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Introduction  

 

  

 Detection of magnetic fields plays a central role in many areas as diverse as scientific 

instrumentation, biology, geoscience, everyday technologies to name some of the most 

important. The range of sensitivity is directly related to the area of application, and in the 

specific case of magnetic field sensing, it can range from Tesla for field measurement between 

the air gap of an electromagnet down to femtotesla for detection of biological signals. It thus 

covers up to fifteen orders of magnitude and for this reason, different physical systems have 

emerged over the decades to cover this broad scale. 

All approaches are usually based on the intimate correlation between electrical and magnetic 

phenomena. The use of different properties has led to different technologies such as Hall effect 

sensors, for the most common, to SQUIDs for the most sensitive ones requiring cooling with 

liquid helium and allowing the detection of brain activity in the femtotesla range [1]. Between 

these two extremes, there are sensors whose reading is done by simple resistance measurement, 

in the case of sensors derived from spin electronics or by resonance measurement as is the case 

with magnetoelectric sensors. This last type of sensors based on the magnetoelectric effect 

(ME) does not require cooling and the signal measurement is done without current injection. 

They have progressed rapidly and can cover a wide range in sensitivity from millitesla to few 

tens of picotesla [2], [3]. Their operation is based on magnetoelectric coupling mediated by 

stress transfer between a magnetostrictive material and a piezoelectric material. A change in 

the magnitude of the magnetic field or its direction induces a mechanical deformation in the 

magnetostrictive layer that leads to a stress that is transferred into the piezoelectric material. 

The later, under the effect of the stress, develops a voltage by direct piezoelectric effect. This 

device is passive and does not require any external power supply. To date the developments of 

this type of sensor are mainly focused on the use of millimetric piezoelectric ceramics 

assembled with magnetostrictive layers deposited in thin films, which offers a high output 

signal and does not require significant means of fabrication [4]–[6]. In order to make this type 

of device competitive, it is important to be able to miniaturize them on the basis of 

microelectronics technologies that, in addition to reducing size, open up for integrable sensors 
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[6]–[8]. One of the prime issues is to grow on silicon substrate the full heterostructure leading 

to the mutiferroic stack. For this reason, the growth of the full stack in thin films form, 

integrated on silicon, has attracted attention in recent years due to the development of epitaxial 

thin-film deposition techniques [9][10]. For applications based on ME materials, particularly, 

the Pb(ZrxTi1-x)O3 (PZT) with a Zr/Ti ratio of 52/48 has received a more specific attention as 

its piezoelectric response relates to the existence of competition between rhombohedral and 

tetragonal phases leading to one of the highest piezoelectric response, around -170 pm/V and 

374 pm/V for the piezoelectric coefficient d31 and d33, respectively [11][12]. In term of quality, 

many reports have pointed out the interest for epitaxial films. Many reports have shown the 

interest of using epitaxial PZT films in comparison with polycrystalline one. For the 

magnetostrictive material, the TbFeCo as retained a particular attention as a suitable candidate 

for the magnetostrictive layer thanks to its high magnetostriction constant.  

The main focus of this thesis work is to develop the growth of high response 

magnetoelectric stack on silicon and, using standard microfabrication techniques, to fabricate 

magnetoelectric cantilevers that will be a first building block for magnetic field sensing using 

resonant systems. Another major challenge that needs to be addressed when minimizing sensor 

configuration down to micro-scale is reduction in magnitude of the output signal. Therefore, 

the objective of this thesis is to explore the ability to use this kind of sensor as a resonant micro-

sensor taking advantage of magneto-electric coupling for sensing the magnetic signal. The 

expected result is the shift of the resonant frequency with respect to a magnetic field change, 

instead of an output voltage change responding to an external magnetic field. By using micro-

fabrication, the better surface quality and the disappearance of the bonding layer between two 

phases of materials existing in the bulk sensors are expected to enhance the coupling 

interactions between two phases of materials, thereby helping to overcome the size constraint.  

The document is organized as follows. The first chapter introduces the piezoelectric 

materials and the magnetostrictive materials to explain the magnetoelectric effect. On this 

basis, current state of the art of magnetoelectric devices for magnetic field sensing is exposed 

and discussed. Experimental techniques are exposed in Chap. 2. Growth method of 

piezoelectric (PZT) and magnetostrictive thin films on Si substrates are described as well as 

the several structural characterization methods used to investigate the structures of the as-

deposited samples. The detailed description of the principle of several typical measurements to 
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determine ferroelectric properties, magnetic properties, and magneto-electric properties is 

given second section of the chapter. Chap. 3 is devoted to the results on the growth of epitaxial 

Pb(Zi0.52Ti0.48)O3 on (001)-Si through oxide transition layers. In particular the control of the 

epitaxial orientation of PZT layers depending on the nature of the bottom electrodes is 

presented. Properties of grown films, including structural properties, polarization, and 

dielectric constant are given and main parameters extracted targeting the device fabrication. 

Growth conditions, magnetic and magnetostriction characteristics of magnetostrictive material 

TbFeCo are also presented. The last chapter is dedicated to the behavior of the PZT cantilevers 

aiming to study its resonant response for sensing magnetic field based on the ME effect. First 

part of the chapter focuses on the micro-fabrication processes and investigation of the 

developed device is discussed. Then, the static response of the device is used to extract some 

physical information about the films such as piezoelectric coefficient. The dynamic behavior 

of the cantilever is then studied. First, the measurement methods developed that allow 

characterizing the frequency response of the PZT micro-cantilever as a function of several 

parameters such as structural (width, length, contact material thickness…), then the 

measurement condition (pressure, DC bias…) are detailed. A rough calculation of the ability 

of such magnetostrictive materials integrated with PZT thin films for magnetic sensing 

applications will be shown. Finally, we present results on very first attempt of a resonator for 

sensing magnetic signal based on PZT/TbFeCo multiferroics thin films. TbFeCo is used as a 

micro-actuator, while the PZT thin film is used as a micro-sensor. A resonant frequency shift 

of the device reflects the magnitude of the external magnetic field is obtained and analyzed. 
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– Micro-sensors based on magneto-electric effect 

  

  

  

This chapter briefly discusses the context of the magneto-electric effect, focusing on the 

phenomena relevant to this work. In particular, piezoelectricity and magnetostriction are 

discussed through important parameters related to the choice of selected materials. The chapter 

then discusses state of the art magneto-electric sensors and concludes with the challenge of 

integration in the form of microsystems on silicon for sensing applications. 
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 Magnetic flux and field sensors 

 There are many approaches to detect magnetic signals, most of them are based on the 

intimate correlation between electrical and magnetic phenomena. Depending on whether the 

sensor detects the magnetic flux variation or the magnetic field, different types of technologies 

can be used. This work focuses on the development of field sensor based on magnetoelectric 

effect. To compare the different types of field sensors, one can look at the sensitivity range 

specific to each sensor as summarized in Figure I-1. Hall sensors are the most popular but in 

order to gain in sensitivity, magnetoresistors based on Anisotropic Magneto Resistance (AMR) 

[1], [2], Giant Magneto Resistance (GMR) [3], [4]  and Tunnel Magneto Resistance (TMR) [5] 

have given more attention in the last three decades. In the meantime, recent advances in 

ferromagnetic thin films deposition techniques have allowed fabrication of magnetoelectric 

sensors with an advantage of being fully passive devices as a measurable voltage is directly 

created under the application of an external magnetic field [6]. 

 

	

Figure I-1: Typical field range of various magnetic flux and field sensors (adapted from[7]) 

 

In addition to increased sensitivity, the limit of detection has to be considered depending 

on the targeted applications, the environment, and specific shielding required for low limit of 

detection [8]. 
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 Magneto-electric effect 

 Brief historical and current state overview 

 In recent decades, ferroelectric (FE) and ferromagnetic (FM) materials have been 

extensively studied and their shaping into thin films has opened up large number of applicative 

developments. While ferroelectricity results from the relative change in the position of the 

centroid of charges at the unit cell scale, magnetism is related to the order of the spin of 

electrons in incomplete ion envelopes, in other words, partly filled orbitals in transition metals 

or orbital f partially filled with rare earth metals. Due to high dielectric constant and the 

existence of two stable states of opposite polarization, ferroelectric materials are good 

candidates for high k capacitors and for memory applications. Similarly, applications using 

ferromagnetic materials such as sensors, read heads, memories are already available on the 

market. More recently the coupling of these two properties has been studied enlarging the 

applicative field of these two materials. 

	

Figure I-2: Magnetoelectric effect described with the interplay  

between piezoelectric and ferromagnetic properties 

 

This novel class of multifunctional materials called Magneto-electric (ME) materials, 

obtained by combining ferroelectric and ferromagnetic properties, has recently received a 

strong interest. [9], [10] Such materials exhibit ME effect in which an electric polarization 𝑷 
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can be tuned by an external magnetic field 𝑯 or, at the opposite, the magnitude of 

magnetization 𝑴 in a material is induced upon applying an electric field 𝑬 (see Figure I-2), 

both properties arising from the cross coupling between FE and ME ordering. 

This ME effect is obtained in multi-ferroic materials, a novel class of multifunctional 

materials, which can be divided into several categories such as single phase showing intrinsic 

coupling effect, laminated composite, and micro-nano structured thin films exhibiting extrinsic 

effects. Back in 1888, W. Rontgen showed that a dielectric material moving through an electric 

field would be magnetized as the first example of a ME effect [11]. Six years later, P. Curie 

predicted theoretically the possibility of an intrinsic ME effect in a material, while the term 

“magnetoelectric” was coined by P. Debye in 1926. More than thirty years elapsed before the 

first experimental proof and, in 1960, G. N. Astrov published such observation in a single 

crystal of Cr2O3 [12]. Since, few more single-phase ME materials have been found. Most of 

single phase multiferroics, however, have Neel and/or Curie temperatures well below room 

temperature, and exhibit quite low values of magnetoelectric coupling constant limiting the 

range of practical application. As an example, the best single-phase materials Cr2O3 exhibits a 

ME voltage coefficient of about 20 mV/cm.Oe with a Néel temperature of 308K. 

In recent years, bismuth ferrite BiFeO3 (BFO) was identified as the single-phase 

multiferroic [13] with a large polarization at room-temperature. In 2006, Wang et al. reported 

a high value of ferroelectric polarization of 55	𝜇𝐶/𝑐𝑚,on a multilayer stack of 

BiFO3/La0.7Sr0.3MnO3/SrTiO3/Si deposited by pulsed laser deposition. However, such 

structures tend to have high leakage current leading to a tendency for fatigue and possible 

thermal decomposition near the coercive field limiting the use of BFO for device applications.  

Some of these obstacles of the single phase material have been overreached by forming 

multi-phase ME composites or laminates of  ferromagnetic/piezoelectric that are featured by 

the higher ME coefficient and functioning at room temperature [10], [14], [15]. The value of 

ME coefficient up to 70V/cm.Oe at resonance was reported on Terfenol-D/PZT bimorph ME 

laminate by Zhai et al. [16]. Recently, the advances in thin-film growth techniques have opened 

a promising approach to the design of devices based on ME coupling. A few research activities 

in multiferroic magneto-electric thin films has emerged and flourished [17]–[20]. Most of them 

were motivated by promising applications in information storage technology and spintronic 

based on magnetic tunneling junctions (MTJs) structures. The mechanism of this approach is 
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to control magnetic anisotropy and magnetization by the application of an electric field. For 

this purpose, the in-plane piezo-strain is the key technique, which make the [011]-oriented 

PMN-PT (𝑑./ = −3000	𝑝𝐶/𝑁[100]and	𝑑., = 1000	𝑝𝐶/𝑁[011<][21]) a popular choice for 

proof of concept demonstrations.  

 Basic relationship of extrinsic magnetoelectric effect  

The extrinsic magnetoelectric effect is strain-mediated mechanism. Figure I-3 sketch the 

observed mechanisms in the case of direct effect or inverse one. The direct magnetoelectric 

effect corresponds to the change of electrical polarization under the application of an external 

magnetic field. The change of magnetization induces by magnetostriction a change of the 

mechanical state at the interface with the piezoelectric layer and hence by direct piezoelectric 

effect induces a change of the ferroelectric polarization leading to a voltage across the 

ferroelectric layer.  

	

Figure I-3: Sketch of the involved mechanisms in the extrinsic magnetoelectric coupling. 

 

At the opposite, the converse effect corresponds to a strain generation at the interface by 

applying a voltage to the piezoelectric layer inducing by Villari effect a change of the 

magnetization state in the ferromagnetic layer. Both ME effects can be linked with the 

following expression for the direct and the converse effects, respectively: 

- for direct effect:   𝑀𝐸? =
@ABCDEFG
@DGHACFGAI

× @DGHACFGAI
DIDGEKFG

 

- for converse effect:   𝑀𝐸L =
DIDGEKFG

@DGHACFGAI
× @DGHACFGAI

@ABCDEFG
 

Eq (I-1) 
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From above expressions, the ME effect can be enhanced by:  

(i) Optimizing each material, targeting the highest magnetostriction for the 

ferromagnetic layer and the highest piezoelectric response for the second layer. 

(ii) Improving the coupling interaction between different layers. In this thesis, the 

compound Pb(ZrxTi1-x)O3 (PZT) with a Zr/Ti ratio of 52/48 has been chosen as the 

piezoelectric phase for its high electromechanical coupling factor due to the 

existence competition of both rhombohedral and tetragonal phases. The selected 

magnetostrictive layer is the TbFeCo compound.  

(iii) Taking advantage of micro-fabrication, high thin film quality with sharp interface 

and the disappearance of a bonding layer between two phases of materials existing 

in the bulk sensors are expected to enhance the coupling interactions between two 

phases of materials, thereby helping to overcome the size constraint and improve 

the ME effect. 

 Piezoelectric material 

I.3.1 Crystalline structure 

The chosen piezoelectric material is Lead Zirconate Titanate (PZT). It is an intermetallic 

compound with the chemical formula: Pb(ZrxTi1-x)O3 (0 ≤ 𝑥 ≤ 1). This ternary compound is 

the most widely used ferroelectric obtained by mixing the tetragonal ferroelectric PbTiO3 and 

the rhombohedral anti-ferroelectric PbZrO3. The temperature phase diagram is given in Figure 

I-4 (left). All the compositions have an ABO3 perovskite structure and are shown in Figure I-4 

(right).  
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Figure I-4: (left) Phase diagram of the PZT. PC: cubic paraelectric phase. FR: rhombohedral phase 
ferroelectric. FM: ferroelectric monoclinic phase. FT: quadratic ferroelectric phase.  (right) (a) Ideal cubic 

perovskite structure. b) tetragonal structure and c) rhombohedral structure [22] 

 

At high temperature, the PZT shows a cubic structure, because of this symmetry, this is a 

paraelectric material. The cation B (Zr or Ti) is having the degree of oxidation +4 and is located 

at the center of the cube. Oxygen atoms, with -2 degree of oxidation, are at the centers of faces 

and lead ions A, with degree of oxidation +2, are placed at the corners of the cube. As the 

temperature decreases, the PZT loses the center of the symmetry of the unit cell and becomes 

ferroelectric. According to Zr/Ti ratio, it takes rhombohedral structure R3m for Zr-rich 

compositions, and tetragonal structure P4mm for Ti-rich compositions as can be seen in Figure 

I-4 (left). 

I.3.2 Ferroelectric properties 

For device applications, the requirements are a high remnant polarization and a low 

coercive field to allow operation at low voltages. Ferroelectric materials are characterized by a 

non-zero spontaneous electrical polarization which can be tuned by the application of an 

external electric field. By convention, the polarization points downwards, towards the substrate 

for a thin layer, will be called positive polarization. If starting from a negative polarization state 

while gradually increasing the value of the external electric field, above a threshold value, 
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called a coercive field (𝐸G or 𝑉G in tension), the polarization begins to align with the external 

field to reach a saturation value Ps as shown in Figure I-5. Then the positive polarization state 

is reached. When the external field is decreased, starting now from the state of positive 

polarization, the same mechanism occurs but for a negative coercive field. The existence of 

these two coercive fields is the signature of hysteresis. In addition, the polarization remains in 

its state when the electric field goes to zero, corresponding to the remnant polarization: 𝑃K. 

More precise extraction of the remnant polarization can be obtained from the P-E curve as 𝑃K =

[𝑃KR − 𝑃KS]/2, where 𝑃KR and 𝑃KS are the remnant polarizations of the positive and negative 

branches on the loop. Only an electrical field equal or greater than the coercive value allows 

returning the polarization. 

						 	

Figure I-5: A typical P-E hysteresis loop of a PZT film deposited on silicon.  

The blue arrows indicates the direction of the polarization. 

 

Kinetics of the reversal process of the polarization in ferroelectric films: A few approaches 

have been proposed to understand polarization reversal mechanisms in ferroelectric films. In 

the case of single crystals, the approach based on domain wall motion kinetics has been widely 

accepted. It first involves the nucleation of the domains and their extension by the movement 

of the domain walls under the influence of the applied electric field. However, this is different 

for finite size ferroelectrics like in the case of thin films [17]. Another mechanism called the 

Nucleation-Limited Switching (NLS) has been proposed which describes the polarization 

reversal based on the statistics of nucleation in thin films as a function of time and voltage [18]. 
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Dielectric properties: 

The ferroelectric properties of PZT thin films can be tuned by controlling the film thickness, 

the crystallographic orientation or the composition by changing the Zr/Ti ratio [25], [26]. 

Reports show that the ferroelectric polarization decreases as well as the remnant polarization 

while increasing the Zr content in the compound. The c/a ratio can also be used to explain the 

relationship between ferroelectric properties and Zr/Ti ratio. For rich-Zr PZT, a decrease in c/a 

ratio (or residual stress) implies a smaller displacement of the central ion, which leads to a 

smaller remnant polarization. For the composition around x=0.48, the system is characterized 

by the coexistence of both tetragonal and rhombohedral phases leading to the so called 

Morphotropic Phase Boundary (MPB). In the vicinity of the MPB, the PZT show giant 

dielectric response and high electro-mechanical coupling constant at room temperature. 

Various studies [27]–[29] have shown that the high electromechanical response in this region 

is due continuous-phase transitions from tetragonal to rhombohedral through intermediate 

monoclinic phase. 

I.3.3 Piezoelectricity 

Piezoelectricity is the physical coupling between electrical and mechanical behaviors. This 

effect was discovered by Jacques and Pierre Curie in 1880 [30] in a number of crystals, such 

as tourmaline, quartz, topaz, cane sugar and Rochelle salt that exhibited surface charges when 

they were mechanically stressed. This phenomenon is also called the direct piezoelectric effect. 

The converse piezoelectric effect is discovered shortly after in 1881 by Lippmann [31],  in 

which the electric field can deform the piezoelectric materials. In crystals, electromechanical 

coupling, characterized for piezoelectric properties, show the interplay between electrical 

quantities such as electric field or polarization and mechanical quantities such as strain or stress 

and are described by following equations expressing the converse and the direct piezoelectric 

effects:  

𝜀F = 𝑆FWL𝜎W + 𝑑@F𝐸@ Eq I-2 

𝐷@ = 𝑑@F𝜎F + xF[
\ 𝐸[ Eq I-3 
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With the quantities defined as: 

  𝜀 = ∆I
I
	: is the strain vector 

  𝜎 = ^
_
		: correspond to the Stress vector [N/m2] 

  𝐸 = `
E
	: applied electric field [V/m] 

  d : matrix of piezoelectric strain constants [m/V] 

  g = L
\
 : matrix of piezoelectric constants  [C/m2] 

  S: matrix of compliance coefficients [m/N2] 

  D = a
_
 : electric vector displacement [C/m2] 

  x:  electrical permittivity [C/m] 

Due to a mechanical reaction in any direction when the material is subjected to an electric 

field in one specific direction, equations governing piezoelectricity are expressed by tensors. 

The indexes 𝑖, 𝑗 = 1, 2, 3, … , 6 and 𝑚, 𝑘 = 1, 2, 3 refer to different directions within the 

material coordinate system as shown in Figure I-6. By convention, axis 3 is assigned to the 

direction of the polarization of PZT. Axes 1 and 2 lies in the plane perpendicular to axis 3. 

	

Figure I-6:  The material and tensors coordinate system. 

Two typical modes of piezoelectric MEMS structures have been used depending on the 

relative direction of the electric field 𝐸	and thus the applied stress 𝜎hh(/). As shown in Figure 

I-7, the induced electric field can be either parallel either perpendicular to the direction of 

applied stress: those modes are called 𝑑.. or 𝑑./, respectively. Seon-Bae Kim et al., [32] made 
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a comparaison of MEMS PZT cantilevers based on 𝑑.. or 𝑑./  modes about the ability of the 

converted output power from vibration. The results show that higher output power in the 𝑑.. 

mode device than in the 𝑑./  mode device. 

	 	

Figure I-7: Two typical modes of piezoelectric MEMS structures in cross section can be defined 

depending on the relative direction of the electric field 𝑬	and the stress 𝝈𝒙𝒙: 𝒅𝟑𝟏 mode (Figure a) and 𝒅𝟑𝟑 

mode (Figure b) [Adapted from 21] 

This is explained due to the total electrode area patterned in PZT thin films smaller in the 

𝑑.. mode device than the 𝑑./  mode device, which lead to the higher polarization value in PZT 

films of the 𝑑.. mode device. Usually, the design of the d33 mode gives lower leakage current 

because the electrodes are several parts, therefor this method is preferred for leakage materials. 

For practical issues with fabrication, however, a 𝑑./ mode device is often preferred due to its 

simple fabrication procedure. 

 

 Magnetostrictive effect and magnetostrictive materials 

I.4.1 Magnetostrictive effect 

Magnetostriction describes the change in dimensions of a ferromagnetic material when 

submitted to an external magnetic field. It was first discovered in 1842 by the English scientist 

J. P. Joule in a sample of iron. As illustrated in Figure I-8, a ferromagnetic material exhibits a 

change in magnetic susceptibility when submitted to mechanical stress, called the “Villari 

effect”. The reverse phenomenon is “Joule effect” and is illustrated in Figure I-8-b. It refers to 

the change in magnetic material size due to a change of its magnetization state. This is also 

known as the linear Joule magnetostriction and assumes that the volume of the material remains 

constant. Another type is the volume spontaneous magnetostriction associated with the change 

of the magnetic state by a temperature variation. Among them, the Joule magnetostriction 
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phenomenon has been much considered for applications such as sonars, active vibration 

control, acoustic devices, and position control.  

 

Figure I-8:  Schematic of two principal effects:  

volumic change (a) and Joule (b) magnetostriction of a spherical sample.  

Joule effect is intrinsically related to the orientation of the magnetic moment under the 

effect of an external field and can be explained by the electrostatic interaction model between 

the electrons and nucleus. Under the influence of the external field, the distribution of the 

electron cloud (or orbital magnetic moments) will vary depending on how strongly it interacts 

with the spin magnetic moments. In the case of atoms with a spherical electron distribution, 

the electrostatic interaction is isotropic and thus the distance between the atoms remains the 

same while the orbital magnetic torque is changed under the applied external field. In this case, 

almost no magnetostrictive effect is observed. For atoms with the non-spherical electron 

distribution, the electrostatic interaction is anisotropic. Then, without external magnetic field, 

the electrostatic interaction between the electron orbitals with the crystal lattice or atomic 

environment or the Crystalline Electric-Field (CEF) interaction tend to orient the orbital 

moments and the spin moments along a well-defined direction through the spin-orbit 

coupling	𝜆𝐿𝑆. Two different cases can be observed: 

• When the spin-orbit coupling is relatively weak (~0.015 eV per atom), the spin 

moments with the stronger exchange interactions (~ 0.1 eV) can easily be rotated 

under the applied field, but the orbital moments are almost fixed to the CEF 
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(Figure I-9 a), which contribute weekly to the magnetostriction. This case is for 

the 3d transition metals as Fe, Ni, Co. 

• When the spin-orbit interactions is strong, the total moment J (i.e. both spin S and 

orbital L moments) can rotate in the applied magnetic fields. As a result, magnetic 

anisotropy and magnetostriction are large. This is in particular the case of the 

lanthanides and their alloys. As illustrated in Figure I-9, the magnetostriction is 

negative when the electron contribution is prolate shape ((Figure I-9 b), while the 

magnetostriction is positive when the electron density is oblate (Figure I-9 c). 

	

Figure I-9: Illustration of the effect of magnetostriction in the case of atoms with the non-spherical 
electron distribution [33] 

In order to characterize the magnetostriction property, the definition of the magnetostriction 

coefficient is used and denoted by the dimensionless coefficient	𝜆, which shows the relative 

length variation of the magnetized material 𝜆(𝐻) = ∆I(rs?)
I

= I(rs?)SIs
Is

	corresponding to a 

relative deformation in one direction under an applied magnetic field. Here, 𝑙u is the initial 

length of the sample without an external magnetic field and 𝑙(𝜇u𝐻) is the length of the sample 

under the external magnetic field. Additionally, the concept of magnetostrictive susceptibility 

(characteristic for the degree of magnetostriction of a material in response to an applied 

magnetic field) is defined as: 

𝝌. 𝝀 =
𝝏𝝀
𝝏𝑯 

Eq I-4 
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I.4.2 The intermetallic magnetostrictive materials 

 In order to fulfill requirements for practical applications, magnetostrictive materials 

need to exhibit in particular, large low-field magnetostrictive susceptibilities, low coercive 

fields and Curie temperature above room temperature. Magnetostrictive materials which have 

been considered in this thesis are the rare earth-transition metallic (R-T) compounds. Actually, 

the rare earth (or lanthanide) atoms exhibit an incomplete filling of the electronic shell localized 

strongly in the interior of the atom, leading to huge magnetic moment of 9 to 10 𝜇z due to 

contribution of both orbital and spin magnetic moments maintained parallel to each other by 

strong spin-orbit coupling (J = L - S for light R elements Pr, Nd, Sm; J = L + S for heavy R 

elements Tb, Dy,...). However, the localized characters of the wave functions lead to low 

ordering temperatures of the lanthanide elements far below room temperature due to the 

absence of direct magnetic interaction between neighbors. In these materials, the exchange 

interaction between 4f electrons is indirect, mediated by 5d, 6s electrons. In contrast, the 3d-

electrons responsible for magnetism in transition metals occupies the outer shell whereas in 

metals they participate in the band structure, resulting in strong coupling magnetic interactions 

and high Curie temperatures. As a consequence, in order to take advantages of both aspects, 

the combination of lanthanide and transition metal atoms can generate both properties: a high 

magnetization and high Curie temperature. This forms an important class of materials that 

provide new opportunities for applications in magnetoelectric – based devices. 

