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Résumé

Cette thèse étudie le dépôt et la caractérisation du (Ba,Sr)Ti0 3 en couches minces sous forme pérovskite, en utilisant la pulvérisation cathodique magnétron par radio-fréquences (RF), avec pour but d'étudier la faisabilité de la fabrication de films de BST de haute qualité de manière économique pour des applications dans le domaine des dispositifs micro-ondes accordables.

Nous avons optimisé les paramètres de pulvérisation pour synthétiser parfaitement des couches minces de Bao.6Sro.4Ti03 (BST) orientées (001) et (111) directement sur des substrats Pt(lll)/TiO/SiOz/Si, sans couche tampon et pour obtenir les meilleures propriétés diélectriques possibles pour les dispositifs micro-ondes accordables. Il a été observé que le taux 02/(Ar+02) (OMR) utilisé pour la pulvérisation avait des effets significatifs sur l'orientation des cristaux, la microstructure et les propriétés diélectriques des films de BST produits. Les échantillons produits avec un OMR de 0 % avaient une orientation (00 1) parfaite, alors qu'une variation de l'OMR de 10 % à 50 % a favorisé une orientation (111 ). Les mesures électriques ont permis d'observer qu'une haute accordabilité de 52% et 68% pouvait être atteinte pour les films de BST orientés (00 1) et (111) respectivement, mesurée à 10 kHz par l'application d'un champ de 400 kV /cm. Nous avons aussi étudié l'effet de couches d'ensemencement ultrafines de TiOx (0~ 12 nm) sur l'orientation, la morphologie de la surface et le comportement diélectrique des couches minces de BST. Il a été montré que la couche ultrafine de TiOx agissait comme un modèle initial pour les films de BST lors du premier stade de nucléation, ce qui résulte en une influence significative sur l'orientation cristalline et les caractéristiques électriques du film de BST résultant. En élevant l'épaisseur de la couche de TiOx de 0 à 1.2 nm, l'orientation privilégiée des films de BST est passée de (001) à (111), et un film de BST hautement orienté (111) a été obtenu lorsque l'épaisseur de la couche de TiOx atteignait ~5 nm. En conséquence, le film BST(ll1)/Ti0x(5 nm) montrait une température de Curie supérieure (Tc=275 K) et IX une accordabilité améliorée de 61.16% à 400 kV/cm, à comparer avec le BST orienté (001) sans couche de TiOx (Tc=250 K et accordabilité de 50.05 %).

Il serait souhaitable que les couches minces ferroélectriques aient une constante diélectrique modérée combinée avec de faibles pertes pour pouvoir obtenir de grandes figures de mérite, d'où la préparation de couches minces composites entre de hautes accordabilités comme celle du film de BST(lll) et de faibles pertes comme celle du Bh. 5 Zn1.oNbu0 7 (BZN). Nous avons donc étudié l'effet de l'épaisseur de la couche de BZN sur les propriétés des films de BST (Ill). Il a été observé que l'épaisseur de la couche de BZN jouait un rôle important dans l'amélioration des propriétés diélectriques. Une amélioration significative de la figure de mérite ( ~46.8) a été obtenue pour la double couche BZN (50 nm)/BST(450 nm) à une fréquence de 10kHz et un champ de 400 kV/cm. Notre étude a montré que les films de BST parfaitement orientés (111) sur des substrats Pt(lll)/TiOx/SiOz/Si possédaient d'excellentes propriétés diélectriques, ce qui est plus intéressant pour les applications dans les dispositifs micro-ondes accordables que les films de BST orientés (001). Nous avons donc de plus étudié les variations de la permittivité avec l'épaisseur du film et la température de mesure sur les films de BST parfaitement orientés (111) avec une épaisseur variant de 45 à 800 nm. Nos résultats révèlent que les films BST (111) possèdent une température de Curie inhabituelle et indépendante de l'épaisseur, valant environ 305±5 K. Un modèle incorporant les propriétés intrinsèques d'un film et une capacitance interfaciale a été utilisé pour expliquer la dépendance de la permittivité à l'épaisseur à une température donnée.

Puisque les dispositifs accordables fonctionnent aux fréquences micro-ondes (300 MHz à 300 GHz), il est nécessaire de caractériser le matériau à ces fréquences, pour tester la possibilité d'utiliser les films de BST en pratique. Les couches minces de BST épitaxiales (111) sur des substrats de A}z0 3 (0001) ont été produites en insérant une couche d'ensemencement ultrafine de TiOx (~1.2 nm). Les propriétés micro-ondes des couches minces de BST épitaxiales et polycristallines ont été

x Résumé évaluées jusqu'à 40 GHz. La dispersion diélectrique a montré que la permittivité complexe (ë=ë'-jë") est bien décrite par unç loi de puissance de Curie-von Scheidler avec un exposant de 0.40. De plus, la haute permittivité ( ~428) combinée avec une haute accordabilité (~40.88 %, 300 kV/cm) jusqu'à 40 GHz suggère que les couches épitaxiales de B ST orientées ( 111) pourraient être adaptées à des applications dans les dispositifs micro-ondes accordables.

Finalement, les propriétés micro-ondes des doubles couches BZN/BST directement placées sur du Si de haute résistivité (HR) ont été également étudiées jusqu'à 50 GHz. Comme attendu, le BZN a aidé à adapter la constante diélectrique et à réduire significativement les pertes tangentielles. Les films hétérostructurés BZN/BST/HR-Si ont une permittivité modérée (~224), de faibles pertes micro-ondes (~0.167) et une haute accordabilité (~7.7 %, 200 kV/cm) jusqu'à 50 GHz, ce qui se révèle prometteur pour l'application dans les dispositifs micro-ondes accordables.

XI

Introduction

The recognition of the potential usefulness of ferroelectric materials in tunable high-frequency deviees dates back over 40 years. However, due to various reasons related to both deviee electronics and materials technology, it is only in the past decade that intensive development efforts are being made in this direction. The main driving force for this resurgent interest is the potential for substantial miniaturization of microwave components and systems (accompanied also by a large cost reduction) and the potential for integration with microelectronic circuits due to the development of thin and thick film ferroelectric technology. The focus of the research work is the development of tunable dielectric materials for frequency agile radio frequency and microwave deviees, such as tunable filters, voltage controlled oscillators, varactors, delay lines and phase shifters operating in the microwave regime. Ferroelectrics such as (Ba,Sr)Ti03 (BST) have emerged as leading candidates for such applications due to their highly nonlinear dielectric response to an applied electric field, especially in the vicinity of the paraelectric-to-ferroelectric phase transformation temperature. The major challenge in designing material systems for tunable deviees is simultaneous requirements of high tunability coupled with low dielectric loss. A significant effort bas been put towards BST materials with the goal of fabricating high quality BST films in an economical manner for tunable microwave deviee applications.

Among the various techniques available for fabrication, the radio frequency (RF) magnetron sputtering offers an effective way for obtaining high quality films over a wide range of materials with thicknesses up to about 5 J.lill. It exhibits several important advantages such as high deposition rate, high quality films, ability to coat beat-sensitive substrate and extremely high adhesion of films and this led to the development of a number of commercial applications ranging from microelectronics fabrication through to simple decorative coatings.

Although the BST materials for tunable deviees are being developed, many issues regarding BST capacitors should be solved. Since one of the important applications of ferroelectric thin films is to integrate with Si technology, hence Pt/Tiüx1Si0 2 /Si substrate will be a good substrate, in which the Pt also serves as the bottom electrode. However, it will be difficult in controlling orientation of BST on Pt . 1 due to the dissimilarity in structure and big lattice mismatch between them. Another, mixing of a low loss dielectric and a ferroelectric result in an overalllow loss without deteriorating strongly the tunablity of the composite presents a formidable challenge.

The general phenomenon that films often exhibit lower permittivity and tunablity than bulk materials of a similar composition stilllacks of investigation. Finally, few reports focus on the evaluations of the performance of the materials at GHz frequency.

In this thesis, we present the details investigations on the microwave dielectric materials, mainly BST and other related materials, deposited by RF magnetron sputtering for tunable microwave applications.

CHAPTER2

Backgrounds and Literature Review 2.1 Ferroelectrics

Historical Perspective of Ferroelectrics

A subset of polar materials was first observed by Valasek in 1921 in single crystals of Rochelle salt, KNa(C4H40 6 ) • 4H20. 1 The hysteretic behavior observed between polarization and applied electric field was analogous to the magnetism verses magnetic field behavior in ferromagnetic materials which were previously understood.

Therefore the phenomenon was termed "ferroelectricity." The earliest research identified only two types of ferroelectric materials, tartrates such as Rochelle salt ( e. g. sodium ammonium tartrate tetrahydrate NaNH 4 (C 4 H 4 0 6 )•4H 2 0 in 1928 2 and lithium ammonium tartrate monohydrate LiNI!t(C4H406)•HzO in 1951\ and potassium dihydrogen phosphate (e.g. KH 2 P0 4 in 1935 4 ) and its isomorphs (e.g. ammonium dihydrogen phosphate NH 4 H 2 P0 4 in 1938\ These materials' water solubility made them impractical for use in electronic deviees and the ferroelectric phenomenon could on1y be observed at low temperatures.

In 1940, the first refractory oxide ferroelectric with room temperature ferroelectricity was discovered in the perovskite barium titanate, BaTi0 3 , by

Thumauer and Deaderick at the American Lava Co. 6 Publication of the high permittivity of BaTi0 3 in the open literature came from the U.S. 7 ' 8 and Europe 9 ' 10 in concurrent independent reports and the determination that the high permittivity was due to ferroelectricity in BaTi03 was given by von Hippel of the Laboratory for Insulation Research at MIT. 11 The discovery of ferroelectric barium titanate represented a breakthrough in ferroelectric research and fueled development of high permittivity deviees. Piezoelectric transducers were facilitated by the discovery of the ferroelectric perovskite solid solution lead zirconate titanate, Pb(Zr,Ti)0 3 or PZT, 12 and the existence of a temperature independent polymorphie phase boundary at Zr:Ti mole ratios of 52:48. 13 To date, perovskite based ferroelectrics are the mostly widely utilized class of solid-state materials for high capacitance density capacitors and high strain/sensitivity transducers. Despite the large number of publications each year, their potential for commercial electronics is yet to be exhausted.

Investigations ofSputtered (Ba,Sr)Ti0 3 Thin Films for Tunable Microwave Applications

Phase Transitions in Ferroelectrics

~ A necessary criterion for classification for ferroelectricity is the existence of a phase transition from a low temperature low symmetry ferroelectric phase to a higher symmetry non-polar paraelectric phase above a transition temperature called the Curie Temperature (Tc). The temperature dependence of permittivity for a ferroelectric is given by Fig. 2.1. where C is constant, T is temperature, 8 is the Curie-Weiss temperature, and e reaches maximum at Tc, the transition temperature. B=Tc andE: declines steeply forT< Tc. For 1 st order transition B<T c and e discontinuously decreases at this temperature. For barium titanate, no exact indisputable value for C has been determined yet, ali measurements are on the order of 10 5 and the Currie-Weiss temperature Bis typically 10 oc lower than the transition temperature. 14 Curie-Weiss behavior is valid for many other non-linear dielectrics, for example, strontium titanate (SrTi03), which is considered an incipient ferroelectric since the predicted transition temperature is less than 0 K. The Curie-Weiss constants have been measured for SrTi0 3 to be C slightly less than 10 5 and e ~ 20 oc. 15 ' 16 Near and at the transition temperature, Tc, anomalies in dielectric, elastic, optical, and thermal properties are observed. The transitions can be of first or second order.

Te Temoerature

These classifications constitute a transition that occurs discontinuously in first order cases, or smoothly over a range of temperatures in the second order scenario. Both scenarios were modeled by Devonshire in 1954. This phenomenological theory is based on the thennodynamic function for a ferroelectric system. The equations of state for ferroelectric crystals relate the system free energy to polarization based on the influences of temperature, stress and extemal electric fields. The results of these calculations show that polarization bas equivalent minima at P !-0 at temperatures below Tc supporting the observation of spontaneous polarization. Results of the calculations show for a second order transition the minima slowly collapse toward P = 0 yet for a first order transition free energy minima move very little yet a localized reduction of the free energy appears at P = 0 and becomes a global minima at T ?:_ Tc. 17 First order ferroelectric transitions are associated with discontinuous changes in polarization, latent beat, and specifie beat. Most perovskite oxide ferroelectric show first order transition behavior. Devonshire's description adequately describes the behavior of measured parameters though the phase transition yet a more complete understanding of the physical phenomenon can be proposed using the dynamics of lattice vibrations. The transverse optical vibration mode in perovskites showing displacive transitions is associated with the vibration of the B-site cation and is defined as the "soft mode". As the temperature is lowered from a temperature above the transition temperature this mode decreases in frequency (increases in wavelength) at the Brillouin Zone center at zero wave number.

(2.2)

Here wm is the angular frequency of the transverse optical mode or soft mode, To is the temperature where the frequency of the mode falls to zero, and K is a constant that determines how fast the frequency falls with T. The non-zero frequency of the soft mode above the transition shows that the cations are free to vibrate around their respective unit cell centers and therefore the time and spatially averaged charge density is located at the unit cell center, thus polarization cannot be supported. As the soft mode frequency falls to zero the mode is frozen and all cations vibrate in phase over a longer distance within the crystal. This can interpreted as an overall spontaneous polarization since at a low enough temperature (where frequency goes to zero, or wavelength goes to infinity) all cations are displaced away from the center of the unit cell at any point intime. The permittivity is a result of the linear combination of ali displacements which can be described by all the optic modes at k = 0 yet the soft mode contributes the most significantly to the permittivity in ferroelectrics as seen in Eq. (2.3).

1 c=-2' 11ls (2.3)
As the temperature is lowered below the transition temperature the soft mode decreases in wavelength leading to vibrations including longer-range coordination of polarizing displacements and the permittivity increases. At the transition temperature the permittivity peaks and spontaneous polarization is supported. If hysteretic behavior is to be avoided then a deviee can be operated just above the transition temperature while still taking advantage ofhigh permittivity.

Theory ofDielectric Response ofFerroelectrics

Ferroelectrics are known for their high permittivity and high non-linear dielectric response dependent electric field. The typical 2-E curve is shown in Fig. 2.2. The feature of this 2-E curve is called dielectric tunability, which has been widely investigated for potential applications in tunable deviees. Dielectric permittivity. The ongm of the high dielectric permittivity of ferroelectrics in the paraelectric phase is a delicate compensation of various kinds of microscopie forces that maintain the material in a non-poled state in the absence of a microscopie electric field. Because of this compensation, the restoring force opposing the po ling action of the applied field is relatively weak. This result in a high dielectric permittvity of the material. 18 In the ferroelectric phase, the newly appeared spontaneous polarization is not very stable either. This makes the dielectric permittivity high in the ferroelectric phase. In addition to this, the permittivity may be further increased by contributions stemming from ferroelectric domains.

The most straightforward description of the dielectric response of ferroelectrics is given by the conventional Landau theory and is based upon an expansion of the Helmholtz free energy F with respect to the vector macroscopic polarization P. For the situation where the polarization is collinear with the macroscopic electric field E in the material, the first two terms of this expansion re ad:

F =a p2 + f3 p4 2 4 ' (2.4)
The equation of state oF 1 oP = E th en leads to a relation between the polarization and electric field: whereas, for the situation under the bias, one sets P=Pdc in Eq. (2.6) (Pdc is the polarization induced by the bias field).

E =aP+ f3P
According to the Larrau theory, the coefficient of a is assumed to be a linear function of temperature and vanishes at the Curie-Weiss temperature B, the ferroelectric instability temperature of the material and relativity tunability:

e(O)-e(E 0 ) n -1 n- --- r - e(O)
n '

(2.10)

The aforementioned trend-the higher pennittivity ë(O), the higher the tunability (for a given value of the bias field Eo) can be clearly traced. In the limit of weak 

E _ ~(2+n) 1 n- 1 312 ' & 0 "27 /]& 0 &(0) (2.12)
Thus, it is seen that a high dielectric permittivity of the material is really essential for its tunable behavior.

For the description of the dielectric non-linearity at an arbitrary de field, one can use Eq. (2.6) where the polarization P is calculated from the solution of cubic Eq.

(2.5). A convenient form for calculation of the dependence of the permittivity on the de bias field has been suggested by Vendik: 19 (2.13)

(2.14)

Investigations ofSputtered (Ba,Sr)Ti0 3 Thin Films for Tunable Microwave Applications

The field dependence of dielectric permittivity discussed above is illustrated in 18 based on data from Buzin. 23 Conservation laws are less restrictive and insensitive to crystal symmetry when 3 phonons interact with an electric field. In the high temperature limit T ;:::: n(J)roK~1 ,

which is valid at ne ar and above room temperature, the functional dependence of this mechanism is identical to Eq. (2.15) yet the magnitude is smaller than the 3-quantum (or two phonon) case. The quasi-Debye mechanism is only valid for non-centrosymmetric crystals and operates in paraelectric crystals only when the electric field induces dipoles and crystal distortions. When the electric field is applied, a phonon dispersion relaxation occurs and the phonon distribution deviates from the equilibrium value. The dependence is a complex function depending on the phonon damping constant, the amount of electric field applied to break the centrosymmetric symmetry, and exact phonon distribution. In the case of a displacive ferroelectric the contribution is an order of magnitude greater than 3 and 4 quantum mechanisms. These randomly distributed and aligned polar regions reduce local symmetry and therefore lead to quasi-Debye losses. The loss mechanism is identical as described above yet they are caused by extrinsic defect and hence considered an extrinsic loss mechanism. This loss also contributes mainly to the high permittivity region of a e-E curve following the following relation where <Ploc> is the average polarization of the polar regions in the material.

s:

3/2 P.2 tan v oc E: < loc > , (2.18)
At microwave frequencies between 10 1 -10 2 GHz the ionie mechanism responsible for the high permittivity can relax. Little theory. has be en established on exactly what frequency this should occur and much of the knowledge about this relaxation is gleaned experimentally. 25 In most experimentally observed samples, the extrinsic losses dominate thus obfuscate the onset of relaxation in the microwave frequency regime.

