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Abstract

Electrically tunable dielectric materials have potential applications as various microwave devices, such as
tunable oscillators, phase shifters and varactors. High dielectric tunability, low dielectric loss tangent and
appropriate level of dielectric constant, are basic requirements for such applications. Ferroelectric materials are
the most promising candidates. In general, strontium titanate (SrTiOs or ST) is used for devices operating at low
temperatures, while the devices based on barium strontium titanate (Ba;.,SryTiOz or BST) are operated at room
temperatures. The modifications of parent ferroelectrics, such as Sry4Pb,TiOs, BaZr,Ti; 4O5; and BaTi;,Sn,O3
etc., have also been widely investigated. In addition, there have been reports on electrically tunable dielectric
materials, based on non-ferroelectric compounds, such as microwave dielectrics and carbon nanotube (CNT)
composites. Specifically for ferroelectric materials, a critical issue is the reduction of the dielectric losses,
because their dielectric loss tangents are relatively high for practical device applications. Recently, many efforts
have been made in order to reduce the dielectric losses of BST based ferroelectrics. An efficient way is to dope
the oxides that have low dielectric losses, such as MgO, ZrO, and Al,Os, TiO,, LaAlOs, and Bi; sZnNb, sO; etc.,
into the ferroelectric materials. In addition to the reduction in dielectric loss tangents, the introduction of oxides
would also be able to modify the dielectric constant to be suitable for practical design of various devices.
Meanwhile, dielectric and electrical properties of thin films can be improved by chemical doping, substrate

adaptation, orientation and anisotropy optimization. This review provides an overall summary on the recent



progress in developing electrically tunable dielectric materials, based on ferroelectrics and non-ferroelectrics,
with a specific attention to the strategies employed to improve the performances of ferroelectric materials for

microwave device applications.
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1. Introduction
Tunable microwave devices have attracted great attention due to their wide applications in commercial,
defence and space based communications. In principle, microwave devices can be tuned by either electric or

magnetic field. As an electromagnetic wave travels in a medium with dielectric constant of &€ and magnetic

susceptibility of p, its phase speed is v =1/ while its intrinsic impedance is Z = & . However, in a
ptibility of y, its phase sp o qu p 7

practical device, the phase speed and intrinsic impedance become v, =1/ ey thy and Z = | fhoy /geﬁ \

where g and pegr are effective permittivity and permeability of the system. If either g OF pefr OF the materials
used to fabricate a device can be changed by an external electric or magnetic field, respectively, the device
would be tunable correspondingly.

Ferroelectrics are special materials that have spontaneous polarization which can be reversibility
switched by an external applied electric field. One important characteristic of ferroelectric materials is that their
dielectric constant varies as a function of DC electric field [1]. This gives them high potential as candidates for
tunable devices, which is of great interest in microwave engineering. Ferroelectrics have been developed for
applications in electrically tunable microwave devices, such as tunable oscillators, phase shifters and varactors
[2-18]. Ferrites are magnetically tunable materials, with which a device can be tuned by applying a magnetic
field. Due to various reasons, as stated later, ferroelectric material based microwave devices have been found to
have much better performance over ferrite-based devices.

The spontaneous polarization of ferroelectrics is temperature dependent. The temperature associated with
the phase transition of a particular ferroelectric material is called Curie temperature (T¢). The phase below T¢ is
ferroelectric state while that above T is the paraelectric state. Usually, ferroelectrics with a Curie temperature
below operating temperature are used in practical device designs, since the paraelectric state of ferroelectric
materials has lower dielectric loss due to the disappearance of hysteresis.

A critical issue for practical device application of ferroelectric materials is the reduction of the dielectric
losses which are still too high to render high performance of microwave devices. As a result, many efforts have
recently been made to reduce the dielectric losses of barium strontium titanate and other ferroelectric materials
that are considered to be potential candidates. It has been found that doping of oxides with low dielectric losses
into ferroelectric materials is an effective way to reduce their dielectric losses. For example, it has been reported
that the dielectric losses of BaysSrysTiO; ceramic, thick films and thin films can be lowered to a level that is
acceptable for device applications though the addition of MgO, Al,Oz and ZrO, [91, 92]. Among the three oxides,

MgO was the best dopant in terms of reducing dielectric losses, which, therefore, led to extensive studies on the



doping effect of MgO on the dielectric tunable properties of Ba;,Sr,TiO3 [93-105]. Joshi and Cole [102-103]
prepared MgO-doped BagsSrosTiO; (BST) thin films using metalorganic solution deposition technique. They
found that both dielectric loss and insulating characteristics of the doped BST thin films were significantly
improved as compared to their undoped counterparts. Except for MgO, many other oxides, such as TiO, [106,
107], Al,O4 [109-111], LaAlO; [112], Mg, TiO, [114], BaTi,Os [115] and Bi;sZnNb; sO; [116-119], which all
have very low microwave dielectric loss tangents, have also been incorporated with ferroelectric materials by
forming low loss composite thin films or bulk ceramics. For bulk materials, other additives, such as low-firing
glasses [121-122] and Li,CO; [123, 124] were found to be able to improve the tunable performances of
ferroelectrics. Composites consisting of ferroelectric powders and epoxy resin are an alternate candidate for
tunable applications [127, 128]. For thin films, in addition to doping with various oxides and elements, many
strategies, such as post thermal annealing, use of buffer layers and compositional gradation, have been adopted
to reduce the dielectric loss tangents, modify the dielectric constants and improve the temperature stability.

On the other hand, the reduction in dielectric losses caused by the addition of other oxides is attributed to
the reduction in both dielectric constant and dielectric tunability. It was found that Mg occupied the BST lattice
site at a concentration of 5 mol%. Mg substitution into the BST structure shifted the cubic-tetragonal phase
transition peak (T¢) to a lower temperature, resulting in a decreased dielectric constant at room temperature [91-
103]. At higher doping level, the excessive MgO mixed with the Mg-substituted BST would suppress and
broaden the phase transition peak, thus leading to a lower dielectric constant. Such a phenomenon is also
responsible for the decreased dielectric tunability and improved dielectric loss characteristics. By the way,
dielectric constants of the materials can be manipulated while their dielectric loss tangents can be reduced using
oxide doping. This is because the dielectric constants of the oxides used are much lower than that of BST.

Excellent reviews on ferroelectric materials for tunable microwave device applications can be found in
the open literature [5-12, 19-21]. For example, Gevorgian and Kollberg scrutinized the material requirement of
ferroelectrics in real device applications [6]. Applications of ferroelectric thin films in microwave devices have
been summarized by Miranda et al [9], Bao et al [20] and Xi et al [21]. Detailed description and analysis of
ferroelectric materials in terms of theoretical considerations can be found in an extensive review article authored
by Tagantsev et al [19]. This article was aimed to thoroughly review the recent progress in the development of
electrically tunable dielectric materials, based on ferroelectrics and non-ferroelectrics, thus stimulating the
innovative strategies to improve the dielectric properties of ferroelectric materials for microwave device

applications.