The search for magnetostrictive materials having Curie temperature above room 

temperature started actively in 1970s. The main conventional track was to combine 

magnetostrictive rare earth elements, like Tb and Dy, with the ferromagnetic transition metals 

having high Curie temperature, means Ni, Co and Fe. Bulk synthesis as well as thin films 

deposition techniques was used. The highest ordering temperatures are found in the Laves 

phase RFe2 compounds. TbFe2 and SmFe2 exhibit huge room temperature magnetostriction 

due to the high rare earth concentration and high Curie temperature. In the case of TbFe2, a 

magnetostriction coefficient of 1750x10-6 with a Curie temperature of 424 °C was reported. 

[34] Non-crystalline TbxFe1-x (x~1/3) alloys also possess comparatively high Curie 

temperatures and large room temperature magnetostriction. 

To consider the integration of magnetostrictive layers into devices for applications, another 

major requirement is that the materials exhibit large low-field magnetostrictive susceptibility. 



 
 
 

 

21 
 

It needs to be typically larger than 2×10-2 T-1 and in the meantime the coercive field of the 

material is expected to be lower than 100 mT. Based on materials like amorphous Terfenol 

(TbFe2) and Terfenol-D (TbDyFe2) alloys, different strategies have been developed. If 

polycrystalline bulk Terfenol-D exhibits a room temperature magnetostriction of λs ≈ 1500×10-

6 and TC = 650 K, it exhibits in thin films the large coercive field that is detrimental for device 

applications. Taking advantage of the stronger Tb-Co exchange interaction, the amorphous a-

TbCo2 alloys (named a-TercoNéel) was found to exhibit higher ordering temperature and 

higher magnetostriction. By replacing iron by cobalt, it has overcome the disadvantage of the 

high coercive field in the amorphous Terfenol alloys. Duc et al. have succeeded by substituting 

Co for Fe in the a-Tb-(Fe, Co)2. [35] The studies showed that a high record magnetostriction 

coefficient λγ,2 = 1040×10-6 at high field which is fully developed at low fields achieved at an 

optimum substitution concentration in a-Tb(Fe0.55Co0.45)1.5.  

	

Figure I-10: Parallel magnetostrictive hysteresis loops in the external fields for a-Tb(Fe0.55Co0.45)1.5 film 
for different annealing temperatures. (1) as deposited and (2) annealed at 250 °C and (3) 350 °C [35] 

 

Figure I-10 presents the experimental results of this material for three different situations: 

as grown at room temperature, annealed at 250°C and 350°C. As can be seen, the higher the 

annealing temperature, the higher the magnetostrictive susceptibility. 
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All the provided work on intermetallic magnetostrictive materials have seen emerging 

suitable composition of new materials allowing low magnetic field response of 

magnetostriction in thin films form opening the route for device applications. 

 

 Magnetoelectric sensors 

Some first efforts on particulate composites did not achieve expected results with the 

composite, due to a  ME response that did not exceed the value of 100 mV.cm-1.Oe-1 [36]–[38]. 

Several main reasons were identified such as: chemical reactions between the constituents 

and/or their starting materials during the sintering process at high temperature, which leads to 

a formation of unexpected phases that reduce composite properties; the limitation of the 

mechanical coupling between the particles of the different constituents due to mechanical 

defects. Drawbacks of particulate composites were overcome by using epoxy method to 

combine two phases of materials. Giang et al. [39] reported a huge ME voltage coefficient at 

up to 132.1V.cm-1.Oe-1 on the ME magnetic-field sensor with the dimension of 15 mm × 1 mm. 

An out-of-plane polarized piezoelectric 200-µm-thick PZT plate was bonded with the 18-µm-

thick Ni-based magnetostrictive laminates (Metglas) as shown in Figure I-11.  

 

Figure I-11: (left) Schematic of the bilayer Ni-based Metglas/PZT composite configuration. Vector Hdc, 
hac and P shows the applied magnetic fields and the electrical polarization direction, respectively (right) 

Sensor construction: Ni-based Metglas/PZT 15 mm × 1 mm laminates [39] 

 

To date, many types of research [40], [41] have been done to optimize the ME coupling in 

laminated composites based on three main approaches:  

(i) optimize the basic material parameter of the constituent phases such as dielectric 

constant, the piezoelectric and magnetostriction coefficients [42], [43];  
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(ii) optimize the design of ME laminate sensors [44], [45];  

(iii) the operation mode [45]–[47]. In 2006, Dong et al. reported the value of the ME 

coefficient of 22 V.cm-1.Oe-1 for laminated composites at low frequency for long-

type three-layer laminates of Metglas and PZT fiber layers operated in longitudinal-

longitudinal (or L-L) push-pull mode [48]. The ME coefficient increases significantly 

up to 400 V.cm-1.Oe-1 near the electromechanical resonance 30 kHz of this L-L mode. 

Most applications based on the ME effect, however, focus on bulk or laminated materials 

that make it difficult to integrate for micro applications due to big size and high-power 

consumption. Thanks to advances in thin film growth techniques, studies on this ME coupling 

still have the potential to optimize the material, configuration to obtain a smaller size of sensors 

with sensitivity that meets the application requirements. The main challenge that needs to be 

faced is the reduction of signal when decreasing the size. Better surface quality and the 

disappearance of the bonding layer between two phases of materials existing in the laminate-

based ME sensors are expected to enhance the coupling interactions between two phases of 

materials, thereby helping to overcome the size constraint. S Marauska et al. [49], reported 

experimental ME coefficient of 80 V/cm.Oe on the micro ME cantilever beam of 

SiO2/Ti/Pt/AIN/Cr/FeCoSiB with a thickness of 4	𝜇𝑚 and lateral dimensions of 0.2 

mm× 1.12	𝑚𝑚. Despite of low value of the ME coefficient in compare to state-of-the-art 

centimeter-sized ME sensors, this demonstrates the ability to develop MEMS-based ME 

sensors. 

 

 Silicon integrated layers for magnetoelectric devices 

For multifunctional oxides like PZT, optimal physical properties are obtained when the 

material is crystalized. When integrated as active layer in devices, the main challenge is then 

to obtain heteroepitaxial growth of epitaxial oxides on silicon. The integration on a silicon 

substrate is an important key where silicon defines the standard of CMOS technology with a 

large number of available processing options and tools at the standard of micro-technology. 

However, the direct epitaxy of oxide on silicon faces the major problem of the diffusion of the 

oxygen in the silicon during the high temperature growth deposition step. To overcome this 

issue, many types of buffer layers have been investigated to promote the growth of epitaxial 

perovskites like PZT onto silicon such as MgO [50] or Y2O3-doped ZrO2 [39] being some of 
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the most common. This buffers are not perovskites materials but in 1998, Mckee et al. [55] 

reported the epitaxial growth of SrTiO3 (STO) directly on (001) Si using Molecular Beam 

Epitaxy (MBE) at low pressure typically around 10-8 Torr. Many researchers, since then, have 

succeeded in the growth of STO on Si and multifunction oxides on STO/Si template [56]–[58]. 

Operation at an extreme high vacuum along with having to use the second method for 

depositing other materials, however, lead to the desire to find another method that is compatible 

with technology developments. Among these buffer-layers such as alumina (Al2O3)[59] or 

magnesia (MgO) [50], a popular choice is Yttria-stabilized zirconia (YSZ) which has been 

improved its ability for replacing a single perovskite STO layer grown by MBE [60][61]. In 

this thesis, according to its phase diagram, YSZ ceramic of 8 mol% Y2O3-doped ZrO2 was 

chosen. At high temperature, as shown in the phase diagram in Figure I-12, YSZ exhibits a 

cubic phase of the theoretical lattice parameter of 5.14	Å, sufficiently close to the silicon lattice 

(5.43	Å) ensuring a cubic-on-cubic epitaxial with a mismatch of 5.3 %. Besides that, YSZ 

shows high chemical stability and a large relative dielectric constant of about 30 at room 

temperature ensuring a correct isolation between active layers deposited on top with the silicon 

substrate [62].  

	

Figure I-12: Diagram phase of YSZ as a function of temperature [63] 
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At high vacuum pressures of around 10-6 Torr, YSZ exhibits an important growth advantage 

that it activates with the amorphous native SiO2 at the surface of Si with formation of ZrO2 and 

desorption of SiO as the following reactions [64]: 

𝒁𝒓 + 𝟐𝑺𝒊𝑶𝟐 → 𝒁𝒓 − 𝒔𝒊𝒍𝒊𝒄𝒂𝒕𝒆 → 𝒁𝒓𝑶𝟐 + 𝑺𝒊𝑶	 

𝒁𝒓 + 𝟐𝑺𝒊𝑶𝟐 → 𝒁𝒓 − 𝒔𝒊𝒍𝒊𝒄𝒂𝒕𝒆 → 𝒁𝒓 + 𝑺𝒊𝑶𝟐 → 𝒁𝒓𝑶𝟐 + 𝑺𝒊𝑶	 

The epitaxial relationship between YSZ and silicon substrate is (001)YSZ || (001)Si or 

cubic-on-cubic alignment [65], [66]. The epitaxial relationship, however, between the 

perovskite compounds and YSZ  is (011) of perovskite || (001) of YSZ [67]. In the case of 

direct growth on YSZ the lattice mismatch between perovskites and YSZ is too large (typically 

around 5%). To accommodate, a thin layer of cubic CeO2 material is directly grown on YSZ 

prior to the deposition of the perovskite of interest. Cerium oxide also grows epitaxially with 

cube-on-cube alignment on YSZ thin film. For these reasons, double YSZ/CeO2 buffer layers 

on Si will be used as templates for depositing all following perovskite-oxide layers with a 

lattice mismatch of one or two percent. 

 

Material Structure a (nm) b (nm) c (nm) 
Thermal expansion 

(x10-6 K-1) 
Ref. 

Si Cubic 0.543 0.543 0.543 3.8 [66] 

YSZ 

(ZrO2)92(Y2O3)8 
Cubic 0.514 0.514 0.514 10 [68] 

CeO2 Cubic 0.541 0.541 0.541 11.289 [69] 

SrTiO3 Cubic 0.3926 0.3926 0.3926 9.4 – 11.1 [70] 

La0.66Sr0.33MnO3 Orthorhombic 0.5488 0.5524 0.787 13.4 [71][72] 

SrRuO3 Orthorhombic 0.557 0.5530 0.7856 10.3 [73][74] 

P(Zr0.52Ti0.48)O3 Tetragonal 0.405 0.405 0.411 6 [75] 

Table I-1: Lattice parameters and thermal expansion of materials integrated in this work. 
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The integration of piezoelectric materials for device applications in this work requires a 

bottom electrode, a layer that plays an important role, not only in contribution an electrical 

output, but also affect the quality of active layers of the device. To facilitate the growth of PZT, 

epitaxial La0.66Sr0.33MnO3 and SrRuO3 which show a good lattice match with PZT, with the 

pseudo-cubic perovskite and quasi-cubic perovskite structure, respectively, can been chosen 

[76]–[79]. Goh et al., reported that La0.66Sr0.33MnO3 deposited directly on YSZ/Si grown in a 

mixture of randomly oriented polycrystalline grains[80]. Besides that, according to Groenen et 

al [81], the epitaxial La0.66Sr0.33MnO3 shows a strong temperature dependent crystallinity and 

a polycrystalline form was observed at high temperature (800°C) when deposited directly on 

CeO2 layer. To prevent such effect, a solution can be to add another interfacial layer such as 

STO or SRO between LSMO and CeO2.   
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– Experimental methods 

 

  

This chapter is dedicated to the description of all the experimental techniques that have 

been used among this work. In the first part are described the growth techniques that allow to 

integrate high quality epitaxial thin of PZT on silicon by Pulsed Laser Deposition (PLD) as 

well as magnetostrictive thin films based on TbFeCo alloy using sputtering method. The second 

section of this chapter describes the characterization tools that allow to extract for the as-

deposited samples films the structural properties by X-ray diffraction (XRD) and the surface 

morphology by Atomic Force Microscopy (AFM). The general description of these techniques 

is given as well as the way of choosing the key parameters to extract the typical characteristics 

of each film. The main techniques are shortly introduced such as typical process flow for the 

realization of micro-systems. Last section focuses on the way to extract the functional 

properties of the material by means of electrical or mechanical characterizations, respectively 

for both piezoelectric and magnetostrictive materials used in this work. A detailed description 

of each technique is given such as their pros and cons, based on the literature.  
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 Thin film growth 

II.1.1 Growth of PZT thin films - Pulsed Laser Deposition (PLD) method 

II.1.1.a Overall principles  

Most recent reports on PZT films integrated in MEMS are based on Sol-Gel or sputtering 

techniques, both providing high ability for wafer scale integration but often leading to reduced 

piezoelectric properties [1], [2]. This work aims at taking advantage of high-quality materials 

to increase the sensitivity of the targeted devices. Additionally, as it is expected to take 

advantage of coupling between piezoelectric and magnetostrictive layers, sharp interfaces and 

epitaxial relationship are required to ensure a correct mechanical transfer between the layers. 

The versatility of the deposition technique is also important for a rapid optimization of the 

heterostructures. This is the reason why Pulsed Laser Deposition (PLD) technique is used in 

this work as growth method for oxides films. As shown in chapter 1, this technique allows to 

produce high quality epitaxial thin films of perovskite. This relates to ability of PLD method 

to “easily” transfer the stoichiometry of the ablated target as the ablation phenomena is 

independent from the target composition [3]–[5]. This point is of particular weight in the case 

of PZT material where piezoelectric properties and piezoelectric coefficients are directly linked 

to the control of the stoichiometry [6]. Overall principle consists in ablating a target, made of 

the material to deposit, using a short pulse (typically 25 ns) of high power (typically 108 W/cm2) 

of UV light (248 nm) produced by an excimer laser. If stoichiometry of the target is usually 

chosen as the same as the expected material of the desired thin film, in the case of PZT the 

volatility of Pb at high temperature under oxidizing atmosphere requires an excess of around 

10% of Pb in the target for a correct stoichiometry of the film due to the volatility of lead oxide. 

Growth is performed under pure oxidizing atmosphere (typically 150 mTorr) to allow 

integration of oxygen in the growing crystalline structure.  

Schematically, the physical mechanisms steps of PLD can be divided as follow: 

1. Laser-target integration: light is focused on the target and most of its energy is 

absorbed if the photon energy is larger than the gap from the target. 

2. Evaporation of the target material: the high temperature induced by light 

absorption induces explosive evaporation of the material and a plasma is 

produced. 
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3. Adiabatic expansion of the plasma: the plasma expands adiabatically and species 

are slowed down by the background gas in the chamber. Species energy is usually 

below 1 eV when they reach the sample surface [7]. 

4. Material growth: evaporated species reach the sample surface, condense, diffuse 

and nucleate to form a thin film. As produced particle fluxes in PLD are quite 

large with respect to MBE technics [8], nucleation density is quite high and 2D 

growth can easily be favored thus allowing the growth of smooth films. The 

oxidizing atmosphere allows to maintain the oxygen stoichiometry in the film.  

 

II.1.1.b Growth mechanisms and PLD important parameters 

The active properties of perovskite thin films are highly influenced by their structural 

properties and micro-structures. It is thus important to have a good understanding of the 

mechanisms taking place during growth to optimize the functional properties of the deposited 

film. PLD growth, as with other deposition techniques, can be divided in different atomic steps 

of adsorption, diffusion, island nucleation and coalescence [9]. The important parameters that 

need to be taken into account are related to intrinsic parameters such as the material to be 

deposited and substrate nature and extrinsic parameters related to the growth conditions. 

Intrinsic parameters: to minimize the system energy, the growth of low surface energy is 

favored [10]–[12], that is in the case of perovskite where often the (100) and (110) planes with 

respect to the (111) planes are of low surface energy [13]. The interface energy between 

different materials of the heterostructure is also a parameter to take into account. This energy 

term is often high in the case of perovskite materials where the presence of charged planes can 

induce high electrostatic interaction. Additionally, the lattice mismatch of the film with the 

substrate, the presence of atomic steps or defects that will serve as nucleation sites, are of 

crucial importance for the final results in term of structural properties of the films. 

Extrinsic parameters: Those parameters are related to the growth conditions and can be 

tuned to optimize the thin film properties. Laser energy and frequency determine the flux of 

species on the surface and thus highly influence the nucleation step. Oxidizing gas pressure has 

a strong effect on the energy of the incident atoms but also play a role in the thermodynamic 

of the thin film formation. Substrate temperature affects the diffusion of the species and the 

adsorption/desorption ratio and can induce the formation of a high energy orientation that 
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cannot be obtained at lower temperature. Post deposition annealing step performed in-situ after 

deposition allow integrating optimal content of oxygen in the film. 

 

II.1.1.c  PLD system at C2N 

 

The PLD system used in this thesis is illustrated in Figure II-1. A KrF excimer UV laser 

Coherent COMPexPro with a wavelength 𝜆 = 248	𝑛𝑚 and maximum energy of 400 mJ was 

used. The particular wavelength has been chosen for an appropriate target penetration depth. 

A laser beam passes through an attenuator to adjust the laser energy and a mask to tune the size 

of the laser beam and get a homogenous energy on the entire beam surface. The direction of 

the laser beam can be adjusted by the mirror system. Then the laser beam is focused under 45° 

angle on the rotating target surface by a lens with 350 mm focal length. The laser spot 

dimensions range between 0.83×1.6 mm2 to 0.1× 2 mm2 depending on the image of the mask 

t. The range of the laser frequency is between 1Hz and 100 Hz; usually 2-5 Hz of the frequency 

is used for the PZT growth that allows a good compromise between growth speed and good 

quality film. This growth rate was optimized for each material in this PLD system and is related 

to the previously mentioned nucleation phenomena during growth that will be further discussed 

in chapter 3. An energy density of 2−4	𝐽/𝑐𝑚, is thus deposited on the target surface that is 

above the ablation threshold.  

A target holder that can bear 12 targets in the vacuum chamber allows to deposit several 

layers, thin films or buffer layers. During the deposition, targets are rotating to avoid local 

modification of the target during growth. Prior to deposition, the targets are usually cleaned 

using laser ablation under oxidizing pressure of O2 (typically 120 mTorr). During the thin film 

growth, the pressure inside the main chamber is controlled in the range of 10 -1 Torr to 10-6 

Torr by adjusting the gas flow (oxygen or nitrogen) using the gas flux regulators. Growth 

substrates are fixed on a dedicated heater allowing deposition temperatures up to 900°C. The 

samples are mounted on the holder using silver paste to ensure a good thermal contact. The 

sample-target distance is fixed at 5 cm thus providing the homogeneity of the deposition area 

on the sample at a typical value of 5x5 mm. The laser beam is a bit out of the target center to 

make a circle on the target. 
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Figure II-1: Sketch of the pulsed laser deposition (PLD) set up as used in this thesis 

 

Each stage in PLD process plays a crucial role in determining the properties of the grown 

thin film such as the crystalline quality with uniform orientation and surface roughness. The 

optimization of the different films that are used to integrate PZT on silicon, their growth 

conditions and associated properties will be further discussed in chapter 3. 

 

II.1.2 Growth of magnetostrictive thin films – sputtering method 

Overall principles  

Sputtering is a widely-used method of physical vapor deposition involving low pressure 

gaseous plasma generated by a voltage bias between the target to be sputtered and a reference, 

usually the sample holder in capacitive coupled systems. A gas of heavy neutral atoms (often 

Ar) and/or reactive atoms (often O or N) is used to create the plasma that is composed of excited 

atoms, ions electrons… The negative bias forced (or automatically generated) at the cathode 

where the target relies attracts the positive Ar ions that transfer their kinetic energy to the target 

atoms that are sputtered. Those atoms cross the plasma and condense on the samples placed in 

front. The operating principle of cathode sputtering method is shown in Figure II-2. 
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Figure II-2: Diagram of operating principle of cathode sputtering method 

There are two types of sputtering conditions: direct current (DC) and radio frequency (RF). 

The use of DC bias is easier to implement but when the target is insulating, accumulation of 

ions charges takes place that slow down, or even completely stop the attraction of Ar ion that 

modify the sputtering rate. In this case, RF excitation can thus be used. 

In order to increase the deposition rate, magnetron configuration can be used where 

magnets are placed nearby the target to densify the plasma by increasing the amount of 

collisions of charged species in the plasma and thus increasing the number of sputtering ions. 

In some configuration and in order to improve the crystalline quality, sample holder can be 

heated to allow the deposited species to diffuse on the surface such as off axis configuration 

that slow down the deposition rate. Sputtering method offers a good control of films thickness 

by fixing the operating conditions and adjusting the deposition time. However, the deposition 

of alloys can be more complex to manage as the sputtering process depend on the atom weight. 

It can be performed using a target of the desired material, as only the target surface is sputtered, 

the composition of the obtained thin film remains similar to the one of the target. Other 

approaches consist in the use of multiple targets sputtered at the same time or a single rotating 

target with separated area made of the different compounds of the aimed alloy. Using those 

approaches, it is thus possible to obtain thin film composition with the desired stoichiometry. 

In order to maximize the sensitivity of the aimed sensor, the stress transferred by the 

magnetic film to the piezoelectric cantilever that will lead to a shift of resonant frequency need 
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to be maximized as well. As a consequence, the choice fell on the use a magnetic film with the 

highest possible magnetostriction coefficient, this coefficient being representative of the 

percentage of change of volume at a fixed value of magnetic field with respect to zero magnetic 

field volume. As discussed in Chapter 1, TbFeCo alloys exhibit magnetostriction coefficient 

values 2 to 3 orders of magnitude higher that pure material such as Cobalt. All magnetostrictive 

thin-films of TbFeCo have been deposited on PZT thin-films in Vietnam at VNU-Key 

Laboratory for Micro-Nano Technology: Development and Application of Micro-

Nanotechnology Fabrication of Materials and Devices. TbFeCo deposition has been optimized 

on a dedicated sputtering tool using RF polarized magnetron cathodes with an applied power 

of 75 W. The distance between the sample and the target is fixed at 5 cm. The base pressure 

before deposition is typically 3.10-7 Torr and under Ar flux of 40 SCCM, the total pressure 

reaches 2.2 mTorr in the chamber. The thickness of the thin films is adjusted by the sputtering 

time with a typical deposition rate of TbFeCo around	1	Å/𝑠.  

Previous studies on TbFeCo thin films [14]–[16] have shown that as-deposited films exhibit 

a perpendicular magnetic anisotropy with a high value of magnetostriction (𝜆//) of 1140×10-6 

at a high applied magnetic field 𝜇u. 𝐻 = 0.6	𝑇 and a small value of magnetostrictive 

susceptibility (𝜒�//) of 0.23×10-2 T-1. For this material, the magnetic and magnetostrictive 

softness has been significantly improved by heat treatment. This process also causes the 

remarkable decrease of parallel magnetostriction. The TbFeCo films annealed at 350 °C during 

1 hour in a vacuum of 10-5 Torr show high saturation value of in-plane magnetostriction  

370.10-6 and high magnetostrictive susceptibility 1,8.10-2 T-1. In order to avoid possibility loss 

of ferroelectric and piezoelectric properties of PZT at high temperature (near the Curie 

temperature) and the diffusion of metal from TbFeCo to PZT that would induce leakage 

current. Another approach was used to enhance the in-plane magnetic anisotropy of the 

TbFeCo thin-films. During the sputtering process, a bias magnetic field Hbias around 400 Oe 

induced by 2 permanent magnets (see Figure II-3) was applied parallel to the substrate surface. 
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Figure II-3: Experimental setup for the sputtering process of TbFeCo using magnets to enhance the in-
plane magnetic anisotropy 

In order to ease the investigation of magnetostrictive properties of TbFeCo thin films using 

the magnetostrictive measurement system that will be presented more in detail in the next 

section, TbFeCo thin films will be deposited on both 	100	𝜇𝑚 – thick glass substrates and PZT 

thin-films integrated on Si at the same sputtering conditions. 

 Surface and structural analysis  

II.2.1 X-ray diffraction 

All the as-deposited PZT samples are analyzed by X-Ray Diffraction (XRD) to extract their 

crystallographic structure and orientation. Additional information can be obtained such as the 

epitaxial relationship between different layers of the stack. X-ray diffraction occurs when a 

light source of the appropriate wavelength hits a crystal, with a crystallographic arrangement 

where atoms act as a light source due to elastic scattering and interact with each other. Either 

the interaction is constructive, and a signal is observed on the detector that allow to extract an 

atomic distance, either interaction is destructive, and no signal is measured. This diffraction 

configuration obey the Bragg law that link the light wavelength with the source and detector 

angle with respect to the sample [17] as illustrated in Figure II-4. 