Figure of Merit (FOM).

For tuning applications, both tunability and tan 6 must be considered when comparing the relative merits of different film compositions and varactor configurations. A figure of merit, K, is given by: K =tunability /tan o, (2.19) Where tan o is measured under zero de bias.

For high frequeney tunable deviee such as phase shifter, high permittivity is not desired due to the deviee impedance matching purposes, which lead to less efficient power transfers in the deviee and thereby degrading the deviee performance. Thus, it is important to select materials with low microwave loss and high dieleetrie tunability, so that the figure of merit is high. Also, other desirable material's characteristies are high breakdown voltage and low water absorption, which are a function of density.

Ferroelectric Thin Films

Ferroelectric ceram1c bulk and single crystal materials have found a wide application in electronic industry over the past 50 years due to their unique properties such as high dielectric constants, high piezoelectric constants, and electromechanical coupling, high pyroelectric coefficient. They have been used as capacitors, sonar and ultrasonic transducers, communication filters, positive temperature coefficient (PTC) sensors and switches. 26 Over the past 20 years, ferroelectric thin films have been extensively investigated for their potential applications in deviees such as dynamic random access memory (DRAMi 7 " 30 , non-volatile ferroelectric memory 27 ' 29 ' 31 " 34 ,and microelectromechanical systems (MEMS) 35 , ferroelectric varactors, phase shifters, tunable filters, and voltage-controlled oscillators 27 . A conventional DRAM comprises a transistor connected to an integrated capacitor. The capacitor occupies most of the space of a DRAM. Replacing the existing dielectric silicon dioxide (t:=4) in capacitor with ferroelectric thin film ( c> 1 00) can significantly reduce the size of capacitor and the DRAM. Barium strontium titanate is considered the best dielectric material for DRAM? 7 -31 NVFRAM can make use of the property of tunable remnant polarization of ferroelectric thin film. NVFRAM is expected to compete strongly with electrically erasable programmable read-only memory (EFPROM) and magnetic storage media on account of their fast switching speed (less than 6.5 ns) and low powder requirement 27 ' 34 . The main ferroelectric candidates for NVFRAM are le ad zirconate titanate (PZT), and strontium bismuth tantalite (SBT). 27 , 29 , 31 -34 , 36 Since the 1980s, several techniques have been developed to deposit ferroelectric thin films. These methods can be classified into three types:

• Physical vapor deposition (PVD), e.g. RF magnetron sputtering [START_REF] Auciello | Sputter Synthesis of Ferroelectric Films and Heterostructures[END_REF] and pulsed laser deposition (PLD). 33 • Chemical vapor deposition (CVD), e.g. metal-organic chemical vapor deposition (MOCVD). 29 ' 37 • Chemical solution deposition, e.g. Sol-gel. [START_REF] Tuttle | Solution Deposition of Ferroelectric Thin Films[END_REF] The advantages and disadvantages ofthese techniques are summarized in Table 2.1. 

Applications of Ferroelectric Thin Films in Tunable Deviees

The strong renewed interest in tunable dielectrics for microwave applications has been promoted by the recent expansion in microwave communications. Ferroelectric thin films, demonstrate a spontaneous electric polarization at temperatures below a critical value known as the Curie temperature. It is desirable to operate deviees slightly above this temperature, where the dielectric constant is high, dielectric loss are comparatively lower, and hysteresis effects are less pronounced. In the sub-Curie temperature region of operation, these ferroelectrics exhibit a dielectric non-linearity with the apply of a de electric field (i.e. dielectric permittivity can be fast controlled by electric bias field). [START_REF] Diamond | Variation of Permittivity with Electric Field in Perovskite-like Ferroelectrics[END_REF] ,4° This feature makes them particularly attractive for use as frequency agile tunable microwave electronic components, including phase shifters, varactors, tunable filters, and antennas.

Microwave ferroelectric phase shifters are the most widely studied tunable ferroelectric components. Their importance stems from the role they could play in phased array antennas. A phased array antenna consists of thousands of radiating elements which should be served by thousands of phase shifters. The phase shifters are used to modify and control the width and angle of the steered radar bearn. At present, each phase shifter is a housed microwave semiconductor module. The use of ferroelectric films enables the integration of the phase shifters with the microwave circuits on one substrate thus substantially reducing the size, mass, and cost of the antennas. A simple coplanar line structure patterned on a ferroelectric thin film coated substrate makes a phase shifter [Fig. 2.6 (a)] in which the phase velocity of the electromagneticwave that passes through the line is controlled by the applied de electric field, Uctc (via changing the permittivity of the film, which in tum controls the wave velocity). [START_REF] Tamura | Geometrical Effects in Elastic/Plastic Indentation[END_REF] It is also possible to tune the phase velocity of the electromagnetic wave passed through the coplanar line by loading this line with tunable ferroelectric capacitors (by contrast to the previous case where the coplanar line is homogeneously loaded with a ferroelectric film). 42 connected in parallel to the line as flip chip elements. [START_REF] Tamura | Geometrical Effects in Elastic/Plastic Indentation[END_REF] Another solution is presented in Fig. 2.6 ( c) [START_REF] Diamond | Variation of Permittivity with Electric Field in Perovskite-like Ferroelectrics[END_REF] showing a phase shifter that consists of a transforming circuit that is terminated by a coplanar 3-electrode capacitor. The advantage of the digital phase shifters compared to those based on the simple coplanar line is that the former can be better optimized. Namely, better impedance matching with the 50 .Q extemal wave " impedance and lower amplitude modulation distortions at switching can be reached in the digital phase shifters.

The Figure of Merit (Fph) of microwave phase shifters is the ratio of the phase shift produced by the phase shifter (Litpph) toits insertion loss (Ld 8 ). The upper bound of the figure of Merit Fph for an optimally designed one-bit digital phase shifter (not taking into account conductor and interconnections losses) can be determined as: [START_REF] Johnson | Variation of Dielectric Constant with Voltage in Ferroelectrics and Its Application to Parametric Deviees[END_REF] F~ax = 6.6 /).rp/ 2 JK, P sin(~rp/2) (2.20) where K is the commutation quality factor of the ferroelectric capacitor used in the circuit and cp is the desired phase shift. Values of Fph in the range of 30-100 (for frequencies of 1-30 GHz) were reported 39 ' 41 -43

, for phase shifters based on ferroelectric films with tunability 1.5-2, loss tangent 0.02-0.05, and with copper or gold as the conducting layers.

Suitable Materials for Tunable Applications

The perovskite family provides the suitable materials for tunable microwave dielectrics, e.g. SrTi03 (STO), KTa03, CaTi03, and severa! solid solutions, e.g.

(Ba,Sr)Ti0 3 , (Pb,Sr)Ti03 etc. and their doped and modified compositions (for the frequency and field agile microwave electronics). .::

~• ~

Fundamentals of BaxSr 1 _xTi0 3 Material Properties

The solid solution of barium strontium titanate has been studied intensively in past years for its potential application in novel electronic deviees. BaxSri-x Ti03 (BST) undergoes a ferroelectric phase transition at Curie temperature (Tc) that depends on the Ba:Sr ratio. [START_REF] Hilton | Dielectric properties of Ba 1 -xSrxTi0 3 Ceramics[END_REF] The phase diagram ofBST solid solution is shown in Fig. Below Tc, BST is true ferroelectric (FE) with re-orientable, spontaneous polarization. BST exhibits a large electric field dependent dielectric constant (tunability). [START_REF] Js | Sorne Dielectric Properties of Barium Strontium Titanate Ceramics at 3000 Megacycles[END_REF] It is weil known that the tunability is enhanced for BST in the FE phase (below and near Tc), however, the dielectric losses are usually higher below the 

Bulk BaxSrt-xTi03

Towards the goal of affordable high performance electronic bearn steering of antennas at microwave frequencies, FE materials such as BST have been of recent interest. In particular, the composition-dependent Tc and the non-linear field dependent,dielectric permittivity of BST make it attractive for tunable deviees, such as voltage-controlled oscillators, tunable filters, and phase shifters 51 ' 52 . Phase shifters using BST, which has high tunability, low loss tangent, and high power handling capability, are promising as a replacement for traditional ferrite and semiconductor deviee phase shifters. Conventionally, BST is used as a bulk material to form the entire substrate that results in high control voltages [START_REF] Flaviis | Planar Microwave Integrated Phase Shifter Design with High Purity Ferroelectric Material[END_REF] Mgü) and showed the improvement in dielectric constant and loss tangent.

There are several disadvantages of using bulk ceramics in high frequency applications. In general, very high voltages are required to apply large electric fields in the material and additionally bulk based deviees are heavy. From the point of view of deviee integration, as well as the ability to achieve substantial fields with reasonable applied voltages, incorporation ofBST in thin film form to the microwave components is rather desirable.

BaxSrt-xTi03 Thin Films

In the last few years, thin films of ferroelectric materials have attracted attention because of their potential applications in microwave components. The integration of thin films is necessary not only to reduce size and weight of the deviees, but also to have configurations that are compatible with existing planar microwave circuits. Thin films offer additional advantage over bulk materials for the high frequency applications, since large electric field (0-200 kV/cm) can be applied in thin films ( ~0.5 um) using low bias voltages (0-1 0 V). Although much research has been done to develop BST thin films for tunable microwave dielectric deviees, but high dielectric los ses and low tunability of the se films at high frequencies have restricted its practical application. It remains a challenge to synthesize the thin film with higher dielectric tunability, moderate dielectric constant and low loss tangent. Development of BST thin film of suitable compositions having the above stringent properties will permit the development of low-cost phase shifters, tunable oscillators, and tunable filters.

The dielectric and ferroelectric properties of BaxSrt-x Ti03 are known to depend dramatically on the film composition. For microwave applications, large dielectric tunability and low dielectric loss tangent are the two critical parameters needed for optimal deviee performance. The choice of Ba/Sr ratio in the BaxSr 1 _xTi03 films for microwave applications depends on the intended temperature of operation of the deviee. As mentioned before, the Curie temperature of the BaxSrt-x Ti03 system changes linearly with Sr contents on BaTi0 3 . Among the BaxSr 1 _xTi0 3 films, compositions with 0.4:SXS0.6 are the compositions studied by most of the researchers 55

' [START_REF] Chen | Epitaxial Ferroelectric Bao_ 5 Sro.s Ti0 3 Thin Films for Room-temperature Tunable Element Applications[END_REF] for room temperature tunable dielectric applications as their Tc lies around room temperature. Moreover, modifications to the structure and properties of tunability and low losses in PLD grown epitaxial thin films, which suggested that epitaxial films can improve the dielectric properties of the films for room temperature tunable microwave elements. [START_REF] Chen | Epitaxial Ferroelectric Bao_ 5 Sro.s Ti0 3 Thin Films for Room-temperature Tunable Element Applications[END_REF] However, it is not easy to grow epitaxial BST films onto substrates with large lattice mismatch, such as MgO ( 6.4 % between MgO and BST60). Chen et al. [START_REF] Chen | Epitaxial Growth of Ferroelectric Bat-xSrx Ti03 Thin Films for Room Temperature Tunable Microwave Deviees[END_REF] ' [START_REF] Chen | Epitaxial Growth of Dielectric Bao.6Sro. 4 Ti0 3 Thin Film on MgO for Room Temperature Microwave Phase Shifters[END_REF] and Gao et al. [START_REF] Gao | Atomic Structure of Bao.sSro.s Ti0 3 Thin Films on LaA10 3[END_REF] have examined the interface between epitaxial BST(.x=0.6) films on MgO and LAO substrates. As grown films on MgO had high degree of orientation and crystallinity with flat sharp interface, many period edge dislocations were observed, [START_REF] Jiang | Microstructures and Surface Step-induced Antiphase Boundaries in Epitaxial Ferroelectric Bao.6Sro.4 Ti03 Thin Film on Mgû[END_REF] which indicated that the lattice mismatch strains were completely released at the interface with such dislocations. Twins exist in LAO substrate surface, which were found beneficiai to release the strain energy between the BST film and LAO substrate, 66 so that the total energy in this system can be reduced during film growth. The tunability of BST films strongly depends on the state of the strain that arises from the lattice parameter mismatch between film and the substrate.

To improve the epitaxial quality of the BST thin films, post-annealing process is usually required. Deposition of ferroelectric films directly on dielectric substrates (such as LAO) also enables the additional option of post-annealing the films at higher temperatures. Al-Shareef et al. and Raymond et al. 68 ' 69 demonstrated that increasing the post-annealing temperature of BST and STO films to 1100 °C caused substantial increases in grain size and tunability.

In case of epitaxial films, it has been demonstrated that the microwave properties of BST films are greatly affected by the stress and strain. Knauss et al. [START_REF] Knauss | The Effect of Annealing on the Structure and Dielectric Properties of BaxSr1-xTi03 Ferroelectric Thin Films[END_REF] demonstrated that post-annealing BST thin films on LAO substrate at 900 °C substantially decreased strain in the films, which led to higher tunabilities, and the permittivity respectively, when stress in the film was minimum. [START_REF] Kim | Microwave Dielectric Properties of Strained (Bao.4Sro6)Ti03 Thin Films[END_REF] Chang et al. observed reduction in the dielectric constant and losses by using an optimized buffer layer between the film and the substrate to reduce (or relieve) strain in the BST film due to lattice mismatch. [START_REF] Chang | Strain-relieved Bao. 6 Sro.4 Ti0 3 Thin Films for Tunable Microwave Applications[END_REF] Doping has been found to have a significant effect on the microwave dielectric properties of the BaxSrl-x Ti03 thin films. Acceptor ions (such as Fe 3 +, Mn 2 +, Mn 3 l provide electron traps, but they may cause oxygen vacancies and holes to compensate their effective negative charge, whereas donor ion (such as w+) reduce the oxygen vacancies, but they may generate (Ba,Sr) vacancies and free electrons to compensate their effective positive charge. [START_REF] Aggarwal | Point Defect Chemistry of Metal Oxide Heterostructure[END_REF] Several researchers have shown that the addition of sorne dopants (with small concentrations) such as Fe3+, Mn2+, Mg 2 +,Ni 2 +, and La 2 + could dramatically reduce the dielectric loss tangents of the BST thin films. 74 -76 Usually it has been observed that with the reduction in the losses of the BST thin films is accompanied by the reduction in tunability. These results show that high quality thin films are obtained depend on the details of growth technique. In addition, good dielectric and insulating properties are not standalone requirements, other material properties, such as bottom electrodes, film thickness, and nature of the film-substrate interface properties etc. are also reported to influence deviee performance and long term reliability. To fully evaluate and understand the properties, the influence of growth conditions on the microstructural, surface morphological, and properties must be assessed and correlated with the film's dielectric and insulating properties. Moreover, most of the measurements are only done at low frequency regime. The dielectric properties of these films at microwave frequencies have rarely been reported, however in most of the se studies, it was tacitly been assumed that the high frequency behavior would resemble the trend of low frequency behavior of these films. With the concept of using FE films for tunable :: 
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In the 1990s, Bh0 From the point of view of deviee integration, as weil as the ability to miniaturize the deviee, incorporation of BST in thin film form with properties similar to bulk (high tunability and low loss) is desirable. To attain this, BST thin films should be epitaxially or highly-oriented grown on Si based substrates having sharp film-substrate interface with minimal interdiffusion. Reduction/absence of grain boundaries in textured/epitaxial films would reduce the losses, especially at microwave frequencies and it is also expected that these films would have higher tunability as compared to their polycrystalline counterpart. The growth of highly-oriented with high quality thin films using single substrate such as MgO and LaAl0 3 or conductive oxide (lattice matched) buffer layer has been demonstrated.

However, it remains an open formidable challenge to grow highly oriented BST thin films directly on Pt coated Si substrates without any buffer layers.

It is well known that orientation and growth mode in epitaxy or well-oriented are very much determined by the involved interface and surface energies. These depend " primarily on the strength and nature of the chemical bonds between film and substrate atoms on the one hand, and between film atoms on the other hand. Epitaxial relationships lower the interfacial energy. It may occur that the optimal epitaxial relationship does not sufficiently lower the energy, and another orientation may have a more advantageous energy balance due to lower surface energies. Similarly, the orientation control on bare platinum can be explained in terms of competing surface and interface energies the moment of nucleation. U nfortunately, our knowledge of the relevant surface and interface energies is not complete. We nevertheless try to explain the observed behavior with the available data.

There are severa! studies on the effect on dielectric properties for BST thin films, especially on lower dielectric losses by doping with Mg 2 +, Co 3 +, Fe 3 + and Mn 2 +, etc.

The mechanism for this behavior is that ions with a charge less than 4+ can substitute for Ti 4 + and behave as electron acceptors. These acceptors prevent the reduction of Ti 4 + to Ti3+ by neutralizing the donor action of oxygen vacancies. Because the electrons resulting from the generation of oxygen vacancy can hop between different titanium ions and provide a mechanism for dielectric losses, the compensation for oxygen vacancy with the correct amount of acceptor dopants helps to lower the loss tangent. However, the reduced dielectric losses of BST as a result of the addition of the nontunable and of relatively low permittivity of these oxides were at the expense of great reduction in dielectric constant, as weil as dielectric tunability. Viewing this light, compositing BST films with moderate permittivity and very low loss dielectrics BZN seems promising. However, it may be challenging to retain texture growth as weil as control the dielectric properties of such composite structures. Therefore, it is required to fabricate composite thin films to tailor the losses of BST films without compromising the tunability much to achieve high figure of merit suitable for microwave tunable deviees. More research is clearly required to explore these alternatives.

For decades, there has been a great deal of interest in mapping and understanding changes that occur in the functional characteristics of ferroelectrics as specimen size is reduced. Particularly attention has been given to ferroelectric thin films.