Finally, it is worth mentioning that good microwave dielectric ceramics suitable for resonators and
substrates have dielectric loss tangent orders of magnitude lower than ferroelectric materials at microwave
frequencies, but they universally have low dielectric constant and are non-tunable with no effect from an applied
electric field.

2. Materials Processing and Charactrization

Ferroelectric thin films can be deposited by various methods, such as sol-gel process, electrophoretic
deposition (EPD) and pulsed laser deposition (PLD). Thick films are usually fabricated by tape-casting and
screen-printing. Various characterizations techniques have been used to characterize the materials and device.
There will not be gone through in details. They can be found in the corresponding references. For completeness,
a brief introduction is given as follows.

2.1. Fabrication and characterization techniques

Bulk materials are divided into single crystals and ceramics. Single crystals are solid in which the crystal
lattice of the entire sample is continuous and unbroken to the edges of the sample, with out grain boundaries.
Techniques to produce large single crystals include the Czochralski process and the Bridgeman technique. Other
methods of crystallization, including hydrothermal synthesis, sublimation, or simply solvent based
crystallizationmay are also used, depending on the physical properties of the substance.

Polycrystalline ceramic materials are usually prepared via the conventional double-step processing
technique, using oxides or carbonates as precursors. Two key steps in this process are calcinations and sintering.
Calcination is to synthesize the compounds with desired phase compositions, while sinteiring is applied to final
products with dense microstructures and thus high performances of electrical and dielectric properties.

Thin films are usually deposited or grown on substrates. Various methods have been used to fabricate
ferroelectric thin films for microwave tunable device applications. Thin film deposition methods are categorized
into chemical and physical routes. Chemical techniques include sol-gel process, chemical solution deposition
(CSD), Metalorganic solution deposition (MOSD), hydrothermal synthesis and chemical vapor deposition
(CVD). Physical methods are pulsed laser deposition (PLD) and RF sputtering. Elelctrophoretic deposition (EPD)
can be either physical or chemical, depending on the precursors used in the process. EPD used in the preparation
of ferroelectric films for microwave applications is a physical approach, because no chemical reaction occurred
during the process.

Ferroelectric thin films for tunable applications are deposited on various substrates, including single

crystals (MgO, Al,Os, LaAlO; and SrTiQs), silicon (with Pt or conductive oxides as electrodes) and glasses. Due
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to the similar lattice structure, single crystal substrates facilitate epitaxial growth of thin films. Thin films grown
on single crystal substrates possess properties similar to that of their single crystal counterparts. However, the
greater or lesser degree of mismatching in lattice constants between the ferroelectric thin films and the single
crystal substrates result in tensile or compressive stress within the films. The thin film deposited on Si or glass
substrates are polycrystalline.

Phase compositions of the materials are characterized by using X-ray diffraction (XRD). XRD is also
used to determine strain/stress of thin films. Microstructures and morphologies of the materials are examined by
using scanning electron microscopy (SEM) and transmmision electron microscopy (TEM). TEM is also
employed to observe defects of bulk materials and thin films. Surface morphologies and roughness of thin films
are also investigated by using atomic force microscopy (AFM). Rutherford backscattering (RBS) is able to
determine the elemental compositions of given materials.

2.2. Measurement of dielectric properties

Parameters that characterize the dielectric properties of a tunable dielectric material are dielectric
constant, loss tangent, dielectric tunability and temperature stability. Ferroelectric materials are characterized by
their high dielectric constants in both paraelectric and ferroelectric states. The dielectric constants are usually
maximized at the Curie temperature. Dielectric tunabality is defined as T=(g,0-g;v)*100%/g,q (Where &, and g,
are dielectric constants at 0 and V applied field, respectively). Dielectric loss tangent (D=tand=¢"/¢’), ratio of
imaginary part to real part of complex permittivity at a given frequency, is another important parameter to
characterize the performance of a tunable material. Figure of merit (FOM) is used to describe the microwave

properties of tunable materials, which is defined as the ratio of low frequency tunability to microwave loss

. Epg— €& . . . .
tangent, i. e. K = % (where €, and &, are the relative dielectric constant at zero and maximum DC
&g lano,

bias field at low frequency, tand is the loss tangent at microwave frequency).

Measurement methods of dielectric properties can be classified into three types: (i) direct methods, (ii)
waveguide methods and (iii) resonance methods [19]. Direct method means that the capacitance and loss tangent
of a capacitor constructed using the materials under test can be directly measured by using an impedance
analyzer or vector network analyzer (VNA). Waveguide and resonance methods are indirect techniques. Which
method should be used depends on the frequency range and the form of the ferroelectric materials. At low
frequencies (less than hundreds of MHz, i. e. radio frequencies), a capacitor no matter what kind of materials

used can be considered as a lumped element since its dimensions are much smaller thatn the eavelength of the
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electromagnetic signal. In this case, the capacitance and loss tangent of the capactor can be measured directly by
a impedance analyzerl. At high frequencies (GHz), the dimensions of the capactors are comparable with the
length of the electromagnetic wave and they are no longer treated as lumped elements. The impedance of the
capacitor is small compared to the resolution of any impedance analyzer. As a result, waveguide or resonance
methods should be used. Specifically for thin films, two types of capacitor configurations, parallel plate
capacitor and planar capacitor, are constructed in order to measure the dielectric properties of ferroelectric
materials.

Parallel plate capacitors require bottom electrodes. Bottom electrodes are usually Pt if Si substrates are
used. For single crystal substrates, conductive oxides (SrRuO; or CaRuQOs;) are used as bottom electrodes, since
they have comparable lattice parameters to the single crystal substrates and the ferroelectric thin films. Other
conductive oxides, such as LaNiO3 or La;,Sr,CoOs, are also frequently used as bottom electrodes as well as
buffer layers. Au is widely used for top electrodes and the electrodes of planar capacitors.

3. Electrically Tunable Dielectric Materials

As discussed above, tunable devices can also be fabricated by using ferrite materials or semiconductor
PIN diodes, but compared to ferroelectrics based components they have certain drawbacks. For example, ferrite
devices are physically large and heavy and electrically slow, leading to high power consumption, while PIN
devices possess relatively high insertion loss and slow responses at microwave frequencies [12]. In contrast,
devices based on ferroelectric materials are physically small and light. Ferroelectric devices have high-speed
responses and also low power consumption due to the use of electric field. The small size of ferroelectric devices
is attributed to the high dielectric constant of the materials. As a result, ferroelectric and incipient ferroelectric
materials have been recognized as the most suitable candidates for tunable microwave device applications,
triggering many extensive and intensive studies. However, the exploration of tunable materials has gone beyond
the typical ferroelectrics. Electrically tunable characteristics have now been observed in nonferroelectric
materials, such as pyrochlore compounds [81-89] and even composites with carbon nanotubes (CNT) [90],
although their properties are still not comparable with those of ferroelectric materials.