2𝑑. sin(𝜃) = 𝑛. 𝜆  Eq.  II-1 

Measurement of the diffraction conditions allow to extract the lattice parameters in thin 

films. This approach consists in moving the source and the detector with respect to the sample 

in order to find the diffraction conditions at fixed light wavelength.  
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Figure II-4: Schematic representation of Bragg’s conditions in description of the Bragg parameters 

 

In this work, a Philipps X’Pert Pro diffractometer is used to make diffracting the planes. 

This diffractometer has a fixed source, a sample holder which is free to move in the space 

according to the angle and direction shown in Figure II-5. The source consists in a copper anti-

cathode excited by electron bombardment that emits hard X-ray. The incident beam is first 

made parallel thanks to a reflective parabolic mirror and the Kα1 ray is selected using 4 Ge 

(220) crystals allowing to have a source at a single wavelength	𝜆	 = 	0,154051	nm. A 1/4 ° 

slit is finally placed on the incident beam to limit the angle dispersion.   

 

Figure II-5: Angles definitions for diffraction 

Out of plane diffraction (2	𝜃 − 	𝜔 scan): This consists in obtaining XRD diagrams of planes 

parallel to the surface of the substrate, typically Si (001) in this work. During this measurement, 
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the source is fixed, the angle 𝜔 between the sample and the incident beam varies and the angle 

2𝜃 varies twice as fast as the 𝜔 angle does. The position of diffraction peaks along with peak 

intensities from 𝜃 − 2𝜃	scan diffraction allows to identify the distance of the atomic planes 

perpendicular to the substrate surface according to the Bragg law.  

 

 

Figure II-6: Sketch of an X-ray diffactometer with a fixed source. Sample and detector can rotate. 

 

Figure II-7 shows a 𝜃 − 2𝜃	scan diffraction of a CeO2-YSZ double-buffer layer deposited 

on Si substrate by PLD. The (002) peak positions (2𝜃) of CeO2, YSZ and the (004) peak 

position of Si substrate are determined and marked. From these peaks positions, the out-of-

plane lattice parameters of the deposited materials are obtained from: dhkl=	𝜆/sin(2	𝜃).  
 

 

Figure II-7: the  𝜽 − 𝟐𝜽	scan diffraction of an CeO2-YSZ double-buffer layer  

deposited on Si substrate by PLD 
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Rocking curves (𝜔 – scan) were measured to determine the crystalline quality of a thin film 

or the degree of mosaicity around the normal to the surface. The used criterion is the Full Width 

at Half Maximum (FWHM) of the chosen diffraction peak by changing the 𝜔 value at a fixed 

position of the detector (2𝜃 value). In this diffraction conditions, the ability of the crystal to 

grow around the ideal values and a perfect film/crystal will have a sharp peak where a film 

exhibiting more defects like mosaicity, dislocations or curvature will be broadened. A typical 

rocking curve around the (002) peak of YSZ deposited on Si substrate by PLD is shown in 

Figure II-8. 

 

Figure II-8: Typical rocking curve around the (002) peak of YSZ deposited on Si substrate by PLD 

 

Phi – scan (𝜑 − 𝑠𝑐𝑎𝑛)	is in order to determine in-plane epitaxial relationships between the 

film and the substrate, and/or between layers in the case of multiple films. In this case, a 

diffraction peak is chosen that is characteristic of each layer/substrate and the sample is rotated 

around the 𝜙 axis. An example is given in Figure II-9 in the case of the growth of CeO2/YSZ/Si. 

 

Figure II-9: The 𝝓- scans profiles of CeO2 (202), YSZ (202) and Si (202) reflections 
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II.2.2 X-ray reflectometry 

X-ray reflectometry is a useful method to determine thin film thickness and roughness of 

the different layers in heterostructures. The principle is based on interference mechanism 

between X-ray beam reflected at the different interfaces of the stack that exhibit different 

density. For each layer, there are two interfaces: the lower interface and the upper interface. 

When the incident beam arrives at an angle less than the critical angle below which there is 

total reflection, it is completely reflected. As soon as the angle of incidence exceeds the critical 

angle, some X-ray beam penetrates the layer and, if the thickness is sufficiently thin, arrives at 

the lower interface on which it is reflected partially or completely. From then on, the beam 

reflections at two interfaces will interfere that causes oscillations called Kiessig fringes, and its 

total reflection intensity as a function of the incident angle with respect to the thin film surface 

captured by the detector. This technique is effective if the thickness of the layers relatively low 

(50-90 nm) and the roughness is not too high (below one or two nanometers). 

Kiessig equation: 𝑑 = �
,
�@�

�S@�
�

���S���
 

Eq.  II-2 

Philipps X’Pert Pro diffractometer is used for those measurements. Sample is first aligned 

so that the substrate is perpendicular to the incident plane. Then a 2𝜃 − 𝜔 scan is performed 

such as in the case of out of plane diffraction as shown in Figure II-10 for a CeO2/YSZ bilayer 

on a silicon substrate. In blue is shown the experimental data and the red curve is the simulated 

one using the X’Pert Reflectivity software. The period of these Kiessig fringes and the loss of 

beam intensity provide information of the layer thickness and roughness respectively. One can 

observe 2 periods from the Kiessig fringes that correspond to the CeO2, the thinnest film that 

matches with the largest period, and the YSZ, the thicker film and thus the smallest period.  
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Figure II-10: XRR diagrams of a CeO2/YSZ bilayer on Si.  

 

II.2.3 Morphological analysis 

Atomic Force Microscopy (AFM) is used to analyze the topography of deposited thin films. 

The AFM consists in a cantilever with a sharp tip at its end which is used to scan over the area 

of interest on the sample. The displacement of the cantilever due to the interaction between the 

tip and the surface is recorded by a laser beam that is reflected on the back of the cantilever 

and directed onto a four-segment photodetector. The difference among signals of each segment 

gives the lateral/vertical deflections, providing information on the sample topography. AFM 

can be operated in contact mode, tapping mode or non-contact mode. In the contact mode, the 

tip applies a force on the sample to analyze that lead to bend the cantilever. The deflection of 

the cantilever is held constant during the scan to keep constant the force between the tip and 

the sample by moving either the sample holder, either the tip holder, with an accurate 

piezoelectric mechanical system. This approach allows fast scanning and good resolution 

ability but is limited to hard material without mobile parts. The non-contact mode is a regime 

of AFM in where the tip is placed close to the sample but separated of a short distance (some 

nms or 10’s nm) and the force that applies on the tip is of large range (Van Der Waals, magnetic, 

electrostatic…).  The tip is flying at fixed height and the bending of the cantilever is measured 

by the four-segment photodetector. This approach is of particular interest for soft materials 

analysis or advanced AFM variant. An intermediate approach named tapping mode consist in 
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an intermittent contact between the tip and the surface. The cantilever is excited by an external 

force, oscillating at the frequency close to its own resonance frequency. Interactions between 

the sample and the tip affect the cantilever amplitude, frequency, and phase of oscillation that 

are measured using the four-segment photodetector. In a conventional topographic image, the 

amplitude of the cantilever oscillation is maintained at a fixed value during the scan. Tapping 

mode offers a good compromise between topographic resolution and avoiding surface damage 

but can also provide additional information in the case of perovskite such as the surface 

termination. The vertical resolution in this equipment is typically in the range of 1/10 nm 

mostly depending on the experimental setup and the lateral resolution is linked to the tip 

sharpness and can reach sub-nm scale.  Figure II-11 shows the simple working principle of 

AFM.  

 

 

Figure II-11: Basic principle of atomic force microscopy 

 

All samples were measured with an Innova AFM from Bruker Company in contact mode 

that allows fast scanning and good resolution without altering the sample thanks to the high 

Young modulus of perovskite oxide materials. In order to avoid contamination of the sample 

surface, the AFM measurement was performed right after removing from the PLD chamber. 

Silicon nitride tips were used for contact mode and WsxM software was used for image 

analysis. In particular, the RMS roughness was used as a good indicator from the film 

roughness which is calculated as the RMS width of the height histogram of a typical image. 
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 Electrical characterization techniques for PZT materials 

In addition to structural characteristics, ferroelectric properties of as-deposited PZT thin 

films play a significant role and can be determined by various measurements such as 

Polarization-Electric filed measurement (P-E loop), leakage current measurement, and 

capacitance-voltage measurement (C-V). Those techniques were used to characterize the PZT 

films and make a link between structural and functional properties of the materials. 

II.3.1 The polarization hysteresis loop 

All parameters such as remnant polarization (±𝑃K) or coercive fields (or bias) (±𝐸 	𝑜𝑟	 ±

𝑉 	) that characterize the ferroelectricity of materials can be obtained from the polarization 

hysteresis loop (P-E loop). This measurement has been performed on the ferroelectric tester TF 

Analyzer 1000 (AixACT Germany). Ferroelectric hysteresis loops can be obtained using two 

different types of techniques: (i) the Dynamic Hysteresis Mode (DHM) and (ii) the Positive Up 

Negative Down (PUND) method. 

In the DHM method, an alternative signal of triangular shape voltage consisting of 4 bipolar 

signals of frequency 𝜈uis applied with a delay time 1s (Figure II-12). The first (third) bipolar 

voltage pulse pre-polarizes the sample in the negative (positive) state. The second (fourth) 

bipolar voltage pulse measures the hysteresis in the state of negative (positive) polarization. In 

order to get the complete hysteresis cycle, the second half of pulse 2 and the second half of 

pulse 4 were taken.  

 

Figure II-12: Voltage pulse applied for DHM 
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The polarization measurement is an indirect measurement that is converted from the current 

flowing through the sample under the effect of the applied voltage. The charge Q between two 

faces of PZT thin film can be obtained from the current integration over time measured during 

a cycle by the following function: 

𝑄 = ¥𝐼(E)𝑑𝑡 
Eq.  II-3 

From this result, the polarization can be deduced by P = Q/A, wherein A is the area of the 

electrodes.  

The measured current was produced by two current contributions: the leakage current 

𝐼IDA[ABD	caused by the electrons flowing through the sample and the displacive current 𝐼 L	[18]: 

𝑰𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 = 𝑰𝒍𝒆𝒂𝒌𝒂𝒈𝒆 + 𝑰𝑫𝑬 Eq.  II-4 

𝐼 L it consists in two components: the current 𝐼 L is the result of the ferroelectric domain 

switching and the dielectric current 𝐼  corresponds to the charging current of the capacitor. In 

particular, the displacive current can be written as follow as a function of the electrical 

displacement	𝐷°°°⃗ : 

𝑰𝑫𝑬 =
𝝏
𝝏𝒕𝑫
°°⃗ =

𝝏
𝝏𝒕 ²𝑷

°°⃗ + 𝜺. 𝜺𝟎. 𝑬°°⃗ µ = 𝑰𝑭𝑬 + 𝑰𝜺 
Eq.  II-5 

In the DHM technique, the measured current contains all of the contributions. It can thus 

be complicated to use in the case of samples exhibiting too high level of leakage that will tend 

to hide the polarization switching current.  

In the PUND method (Figure II-13), the first pulse is negative and prepolarizes the sample 

to the negative state. After t2 period, the second positive pulse (pulse P) sent during 2t1 period 

polarizes the sample and therefore the corresponding current contains the FE and non FE-

contribution. While the current during the third (U) only contains the non-FE contributions. By 

subtraction, the FE contribution can be obtained. The same principle for the fourth (N) and fifth 

(D) pulses for the negative state. So that the current loop IPUND is obtained from IP (V)-IU (V) 

for the positive voltage and IN(V)-ID(V) for the negative voltage.  
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Figure II-13: Voltage pulse profile applied for PUND. 

The difference between two methods can be ignored for ferroelectric samples with low 

losses and high polarization value. However, in the case of samples exhibiting high leakage 

current level, the PUND method is to be favored as illustrated in Figure II-14. 

 

Figure II-14: A typical ferroelectric loops on a PZT thin film obtained  

using the DHM and PUND methods 

II.3.2 Capacitance measurements 

The two previous techniques give information about ferroelectric characteristics such as 

the value of remnant polarization and coercive fields. The modulation of the dielectric constant 

as a function of the electric field (or bias) also exhibits a particular feature in the case of 

ferroelectric materials. The capacitance C and the charges Q are electrically linked as follow: 
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𝐶 = ·¸
·¹

 with 𝑄 = D ∗ A Eq.  II-6 

A is the area of the capacitor electrode. On the other hand, electrical displacement is defined 

in Eq.  II-5 and by using this definition and knowing that	𝑉 = E ∗ t, the relationship becomes: 

𝐶 = ¿
À
·Á
·Â

 =	¿
À
	 . (ε. εu +

·Ä
·Â
) Eq.  II-7 

In the case of conventional paraelectric capacitors, the polarization does not depend on the 

electric field and the capacitance becomes only a function of the geometry of the design and 

the permittivity of the dielectric material between the electrodes according to the following 

equation: 

𝐶 =
𝜀. 𝜀u. 𝐴
𝑡  

Eq.  II-8 

Here, C is the capacitance in farads [F], 𝜀 is the relative dielectric constant of the material 

between two plates, 𝜀u is the dielectric constant in vacuum [≈ 8.854 × 10S/,𝐹.𝑚S/], A is the 

area of overlap of two plates [m2] and t is the distance between the plates [m]. In the case of 

ferroelectric capacitor, an additional feature is observed corresponding to the polarization of 

the dielectric material and that is representative of the ferroelectric properties of the material, 

in particular the switching polarization. 

The capacitance measurement was done by two-point mode using a Keithley 2400 

instrument and Hioki 3532-50 LCR HiTester capacitor. A sinusoidal alternating excitation 

signal of small amplitude (30mV in our case) with frequency f0 that can be tuned up to 1 MHz 

(100 kHz was used this work) is sent to the sample. This excitation signal is changed in 

amplitude and phase as it passes through the sample and the capacitance meter then recovers 

the signal at the output of the sample and, by comparison with the input signal, deduces the 

impedance Z and the phase 𝜃 of the material between electrodes. From this impedance and 

phase information, the equipment calculates values of capacity and resistance in the framework 

of a parallel RC circuit. Figure II-14 displays the P(E) loop recorded at 1kHz and the associated 

C(V) obtained using the first derivative of the signal. The character noisy of the C(V) 

measurement relates to numerical method used without any numerical filtering. 
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Figure II-15: the typical P(E) measurement (back) of the PZT thin film under the frequency of 1kHz and 
the C(E) obtained by derivation of the P(E) 

 

II.3.3 Leakage current measurements 

Leakage current is also an important parameter which shows the limitation of such 

materials for device application, in particular for thin films. The leakage current is the main 

reason for losing energy and influences on the polarization process. Actually, the conducting 

mechanism in such insulating materials exhibiting structural and stoichiometric defaults are 

complex and were the subjects of several studies [19]–[21], in particular in our work [22]. 

Mechanism such as conducting domain walls between ferroelectric domains have been 

identified in addition to the more conventional mechanisms governed by the interfaces 

(Schottky, Fowler-Nordeim mechanism,…) [19]–[21], [23] or the volume (Pool-Frenkel, 

hopping,…) [24]–[26]. The study of the leakage current is a wide subject that requires lot of 

time and caution. For these reasons, little work was done in this thesis on explaining the origin 

of this current but instead this information was systematically used as a characteristic of the 

grown films. The leakage current was obtained by applying by sweeping a DC voltage and 

measuring the corresponding current using Keithley 2400 Source-Measure Unit (SMU). 
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 Characterization techniques for magnetostrictive materials 

The magnetostrictive thin films grown by sputtering need to be characterized to extract 

their functional properties that are their magnetization and their magnetostrictive properties. 

These measurements will allow to evaluate the characteristics of the expected sensor. 

II.4.1 Magnetization measurement – Vibrating – sample Magnetometer 

(VSM) 

The magnetometer used in this study is based on the measurement of the magnetic flux 

induced by a magnetic moment generated by the magnetized sample placed purposely next to 

a (or several) sensing coil. This bias can be measured directly using a voltmeter or with more 

accuracy using SQUID [27], [28]. Another approach to improve the sensitivity consist in 

moving the sample periodically and to measure the derivative of the magnetic flux using a lock-

in amplifier to have a better accuracy: such equipment is called a Vibrating Sample 

Magnetometer (VSM) [29], [30] and is schematically described in Figure II-16. 

 

Figure II-16: Diagram of VSM 

In the experimental setup, the sample is placed within a uniform magnetic field H and at 

the center of a symmetrical two pick-coil system; a magnetic moment M will be induced in the 

sample using an external magnetic field. The sample is then moved according a sinusoidal 

excitation, which lead to a change of the magnetic flux flowing through the coils. This process 

induces a voltage in the sensing coils that is proportional to the magnetic moment of the sample: 
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𝑉	𝛼	4𝜋. 𝑁. 𝑆@.𝑀 Eq.  II-9 

M is the magnetic moment of the samples; N and Sm are the number of turns and the cross-

section. The Lakeshore 7404 VSM supplied by the Lakeshore Lab at VNU was used to 

investigate the magnetic properties of the magnetic materials TbFeCo. The measurements took 

place at room temperature with the magnetic field in the range of	±	1	𝑇. Measurements both 

parallel and perpendicular to the sample surface were carried out to reveal the magnetic 

anisotropy properties of the samples. 

 

II.4.2 Magnetostriction measurement system for thin film 

The magnetostriction factor is determined through a change of the bending of a cantilever 

using an optical deflection method. This system setup was built and designed at the Laboratory 

for micro-nano technology in Hanoi [14]. Figure II-17 illustrates the measuring principle of the 

system that consist in the following main parts: 

1. Diode laser emitting a parallel red laser beam with focus of 1.5 mm diameter. 

2. 45° full-reflection prism to adjust the laser direction. 

3. Sample holder. 

4. Reflection mirror oriented 45° with the vertical direction. 

5. Photodiode array detector. 

6. Electromagnet generating a magnetic field in range of ±	1	𝑇. 

The laser beam strikes the prism under an incident angle condition of full reflection. The 

beam is reflected on the prism in direction of the sample surface where it is once again reflected 

in the surface and turns back to the second mirror and goes into the photodiode array detector. 
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Figure II-17: Schematic of measuring principle of the magnetostriction measurement  

system for thin films [14] 

The position B and C on the detector corresponds to the beam position with or without the 

magnetic field. The difference in the output voltage related to the deflection 𝑟 in the detector 

is expressed as follow: 

𝒓 = 𝒌(𝑽𝑪 − 𝑽𝑩) Eq.  II-10 

k is the conversion factor which describes the difference in the output voltage per distance 

unit (V/mm). From the deflective distance r, the deflective angle 𝜗 is extracted using the 

relationship: 

𝒕𝒂𝒏(𝟐𝝑) =
𝒓

𝒉 + 𝒍 
Eq.  II-11 

ℎ	and 𝑙	are the distance from the upper mirror to the sample and to the detector, 

respectively. In our case, ℎ + 𝑙 = 188.5	𝑐𝑚. Due to a very small value of the deflective 

angle	𝜗, tan	(2𝜗) is approximated to	2𝜗. Therefore, the magneto-elastic coefficient is 

expressed by: 
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𝒃 =
𝑬𝑺

𝟑(𝟏 + 𝝊𝑺)
.
𝝑
𝑳
𝒕𝑺𝟐

𝒕𝒇
=

𝑬𝑺
𝟔(𝟏 + 𝝊𝑺)

.
𝒓

𝑳(𝒉 + 𝒍) .
𝒕𝑺𝟐

𝒕𝒇
 

Eq.  II-12 

Here, 𝐿	is the sample length, t is the thickness, E is Young’s modulus. f and s denote for 

film and substrate, respectively. The magnetostriction coefficient is deduced from the magneto-

elastic coefficient: 

𝝀 =
𝒃²𝟏 + 𝝂𝒇µ

𝑬𝒇
=
𝟏
𝟔 .
𝑬𝑺(𝟏 + 𝝊𝒇)
𝑬𝒇(𝟏 + 𝝊𝑺)

.
𝒓

𝑳(𝒉 + 𝒍) .
𝒕𝑺𝟐

𝒕𝒇
= 𝒓

𝑨
𝑳𝒕𝒇

 
Eq.  II-13 

With A is a constant that only depends on the mechanical and geometrical parameters of 

the film and substrate. In order to evaluate the magnetostriction coefficient of TbFeCo, a thin 

film of TbFeCo was deposited on a glass substrate and used for this analysis. Young modulus 

and Poisson coefficient have been taken from the literature (	𝐸_ = 72𝐺𝑃𝑎, 𝜐_ = 0.21 [42], 

𝐸Ü = 80𝐺𝑃𝑎, 𝜐Ü = 0.31) and considering the substrate thickness 𝑡_ = 0.01	𝑚𝑚, the value of 

𝐴 = 8.62 × 10SÝ𝑚𝑚.  

 Interferometric profiler 

Interferometric profiler was used to determine the deformation of the cantilever under an 

external DC electric field or the static behavior of the cantilever. Under an external DC electric 

field, the PZT cantilever generates the strain that leads to a bending moment. The deflection of 

the cantilever was used to evaluate the d31 coefficient of the PZT thin film integrated into a 

device. Interferometric profilometer is an interference microscope which working principle is 

shown in Figure II-18a. The light (monochromatic or white) beam is split into two paths, half 

of the beam passes through the focal plane of a microscope objective to the sample to be 

analyzed, while the other half is reflected from a reference mirror. When the 2 beams 

recombined after reflection, constructive or destructive interferences occur that change as a 

function of the height profile of the sample. This phenomenon results in the dark and bright 

bands known as interference fringes. A 3D map of the sample is constructed by scanning the 

sample in height to obtain interference fringes on all the sample. Even if the lateral resolution 

is limited by the resolution of the optical microscope and thus the wavelength of the used light, 

the vertical resolution can reach 1 nm when slow scanning is performed.  
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(a) (b) 

Figure II-18: Optical profiler to determine the initial bending shape and static deformation of cantilever 
under an external DC electric field (a) and Profile of the cantilever (b) 

 

A typical 3D map of a free-standing PZT cantilever is shown in Figure II-18b. Without 

applying a bias voltage, the initial bending of the cantilever due to the initial stress is 

determined, and this measurement was carried on right after micro-fabrication process. Then, 

the device is polarized and the evolution of the bending is measured. Fitting the profile of the 

cantilever is a way to extract the d31 coefficient, as will be discussed in Chapter 4. 

 

 Resonance measurement 

In static operation, a continuous external stress applied to the cantilever by applying a bias 

that leads to change its deflection that is detected by profilometer method. This approach allows 

to extract information about the film and the processed device. This is relevant to extract 

preliminary information about the device characteristics but the final objective of this work is 

to use the device under dynamic operation. It is thus aimed to take advantage of the high quality 

PZT cantilever as a resonant micro-sensor for sensing magnetic field based on magnetoelectric 

effect. The application of magnetic field to a high ME coefficient material will transfer stress 

to the PZT cantilever and induce a shift in resonant frequency. The first step was thus to 

measure the frequency dependence of the impedance of the cantilever of the PZT cantilever 

itself to evaluate the expected performances.  
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When an AC driving voltage is applied to the electrodes, the PZT cantilever will extend or 

contract in the plane, thus creating an alternating stress. This vibrating mode is called d31 mode. 

The resonance phenomenon occurs when the frequency of applied field equals to one of the 

natural resonant frequencies of the cantilever. At this frequency, the loss of energy is higher 

inducing an increasing of the device impedance and a phase shifting. These characterizations 

were performed by a commercial impedance analyzer Hioki IM3570 but also by a homemade 

setup based on lock’in measurement. Those characterization setups will be detailed in Chapter 

IV but a fast overview on the home-built system is given, as described in Figure II-19. An 

alternative excitation bias (controlled by a Keithley 3390) is sent to a load resistor in series 

with the device under test and the alternative terminal voltage is measured at the same 

frequency using a lock-in amplifier RS844. A LabVIEW program was developed to control the 

input signal applied to the sample and to record data concluding output voltage and phase from 

the lock-in amplifier.  

 

Figure II-19: Experimental setup and a typical measurement of the output voltage and phase angle from 
the SRO-based PZT cantilever 

The frequency is swept and the impedance is measured. A peak in impedance and a change 

in phase is representative of a resonant frequency, as shown in Figure II-19. Determination of 

this parameter allows evaluating of the applicability of PZT thin film for micro application 

such as a resonator, energy harvesters. It also allowed us to evaluate some physical 

characteristics of the material, by comparison with calculated results. 
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 The magneto-electric measurement 

The magneto-electric measurement is the final characteristic to evaluate the ability of 

device for the magnetic sensing application. The experimental setup is presented in Figure 

II-20a. The device is placed between two poles of an electromagnet up to 1 Tesla. A static 

stress (σDC) induced from the magnetostrictive materials (TbFeCo) under DC external magnetic 

field	𝐻¨   is transferred to the PZT layer. A change in DC magnetic field leads to a change in 

the stress the magnetic film transferred to the PZT layer. An exciting AC bias superimposed 

with a DC voltage at frequency around the resonant frequency of the device is applied to 

electrodes of the device by using the impedance analyzer Hioki IM3570. The DC bias, in this 

case, is to control the polling direction of the PZT layer while the AC bias causes the alternating 

stress.  

