film, single crystalline Gd 2 O 3 film, which eliminates domain boundary effect, leads to enhanced electrical properties [9] . On Si(111) substrate, Gd 2 O 3 film is found to consist of single domain with [1 10] ( ) || [11 0] ( ) epitaxial orientation [10] . Figure A.1 demonstrates such epitaxial relationship for Gd 2 O 3 film on Si (111) substrate. Due to its high-quality crystalline structure and potential applications to integrate functional oxides on Si substrate, Gd 2 O 3 /Si (111) heterostructure attracts increasing interests and researches [11] .
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In order to attempt the epitaxial growth of PZT film on Gd 2 O 3 /Si (111), lattice mismatch between Gd 2 O 3 and PZT must be taken into consideration. On Gd 2 O 3 (111) surface, the 2D repetitive pseudo-lattice can be regarded as a rectangle shape with dimension of 1.32 nm × 0.76 nm. Small lattice mismatch between Gd 2 O 3 and PZT can be achieved if PZT film grows with (101) or (110) growing direction. If one doubles PZT 2D pseudo-lattice, lattice mismatch will be -12.80% × 6.05% for (101) growing direction, and will be -13.39% × 7.49% for (110) growing direction (see Table A.1). In Ref. 12, pure perovskite PZT film was successfully deposited on Y 2 O 3 /Si(111) substrate, where lattice mismatch of PZT and Y 2 O 3 is -10.9% × 7.7%, smaller than the case of Gd 2 O 3 buffer layer. Other templates for successful growth of epitaxial PZT films on Si (111) substrate in the references include CeO 2 [13] and Al 2 O 3 [14] . In following section, we will mainly introduce the fabrication process of Gd 2 O 3 buffer layer on Si (111) substrate and the solgel PZT film on Gd 2 O 3 /Si (111). Various characterizations on crystalline structure and electrical properties will also be addressed. 
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A.2) Deposition of Gd 2 O 3 film on Si(111) by Molecular Beam Epitaxy

In this thesis, epitaxial growth of Gd 2 O 3 on Si (111) substrate was carried out by an e-beam evaporator which is installed in our MBE system. Due to its binary chemical composition, direct use of granular Gd 2 O 3 target material is possible with the help of oxygen ambient [15,16] . The ebeam evaporator is schematically illustrated in Figure A.2. In the evaporator, electron beam is generated by the thermionic emission effect of a resistive filament and then accelerated by the electric field between target material and the filament. An electromagnet is used to deflect the ebeam onto the surface of the target material. Energy transferred by the e-beam heats and evaporates the target material that will be then condensed on substrate surface. By tuning the magnetic field, the bombard position of the e-beam could scan on the surface of the target material with a preset mode to achieve a homogeneous evaporation.

Before introducing Si substrate into MBE chamber, the substrate is prepared by chemical treatment to eliminate the surface contamination and generate a relatively smooth surface for the deposition of Gd 2 O 3 . The treatment process can be found in Section III.3.3.1. After the treatment, a layer of nm-thick pure SiO 2 layer covers on the Si substrate, which must be removed before deposition of Gd 2 O 3 . The strategy, which uses high-temperature annealing (900°C) for 30 min to directly evaporate SiO 2 , is employed [17] . The annealing process holds the following chemical reaction:

After removal of SiO 2 layer, Si (111) surface shows a RHEED pattern of a single crystalline surface (Figure A.3 (a)). The expected 7×7 surface reconstruction is not observed in the pattern, which is mainly due to the highly rough Si surface. To improve surface smoothness, Si homoepitaxy is performed in the vacuum. During the homoepitaxy, substrate temperature is kept at 650°C and emission current of the e-beam is set at 50 mA. In few minutes, 7×7 surface reconstruction appears in the RHEED pattern, indicating an atomic-level smooth Si surface ( [13] . In addition, 7×7 Si (111) surface changes to a disordered 1×1 structure above 850°C, which can be converted back to 7×7 structure by slow cooling. [18] .
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Once a smooth Si(111) surface was obtained with ×7 RHEED pattern, Gd 2 O 3 heteroepitaxy can be performed with the optimal growth condition listed in Table A.2 [ 19 ] . Under such condition, deposition rate is about 2~3 Å/min. However, for the first few monolayers (ML) of Gd 2 O 3 , zero oxygen pressure is required to avoid the formation of any parasitic phase at the interface. 