Ferroelectrics used for the fabrication of microwave devices can be ceramics, thin films or thick films.
Devices based on ceramic ferroelectrics are bulky and thus require very high applied voltages. In this respect,
thin films are very attractive for devices due to their much lower tuning voltages. Thin films provide the
opportunity for device miniaturization and integration. An additional advantage of thin films for tunable devices

is the relatively low applied electric field required, since the voltage can be applied in the thickness direction
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which is usually not larger than 1 um and small gap electrodes can be readily fabricated with modern lithography
techniques. As a result, ferroelectric thin films have been extensively studied for microwave device applications.
Various techniques, such as sol-gel, solution-deposition, sputtering and pulsed laser deposition (PLD), have been
employed to deposit ferroelectric thin films, which however will not be described in detail. This review focuses
on the progress in the modification of tunable dielectric properties of ferroelectric thin films by doping of various
components.

Dielectric loss tangents of thin films are usually higher than those of their ceramic counterparts. To
address this problem, thick film is an alternative, whose dielectric loss tangent is comparable with that of
ceramics while tuning voltage is only slightly higher than that of thin films.

3.1. Ferroelectric materials

Ferroelectric materials discussed here include typical ferroelectrics and incipient ferroelectrics. There are
four subcategories of ferroelectrics: perovskite group, pyrochlore group, tungsten-bronze group and bismuth
layer structure group, among which the perovskite group is the most important. Perovskite materials can also be
further divided into lead containing and non-lead ferroelectrics. The most widely used ferroelectric dielectric
tunable materials are non-lead perovskite.

3.1.1. SrTiOz and CaTiO,

SrTiO3 (or STO in short) is an incipient ferroelectric, in which ferroelectric phase transition is suppressed
[19, 21]. Single crystal STO has two phase transitions: one is cubic-to-tetragonal phase transition at ~105 K and
the ferroelectric phase transition at ~40 K. Theoretical prediction and experimental results have shown that STO
single crystal loses its dielectric tunability above 80 K. Therefore, microwave devices made of STO can only
work at low temperatures. With the development of new deposition technigues, high quality STO thin films can
be fabricated easily. Together with the emergence of high-temperature superconducting (HTS) materials, it was
possible to fabricate microwave devices operating at liquid nitrogen temperature. Also, due to the extremely low
loss of HTS films at microwave frequencies, high quality resonators could be obtained with performances
comparable with that of bulk planar structured devices. Various microwave components have been constructed
by using thin film HTS/ferroelectric multilayer configurations [11-18].

CaTiO; (CTO) is another incipient ferroelectric, with a perovskite structure in cubic form above 1580 K,
tetragonal between 1500 and 1580 K and orthorhombic below 1500 K. Hao et al [80] reported deposition of high
quality CTO thin films on STO and LaAlO; single crystal substrates using a pulsed laser deposition method

(PLD). The authors found that the CTO films had dielectric properties similar to those of ceramic CTO.
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Dielectric tunable properties of the thin films were thickness dependent. As shown in Fig. 1, the film with
thickness of 1 pm possessed promising tunability of 6% and 10 % at 30 kV/cm electric field at 294 K and 200 K,
respectively [80]. The samples were measured at 1 kHz. At both low temperature and room temperature,
dielectric loss tangents of the CTO thin films were well below 0.005. The good tunability and low dielectric loss
tangent, together with the low dielectric constant, make CTO thin films a good alternative for microwave device
applications.

3.1.2. Ba,Sry,TiO5; and Pb,Sr,,TiO3

Since the devices based on STO must be operated at low temperature, barium is incorporated to form
solid solution of Ba,Sry.,TiO3 or BST whose Curie temperatures are adjustable almost linearly from 0 to 390 K,
as shown in Fig. 2 [3]. For room temperature applications, the composition is usually around x=0.63 — x=0.5,
with Tc close to 0€ (~270 K). In open literature, composition with x=0.5 has been most widely studied. Tunable
dielectric properties of pure BST ceramics have been rarely reported in the literature. The main focus is on BST
thin films [22-39] while quite a number of studies of thick films [40-44] can be found in the literature.

BST thin films with compositions of different ratios of Ba/Sr have been deposited on single crystal
substrates, like MgO [22, 24], SrTiO; [23, 27] and LaAlO;3 [23, 27, 28, 32, 33], so that high quality ferroelectric
thin films can be expitaxially grown owing to the minimized mismatches between film and substrates. In some
reports, silicon [25], sapphire [26, 34] or even glass [34] substrates were used for the deposition of ferroelectric
BST thin films. BST thin films were deposited using pulsed laser deposition (PLD) methods [23, 25, 27, 29, 32]
RF, sputtering [22, 24-26] and sol-gel techniques [35]. Various microwave devices, such as tunable RF filters
[30], Ku-band coplanar waveguides [31], microwave transition lines [32], thin-film varactors [33], phase shifters
[34, 36-38], have been demonstrated using the BST ferroelectric thin films.

Compared to thin films, thick films have their unique advantages, such as capability of large-scale
fabrication, requirement of simple processing facilities and cost-effectiveness [40-44]. An example of thick film
was prepared via electrophoretic deposition (EPD) technique. The thick films of pure BST (BagSre4TiO3) and
MgO-doped BST were derived from the suspensions of the corresponding precursor powders in acetone. Films
with thickness of 10 um to 80 um can be deposited for times of as short as 2 to 6 min [94]. The deposited thick
films were of a very dense microstructure after thermal annealing. There was also no remarkable difference in
XRD patterns between the bulk ceramics and the thick films. The thick films of pure BST had a relatively high
dielectric loss tangent, which was decreased significantly by the addition of MgO. This observation is similar to

those observed in ceramics and thin films.
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Screen-printing and tape-casting have been more widely used to fabricate thick films and thin sheets of
ceramic materials. However, there is very little information on the preparation and characterization of
ferroelectric thick films and thin sheets with improved dielectric properties through oxide doping via these
techniques [40, 41].