 

Figure II-20: The experimental setup for the magneto-electric measurement  

The total output signal from the device 𝑉Þis the sum of the alternative voltage	𝑉AG	and the 

DC voltage	𝑉  : 𝑉Þ = 𝑉AG + 𝑉   . 𝑉AG	comes from the exciting AC bias while 𝑉  	comes from 

the static stress due to the direct piezoelectric effect. A shift of resonant frequency is expected, 

which can be also recorded by an impedance analyzer Hioki IM3570. For magnetic sensing 

applications, this frequency shift ∆ßH	is a signature of the magnetic change which can be 

calculated from the equation	∆ßH= 𝑘.𝐻¨  . Here k is the conversion factor that characterizes 

the sensor. The higher the k factor is, the higher is the frequency shift with the magnetic field. 
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In the traditional measurement of the ME effect [31], [32] a DC external magnetic field is 

applied that also causes the deformation in the magnetostrictive material. This deformation, in 

this case, is observed as a bending distortion that generates a constant stress (σDC). The presence 

of this stress, due to the mechanical coupling between them, will make on the opposite faces 

of the piezoelectric layer a constant charge QDC. The piezoelectric layer acts as a capacitor with 

an ineligible amount of charge, which is rapidly degraded after a time constant (τ) due to the 

discharge phenomenon when connected to the device. In order to maintain this amount of 

charge, in experimental measurements, an alternating magnetic field hac (hac) is used to 

generate oscillating stresses (σac) on the piezoelectric phase. The presence of this stress 

produces a variable voltage (qac) on the piezoelectric plate and the measurement can be made 

by measuring the alternating output voltage on the piezoelectric layer. In comparison to the 

traditional method, no need of solenoid coil in measurement method of the shift of the resonant 

frequency makes it simpler for micro design.  
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– Piezoelectric and magnetostrictive thin films on silicon 

 

  

In a ME micro-sensor, the piezoelectric thin film plays the important role of converting the 

strain from the magnetic layer into an electrical signal. Therefore, the integration of epitaxial 

Pb(Zr0.52Ti0.48)O3 (PZT) thin films with high quality on silicon substrates has been considered 

as the first main step for making micro-devices. This chapter presents the PZT thin films 

obtained in this work on Si(001), after growth by PLD with the use of oxide buffer layers. The 

resulting properties of the films, including structural, ferroelectric, and dielectric 

characterizations, are determined as a function of crystalline orientation, for (001)- and (110)-

oriented PZT thin films. Finally, the growth and magnetic properties of TbFeCo films are 

presented to close this chapter. 
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 Introduction 

The perovskite oxide integration on silicon has been studied extensively in the last couple 

decades and achieved positive results [1][2]. The growth strategy is based on the use of multiple 

oxide buffer layers, first to obtain an epitaxial growth on silicon with its native amorphous 

oxide, second to adapt the unit cell to allow for perovskite oxide epitaxy. YSZ can grow directly 

through the reduction of the native ultrathin silicon oxide on the Si substrate surface [3][4], and 

acts as the seed layer for epitaxial growth of following layers. CeO2 is then used to realize the 

cube-on-cube alignment on YSZ thin film that ease the deposition of perovskite-oxide layers 

[1][2]. When a high-quality perovskite-buffered silicon substrate is obtained, epitaxial growth 

of other perovskite oxides is facilitated. The full growth process is presented in Figure III-1. 

 

Figure III-1: Fabrication process of epitaxial PZT thin films on silicon by PLD 

 

Ferroelectric properties are generally better for epitaxial PZT films than for polycrystalline 

ones [5]. The polarization is maximum in the direction perpendicular to the substrate surface 

for (001)-oriented PZT films, while the polarization is smaller for (110)-oriented PZT films as 

it is rotated 45° with respect to the substrate surface. In this framework, the epitaxial orientation 

of PZT layers will be controlled by using different conductive perovskite layers SrRuO3 (SRO) 

or La0.7Sr0.3MnO3 (LSMO) as bottom electrode. Two kinds of electrodes have been used to 
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control the epitaxial orientation of PZT thin films, namely La0.7Sr0.3MnO3(LSMO)/SrTiO3 

(LSMO-based PZT thin films) and SrRuO3 (SRO) (SRO-based PZT thin films).  

To avoid the contamination of the Si surface with Pb from the PZT target, the critical step 

of YSZ growth at low pressure (10-6 Torr) has to be performed prior to any use of the PZT 

target. Therefore, the PZT deposition process on Si substrate is split into two steps: 

(i) The first step is the growth of CeO2/YSZ. This process consists of steps in the 

following order: heating up to the deposition temperature (730 °C), cleaning of YSZ and 

CeO2 targets, depositing the films, annealing the sample under 75 Torr of oxygen, and 

cooling down to room temperature to prepare for the next step.  

(ii) The second step is the growth of the other materials (PZT/ SRO or PZT/LSMO/STO). 

This process consists of steps in the following order: Heating up to the deposition 

temperature (640°C), cleaning of relevant targets including PZT, depositing the films, 

annealing the sample under 300 Torr of oxygen, and cooling down to room temperature. 

The effect of growth conditions on thin-film structure and ferroelectric properties of PZT 

will be presented more in details in the following sections. 

 

 Growth of double-buffer layer CeO2/YSZ on silicon substrates 

Due to the limited size of the ablation plasma or plume, the deposition is uniform only over 

a limited area on the substrate, in the order of 1 cm2 at best. This is why all Si substrates used 

in the thesis were cut down to 5×5 mm2. The (001)-oriented Si substrates are cleaned in acetone 

and ethanol by an ultrasonic cleaner without removing the native silicon oxide SiO2, and then 

glued with silver paint onto the heater surface to get a good thermal contact. 

In order to avoid a further growth of SiO2, the Si substrate is heated up to the YSZ 

deposition temperature (730°C) at a pressure of 10-4 Torr. The target-substrate distance is fixed 

at 5 cm by the PLD setup. The laser energy per pulse is systematically measured by a 

calorimeter before each deposition, and the laser fluence adjusted, taking into account the 

transmission losses over the optical path. The area of the laser spot on the target is 1.2 mm2 for 

YSZ and 1.8 mm2 for CeO2. 
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Deposition of YSZ takes place at the temperature of 730°C and is a two-steps process 

[3][4]. The first step is done at low pressure around 3x10-6 Torr without oxygen introduced into 

the growth chamber to consume the native SiO2 layer as explained in chapter 1. After 400 laser 

pulses, oxygen is introduced up to a pressure of 2.2x10-4 Torr for the second step and YSZ 

epitaxial growth on Si carries on. The 10 nm-thick CeO2 layer is grown right after at the same 

pressure of 2.2x10-4 Torr and the same temperature of 730 °C. L. Méchin et al. [1] reported 

that 10 nm thickness for CeO2 exhibited the best results in terms of crystalline quality: below 

this value, the film is not homogeneous and above it the CeO2 layer roughness increases and 

affects the properties of the following layers. CeO2 grows cube-on-cube on YSZ with a larger 

lattice parameter (0.541 nm), and allows for the lowering of the lattice mismatch with 

perovskite oxide layers, the latter having their unit cell rotated by 45° with respect to CeO2 one 

[1][6]. Finally, an annealing is done under 75 Torr oxygen at 730 °C for 1 h. Table III-1 

summarizes the PLD parameters for YSZ and CeO2 thin film growth. 

 

 
Pressure 

(Torr) 

Temperature 

(°C) 

Freq. 

(Hz) 

Fluence 

(J/cm2) 

Deposition rate 

(nm/pulse) 

YSZ 
3×10-6 

(No O2) 
730 4 2.7  

YSZ 2.2×10-4 730 4 2.7 0.020 

CeO2 2.2×10-4 730 2 2.7 0.040 

Table III-1: PLD parameters for YSZ and CeO2 growth 

Crystallographic properties and surface quality of the as-deposited films were routinely 

investigated by XRD and AFM. From 2theta-Omega scan (Figure III-2), the epitaxial 

relationship (001)CeO2 ∥	(001)YSZ ∥	(001)Si is confirmed. The out-of-plane lattice parameters 

were determined as 5.16 Å and 5.43 Å for YSZ and CeO2, respectively. A comparison with the 

bulk lattice parameters of 5.14 Å in YSZ and 5.41 Å in CeO2 is in agreement with the fact that 
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both films are fully relaxed on silicon, as demonstrated in a previous study [6]. The (002) YSZ 

rocking curve shows 0.76° Full Width at Half-Maximum (FWHM). The CeO2 films have a 

smooth surface with a root mean square roughness (Rrms) of 0.2 nm over a 2 × 2	𝜇𝑚, area as 

revealed by AFM. 

                 

     

Figure III-2: (a) 2Theta-Omega scan of CeO2/YSZ double layer on Si substrate. CeO2 (002), YSZ (002) 
and YSZ (004) peaks are indicated. (b) The (002) YSZ rocking curve. (c) Typical AFM image of the 

surface of a CeO2 layer on YSZ/Si, roughness Rrms = 0.2 nm. 

The thicknesses of the YSZ and CeO2 films can readily be determined by XRR as shown 

in Figure III-3. From the thickness values extracted by this technique, the deposition rates by 

PLD for YSZ and CeO2 under the conditions as shown in Figure III-3 are 0.02 nm/pulse and 

0.04 nm/pulse, respectively. 
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Figure III-3: XRR curve from a CeO2/YSZ double layer on Si substrate. Fitted thickness/roughness (rms) 

are: 66.2 nm/0.5 nm YSZ and 12.2 nm/0.5 nm CeO2, with a 1 nm/0.8 nm SiO2 layer at the YSZ/Silicon 
interface [6]. 

The in-plane epitaxial relationships between the Si substrate and the buffer layers were 

revealed by the 𝜙- scans of CeO2 (202), YSZ (202) and Si (202) reflections as shown in Figure 

III-4. The result shows the coincidence of the (202) peaks of CeO2 and YSZ with those of the 

silicon, which demonstrates the epitaxial relationship: [100] CeO2 ∥	[100] YSZ ∥	[100] Si. 

 

Figure III-4: The 𝝓- scans of CeO2 (202), YSZ (202) and Si (202) reflections. 

 

Being the first buffer layer to be deposited on Si, YSZ plays a critical role as seed layer for 

the growth of other layers. Several thicknesses between 45 nm and 115 nm were tested to find 

the optimal one in terms of crystallographic quality (see Figure III-5). When the thickness of 

YSZ is 45 nm, values of FWHM and Rrms are 1.09 ° and 0.2 nm (from AFM image, not shown), 
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respectively. A slightly lower FWHM (0.76 °) is obtained for the thicker films, both 80 nm and 

115 nm, while keeping the same low roughness. A thickness of 80 nm was thus chosen in this 

work, as a not too thick YSZ layer is preferred for micro-fabrication. 

 

Figure III-5: Rocking curves of YSZ (002) peak for three different film thicknesses. 

From here on, CeO2 (10 nm)/YSZ (80 nm)/Si will be used as the pseudo-substrate for the 

subsequent growth of perovskite oxide layers. 

 

  Control of the orientation of epitaxial PZT with bottom electrode 

As the piezoelectric properties of a PZT thin film depend on its crystallographic orientation, 

the control of the latter has significant implications for device operation. It is therefore a 

desirable tool in the framework of this work. 

As an example, in the case of voltage-controlled MRAM devices based on the converse 

piezoelectric effect, the application of voltage to the piezoelectric material generates a bi-axial 

strain which is transferred to the adjoining magnetic structure [7][8][9]. The in-plane 

anisotropy then plays a critical role regarding the generated strain: for (001)-oriented PZT 

(polarization along z-axis), the magnitude and sign of the bi-axial strain along the in-plane 

crystallographic directions [100] and [010] are the same	𝜀hh = 𝜀áá = 𝑑./𝐸â, with Ez the 

applied out-of-plane electric field and 𝑑./			 the transverse piezoelectric constant (𝑑.. along 

[001]). On the other hand, for (110)-oriented PZT, the same applied electric field generates two 

different strains along the two in-plane crystallographic directions [001] and [-110]: 	𝜀hh =
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(Þã�RÞãã)Lä
,√,

 and	𝜀áá = 𝑑./𝐸æ/√2. The strain transfer towards the magnetic material is thus 

markedly different depending on PZT orientation. 

 

III.3.1 LSMO-based PZT thin films 

III.3.1.a The effect of substrate temperature on the growth of PZT 

Starting from the parameters optimized for PLD-grown PZT on STO substrates [10], in 

particular regarding gas pressure and laser fluence, the substrate temperature has been tuned 

for all perovskite oxides growth (STO, LSMO, PZT) on CeO2/YSZ-buffered Si. First a double 

layer 10 nm-thick STO/ 40 nm-thick LSMO is deposited, followed by the growth of 150 nm-

thick PZT. The oxygen pressure is 0.12 Torr for STO and LSMO, while 0.12 Torr of nitrogen 

protoxide (N2O) is employed for PZT. The deposition temperature was varied from 580 to 

640°C, and the resulting XRD data is presented in Figure III-6. 

 

Figure III-6: XRD diagrams of PZT films grown on LSMO (40 nm)/STO (10 nm) buffered CeO2 
(10 nm)/YSZ (80 nm)/Si at three different growth temperatures. 

At 580°C no perovskite oxide layer is detected, indicative of the fact that higher 

temperatures are needed on CeO2/YSZ buffer than on STO single crystal, due to the absence 

of a perovskite seed layer in the former. Perovskite phase nucleation is observed above 600°C, 
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with the best film in terms of XRD peak intensity obtained at 640°C. Even using N2O gas 

which allows for higher temperatures than O2 due to more oxidizing of N2O than O2, going 

above this temperature is detrimental for the Pb content of PZT,  

After deposition, an annealing under 300 Torr of oxygen is performed for 1 h in the PLD 

chamber. This annealing allows for incorporation of oxygen into the oxide layers. The 

optimized deposition parameters for STO, LSMO, and PZT are summarized in Table III-2. 

 

 
Pressure 

(Torr) 

Temperature 

(°C) 

Freq. 

(Hz) 

Energy Density 

(J/cm2) 

Deposition rate 

(nm/pulse) 

STO 1.2×10-1 640 4 2.7 0.024 

LSMO 1.2×10-1 640 2 2.3 0.027 

PZT 
1.2×10-1 

(N2O) 
640 4 2.7 0.025 

Table III-2: PLD parameters for STO, LSMO and PZT growth 

 

III.3.1.b The effect of STO buffer layer on epitaxial orientation of PZT 

Figure III-7 shows the XRD diagrams of the PZT thin films on LSMO/STO buffered 

CeO2/YSZ/Si substrates with two thicknesses of STO, 10 and 50 nm. A thicker STO film is 

detrimental for the (001)-orientation, as the 50 nm-thick STO film is mostly (111)-oriented and 

so is the PZT film, together with a small (001)-oriented component. A single (111) orientation 

could not be obtained for PZT in the framework of this work as no high quality, single-

orientation STO layer could be grown above 10 nm thickness. Nevertheless, a 10 nm-thick 

(001)-oriented STO film allows for the growth of nice (001)-oriented PZT films. 

The (001)-oriented STO is preferred to the other orientation due to only 2.5% difference in 

the in-plane mismatch between CeO2 and STO if STO is rotated 45° to each other, which seems 
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to be true for the thin thickness of STO. When increasing the thickness of STO, the mismatch 

probably increase that leads to polycrystalline structure. Another reason can be because of low 

diffraction density of (111) orientation for perovskite (such as STO, PZT), that makes it 

difficult to see at 10nm-thick STO. Moreover, a quite large peak of phi-scan the STO on CeO2 

exhibits a columnar growth (see Figure II-9) can lead to some different orientation at the 

boundary, in this case the (111) orientation. 
 

 

 

 

Figure III-7:XRD diagram of PZT films grown on LSMO/STO buffered CeO2/YSZ/Si with two different 
thicknesses of STO 

 

III.3.1.c The effect of PZT thickness on the structural properties 

In order to investigate the effect of the PZT thickness on the structural properties, samples 

with various PZT thicknesses have been prepared under the same deposition conditions, while 

the thickness of LSMO and STO are fixed at 40 nm and 10 nm, respectively. 

There is no change of c parameter of PZT with the thickness. A change of relative 

proportion of (001) is due to going from (001) at 150 nm of PZT to (110) at 200 nm of PZT, 

but it is difficult to be quantitative because of the different x-ray intensity among orientations. 
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Figure III-8: (Left) XRD diagrams of PZT thin films grown on LSMO (40 nm)/STO (10 nm) buffered 
CeO2 (10 nm)/YSZ (80 nm)/Si with different thicknesses. (Right) Rocking curves of the PZT(002) 

diffraction peak for these films. 

Figure III-8 shows the XRD patterns and rocking curves of these films. The XRD results 

indicate that a single (001) orientation of PZT can only be maintained up to 150 nm thickness. 

For the 200 nm-thick film, a (110)-oriented component appears, with a corresponding drop of 

the (001) signal. 

III.3.1.d Optimized (001)-oriented PZT 

After the various optimizations, all perovskite layers are deposited at 640°C: first a 10 nm-

thick STO layer followed by the 40 nm-thick LSMO conductive electrode and a 150 nm-thick, 

(001)-oriented PZT film. AFM image of the resulting PZT surface topography is displayed in 

Figure III-9, exhibiting a moderate roughness Rrms = 2.2 nm with few dots and distributed holes 

at the sub-100 nm scale. From the previous studies [6], the morphology checked using TEM 

cross section shows a columnar growth, with (001)-oriented PZT grains of ~100 nm lateral 

size, which was also observed in this study 
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Figure III-9: (Left) F-scan profiles of YSZ (202), CeO2 (202), STO (202), LSMO (202), and PZT 

(202). (Right) Typical AFM image of (001)-oriented PZT surface 

 

The in-plane epitaxial relationship between the Si substrate and the oxide layers was 

established by F-scans (see Figure III-9) of YSZ (202), CeO2 (202), STO (202), LSMO (202), 

and PZT (202). The rotation angle of the (202) peak of YSZ and CeO2 coincides with that of 

silicon. This indicates that the cube-on-cube orientation relationship with substrate was 

obtained for both YSZ and CeO2. Meanwhile, the scans show the expected 45° shift of the STO 

(202), LSMO (202) and PZT (202) reflections with respect to the Si (202) reflections with a 

fourfold rotational symmetry. 

 

Figure III-10: Reciprocal space map around STO(103) Bragg peak of a 150 nm-thick (001)PZT thin film 
on LSMO/STO/CeO2/YSZ/Si 
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Figure III-10 shows the X-Ray reciprocal space map (RSM) around the (103) reflection of 

a 150 nm-thick PZT thin film deposited on LSMO/STO/CeO2/YSZ/Si. Diffraction spots from 

the (103) planes of PZT, LSMO and STO are visible, while the non-perovskite oxides are left 

out. The Si(113) peak was measured separately to serve as reference and correct the sample 

misalignment. The lattice parameters extracted from the RSM in Figure III-10 are summarized 

in Table III-3. 

Layer Thickness (nm) Lattice parameter (nm) 

Out-of-Plane In-plane 

STO 10 0.390 0.393 

LSMO 40 0.383 0.393 

PZT 150 0.406 0.402 

Table III-3: Lattice parameters of STO, LSMO and PZT layers 

As evidenced in a previous study, the STO films on CeO2/YSZ have an expanded in-plane 

lattice constant (0.393 nm)compared to the bulk parameter (0.3905 nm), indicative of a relaxed 

but defective layer, probably oxygen-depleted [6]. The LSMO layer is fully strained on the 

STO layer, while the PZT layer is relaxed with a reduced tetragonality (c/a = 1.01) compared 

to the one measured for films grown on single crystalline STO substrates [11]. 

 

III.3.2 SRO-based PZT thin films 

On a CeO2/YSZ-buffered Si substrate, in order to promote the (110) orientation for PZT a 

40 nm-thick SRO layer is deposited instead of the LSMO/STO double layer presented in the 

previous part. 

III.3.2.a Optimized (110)-oriented PZT 

With the growth parameters reported in Table III-4, SRO films on CeO2/YSZ-buffered Si 

are (110)-oriented but with a slightly reduced crystalline quality compared to the (001)-oriented 

LSMO/STO double layer, as will be shown below. 
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Pressure 

(Torr) 

Temperature 

(°C) 

Freq. 

(Hz) 

Energy Density 

(J/cm2) 

Deposition rate 

(nm/pulse) 

SRO 1.2×10-1 640 4 2.7 0.020 

PZT 1.2×10-1 640 4 2.7 0.025 

Table III-4: PLD parameters for SRO and PZT growth 

 

Figure III-11 shows the 𝜃 − 2𝜃 XRD diagrams of the as-deposited SRO-based PZT thin 

films with thicknesses between 100 nm and 200 nm. Note that the 150 nm-thick film has been 

measured with a new X-Ray tube and therefore greatly enhanced intensity. It is not possible to 

normalize the intensity of the substrate due to alignment sensitivity of Si. This does not change 

the observation of polycrystalline grains at higher thickness.  

 

Figure III-11: (Left) XRD diagrams of PZT films on SRO (40 nm)-buffered CeO2 (10 nm)/YSZ (80 nm)/Si 
with several thicknesses. (Right) Rocking curves of PZT(220) peak. 

 

As noted for PZT growth on the LSMO/STO double layer, the single-orientation is thus 

lost above 150 nm thickness, with a transition towards polycrystalline, competitive grain 

growth driven by the different facet energies and growth rates. This is consistent with a 

columnar microstructure and almost fully relaxed PZT layer as shown for the LSMO-based 
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PZT case. In this picture, PZT growth on SRO is very similar, apart from a different orientation 

constraint at the bottom. Indeed, the surface morphology of (110)-oriented PZT is even rougher 

than for (001)-oriented PZT, with a higher mosaicity of the (110) grains as shown in Figure 

III-12. 

 

 

Figure III-12: (Left) Rocking curve for the (220) peak of a 150 nm-thick PZT film on SRO electrode. 

(Right) Typical AFM image of (110)-oriented PZT, roughness Rrms = 6 nm. 

 

 Ferroelectric and dielectric properties of PZT thin films 
 

 

Figure III-13: Parallel-plate capacitor geometry for PZT thin films 
 

In addition to structural parameters, electrical properties of as-deposited PZT thin films 

play a significant role and have been determined by combined measurements of ferroelectric 

hysteresis loops (P-V), leakage currents (I-V), and capacitance-voltage (C-V) characteristics. 

In order to apply an electric field to the PZT layer, a classical parallel-plate capacitor structure 
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is used. The PZT capacitors are comprised of the 40 nm-thick LSMO or SRO layer working as 

the bottom electrode and a 200 nm-thick top Platinum (Pt) electrode, as shown in Figure III-13. 
 

 

Figure III-14: Process flow for the fabrication of Pt top electrodes 

 

The size of the capacitor is defined by the size of the Pt top electrode, with 3 different areas 

of 20µm×20µm, 30µm×30µm and 50µm×50µm. In order to be able to contact each capacitor 

with micro-probes, 200µm×200 µm Pt contact pads were defined with a 200 nm thick Si3N4 

layer to insulate them from the PZT. Top electrodes were fabricated by sputtering deposition 

and lithography (lift-off technique), as depicted in Figure III-14. 

 

III.4.1 The effect of measuring conditions on the ferroelectric properties 

In this part, the electrical properties of (001)- and (110)-oriented PZT are systematically 

compared, depending on measurement conditions. The exact layer structures are: 125 nm-thick 

PZT/LSMO(40 nm)/STO(10 nm)/CeO2(10 nm)/YSZ(80 nm)/Si for (001) orientation and 

105 nm-thick PZT/SRO (40 nm)/CeO2(10 nm)/YSZ(80 nm)/Si for (110) orientation. 
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III.4.1.a Electrode area 

 

	

	

Figure III-15: (a) e-E curves vs. Electric field (100 kHz AC frequency) and (b) Dielectric constant at 0 

kV/cm of (001)-oriented PZT. (c) e-E curves vs. Electric field (100 kHz AC frequency) and (d) dielectric 

constant at 0 kV/cm of (110)-oriented PZT. 

 

The dependence of the dielectric constant on top electrode area is shown in Figure III-15 

for both PZT orientations, exhibiting the same behavior: (i) A coercive field (Ec) value 

independent of the size of top electrode; (ii) Curves shifted towards the positive voltage side 

(|Ec+| > |Ec-|), with Ec+ = 48 kV/cm, Ec- = -32 kV/cm for (001)-oriented PZT and 

Ec+ = 36 kV/cm, Ec- = -27 kV/cm for the (110)-oriented PZT; (iii) Increased dielectric constant 

upon decreasing the electrode area. Asymmetry of the curve may be attributed to the internal 

electric field induced by asymmetry top and bottom electrode, where the work function of the 

top electrode Pt higher compared to the bottom electrode SRO. 

(001)-oriented PZT 

(110)-oriented PZT 
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The dielectric constant is calculated from the capacitance measurements by using the planar 

capacitor function eq. II-8. This relationship neglects the lateral spill-out of the electric field at 

the edge of the electrode. For small size of capacitor, it should be taken into account and the 

Palmer’s equation [12] gives an estimation of this effect: 

𝐶 =
𝜀u𝜀K𝑊𝐿

𝑑 è1 +
𝑑
𝜋𝑊 é1 + ln é

2𝜋𝑊
𝑑 ë 	ëì è1 +

𝑑
𝜋𝐿 é1 + ln é

2𝜋𝐿
𝑑 ë 	ëì 

Eq. III-1 

 

Here, W and L are the electrode dimensions, W=L=20, 30 or 50 µm. Table III-5 shows 

the dielectric constant (at 0 kV/cm) calculated with and without the “spill-out” correction from 

Eq. III-1 for different electrode areas. Neglecting the spill-out effect, according to Palmer’s 

function, gives less than 4% error. In other words, this effect can be neglected and Eq. II-8 was 

used to get the dielectric constant from the capacitance (Figure III-15). 