Establishing fundamental size limits beyond which ferroelectricity can no longer be supported has been a key quest, and has involved careful experimental characterization of ultrathin films, as well as modeling. It has been reported that the bulk properties of very high dielectric constant were frustrated showing decreasing dielectric constant, and increasing dielectric loss and leakage currents with decreasing film thickness. Exploring the issue that the dielectric properties degradation in thin film form compared to bulk is important to design novel materials with better material characteristics as weil as deviee performance. Although BST thin films are extensively investigated for tunable microwave deviee application, limited attempts have been made so far to identify the variations in permittivity in highly oriented BST films with film thickness and measured temperature (low temperature) to understand the dielectric behavior of the bulk layer and the nature of the low permittivity interfacial component.

In the last decade, BST thin films have been studied extensively for their use in tunable microwave deviees. Most of these studies were studied to evaluate material parameters at lower (<1 MHz) frequencies. To test these thin films for practical purpose, the material should be evaluated at microwave frequencies, since tunable deviees are operated at in the microwave range (300 MHz to 300 GHz). Moreover, as mentioned earlier, growth of highly epitaxially with high quality BST films is also equally important. Furthermore, it is very difficult to prepare highly epitaxially BST films on sapphire substrate due to big lattice mismatch between BST and sapphire.

There are few attempts in the literature conceming the microwave properties of epitaxial BST films on sapphire over a wide range microwave frequencies (1-40 GHz), rather than at the lower, narrower frequency ranges (::S 10 GHz).

For many practical applications, accurate characterization of the frequency dispersion of BST -based thin film on semiconductor compatible high resistivity Si substrates, is crucial if the BST dielectric material is to be used in future high-frequency integrated circuit deviee application. Similarly, the limitations for high frequency applications are the low tunability and high microwave loss. Thus, introducing of a low loss dielectric BZN combined with high permittivity BST on HR-Si presents an intriguing opportunity to develop materials for tunable deviee applications with stringent demands focused on low dielectric losses, while still maintaining moderate tunability. Moreover, accurate characterization of microwave properties at higher frequency gives the right feedback to enhance the tunability and improve microwave loss. Very limited experimental attempts have been identified in the literature that studies the microwave properties of BST -based capacitors directly on HR-Si substrates in the high frequency domain.

Motivated by the above stated facts, following areas have been identified that need further research to synthesize barium strontium titanate and related thin films for their possible applications in microwave applications. The main objectives of this research work are stated as follows:

(1) To grow high quality textured BST thin films on Pt-coated Si substrates.

RF magnetron sputtering method is an effective technique used to deposit high quality thin films. The preparation of the film is very sensitive to process parameters.

A systematic study of the effect of sputtering parameter [0 2 /(Ar+0 2 )] on phase formation behavior aimed towards synthesizing highly oriented and textured films needs to be carried out. Introducing seeding layer is also an effective approach to obtain highly oriented films. Hence, the first part of the thesis was devoted to indentify and optimize the process parameters as well as insert TiOx seeding layer to obtain grain oriented highly textured, deviee quality BST thin films.

(2) Study the effect of thickness of BZN layer on the dielectric properties of highly oriented BST thin films.

Very low loss non-ferroelectric material, such as BiuZn1.oNb1.5 (BZN) has been found to have considerable effect of the electrical and dielectric properties of the BST thin films. Hence the effect of making composites in the highly oriented BST thin films with optimum thickness of BZN films are needed to be studied in details.

(3) lnvestigate the bulk and interfacial properties for highly oriented BST îùms.

In a thin film, near either film-electrode interface the ionie contribution to the dielectric properties is suppressed, that is, a region a few lattice constant thick acts as a low permittivity or "dead" layer. An applied voltage is dropped across the interfacial layers and the bulk of the film in series. The effect of interfacial capacitance is more pronounced for thinner films. Thus, systematically investigation of highly oriented BST thin films with various thicknesses is necessary to study in details. Most of the earlier studies on the electrical properties of BST thin films were carried out only at low frequencies. However, high frequency properties of the films may differ from that measured at low frequencies. Hence, in order to choose the best material for room temperature microwave tunable deviees, it is needed to test these thin films at high frequencies.

In this chapter, ceramic target preparation, thin film deposition technique and their characterization techniques used in the present study are described.

Preparation of Sputtering Ceramic Target

In this thesis, ceramic targets including Bax Sri-x Ti03 and Biu+xZnNbu07 were used for sputtering. Details of ceramic targets preparation can be found in the following section.

Preparation of BaxSr 1 .xTi0 3 Ceramic Target

Ceramic targets Bao. 6 Sro. 4 Ti03 with excess 20 % BaO and 10 % SrO were prepared by a conventional solid-state reaction from BaC03, SrC03 and Ti02 oxides of purity higher than 99.98 % and the technological details were under very careful surveillance. The starting materials in stoichiometric proportions were ball-milled for 24 h in water, dried and calcined at 1150 °C/2 h. After that, they were remixed and pressed into disk-shape pellets '90 mm in diameter, and finally sintered at 1250 °C/2 h. 

• • • • 'i' ••• S~s~ 1 \ Fig. 3.3. Schematic drawing of a sputtering process
The sputtering chamber is pumped down to high vacuum fi.rst. Then a working gas such as argon is introduced into the chamber. The target is connected to a high negative voltage source, which ionizes the argon gas into positive ions and electrons.

After the glow discharge occurs, the positive argon ions are accelerated towards the target and knock off clusters of atoms from the target surface. The bombarded target atoms travel through the plasma and collide with the plasma species including electrons, neutrals and gas ions and subsequently are deposited onto the substrate. The energy of the arriving atoms depends on the sputtering parameters such as power and pressure.

Both direct current (DC) and radio frequency (RF) power can be applied to the target depending on the electrically conductivity of the target. DC power can be used only for conducting targets, whereas RF power can be used for both conducting and insulating targets. Magnetron sputtering is another technique which can increase the sputtering rate and operate at lower pressure. In magnetron sputtering, a permanent magnet is installed on the backside of the cathode and generates a magnetic field to trap secondary electrons close to the target during the sputtering process. The electrons follow helical paths around the magnetic field lines and have more ionizing collisions with the neutra! gas near the target than would otherwise occur. This enhances ionization of the plasma near the target and leads to a higher sputtering rate.

It also means that the plasma can be sustained at a lower pressure. The sputtered atoms are neutrally charged and so are unaffected by the magnetic trap~.

The machine used for Pt and Ti deposition was a MRC system with 5"diameter commercial metal targets. The machine for BaxSr1-xTi03 and Bh.sZn~.oNbu03 films was Plasyss system with a 3" ceramic target and magnetron sputtering. All the above sputtering machines use on-axis sputtering, which means the target surface is facing the substrate directly. In the Plasyss, the substrate could be heated up to 1200 °C using a copper resistance heater. The chamber was evacuated to a base pressure of 5 X 1 o-7

Torr using a turbo molecular pump. Then, the sputtering gas of Ar or Ar/0 2 mixture at a desired pressure was introduced into the chamber. Up to 50W RF power was applied to the target to ignite the plasma. The power, gas pressure and substrate temperature were adjusted to optimize the film quality.

Film Preparations

Pt Metal Electrodes

Single crystal silicon wafers with (1 00) orientation were cleaned using acetone, isopropanol and deionized water, then dried with a nitrogen gun and loaded into the MRC sputtering chamber, in which 5" target of Pt and Ti were installed. Pt (120nm)

and TiOx (20nm) were deposited at room temperature. After deposition, the Pt!Ti0xfSi0 2 /Si heterostructures were then post-annealed at 700 oc for 1 h in the conventional fumace to improve the crystallization. The X-ray diffraction (XRD) spectrum for Pt!TiOxiSiOz/Si shows that Pt is highly (Ill) textured as shown in Fig. 
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(for cubic structure) .Jh2 + k2 + 12

Scanning Electron Microscopy (SEM)

A high resolution scanning electron microscopy (SEM, Ultra55, Zeiss, Oberkochen, Germany) equipped with a field-emission source were used to examine the microstructure and morphology of BST and BZN thin films. Also, the thicknesses of the films were determined with FE-SEM from film cross-section observations. The acceleration voltage used was between 5-15 k V. Work distance was between 8 to 15 mm.

Atomic Force Microscopy (AFM)

AFM is a microscopie technique that measures the morphology and properties of surfaces on the atomic scale. It can be used to measure surface photography, surface hardness, and elastic modulus. The interaction that is monitored in AFM is the van der Waals force between the tip and the surface; this may be either the short-range repulsive force (in contact-mode) or the longer-range attractive force (in non-contact mode). For AFM, a sharp tip, typically made from ShN 4 or Si is placed at the end of cantilever with a very low spring constant. The nanoscope AFM head employs an optical detection system in which the tip is attached to the underside of a reflective cantilever. A diode laser is focused onto the back of a reflective cantilever. As the tip scans the surface of the sample, moving up and down with the contour of the surface, the laser bearn is deflected off the attached cantilever into a dual element photodiode.

In the present work, the surface morphologies of the thin films were imaged using contact mode atomic force microscopy (AFM, Veeco, Santa Barbara, CA, USA).

Electrical Measurements

Metal-lnsulator-Metal Structure

For electrical measurements at low frequency, metal-insulator-metal (MIM) structure capacitors were defined by standard photolithographie lift-off technique using de magnetron sputtered 120-nm-thick Pt electrodes (A=1.766x10-4 cm 2 ) on the films surface. The capacitors were then annealed at 500 °C for 60 min in an air ambient to improve the top electrode/BST interface. The dielectric properties of the films with MIM structure were measured with an Agilent 4192A (HP, Englewood, CO, USA) precision impendance analyzer by applying 100 rn V oscillating test field at frequency of 1 0 kHz at room temperature (RT). The MIM structure for capacitance measurement was shown in Fig. 3.5. The dielectric constant of (sr) the films was extracted from the capacitance by the equation: sr=Cd/s 0 A. Where dis the thickness ofthe film and Ais area of the top electrode. 

Coplanar Waveguide Transmission Lines

For microwave properties at high frequency, coplanar waveguide (CPW) transmission lines consisting of 3 mm long fingers, 30 J.tm wide centre conductor, 190

!lill wide ground lines with 1.0 !lill finger gap (see Fig. 3.6) were defined by standard optical photolithographie lift-off technique using electron-bearn evaporated Au/Ti (300-nm-thick) electrodes on both bare substrate and film surface. The microwave dielectric properties of substrates (Sapphire, HR-Si), BST, BZN and BZN/BST films were measured as a function of frequency (1-50 GHz) and de bias (-30-+30V) by using a ground-signal-ground microprobe (Cascade Microtech) station connected to a vector network analyzer (Agilent Technologies E8361A). First, the complex propagation constant y ( y=a+jp), defining microwave propagation on the transmission !ines, was calculated from the scattering parameters obtained from the microwave measurements on the substrate. It is then possible to extract the complex dielectric permittivity s (s=s'-js") of the substrate and conductor lasses by fitting the experimental y using a two-dimensional tangential vector finite element method coupled with software Elfi (JAP, 107, 054112, 2010). It is fundamental to know these values in order to determine rigorously the main properties of the films. Finally, the intrinsic dielectric properties of the hetero structure: s, loss, tunability was obtained by applying the same procedure.

This chapter is divided into two sections. In the first section ( 4.1) of this chapter, perfectly (001)-and (111)-oriented (Ba,Sr)Ti0 3 (BST) thin films on Pt/Ti0x/Si0 2 /Si without buffer layers were obtained. The second part (section 4.2) deals with the effect of ultrathin TiOx seeding layer on crystalline orientation and electrical properties ofBST thin films. Epitaxial BaxSrl-xTi0 3 films have been prepared, using various techniques, on different single-crystal substrates such as LaA10 3 and Ah0 3 • 3 ' 4 However, the use of these substrates is associated with major drawbacks from an industrial point of view due to their high cost and small-sized geometries ( ~ 1 x 1 in. pieces ). Meanwhile, integrating perovskite ferroelectrics on Si technology, with its low cost, large area, and high-volume production, has intrigued great interest in order to make multifaceted devices. 5 • 6 Much work has been clone to deposit polycrystalline ferroelectric films on platinized Si wafers for various applications. 7 • 8 While su ch an approach is qui te valuable, it would also be of importance to grow an epitaxial ferroelectric layer on Si to further improve its structural and physical properties. Epitaxial growth of perovskite oxides on Si has been studied with the use of a proper buffer layer such as yttria-stabilized zirconia (YSZ), Bi 4 Th0 12 /YSZ, and Mg0. 9 -11 With such a configuration, highly oriented BST was obtained and the dielectric properties were improved in comparison with polycrystalline BST. Nevertheless, the aforementioned structure is complex and a relatively simple structure is desired. 02/(Ar+Oz) mix ratios (OMR) have been used to control the crystalline properties of the BST films. This enables the growth of BST films on platinized silicon substrates without buffer layers, but with different crystallographic orientations. The effect of the orientation on the dielectric properties ofBST films was also investigated.

Experimental Procedure

500±15 nm-thick BST thin films were in-situ deposited on Pt(ll1)/Ti0x1Si0 2 /Si substrates using RF magnetron sputtering. The sputtering target was ceramic Bao.6Sro.4Ti03 with excess BaO and SrO as mentioned in section 3.1.1. Details of the BST thin films deposition conditions were tabulated in Table 3.1. The structure properties and crystallinity of the BST films were characterized by an X-ray diffraction (XRD, Siemens D5000, München, Germany) with CuKu radiation (À=0.154 nm) using 8-28 scan. The surface morphology and the thickness of the films were observed by scanning electron microscope (SEM; Hitachi S-4700, Tokyo, Japan). The capacitance-voltage (C-V) in the range from -400 kV/cm and 400 kV/cm

were measured with an Agilent 4192A (HP, Englewood, CO, USA) precision impendance analyzer by applying 100 rn V oscilla ting test field at frequency of 10 kHz. 4.1 also lists the in-plane (a), out-of-plane (c), and cubic lattice parameters (ao) calculated by the position of (001) peak and (111) peak. The films prepared with OMR<30% exhibited out-of-plane (c>a) tetragonal lattice distortions and the cubic lattice parameters ao calculated for ali these films were slightly larger than the bulk lattice parameter. The observations of the lattice distortion and lattice expansion may be due to lattice mismatch and thermal coefficient mismatch between film and substrate as weil as oxygen vacancies in the film. 13 The change of preferred orientation of BST films on Pt/Ti0x/Si0 2 /Si from (00 1) to (Ill) with various OMR can be explained in terms of competing surface and interface energies at the moment of nucleation. The high growth temperature (800 oc)

Results and Discussions

and the high film growth rates (~2.59 nm/min, resulting from the case ofOMR=O %, see Table 3.1) probably favor the (001) nucleis by a thermodynamical mechanism due to their low surface energy. 14 However, the interface seems to dominate since oxygen presence during sputtering caused insufficient impingement of ad-atoms on the substrate (low growth rate, <2 nm/min), hence, the atoms are forced to take next energetically favorable configuration, i.e. BST(lll), following the orientation of Pt(lll )/TiOx/Si02/Si substrate.

Surface and cross-section SEM photographs of (00 1 )-and (Ill )-oriented BST films deposited with OMR=O % and 30 % are presented in Fig. 4.2. The (111)-oriented BST films had a larger grain size (~150 nm) when compared to (001)-oriented BST films of grain size 40-100 mn. An increasing in grain size of (111)-oriented BST films may be attributed to the enhanced grain growth behavior by higher OMR. Both of the cross-sectional SEM images reveal dense microstructures, a uniform thickness and sharp interface with substrate. The thickness of all BST films was carefully controlled within 500±15 nm because the dielectric permittivity ofBST thin films on Pt electrodes is thickness dependent. 15 4.1 ), each BST film shows different cr values. The (111 )-oriented BST films always showed higher Er compared to the film with (001) orientation. This enhancement of cr was attributed to (111) orientation and the relatively larger grain size of BST films with increasing OMR. However, the decrease Er for the films deposited with OMR>40 % was due to relative poor crystallinity as shown in Fig. 4.1.

The maximum Er was ~632 for (111)-oriented BST film (~332 for (001)-oriented BST film). As for tan J of the film, a higher Er led to a higher tanJ, which is typical for many ferroelectric materials. The dielectric properties of BST deposited at various OMR are summarized in Table 4.2. BST films prepared with OMR=O% and OMR=30 %, respectively. Both of the BST films exhibited clear hysteresis (butterfly curves) in the Er with de bias, indicating the presence of permanent di po les. Tunability is defined as ( Er,max-Er,min)IEr,max, is known to depend the degree of orientation. 16 The (111)-oriented BST film grown with OMR=30% exhibited a remarkably tunability of 68 %, as compared to 52% obtained with the highly (001)-oriented BST film, at an applied field of± 400 kV/cm. This value is comparable to that ofpolycrystalline BST thin films 8 (28 %, at 2~7 kV/cm), and to that of epitaxial (111)-textured BST film (49.4 %, at 455 kV/cm). 12 It is believed that the lager grains in (111)-oriented BSTfilms deposited with OMR=30% are also likely the source of the increased tunability. 

Summary

In conclusion, perfectly (001)-and (111)-oriented Bé~ü_ 6 Sro.4Ti0 3 (BST) thin films were grown on Pt (111)/Ti0x/Si02/Si substrates by RF magnetron sputtering without buffer layers. The oxygen presence which 1owered the growth rates during sputtering have been identified as critical parameter. The perfectly (111 )-oriented BST films deposited with OMR=30% exhibited a broader grain size distribution than the (001) textured BST films. At an applied field of 400 kV/cm, high tunability of 52 % and 68 % can be achieved for (00 1 )-and (111 )-oriented BST films, respectively. This work demonstrates that the orientation of BST thin films can be controlled on Pt which should enable development of the next generation of ferroelectric deviees.