Similar to Ba, Pb has also been used to modify the dielectric properties of STO in the formula of Pb,Sr;.
«T103 or PST [45-50]. Compared to BST which has three phase transitions, PST has only one. The processing
temperature of PST is much lower than that of BST. Due to the higher Curie temperature of PbTiO3 (PT), the
compositions of Pb,Sry,TiO; with Curie temperatures below room temperature are x<0.3. Curie temperatures of
the PST solid solution vary from 0 to 770 K. Dielectric properties of both PST ceramics and thin films have been
studied. PST thin films have been prepared by chemical solution deposition (CSD) [45], sol-gel process [48, 50],
chemical vapor deposition (CVD) [49] and PLD [46, 47].

Jain et al [45] used the CSD method to deposit PbgsSr,TiO; (PST30) thin films on platinized Si and
LaAlO; single crystal substrates respectively. Both films had a thickness of ~380 nm. The sample on the Si
substrate was polycrystalline after annealing at 700<€ for 1 h, while that on the LaAlO; single crystal substrate
had a high (100) orientation owing to the high temperature (900<€) annealing for a long duration (3 h). Due to
the presence of large grains, the PST thin films on the LaAlO; single crystal substrate had a significantly higher
dielectric constant that the film on the Si substrate. An eight-element coupled microstrip phase shifter was
fabricated using the PST30 thin film on the LaAlO; single crystal substrate, which had a maximum figure of
merit of ~56B over 15-17 GHz.

Alternatively, Liu et al [46, 47] used PLD to synthesize high quality Pbg 35St esTiO3 (PST35) thin films
on MgO and LaAlO; single crystal substrates. The PST thin films on both substrates had excellent single
crystallinity and epitaxial characteristics by optimizing the deposition parameters. Dielectric properties of the
film on a MgO substrate were characterized over 500 MHz — 20 GHz. Zero-bias dielectric constant of the film
was found to decrease from 1865 to 1420, with dielectric tunability at 40 kV/cm slightly decreasing from 38% to
34%, as the frequency varies from 500 MHz to 20 GHz. In comparison, the PST thin film deposited on a LaAlO;
substrate had higher dielectric constant. Low frequency (1 MHz) dielectric constant and loss tangent of a 200-nm
thick PST thin film were 3100 and 0.008 respectively. The film had a similar dielectric tunability to the sample
deposited on the MgO substrate.

Ferroelectric and dielectric properties of Pb,Sr,,TiO; thin films with different compositions and

compositionally gradations were systematically investigated and reported by Zhai et al [48]. A sol-gel process
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was used to deposit the PST thin films on highly (100) oriented LaNiOz; (LNO) buffered (111)Pt/Ti/SiO,/Si
substrate. The authors fabricated two compositionally graded PST films to check the effect of the buffer layer or
substrate on the dielectric properties of the PST thin films with different compositions. The samples with Pb/Sr
ratio varying from Phg ¢Sro 4TiO3 at the substrate to Pbg3Sry;TiO;3 at the top surface are called “up-graded” films,
whereas those with the opposite gradient are called “down-graded” films. The down-graded films were expected
to have a better crystallinity and a stronger preferred orientation along the (100) plane due to the favorable
conditions for a grain-on-grain heteroepitaxial growth by taking the lattice parameters of substrate, buffer layer
and the PST films into account.

Fig. 3 shows XRD patterns of the PST thin films with different compositions, together with the two
graded films [48]. All four samples are of highly (100) preferred orientation. The (200) plane is slightly shifted
towards high angle with decreasing Pb concentration, as shown in the inset of Fig. 3, indicating a decrease in
lattice constant, which was attributed to the fact that the Pb?* ion has a slightly larger radius than the Sr** ion. Fig.
4 shows surface SEM images of the PST thin films [48]. All samples have smooth surface morphologies and are
crack-free. Grain size of the samples gradually decreased with increasing concentration of Sr. The PST thin films
are composed of granular grains which are randomly distributed throughout the film thickness. The
compositionally graded samples demonstrate inhomogeneous grain size distribution. The grain size of the up-
graded film is larger than that of the down-graded one, which is in agreement with the observations on the non-
graded films with x=0.3 and x=0.7, respectively. It is expected that the PST thin films exhibit broad phase
transition characteristics, with phase transition temperatures being slightly lower than those observed in their
ceramic counterparts. Curie temperatures of the PST thin films estimated from the dielectric constant curves
almost linearly increase with increasing content of Pb.

Tunable dielectric behaviors of the ungraded PST thin films with different compositions are shown in Fig.
5 [48]. The curves of dielectric constant versus DC electric field develop from slim shape to butterfly shape as
the concentration of Pb is gradually increased. This is consistent with the observations on characteristics of
polarization versus electric field. Room temperature dielectric constants of the PST thin films with x=0.3, 0.4
and 0.6 at 1 MHz and zero bias field are about 300, 600 and 800, respectively. This increase in dielectric
constant can be understood in terms of Curie temperatures. Dielectric loss tangents of the three samples are
about 0.047, 0.027 and 0.045 at the same conditions, but the mechanism behind this was not explained [48]. All

the three films had a dielectric tunability of over 40% at 200 kV/cm and 1 MHz. In addition, leakage current
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densities of the PST thin films increased with increasing content of Pb. This observation was considered to be
closely related to the films’ morphologies and grain sizes.

Fig. 6 shows dielectric properties of the up-graded and down-graded PST thin films [48]. The up-graded
film has a dielectric constant of 2200, which is higher than that (~1500) of the down-graded one. The difference
in dielectric constant between the two films can be also attributed to their difference in grain size and film
morphology. Both films possessed broadened phase transition characteristics, showing a good stability in
dielectric constant over 25-250<€. Dielectric tunabilities of the two films, 61% for the up-graded and 68% for the
down-graded films, at 200 kV/cm and 1 MHz, are very close, but higher than those of the non-graded thin films.
It is worth mentioning that the performances of PST thin films at microwave frequencies are still not available at
the moment. Further studies are necessary to demonstrate their potential in microwave device applications.

3.1.3. Others with perovskite structure

Except for BST and PST, there are many other derivatives possible by modifying the ABO; perovskite
structure via A site or B site substitutions. Examples include bismuth strontium titanate (Bi,Sr;,TiOs or BiST)
ceramics [51], lead barium zirconate (Pb.,Ba,ZrO; or PBZ) thin films [52, 53], barium zirconate titanate
(BaZr,Ti; O3 or BZT) ceramics [54-57] and thin film [58-60], barium lead strontium titanate
(Bag 25Phg 25Srg s TiO3 or BPST) thin films [61], lead strontium zirconate titanate (Pby.4SrZrossTig4s03 0r PSZT)
thin films [62], barium strontium zirconate titanate (Ba,Sry.«ZtyTi;.;O3 or BSZT) ceramics and thin films [63, 64],
barium strontium stannate titanate (Bag;SrosSnyTi;«Oz or BSSnT) thin films [65], barium calcium zirconate
titanate (BagoCayg1Zrq25Tip.7505 or BCZT) ceramics [66], lead lanthanum zirconate titanate [(Pby.xLax)(ZryTiyy)1-
03 or PLZT] thin films [67] and antiferroelectric lead lanthanum zirconate stannate titanate
[Pbo.g7Lag 22(Zro 655N 22 Tig 13)O3 or PLZST] ceramics [68]. All these have been studied for tunable device
applications. Typical compositions are discussed as follows.