Top 

electrode 

area 

(001)-oriented PZT (110)-oriented PZT 

Raw (F) 

(Eq. II-8) 

Corrected (F) 

(Eq. III-1) 

Difference 

(%) 

Raw (F) 

(Eq. II-8) 

Corrected (F) 

(Eq. III-1) 

Difference 

(%) 

20µm×20µm 900 873 3.2 1243 1210 2.7 

30µm×30µm 829 811 2.2 1232 1209 1.9 

50µm×50µm 729 719 1.4 836 826 1.2 

Table III-5: Dielectric constant from Eq. II-8 vs. Eq. III-1 for different electrode areas 

 

The increased dielectric constant at smaller electrode area (see Figure III-15) can thus not 

be accounted for at this stage. Further measurements especially at different AC excitation 

frequencies are needed to elucidate this peculiar behavior. 

 

III.4.1.b Maximum applied electric field 

Figure III-16 shows the dielectric constant and remnant polarization (𝑃K) dependence of 

PZT thin films on the maximum applied electric field. The dielectric constant (at 100 kHz) 
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hysteresis curves are independent of the maximum applied electric field for both orientations 

of PZT. On the ferroelectric side, the 𝑃K value is found to decrease slightly from 16 µC/cm2 to 

10 µC/cm2 with increasing maximum applied electric field from 240 kV/cm to 400 kV/cm for 

(001)-oriented PZT. This is at variance with the scenario observed for (110)-oriented PZT, for 

which the remnant polarization 𝑃K increases from 7 to 12 µC/cm2 upon increasing the electric 

field from 240 kV/cm to 315 kV/cm. 
 

 

			 	

	

Figure III-16: (a) Dielectric constant (100 kHz) and (b) Polarization hysteresis loops of (001)-oriented 
PZT capacitors. (c) Dielectric constant (100 kHz) and (d) Polarization hysteresis loops of (110)-oriented 

PZT capacitors. Top electrode: 20µm× 𝟐0µm. 

 

The smaller value of 𝑃K	 for the (110)-oriented film compared to the (001)-oriented one is 

expected as the polarization is at 45° from the applied electric field direction. The same goes 

for the increase of 𝑃K with increasing maximum applied field, but then in the case of (001)-

oriented film the opposite effect hints at a diminishing contribution of leakage currents with 

poling field. 

(110)-oriented PZT 

(001)-oriented PZT 
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The more asymmetry of the dielectric constant curve for the (110) orientation can come 

from the different morphology of the interface. 

 

III.4.1.c Excitation frequency 

Upon varying the excitation (AC) frequency for capacitance measurement, the frequency 

dependence of the dielectric constant can be ascertained, at least in the 10 kHz-1 MHz range 

depending on measuring equipment. For PZT-based applications, the operating frequency is an 

important parameter related to device design, affecting the dielectric properties of the 

ferroelectric layer and thus the output signal. 

 

	

Figure III-17: (Left) Dielectric constant of (001)-oriented PZT as a function of AC frequency. (Right) 

Dielectric constant of (110)-oriented PZT as a function of AC frequency. Top electrode: 30µm× 𝟑0µm. 

 

Figure III-17 shows the frequency dependence of the dielectric constant for both 

orientations of PZT thin films. A reduction in coercive field with an increase of the frequency 

is observed for both (001)- and (110)-oriented PZT. It can be explained by the increasing 

resistance for domain wall motion with increasing frequency [13]. The reduction in coercive 

field is important for sensor applications, as it can allow for a reduction of the device 

consumption. 

 

(110)-oriented PZT (001)-oriented PZT 
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III.4.2 The dependence of dielectric properties on PZT thickness 

The thickness dependence of the dielectric constant for the PZT thin films using different 

bottom electrodes is shown in Figure III-18. The dielectric constant (at 100 kHz) is modified 

when the PZT thickness varies. First, the shift of the e-E curves along the electric field axis, 

that is, the so-called imprint electric field, is thickness-dependent: The imprint field decreases 

for increasing thickness, as expected. 

 

	

Figure III-18: Dielectric constant of (001)-oriented PZT (left) and (110)-oriented PZT (right) as a function 

of PZT thickness. Top electrode: 30 µm×30 µm. 

 

The dielectric constant er at 0 kV/cm increases with increasing thickness for the (001)-

oriented PZT film, while no clear trend can be extracted for the (110)-oriented PZT film. An 

increase of the dielectric constant with thickness is generally expected, as going from thin film 

to bulk sample it increases by a factor ~10. Moreover, for polycrystalline or columnar films, 

grain size is another parameter that affects the dielectric constant. Grain size increases with 

thickness, leading to an increase of dielectric constant. This thickness effect is certainly there 

for both (001)- and (110)-oriented PZT films. Concerning the latter, to explain the observed 

drop of dielectric constant at 200 nm thickness, many reasons can be invoked [14][15]. In brief 

the film detailed microstructure and strain state must both be considered making it difficult to 

get a clear picture. 

 

(001)-oriented PZT (110)-oriented PZT 
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 PZT for devices 

The optimized PZT films integrated on Si substrate for PZT cantilever devices are here 

presented with a summary of their crystallographic, dielectric, ferroelectric and leakage current 

properties. 

The full layer structures are as follows: 

(i) (001)-orientation: PZT(150 nm) / LSMO(40 nm) / STO(10 nm) / CeO2(10 nm) / 

YSZ(80 nm) / Si 

(ii)  (110)-orientation: PZT(150 nm) / SRO(40 nm) / CeO2(10 nm) / YSZ(80 nm) / Si 

XRD 𝜃 − 2𝜃 diagrams are displayed for both orientations in Figure III-19, together with 

representative AFM images of the surface topography. The mosaicity from rocking curves 

(shown previously, FWHM values) are around 1° for (001)-oriented PZT while it is around 2° 

for (110)-oriented PZT. The same trend is obtained for the surface roughness, being smaller 

for (001)-oriented (Rrms~2 nm) than for (110) -oriented (Rrms~6 nm) PZT. 

 

 

 

 

Figure III-19: (a) XRD diagrams of PZT thin films and (b) AFM images (with Rrms) 

 

(110)-oriented PZT 

(001)-oriented PZT 
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Figure III-20 shows the dielectric constant and leakage current for both orientations of PZT. 

Higher dielectric constant and lower leakage current are obtained for the (110)-oriented PZT 

film. 

	

Figure III-20: (Left) Dielectric constant and (Right) leakage current density (J) vs. Electric field for both 

orientations of PZT films. Top electrode: 30 µm×30 µm. 

The fact that the (110)-oriented PZT film is much rougher with smaller grains than the 

(001)-oriented one (Figure III-19) could play a role in the reduced leakage current density in 

the former compared to the latter. 

Finally, regarding ferroelectric properties, a remnant polarization 𝑃K ~ 10 µC/cm2 is 

obtained for both orientations, with slight differences depending on orientation and maximum 

applied voltage in the 240 kV/cm to 400 kV/cm range. 

 Magnetostrictive TbFeCo thin films 

III.6.1 The growth of magnetostrictive TbFeCo 

The study of the growth of TbFeCo thin films is a deep and large study that required lots 

of time and caution. In this work, fabricating parameters is based on the previous studies by 

D.T.H. Giang on the same system. 

All the magnetostrictive layers in our study have been fabricated using the 6-guns 

sputtering tool at the laboratory for micro-nanotechnology of Vietnam National University, 

Hanoi, Vietnam. Thin films were sputtered in RF mode at a base pressure of 3.10-7 Torr and 

Ar gas pressure of 2.2 mTorr. The RF power is 75 W. Distance from the target to the substrate 

is 5 cm. The deposition rate of TbFeCo is around	1	Å/𝑠. 
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Figure III-21: Photograph of composite TbFeCo target 

Thin films described in this thesis are prepared using composite targets consisting of 

segments bonded to copper backing plates. They were produced based on the concentration 

calculation: 

𝐶í
𝐶z

=
𝑆í𝜂í
𝑆z𝜂z

 Eq. III-2 

Here, 𝐶í,z	 are the atomic concentrations of A and B elements, respectively; 𝑆í,z are total 

areas of A, B elemental segments of the target; 𝜂 is the “sputtering yield” which is defined as 

the number of sputtered atoms per incident ion. 

The composite TbFeCo target is a disk of 75 mm diameter and around 1 mm thickness, and 

comprised of 12 segments as follows: Six Tb segments of area angle	𝛼ïð = 29°, four Fe 

segments of 𝛼^D = 26.5°, and two Co segments of 𝛼 ó = 40° as shown in Figure III-21. The 

composition is calculated from Eq. III-2 with the yields 𝜂ïð = 0.82	atoms/ion, 𝜂^D =

1.10	atoms/ion, and 𝜂 ó = 1.22	atoms/ion [16]: 

𝐶ïð: 𝐶^D: 𝐶 ó 		= (6 × 𝛼ïð × 𝜂ïð): (4 × 𝛼^D × 𝜂^D): (2 × 𝛼 ó × 𝜂 ó) 

= 40 ∶ 32.7 ∶ 27.3 

Eq. III-3 

This gives the composition Tb(Fe0.55Co0.45)1.5 
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The magnetostrictive layer was studied after deposition on different substrates. In order to 

facilitate the measurement of the magnetostrictive properties, Tb(Fe0.55Co0.45)1.5 films were RF-

magnetron sputtered onto the different substrates (100 µm-thick glass, (001)-Si). The thickness 

of all films is fixed at	1	𝜇𝑚. The hysteresis loops and magnetostrictive properties of the as-

deposited samples were determined using vibrating sample magnetometry (VSM) and the 

bending angle using optical deflection which has been explained in more details in Chapter II. 

 

III.6.2 Magnetic and magnetostrictive properties 

III.6.2.a Magnetization 

Figure III-22 shows the hysteresis loops of as-deposited TbFeCo films on Si and glass. A 

magnetic field up to 1 T is applied parallel and perpendicular to the film plane, respectively. 

These results show that the easy magnetization direction is out of plane. Such a result has 

been previously observed in amorphous TbFeCo films [16]. It can be explained due to 

thermally induced stress during fabrication, the magnetostrictive materials always try to 

compensate the external or internal stress by appropriate rotation of spins. For a film with 

positive magnetostriction, tensile stress leads to spin orientation in the film plane, whereas, for 

a compressive stress the spins orient along the film normal. 

	

Figure III-22: The perpendicular (black) and parallel (red) normalized magnetization curves plotted for 
the as-deposited Tb(Fe0.55Co0.45)1.5 film onto different substrates 
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For applications, not only a high value of magnetostriction coefficient is required but also 

the soft magnetic property (low coercive field) needs to be developed. Previous studies on 

TbFeCo thin films have shown that a heat treatment at 350°C for 1 hour in a vacuum of 10-

5Torr [16] can release the stress and enhance in-plane magnetostriction and magnetic softness. 

Figure III-23 shows magnetization curves for the Tb(Fe0.55Co0.45)1.5 films after annealing at 

T = 350°C for 1 hour at 10-5 Torr. A change of the magnetic anisotropy from out-of-plane to 

in-plane is detected. This phenomenon can be explained by the release of stress from the heat 

treatment that leads to a rotation of the direction of the magnetic moments from the out-of-

plane to the in-plane direction. This result is similar to the previously published results using 

the same material and research methodology [16]. 

	

Figure III-23: The perpendicular (blue) and parallel (red) normalized magnetization curves plotted for a 
Tb(Fe0.55Co0.45)1.5 film annealed at 350°C for 1 hour at 10-5 Torr. 

 

III.6.2.b Magnetostriction 

In order to measure the magnetostriction coefficient, the 1 µm TbFeCo film deposited on a 

glass substrate was cut down to a size of 20×3 mm2 and stickled on a holder at one end to form 

a cantilever. Figure III-24 shows the magnetostriction of the sample at room temperature as a 

function of the investigated magnetic field up to 1 T before and after annealing. The field has 

been applied in the film plane and along the length of the cantilever. The obtained results show 

the V-shape and the magnetostriction start to be saturated at magnetic fields higher than 0.7 T 

for the as-deposited thin film and in the lower-field region (around 0.5T) for the annealed film. 
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This result indicates that by the heat treatment the soft magnetic character of TbFeCo has been 

enhanced. 

	

Figure III-24:  The magnetostriction coefficient measured in the film plane 

 

Although a remarkable decrease of parallel magnetostriction at high field from 250×10-6 

to 150×10-6 at the highest magnetic field (1 T) was observed, in the small range under 0.5 T of 

the magnetic field, the annealed thin film reveals a better magnetostriction. Slope of the curve 

is the magnetostrictive susceptibility. In the different field ranges, both the curves, before and 

after annealing, exhibit different slopes (see Figure III-24 ). A slope ratio of 12 is extracted 

between the annealed and the as-deposited magnetostrictive films (two blue dashed lines) in 

the range ± 0.07T. This information is useful in considering the possibility of increasing the 

sensitivity of the sensor. 
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 Conclusion  

Epitaxial PZT thin films were integrated on silicon substrate by PLD using a CeO2/YSZ 

double-buffer layer. Further oxide buffers of LSMO/STO or SRO, both having a perovskite 

structure, have been used to control the crystalline orientation of PZT, either (001)-oriented for 

LSMO-based PZT, or (110)-oriented for SRO-based PZT. The latter has been chosen to start 

the fabrication and test of magneto-electric devices, mainly because it exhibited lower leakage 

current. Regarding the TbCoFe films, their reported magnetostrictive properties are the basis 

for the expectation of a ME micro-sensor as a resonator based on magneto-electric effect with 

high sensitivity. As a very first attempt, in the next chapter, the fabrication of the ME micro-

sensor and some first results that give support to this statement will be described. 
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 – The resonant micro-sensor based on PZT micro-cantilevers 

 

 

This chapter is divided into three parts. Firstly, PZT cantilever integrated on Si as a resonant 

micro-sensor for sensing magnetic fields based on the ME effect is proposed. Stress is 

transferred to the PZT layer through the application of a magnetic field to a high ME coefficient 

material that induces a change of the measured resonance frequency. For these purposes, 

cantilever, a well-known structure in the field of Micro Electro Mechanical System (MEMS) 

has been chosen [1], [2]. The cantilever after being released from the Si substrate allows the 

PZT to generate larger strain and thereby higher power. Due to the reduction of the output 

signal when minimizing sensor configuration down to the micro-scale, a novel measurement 

method will be developed, which is expected to further enhance the sensitivity of 

measurements. The resonant frequency changes induced by strain is caused by DC bias electric 

field in the PZT micro-cantilever and/or DC magnetic field in the ME micro-sensor, instead of 

measuring the output electric voltage, response would be an alternative method for the used 

conventional techniques. Besides that, the influences of other physical parameters such as 

pressure, DC bias, AC bias were also investigated in this chapter.   

Finally, the results of first attempts of a resonator for sensing magnetic signal based on 

PZT/TbFeCo multi-ferroic thin films are presented. TbFeCo is used as a micro-actuator, while 

the PZT thin film is used as a micro-sensor. A resonant frequency shift of the device is 

measured reflecting the magnitude of the external magnetic field. 
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 PZT cantilever as a resonator for the magnetic sensor application 

IV.1.1 Micro-fabrication processes of PZT cantilevers 

In several previous studies, PZT-based MEMS devices have been integrated on Silicon-

On-Insulator (SOI) wafers which allow the fabrication of complex structures such as 

membranes thanks to backside etching processes [2]–[4]. In this work, cantilever-based PZT 

MEMS devices on Si (001) substrates were fabricated. The process requires minimal front-side 

etching of Si and at the same time allows preserving the ferroelectric properties of PZT after 

many steps of micro-fabrication processes that correspond to an important challenge for the 

incorporation of PZT thin films in MEMS. In the literature, several techniques including wet 

processing [5], Reactive Ion Etching (RIE) [6] and Ion Beam Etching (IBE) have been used to 

pattern PZT. While wet etching (usually using a mixture of HCl and HF acids) is used for thick 

PZT films with an etching speed of about	1	𝜇𝑚/𝑚𝑖𝑛, which is thus limited in precision, RIE 

and IBE processes provide the necessary dimensional control for creating MEMS devices from 

thin-film layers. The RIE process with an etching speed of 20-200 nm/min consists of using a 

combination of fluorine- and chlorine-containing compounds. While, in the RIE process, 

physical or chemical etching can be favored by tuning the parameters (pressure and RF-bias 

power), IBE is a physical etching method with low chemical selectivity, which allows etching 

complex and inert materials.  

The growth of the PZT thin films integrated on Si was presented in chapter 3. In the 

following, the process flow for the fabrication of the PZT micro-cantilevers will be detailed. A 

stack of PZT (150nm)/SRO (40nm)/CeO2 (10 nm)/YSZ (90nm)/Si (after noted as the SRO-

based PZT thin film) was prepared for micro-devices. A six-step process (shown in Figure 

IV-2) was then used to define cantilevers of 40 μm in length and 20 μm in width, with a top 

electrode having a width of 10 μm. All of the equipment was provided by the C2N laboratory.  

The microfabrication process begins with an etching step down to the silicon substrate to 

structure the desired shape of cantilevers using lithography and Ion Beam Etching (IBE) 

methods (S2). Due to the different etching rates of oxides and resist (resist etch faster than 

oxides) by IBE, a thick TI35ES photoresist with high viscosity is used to protect the desired 

oxide layers area defined by the lithography step during the long etching process. The 

lithography process, performed under controlled conditions in the cleanroom, starts with the 

spin-coating step in order to spread the photoresist. The photoresist is spin coated with a 
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spinning speed of 4000 rotation per minute (RPM) which give rise to a 4 μm in thick photoresist 

layer. The sample then is soft-baked for 3 minutes at 100 °C using a hot-plate and is then placed 

under the mask placed in soft – contact mode (MJB4 equipment by Suss MicroTec) to be finally 

exposed to UV light for 18 seconds. The exposed photoresist is then removed with a developer 

solution of AZ 400K: H2O (1: 4) and finally rinsed with pure water. During the IBE process 

the sample is bombarded with Ar ions which sputter the sample’s materials. The angle of 

incidence of the ion beam is typically adjusted at 45o for all the etching steps to prevent the 

appearance of redeposited materials on the side of the structures. An electron gun is used to 

neutralize the charge of accelerated ions to the sample, avoiding any accumulation of surface 

charges. The experimental parameters used for all steps (Figure IV-2) are given in the following 

table: 

Neutralizer Ion gun 

Filament Anode Extraction RF Extraction Acceleration 

Current Voltage Current Voltage Current Voltage Power Voltage Current Voltage Current 

20A 9.3V 2.5mA 60V 0.2mA 30V 100W 152V 0.5mA 400V 9mA 

Table IV-1: The experimental parameters of the IBE etching process 

 

The EndPoint Detection (EPD) method is implemented in the IBE tool and uses a Second 

Ion Mass Spectrometry (SIMS) technique to follow in real time the etching and to stop it at the 

desired layer. SIMS allows to monitor the etching by measuring the mass of the etched atoms, 

thus allowing to identify the layer that is etched. An example is presented in Figure IV-1 where 

typical signal of PZT (Pb is watched) is observed up to 1000”, followed by SrRuO3 (Sr is 

watched) and SrTiO3 (Sr is watched but intensity is higher because of higher etch rate) and 

then finally the broad YSZ signal (Zr is watched), Ce atoms being not watched during this 

etching. 
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Figure IV-1: Second ion mass spectrometry trace of the SRO-based PZT cantilever  

 

In order to ensure a good electrical contact between the bottom electrode and external wires 

(placed by wire bonding), the deposition of electrodes has been done as follows (patterning 

process (S4 and S6) in Figure IV-2): 

a) Etching down to the bottom electrode (SRO layer) (S4): This process is similar to that 

used previously for etching down to the silicon substrate. The different photoresist 

AZ5214E has been used with spinning speed of 4000 rpm corresponding to 1.4 μm 

in thickness of the photoresist layer. The sample is soft-baked for 90 seconds at 110 

°C using a hot-plate. The sample is then placed under the mask and exposed for 4 

seconds to UV. The resist is further baked for 120 seconds at 120°C on a hot plate 

and illuminated by UV (for 50 seconds) on the whole sample surface. These last two 

steps are called resist inversion. After the first exposure and baking, the exposed areas 

of the resist become insoluble in the developer solution. The areas of the resist which 

were not modified during the first exposure are now made soluble thanks to the 

second exposure (called flood exposure) and are finally removed in a developer 

solution of AZ 400K: H2O (1: 4), then rinsed with pure water. This lithography 
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process is called negative lithography. The IBE etching process (described 

previously) is controlled by SIMS to stop at the SRO bottom layer. 

b) Deposition of the metal layer (Platinum) (S6): For this process, the same lithography 

process as for S4 step (negative photolithography) has been used: the positive 

photoresist (photoresist AZ5214E) (spin-coated at 4000 rpm, baked for 90 seconds at 

110 °C, and exposed with a mask for 4 seconds) has been further treated by annealing 

(for 120 seconds at 120°C) to become negative, and then exposed to UV without a 

mask (Flood exposure). The photoresist is then removed in a developer solution of 

AZ 400K: H2O (1: 4) and rinsed with pure water for 20 seconds. Following this 

lithography process, the remaining resist acts as a protective mask during the 

deposition of a 100 nm thick Pt layer by sputtering. After deposition, the resist is 

removed by acetone (called lift-off step) and the sample is rinsed with isopropanol. 

At the end, the Pt layer provide a good electrical contact with the SRO bottom 

electrode. 

Prior to the deposition of Pt to make the top contacts, a silicon nitride (Si3N4) layer is 

deposited on the PZT surface (S3). This way, small size of Pt top electrode will be in contact 

with PZT (limiting the area where electric field will be applied and thus leakage problem), and 

larger Pt area (deposited on Si3N4) will be used for the wire-bonding. Si3N4 layer (of 200 nm 

thickness) is deposited by sputtering after a negative photolithography process (S3).  



 
 
 

 

104 
 

 

Figure IV-2: Schematic of the micro-fabrication process of PZT cantilever on silicon substrates 

 

A 100nm-thick top electrode (Pt) is then patterned by the fourth mask (negative 

photolithography) and obtained by a lift-off process after the deposition by sputtering (S5).  

Finally, cantilever structures are shaped and released from Si by sacrificial etching of the 

silicon substrate underlying the cantilever pattern (S7) by XeF2 etching method. This method 

is highly selective to silicon with respect to photoresist and silicon dioxide or any functional 

oxides and takes place according to the following reaction: 

2𝑋𝑒𝐹, + 𝑆𝑖 → 2	𝑋𝑒 ↑ +𝑆𝑖𝐹ù ↑ 

The advantages of this method are its fast etching rate together with selectivity. After 

etching silicon, the photoresist is removed by using oxygen plasma.  

Preliminary characterization of PZT micro-cantilevers 

An example of a 3D image of such fabricated cantilever is shown in Figure IV-3, and was 

obtained by optical profilometer presented in chapter 2.  
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Figure IV-3: A typical 3D image of the cantilever captured by interferometry method 

 

The ferroelectric properties of the PZT cantilevers are the main parameters to evaluate the 

fabrication process. Therefore, the measurements of the ferroelectric properties (including 

ferroelectric loop and capacitance) were carried out before and after the micro-process. 

Ferroelectric characteristics of cantilever were investigated by polarization hysteresis (P-E) 

loop measured between ±266	𝑘𝑉/𝑐𝑚. The capacitance-electric field (C-E) curve was carried 

out using an AC signal of 30 mV and 100 kHz frequency with the DC bias sweeping from -

266	𝑘𝑉/𝑐𝑚 to +266	𝑘𝑉/𝑐𝑚 and back to -266	𝑘𝑉/𝑐𝑚. The corresponding dielectric constant 

𝜀 was calculated from the C-E curve obtained. The polarization switching was observed around 

−20	𝑘𝑉/𝑐𝑚 and 	65	𝑘𝑉/𝑐𝑚 after the microfabrication process as shown in Figure IV-4. 

The remnant polarization is about 10𝜇𝐶. 𝑐𝑚S,, and this value is close to the value measured 

after the micro-processes. As the ferroelectric properties are not altered by the Si releasing 

process, we conclude that this step does not induce strong modification of the PZT nor than the 

stress relief. The difference in dielectric constant on the measurement before and after releasing 

is due to the measurements taken place on the different region on the sample with the different 

size of capacitors. 
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Figure IV-4: Polarization hysteresis (P-E) loop (in black) and dielectric constant (𝜺 - E) curve (in red) for 

the PZT cantilever before (a) and after (b) the microfabrication process.  

The ferroelectric characteristics exhibit a shift to the positive voltage direction after the 

process. Shifted loops can be explained by dissimilar top and bottom interfaces (electrodes 

materials, interface charge traps). Here, the shift of the curve observed after cleanroom 

processes could come from the change of the residual stress after releasing PZT stacks from 

the Si substrate. The effect of stress on ionic positions and vibrations in ferroelectric materials 

that lead to a change in the polarization mechanism and the ferroelectric properties has been 

investigated in previous studies [7].  

 

IV.1.2 Static response  

Before going into resonant responses of the PZT cantilever, the static response or the 

behavior of the PZT cantilever upon a DC excitation is studied. In this case, stress is generated 

from PZT itself through the piezoelectric effect by the application of a DC electric field. The 

measurement of the cantilever deflection under the applied electric field is used to determine 

the piezoelectric constant 𝑑./ and the stress induced by the PZT layer. 