Effects of Ultrathin TiOx Seeding Layer on Crystalline

Orientation and Electrical Properties of BST Thin Films

In this section, the effects of ultrathin Tiüx seeding layer on crystalline orientation and electrical properties of BST thin films have been investigated. An ultrathin TiOx layer acts as an initial template for the BST films in the first nucleation stage, resulting in a significant influence on crystalline orientation and electrical characteristics of the resultant BST films.

Introduction

BaxSr1-xTi03 (BST) thin films are being widely investigated for applications as Gbit dynamic random access memories, bypass capacitor, and tunable microwave deviees because of its high dielectric constant, low dielectric loss, good thermal stability, and good high frequency characteristics. 17 ' 18 The dielectric behaviors of BST films, including the dielectric constant, and tunability of capacitance are very sensitive to the relative crystallographic orientation, as has been observed by comparing (00 1 ), (11 0), (Ill), or randomly oriented films. 1 9 • 20 Generally, polycrystalline BST thin films are of great interest in part because of their good dielectric and electrical properties for a broader choice of deviee integration strategies. 7 However, randomly oriented polycrystalline films have certain limitations, and they may have unacceptable cell-to-cell variations when the lateral size of the ferroelectric cells is below 100 nm, as is required for Gbit memories. 21 The use of uniformly oriented ferroelectric films is most probably the only way to avoid such problems in high-density ferroelectric memories. Effective measures so far taken on preparing well-oriented BST thin films had been focused mainly on selection of single-crystal substrates such as Ah03 and MgO, insertion of a seeding layer and/or different bottom electrodes? 0 

Experimental Procedure

A series of Tiüx layers with thicknesses ranging from 0~ 12 nrn were firstly deposited on Pt(111)/Ti0x1Si0 2 /Si substrates by de magnetron reactive sputtering at room temperature using commercial Ti metal target followed by a post-anneal at 700 oc for 60 min in an air ambient. The thickness of the ultrathin Tiüx seeding layer was estimated by the deposition time according to the average growth rate of the thick TiOx film on Si0 2 /Si substrates. 600±15-nm-thick BST(.x=0.4) films were then in-situ (800°C) deposited on Tiüx(O~ 12nm)/Pt(120nm)/Tiüx1Si0 2 /Si substrates by RF-magnetron sputtering from a stoiehiometric Bao. 6 Sro.4Ti0 3 ceramic target with excess Baü and Srü using an 100% Ar sputtering gas with total pressure of 15 mTorr and a sputter power of 70 W. The distance between the target and substrate was kept 8 cm. For eleetrical measurements, metal-insulator-metal structure capacitors were defined by standard photolithographie lift-off technique using de magnetron sputtered 120-nm-thick Pt electrodes (A=1.766xi0-4 cm 2 ) on the BST films surface. The capacitors were then annealed at 500 °C for 60 min in an air ambient to improve the top electrode/BST interface. The structure properties and crystallinity of the BST films were characterized by an X-ray diffraction (XRD, Siemens D5000, München, Germany) with CuKa radiation using 6-29 scan. The surface morphology and the thickness of the films were observed by scanning electron microscope (SEM, Ultra55, Zeiss, Oberkochen, Germany). The capacitance-voltage (C-V) were measured with an Agilent 4192A (HP, Englewood, CO, USA) precision impendance analyzer by applying 1 00 rn V oscillating test field at frequency of 1 0 kHz at room temperature.

The Curie temperature (Tc) was measured by a semiconductor characterization system (Keithley, 4200-SCS, Cleveland, USA) interfaced with a temperature-controlled probe station under vacuum and cooled with liquid N2 in a temperature range of 100-320 K. • However, TiOx-assistant improvement in crystallinity seems to have an optimized thickness window, the increases of (111) orientation intensities concomitant with the initial increase in TiOx thickness and show maximums at 5-nm-thick. This trend suggests that an even thicker TiOx (e.g., 7 or 12 nm) seeding layer seems not favourable for crystallization of the BST films, which might be attributed to an excess of amount TiOx formed at the BST/Pt interface. BST(001)/Ti0x(Onm) film, at an applied field of ± 400 kV/cm. This value is comparable to that of (111 )-textured BST films with 1 0-nm-thick MgO buffer layer (30 %, at 300 kV/cm) 11 and to that of polycrystalline BST films (28 %, at 237 kV/cm). 30 These results are consistent with XRD and SEM analyses, as the dielectric properties of BST films are profoundly affected by the crystallinity, microstructure, and preferred orientation. 31 • 32 The hysteresis effects (butter:fly curves) that are ascribed to sorne local ferroelectric domains existed in films 33 Measurement of the electrical properties over a temperature range of 100 to 320 K enabled the Curie peak at the Curie temperature (Tc), to be observed and also gave an ide a of the possible effects of the temperature variation. 

Results and Discussions

Summary

In conclusion, highly (001)-and ( 111 

CHAPTER5 Studies BZN/BST Composites Films for Microwave Applications

This chapt er is divided into two sections. First section, section 5.1 de scribes the effects of substrate temperature on the crystalline of BZN thin films. In section 5.2, effect of BZN thickness on dielectric properties of (111)-oriented BST thin films for microwave deviee applications is described. Dielectric materials for these applications must possess a moderate to large dielectric constant, low loss tangent (tani5), high dielectric quality factor Q (Q is equal to 1/tanô), and a small temperature coefficient of resonator frequency (for resonators).

Effects of Substrate

Bh03-ZnO-Nb20 5 (BZN) pyrochlore ceramics have previously been developed for low firing temperature multilayer capacitors. 1 -4 Recent studies showed that sorne compositions in the BZN system also exhibit excellent microwave properties. 5 BZN ceramics with dielectric constants> 100, temperature coefficient of resonant frequency rTjï<l 0 ppm/°C and microwave Q/>5000 GHz have been reported. 6 The good dielectric properties shown by the BZN system suggest that thin films of this composition are potential materials for integrated microwave resonators and decoupling capacitors. Thin films may have the advantage of lower crystallization temperatures and smaller deviee size than bulk ceramics and can be integrated in microelectronic deviees. In this section, BZN thin films deposited on Pt/TiO)Si substrates by RF magnetron sputtering and the effects of substrate temperature on the crystalline of BZN thin films have be en investigated.

Experimental Procedure

The BZN films were grown on Pt(lll )/TiOxfSi02/Si substrates by RF magnetron sputtering from a stoichiometric BiuZn1.0Nbu0 7 ceramic target with excess Bh03 using an Ar/0 2 flow ratio of 70/30 sputtering gas mixture with total pressure of 15 mTorr and a sputter power of70 W. The substrate temperature was varied and ranged ..

from 600 oc to 750 oc (See details in Table 3.2). The structure properties and crystallinity of the BZN films were characterized by an X-ray diffraction (XRD, Siemens D5000, München, Germany) with CuKu radiation using 9-29 scan. The microstructure and the thickness of the films were examined using atomic force mtcroscopy (AFM, Veeco, Santa Barbara, CA, USA) and scanning electron m1croscopy (SEM, Ultra55, Zeiss, Oberkochen, Germany), respectively. The capacitance-voltage (C-V) in the range from -400 kV/cm and 400 kV/cm were measured with an Agilent 4192A (HP, Englewood, CO, USA) precision impendance analyzer by applying 100 rn V oscillating test field at frequency of 10 kHz.

Results and Discussions
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À ' ~ induces vaporization loss of volatile species such as Bi and Zn, which destroys the crystallinity of the materials. Obviously, the XRD profile of the BZN films deposited at 700 °C shows a well-defined diffraction peaks. The value of lattice constant of BZN deposited at 700 oc was calculated to be 10.508 A, which is slightly smaller thau that of the bulk material (10.553 À) 6 because of the stain effect between the BZN film and the Pt substrate. . ' -6,0x10~ -4,0x10 5 •2,0x10 5 0,0 2,0x10' 4,0x10 5 6,0x10 5 Eleetric field (V/em) study, BZN will be added as dopants to decrease the overallloss for BST thin films in the next section.

Summary

In summary, BZN thin films have been deposited at 600-750 °C on Pt coated Si substrate using RF magnetron sputtering. XRD, SEM and AFM analysis show that BZN deposited at 700 oc has good crystallinity and smooth surface. Electrical measurements show very low loss tangent can be achieved for BZN, thus, BZN will be used as a composite layer with BST thin films in the next section. loss tangent, and tunability at 355 kV/cm of polycrystalline Bao. 5 Sro. 5 Ti0 3 (400 nm) films and BZN (375 nm)!Ba.o.sSro.s Ti03 (300 mn) bilayered thin films were reported as " 138, 0.053, and 24% and 106, 0.011, and 10 %, respectively. 21 Thus, introducing of a low loss dielectric BZN combined with perfectly (111)-oriented BST presents an intriguing opportunity to develop materials for tunable deviee applications with stringent demands focused on low dielectric losses, while still maintaining moderate tunability. In this section, we present an experimental study on the addition and the thickness effect of BZN layer on dielectric properties of (111 )-oriented BST thin films and show that such material systems may indeed be utilized in tunable filters for mobile communication applications such as cellular phones and handheld radios.

Experimental Procedure

500±15 nm-thick BZN/BST(lll) bilayered thin films were deposited on Pt (120 nm)/TiOjSi02/Si substrates using RF-magnetron sputtering. The sputtering targets were ceramic Bao.6Sro.4 Ti03 with excess Baü and SrO and BiuZni.oNb1.50 7 with excess Bh03. BZN layer with various thicknesses (0; 50; 150; 250; 500 nm) were prepared on the desired BST layer thickness at a reduced temperature of 700 oc due to the lower crystallization temperature for BZN films. Details of the BST and BZN thin films deposition conditions were tabulated in Table 5.1. The structure properties and crystallinity of the bilayered thin films were characterized by an X-ray diffraction (XRD, Siemens D5000, München, Germany) with CuKa radiation (À=0.154 nm) using 8-28 scan. The cross-section morphology and the thickness of the films were observed by scanning electron microscope (SEM; Hitachi S-4700, Tokyo, Japan). For electrical measurements, Metal-Insulator-Metal (MIM) structure capacitors were defined by standard photolithographie lift-off technique using de magnetron sputtered 120-nm-thick Pt electrodes (A=l.766x10• 4 cm 2 ) on the BZN/BST(lll) bilayered films surface. The capacitors were then annealed at 500 oc for 60 min in an air ambient to improve the top electrode/BZN interface. The capacitance-voltage (C-V) in the range from -400 kV/cm and 400 kV/cm were measured with an Agilent 4192A (HP, Englewood, CO, USA) precision impendance analyzer by applying 100 rn V oscillating test field at frequency of 10 kHz. 
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7). Similar phenomena were observed in

SiN/Bao.sSro.s Ti03 bilayered thin fil.ms? 2 The tunability is defined as { ( e(O)-e(Emax)/ s(O)} x 100 %, where s(O), e(Emax) are the permittivity of BST thin film at zero and maximum bias field, respectively. In the meantime, the BZN/BST(lll) bilayered thin films demonstrate gradually deteriorate tunability performance, which is about 67.75 %, 50.55 %, 24.64 %, 12.04 %, and 1.25 %for BZN 1ayers of 0, 50, 150, 250 and 500 nm, respectively. Aquick drop oftan t5 at zero bias from 0.028 to 0.0108 with increasing in BZN thickness from 0 to 50 nm, while a slight decreasing of tan b with further increasing in BZN thickness more than 150 nm, are observed in Fig. 5.6(b).

Moreover, the tan J of the BZN (>0 nm)/BST( 111) bilayered films changed little with the downward and upward bias fields. The reduction of s, tunability, as weil as tan J should be ascribed to the presence of BZN phase in BST. Clear hysteresis (butterflycurves) in the e (as well as tan J) with de bias could be seen in Fig. 5.6. It can be attributed to the presence of permanent dipoles in the bilayered thin films or can be induced by dead interface layer. The asymmetry characteristics of the curves for the heterolayered thin films should be mentioned. Silimar asymmetry has not been observed in BZN, BST single layer or BZN/BST/BZN films with symmetry structure, 23 which suggests that the asymmetry configuration of the bilayered films should be responsible for the observed asymmetry in both curves.

The measured capacitance of the MIM structure is the series connection of the capacitance of the BST and BZN layer if the electric field is applied along the thickness direction. 17 Thus the average dielectrîc constant can be expressed as

dtota/ d BST d BZN --= --+ --, &av & BST & BZN (5.1)
where d 1 otab dssr, and dszN represent the thickness of the total film, BST, and BZN, respectivley. ëav is the permittivity of the bilayered film; essr, eszN is the permittivity of the single layer BST and BZN in our experiment, which is 632 and 152, respectively. The ëav calculated from Eq. (5.1) as well as measurements of the BZN/BST(lll) bilayered thin films under zero bias are presented in Fig. 5.7, which exhibit a similar trend to the results of the experiment. Since BZN is a low dielectric layer, the decreased dielectric constant of BST thin films with increasing BZN thickness can be partially understand by Eq. (5.1). However, the difference between the calculation and measurements might actually reflect the presence interfacial capacitance. In a film, near either film-electrode interface the ionie contribution to the dielectric response is suppressed-that is, a region a few lattice constant thick acts as a low permittivity or "dead" layer? 4 92 The figure ofmerit (FOM) defined as FOM=tunability/tan ois frequently used to characterize th~. quality of tunable materials, which is a balanced combination of tunability and dielectric loss. Figure 5.8 summarizes the tunability and FOM of BZN/BST(lll) bilayered thin films as a function of the thickness ratio of dszN/( dssT+dszN). As mentioned above, the tunability decreases with the increase in BZN thickness. However, the BZN/BST(lll) bilayered thin films at a thickness ratio dsZN/(dssT+dszN) of 0.1 give the largest FOM of 46.8, at which the tunability and dielectric loss exhibit an optimum balance. This experimental result shows a better dielectric properties behavior than that in BST thin films with MgO buffer layer 25 and demonstrates an attractive prosper for the tunable microwave deviee applications.
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Summary

Our results show that introducing of a low loss dielectric BZN combined with perfectly ( 111 )-oriented BST is a promising tool to ac hi eve desired material properties required for specifie tunable deviee applications. For example, for phase shifters, one would require a large tunability. In that case, highly (111)-oriented BST thin films would be an appropriate choice. On the other hand, for frequency-agile filters operating in the microwave regime, low dielectric !osses are a premium. Therefore, BZN eombined with highly (111 )-oriented BST would yield signi:ficantly better loss properties with a reasonable dielectric tunability. Our findings indicate than BZN/BST ( 111) bilayered films are promising materials for such tunable deviee applications which advocate stringent demands of reduced dielectric loss while maintaining moderate tunability.

In this chapter, the variations m the permittivity with film thickness and measurement .temperature of perfectly (111 )-oriented Bao6Sro.4 Ti03 (BST) thin films with thicknesses ranging from 45 to 800 nm were investigated. Ali the films showed elongations in the lattice parameter, suggesting the presence of residual strains but which were insensitive to film thickness. Temperature-dependent measurement of the permittivity revealed unusual Curie point independent of thickness, about 305±5 K, where the phase transition appeared frustrated. The thickness-dependent permittivity at a given temperature was explained by using the previously reported interfacial intrinsic low-permittivity layer model.

Introduction

Ferroelectric materials offer an enticing prospect for incorporation into frequency-agile microwave electronic components, including phase shifters, varactors, tunable filters, and antennas. (Ba,Sr)Ti0 3 solid solutions exhibit a large permittivity that can be as large as 10 000

for bulk samples in the vicinity of the paraelectric-to-ferroelectric phase transformation temperature Tc which can be controlled via the composition [ e.g., the bulk Tc of Bao.6Sro.4 Ti03 (BST) is close to room temperature (5 °C)]. 7 Tuning applications rely on the nonlinear dielectric response of ferroelectric materials, which can be maximized close to Tc. 4 So, if the Tc can be modulated to be doser to the operation temperature (i.e., RT), higher tunability could be obtained. However, an almost universal issue is present: the inability to reproduce the properties of bulk ceramics or single crystals in thin-film forms, most probably due to the interfacial intrinsic low-permitti vity layer, s-I 0 electrode polarization, 

Investigations ofSputtered (Ba,Sr)Ti0 3 Thin Films for Tunable Microwave Applications

The Tc temperature at which the dielectric constant is at a maximum can change dramatically. 15 -17 For example, studies by Paker et a/. 15 have been shown that the maximum permittivity ofBST films decreased from 662 to 168, and Tc shifted from 269 to 102 K with decreasing thickness from 580 to 40 nm. This shift of Tc to low values reduces the performances of the material at RT, making it less attractive to integrate into commercial deviees.

While in section 4.1 our studies have shown that perfectly (Ill )-oriented BST films on Pt(lll )/Ti0x/Si0 2 /Si substrates exhibited excellent dielectric properties, which have more advantages for microwave tunable deviees application than (001)-oriented BST films. 18 Thus, accurately quantifying the characteristics of the temperature-dependent dielectric response that change with thickness in such perfectly (Ill )-oriented BST thin films is of great practical and theoretical importance.

In this section, the variations in permittivity of perfectly (111 )-oriented BST films with film thicknesses ranging from 45 to 800 nm in a wide range of 77-320 K were studied in order to give insight into the dielectric behavior of the bulk layer and the nature of the low dielectric interfacial compone nt.