A.5) Conclusion

Gd 2 O 3 film deposited by e-beam evaporator in our oxide MBE system is well epitaxially grown on Si (111) substrate with single crystalline structure. However, due to the large lattice mismatch, PZT film grown on Gd 2 O 3 /Si (111) substrate consists of a large volume of unwanted pyrochlore phase in the matrix of perovskite phase. Moreover, large lattice mismatch promotes the formation of a textured perovskite structure in the PZT film instead of single crystalline structure. The non-ferroelectric pyrochlore phase definitely deteriorates the ferroelectric properties of the PZT film in the electrical measurement. Besides, the presence of ferroelectrically-inactive oxide layers, like Gd 2 O 3 and SiO 2 , in the heterostructure also prevents the measurement of the ferroelectric properties. As a result, a clockwise hysteresis loop is observed in the C-V measurement due to the prevailing charging effect in the PZT film.

B) Finite Element Method

FEM analysis is a versatile numerical method that is widely used in the industry to find the approximate solution of a continuous model in various applications. The continuous model, derived from a real problem, often takes the form of a group of partial differential equations, which is insolvable in the case of a complex domain. The principal idea of the approximation by FEM is to discretize the large and continuous domain of a specific problem into a collection of small units, called "finite element", which can be simply and mathematically solved by analytic equation using finite number of the variables. The common used finite elements include tetrahedron (triangle) and hexahedron (quadrilateral), in which the former one suits an irregular domain and the latter one is usually used for a rectangular domain. This process is called "mesh discretization" which is schematically shown as follows in 
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The independent variables of an element are often chosen at the vertex or a point on the edge (usually the middle point) whose physical quantities can fully represent the state of this element through an analytic equation. Usually, this analytic equation can be represented by the so-called stiffness matrix, which is related to the element, and all the stiffness matrices of the elements in the domain can be assembled into a complete stiffness matrix of the entire domain. Figure A.12 shows several types of elements often used in FEM model and the related points usually chosen for their independent variables. For example, tetrahedron element usually has its points occupying four vertexes and six points on the middle of the edge, i.e. ten independent points. With a given group of independent points of an element and a given physical model, the stiffness matrix of this element can be derived. For an example of mechanical model, the independent variable is often taken as the displacement of those points. The displacement of an arbitrary point in the element can be represented through following equation:

In the equation, q e is the vector consisting of all the displacements of all the independent points for an element. The length of the vector equals to the freedom of this element. N e (x, y, z) is called "shape function matrix". As the displacement of an arbitrary point in the element is known, other physical quantities of the element can be derived from u e , like strain and stress:

In the above equations, the strain (ε e ) and the stress (σ e ) of an arbitrary point in the element are respectively given by Equ. A.3 and A.4, where B e is called the "geometric matrix", S e is the "stress matrix", and D e is the "elastic coefficient matrix". Therefore, we can calculate the total
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-190 -elastic energy of the element based on the integration of the multiplication of the strain and the stress over all the space in this element.

In the above equation, K e is the stiffness matrix of the element. Besides, the vectors of b and p are the external forces exerting on the volume and the surface of the element as the boundary condition, which are combined into P e . According to the principle of minimum potential energy in theory of elasticity, the above equation has minimal value at its solution. The solution can be worked out by differentiating both sides of the equation according to each independent variable, and then following equation is derived for the element:

The above equation implies the linear relationship of the element between the displacement and the external force (boundary condition), which is represented by the stiffness matrix (K e ). For the entire domain, the equation can be extended by considering all the elements in the domain where the stiffness matrixes of all the elements are assembled into one. Therefore, for stationary study the evaluation of the solution is actually a process to solve the above equation for the entire domain. After finding the solution, the displacements of each independent point of all the elements in the domain are known and, therefore, other physical quantities concerning the domain can be calculated by post-treatment. In addition, other study called "frequency domain analysis" is often used to study the mechanical response of a system under harmonic load. The evaluation process in this study is equivalent to finding the eigenvalues and the eigenvectors of the stiffness matrix of the domain.