Substitution of Sr** with Bi** induced ferroelectricity in STO if the concentration of Bi was below 10%
[48]. The tunability of the material maximized at about 7% of Bi. Since the relaxor behavior of BiST became
more and more pronounced with increasing content of Bi, the tunability of the samples decreased abruptly above
10% of Bi. The strength of DC electric field used to measure tunability was not provided in the report, but
comparatively the tunabilities of BiST materials are much lower than those of the other materials. One way to
increase the tunability could be the use of thin films.

Pb,xBa,ZrOg is antiferroelectric at x=0-0.2, ferroelectric at x=0.2-0.4 and paraelectric at above x=0.4. As

aforementioned, the paraelectric state is preferred for tunable applications due to its relatively low dielectric loss
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tangent. For this reason, Wu et al [52] deposited PBZ thin films, with x=0.4, 0.6 and 0.8, on Pt/Ti/SiO,/Si
substrate, using a sol-gel spin-coating method. Dielectric constants of the three thin films annealed at 750<€ were
150, 65 and 35, showing a decreasing trend with increasing concentration of Ba. Similar variation in dielectric
tunability of the samples was observed. The film with x=0.4 had a tunability of 43% and a dielectric loss tangent
of 0.007, at 500 kV/cm and 1 MHz. These properties of the PBZ thin films are comparable with those of BST
and PST, but the PBZ films have much lower dielectric constant. The same group reported deposition of PBZ
thin film with x=0.4 by using RF-magnetron sputtering. The films exhibited single phase of perovskite structure
with uniform microstructure and promising dielectric properties [53]. In this study, they optimized the dielectric
properties of the PBZ thin films via controlling the oxygen partial pressure during deposition. They also
characterized the thin films at microwave frequencies (up to 5 GHz). The PBZ thin films deposited by RF
sputtering had much higher dielectric constant than those deposited by sol-gel method. The sputtered thin films
also possessed higher dielectric tunability. Tunability of the optimized sample varied from 50% to 55% as the
frequency was changed from 50 MHz to 5 GHz.

BaZr,Ti;,O3 (BZT) is a solid solution of BaTiO3; (BT) and BaZrO; (BZ) via the substitution of Ti with
Zr. BZT has a pinched phase transition at x=0.15 for Zr, where all the three phase transitions observed in BT are
merged into one broad peak. Higher concentrations of Zr would result in compounds with typical ferroelectric
relaxor characteristics. BZT has been studied as a microwave dielectric tunable material in both ceramics and
thin films.

One of the early reports on tunable dielectric properties of BaZr,3Tiy;O3 ceramics was presented by Zhi
et al [54]. The ceramics were prepared from BaCO; and other oxides via the solid-state reaction method by
calcining at 1200<€ for 2 h and sintered at 1560 for 15 h. The BZT ceramic possessed a maximum dielectric
constant of 21000 at 10 kHz and T,,=229 K, which the temperature at which dielectric constant is maximized. At
room temperature (~300 K), it had a dielectric constant of 4500 and a very low dielectric loss tangent of 0.005.
Tunable properties of the BZT ceramic are also very promising. At room temperature, it reached a dielectric
tunability of 45% and dielectric loss tangent of 0.002 at 20 kV/cm, which make the BZT ceramics competitive to
the best BST and PST materials reported in the literature. As indicated by the authors, there is still possibly room
to further decrease the dielectric loss tangent of the BZT ceramics by addition of low loss oxides due to the high
dielectric constant of the materials which can be further tailored. BZT ceramics with higher concentrations of Zr

(with x=0.3-0.6) were reported by others later [56-57].
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BaZr, 35 Tiges03 thin films were deposited on a Pt/Ti/SiO,/Si substrate via a sol-gel process [58]. The
polycrystalline thin films possessed relaxor behavior, showing diffusive phase transition characteristics over 179
-293 K. The films had a fairly high dielectric tunability (at a DC electric field of 600 kV/cm and 1 MHz) of 38%,
41% and 42% and at 173, 313 and 293 K, respectively. The values of tunability of the BZT thin films are
comparable with those of BST, while their dielectric loss tangents are much lower than their counterparts.
Moreover, the BZT thin films exhibited a very high stability in dielectric constant against temperature due to
their diffusive phase transition characteristics.

Ying et al [59] and Zhu et al [60] used PLD to deposit BaZry,TiggOs thin films on single crystal
substrates of (LaAlO3)o3(Sr.AlTa0g)e.35 (LSAT) (001) and MgO respectively. The BZT thin film deposited on
the LSAT substrate had a Curie temperature of ~120%€, which is about 100<€ higher than its ceramic counterpart.
The increased Curie temperature was attributed to the in-plane lattice elongation of the epitaxial growth behavior
of the thin film. Such a film achieved a dielectric tunability of about 50% at 1 MHz under a DC bias field of 133
kV/cm. A fairly high tunability of >30% remained at microwave frequency. Since the dielectric properties of the
thin films were characterized based on a coplanar electrode configuration, higher applied voltages were used
during the measurement. It is expected that dielectric tunability of the BZT thin films could be further increased
if a parallel-plate capacitor configuration is used. More importantly, the tunability maintained a very weak
dependence on temperature over 25-150<€, making it promising for design of devices with a high temperature
stability. Dielectric tunability of ~50% was also observed in the BZT thin films deposited on MgO substrate, but
at a lower DC electric field of 40 kV/cm. In summary, as expected, the epitaxial BZT thin films have better
dielectric properties than their polycrystalline counterparts.

Additionally, Xia et al [61] tried to increase dielectric tunability of BST by replacing Ba with Pb. The
dielectric tunability of BagsSrosTiOs was increased from 34% to 60% when 50% Ba was substituted with Pb.
The increased tunability was attributed to the raised Curie temperature. At the same time, the presence of Pb
made the material behave as relaxor with a diffuse phase transition, which broadened the dielectric peak and thus
improved the film’s high stability. Shao et al [62] modified the dielectric properties of PbZrgs,Tig 4303, a typical
lead-containing ferroelectric material, using Sr substitution of Pb. They found that the tunable dielectric
performance of PZT was optimized at a composition of 60 mol% Sr. Modifications of BST at B site, by
substituting Ti with Zr and Sn, were also found to be useful in creating electrically tunable materials for
microwave applications [63-66].