The cantilevers are composed of active (PZT) and inactive layers. When a DC electric field 

is applied to the PZT layer between the two electrodes, a stress gradient will change the shape 

of the PZT layer due to the piezoelectric effect. This change is restricted by the inactive layers, 

leading to the observed deformation of the cantilever. The maximum deflection of the free end 

of the cantilever as a function of DC field can be obtained by interferometric profilometry 

method in ambient conditions (temperature and pressure).  
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In previous reports [3], [4], [8], [9], a Laser Doppler Vibrometer (LVD) technique has been 

used to measure the displacement of a PZT cantilever. A sinusoidal AC-voltage at low 

frequency is applied to the structure. The frequency is chosen to be well below the resonance 

frequency of the cantilever in order to avoid the strong effect of resonance phenomenon on the 

displacement. These reported measurements were carried out at a high DC bias to ensure 

unipolar excitation. The main difference of this method with the interferometric profilometry 

method is that the effect of polarization states of PZT thin film on the displacement under DC 

bias can be evaluated. 

   

Figure IV-5: The profile of the cantilever at -120kV/cm and -20kV/cm applied (left) and its displacement 
(in black) as a function of the applied DC electric field (from positive to negative field in filled symbols 

and from negative to positive field in open symbols) superposed with the dielectric constant curve (right). 

The cantilever consists of 150 nm PZT layer with SRO bottom electrode with 40 𝝁𝒎 in length, 10 𝝁𝒎	in 

width and 100 nm thick Pt top electrode. 

 

Figure IV-5 left shows the response of the SRO-based PZT cantilever upon the DC electric 

field excitation. An upward bending of the cantilever of around 8μm at the cantilever free end 

already exists even at zero DC bias voltage that is explained by residual stress gradient in the 

cantilever even after the releasing step. The presence of residual stresses is unavoidable during 

the deposition of such a complex stack, because of the initial bending of the cantilever. The 

residual stress originates from the mismatch in the thermal expansion coefficients of different 

materials and from the lattice mismatch between each layer during the deposition. A distinct 

coefficient of thermal expansion between PZT (6x10-6 K-1 [10]) and the silicon substrate 

(4.4x10-6 K-1 [10]) causes the development of a thermal stress during the cooling process from 
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the deposition temperature to room temperature. The contribution of the mismatch of lattice 

constants among layers is also significant to the initial bending of the cantilever after releasing 

from Si. In the case of the SRO-based PZT micro-cantilever, the upward deflection implies the 

existence of compressive stress at the top or a tensile stress at the bottom of the stack.  

Figure IV-5 right is a plot of the position of the free-end of the cantilever when the electric 

field is swept from -266 kV/cm to 266 kV/cm, then back to -266 kV/cm. It is observed that the 

deflection curve follows a conventional butterfly shape of the C-E curve with a total variation 

of 6	𝜇𝑚. At high electric field, the deflection of the cantilever is maximum, while it is minimum 

around the switching voltage (disordered polarization state of PZT).  

The observed maximum deflections higher than the 2	𝜇𝑚 displacement measured for a 

2	𝜇𝑚 thick PZT cantilever at 20V (corresponding to 200 kV/cm applied electric field) using 

Sol-gel deposition by D. Ambikaet et al. [11]. The main point is that the cantilevers actuated 

by very thin epitaxial PZT films enable large deflection at low voltages, which could be of 

great interest in many low voltage applications.  

In [12]and [13], piezoelectric coefficient 𝑑./ are determined from the cantilever vertical 

deflection using the following formula based on the heterogeneous bimorph model: 

𝜹 =
𝟑𝒅𝟑𝟏𝒔𝑺𝒔𝑷𝒕𝒔(𝒕𝒔 + 𝒕𝒑)𝑳𝟐𝑽

𝒔𝒔𝟐𝒕𝒑𝟒 + 𝟒𝒔𝒔𝒔𝒑𝒕𝒔𝒕𝒑𝟑 + 𝟔𝒔𝒔𝒔𝒑𝒕𝒔𝟐𝒕𝒑𝟐 + 𝟒𝒔𝒔𝒔𝒑𝒕𝒑𝒕𝒔𝟑 + 𝒔𝒑𝟐𝒕𝒔𝟒
 

Eq. IV-1 

 

Where	𝛿, s, t, L, V are the deflection [m], the mechanical compliance [m/N2],  the thickness 

[m], the length [m] and the excitation voltage [V]. Subscripts ‘s’ and ‘p’ denote the substrate 

or the PZT properties. The mechanical compliance is related to Young’s modulus E by s=1/E.  

This equation, however, is only valid when the thickness of the thin film is much thinner 

than the substrate and when the thicknesses of buffer and electrode layers are small in 

comparison to the thickness of PZT. This structure can be normally found in cantilevers 

fabricated using Silicon-On-Insulator (SOI) wafer.  In this thesis, Si has been removed after 

micro-processes and the thickness of each layer can be similar. Figure IV-6 is the schematic of 

the cantilever structure used in this thesis. 
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Figure IV-6: Schematic of a cross-sectional view of the PZT cantilever structure in this thesis 

In order to take into account the effect of buffer and electrode layers in calculations, 

Weinberg et al [14] described a multi-morph model. Firstly, the neutral axis for torque inputs 

is determined: 

𝒁𝑴 =
∑ 𝒛𝒊𝑬𝒊𝑨𝒊𝒊

∑ 𝑬𝒊𝑨𝒊𝒊
 

Eq. IV-2 

Where 𝑧F is measured from the arbitrary reference to the center of area i. 𝐴F = 𝑤F𝑡F is cross-

section area of layer i. 𝑤F , 𝑡F, 𝐸F	are the width, thickness and Young’s modulus of layer i. The 

curvature of the cantilever is expressed by 

𝟏
𝑹
= 𝑬𝒑𝒁𝒑𝒘𝒑𝒅𝟑𝟏𝑽

∑ 𝑬𝒊𝑨𝒊𝒊 (𝒕𝒊
𝟐/𝟏𝟐R𝒁𝒊

𝟐)
 +A Eq. IV-3 

The micro-cantilever width is comparable to its length; therefore, Young’s modulus and 

piezoelectric coefficients above can be replaced by 𝐸F → 𝐸F/(1 − 𝜐,) and	𝑑./ → 𝑑.//(1 + 𝜐). 

A is a constant corresponding to the initial bending of the cantilever.  

According to the theory for a cantilever with a uniform load of intensity	𝜌, the curvature R 

may be expressed as: 

𝒌 =
𝟏
𝑹 =

𝒅𝝑
𝒅𝒔 

Eq. IV-4 

The angle 𝜗  or slope between the 𝑥-axis and the tangent to the deflection curve is defined 

by: 
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𝒕𝒂𝒏𝝑 =
𝒅𝜹(𝒙)
𝒅𝒙  

Eq. IV-5 

For a small angle	𝜗, 𝑑𝑠 ≈ 𝑑𝑥 and	𝑐𝑜𝑠𝜗 ≈ 1, then 𝑡𝑎𝑛𝜗 ≈ 𝜗 

𝝑 = 𝒅𝜹(𝒙)
𝒅𝒙

  and 𝒌 = 𝟏
𝑹
= 𝒅𝝑

𝒅𝒙
= 𝒅𝟐𝜹(𝒙)

𝒅𝒙𝟐
     Eq. IV-6  

By solving the equation for x=L at the free end of the cantilever using	𝛿 = 𝐿,/2𝑅 along 

with Eq. IV-3, the value of 𝑑./ = −53	𝑝𝑚𝑉S/ was estimated from the slope of the linear 

dependence of deflection with the electric field (Figure IV-5) using parameters in Table IV-2. 

This value is smaller than that of similar 1 µm-thick PZT films (-118.9	𝑝𝑚𝑉S/) reported by 

Dekkers et al. [2]. By the same group, a 𝑑./of −97	𝑝𝑚𝑉S/ was reported on 750-nm-thick 

Pb(Zr0.52Ti0.48)O3 [15].  This smaller value can be explained by the use of a thinner PZT layer, 

as reported by Haccart et al [16].  

 

IV.1.3 Dynamical response  

For the static-mode operation presented in the previous section, the stress generated under 

DC electric field induces a change of the deflection which was measured by optical 

profilometry. This approach allows to study some basic characteristic of the cantilever and to 

extract some physical parameters such as the piezoelectric coefficient of such microprocessed 

PZT integrated on silicon and the level of stress generated by the DC bias. 

The final objective of this work is to sense magnetic field through ME effect that will be 

measured by the change of the resonant frequency of the cantilever. A preliminary study of the 

dynamical response of the PZT cantilevers was performed where the electrical response of such 

PZT cantilevers as a micro-resonator was chosen to characterize. In this case, a static stress is 

transferred to the PZT layer through the application of the small AC sine-wave superimposed 

with a DC voltage that simulate the presence of the ME film under a magnetic field.  A shift of 

the resonant frequency is expected with the applied DC bias that is recorded by impedance 

measurement.  
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IV.1.3.a Theory of resonant frequency 

The resonant frequency (fr) of a typical cantilever theoretically expressed in the following 

equation shows the relationship between approximate value of the resonant frequency and its 

mechanical properties: 

𝒇𝒓 = 𝑪𝒏𝟐
𝒕𝒄𝒂𝒏𝒕
𝟐𝝅𝑳𝟐)

𝑬𝒄𝒂𝒏𝒕
𝟏𝟐𝝆𝒄𝒂𝒏𝒕

 
Eq. IV-7 

Where 𝐶C is a constant depending on the vibration mode n (𝐶u = 1.875, 𝐶, = 4.694, 𝐶. =

	7.855	for the first, second, and third mode of the resonance frequency, respectively). 𝑡GACE is 

the thickness of cantilever, 𝐸GACE	(= ∑𝐸F𝑡F) and 𝜌GACE	(= ∑ 𝜌F𝑡F) are the elastic modulus and 

density of the cantilever. [8], [17] Table IV-2 shows material properties and geometry 

dimensions used in the calculation of PZT based cantilever such as the reference where those 

values were taken from.  

 

Young's 

modulus (Pa) 

Poisson's 

Ratio 

Density 

(kg/m3) 

Thickness 

(𝜇𝑚) 

Length 

(𝜇𝑚) 

Width 

(𝜇𝑚) 

Ref 

Si 1.30	× 10// 0.28 2329    [2] 

YSZ 2.00	× 10// 0.3 5900 0.09   [18] 

CeO2 2.00	× 10// 0.3 7215 0.01    

STO 2.38	× 10// 0.23 5120 0.01   [19] 

SRO 1.61	× 10// 0.3 6490 0.04   [20] 

LSMO 5.62	× 10// 0.43 6280 0.04   [21] 

PZT 0.952	× 10// 0.35 7500 0.15   [2] 

Pt 1.68	× 10// 0.38 21450 0.1   [2] 

SRO-based  
PZT Cantilever 

1.46	× 10// 

 

0.321 

 

1070 

 

0.38 

 

40 

 

20 

 

 

Table IV-2: Material properties and geometry dimensions used in calculation of PZT cantilever 
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Thanks to the analytical expression of Eq. IV-7, the resonant frequency of the first three 

modes of the SRO-based PZT cantilever, in the considered geometry, is calculated. Those 

values are shown in Table III-3. The frequency ratios between these modes are 1: 6.22: 17.61. 

 

Mode	 Theory	(kHz)	

1,	0	 172	

2,	0	 1070	

3,	0	 3030	

Table IV-3: Resonant frequencies calculated for the PZT micro-cantilever 

 

The resonance behavior of such piezoelectric materials can be described by an equivalent 

circuit as reported by Butterworth Van Dyke (BVD), which is widely used in the literature and 

basic definition of IEEE standard. This circuit consists of two shunted branches, capacitor Co 

on one branch, and a resistance Rm, inductance Lm, conductance Cm all in series on another one. 

The circuit elements Rm, Lm, Cm are known as the motional parameters which are internal losses 

of the vibration and stiffness, while the element Co corresponds to the shunt capacitance formed 

by electrodes and the PZT dielectric or the static capacitance which can be determined as the 

effective capacitance at frequencies far from resonance. This equivalent circuit is shown in 

Figure IV-7-left. Figure IV-7-right show a typical response of the impedance and phase 

response of such a resonator while varying the excitation frequency. While looking at the 

impedance curve, 2 peaks are observed, whose origin will be immediately clarified. 
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Figure IV-7: The equivalent circuit Butterworth Van Dyke 

 

The total impedance of this circuit is given by: 

𝑍ï =
,− 𝑗

𝜔𝐶u
- .𝑅@ + 𝑗 ,𝜔𝐿@ − 1

𝜔𝐶@
-/

,− 𝑗
𝜔𝐶u

- + .𝑅@ + 𝑗 ,𝜔𝐿@ − 1
𝜔𝐶@

-/
 

 

=
𝑅@ + 𝑗 ,𝜔𝐿@ − 1

𝜔𝐶@
-

1 + j𝜔𝐶u .𝑅@ + 𝑗 ,𝜔𝐿@ − 1
𝜔𝐶@

-/
 

 

=
𝑗𝜔𝑅@𝐶@ + (𝜔,𝐶@𝐿@ − 1)

𝑗𝜔[𝜔,𝐶@𝐿@𝐶u − (𝐶@ + 𝐶u)] − 𝜔,𝑅@𝐶@𝐶u
 Eq. IV-8 

 

From the above function, the frequency where the total impedance is minimum is called 

the series resonance frequency 𝜔K	or the resonance frequency. At this frequency, qualitatively, 

inductance and capacitance effect cancel each other, and the impedance is thus minimal. 𝜔K	is 

given by the following equation: 

𝜔K =
1

1𝐶@𝐿@
 Eq. IV-9 

The frequency where the total impedance is maximum is named the parallel resonance 

frequency 𝜔A	or anti-resonance frequency, and is calculated by: 
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𝜔A =
1

� 𝐶@𝐶u
𝐶@ + 𝐶u

𝐿@
= 𝜔K 2)

𝐶@
𝐶u

+ 13 
 

Eq. IV-10 

Due to  4
 s
≪ 1, Taylor expansion give us: 𝜔A ≈ 𝜔K(1 +

 4
, s
)            Eq. IV-11 

Determination of constants Cm, Co, Lm, R can thus be obtained from the experimental 

measurement by considering all boundary conditions. At the resonant frequency, the equivalent 

circuit consists of only resistance Rm and capacitance Co in parallel. The impedance is: 

𝑍67
, = 84�

/R84� (67 s)�
   

→ 𝑅@ = æ97

�/Sæ97
� 67� s�

   

Capacitance Cm and inductance Lm are deduced from (Eq. IV-9) and (Eq. IV-10) functions 

according to Co: 

𝐶@ = 𝐶u :,
6;
67
-
,
− 1<   

𝐿@ = /
 467�

= /
 s²6;�S67�µ

   

At the anti-resonant frequency, the total impedance is: 

𝑍6; =
²/S6;� 4=4µSW6;84 4

6;� 484 s
   

→ 𝑍6;
, = .²/S6;

� 4=4µ
6;� 484 s

/
,
+ , /

6; s
-
,
= >

�/Sæ97
� 67� s�

æ976;
� s�

?

,

+ , /
6; s

-
,
   

→ 𝐶u =
@
𝑍67, (𝜔A, − 𝜔K,) + �𝑍67ù (𝜔A, − 𝜔K,), + 4𝑍6;, 𝑍67, 𝜔A,

2𝑍6;, 𝑍67, 𝜔Aù
 

 

Eq. IV-12 

Evaluation of the electrical behavior of the equivalent circuit is necessary to analyze the 

losses of such materials. Those values of Cm, Co, Lm, Rm, can directly be obtained from the 
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resonance frequency measurement but are also linked to the electrical or mechanical properties 

of the material, the measurement conditions according to Table IV-4. 

𝐶u 	= 	
𝜀u. 𝜀K. 𝑆

𝑡  𝑅@ 	= 	
𝜋. 𝜂. 𝜀u. 𝜀K

𝑡. 8𝑘DÜÜ, . ρ. 𝑆𝜈A
 𝐿@ 	=

𝜋.. 𝜈A
8𝜔K,. 𝜀u. 𝜀K𝑘DÜÜ, . 𝑆

 𝐶@ 	=
8𝑘DÜÜ, . 𝐶u

𝜋,  

Table IV-4: The relationship between the elements Cm, Co, Lm, Rm   

and the electrical or mechanical properties of the material 

 

𝜀u and 𝜀K are respectively the vacuum [F/m] and the relative permittivity [no dimension], 

S the electrodes surface [m2], t the resonator thickness [m], η the piezoelectric material 

viscosity [Pa.s], ρ its density [kg/m3], kef the effective electromechanical coupling coefficient 

of the system [no dimension], 𝜈A the wave speed [m/s] and ωr resonating pulsation [rad/s]. 

Resistance, inductance and capacity are expressed in Ohm [Ω], Henry [H] and Farad [F].  

 

The quality factor Q 

The quality factor Q reflects the sharpness of the resonant peak and can also be determined 

through the resonant measurement. A large Q factor leads to a sharp resonant peak, which 

results in a higher ability in detecting small shifts in the resonant frequencies during an 

experimental measurement. Actually, a small change in the frequency induces a large change 

of the measured signal if the resonant peak is sharp. Therefore, a higher Q factor is to be favored 

aiming any application based on resonant frequency measurement. This factor can be 

determined according to [22][23]: 

𝑸 = 𝟐𝝅 𝒔𝒕𝒐𝒓𝒆𝒅	𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒂𝒍	𝒆𝒏𝒆𝒓𝒈𝒚
𝒆𝒏𝒆𝒓𝒈𝒚	𝒍𝒐𝒔𝒕	𝒑𝒆𝒓	𝒄𝒚𝒄𝒍𝒆	𝒐𝒇	𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏

= 𝒇𝒑
𝒇𝒂S𝒇𝒓

  or 𝑸 = 𝒇𝒑
∆𝒇

 Eq. IV-13 

Here ∆𝑓 is the full width at half maximum (FWHM) of the resonant peak determined from 

the angle phase plot. 𝐸@Ah		is the maximum energy stored, 𝐸IóßE is the total energy loss. 

From the equation Eq. IV-13, the Q-factor depends on the difference between the anti-

resonant frequency and the resonant frequency	∆𝑓. The higher this difference is, the lower the 

Q-factor is. The relationship between Q-factor and the elements of the equivalent circuit BVD 

can be expressed as following: 
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𝑸 = 𝒇𝒑
𝒇𝒂S𝒇𝒓

≈ 𝟏
𝟐
(𝝎𝒂R𝝎𝒓
𝝎𝒂S𝝎𝒓

)    

≈
𝟏
𝟐 +

𝟐𝑪𝟎
𝑪𝒎

 
Eq. IV-14 

Quality factor can be affected by 2 kinds of sources:  

• The material itself such as the presence of defects in volume or at the interfaces, 

that will lead to a value of the intrinsic quality factor; 

• The loss through the binding, the environment of the resonator, the contact 

quality… taking into account these losses and the one of the material will give 

rise to the global quality factor.  

 It can thus be interesting to measure the resonant frequency of a cantilever under different 

conditions to have access to the material properties itself, in particular measurement under 

vacuum allows avoiding the damping effect from the air environment.  

 

Effective electromechanical coupling Coefficient (𝑘DÜÜ) 

From the resonant measurements, effective electromechanical coupling coefficient (𝑘DÜÜ), 

which presents the efficiency of transformation from electrical energy to mechanical energy 

[24], [25] can also be calculated: 

𝑘DÜÜ, =
𝜋
2
𝑓K
𝑓A
𝑡𝑎𝑛 H

𝜋
2
𝑓A − 𝑓K
𝑓I

J 
Eq. IV-15 

  

This value is known to be one of the highest in PZT with respect to other piezoelectric 

materials [26].  
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IV.1.3.b Methods of study 

 

Resonant characteristics: an impedance/phase analyzer  

There are a few ways to determine the resonant frequency. The Laser Doppler Vibrometer, 

or LDV, can be used to measure the resonant responses of piezoelectric actuators, which was 

shown advantageous in several previous studies [3], [4], [8], [9]. In those reports, a small AC 

sine-wave superimposed with a DC voltage was applied to the PZT cantilever. No explanation 

was given concerning the choice of the values of the AC and DC biases. The effect of DC bias 

on the behavior of the cantilever through the change in polarization direction was not 

considered. 

In references [5], [6], [23], impedance/phase analyzer is used in order to find out the value 

of the resonant frequency. The impedance analyzer outputs an AC voltage and measures the 

current necessary to maintain this AC voltage. The current or the impedance generated by the 

PZT cantilever is measured when the frequency of the AC voltage sweeps.  

The same strategy was followed and a Hioki IM 3570 was used which is an impedance 

analyzer in order to measure the frequency characteristics using the frequency sweep function 

in analyzer mode. This equipment allows a frequency band within the range of 4 Hz to 5 MHz 

to be set with five-digit resolution and the maximum value 2.5 V of DC bias. In Figure IV-9 

the image of Hioki IM3570 and an actual measurement of  𝑍	(𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒) − 𝜃 (phase) 

parameter with respect to the frequency are shown. In this work, this equipment is used to 

determine the resonance frequency and impedance. This method will also be used for the ME 

measurements. Care should be taken for such measurements, as heat generation due to the 

application of DC bias during a long period may shift the resonance frequency [27]. Resonant 

frequency measurements were done and much higher changes were observed than the ones 

corresponding to the few tens of ppm of Temperature Coefficient of Frequency reported in the 

literature (50 ppm reported for quartz). 

Typical resonant characteristics of a PZT micro-cantilever: impedance measurement 

First, the major resonant modes of the micro-cantilever are determined by recording both 

𝑍	(𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒) − 𝜃 (phase) while sweeping the excitation frequency in a broad range 

(typically from 20 kHz to 2.5 MHz). In this measurement, small excitation AC bias of 100 
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mVpp is applied without any DC bias. Taking as an example the SRO-based PZT cantilever 

from Figure IV-8, the first three modes of resonance could be measured at 154.4 kHz, 846.75 

kHz and 2278,6 kHz that can be compared with the calculated values of Table IV-3. The 

frequency ratios between the first three fundamental modes are 1: 5.48: 14.75 as shown in 

Figure IV-8. The insets of Figure IV-8 illustrate the corresponding modal shapes. Those 

experimental ratios are in good agreement with the expected ones, thus hinting the first three 

modes are explored in this range of frequency. 

Typical error of the calculation with respect to the experimental are in the range of 12% 

error for the first mode and this difference can have several explanations such as residual stress 

that can affect the mechanical properties, or the difference in geometry between the design and 

the fabrication. As an example, according to the theory, an increase in the length from 40 𝜇𝑚	to 

42 𝜇𝑚 leads to a change in the resonant frequency of 9 kHz from 172 KHz to 163 KHz. 

Considering the accuracy of the optical lithographic process used in this thesis, this error thus 

seems totally acceptable. 

    

Figure IV-8: The image of Hioki IM3570 and The first three modes of the SRO-based PZT cantilever 
obtained by Hioki IM3570. In this measurement, an exciting AC bias 100 mVpp imposed on a 0V DC bias 

has been set. 

Figure IV-8 shows that the impedance background of the impedance signal varies a lot with 

the frequency, not considering the motion part. This impedance vs frequency dependence 

corresponds to the well-established variation of	𝑍 s = 1
𝑗𝜔𝐶uK  with the frequency. 

In general	𝐶u ≫ 𝐶@, therefore, the useful signal (the motional signal) has been extracted 

by subtracting this background. Due to the higher amplitude and higher stability of the output 

signal, the first mode of vibration of the cantilevers was generally chosen in order to investigate 
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its mechanical properties. Figure IV-9 shows a zoom in the frequency range where this resonant 

frequency appears where the shape of the impedance and phase response are in fair agreement 

with the expected one. However the phase peak seems asymmetric which is explained by the 

linear response of the PZT with the electric field, this will be further discussed in section 

IV.1.4.a. 

 

Figure IV-9: The actual measurement of 𝒁 − 𝜽 parameter with the frequency around the first resonant 

mode 

 

From the resonant curve, the values of capacitive elements of the equivalent circuit are 

determined and listed in Table IV-5. The SRO-based PZT cantilever shows a 𝐶𝟎/𝐶𝐦 ratio of 

31.7, a value that should be maximized in order to enhance the Q-factor (Eq. IV-14).  This 

value remains obviously far from the state-of-the-art quartz crystal but is comparable to bulk 

PZT materials. Thus the thin films which are integrated on silicon with the proposed YSZ based 

buffer exhibit characteristics close to the characteristics of the bulk ones. 
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	 Parameter 𝑪𝒎(𝒑𝑭) 𝑪𝟎(𝒑𝑭) 𝑪𝟎/𝑪𝒎 Ref 

The SRO-based PZT cantilever (this 

thesis) 

1.8 57 31.7  

The PZT with 40 mm of diameter  
and 3 mm of thickness 

90 3000 33.3 [24] 

A quartz crystal  

(Electro Dynamics Crystal Corp., 2004) 
0.1 − 30 × 10S. 1-7 230-1000 [28] 

PVDF-TrFE 0.998 13 147 [29] 

Table IV-5: Parameter ranges for components in the equivalent circuit of the SRO-based PZT 
cantilever 

Parameter 	𝑘DÜÜ	17.5% is also deduced based on values of the resonant measurement. The 

effective electromechanical coupling factor reported for the thin film of intrinsic 0.06 PMN-

0.94PZT (48/52), 𝑘DÜÜ 52.7%, in which the thin film has the FBAR (Film Bulk Acoustic 

Resonator) structure consisting of a 300 nm-thick PMN-PZT, a 110-thick SRO/Pt, a 100 nm-

thick Al electrodes and the size of the Al electrode is	50 × 50	𝜇𝑚,. [30] The reduced value 

compared to literature is explained by the residual stress in the cantilever, which limits its 

motion ability.  