In the following, the main steps in a typical FEM process are summarized:

1. Mesh discretization of the given domain by tetrahedron, hexahedron, or the other types of element. 2. Construction of the stiffness matrix for the finite element according to a specific problem. 3. Assemblage of all the stiffness matrices of the elements for the entire domain. 4. Vectorize the constraints, such as the load, the electrical potential, and eliminate the elements of the stiffness matrix according to the boundary condition. 5. Solve the equation by matrix operation and perform the post-treatment on the result.

Dependent variable is usually dependent on the specific physical model in the study, such as the displacement of the node in mechanical model. For piezoelectricity, the dependent Appendix -191 -variables include the displacement and the voltage applying on the nodes of an element, which implies the consideration of two physical models, i.e. mechanical and electrical aspects. The interaction of these two physical models is defined by the so-called "coupling equations" of piezoelectricity:

where, S is the strain, s E is the compliance under a constant electric field, T is the stress, E is the external electric field, D is the dielectric displacement, d is the piezoelectric coefficient, and ε T is the dielectric constant under a constant strain. The free energy of piezoelectric model consists of both mechanical energy and electrical energy. Similar with mechanical model we discussed before, evaluation of the solution in piezoelectric model is also equivalent to solving Equ. A.6 except for that the equation takes the electrical energy into consideration. [17] T. Engel, "The interaction of molecular and atomic oxygen with Si(100) and Si (111) 
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Integration of epitaxial piezoelectric thin films on silicon

Abstract

Recently, piezoelectric materials, like lead titanate zirconate Pb(Zr x Ti 1-x )O 3 (PZT), zinc oxide ZnO, and the solid solution Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT), increasingly receive intensive studies because of their innovative applications in the microelectromechanical systems (MEMS). In order to integrate them on silicon substrate, several preliminaries must be taken into considerations, e.g. buffer layer, bottom electrode. In this thesis, piezoelectric films (PZT and PMN-PT) have been successfully epitaxially grown on silicon and SOI (silicon-on-insulator) in the form of single crystal by sol-gel process. In fact, recent studies show that single crystalline films seem to possess the superior properties than that of polycrystalline films, leading to an increase of the performance of MEMS devices.

The first objective of this thesis was to realize the epitaxial growth of single crystalline film of piezoelectric materials on silicon. The use of a buffer layer of gadolinium oxide(Gd 2 O 3 ) or strontium titanate (SrTiO 3 or STO) deposited by molecular beam epitaxy (MBE) has been studied in detail to integrate epitaxial PZT and PMN-PT films on silicon. For Gd 2 O 3 /Si(111) system, the study of X-ray diffraction (XRD) on the growth of PZT film shows that the film is polycrystalline with coexistence of the nonferroelectric parasite phase, i.e. pyrochlore phase. On the other hand, the PZT film deposited on STO/Si(001) substrate is successfully epitaxially grown in the form of single crystalline film. In order to measure the electrical properties, a layer of strontium ruthenate (SrRuO 3 or SRO) deposited by pulsed laser deposition (PLD) has been employed for bottom electrode due to its excellent conductivity and perovskite crystalline structure similar to that of PZT. The electrical characterization on Ru/PZT/SRO capacitors demonstrates good ferroelectric properties with the presence of hysteresis loop. Besides, the relaxor ferroelectric PMN-PT has been also epitaxially grown on STO/Si and confirmed by XRD and transmission electrical microscopy (TEM). This single crystalline film has the perovskite phase without the appearance of pyrochlore. Moreover, the study of infrared transmission using synchrotron radiation has proven a diffused phase transition over a large range of temperature, indicating a typical relaxor ferroelectric material.

The other interesting in the single crystalline PZT films deposited on silicon and SOI is to employ them in the application of MEMS devices, where the standard silicon techniques are used. The microfabrication process performed in the cleanroom has permitted to realize cantilevers and membranes in order to mechanically characterize the piezoelectric layers. Mechanical deflection under the application of an electric voltage could be detected by interferometry. Eventually, this characterization by interferometry has been studied using the modeling based on finite element method and analytic method.

In the future, it will be necessary to optimize the microfabrication process of MEMS devices based on single crystalline piezoelectric films in order to ameliorate the electromechanical performance. Finally, the characterizations at MEMS device level must be developed for their utilization in the future applications. 
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