3.1.4. Niobate/tantalate and others
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Another group of important ferroelectric materials with perovskite structure are the niobates and
tantalates. Potassium niobate (KNbO; or KN) crystal has good nonlinear optical properties. By substituting K
with Na to form Na,K;,NbO; (NKN), one can alter the lattice parameter and dielectric as well as piezoelectric
properties of KN. AgTa,Nb,,O; or ATN has been recognized to be a good microwave ceramics. The three
reasons that make a potential candidate for microwave tunable applications are: (i) the absence of dielectric
dispersion in a very wide frequency range from 1 kHz up to 100 GHz, (ii) relatively low dielectric loss tangents
up to 30 GHz, and (iii) the ease of tailoring the paraelectric state over a wide temperature range by changing the
Ta:Nb ratio. Comparatively, the research of niobate and tantalate compounds for microwave tunable dielectric
applications is not as intensive as the research in ST, BST, PST and other perovskite ferroelectrics. So far,
focuses are mainly on Nay 5K, sNbO3; (NKN) [69-71] and AgTaNbO3; (ATN) [72-76].

NKN thin films were deposited on a SiO,/Si substrate via a PLD method and characterized from low
frequencies (1 kHz to 1 MHz) to 50 GHz, by Cho et al [69 a] and Abadei et al [69 b]. The ultrathin SiO, layer
was grown by thermal annealing, which served as a buffer layer to improve the interface quality between the
NKN thin films and Si substrate, thus increasing the device performance. To obtain high quality NKN thin films,
a dense NKN ceramic target should be used. The NKN target was prepared by solid-state reaction and hot
isostatic pressure sintering. Dielectric tunabilities of the thin films reported by Abadei et al were 16, 13
and >10% at 10, 40 and 50 GHz, respectively. The authors believed that dielectric performances of the thin films
could be further improved by optimizing the capacitor structures.

Wang et al [70 a] and Blomqvist et al [70 b] reported deposition and characterization of NKN thin films
on LaAlO; (001) substrates via RF magnetron sputtering from a Na and K enriched ceramic target
(Na:K:Nb=1.5:1.5:1) and stoichiometric NKN target, respectively. Dielectric properties of the NKN films
reported by Wang et al were charaterized by using an interdigital capacitor (IDC) configuration. The IDC was
composed of a total of six finger pairs with finger lengths of 1.5 pum, widths of 28 um, and a finger spacing of 14
pum. The sample had a tunability of 35% (at 300 V) at room temperature and 1 MHz and zero-bias dielectric loss
tangent of 0.007. The films deposited by Blomqyvist et al exhibited a much lower tunability (16.5% at 200 kV/cm)
and a similar value of loss tangent (~0.01). The IDCs used by Blomqvist et al consisted of five finger pairs that
are 1 um long and 10 pm wide. The spacing between the fingers was 2 or 4 pum.

AgTa,Nb;,O3 thin films with x=0.38 and 0.5 were fabricated on various substrates, such as
polycrystalline Ptgylry, single crystal Lag;Sry3CoO3(LSCO)/LaAlOs(LAO), LaAlO; (001), MgO (001) and

Al, O3, by PLD [72-75]. The ATN thin film deposited on the Ptglr,, substrate showed a preferred ¢(001)-axis
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orientation. Such a texturing would become stronger if the film was deposited on a LSCO/LAO substrate. XRD
results indicated that a second phase, Ag,Nb,O14, was present in the thin films [72, 73]. The presence of the
second phase was attributed to the volatilization of Ag during the deposition process in the high temperature and
high vacuum environment. Rutherford backscattering (RBS) analysis revealed that the ATN composition of the
thin film was AgogTag4Nbgss03.5 [73]. Dielectric measurement demonstrated that the ATN thin film exhibited
promising tunable properties at 1 MHz and room temperature. Tunability of the films was dependent on the
parameters of the interdigital capacitor (IDC) configuration that was used to the measure the dielectric properties.
The highest dielectric tunability was 16.8% achieved in a 0.4 um film on LAO substrate using a IDC structure
with gap and length of 4 um and 12 um, respectively [73]. The ATN thin films deposited on other single crystal
substrates possessed similar dielectric properties [74]. A varactor based ATN thin film of 0.4 pm in thickness on
an Al,O; substrate had a dielectric tunability of 4.7% at 200 kV/cm, 20 GHz and a loss tangent of 0.068 [75].

Fabrication and characterization of ATN ceramics and thick films for microwave applications were
reported by Zimmermann et al [76]. ATN ceramics and the powders for the screen-printing of thick films were
synthesized via solid-state reaction starting from the constituent oxides. Phase formation and stability of the
ATN ceramic are exemplified via AgTag,Nby O3, as shown in Fig. 7 [76]. The perovskite phase was stable up to
1100 and reacted with added Al,O; to form AINbO, and AlTaO,. This was mainly attributed to the
volitization of Ag at high temperatures. This result was helpful in determining the sintering temperature (1060<€)
used to fabricate ATN thick films on Al,O; substrates. It was reported that significant tunable property is
observable at the first monoclinic-monoclinic (M1-M2) phase transition. This temperature is dependent on
compositions of materials. For example, the M1-M2 phase transition temperature of AgTagsNbgsOs bulk
ceramic is -95<€. Therefore, it is necessary to increase the tunable M1-M2 phase transition temperature by
increasing the concentration of Nb, as illustrated in Fig. 8 [76]. For instance, the maximum tunability of
AgTag1NbggO5 thick film was 16% at 33<€. Fig. 9 shows tunability values of the thick film as a function of
temperature near room temperature at different frequencies [76]. It is noted that the dielectric tunability of ATN
is relatively low compared to other ferroelectric materials.

Ferroelectric behavior in bulk LuFe,O, was first reported by Ikeda et al [77]. LuFe,O, is rare earth-iron
oxide, with an alternate stacking structure by triangular lattices of rare earth elements, iron and oxygen. Equal
amounts of Fe?* and Fe®* ions coexist at the same site of the triangular lattice, where Fe?* and Fe** ions have an
excess and a deficiency of half an electron, respectively, showing an average valence of Fe***. The

ferroelectricity of LuFe,Q, is closely related to the charge ordering of Fe ions and spontaneous polarization is
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generated by polar arrangement of the ordered Fe-3d charges due to the non-coincidence of the Fe** and Fe®*
ions [77].