Using the 𝑑./ coefficient of −53	𝑝𝑚𝑉S/ calculated from the section IV.1.2 and Young 

modulus of PZT of 95.2 GPa, the stress generated inside the PZT layer itself under the 

application of the DC electric field of 1kV/cm, with 	𝑘DÜÜ	17.5%, is thus estimated around 0.1 

MPa corresponding to a stress of 10 MPa when 1V is applied on a 100nm thick PZT layer.  

The high dielectric constants and good electromechanical coupling of the PZT cantilever 

enhance the sensitivity of sensors and energy saving resonators.  

From those measurements, the Q factor of the resonant structure was also extracted and a 

value of 64 is obtained with the chosen geometry. This value is quite low in comparison to the 

Q factor from bulk-based devices from the literature but in the same order of magnitude than 

the one from similar dimension PZT based cantilever [8][31]. Reduced dimensions of the 

microsystems with respect to the one found in the literature explain the reduced quality factor. 
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[32] The initial stress relief induced bending observed on the cantilever can also explained 

reduced quality factor [33] that open up for necessary perspective of study to minimize this 

bending by controlling the initial stress state of the films. 

 

Typical resonant characteristics of a PZT micro-cantilever: lock-in amplifier measurement 

A setup has been developed to investigate all effects of measuring conditions on cantilever 

behavior, that are not accessible using the “blackbox” that is the impedance analyzer. This 

setup allows to overcome the limitation of 2 V in the accessible range of DC bias the impedance 

analyzer is limited to. It also allows to have access to a larger amount of parameter such as the 

amplitude of AC excitation signal, sensitivity and measurement range of the output signal…  

The principle of this setup is very similar to the impedance measurement, but a divider 

circuit is used with a reference resistor R that exhibit a value as close as possible from the one 

of the cantilever, in our case 4,4 kΩ in order to maximize the output signal. The output voltage 

and phase angle between the electrodes of the cantilever as a function of frequency is obtained 

by a lock-in amplifier SR844. The experimental setup and mechanism of the resonant 

measurements in our setup are presented in Figure IV-10. 

 

 

Figure IV-10: Mechanism of the resonant measurement of the PZT cantilever using the electrical 
excitation and experimental setup. 

The resonant measurement is first made in a large range from 20 kHz to 2.5 MHz to 

determine the first major resonant modes of the micro-cantilever, the result is shown in Figure 

IV-11 with subtracted background signal. For this measurement, an exciting AC bias 200 mVpp 

imposed on a 0V DC bias has been set to improve the observation of the resonant frequency of 

the cantilever around the switching point of PZT where low displacements occur. The first 
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three modes of the SRO-based PZT cantilever are observed at 154.44 kHz, 870.75 kHz and 

2333.85 kHz. The results show that the higher is the frequency, the lower become the amplitude 

of the output signal and the broader become the peaks and thus the Q-factor is reduced. This 

unexpected phenomenon is explained by the high level of loss in short resonant cantilever 

(shorter than 100µm) [34]. 

 

Figure IV-11: The three first modes of the SRO-based PZT cantilever at a 200 mVpp  
imposed on a 0 V DC bias 

 

The frequency ratio of these first three fundamental modes 1: 5.63: 15,11 shows a good 

agreement with the expected one (1: 6.26: 17.68) and a small difference in values of resonant 

frequencies in comparison to those measured with the impedance analyzer. It can be clearly 

seen that the first mode shows the highest output signal for both measurement methods, thus 

hinting that the unexpected behaviors are not linked to the measurement setup but the real 

device characteristic.  

Figure IV-12 shows the output voltage and phase signal of the SRO-based PZT cantilever 

as a function of the exciting frequency sweeping around the first mode. The 80 mVpp (peak-

peak) AC voltage imposed on a 0V DC bias was applied. The deflection of the cantilever 

depending on its polarization state, the 0V DC state is obtained by pre-polarizing the PZT at -

4V and then decreasing it back to 0V. The resonant and anti-resonant frequencies are observed 

clearly from the frequency dependence of the output voltage. Resonant peak (𝑓I) of 154.44 

kHz from the phase is recorded which is about 1.3% in difference compared to the value 

measured by the impedance analyzer. 
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The Q-factor and effective electromechanical coupling Coefficient (𝑘DÜÜ) of the first mode 

extracted from the resonant measurement are 81 and 17.3%, respectively, obtained by using 

the the developed setup. These values are very close to that measured by using the impedance 

meter, which show a good agreement between the two methods. These results indicate that the 

developed setup can provide an effective and convenient way to study the resonant behavior of 

PZT cantilevers in comparison to complex impedance analysis. 

  

Figure IV-12: The output voltage and phase angle from the SRO-based PZT cantilever before (the left 

curve) and after (the right curve) subtracting the background signal. In this measurement, an 80 mVpp 

(peak-peak) AC voltage imposed on a 0V DC bias was applied. The 0V DC bias, in this case, is the point when 
the DC bias applying to the PZT layer increases to -4V, and then decrease back to 0V. 

 

In order to ease the comparison between the output impedance measurement and the output 

voltage, the experimental output voltages were transferred to impedance values as following 

expressed functions based on the setup electrical circuit in Figure IV-10: 

𝑽𝒐𝒖𝒕
𝒁𝒆𝒊𝜽

= 𝑽𝒊𝒏
𝑹R𝒁𝒆𝒊𝜽

   With 𝑽𝒐𝒖𝒕 = 𝑽𝟎𝒆𝒊𝝃 and Z is the impedance of the cantilever 

 

→ 𝒁𝒆𝒊𝜽 =
𝑹𝑽𝟎𝒆𝒊𝝃

𝑽𝒊𝒏 − 𝑽𝟎𝒆𝒊𝝃
 

Eq. IV-16 

→ 𝑍 =
𝑅𝑉u

�𝑉FC, − 2𝑉FC𝑉u𝑐𝑜𝑠𝜉 + 𝑉u,
 

Eq. IV-17 
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Figure IV-13: The impedance and phase angle transferred from the above experimental data after  

subtracting the background signal (red) compared to the results obtained  
by using the impedance analyzer (black) 

 

The impedance and phase angle transferred from above experimental data using equation 

Eq. IV-17, compared to the results obtained by using the impedance analyzer, were shown in 

Figure IV-13. A change of around 1.45 mV in the output voltage obtained corresponds to a 

change of 190 Ω in the impedance, with the same change of 1.4° in the phase angle upon the 

80 mVpp bias (0 V DC bias). Similar results, a 225 Ω change of the impedance and the 1.4° 

change of the phase angle were reported by Dongna Shen et al. [6] in 2008 on a MEMS PZT 

cantilever deposited by the sol-gel method with the dimension of about 4.800 mm×0.4000 

mm×0.001 mm. These results in this study indicate that the PZT micro-cantilever response 

well to the small driving bias, demonstrate its ability being a promising candidate for the 

resonator application. 

IV.1.4 The resonant frequency behavior 

In sensors based on resonators, the device resonant frequency is measured and exhibit the 

characteristics to shift with the parameter to be sensed depending on the surrounding medium 

and the intrinsic effects of mechanical structure. In the case of the expected resonant magneto-

electric sensor, the magnetic field transfer a stress to the resonant piezoelectric cantilever which 

resonant frequency shift. Firstly, the effect of the measurement conditions (AC excitation, 

pressure) on the resonant properties of PZT cantilevers will be presented under different 

measurement conditions. Then simulation of the stress induced by a magnetostrictive film 
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using DC polarization of the PZT film will be shown. Finally, the first characterization of the 

ME sensor based on resonator will be shown.  

IV.1.4.a The dependence of the resonant frequency on the AC excitation 

and the nonlinear phenomenon 

PZT exhibit the advantage of the high piezoelectric coefficient in comparison with 

conventional piezoelectric material such as Quartz or AlN. Piezoelectricity is however more 

complex in this class of material and the level of stress exhibit a clear nonlinear characteristic 

with the electric field, corresponding to the well-known butterfly shape around the PZT 

coercitive field. This behavior will tend to make more difficult the analysis of the resonant 

properties, as was reported in a number of previous studies ([35]–[37]). This effect is observed 

when excitation biases of different amplitude are used to excite cantilevers, as can be seen in 

Figure IV-14. For better comparison, the linear background has been subtracted from the 

measured curves. 

Two features are observed. The first is the reduction of resonant frequency along with the 

increase of the amplitude of the output response of the device when the AC driving bias varies 

from 5 -200 mV. The DC bias is fixed at -2 V in order to avoid the region near the coercitive 

field of the PZT where the stress dependency with bias exhibit a highly complex (see Figure 

IV-5 right). It is clearly visible that when the driving ac bias is higher than 150 mV, the 

frequency-voltage characteristic starts showing a non-linear behavior with a sudden jump in 

the values around the resonant frequency, as does the phase curves. This peculiar phenomenon 

is not observed at a lower ac bias. The increase of the amplitude of the resonator response is 

directly linked to the level of excitation stress, thus explaining the measured tendency. 

However, the change of the resonant frequency with the AC excitation is more complex to 

handle. It is observed in Figure IV-14 left that this change is quite small until the frequency 

jump is observed where it becomes much higher from 150mV excitation. Two explanations 

can explain this feature. First, the change in the ferroelectric domains in the materials and their 

movement with the electric field that exhibit an abrupt change when resonance appears, thus 

changing the cantilever static stress and finally its impedance (and the output signal in the 

measurement conditions). [38] Another possible explanation is the appearance of a non-linear 

effect of the resonator itself, not linked to the excited material. Some literature can be found on 

that topic [39], [40]. 
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Figure IV-14: (Left) The output response of the PZT device with respect to the frequency with varying ac 

driving bias 5 – 200 mV when the DC bias is fixed at -2 V . (Right) the hysteretic behavior of the device 
when the frequency is swept forward (black) and backward (red) direction at the different AC drive 

200mVp-p and 80 mVp-p. In this case, the DC bias was fixed at -2V 

The second phenomenon is that the resonant frequency is changed when the frequency is 

swept forward (black) and backward (red) direction at the high driving AC bias (200 and 80 

mVp-p, in this case), the DC bias is, again, fixed at -2V. This phenomenon is shown in Figure 

IV-14 right. In the forward direction, the switching of states occurs at a higher frequency and 

at a lower frequency in the backward direction when driving bias is 200 mV but does not appear 

for a low AC bias of 80 mV). This effect is again attributed to the changes in the ferroelectric 

domains behavior around the resonant frequency, which is thus affected by the ferroelectric 

state. This state appears to be different when frequency is swept from high frequency to low, 

with respect to low frequency to high.  

IV.1.4.b The effect of the surrounding medium on the cantilever behavior 

The surrounding medium is one of the dominant source of energy losses of the resonant 

cantilever and in particular air damping is one of the main contribution under atmospheric 

conditions [22]. Previous studies [41][42] show that the air damping changes not only the 

dynamical response such as resonant frequency, the amplitude of oscillations but also decrease 

the Q-factor as this value is directly linked to the energy loss. In order to be able to extract the 

exact Q-factor related to the device, the material it’s made from and its geometry, we thus 

performed resonant measurements under vacuum and Figure IV-15 illustrates the 

corresponding experimental setup. 
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Figure IV-15: Experimental setup for characterizing the cantilever in a vacuum environment. 

Figure IV-16 shows the normalized output voltage and the measured Q-factor of the first 

mode of the cantilever under different pressure conditions. The cantilever is placed in a vacuum 

chamber and is excited by subjecting an AC signal of 20mV at O V DC bias. This measurement 

was obtained using the lock’ in based measurement setup.  

The results show that the resonant peak shifts to higher frequency and the amplitude of the 

output voltage increases when decreasing the pressure. This phenomenon can be explained due 

to the reduction of the air damping around the structure leading to the reduction of energy 

losses. These results were also reported in previous studies [22], [41], [43]. It can also clearly 

be seen that, at low pressure where the cantilever movement are of higher amplitude, the Q-

factor increase thus sharpening the peak. Its value increased from 70 in atmosphere to 200 

under a pressure of 1 mbar. In this case, non-linear effect is not the origin of the shape of the 

response but only the expected response due to lower damping.  

   

Figure IV-16: Normalized output voltage of the first mode of the cantilever under different pressure 
conditions. The cantilever is placed in a vacuum chamber and is excited by subjecting an AC signal of 

20mV at O V DC bias 
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With respect to the literature on the topic, these values are comparable to those found with 

a 2500 μm long PZT cantilever under atmospheric and 0.1 mbar pressure (the Q-factor of 169 

and 284 respectively). Beside the loss of energy due to the air damping, another loss source 

which is directly related to the Q-factor of the resonant mode is internal material loss [42]. The 

Q factor decreases when decreasing the PZT dimensions was reported by Dongna Shen et al: 

the reduction of the Q-factor from 400 to 233 was measured for the PZT cantilever 

1.2 × 400 × 3293 𝜇𝑚.and  1 × 490 × 1360 𝜇𝑚.	(thickness× 𝑤𝑖𝑑𝑡ℎ × 𝑙𝑒𝑛𝑔𝑡ℎ). 

 

IV.1.4.c The dependence of the resonant frequency on the DC electric field 

and static stress 

The application of electric field on the PZT layer induces stress through the piezoelectric 

effect. In order to evaluate the performance of PZT cantilevers as a resonator for sensing a shift 

of the resonant frequency when a continuous stress is applied, oscillation characteristics were 

measured as a function of frequency when changing the DC bias to the PZT cantilevers.  

 

Figure IV-17: The frequency response as a function of the electric field obtained upon the application of a 
DC bias to the PZT thin film. The shaded regions represent the switching regions of the polarization of 
the PZT where the multi-polarized states show small vibration of cantilever leading to missing points. 
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In these measurements, the ac sine-wave of 200 mVpp with a DC bias in the frequency range 

from 140 to 175 kHz around the first mode of vibration was applied to the top electrode while 

the bottom electrode was grounded. The DC bias sweeps from -4 to 4 V (corresponding to -

266 to 266 kV/cm) and then back to -4 V (or -266 kV/cm). Figure IV-17 shows the resonant 

frequencies of the cantilever as a function of the applied DC bias that exhibits the shift of the 

resonant frequency following the butterfly shape. The missing points are due to multi-polarized 

states of PZT around the switching voltage, which lead to a small deflection of the cantilever.  

A clear shift of the resonant frequency can thus be observed when the cantilever is stressed, 

thus allowing to expect a signal from a sensor where the stress will be generated by a 

magnetostrictive material. The electrical sensitivity of 32 – 51 Hz (kV/Cm) determined from 

the plot shows the 32 – 51 Hz frequency shift upon a 1kV/cm change of the DC electric field 

applied to the PZT thin film. This measurement allows to evaluate the expected sensitivity to 

stress of the cantilever. Figure IV-18 shows the frequency response as a function of stress which 

was deduced based on previous conclusions. Using literature or our measurement based 

characteristics of the PZT, Young modulus of 95.2 GPa and 𝑑./ of −53	𝑝𝑚𝑉S/, and 𝑘DÜÜ 

coefficient of 17.3 %, this would correspond to a shift of 360 –580 Hz for a stress of 1MPa. 

 

Figure IV-18: The frequency response as a function of stress applied to the PZT thin film 
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IV.1.5 Resonant measurements by a mechanical excitation method 

In all measurements above, the cantilever was excited into vibration by an electrical voltage 

applied to the PZT thin film. The advantage of this technic is the excitation signal directly 

transferred to the cantilever. This method will exhibit a big advantage for the piezoelectric 

materials with a high piezo-mechanical factor. Besides that, mechanical excitation can be used, 

see Figure IV-19. The entire device was fixed on a PZT piezoelectric transducer. A sinusoidal 

signal under different frequency is applied to the transducer to make it vibrate. As 

consequently, the mechanical excitation causes the vibration of the cantilever. Measuring 

output voltage directly from PZT cantilever using a lock-in amplifier around its resonant 

frequency gives us the resonant signal. A DC voltage is applied to the circuit of a 4.4 kΩ resistor 

in series with the cantilever to control the polling direction of the PZT thin film.  

 

 

Figure IV-19: Mechanism of the resonance measurement of the PZT cantilever using the mechanical 
excitation and experimental setup. 

 

The output voltage and phase angle of the SRO-based PZT cantilever as a function of the 

exciting frequency sweeping around the first mode is shown in Figure IV-20. For better 

comparison, the linear background has been subtracted from the measured curves. Due to the 

resonance frequency of the PZT ceramic disc about 3 kHz that is much lower than the sweeping 

frequency bandwidth, a high AC voltage 4Vpp was applied to the PZT ceramic transducer. The 

0V DC bias (increasing the DC bias applying to the PZT layer to -4V, and then decreases back 

to 0V) is set. From the frequency spectrum, the shape of the resonant curves is similar to those 
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obtained by the electrical excitation with the difference of 0.2% of resonant peak (𝑓I) and a 

typical Q-factor of 80. However, the amplitude of the output voltage reduces significantly 

around 100 times in comparison to what was measured by using the electrical excitation. This 

result is easy to understand because the transducer works at the frequency far from its resonant 

frequency as mentioned above, therefore only a small excitation signal was generated. In 

addition, the use of mechanical excitation for measurements in the air environment will 

inevitably result in energy losses due to the air damping.  

   

Figure IV-20: The output voltage and phase angle from the SRO-based PZT cantilever before (the left 
curve) and after (the right curve) subtracting the background signal. In this measurement, a 4Vpp AC 

voltage was applied to the PZT ceramic disk. The 0V DC bias is used to control the polling direction of 
the PZT thin film, which is the point when the DC bias applying to the PZT layer increases to -4V, and 

then decrease back to 0V. 

 

The resonant measurements around the first mode of the cantilever were measured under 

different DC bias. In these measurements, the ac sine-wave of 4Vpp applied to the transducer 

is fixed and the DC bias sweeps from – 4 to 4 V (– 266 to 266 kV/cm) and then back to – 4 V 

(or – 266 kV/cm). Figure IV-21 shows the resonant frequencies of the cantilever as a function 

of the applied DC bias that exhibits the shift of the resonant frequency following the butterfly 

shape. The missing point corresponds to the switching regions of the polarization of the PZT 

where the multi-polarized states show small vibration of cantilever. The electrical sensitivity 

of 28Hz/(kV/cm) extracted from the plot is a bit lower than that determined by using the electric 

excitation. In this framework, this method has been given as an alternating option for 

investigating the resonant behavior of the cantilever 
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Figure IV-21: The frequency response as a function of the electric field obtained upon the application of a 

DC bias to the PZT thin film. The missing point corresponds to the switching regions of the polarization 
of the PZT where the multi-polarized states show small vibration of cantilever. 

 

 Magnetoelectric sensors 

IV.2.1 Fabrication of ME sensors 

The ME sensor with cantilever configuration has the same fabrication process as the PZT 

cantilever which has been described in section I.1. The only difference is the replacement of 

the top electrode layer (Pt) by the magnetostrictive thin film TbFeCo. The TbFeCo layer works 

both as a magnetic layer and a top electrode thanks to its good conductivity [41]. 

A stack of TbFeCo(150nm)/PZT(150nm)/SRO(40nm)/CeO2(10 nm)/YSZ (80nm)/Si 

(SRO-based PZT thin films) was prepared for the ME micro-sensor by using the PLD, 

sputtering methods (see Chapter III) and clean-room technics. The device length is 60 μm for 

40 μm width. To avoid deterioration of the ferroelectric and piezoelectric properties of PZT 

thin-films at high temperature for our first test, the device is not annealed and the 

magnetostrictive susceptibility of TbFeCo is not maximized (section III.6.2). 

The magnetostriction of un-patterned TbFeCo films grown on Si was measured at values 

of 16 x 10-6 and 65 x 10-6 at 0.07 T for the as-deposited and annealed film, respectively. Using 

the Young’s modulus of 80 GPa from the literature, stress generated under a field of 0.07 T in 



 
 
 

 

133 
 

the as-deposited TbFeCo thin film due to the magnetostrictive effect is thus expected to be of 

the order of 1.3 MPa. Recalling the calculated result for the PZT cantilever under DC bias, a 

stress of 1 MPa causes a resonant frequency shift between 360 Hz and 580 Hz (depending on 

the up or down polarization direction – see section  IV.1.4.c). It is thus expected to measure, 

under the external magnetic field of 0.07 T, a resonant frequency shift of the cantilever of about 

460 -740 Hz for the as-deposited film. 

 

IV.2.2 ME measurements 

The principle of a ME micro-device is straightforward: It relies on the direct detection of 

the magnetic field-induced frequency shift. The experimental setup for ME measurement is 

presented in Chapter II. The device is placed between the two poles of an electromagnet to 

enable application of a DC magnetic field up to 0.6 Tesla. The static stress (𝜎¨ ) induced from 

the magnetostrictive material (TbFeCo) under DC external magnetic field	𝐻¨   is transferred to 

the PZT layer. A change of 	𝐻¨   leads to a change of 𝜎¨  , to be detected on the resonant 

frequency of the micro-device. To do so, a AC bias excitation of 0.1 Vpp is superimposed on a 

DC voltage of 2.5 V at a frequency swept around the resonant frequency while monitoring the 

impedance (impedance analyzer Hioki IM3570).  

		 	

Figure IV-22 : Impedance and relative phase of the ME sensor measured as a function of frequency 
under different magnetic field. The field is applied in the direction perpendicular to the device surface.  

 

Figure IV-22 shows the impedance and relative phase of the ME sensor obtained at ambient 

pressure as a function of the excitation frequency around the first mode under different 
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magnetic fields. In this measurement, the field has been applied in the direction perpendicular 

to the device surface (^s).  

A shift of the resonant frequency of the ME device is evidenced, following the magnitude 

of the applied field. The fp frequency response as a function of the magnetic field in the 

direction perpendicular to the device surface (^s) and in the device plane either parallel (//) or 

perpendicular (^) to the sample length are shown in Figure IV-23. It can be clearly seen that 

the V- shape of the curves follows the typical shape of the magnetostriction curve of TbFeCo 

(section III.6.2). In the case of an in-plane applied magnetic field in the direction perpendicular 

to the sample length, the fp frequency shift under different magnetic fields is small and does 

not show a clear trend. This can be explained based on the relationship between the 

magnetization and magnetostriction effect: 

           �(?)
�4;Q

= ,R(?)
R4;Q

-
,
 

Eq. IV-18 

Due to the shape anisotropy, the easy magnetization axis tends to orientate along the length 

of the structure. This is in line with the measured fp frequency response in the device plane, 

greater for the direction parallel to the sample length than for the perpendicular one. These 

results also show the successful effort to enhance the in-plane magnetic anisotropy by using 

the magnets during the sputtering process of the magnetostrictive material TbFeCo. The curve 

reaches the saturated state at a lower field applied in-plane in comparison to the case when the 

field is perpendicular to the device surface. However, the sensitivity is not increased as in-plane 

and out-of-plane curves exhibit (roughly) the same slope.  The magnetic anisotropy has thus 

not been well aligned in the in-plane direction. Another reason can come from the shape of the 

device: A bended shape would reduce the control over the direction of the applied magnetic 

field with respect to the TbFeCo layer.  

The frequency shift ∆ßH	is a signature of the magnetic field change which can be expressed 

as the equation	∆ßH= 𝑘.𝐻¨  . Here k is the conversion factor that characterizes the sensor 

sensitivity. The higher the k factor is, the higher the frequency shift with respect to the magnetic 

field is. For this first attempt, k = 250 Hz.T-1 is obtained, as a frequency shift of 17 Hz has been 

observed at the DC magnetic field of 0.07 T, lower than the expected ~460 Hz.  
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Two explanations can be found. First, assuming a state of the art magnetostrictive 

coefficient of 16 to 65 ppm (at 0.07 T) of the TbFeCo layer, it means that the transfer efficiency 

of the stress from the magnetostrictive layer to the PZT layer is around 4%. This could be due 

to the roughness of the SRO-based PZT thin film surface (around 6 nm) that limit the efficiency 

of the strain transfer. This phenomenon is expected to be reduced for the LSMO-based PZT 

device with better roughness (around 2 nm). Then, another possible explanation is the quality 

of the magnetostrictive material itself that can probably be improved (target quality, 

depositions conditions…) in order to maximize the magnetic field induced stress.  

 

 

Figure IV-23: The fp frequency response as a function of the magnetic field in the direction perpendicular 

to the device surface (^𝒔) and in the device plane p arallel (//) and perpendicular (^) to the sample length. 

 

By characterizing the ME micro-sensor in a vacuum environment, the loss due to air 

damping are eliminated and the resulting sensor response can be explored. From this point, the 

results that will be shown were obtained under a vacuum of 0.5 mbar. An AC excitation bias 

of 0.01 Vpp superimposed with a DC voltage of 2.5 V, and an applied magnetic field in the out-

of-plane direction (^s) were used. Figure IV-24 shows the result in terms of impedance and 

phase of the ME sensor. An increased response of the ME sensor is observed, with a greater 

resonant frequency shift in comparison with the atmospheric pressure case. This behavior is 
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the same as observed for the PZT cantilever alone upon decreasing the AC bias. The resonant 

frequency increases when increasing the external magnetic field whatever the sign of the field 

is (see Figure IV-26).  

	 	

Figure IV-24: Impedance and phase of the ME sensor obtained as a function of the excitation frequency 

under different magnetic fields. This measurement was performed under vacuum at 0.5 mbar, with a 

field applied in the direction perpendicular to the device surface (^𝒔). 