Experimental Procedure

A series of (Ill )-oriented BST thin films with thicknesses ranging from 45 to 800 nm were in-situ (800 oc) deposited on Pt(120nm)/Tiûx/Si0iSi substrates by RF magnetron sputtering from a stoichiometric Bao.6Sro.4 Tiû3 ceramic target with excess Baü and Srü un der conditions listed in Table 3 with CuKa radiation (À-=0.154 nm) using 8-28 scan. The surface morphology and the thicknesses of the films were observed by scanning electron microscope (SEM, Ultra55, Zeiss, Oberkochen,~Germany). The Tc was measured by a semiconductor characterization system (Keithley, 4200-SCS, Cleveland, USA) interfaced with a temperature-controlled probe station under vacuum and cooled with liquid N 2 in a temperature range of 77-320 K. XRD patterns for a representative set of BST films with thicknesses ranging from 45 to 800 nm are shawn in Fig. 6.2. It can be seen that ali the films exhibited single pervoskite structure with perfectly (Ill) orientation, and the intensity of (Ill) peak increases with increasing thickness, which is consistent with increasing grain size as displayed in Fig. 6.1. The lattice parameters calculated assuming cubic crystal symmetry of the BST films shown inset of Fig. 

Results and Discussions

Based on the lattice parameter of bulk BST higher than that of Pt (3.923 A, JCPDS Card No.04-0802), we would expect compressive in-plane strains within the film, which were relaxed in a continuous fashion as the thickness increased. 4 The tensile strains developing due to the difference in the thermal expansion between the film and the underlying substrate (a.Bsr=lOxl0-6 /K and O.sF2.5xl0-6 /K, respectivelyi 1 were estimated to be similar and of opposite sign as the films cooling from T 1 =800 oc to T2=2S °C. Here the a.BsT of different thicknesses of BST(lll) films was assumed to be the same as that of Bao.6Sr 0 . 4 Ti03 reported in literature 21 . As the film thickness increased from 45 to 800 nm in our work, the potential sources of intrinsic stress may become influential, which compensates with the relaxed compressive strains and makes the lattice insensitive to film thickness. Measurement of the electrical properties over a temperature range of 77 to 320 K enabled the Curie peak at the Tc, to be observed and also gave an idea of the~ possible effects of the temperature variation. The temperature dependent the measured relative permittivity (em) for the BST (111) thickness series are shown in Fig. 6.3 (a). The experimentally observed reduction in em for BST capacitors can be explained by the existence of interfacial "dead-layer" at electrode-dielectric boundaries with poor properties. They might arise from the oxygen interdiffusion, chemical reaction, or structural defects at the interfaces. The measured capacitance, Cm, may then be expressed as an interfacial capacitance, ci, and the bulk film capacitance cb, connected in series:

1 1 1 -= -+ -
cm cb ci' (6.4) or dm db -di di db di -= +-=-+-, 17 The last term of Eq. (6.5) is obtained assuming either eh >>e;ordh >>d;, 8 giving a linear relationship betweén dm 1 em and dm with a gradient of 1/ eh and y-axis intercept of di 1 ei. This is done for our BST (111) films with thicknesses from 45 to 800 nm at various temperatures as shown in Fig. 6.3 ( c ), from which the deviations between the fitting and measurements ascribed to the size effect could be observed, and di 1 e; as a function of temperature is shown in the inset of Fig. However, the fact that di and ei are inseparable in the conventional series capacitor model means that neither the dead-layer thickness nor the permittivity is weil defined. The eh extracted from the inverse slopes of linear graphs as a function of temperature is plotted in Fig. 6.4, showing that the Eb of the BST films increases with temperature and re aches a. maximum value at 31 0 K, although the temperature dependence of Eb is weak than that of the single crystal, further reflecting the size effects in ferroelectric materials. Since the interfacial layer is independent of temperature, the unusual Tc independence of BST film thickness can also be partially understand by the contribution of bulk BST component.

Summary

In summary, we have studied the variations m the permittivity with film thickness and measurement temperature of sputtered BST (111) thin films on Pt/TiOx/Si02/Si substrates with thicknesses ranging from 45 to 800 nm. All the films showed elongations in the lattice parameter insensitive to film thickness.

Temperature-dependent measurements of the permittivity in our BST (111) films revealed unusual Curie point independent of thickness, about 305±5 K, at which the phase transition became more diffuse. A model incorporating a bulk film and an interfacial capacitance was employed to explain the thickness-dependent permittivity at the given temperature.

CHAPTER 7

Microwave Properties of BST Films up to 50 GHz characterize BST films. Although ferroelectric materials in thin-film form often show inferior properties (lower dielectric constant and higher loss) as compared to bulk " ceramics, it has been demonstrated that high quality epitaxial films generally have much better properties than polycrystalline films. 9 -11 Very recently, it was shown that by depositing epitaxial (111 )-oriented BST films employing an ultrathin (9-A-thick) TiN layer as a template on Ah0 3 (0001) substrates, it is possible to obtain higher tunability while keeping the microwave loss low compared to polycrystalline BST films directly deposited on the substrates. 12 Xiao et al. also reported that epitaxial (001)-oriented BST thin films on Mg0/Zn0/Ah0 3 (1120) substrates revealed a very high dielectric tunability ofup to 84% at 1 MHz in 5 ~rn gap interdigital capacitor. 13 The improvement in tunability was attributed, in part, to a buffer layer-dependent strain relaxation of epitaxial BST films correlating with higher permittivity. Ali the above recent advancements have certainly paved the way for the realization of high frequency microwave applications based on the epitaxial-BST thin film capacitors. Benefiting from their work, we recently attempted to adopt an ultrathin (12-A-thick) TiOx buffer layer to obtain epitaxial (111) BST films on c-plane sapphire substrate, i.e., Ah03 (0001) and have systematically investigated their corresponding physical properties. Here, we present our recent achievements of the microwave dielectric properties of the highly epitaxial as weil as polycrystalline BST thin films on Ah03 (000 1) over a wide range of microwave frequencies (1-40 GHz), rather than at the lower, narrower frequency ranges (~ 10 GHz) more commonly studied. 14

Experimental Procedure

An ultrathin Tiüx layer with thickness ~12 A was firstly deposited on Ah0 3 and tan J( 40V) versus frequency for both epitaxial and polycrystalline BST films are illustrated inset of Fig. 7.3(a) and (b), respectively. Thus, a prominent enhancement tunability of 40.88 % can be achieved for the BST(lll )/TiO/ Ah0 3 film, as compared to 30.54% obtained with BST/Ah03 film, at frequency of 40 GHz with an applied field of± 300 kV/cm. In a previously published result for an epitaxial (111)-oriented Ba-0.3Sro.1 Ti03 (250-nm-thick) thin film with TiN buffer layer on c-plane sapphire, the tunability was ~33.87 % at 8 GHz with an applied field of 200 kV/cm. 12 While polycrystalline Ba 0 . 5 Sro. 5 Ti0 3 film showed a tunability of26% (20 GHz, 200 kV/cm) was reported in Ref. 20. The dielectric loss tangent, tan J (tan J= s"/e') was also obtained as a function of bias at microwave frequency ( 40 GHz) which is shown in Fig. 7.3(b) for BST/Ah0 3 and BST(lll)/Ti0x/Alz0 3 films. At zero-bias voltage, the tan J for BST/Ah03 and BST(lll)/Ti0/Ah0 3 film is 0.16 and 0.20, respectively. Similar behavior was also observed for BST thin films on Pt-coated sapphire substrates with somewhat higher permittivity and higher loss tangent at low frequency.

Results and Discussions

While both values are significantly larger than the dielectric loss at 1 00 kHz (~0.015),2 1 indicating further investigations are needed to lower the tan J. The increase in tan J in the microwave frequency range can be thought of to be due to a number of reasons, both of intrinsic (due to the interaction of the ac field phonons, including quasi-Debye losses) and of extrinsic (e.g., mobile charged defects, such as oxygen vacancies) nature. 22 Besides, no hysteresis in E' (as weil as tan J) versus de bias is displayed in any of the films shown in Fig. 7.3, although we have reported hysteretic effects for similar BST thin films with metal-insulator-metal (MIM) capacitors, where hysteresis was explained by presence of permanent di po les or dead interfacial layers. 15 Compare to MIM structure, the CPW configuration avoids the most of the parasitic components of the circuit and also the low-permittivity dead layer occurs at the interface of ferroelectric film/electrode. Overall, the microwave properties of BST thin films suggest that the high quality of the epitaxial films have excellent microwave performance for the development of high frequency tunable microwave elements operating at room temperature.

Summary

In conclusion, the (111) epitaxial growth of BST films on sapphire was achieved using an ultrathin Tiüx seeding layer deposited by RF magnetron sputtering. A six-fold symmetry of epitaxial BST on sapphire suggesting the presence of 60° rotation domains was observed by XRD pole figure analysis. The frequency dependence obeys a Curie-von Schweidler law over a frequency range of 1 to 40 GHz.

The tunability in an epitaxial (111)-textured BST film on Tiüx buffered sapphire was approximately 40.88 %, which was enhanced by 34 %, compared to that in a BST film directly on sapphire. For applications such as phase shifters, the benefits of high tunability dominate over the drawbacks of increased film loss, making our epitaxial films weil suited to such applications.

Microwave Properties of BZN!BST Bilayered Thin Films Directly

Déposited on High Resistivity Si Toward 50 GHz

Perovskite Bao.6Sro.4 Ti03 (BST), pyrochlore BiuZn1.oNbu07 (BZN) and hetero-structures BZN/BST thin films have been grown directly on high-resistivity (HR)-Si substrates by RF -magnetron sputtering. The microwave properties (toward 50 GHz) of all the films are evaluated by fabricating coplanar waveguide configuration.

The dielectric dispersion demonstrates that the complex permittivity ( s=s'-jr.") is weil described by a Curie-von Scheidler power law. Experimental results showed that the BZN helped in tailoring the dielectric constant and reducing the loss tangent significantly. Moreover, the low microwave loss (~0.167) combined with a high tunability (~7.7 %, 200 kV/cm) until 50 GHz suggest that BZN/BST/HR-Si films could be weil suited for integrated into microwave tunable deviees.

Introduction

Ferroelectric materials have been extensively studied for many decades owing to their outstanding ferroelectric, piezoelectric, and pyroelectric properties offering great promise for various applications. A potential application of ferroelectric materials is in microwave tunable deviees, including tunable mixers, delay lines, filters, and phase shifters for steerable antennas. 22 ' 23 Barium strontium titanate (BaxSr 1 -x Ti03 or BST) has become the leading materials system for these deviees due to its high dielectric response and its tunability near the ferroelectric phase transformation temperature Tc which can be controlled via adjusting composition [ e.g., the bulk Tc of Bao.6Sro.4 Ti03 is close to room temperature (5 °C)]_2 4 By adjusting the composition ofBST films, the transition temperature and, hence, the dielectric properties and its tunability can be tailored but the loss still keep high. Therefore, severa! compositions of BST thin films have been studied in great detail for use in tunable microwave deviees using a variety of different fabrication methods and substrates. 25 -27 To be utilized in such deviees, thin films of BST must have a high tunability, a low loss tangent in the m1crowave regime, and good insulating properties, accompanied by the integration with large-area, low-cost, and microwave-friendly .. substrates such as high resistivity (HR)-Si. Addition of moderate dielectric constant and low loss materials BiuZnr.oNbu07 (BZN) in synthesizing the composite BST has been indentified an attractive approach to achieve the desirable dielectric properties suitable for microwave devices. 28 -31 To date, BST-BZN composite thin films with promising microwave dielectric properties for microwave deviee applications have been deposited on LaA10 3 , SrTi0 3 , and MgO single substrates. 32 However, these substrates are not widely used in making integrated deviees due to their high cost and small-size-geometry availability ($50-$100 for ~lxl-in 2 • pieces).

Thus, introducing of a low loss dielectric BZN combined with high permittivity BST on HR-Si presents an intriguing opportunity to develop materials for tunable integrated circuit deviee applications with stringent demands focused on low dielectric losses, while still maintaining moderate tunability. Indeed, we have recently fabricated and optimized BZN with BST on Pt coated Si substrate in metal-insulator-metal (MIM) configuration and large and simultaneous improvements in tunability and loss tangent are achieved. 33 Sin ce tunable deviees for telecommunications are operated in the microwave range (300 MHz to 300 GHz), it is important to test the dielectric properties of these materials at higher frequencies.

Thus the primary objective of this work was to develop the integration strategy and the associated industry standard processing science protocols to fabricate BZN/BST composite bila y er heterostructure on HR -Si substrates at gigahertz frequency in the coplanar deviee design configuration for tunable phase-shift applications. Our results showed that the BZN/BST composite thin films demonstrated low dielectric loss tangent while retaining reasonably high dielectric constant and dielectric tunability, making them excellent candidates for integration into tunable microwave deviees.

.2.2 Experimental Procedure

The BST, BZN and BZN/BST thin films were in-situ deposited directly on high resistivity (HR)-Si substrates using RF -magnetron sputtering. The sputtering targets were ceramic Bao. 6 Sr 0 .4 Ti0 3 with excess Baü and Srü and BiuZn1. 0 Nb1.50 7 with excess BiJ0 3 • Details of the pure BST (~600 nm), pure BZN (~550 nm) and BZN(~300 nm)/BST(~300 nm) bilayered thin films deposition conditions have been described in section of 5.2. The structure properties and crystallinity of thin films were characterized by an X-ray diffraction (XRD, Siemens D5000, München, Germany) with CuKa radiation (À.=0.154 nm) using 8-28 scan. The surface and the cross-section morphology of the films were observed by scanning electron microscope (SEM; Ultra55, Zeiss, Oberkochen, Germany). For microwave properties, coplanar waveguide (CPW) transmission lines consisting of 3 mm long fingers, 30 J..lm wide center conductor, 190 J..liD wide ground lines with 1.5 ~rn finger gap were defined by standard photolithographie lift-off technique using electron-bearn evaporated Au/Ti (300-nm-thick) electrodes on both bare HR-Si substrate and film surface. The microwave dielectric properties of HR-Si, BST, BZN and BZN/BST films were measured as a function of frequency (1-50 GHz) and de bias (-30-+30V) by using a ground-signal-ground microprobe (Cascade Microtech) station connected to a vector network analyzer (Agilent Technologies E8361A). Details have been described in section of 3 .4.4.2. .. , =A "rom "' (ro) . substrate, the tunability was ~6.2% at 7.7 GHz with an applied field of 8.1 kV/cm.ll
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The dielectric loss tangent, tan J (tan J= e"/s') was also obtained as a function of bias at microwave frequency (50 GHz) which is shown in Fig. 4(b) for BST, BZN and BZN/BST films. At zero-bias voltage, the tan J for BST, BZN and BZN/BST film is 0.253, 0.092 and 0.166, respectively. The sudden decrease in tan J for BZN/BSTfilm was undoubtedly ascribed to the presence of low loss BZN phase in BST, which is similar to that observed in the case of BST doped with other dielectrics. 35 The tan J value for BZN/BST film at 50 GHz is significantly larger than the dielectric loss at 10 kHz ( ~0.0 1 0), 33 but still is within acceptable tolerances for tunable deviees. The increase in tan J in the microwave frequency range can be thought of to be due to a number of reasons, both of intrinsic (due to the interaction of the ac field phonons, including quasi-Debye losses) and of extrinsic (e.g., mobile charged defects, such as oxygen vacancies) nature. 22 Besicles, no hysteresis in s' (as weil as tan J) versus de bias is displayed in any of the films shown in Fig. 7.7, although we have reported hysteretic effects for similar BST, BZN and BZN/BST thin films with metal-insulator-metal (MIM) capacitors, where hysteresis was explained by presence of permanent di po les or de ad interfacial lay ers. 33 Compare to MIM structure, the CPW configuration avoids the most of the parasitic components ofthe circuit and also the low-permittivity dead layer occurs at the interface offerroelectric film/electrode. bilayered thin films displays little frequency dependence. For example, the tunability decreases only from 9.5% at 5 GHz to 7.7% even at 50 GHz. There is a substantial decline in the tunability for all the samples at gigahertz frequencies compared to the previous report where the electrical measurements were carried out at 10 kHz. 33 This behavior may not be entirely intrinsic. It is weil known that one can expect a precipitous fall in the dielectric response (and hence its tunability) at higher frequencies for materials where the significant portion of the polarization is due to ionie displacements and/or molecular rearrangement in the presence of an external field. However, the decrease in the tunability in the current study and the one previously reported at 1 0 kHz can also be related to completely different deviee geometries (CPW versus MIM structure). Since the deviee geometry is coplanar, the tunability that is reported here for gigahertz frequencies is actually the lower limit since only a portion (typically less than 50%) ofthe field is confined within the film? 5

Summary

Perovskite Bao.6Sro.4 Ti03 (BST), pyrochlore Bi1.5Zn1.oNbt.sÜ7 (BZN) and hetero-structures BZN/BST thin films have been grown directly on high-resistivity (HR)-Si substrates by RF-magnetron sputtering. Experimental results showed that the BZN helped in tailoring the dielectric constant and reducing the loss tangent significantly. Moreover, the low microwave loss ( ~0.167) combined with a high tunability (~7.7 %, 200 kV/cm) until 50 GHz suggest that BZN/BST/HR-Si films could be well suited for integrated into tunable microwave deviees.

Conclusions

•'

This thesis discussed the deposition and characterization of perovskite (Ba,Sr)Ti0 3 (BST) films using RF magnetron sputtering with the goal of studying the feasibility of fabricating high quality BST films in an economical manner for tunable microwave deviees applications. Several variable parameters like oxygen partial pressure, TiOx seeding layer, low loss material BiuZn1.0Nbu07 (BZN), film thickness and substrate, which generally influence the orientation and dielectric behavior ofBST films were studied. Sorne of the main findings are listed below:

(1) The growth and control of crystal orientation of (00 1 )-and (111 )-oriented BST films on the same Pt(111)/Ti0/Si0 2 /Si substrates has been achieved. There are sorne important conclusions that we can draw from this study. Growth of oriented BST film is predominantly dictated by the orientation of the substrate or by the crystallization kinetics. For examp1e, by controlling the Oz/(Ar+Oz) ratios in the sputtering and the deposition rates, we can stabilize the thermodynamically favored equilibrium phase of BST (001) orientation. Very high oxygen partial pressure followed by relatively slow growth rate was found to yield a BST (111) film on Pt (111 ). At an applied field of 400 kV /cm, high tunability of 52 % and 68 % can be achieved for (00 1 )-and (111 )-oriented BST films, respectively. Such achievements demonstrated that the orientation of BST thin films can be controlled on Pt which should ena ble development of the next generation of ferroelectric deviees. The tunability in an epitaxial (111)-textured BST film on TiOx buffered sapphire was approximately 40.88 %, which was enhanced by 34 %, compared to that in a BST film directly on sapphire. For applications su ch as phase shifters, the benefits of high tunability dominate over the drawbacks of increased film loss, making our epitaxial films well suited to such applications.