Dielectric tunable characteristics at low frequencies (<200 kHz) of LuFe,O, ceramics have been reported
[78, 79]. Temperature dependence of dielectric constant of LuFe,O, ceramics showed that the samples had a
very strong frequency dispersion, which was attributed to the motion of ferroelectric domain boundaries caused
by electron hopping or fluctuation [77, 78]. Dielectric tunable behavior of LuFe,O, ceramics was observed at
very low applied electric field. For example, 5 V applied voltage is sufficient to suppress dielectric constant of a
1 mm thick sample from 12000 to 5800, which translates to a high tunability of more than 50% at an external
electric field of as low as 50 V/cm. This field is greatly lower than those required by most of the ferroelectric
materials discussed above by more than three orders of magnitude. Dielectric constant versus the applied voltage
curve of LuFe,O, ceramics is similar to those observed in typical ferroelectrics, having a butterfly shape with
observable hysteresis. The hysteresis confirmed the presence of ferroelectric ordering and ferroelectric domains.
In addition, the tunable property of the LuFe,O,4 ceramics can be retained over a broad temperature range, which
makes the materials promising for practical applications. However, the sample had a very high dielectric loss
tangent of 0.2-0.5 at room temperature and the loss tangent increases with increasing applied voltage. Although
the authors proposed to reduce the dielectric loss tangents by using similar methods applied to ferroelectrics, no
information is available on this issue up to date. Another question is whether the giant tunable effect is still
observable at microwave frequencies. Also, no report on LuFe,O, thin film has been available in the open
literature. If these problems can be addressed, LuFe,O, based materials should be very competitive as tunable
dielectrics for microwave applications.

The physical origin of the giant dielectric tunable effect observed in the LuFe,O,4 ceramics has not been
clarified. The authors attributed the effect to both intrinsic and extrinsic possible origins [78]. The reduction in
dielectric constant of ferroelectric materials at DC bias fields is mainly due to the suppression of polarization
fluctuation. Polarizations of typical ferroelectrics arise from displacement of ions and lattice distortion, which
requires high energies. Therefore, a high electric field is generally required to induce a noticeable reduction in
dielectric constant. In contrast, the electronic ferroelectricity in LuFe,O,4 originates from polar arrangement of
the ordered Fe-3d charges, which means that the polarization fluctuation in LuFe,O, is directly correlated with
the charge fluctuation of 3-d electrons of iron. The energy required for charge motion of 3-d electrons is much
lower than that required by ion displacement. That is the reason why a small electric field could sharply reduce

the charge fluctuation on Fe ions, thus resulting in a large reduction in dielectric constant. Extrinsic contributions
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to the giant effect are possibly related to Schottky barriers at the electrode-material interfaces, which could bring
out a strong change in dielectric constant at low applied fields. The authors [78] confirmed their speculation
preliminarily by observing that the dielectric tunability depended on thickness of the samples and quality of the
electrodes.

3.2. Non-ferroelectric materials

Besides ferroelectric materials, other types of materials have also been found to possess dielectric
responses to external applied DC electric fields. Tunable properties of several microwave dielectrics with
pyrochlore structure [81-89] and composites based on single-walled carbon nanotubes (SWCNT) [90] will be
discussed.

Cubic pyrochlore has a general formula of A,B,0¢0’, which is a derivative of the fluorite structure AO,,
where the unit cell is doubled in all dimensions and the A site is split into both A and B sites. The larger A cations
are eightfold coordinated with oxygen, yielding distorted cubes, while the smaller B cations are sixfold
coordinated with oxygen, yielding distorted octahedra. One of the seven oxygen ions is bonded only to A cations.
There are two main phases of interest for high frequency dielectrics: a cubic pyrochlore phase with space group
Fd3m and a monoclinic zirconolite phase with space group C2/c, which has been described as a derivative of the
pyrochlore structure. Bi pyrochlores have a low sintering temperature of below 950C [81]. Unlike most
ferroelectric thin films, it was found that dielectric properties of 0.3 pm thick bismuth zinc niobate (BZN) thin
films are comparable to those of their counterpart bulk materials [81]. This similarity in dielectric properties
between bulk and thin film BZN makes them advantageous over ferroelectric materials whose dielectric
properties are largely suppressed in thin films compared to their bulk forms.

Tunable dielectric properties of pyrochlore thin films with compositions of BijysZn; ¢Nb;s0-,
Biy5ZnosNb; 5065 and BiyZnysNbys0;, deposited on PHTi/SiO,/Si substrate, using a metalorganic deposition
(MOD) process, were reported by Ren et al and Thayer et al [81]. Ren et al [81 a] found that the dielectric
response as a function of applied DC field were determined by the annealing temperatures. The cubic
Bi; 5Zn; oNb; 50, thin film required the annealing temperature of 750 to achieve the maximized tunability
(10% at 830 kV/cm and 10 kHz). In contrast, the optimal annealing temperature for the tunibility of
Bi,Zn,3Nby ;307 films was 700°C. This is because the samples annealed at temperatures of <700°C contained a
certain portion of tunable cubic phase, whereas the film annealed at 750€ was pure pseudo-orthorhombic phase
which is not tunable by an external electric field. Subsequently Thayer et al [81 b] further explored the dielectric

tunability of the BZN pyrochlore materials through increasing the high electric fields. Dielectric tunabilities of
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the Biys5Zn;oNb; 507, BiisZngsNbysOg5 and BisZn,ysNba;05 thin films, annealed at 750€, 600<€ and 750<€,
were 45%, 26% and 20%, at 1.8, 3 and 4 MV/cm and 100 kHz, respectively. All films exhibited essentially low
dielectric loss tangents at both zero and applied electric fields. In order to minimize the electronic conductivity,
the results were derived from the measurement at 77 K so that high electric fields could be applied to the thin
films without causing dielectric breakdown. Even higher dielectric tunability of up to 55% (at 2.4 MV/cm) was
reported by Lu and Stemmer [82] in a Bi; sZn; oNb; 507 thin film deposited by a RF magnetron sputtering. The
BZN thin film had a thickness of 160-170 nm, dielectric constant of 220 and extremely low loss tangent of
0.0005 at 1 MHz. Dielectric properties of BZN thin films at microwave frequencies were studied and reported by
Park et al [83-86], showing that BZN materials are potential candidates for microwave device applications due to
their low loss and high dielectric tunability.

Except for thin films, there have also been reports on pyrochlore ceramics, such as Cd,Nb,O, [88] and
Bi,.4CayZnysTays (0<x<1) [89]. Cd,Nb,O; had very high dielectric tunability at low temperatures while Bis,.
«CayZny3Tays possessed good tunable properties at room temperature. For instance, Dielectric tunability of the
Cd,Nb,0- ceramic was between 37% and 64% in the temperature range 55-180 K. The tunability was measured
at 15 kV/cm and 5 kHz (88). A cubic pyrochlore (Bi;,Cagg)(ZnysTays),0; ceramic had a room temperature
dielectric tunability of 12% at 60 kV/cm and 100 kHz [89].