 

Due to the reduction of air damping the resonant peaks are sharper, corresponding to an 

increased Q-factor of 490 calculated from the phase response (Figure IV-25). 

 

Figure IV-25 :  Fitted curve (red) and phase curve (black) as a function of the excitation frequency 

around the first mode under an applied magnetic field of -0.415 T 
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Figure IV-26 shows the frequency shift of the resonant (fr) and anti-resonant (fa) peaks 

together with the phase peak (fp) as a function of the applied magnetic field in the direction 

perpendicular to the device surface (^𝑠). The three curves exhibit a V-shape with the same 

relative shift of the frequency (same slope) as a function of the field. 

 

 

Figure IV-26: Frequency response of resonant (fr), anti-resonant (fa) and phase (fp) peaks as a function 

of the applied magnetic field in the direction perpendicular to the device surface (^𝒔)  

 

All three curves also show two clear slopes, depending on magnetic field intensity, that 

correspond to the magnetostrictions curve of the TbFeCo layer. From these slopes, sensitivities 

of 487 Hz.T-1 at low field (< 0.2 T) and 215 Hz.T-1 at high field (> 0.2 T) are obtained.  

 

 Conclusions 

Cantilevers based on epitaxial PZT thin films integrated on Si were fabricated and analyzed 

as resonant micro-sensors for sensing magnetic field based on the ME effect. For this purpose, 

a stack of PZT (150nm)/SRO (40nm)/CeO2 (10 nm)/YSZ (80nm)/Si was prepared by the PLD 

method and clean-room processes, with either a Pt or TbFeCo layer on top of PZT acting as 

electrode and magnetostrictive material in the case of TbFeCo. The upward deflection of the 

cantilever after fabrication is due to the presence of residual stress. 
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The piezoelectric coefficient d31 was determined through static response of such PZT 

cantilever under a DC electric field. 

The resonant response of such cantilever under the application of an AC excitation imposed 

on a DC bias indicates a 12% difference in the resonant frequency between the measured and 

calculated values. This result confirms the reliability of the calculations, which is important in 

predicting and optimizing the design for future studies. The dynamic studies also gave the keff 

coefficient of the cantilever. The cantilever exhibits a non-linear behavior for high AC 

excitation amplitudes. Regarding the Q-factor, it depends on the polarization direction of the 

PZT layer and can be increased markedly by measuring in vacuum (1 mbar) due to the 

reduction of air damping.  

Resonant ME micro-sensors based on the magnetostrictive effect have been fabricated with 

a sensitivity of 250 Hz.T-1 for out-of-plane magnetic fields above 0.2 T. The Q-factor and the 

sensitivity were significantly improved in vacuum (0.5 mbar), but still lower than calculated 

values. A high bending of the cantilever can be the reason which reduces the control on the 

direction of the applied magnetic field with respect to the TbFeCo layer, therefore reducing the 

stress transferred to the PZT layer. The residual stress generated during deposition, which 

causes the bending of the cantilever, can be reduced by choosing the same materials for the top 

and bottom electrodes on each side of the PZT layer. 

Moreover, the roughness of the interface between the PZT layer and the magnetostrictive 

layer plays an important role; the lower the roughness the more stress can be transferred to 

PZT. This issue is expected to be reduced for the (001) – PZT device with smaller roughness 

(around 2 nm). 
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Conclusion and perspectives 

 

 

Magnetoelectric (ME)-based sensors have been demonstrated as a promising alternative for 

the detection of weak magnetic signals with high sensitivity of few tens of nanotesla. To date, 

most applications focus on the use of bulk piezoelectric materials on which magnetostrictive 

layers are integrated by thin film deposition techniques leading to millimeter-sized devices. 

The downscaling of such devices into MEMS systems, bringing smaller size and lower power 

consumption, involves addressing different scientific issues ranging from the integration of 

active materials on silicon to the strong decrease in amplitude of generated signals related to 

the size reduction of the sensor. The objectives of this Ph.D. thesis were to develop and 

fabricate high quality ME materials on silicon using thin-film deposition techniques, and to 

examine the potential of resonant ME micro-sensors for magnetic field measurements by 

studying the frequency-shift dependence to applied external DC magnetic field.  

For that purpose, the first part of this work focuses on the growth and characterization of 

the structural and ferroelectric properties of Pb(Zr0.52Ti0.48)O3 (PZT) thin films deposited in 

situ by pulsed laser deposition technique on silicon platform. To ensure the epitaxial growth of 

perovskite materials, the selected oxide template is formed of the bilayer: yttria-stabilized 

zirconia (YSZ) deposited on silicon with a CeO2 layer to promote the crystalline quality of the 

perovskite. The use of different epitaxial bottom electrodes (La0.66Sr0.33MnO3 or SrRuO3) 

provided some flexibility by tuning the epitaxial orientation of the PZT thin films between the 

(110) and the (001) growth orientations. The dependence of PZT electrical properties on 

crystallographic orientation has been analyzed, leading to a higher dielectric constant and lower 

leakage current for the (110)-oriented epitaxial PZT thin films. Simultaneous studies of 

TbFeCo material deposited by sputtering technique indicate an improvement of the 

magnetostrictive response when high temperature post-deposition heat treatment under 

vacuum is performed. The magnetostrictive susceptibility in the low field range is higher for 

the annealed film compared to that of the as-deposited film. 

Subsequently, PZT-based cantilevers as resonant micro-sensors have been fabricated and 

studied in order to advance the understanding of the static and dynamic responses of PZT 
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cantilevers. A complete study was performed to evaluate the PZT cantilever behavior, 

including exploration of the resonant response of such cantilevers under the application of an 

AC excitation superimposed on a DC bias. The frequency response shows the shift of the 

resonant frequency under a change in stress caused by the DC bias applied to the PZT layer of 

the micro-cantilever. Concerning the quality factor of the cantilever, it does not only depend 

on the polarization direction of the PZT layer and the surrounding media, but also on the initial 

stress state. The non-linear response with a high AC excitation has also been qualitatively 

studied, but the exact origin and comprehensive explanation of this phenomenon requires more 

detailed investigations. Finally, the integration of the magnetostrictive material TbFeCo onto 

PZT micro-devices to form the ME device has been completed. As the first attempt, the ME 

micro-sensor working as a resonator has been demonstrated as able to sense a static magnetic 

field. The ME micro-sensor shows a resonant frequency shift of about 250 Hz under an external 

magnetic field of 1T, which is still lower and smaller than predicted. Main limitation is found 

on the quality of the TbFeCo integrated layer with reduced magnetostriction response with 

respect to the full film reference samples. 

Hence, some solutions should be considered to improve further the performance of the 

ME micro-sensor, particularly the quality factor of the cantilever but also the sensitivity 

(resonant frequency shift) to magnetic field. For that purpose, change in the geometry of the 

cantilever is to be considered, following the literature in the field and multi-physics 

simulations. Not only simple cantilever geometries but also more complex designs should be 

considered, with a particular attention to the binding points of the freestanding area to the 

substrate. In order to minimize the residual stress in the cantilever that is detrimental for device 

performance, a thorough study of the stress state of the epitaxial films of the stack should be 

performed. Adjustment of the film thicknesses and optimized choice of materials in the ME 

stack such as for the bottom electrode are expected to enhance the device sensitivity. Finally, 

the improvement of the growth quality of the TbFeCo on the cantilever is a key issue that is 

expected to push the sensitivity of these sensors to the nanotesla range. 
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French summary 

Caractérisation et modélisation d’un micro-capteur magnétoélectrique  

 

  

Introduction  

 

 Les capteurs magnéto-électriques (ME) représentent une alternative prometteuse pour 

la détection de faibles signaux magnétiques avec une sensibilité élevée. À ce jour, la plupart 

des développements au niveau international se sont principalement concentrées sur l'utilisation 

de substrats piézoélectriques massifs sur lesquels des couches minces magnétostrictives sont 

déposées, conduisant au mieux à des dispositifs de taille millimétrique. L'intégration de tels 

dispositifs dans les systèmes électromécaniques de dimensions micrométriques (MEMS), 

permettant ainsi d’atteindre des dimensions réduites et une consommation d'énergie plus faible, 

implique de trouver des solutions à plusieurs problématiques scientifiques allant des aspects 

relatifs  à l’intégration des matériaux actifs sur silicium jusqu’à la maitrise de la réduction de 

l’amplitude des signaux inhérente à la réduction de la taille du capteur. 

Ce travail de thèse a été centré sur l’intégration de films minces piézoélectriques de haute 

qualité cristalline sur substrat de silicium. Pour sonder le potentiel de tels films minces pour 

les dispositifs magnéto-électriques, les propriétés électromécaniques du composé PbZrTiO3 

intégré par épitaxie sur silicium ont été réalisés et mis en forme sous forme de microcantilevers. 

La capacité du levier à être utilisé comme résonateur a ensuite été étudiée. Pour ce faire, des 

premières caractérisations d'oscillateurs ont permis d’extraire les fréquences de résonance et 

les facteurs de qualité associés. Enfin, le décalage de fréquence de résonance avec contrainte 

induite par le biais d’une tension continue appliquée au matériau piézoélectrique a été étudiée. 

Finalement l’ajout d’une couche magnétostrictive de TbFeCo sur les cantilevers de PZT a 

permis la détection de champ magnétiques par effet ME. Le décalage de fréquence de 

résonance induit par l’application d’un champ magnétique externe a ainsi pu être caractérisé. 
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Chapitre 1 – Micro-capteurs basés sur l’effet magnétoélectrique 

 

Le premier chapitre du manuscrit présente, sur la base de la littérature, un état de l’art des 

différents types de capteurs de champ magnétique. Ce comparatif permet de se focaliser sur les 

systèmes magnéto-électriques et leurs performances pour ce type de détection. Afin de 

maximiser la sensibilité finale du capteur, une première analyse a consisté à identifier les 

matériaux les mieux adaptés quant à leurs propriétés et la capacité de les intégrer sous la forme 

de films minces dans le dispositif visé. Le choix s’est porté sur l’utilisation du composé 

Pb(ZrxTi1-x)O3 (ou PZT), de structure perovskite ABO3, comme matériau piézoélectrique qui 

dans sa composition morphotropique (x=0,52) présente un facteur de couplage 

électromécanique particulièrement élevé avec un coefficient d33 de l’ordre de 500 pm/V. De 

manière analogue, les matériaux magnétostrictifs ont été analysés en lien avec leurs 

caractéristiques en mettant l’accent sur les grandeurs principales que sont les coefficients 

magnetostrictifs ainsi que la susceptibilité magnétostrictive. Le choix s’est ici porté sur l’alliage 

de TbFeCo qui présente des caractéristiques adaptées et présente l’avantage d’être maitrisé en 

films minces. L’analyse des différentes réalisations de capteurs magnéto-électriques de la 

littérature mettant en œuvre ces matériaux est ensuite présentée. La dernière partie du chapitre 

est consacrée à l’état de l’art de l’intégration de ces différents matériaux sur silicium. Le 

silicium est un substrat nécessaire dans cette approche car il permet l'utilisation de procédés 

conventionnels en salle blanche pour la réalisation du microsystème final. Cependant la qualité 

cristalline des films actifs, piézoélectriques et ferromagnétiques, est directement liée aux 

couches d’adaptation qui favorisent la croissance cristalline sur silicium. Les différentes 

approches de la littérature permettant l’intégration de ces matériaux sur silicium sont 

finalement présentées. 

 

Chapitre 2 – Techniques expérimentales 

 

Ce chapitre est dédié à la description de toutes les techniques expérimentales utilisées dans 

ce travail. La première partie décrit les techniques de croissance qui permettent d'intégrer des 

couches minces épitaxiées de PZT sur du silicium par ablation laser pulsé (PLD) ainsi que des 
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couches minces magnétostrives à base d'alliage TbFeCo en utilisant la méthode de 

pulvérisation cathodique. Les outils de caractérisation qui permettent d'extraire les propriétés 

structurales des films minces déposés par diffraction des rayons X (DRX) et la morphologie de 

surface par microscopie à force atomique (AFM) sont décrits dans le contexte de ce travail. La 

description générale de ces techniques est donnée ainsi que la manière de choisir les paramètres 

clés pour extraire les caractéristiques typiques des différents types de films étudiés. La dernière 

section se concentre sur la manière d'extraire les propriétés fonctionnelles du matériau au 

moyen de caractérisations électriques ou mécaniques, respectivement pour les matériaux 

piézoélectriques et magnétostrictifs développés dans ce travail. Une description détaillée de 

chaque technique est donnée ainsi que leurs avantages et leurs inconvénients, basée sur la 

littérature. 

 

Chapitre 3 – Films minces piézoélectriques et magnétostrictifs sur 
silicium 

 

Dans un micro-capteur magnéto-électrique, le film mince piézoélectrique joue un rôle 

crucial pour convertir la contrainte mécanique induite par la couche magnétostrictive lorsque 

soumise à un champ magnétique en un signal électrique. Par conséquent, l'intégration de 

couches minces épitaxiales de PZT de haute qualité sur substrats de silicium a été considérée 

comme la première étape principale pour la fabrication de micro-dispositifs. Ce chapitre 

présente les couches minces de PZT obtenues sur Si (001) dans ce travail, avec l'utilisation de 

couches d’adaptation d'oxydes. Ces films ont été déposés par ablation laser pulsé (PLD). A cet 

effet, la zircone stabilisée à l'yttrium (YSZ) associé avec des films de CeO2 et SrTiO3 a été 

utilisée pour promouvoir la croissance du film actif piézoélectrique. L'utilisation de différentes 

électrodes inferieures épitaxiées, SrRuO3 ou La0.66Sr0.33MnO3, a permis de maitriser 

l'orientation de croissance des films de PZT entre les directions (110) et (001). La dépendance 

des propriétés électriques de PZT sur l'orientation cristallographique a été analysée, conduisant 

à une constante diélectrique plus élevée et à un courant de fuite plus faible pour les couches 

minces épitaxiales de PZT orientées (110) en accord avec les différents résultats de la 

littérature. Enfin, les conditions de croissance et les propriétés magnétiques des films de 
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TbFeCo sont présentées en dernière partie de ce chapitre. L’étude des propriétés magnétiques 

du matériau TbFeCo déposé par pulvérisation cathodique a conduit à une amélioration de la 

réponse magnétostrictive lorsqu'un traitement thermique post-dépôt sous 250°C est réalisé sous 

vide. 

 

Chapitre 4 – Micro-capteurs résonant basé sur des micro-leviers de PZT 

 

Ce dernier chapitre est centré sur la finalité de ce travail avec le développement d’un micro 

capteur magnétoélectrique. Pour cela il a été nécessaire modifier la stratégie de mesure du 

capteur par rapport aux capteurs millimétriques de la littérature exploitant l’effet magnéto-

électrique en raison de la réduction en taille du système qui réduit drastiquement le signal à 

mesurer. L’approche a consisté à exploiter la résonance mécanique des cantilevers réalisés qui 

lorsque soumis à un champ magnétique est modifiée par modification de la rigidité du système. 

Pour ce faire, une structure de type poutre suspendue, bien connue dans le domaine des 

microsystèmes a été choisie. La configuration où le dispositif a été libéré du substrat de Si 

permet au PZT de s’affranchir de sa limite élastique et ainsi générer une plus grande contrainte 

et ainsi une puissance plus élevée. La figure 1 illustre le schéma de principe et présente une 

vue obtenue par microscopie électronique à balayage d’un dispositif. 

 

 

Fig. 1 : Schéma de principe d’un micro-levier résonant et image par microscopie 

électronique à balayage d’un tel capteur 
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Les caractéristiques des poutres de PZT ont été étudiées sous plusieurs aspects. Tout 

d’abord, la déformation de la poutre lors de l’application d’un champs électrique continu a 

permis d’extraire le coefficient piézo-électrique du PZT. Ensuite, les propriétés de résonance 

de ces structures ont été obtenues par plusieurs approches dont les résultats ont été comparés 

aux modèles analytiques de la littérature. Les conditions de mesure permettant d’obtenir une 

réponse optimale ont ainsi pu être évaluées permettant notamment de maximiser le facteur de 

qualité qui dépend non seulement de la direction de polarisation de la couche de PZT et des 

milieux environnants, mais aussi de l'état de contrainte initial du système. La réponse non-

linéaire obtenue avec une forte excitation alternative a également été étudiée qualitativement, 

mais l'origine exacte et l'explication complète de ce phénomène nécessite des investigations 

complémentaires. Pour évaluer la capacité à exploiter cette structure comme capteur 

magnétoélectrique, le changement de la fréquence de résonance de tels poutres suspendues a 

été quantifié en appliquant une contrainte continue par l’intermédiaire d’un champ électrique 

sur le film piézo-électrique. 

Dans une seconde partie, les premiers résultats de réalisation et de mesure d'un résonateur 

pour détecter un signal magnétique à base de couches minces multi-ferroïques PZT / TbFeCo 

sont présentés. Un décalage de fréquence de résonance du dispositif est mesuré en reflétant 

l'amplitude du champ magnétique externe. Quantitativement une sensibilité de l’ordre de 1 

Hz/mT est mesurée, valeur inférieure à celle attendues (Figure 2). La limitation principale 

identifiée est liée à la qualité de la couche intégrée TbFeCo avec une réponse magnétostrictive 

réduite par rapport aux échantillons de référence. 

 

Fig. 2 : Réponse fréquentielle de l’impédance et de la phase du micro-levier en fonction 

du champs magnétique externe imposé 
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Conclusion 

 

Cette thèse a consisté à développer et fabriquer des matériaux ME de haute qualité sur 

silicium en utilisant des techniques de dépôt de couches minces et à étudier le potentiel des 

micro-capteurs ME résonants pour les mesures de champ magnétique. 

Avec cet objectif, la première partie de ce travail s’est concentré sur la croissance et la 

caractérisation des propriétés structurales et ferroélectriques de couches minces de PZT 

déposées de manière in situ par PLD sur substrat de silicium. Pour assurer la croissance 

épitaxiale des matériaux pérovskites, une couche tampon base de zircone stabilisée à l'yttrium 

(YSZ) associé à un film de CeO2 est utilisé pour favoriser la qualité cristalline de la pérovskite 

fonctionnelle. Le choix du matériau de l'électrode inférieure, SrRuO3 ou La0.66Sr0.33MnO3, 

permet de contrôler l'orientation cristalline de la couche de PZT. Les propriétés résultantes de 

ces films, y compris les caractérisations structurales, ferroélectriques et diélectriques, sont 

déterminées en fonction de l'orientation cristalline des films minces de PZT. La susceptibilité 

magnétostrictive dans la plage de champ faible est plus élevée pour le film recuit comparé à 

celui du film tel que déposé.  

Par la suite, des leviers suspendus à base de PZT ont été exploité comme micro-capteurs 

résonants afin de faire progresser la compréhension de leurs réponses statiques et dynamiques. 

En particulier, la réponse résonnante de tels leviers sous l'application d'une excitation 

alternative superposée à une polarisation continue a montré que le changement de contrainte 

de la couche PZT modifie sa fréquence de résonance.  L'intégration du matériau magnétostrictif 

TbFeCo sur les micro-dispositifs PZT pour former le dispositif ME a été achevée. Comme 

première tentative, le micro-capteur ME fonctionnant comme un résonateur a été démontré 

comme capable de détecter un champ magnétique statique.  

Pour améliorer le capteur, certaines solutions devraient être envisagées en particulier 

l’amélioration du facteur de qualité du cantilever mais aussi la sensibilité (décalage de 

fréquence de résonance) au champ magnétique. Pour ce faire, il faut considérer de modifier de 

la géométrie du levier suspendu, en suivant la littérature en y associant de la simulations multi-

physiques. Des conceptions plus complexes doivent être envisagées, en accordant une attention 

particulière aux points de liaison de la zone libre au substrat. Afin de minimiser la contrainte 



 
 
 

 

153 
 

résiduelle dans le levier, qui est préjudiciable à la performance du dispositif, une étude 

approfondie de l'état de contrainte des films doit être effectuée. L'ajustement des épaisseurs de 

films et le choix optimisé des matériaux dans le l’empilement ME, par exemple l'électrode 

inférieure, devraient améliorer la sensibilité du dispositif. Enfin, l'amélioration de la qualité de 

croissance du TbFeCo sur le cantilever est un problème clé qui devrait pousser la sensibilité de 

ces capteurs bien au-dessous de la plage du nanotesla. 
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Résumé : Les capteurs magnéto-électriques 
(ME) sont une alternative prometteuse pour 
mesurer de faibles signaux magnétiques. 
Précédemment le choix était généralement de 
déposer des couches minces magnétostrictives 
sur un matériau piézoélectrique massif 
conduisant à des systèmes macroscopiques de 
taille millimétrique. L’intégration de ces 
systèmes dans des MEMS (micro-electro-
mechanical systems) requiert à la fois de 
résoudre les problèmes d’intégration de 
matériaux actifs sur silicium et de mesurer des 
petits signaux étant donné l’importante 
réduction de la réponse du système lorsqu’il est 
miniaturisé.  
Dans cette optique, le premier objectif de ce 
travail de thèse a été d’intégrer un matériau 
piézoélectrique sur un substrat de silicium tout 
en conservant une excellente qualité cristalline.  
Le Pb(Zr0,52Ti0,48)O3 (PZT) a été retenu pour 
ses excellentes propriétés piézoélectriques. 
L’intégration de la couche mince se fait sur 
silicium qui est le substrat de prédilection pour 
la fabrication de microsystèmes avec les 
procédés microélectroniques standards. La 
qualité cristalline des matériaux actifs est 
directement corrélée aux couches d’adaptation 
utilisées pour obtenir une bonne qualité 
cristalline sur silicium. Pour cela l’intégration 
d’une tricouche composée de zircone stabilisée 

à l’yttrium (YSZ), d’oxyde de cérium (CeO2) et 
de SrTiO3 permet ensuite la croissance des 
pérovskites d’intérêt pour le dispositif. Le choix 
de l’électrode conductrice inférieure (SrRuO3 
ou La0.66Sr033MnO3 dans le cas présent) permet 
de contrôler l’orientation de la maille de PZT. 
Une première étude des propriétés 
piézoélectriques de la couche mince de PZT 
sous la forme d’une poutre libre pour son 
intégration dans un système magnétoélectrique 
a été réalisée. La mesure de la déformation de 
la poutre induite par application d’une tension  
électrique permet d’extraire un coefficient 𝑑./  
de  −53𝑝𝑚𝑉S/ , valeur inférieure au matériau 
massif mais à l’état de l’art dans ce type de 
dispositif. Dans une seconde étape, l’utilisation 
de la poutre comme résonateur a été étudiée. 
L’étude dynamique du système a permis 
d’obtenir la fréquence de résonance et le facteur 
de qualité. Le déplacement de la fréquence 
caractéristique du système en fonction d’une 
contrainte induite par une tension DC a été 
investigué. Enfin l’ajout d’une couche de 
matériau magnétostrictif (TbFeCo) sur la 
poutre a finalisé la structure du capteur. Le 
capteur ainsi obtenu a été caractérisé et une 
sensibilité de l’ordre de la dizaine de micro 
Tesla est obtenue. 
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Abstract: Magneto-electric (ME) 
sensors have been demonstrated as a promising 
alternative for the detection of weak magnetic 
signals with high sensitivity. To date, most 
applications focused on the use of bulk 
piezoelectric materials on which 
magnetostrictive thin films are deposited 
leading to millimeter-sized devices. The 
integration of such devices into micro-electro-
mechanical systems (MEMS), bringing 
smaller size and lower power consumption, 
involves addressing several scientific issues 
ranging from the integration of active materials 
on silicon to the strong reduction in amplitude 
of generated signals related to the size 
reduction of the sensor. 

In this context, the first goal of this thesis 
work was to integrate high crystalline quality 
piezoelectric thin films on silicon. Pb(ZrxTi1-

x)O3 (PZT) with a morphotropic composition 
(x=0.52) having high electromechanical 
coupling factor was chosen. Silicon is a 
necessary template as it allows for the use of 
conventional clean room processes for the 
realization of the microsystem. The crystalline 
quality of the active films is directly linked to 
the buffer layers that promote the crystalline 
growth on silicon. For this purpose, Yttria-
stabilized Zirconia (YSZ) was used in 
combination with CeO2 and SrTiO3 to allow 

further growth of epitaxial perovskites. The 
choice of the bottom electrode material 
(SrRuO3 or La0.66Sr0.33MnO3 in this work) 
further tunes the crystalline orientation of the 
PZT layer. 

To probe the potential of such PZT thin 
films for ME devices, the first step was to 
characterize the electromechanical properties 
of this material in a free-standing cantilever 
structure. Under an applied electric field, the 
measured displacement of the epitaxial PZT-
based cantilevers is characterized by a 
coefficient 𝑑./ = −53𝑝𝑚𝑉S/ , a reduced 
value with respect to the bulk material but that 
can be enhanced by further optimizing the film 
growth. The second step consists in 
ascertaining the ability of the cantilever to be 
used as resonator. For that purpose, first 
characterizations of oscillators have been 
performed to extract the resonant frequencies 
and the associated quality factors. Then, the 
resonant frequency shift with DC bias-induced 
stress was measured. Finally, a 
magnetostrictive layer of TbFeCo was added 
on the PZT cantilevers to sense magnetic field 
based on the ME effect. The resulting resonant 
frequency shift with external applied magnetic 
field was characterized with a typical 
sensitivity of 10’s of µT. 

 
 
 
 
 
 
 

 
 