(6) Benefiting from the work that composite BST film with low loss BZN material, the characterizations BZN/BST films on HR-Si at microwave frequency also have been carried out. By employing the same measurement technique on BZN/BST heterostructures, experimental results showed that the BZN helped in tailoring the dielectric constant and reducing the loss tangent significantly. As a result, the moderate permittivity (~224), low microwave loss (~0.167) combined with a high tunability (~7.7 %, 200 kV/cm) until 50 GHz suggest that BZN/BST/HR-Si films have demonstrated a great promise for application in the tunable microwave deviees.

Future Work

Based on the previous experimental results and discussions, this work has opened up several directions and avenues where the materials can be improved and also further studies can be carried out to enhance the importance of the present work in the microwave and related fields of research. Sorne topics are described briefly below:

(1) The approach of making composites using low dielectric constant and low loss material presented in the present thesis can be applied to other materials (MgTi0 / Cette thèse po11e sur l'étude des conditions de dépôt et la caractérisation de films minces de (Ba,Sr)Ti0 3 (BST) ; la ::lmique de dépôt mise en oeuvre est la pulvérisation cathodique magnétron radiofréquence. Ce travail a pour objectif essentiel : démontrer la faisabilité de la fabrication de films de BST de haute qualité et de manière économique, i.e. en utilisant les !uipements de la micro électronique (production de masse & bas coût) pour des applications dans le domaine des dispositifs icro-ondes accordables. Nous avons optimisé les paramètres de pulvérisation pour synthétiser parfaitement des couches inces de BST orientées (001) et (111) directement sur des substrats Pt(lll)ffiO)SiO/Si en plasma réactif ou non; la mpérature de croissance optimale est de 800°C. Ces résultats nous ont permis d'étudier et de comparer les performances ::etriques de ces films et de tirer les lois de variation de l'accordabilité en fonction de l'orientation préférentielle du film. 
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 21 Fig. 2.1. Temperature response of permittivity for a single crystal mono-domain ferroelectric

CHAPTER 2 Fig. 2 . 2 .

 222 Fig. 2.2. The typical e-E curve for ferroelectrics
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 2232424 Fig. 2.3 for two values of t:(O) and the value of f3 = 8 x 10 9 JC-4 rn -s (typical for SrTi0 3 ). The regimes of small and high tunability are shown together with the asymptotic dependences of e(E) in these regimes.
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 2252422 Figure 2.5 (b) shows the results of a quasi-Debye calculation of loss verses applied biasing field and AC field frequency.

(2. 16 )

 16 This loss mechanism increases proportionally with the permittivity thus complicating the optimization for high tunability and low loss yet in paraelectric materials the permittivity quickly drops with the application of an electric biasing field.tano oc & cc 11 E, (2.17)This allows identification of different regions in the characteristic c-E curve for a paraelectric crystal. At low bias fields the loss is dominated by extrinsic effects that are present in real materials and the high field regions show intrinsic permittivity and loss from intrinsic mechanisms. Structural defects such as planar defects (i.e. surfaces, grain boundaries, stacking faults, twinning, etc.), line defects (i.e. dislocations), and neutra! point defects can impart localized regions which assume polar characteristics.
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 26 Fig. 2.6. Ferroelectric microwave phase shifters: (a) Coplanar line analog phase shifter 41 , (b)

Fig. 2 . 7 .

 27 Fig. 2.7. Phase diagram ofBaTi0 3 -SrTi0 3 system 49

BaxSr 1 - 57 ' 58 47 ' 63 C

 157584763 xTi0 3 thin films can also be done by fabricating thin films with different compositional lay ers. If the multilayer film has smooth chemical gradients normal to the substrate, it is called a compositionally graded BaxSr 1 _xTi0 3 thin film. Mantese and co-workers have reported on the fabrication and characterization of compositionally graded BST thin films. 59 ' 60 According to their observations, graded BaxSrt-xTi03 thin films have demonstrated new and interesting properties like polarization offset, charge pumping effects etc. The most important advantage of compositionally graded BST thin film is the superior temperature stability of its dielectric properties. Degree of orientation of the films was also found to affect the dielectric properties ofBaxSrt-xTi03 films. For example, Carter et al. showed that parallel-plate varactors of highly (100) oriented BST (x=0.8) layers (0.5-j..tm-thick) fabricated by PLD have a 40 % tunability with five volts de bias at 2 GHz, and tan (5 values from 0.067 to O.lOY Wang et al. 62 fabricated (111) oriented BST (x=0.6) films on Pt/Si(OOI) substrate by RF magnetron sputtering and showed high tunability of 49.4 %, at 455 kV/cm. To achieve high tunability and low loss tangent, the FE thin films are usually grown on epitaxially on single crystalline substrates with low dielectric constant and dielectric loss, such as LaA10 3 (LAO) ( er=25, tan J=6 X 1 o-5 ) and MgO ( er=9 .5, tan J=3 .3 X 1 o-5 ). Epitaxial films are typically comprised of 50-70 nm grains that are epitaxially oriented relative to the substrate and have very smooth surfaces, with RMS roughnesses 0.3-0.5 nm. . L. Chen et al. observed high dielectric constant, high
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 4 Evaluation of epitaxial BST and heterostructures BZN-BST at high frequency by fabricating coplanar waveguide configurations.
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 33132 Fig. 3.1. XRD patterns ofBa 0 6 Sr 0 4 Ti0 3 ceramic target with excess 20 % BaO and 10 % SrO

Fig. 3 . 4 .

 34 Fig. 3.4. XRD results ofPt/TiOx/Si02/Si films
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  800collected using Cu Ka radiation in a step-scan mode with voltage and current at 40 kV and 40 mA. XRD patterns were obtained at a scan speed of 0.4°/min with a scan step of 0.04° over 29 range of 20-60° for phase identification. Lattice parameters of BST films were determined using ( 00 1) and ( 111) peaks. After the 29 positions were obtained, the lattice parameters were calculated using Bragg equation: lv=2dsin9(3.1)
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 35 Fig. 3.5. The MIM structure for capacitance measurement

Fig. 3 . 6 .

 36 Fig. 3.6. The CPW structure for microwave measurement
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 12 Epitaxial and polycrystalline BaxSr 1 -x Ti0 3 (BST) thin films have been the focus for dynamic random access memories and frequency agile passive rf/microwave devices. For high-density ferroelectric memory, the preferentially oriented films should be fabricated in order to continue scaling of ferroelectric memory deviees.

Figure 4 .

 4 Figure 4.1 shows the XRD patterns for BST films deposited at 800°C on Pt(111)/Ti0x1Si0 2 /Si substrates with OMR ranging from 0 % to 50%. XRD revealed that the OMR had a strong influence on the orientation and crystallization of the BST films. As shown in Fig. 4.1, films deposited with OMR=O% were found to be single phase and perfectly oriented in the (001) direction. With increasing OMR from 10%

60 Fig. 4 . 1 .

 6041 Fig. 4.1. XRD patterns ofBST thin films deposited at 800°C on Pt(lll)/TiO)Si0 2 /Si substrates with various OMR indicated

Fig. 4 . 2 .

 42 Fig. 4.2. (a) Surface and (c) cross-section SEM photographs of (001)-oriented BST thin film; (b) surface and ( d) cross-section SEM photographs of ( 111 )-oriented B S T thin film deposited with OMR=O% and 30%, respectively.

Figure 4 .

 4 Figure 4.3 shows the dielectric permittivity (cr) and the dielectric loss (tanJ) of BST films as a function of OMR. Depending on the degree of (111) orientation in the film (Table 4.1 ), each BST film shows different cr values. The (111 )-oriented BST

Fig. 4 . 3 .

 43 Fig. 4.3. The permittivity Er and the dielectric loss (tanJ) for BST thin films as a fuction of OMR, at 10 kHz frequency

Figure 4 .

 4 Figure 4.4 shows the electric field dependence of Er for (001)-and (111)-oriented

Fig. 4 . 4 .

 44 Fig. 4.4. Permittivity-electric field characteristics of(OOI)-and (111)-oriented ofBST thin films prepared with OMR=O% and OMR=30%, respectively
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 425 the nucleation and growth of thin films is known to be severely varied, depending on the type and material of seeding layer, which works as an initial template for the rest of the growth and determines the quality of the final film. A thin TiOx seeding layer has been proved to play an CHAPTER 4 Growth of (001)-and (Jll)-Oriented EST Thin Films important role in improving electrical properties of Pb( Zr, Ti)0 3 films by tailoring the film orientation and acti}lg as a barrier layer between the substrate and the film.Moreover, the Tiüx thin film (~50 nrn) also has been used as a microwave buffer layer to obtain high-tunability (33.2 %, up to 40 V) and low-microwave-loss (0.079) of BST films at 2 GHz and enables the successful integration of BST-based microwave tunable deviees onto high-resistivity Si wafers.Z 6 However, the role of an ultrathin Tiüx seeding layer plays on structural and electrical properties of BST films on widely used Pt-coated Si substrates is unclear. In this section, we intentionally deposited ultrathin (0~ 12 nrn) Tiüx films to investigate the effects of TiOx seeding layers on the crystalline orientation, microstructure, and electrieal characteristies of BST thin films on Pt(111 )/TiOx/SiOz/Si substrates.

Figure 4 .

 4 Figure 4.5 shows XRD patterns of BST thin films deposited on Pt(lll )/Ti0x/Si0 2 /Si substrates buffered with different thickness of TiOx seeding layer.As shown in Fig.4.5, the thickness of the seeding layer was varied as 0, 1.2, 5, 7, and 12 mn, and the orientation of the BST films switched from (001) to (111) preferred orientation. The degree of preferred orientation, a(hkl)=I(hkl)/L.l(hkl), where l(hkl) is the relative intensity of the corresponding diffraction peaks, varies from 0 for a randomly oriented film to 1 for a completely oriented film (see inset of Figure4.5).For example, the BST film onto 5-nm-thick TiOx-covered Pt(lll) substrate shows Cl(Ill) of 97%, implying that the film is highly (111)-oriented. Considering that BST film directly fabricated on bare Pt (111) substrate shows Cl(OOI) of 100 %, the results in Fig.4.5 clearly conclude that an ultrathin TiOx seeding layer formed on Pt (111) surface assists the (Ill) growth of BST film, which is consistent with the point that an ultrathin Ti Oz layer can promote (Ill) growth of perovskite films such as SrTi03 and (Pb,La)(Zr,Ti)0 3 on Pt(111)27 ' 28 

JFig. 4 .

 4 Fig. 4.5. X-ray diffraction patterns of (Ba,Sr)Ti0 3 (BST) thin films on Pt( Ill )/Ti0)Si0 2 /Si substrates buffered with different thickness of TiOx seeding layer. lnset is the degree of orientation

Figures 4 .Fig. 4 . 6 .

 446 Figures 4.6 (a) and 4.6 (b) show the SEM images of the surface BST thin films on (a) 0-nrn-thick and (b) 5-nrn-thick TiOx seeding layer, respectively. The 5-nrn-thick TiOx seeded BST (111) film appears to possess larger grains with better uniformity in microstructure compared to that of BST (001) on Pt directly without Tiüx layer formation. The reason for the larger grains with better uniformity for the BST(lll)/Ti0x(5nrn) film can also be ascribed to the decrease in nucleation energy during film growth process. A similar phenomenon was also reported by Li et al. 29 in Ti02 seeded Bh1sNdo.ss Ti3012 films.

Figures 4 .

 4 Figures 4.7 (a) and 4.7 (b) depict the permittivity (e) and loss tangent (tan 6) of the BST films with TiOx thickness ranging from 0 to 12 nm as a function of bias field at room temperature. An outstanding improvement in dielectric characteristics ofBST films was observed with the introduction ofultrathin TiOx seeding layer. Specially, the s at zero-bias increases initially and then decreases with increasing thickness of TiOx seeding layer and reaches a maximum value of 504 for the BST(lll)/Ti0x(5nm) film. As for tan 6 shown in Fig. 4.7 (b), low values (tan J < 0.02) are obtained for ali the BST films. The tunability is defined as { ( e(O)-e(Emax)/s(O)} x 100%, where s(O), s(Emax) are the permittivity of BST film at zero and maximum bias field, respective1y. The trends of permittivity and tunability versus TiOx seeding layer thickness are illustrated in Fig. 4. 7( c ), from which a pro minent enhancement tunability of 61.10 % can be achieved for the BST(lll )/Ti0x(5nm) film, as compared to 50.05 % obtained with

Fig. 4 . 7 .

 47 Fig. 4.7. (a) The permittivity (1:) and (b) the Joss tangent (tan a) of the (BST) thin films with TiOx thickness ranging from 0 to 12 nm as a function of bias field, at 10 kHz frequency; [Inset is the permittivity of the BST films with 0 and 5-nm-thick TiOx as a function of bias field]; (c) Variation of the permittivity and tunability of the BST films as a function ofTiOx seeding layer thickness.

Fig. 4 . 8 .

 48 Fig. 4.8. The permittivity at zero-bias as a function of temperature at 10kHz for (Ba,Sr)Ti0 3 (BST) thin films with 0 and 5-nm-thick Tiûx seeding layer

  )-oriented BST films have been fabricated on Pt and Tiûx-seeded/Pt substrates respectively by sputtering. The insertion of the ultrathin Tiûx layer changes the orientation ofBST from (001) to (111) and results in a significant influence on microstructure and dielectric properties of resultant BST films. Interestingly, highly (111 )-oriented BST film [ a(lll) ~97%] with an optimum 5-nm-thick Tiûx seeding layer exhibits a shifted Curie temperature (Tc=275 K) and an enhanced tunability of 61.16 % at 400 kV/cm, when compared with (001)-oriented BST without TiOx layer (Tc=250 K and tunability=50.05 %).

Temperature on the Crystalline of BZN films 5 . 1 . 1 Introduction

 511 The rapid development of communication technologies, especially mobile communication systems, is facilitated by miniaturization of deviees. Integrated decoupling capacitors and microwave resonators are of interest for such systems.

Fig. 5 . 1 .

 51 Fig. 5.1. The XRD patterns for Bi 15 Zn1.oNbu0 7 (BZN) films deposited on platinized silicon substrates at different substrate temperatures.

Figure 5 .

 5 Figure 5.1 shows the XRD patterns for BZN thin films deposited onPt(lll )/Ti0x/Si0 2 /Si substrates at substrate temperature 600 °C, 700 °C and 750 °C, respectively. As can be seen, the crystallization of the films strongly depends on the substrate temperature. Too low a substrate temperature (600 oc) cannot effectively convert the RF sputtered species into a crystalline structure, resulting in an amorphous

Fig. 5 . 2 .Fig. 5 . 3 .

 5253 Fig. 5.2. Cross-section SEM image ofBZN film deposited on platinized silicon at 700 oc

Fig. 5 . 4 .

 54 Fig. 5.4. The permittivity and loss tangent ofBZN thin films deposited on Pt at 700 oc as a function of bias field at 1 0 kHz.

Figure 5 .

 5 Figure 5.4 shows the permittivity and dielectric loss of BZN thin films on Pt at 700 oc as a function of bias field at frequency of 10 kHz. At zero-bias field, permittivity of ~ 152 and very low loss tangent of ~0.005 for BZN film can be achieved. Benefiting from extremely low loss tangent of BZN film obtaining in this

60 Fig. 5 . 5 .

 6055 Fig. 5.5. XRD patterns ofBZN/BST thin films with 0, 50, 150,250, and 500 nm BZN thickness.Inset is the SEM cross-section image for BZN/BST with 150 nm BZN layer.

Figure 5 .Fig. 5 .

 55 Figure 5.5 shows XRD patterns of BZN/BST bilayered thin films for different thicknesses of BZN layer. The results of the XRD indicate that the BST and BZN thin films each consist of a single phase of cubic pervoskite structure with perfect ( 111) orientation and cubic pyrochlore polycrystalline structure, respectively. No impurity

Figures 5. 6

 6 Figures 5.6 (a) and 5.6 (b) show the permittivity (s) and loss tangent (tan J) of

  Figures 5.6(a) and 5.6 (b) show the permittivity (s) and loss tangent (tan J) of BZN/BST (111) thin films with 0, 50, 150, 250, 500 nm BZN layer as a function of bias field. As shown in Fig. 5.6 (a), the permittivity at zero-bias electric filed of the BZN/BST(lll) bilayered films decreases with increasing BZN thickness (the

• 1 , 0 Fig. 5 . 7 .

 1057 Fig. 5.7. Ca1culated and measured ofBZN thickness dependent permittivity ofBZN/BST(lll) bilayered thin films using the series connection mode! of multilayered capacitors

Fig. 5 . 8 .

 58 Fig. 5.8. BZN thickness dependent tunability and FOM ofBZN/BST(lll) bilayered thin films
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 2 Ultimately, these materials are envisioned to enter into microwave integrated circuits for possible insertion in satellite and wireless communication platforms.3 ' 4 In this area, (Ba,Sr)Ti0 3 -based ceramic thin films are considered as leading candidates for room-temperature (RT) applications.5 • 6

Figure 6 .

 6 Figure 6.1 shows the SEM images of the surface BST thin films with various thicknesses. The grain size was found to increase with increasing film thickness which has also been observed by other researchers.19 

Fig. 6 . 2 .

 62 Fig. 6.2. XRD patterns ofBST thin films on Pt(lll)/Ti0x/Si0 2 /Si substrates with thicknesses ranging from 45 to 800 nm. Inset is the lattice parameter as a function ofBST film thickness. The straight dashed line represents the lattice parameter of the bulk Bao_6Sro_4Ti03 material (3.965 A).
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 1563 Fig. 6.3. Temperature dependence of the measured relative permittivity (t:m) (a) and dielectric loss tangent (b) at zero field for the BST(lll) films of different thicknesses, at 10 kHz frequency. (b)

It was found that ( 1 )

 1 ail the BST films exhibit a broad ferroelectric-to-paraelelctric phase transition which can be explained as the results of nanoscaled grain size of the films.(2) The value em of the films increases with increasing film thickness and reaches a saturation value at thickness of~ 415 mn but is always much smaller than that of the ceramics.(3) The Tc marked by open circles is almost independent of film thickness, about 305±5 K. We owe the unusual Tc independence of thickness behavior for our (Ill )-oriented BST films caused by the insensitive lattice parameter with film thickness as discussed above. With respect to the phase transition behavior, the residual strain has been related to the shift in the temperature, change of the order of the transition and increase of the diffuseness? 2 Figure6.3(b) shows the variation of the dielectric loss with temperature, the room temperature dielectric loss was found to lie between 0.012 and 0.025 depending on the thickness of the film.

  dm, db, di are the thickness and em, eb, ei are the permittivity of the BST (111) film, bulk BST dielectric layer and the interfacial layer, respectively. Eq. (6.5) has been widely used to model thickness dependent dielectric properties.

Fig. 6 . 4 .

 64 Fig. 6.4. Variations in the bulk permittivity ( e b) of BST (Ill) films as a function of temperature.

( 0001 )

 0001 substrates by de magnetron reactive sputtering at room temperature using commercial Ti metal target followed by a post-anneal at 700 °C for 60 min in an air ambient. The thickness of the ultrathin TiOx layer was estimated by the deposition time according to the average growth rate of the thick TiOx film on Si02/Si substrates. 450-nm-thick BST (.x=0.6) films were then in-situ (800°C) deposited on Alz0 3 (0001) and Tiûx-buffered!Ah03(0001) substrates by RF-magnetron sputtering from a stoichiometric Bao. 6 Sr 0 . 4 Ti0 3 ceramic target with excess BaO and Srû using an Ar/0 2 flow ratio of 70/30 sputtering gas mixture with total pressure of 15 mTorr and a sputter power of 70 W, similar to the conditions described in chapter 6. The structure properties, crystallinity, and epitaxial behavior of BST films were characterized by an X-ray diffraction (XRD) with CuKa radiation using 8-28 scan and pole figure. The cross section and thickness of the films were conformed by scanning electron microscope (SEM). For microwave properties, coplanar waveguide (CPW) transmission lines consisting of 3 mm long fingers, 30 f.!ID wide center conductor, 190 f.!m wide ground lines with 1 j..lm finger gap [illustrated in Fig.7.1(a)] were defined by standard photolithographie lift-off technique using electron-bearn evaporated Au/Ti (300-nm-thick) electrodes on both bare Alz0 3 substrate and BST film surface. The microwave dielectric properties of BST films were measured as a function of frequency (1-40GHz) and de bias (-30-30V) by using a ground-signal-ground microprobe (Cascade Microtech) station connected to a vector network analyzer (Agilent Technologies E8361A). Details have been described in section of3.4.4.2.

Figure 7 .

 7 Figure 7.1(b) shows the XRD 8-28 patterns ofBST films grown on A}z0 3 (0001) covered without/with Tiûx layer (12-A-thick). As can be seen inset of Fig. 7.l(b), the film directly grown on Ah0 3 (0001) shows a distinctly polycrystalline nature. On the other hand, the film on Tiüx-covered Ah03(000I) surface shows a completely different growth behavior. Only very strong (111) peak without any peaks originating from other orientations can be found. Pole figure [Fig. 7.l(c)] studies have been done to understand the quality of the epitaxy and to determine the in-plane relationship between the (111)-oriented BST film and the A}z0 3 (0001) substrate. The six-fold symmetry reflections from the { 100}, { 110}, and { 111} po les can be cl earl y seen in the Fig. 7.1(c). Following the conclusion of Yamada et al., 12 this six-fold symmetry corresponds to two in-plane variants of the three-fold ( 111) orientation. The in-plane

Fig. 7 . 3 FittedFig. 7 . 2 .

 7372 Fig. 7.l(a). Schematic representation of the coplanar waveguide (CPW) transmission lines structure and Cross-sectional of SEM images for BST film with CPW on sapphire substrate. (b) XRD 8-28 patterns of the 450-nm-thick BST films on Ah03(0001) with 12-A-thick TiOx layer; and (c): { 1 00}, { 11 0} and { 111} pole figures ofBST thin films on TiOxf Ab0 3 (0001).
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 710773 Figures 7.2(a) and 7.2(b) show real c~o and imaginary part ofpermittivity (E") of BST thin films grown on Ah0 3 (0001) covered without/with 12-A-thick Tiüx layer as a function of frequency. As shown in Fig. 7.2(a), it is found that c: of both BST thin films slightly decreased over the measured frequency range, and the enhanced dielectric properties for the BST(lll )/Tiüxf A}z0 3 film are observed in the measured frequency range. The large observed s' can be attributed to largely (111 )-oriented domain structure and the high crystallinity of the film. On the other hand, a power-law dispersion of c' and c" is noted. The empirical dispersion is given by the Curie-von

Figure 7 .

 7 Figure 7.3 shows the electric field dependence of (a) e' and (b) loss tangent (tan J= e"/ e') of BST thin films deposited on without and with the insertion of the TiOx buffer layer at 40 GHz, respectively. The zero-bias e' of BST(lll )/TiO/ Ah0 3 is ~ 428, and a significantly decrease in e' (~ 287) is observed for BST/Ah03 film. The tunability, defined as {(e'(O)-e'(Vmax)/s'(O)}xlOO%, where s'(O), e'(Vmax) are the e' of BST film at zero and the maximum applied voltage, respectively. The trends of e'(40V)
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 607 Fig. 7.4. XRD patterns ofBST, BZN, BZN/BST heterolayered thin films on HR-Si substrates.

Figure 7 .

 7 Figure 7.4 shows XRD patterns of BST, BZN, BZN/BST heterolayered thin films on HR-Si substrates. The results showed that pure BST films were cubic perovskite polycrystalline structure, and pure BZN films were cubic pyrochlore polycrystalline structure, respectively. There was no preferential orientation for both two films. No impurity phases can be detected with BZN addition onto the BST layer, which excludes interdiffusion between the BZN/BST layers. The SEM cross-section image inside Fig.7.4 shows that the BZN(300nm)/BST(300nm) bilayered thin films have distinct interfaces.

Fig. 7 . 5 .

 75 Fig. 7.5. SEM images ofBST, BZN, and BZN/BST thin films on HR-Si substrate: (a) BST thin films, (b) BZN thin films, and (c) BZN/BST thin films.

Figs. 7 71 ~

 771 Figs.7.5(a)-(c) show the surface morphology images of pure BST, pure BZN, and BZN/BST thin films on HR-Si substrates, respectively. It can be seen that the average grain size of BZN films is around 100 nm, which is larger than that of BST films ( ~30 nm). The key reason should be the lower crystallization temperature for BZN films comparing with the relative higher of BST films, resulting in better crystallization of BZN thin films, although the deposition temperature for BZN (700°C) was lower than that of BST (800°C). The morphology of the BZN/BST bilayered thin films is different from that of pure BZN thin films, since they were deposited on different substrates (The BZN layer within the bilayer thin film was deposited on the BST layer, and pure BZN thin films were deposited on HR-Si substrate.), which can cause the BZN grain different growth mechanism. Moreover, the interfaces in the bilayer thin film can affect the BZN grain growth. Similar phenomenon have also been observed by other researchers.Z9 

Fig. 7 . 6 .

 76 Fig. 7.6. Frequency spectrum of (a) real part ofpermittivity (c') and (b) imaginary part of permittivity (c") for BST, BZN, and BZN/BST thin films. Data follow a Curie-von Schweidler power law.

Figures 7 .

 7 Figures 7.6(a) and 7.6(b) show real (e') and imaginary part ofpermittivity (e") of BST, BZN, and BZN/BST thin films as a function of frequency. As shown in Fig.7.6(a), it is found that e' for BST, BZN and BZN/BST thin films slightly decreased over the measured frequency range, and the moderate dielectric constants for the BZN/BST bilayered films are observed, which can be attributed to combined effects of high pennittivity of BST with low permittivity of BZN. On the other hand, a power-law dispersion of e' and E" is noted. The empirical dispersion is given by the Curie-von Schweidler relationship:17 

(7. 4 )

 4 In these expressions, ro and E'(o) are the angular frequency and the static dielectric constant, respective! y, and A', A", and m are constants. The fitting curve in Fig.7.6 is calculated by fitting the complex permittivity of the dispersion curve to obtain ê'(o), A', A", and m which are listed inset ofFigs. 7.6(a) and 7.6(b). Our fitting curves provided E'(o) of 449, 134 and 262 for BST, BZN and BZN/BST films, respectively. The Curie-von Schweidler behavior is in consistent with observations in thin film polycrystalline BST and BaTi03, and has been reported to persist up to GHz range.I7,18,34 ._........_ ....

Fig. 7 . 7 .

 77 Fig. 7.7. The electric field dependence of(a) E' and (b) loss tangent (tan 6=r/'/E') ofBST, BZN, and BZN/BST thin films at frequency of 50 GHz, respectively.

Figure 7 .

 7 Figure 7.7 shows the electric field dependence of (a) e' and (b) loss tangent (tan J= s"/s') for BST, BZN and BZN/BST thin films at 50 GHz, respectively. The ~ zero-bias s' for BST, BZN and BZN/BST is 356, 130 and 224, respectively. The tunability, defined as {(s'(O)-s'(Vmax)/s'(O)}x100%, where e'(O), s'(Vmax) are the s' of the films at zero and the maximum applied voltage, respectively. Thus, dielectric tunability is about 22.89 %, 0.5 % and 7.7 %, respectively; at frequency of 50 GHz with an applied field of± 200 kV/cm. This is expected as BZN addition is known to lower the dielectric constant and tunability, as shown by Wang et al.7 and Yan et al.8 in BZN/BST multilayer films at low frequency. In a previously published result for a polycrystalline B8ü.sSro.s Ti03-BiuZni.oNb1.507 composite thin film on LaAl03(1 00)

2 CHAPTER 7 Fig. 7 . 8 .

 2778 Fig. 7.8. High frequency tunability as a function of electric field at 5, 10, 20, and 50 GHz for BZN/BST bilayered thin films.

Figure 7 .

 7 Figure 7.8 shows the dielectric tunability as a function of electric field at 5, 10, 20, and 50 GHz for BZN/BST bilayered thin films. The tunability of BZN/BST

( 2 )

 2 Highly (111 )-oriented BST films can also been fabricated on Ti0x-seeded/Pt(111 )/TiOx/SiOz/Si substrates. The insertion of the ultrathin TiOx layer changes the orientation of BST from (001) to (111) and results in a significant influence on microstructure and dielectric properties of resultant BST films.Interestingly, highly (111 )-oriented BST film [a(! JI) ~97%] with an optimum5-nm-thick TiOx seeding layer exhibits a shifted Curie temperature (Tc=275 K) and an enhanced tunability of 61.16 % at 400 kV/cm, when compared with (001)-oriented BST without TiOx layer (Tc=250 K and tunability=50.05 %). exhibits a good in-plane relationship of BST(111)11Alz0 3 (0001). The frequency depen.dence obeys a Curie-von Schweidler law over a frequency range of 1 to 40 GHz.

  ms le cadre de cette étude nous avons fabriqué des films de BST épitaxiés en introduisant une couche d'ensemencement trafine de Ti0 2 entre Je fùm et le substrat. Différent'> type de substrats ont été utilisés : Si/Si0 2 ffi0,/Pt, Sapphire et Si haute sistivité. Nous avons obtenu les meilleures propriétés diélectriques possibles pour les dispositifs micro-ondes accordables visagés : fmte accordabilité. Le BST est certes le matériau de choix en termes d'accordabilité mais il présente des pertes ~lectriques importantes. A ce titre, afm de diminuer les pertes sans pour autant dégrader les performances de tunabilité, nous ons fabriqué des hétéro structures BST/BZN. Le BZN est très intéressant car les pertes diélectriques sont très faibles mais la nabilité fortement atténuée par rapport au BST. C'est la raison pour laquelle nous avons réalisé des hétéro structures )T/BZN; l'épaisseur des films de BZN est variable. Nous avons démontré que pour une épaisseur de couche de B~ bien écifique, le facteur de mérite de l'hétéro structure est nettement meilleur que celui d'une mono couche de BST. L'ensemble s caractérisations électriques ont été effectuées en température et en fréquence dans la band~ [1 -60 GHz]. BiblioUteqne .. Uniwrsitaire .. de .. Valenciennes mtenance prévue le : 28 juin 1111111 ~~Ill~ Il~ Il~ 1~1111~ Il~ I l l ~ Il~ llllllllllllllllllllll Amphi LCI, Villeneuve d'ascq

  : 0 a t 1 and t: 0 = 8.85 x 1 o-12 F 1 m . This expressiOn describes the dielectric permittivity both in the absence of a bias field and under it. In the first case, one sets P=O in Eq. (2.6) to obtain:

	the form:
	(2.6)
	where t:(O) = (

3 , (2.5) Investigations ofSputtered (Ba,Sr)Ti0 3 Thin Films for Tunable Microwave Applications Eq. (2.5) enables us to present to the relative dielectric permittivity of the material in t(2.7)

  3 

Table 2 .

 2 1 Advantages and disadvantages of conventional thin film techniques

	Method	Advantages	Disadvantages
	PVD	High quality thin film	Costly equipment
	(Sputtering, PLD)	Epitaxial thin film	Lattice defects
		CMOS compatible	High temperature
	CVD	High deposition rate	Costly equipment
	(MOCVD)	Scalability	Precursor availability
		CMOS compatible	High temperature
	CSD	Composition control	Scalability
	(Sol-gel)	Law cast	Undeveloped for industry
		Substrates in any shape	High temperature

Table 2

 2 

	.2 lists sorne of commonly

preferred. Properties and literature survey of commonly studied BST, and another possible candidate material, Bi1.5Zni.oNb1.507, are presented in the next section. N w

  ° Carlson et al.55 reported that annealing the film at higher temperatures relaxes the residual compressive stresses and thereby improve tunability from 36% to 52% ofBST (x=0.60) film deposited on LAO substrate. Kim et al. measured the microwave properties ofBST (x=0.40) films on MgO substrate at 1 0 GHz and showed that the tunability and figure of merit increased to 50 % and 7,

versus temperature profiles which more closely resembled bulk behavior. The tunability in that case increased from 20 % to 32 % for BST (.x=0.35) films on LAO " substrates after annealing treatment.

7 

  doped Bao.sSro.s Tiü3 targets with 10-40 % Ah03 and deposited the thin film by PLD technique.[START_REF] Chong | Improvement of Dielectric Loss Tangent of Ah03 Doped Bao.sSro.s Ti03 Thin Films for Tunable Microwave Deviees[END_REF] With the increase in the Ah0 3 contents in the target, dielectric constant, dielectric loss, and tunability was found to decrease and reached to 870, 0.11, and 15.9 respectively for 40 % doped BST films measured at 7.7 GHz. The FOM increased from 7.33 for pure BST to 14.15 for 40 % Ah03 doped BST film. Lee et al.

Kim et al. 

observed that with 1 mol % Ni-doped BST thin films tunability and losses were reduced to 54.2 %, and 0.0183, respectively as compared to 63 %and 0.0275 that in pure BST film, so that FOM of 1 mol % Ni-doped film was 30 as compared 23 for pure BST film measured at 100 kHz.

[START_REF] Kim | Characterization ofNi-Doped BST Thin Films on LSCO Buffer Layers Prepared by Pulsed Laser Deposition[END_REF] 

Up to 5 mol% Mg doping in BST (x=0.6) films Joshi et al. observed the reduction in tunability to 17.2% and losses to 0.007 as compared to 28 %and 0.013 for pure BST on Pt substrates.

[START_REF] Joshi | Mg-doped Bao. 6 Sr 0 .4 Ti0 3 Thin Films for Tunable Microwave Applications[END_REF] 

With further Mg doping the !osses increased as observed in case of La doping. Cole et al. prepared 1, 5, and 10 mol% La doped BST (x=0.6) films.

[START_REF] Cole | La doped Ba1.xSrxTi03 Thin Films for Tunable Deviee Applications[END_REF] 

Among those films, 1 mol% La doped film showed lowest losses of 0.019 with 19 % tuning, and with further increase in dopant concentration tunability decreased drastically and losses were increased.

[START_REF] Cole | La doped Ba1.xSrxTi03 Thin Films for Tunable Deviee Applications[END_REF] 

Recently, there have been a few efforts of introducing low loss materials like MgO, Ah03 to make high quality composite thin films. For example, Chong et al.

prepared

[START_REF] Lee | Electrical and Dielectric Behavior of MgO Doped Bao.1Sro.3 Ti03 Thin Films on Ah0 3 Substrate[END_REF] 

observed dielectric constant and loss tangent of 5 mol % MgO doped BST (x=O. 7) films deposited by RF sputtering were 372 and 0.0037 as compared to 329 and 0.011 (at 100 kHz) for the pure BST films grown on Pt/TiN /Si 0 2 coated on Ah0 3 substrates.

Considering the trade off between dielectric tunability and the values of dielectric losses, dielectric constant, and film resistivity tan () = [proEocrr 1 , where p is the resistivity, and Sr is the relative permittivity, 81 the concentrations ofthe dopants must be optimized to obtain the best overall properties for use in the tunable deviee applications. Few results are summarized in Table

2

.3.

2.2.1 Crystal Structure of Bh0 3 -Zn0-Nb 2 0 5 System

  Thin Films for Tunable Microwave Applications an atoms in an A 2 0' tetrahedral net. 86 Levin et al. 86 investigated the crystal structure of a BZN powder that contained small amounts of ZnO by neutron, electron, and X-ray diffraction, respectively. The composition of the stoichiometric pyrochlore phase was BiuZno.9zNbo.9206.92, with a lattice constant of 10.56 A. Rietveld refinements of neutron powder diffraction patterns show that Zn 2 + substituted on both

	3 -Zn0-Nb 2 0 5 ceramics attracted considerable attention as
	law-temperature co-fired ceramics (LTCC) for multilayer ceramic capacitors
	(MLCCs). 82 -84 The Biz0 3 -Zn0-Nb 2 0 5 ternary system has two main phases: One phase
	is a cubic pyrochlore with a composition of approximately Bil.5Zn1. 0 Nb 15 0 7 ; 82 • 85 • 86 A and B sites. Thus, the formula of BZN can be expressed as
	The second phase with a composition of Biz.o(Zn213Nb413)07.o has a monoclinic zirconolite-like structure. 82 • 85 • 87 The cu bic phase has a high permittivity ( ~ 170) and a (Bit.sZno.4z)(Zno.sNbt.s)06.92•
	positive temperature coefficient of capacitance, whereas the monoclinic phase has a 2.2.2.2 Bi1.5Zn 1 . 0 Nb 1 . 5 0 7 Thin Films
	lower perrnittvity (~80) and a negative temperature coefficient of capacitance. 82 • 88
	Many ternary metallic oxides of the general formula A2B 2 0 7 , where A and B
	represent metal cations, adopt the cubic pyrochlore structure. 91 This crystal structure
	can tolerate vacancies on both A and 0 sites to a certain extent. Materials with the
	pyrochlore structure exhibit a wide variety of interesting properties, such as
	ferroelectricity, electrical conductivity, and frustrated spin magnetism, and a great
	number of elements can substitute on the A and B-sites. 91 The A 2 B 2 0 7 pyrochlore

Both phases have very low dielectric losses. 84 • 89 By combining these two phase, BZN ceramics with a moderate relative perrnittivity ( ~90) and with a good temperature stability of the capacitance can be fabricated for integrated passive component applications. 82 ' 84 Furtherrnore, Ren et al. 90 demonstrated that the permittivity of BZN cubic pyrochlore thin film was tunable by an applied electric field. The cubic pyrochlore phase is of interest because of its high perrnittivity, low dielectric loss, and electric field tunability that can be exploited for applications such as microwave tunable deviees and circuits. In the following, the acronym BZN refers specifically to the Bi1.5Zn1.o0 7 .o cubic pyrochlore.

2.

structure is o:ften described by the formula AzB 2 0 6 0', which emphasizes that the structure is built of two interpenetrating networks. The B 2 06 octahedra share vertices to forma three dimensional network, resulting in large cavities that contain the 0' and Investigations of Sputtered (Ba,Sr)Ti0 3 To date, severa! growth techniques have been employed to study BZN thin films, including metal-organic deposition (MOD), 90 • 92 radio-frequency (RF) magnetron sputtering, 93 " 95 pulsed laser deposition (PLD) 96 • 97 and metal-organic chemical vapor deposition (MOCVD). 98 BZN thin films show a high permittivity and low dielectric loss up to 1 MHz. The experimental results show that the permittivity of BZN does not change with film thickness for films thicker than 50 nm. 90 Modera te tunabilities are demonstrated under a large bias field for BZN thin films. In Table

2

.4, we summarize the dielectric properties of BZN films reported in the literature.

Table 2 .

 2 4 Summary ofBZN thin films properties reported in literature

	Growth method	ër	tan J	Tunability /Bias Measurement
				field (MV /cm)	frequency
	MOD 90	~150	~0.005	46%/3*	10kHz
	S puttering 93	~153	~0.003	14%/1	1 MHz
	Sputtering 94	~220	~0.0005	55%/2.4	1 MHz
	PLD 99	~187	~0.002	6%/0.75	100kHz
	MOCVD 98	~200	~0.002	8%/0.4	1 MHz
	*Measured at 77 K				

Motivations for the Present Study With

  the rapid development of communication systems including satellite, bluetooth, 3G wireless phone, ultra-wide band and optical network, it is desirable to be able to design frequency agile RF front ends for operation in various frequency bands. Tunable RF and microwave components are thus in largely demanded due to their frequency agile characteristics. In addition, high-speed, small-size, and law-operation voltage components are required in the current and next generation communication systems. These requirements impose significant challenges on current tunable circuit technologies and illustrate the need for new materials, technologies and

designs. Barium strontium titanate (BaxSr 1 _xTi0 3 or BST), a ferroelectric film whose dielectric constant can be controlled by the application of a DC electric field, has shown great promise for the design of tunable RF and microwave circuits such as phase shifters, filters, antennas, adaptive matching circuits, and voltage controlled oscillators. The presented literature review in earlier sections elucidated the current status of BST ferroelectric thin films for tunable deviees operated at microwave frequencies.

Table 3 .

 3 

	1 and 3.2 listed the mam raw materials for the preparation of
	BaxSr1-xTi03 and Bh.s+xZn1.oNbu07 targets.

Table 3 . 1 .

 31 Main raw materials for the preparation ofBaxSr 1 .xTi0 3 ceramics

	Raw materials	Molecular Formula Specification	Company
	Barium	BaC03	99.00%	Sinopharm Chemical Re agent
	Carbonate			Co., Ltd
	Strontium	SrTi03	99.00%	Sinopharm Chemical Reagent
	Carbonate			Co., Ltd
	Titanium	Ti02	99.44%	Shanghai Titanium Dioxide
	Dioxide			Plant

Table 3 .

 3 2. Main raw materials for the preparation ofBiu+xZn1.oNbu0 7 ceramics

	Raw Materials	Molecular	Specification
		Formula	
	Bismuth Oxide		99.90%
	Zinc Oxide	ZnO	99.50%
	Niobium		99.99%
	Pentoxide		
	3		

.2 RF Magnetron Sputtering System

  

	Company
	Sinopharm Chemical Reagent Co.,
	Ltd
	Sinopharm Chemical Reagent Co.,
	Ltd
	Sinopharm Chemical Reagent Co.,
	Ltd
	Sputtering is a kind of physical vapor deposition technique which generates a
	glow discharge and results in a target surface being bombarded by energetic particles
	such as Ar ions as shown in Fig. 3.3.

Table 3 .

 3 3. Details of the BST thin films deposition conditions

	Sputtering parameters	Conditions
	Base pressure (Torr)	<2x 10" 6
	Deposition pressure (mTorr)	15
	Power density (W/cm 2 )	1.58
	02/(Ar+02) (%)	0; 10;20;30;40;50
	Growth rate (nm/min);	2.59; 1.98; 1. 77; 1.50; 1.36; 1.13
	OMR from 0% to 50%	
	Target	Ceramic Bao.6Sro.4 Ti03 containing excess BaO and SrO
	Substrate temperature (°C)	
	Target-substrate distance (mm)	
	54	

  However, the use of Pt without Ti adhesion layer limits the versatility of this substrate. Therefore, it would be advantageous to allow growth of highly oriented BST films directly on Pt/TiOx/Si02/Si substrates. In this section,

	Bao. 6 Sro.4 Ti0 3 (x=0.6, BST) thin films with different crystal orientations are deposited
	on Pt/Ti0x1Si0 2 /Si substrates by RF magnetron sputtering without buffer layers.

Very recently, Wang et al. 12 fabricated (Ill) oriented Bao. 6 Sr 0 .4Ti0 3 film on Pt/Si(OOI) substrate without Ti adhesion layer by sputtering.

Table 4 .

 4 1. Lattice parameter, and the degree of orientation <I(OOI), U(III) for BST thin films deposited at various OMR ,,

	OMR	a	c	ao	<I(OOI)	U(lll)
	(%)	(A)	(A)	(A)	(%)	(%)
	0		4.017		100	0
	10	3.980	4.024	3.995	14.36	85.64
	20	3.978	4.028	3.995	9.85	90.15
	30			3.995	0	100
	40			4.005	0	100
	50			4.007	0	100

Table 4 .

 4 2. Summary of dielectric properties BST thin films deposited at various OMR

	OMR		tano	Tunability (%)	
		Permittivity			FOM
	(%)		at zero field	at 400kV/cm	
	0	346.06	0.0149	52.12	34.98
	10	432.34	0.0215	58.94	27.41
	20	503.96	0.0213	60.56	28.43
	30	631.42	0.0261	67.82	25.98
	40	561.69	0.0209	62.49	29.89
	50	469.21	0.0212	59.02	27.83

Table 4 .

 4 3. Summary of dielectric properties BST thin films deposited with various TiOx

	TiOx		tano	Tunability (%)	
		Permittivity			FOM
	(nm)		at zero field	at 400kV/cm	
	0	323.76	0.0095	50.05	52.68
	1.2	446.52	0.0149	57.57	38.64
	5	504.51	0.0168	61.10	36.37
	7	455.33	0.0143	54.94	38.42
	12	389.72	0.0115	48.64	42.30

Table 5 .

 5 2. Details deposition conditions for BST and BZN thin films

		Films
	BST	BZN

  6.2 are slightly larger than that of the bulk Bao. 6 Sr 0 . 4 Ti0 3 material (3.965 A, JCPDS Card No. 34-0411) and almost independent of the film thickness, probably due to the residual strains inside ali the films are similar. Strains in BST (111) films result from either intrinsic (growth Stresses), UJntrinsic, Or }attice mismatch, ULattice, and thermal mismatch, UThermal:

	UResiduaF UJntrinsic+ ULattice+UTherma/,	(6.1)
	Various reasons exist for the development of intrinsic stress, including grain
	coalescence, oxygen vacancies and/or other defects during film growth. The lattice
	and thermal mismatch strains are given by:
	ULattice =	aPt -aBST 20 '		(6.2)
		aPt	
		( 2	21

Urhermal = .h (a BST -aS; )dT '

  6.3 ( c ). It is interesting to note that the d; 1 e; values are almost constant in the who le temperature region. This T-independent d; 1 e; shows an important implication on the nature of the interfacial capacitance component as previously discussed by Park 12 and Hwang 16 ( ~0.3 nm, which is quite reasonable value). The d; 1 E:; ratio is relatively large ( compared with 0.05 nm for Pt/Bao.sSro.sTi031Pt/ 9 0.12 nm for Pd!Bao.sSro.sTi03/Au/Ti, 23 whereas a little lower than 0.40 nm for the SrRu03/Bao.sSro.s Ti03/ Au 24 ), and the e:ffect of low dielectric interracial component is, therefore, apparent even in relatively thick films.
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BZN Thin Films Deposition

BiuZn1.oNb1.50 7 (BZN) thin films were in-situ deposited on the annealed Pt(111)/Ti0x/Si02/Si substrates using RF magnetron sputtering system (Plasyss). The sputtering target was ceramic Bil.5Zn~. 0 Nbu0 7 with excess Bh0 3 which has been introduced in section of 3.1.2. Details of the BZN thin films deposition conditions were tabulated in Table 3.4. In this research work, for film microstructure and surface morphology characterization, X-ray diffraction (XRD) and Scanning electron microscopy (SEM) served as the primary tools. The electrical properties were measured using metal-insulator-metal (MIM) configuration at low frequency ( < 1 MHz) and coplanar waveguide (CPW) transmission line at high frequency (1-50 GHz). The following sections pro vide a brief overview and description of these techniques.

Characterization Techniques

X-Ray Diffraction (XRD) Analysis

X-ray diffractometers (Siemens D5000, München, Germany) were used to characterize ceramic targets and related thin films. Ali the XRD patterns were 

Bilayered Films for Tunable Microwave Applications

In this section, the effects of BiuZnt.oNbi.S0 7 (BZN) film thickness on dielectric properties of ( 111 )-oriented Bao. 6 Sro.4 Ti0 3 (BST) thin films have been investigated.

The BZN layer has played a positive role in improving the dielectric properties of the films. With the increased thickness of BZN, the dielectric loss was significantly lowered, accompanied with a tolerable reduction of tunability. The thickness effect was discussed with a series connection model of multilayered capacitors, and calculated permittivity was obtained.

Introduction

In recent years, much attention has been devoted to the development of tunable dielectric materials for voltage controlled, frequency-agile phase shifters and filters operating in the microwave regime. 7 -9 Ferroelectrics such as Bai-xSrxTi0 3 have emerged as leading candidates for such applications due to their highly nonlinear dielectric response to an applied electric fie1d_ 10 -14 The major challenge in designing material systems for tunable deviees is the simultaneous requirement of high tunability (>40 %) coupled with low dielectric losses (between 3.0 and 4.0 dB in operational bandwidths ranging from severa! hundreds of megahertz up to 30 or more gigahertz). In the section of 4. Compositing or introducing of BST with Bi1.5Zni.oNbu0 7 (BZN) has been identified as one of the ways to reduce dielectric !osses in monolithic BST films especially with low strontium content, although the addition of BZN causes a reduction in dielectric response and tunability. 17 

CHAPTER6 Thickness Effects and lnterfacial Properties for BST(lll) Thin Films

This chapter is divided into two sections. In the first section (7 .1) of this chapter, epitaxial (111 )-oriented Bao.6Sro.4 Ti03 (BST) films on sapphire were obtained and microwave properties of BST films were evaluated. The second part (section 7.2) describes the microwave properties of BZN-BST bilayered thin film on high resistivity Si substrates.

Microwave Properties of Epitaxial BST (111) Thin Films on Ah0 3 (0001) up to 40 GHz

Perovskite Bao.6Sro.4Ti03 (BST) thin films have been synthesised on Ah03(0001) substrates without/with inserting an ultrathin TiOx seeding layer by RF -magnetron sputtering. X-ray diffraction and pole figure studies suggest that the film with the TiOx layer (12-A-thick) is highly oriented along the (111) direction, and exhibits a good in-plane relationship ofBST(lll)IIAb03(0001). The high frequency (1-40 GHz) dielectric measurements demonstrate that the complex permittivity ( s=s'-js") is weil described by a Curie-von Scheidler power law with an exponent of 0.40. Moreover, the high permittivity ( ~428) combined with a high tunability ( ~40.88%, 300kV /cm) up to 40 GHz suggest that epitaxial (111 )-oriented BST thin film could be weil suited for microwave tunable deviees.

Introduction

BaxSr 1 -x Ti0 3 (BST) is a material with enormous potential for the application in capacitors of dynamic random access memories, 1 ' 2 tunable microwave deviees/radio frequency components, 3 -5 and power-supply decoupling 6 because of its high permittivity and large electric-field-dependent tunability and relatively low dielectric loss. Among the various applications of BST thin films, the application as tunable deviees for telecommunications which are operated in the microwave range (300 MHz to 300 GHz) requires detailed knowledge of the microwave dielectric constant, tunability, and the microwave loss in the high-frequency domain?' 8 Therefore, determining dielectric properties in the high-frequency domain is vital to fully Schweidler relationship: ..

CHAPTER8 Conclusions and Future Work

(3) Since it is important in m1crowave deviees to have desirable dielectric constant of the material while having at the same time low loss and high tuning and figure of merit, an approach to composite with perfectly (111 )-oriented BST thin film with low loss BZN material was made. Introducing of a low loss dielectric BZN combined with perfectly (111)-oriented BST films are demonstrated to be a promising tool to achieve desired material properties required for specifie tunable deviee applications. In the BZN/BST(lll) bilayered thin films, the effects of the BZN layer thicknesses were studied. It was observed that the layer thicknesses play an important role in the dielectric properties. The significantly improved figure of merit of 46.8 was obtained as compared to 24.5 for pure BST films deposited by the same conditions. Our findings indicate than BZN/BST (111) bilayered films are promising materials for such tunable deviee applications which advocate stringent demands of reduced dielectric loss while maintaining moderate tunability.

(4) Based on that perfectly (111)-oriented BST films exhibited excellent dielectric properties, which have more advantages for microwave tunable deviees application than (001)-oriented BST films. We have studied the variations in the permittivity with film thickness and measurement temperature for such perfectly (111)-oriented BST thin films on Pt/Ti0x/Si0 2 /Si substrates with thicknesses ranging from 45 to 800 nm. Ali the films showed elongations in the lattice parameter insensitive to film thickness. Temperature-dependent measurements of the permittivity in our BST (111) films revealed unusual Curie temperature independent of thickness, about 305±5 K, at which the phase transition became more diffuse. The interfacia1 capacitance (di 1 t:i ~0.3 nm) was found to be almost constant in the whole temperature range (77~320 K) and the bulk permittivity eb reaches a maximum value at 310 K, suggesting that the unusual Tc independence of BST film thickness can also be partially understand by the contribution ofbulk BST component.

( (2) Tiüx buffer layer thickness strongly affects the properties of subsequent layer in the heteroepitaxial growth of a lattice-mismatched structure. The losses in the epitaxial BST (111) thin films are still moderate than the desirable losses for the good microwave deviees at high frequencies. Thus, the effect of TiOx buffer layer thickness on the BST (111) top layer needs to be further investigated in order to optimize the properties of epitaxial films.

(3) Tiüx buffered sapphire substrates make it possible to growth epitaxial BST thin films on big lattice mismatched substrates. Based on the deposition parameters for epitaxial growth BST on sapphire, BST could be grown on TiOx buffered Si. Thus, crystalline substrates (Mgü, LaAI03, Sapphire ), which have been extensively considered for fabrication of tunable ferroelectric deviees can be replaced.

Other ideas besicles the ones listed above will undoubtedly emerge as one continues the research in these directions. It is the wish of the author that this work has paved the way for future work which will eventually bring the high dielectric constant materials to technological as well as commercial maturity for use in tunable microwave applications.