Recently, dielectric tunability of composites with single-walled carbon nanotubes (SWCNTs) was
observed. Commercially available CNTs (Fig. 10) were used to prepare composites with two-component silicone
as matrix [90]. Fig. 11 shows DC resistivity of the composites as a function of weight concentration of CNTs
[90]. Since silicone has superior insulating properties to other polymers, the variation in resistivity of the
composites is entirely due to the CNTs. A percolation threshold is observed at about 4 wt% CNTSs, which is
higher than the predicted value (~1%) according to percolation theory. This is mainly attributed that the CNTs
have impurities, the composites are not homogeneous and there are aggregations of the CNTs. All these factors
could contribute a higher percolation threshold.

Real and imaginary relative permittivities of the CNT composites are shown in Fig. 12 [90]. Both real
and imaginary parts increase with increasing concentration of CNTs, which can be readily understood by
effective medium theory. According to the scaling dispersion law, both real and imaginary permittivities should
linearly decrease with increasing frequency. Small deviation from the linear dependence below 1 GHz could be
attributed to the measurement error. Permittivity versus frequency curves of the three samples with CNT

concentrations of 10%, 9%, and 8% have large slopes. The curves of the samples with 6.5%-5% of CNTs are
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more flat, which is because these concentrations are within the insulator-conductor transition regime. At low
concentrations, permittivities of the composites are mainly determined by individual inclusions (tubes or tube
clusters that do not contact with each other). Therefore, the permittivity is less sensitive to frequency. At higher
concentrations, the tubes or clusters are likely to contact with each other forming a conducting network. The
permittivity becomes more dispersive.

Fig. 13 shows normalized real and imaginary permittivity as a function of bias voltage at 1 MHz of the
CNT composites with various concentrations [90]. Similar tunability of permittivity is found at high frequency
up to a few hundred megahertz. However, further increase in frequency resulted in smaller tunability. The
samples with CNT concentrations of <6% are not tunable. This is because the tubes are isolated from one
another at low concentrations. In this case, bias voltage is only applied to the polymer matrix. Once the
concentration is above 6%, permittivity becomes sensitive to bias voltage. The tunability becomes more
pronounced with the increasing concentration until 10%. Tunability of the sample with 10% CNTSs is more than
40%. It is noticed that bias voltage reduces real permittivity but increases the imaginary part. In other words,
dielectric loss tangent increases with DC bias voltage. Compared to ferroelectric materials, CNT composites
have several advantages, such as mechanical flexibility and low applied voltages. The underlying physics behind
the tunable property of the CNT composites is still not clear, which is however believed to be totally different
from that of ferroelectric materials. This class of tunable materials deserves further investigation to clarify the
tuning mechanism and explore possible applications.

In summary, electrically tunable characteristics of nonferroelectric materials have been paid attention
gradually. It is believed that more and more nonferroelectric materials will be studied and developed for the
purpose of tunable device applications.

4. Strategies to Improve the Performances of Tunable Dielectric Materials

As discussed above, a key requirement of tunable dielectric materials for practical device applications is
sufficiently low dielectric loss tangent. Dielectric loss tangents of the main ferroelectric materials with large
potentials are still too high for device applications. As a result, great efforts have been made to reduce the
dielectric loss tangents of ferroelectric ceramics and thin films.

4.1. Composite with low loss oxides

One of the most widely used methods for reduction of dielectric loss tangents of ferroelectric thin films

or ceramics as microwave tunable materials is to mix them with oxides that have low dielectric constant and very

low dielectric loss tangents. Successful examples include simple oxides, such as MgO [91-105], TiO, [106, 107]
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and Al,O; [109-111], and complex oxides, such as LaAlO; [112], Mg,TiO, [114], BaTisO9 [115] and
Bi1sZnNb, s0; [116-119].

4.1.1. Simple oxides

A. MgO

A relatively systematic investigation, of the effects of MgO, ZrO, and Al,O3; on the dielectric constant
and dielectric loss tangent of Ba,.,Sr,TiO; (x=0.40-0.60) ceramics, thick films and thin films, has been reported
in Refs [91] and [92]. In the case of ceramics, commercial BST powders were used as starting materials, which
were mixed with MgO, ZrO, and Al,O; powders, with weight concentrations up to 60%. It is found that, as
expected, the dielectric constants of the samples decrease with increasing concentration of MgO, except for the
sample of x=0.60 as MgO concentration increases from 0 to 25%. Both loss tangent and dielectric tunability are
greatly reduced as a result of the addition of MgO, especially at low concentrations. The small fluctuations in
tunablility at high concentrations of MgO could be attributed to errors caused by the measurements. The
variation in dielectric constant of the samples without MgO as a function of concentration of strontium (from
x=0.40 to 0.60) cannot be understood and was not explained in the literature [91]. Since SrTiO; has a lower
dielectric constant than BaTiOj, the dielectric constant of Ba;.,Sr,TiO; should decrease with increasing
concentration of Sr. However, the addition of Sr would reduce Curie temperature of Ba,Sr,TiOz, which may
result in higher dielectric constant, if the Curie point is around room temperature. In summary, the introduction
of MgO into BST has “diluted” dielectric constant, loss tangent and tunability substantially as Mg has much
smaller dielectric constant, lower loss tangent and no dielectric tunability. From a practical application point of
view, compositions should have MgO content of not less than 30 wt% to attain dielectric loss tangent of less than
107 and dielectric constant of ~500, at 10 GHz, but their dielectric tunabilities are seemly not high enough to
achieve high device performances.

Comparison of the effect of MgO, ZrO, and Al,O5 on dielectric properties of specifically BaggSrg4TiOs
has also been reported [92]. Dielectric constants (at 10 GHz) of the three groups of materials possess a similar
reduction trend as the weight concentrations of oxides are lower than 20% (where Al,O3: 20 wt%=26 vol%;
Zr0O,: 20 wt%=20 vol% and MgO: 20 wt%=28 vol%). In the concentration range of 20-50 wt%, the dielectric
constant of the Al,O3; composite decreases much faster than that of the ZrO, and MgO composites, which has
been attributed to the formation of glassy secondary phases [92]. The difference in tunability among the
composites has been attributed to the different effect of the oxides on Curie temperatures of the materials and

detailed discussion can be found in Ref. [92]. This also means that the oxides might have been incorporated into
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the lattice of the BST compounds, but quantitative analysis is not available at the moment. Microwave devices
made from the bulk ceramics demonstrated that the low dielectric loss characteristics of the materials are still
maintained at microwave frequencies, making them suitable for practical applications.

Phase transition characteristics of BageSry4TiO; ceramics doped with MgO up to 60 wt% were also
reported separately in Ref [99]. Pure BST ceramics have a relatively sharp cubic-tetragonal phase transition peak
(Tc) at ~4<€ and a tetragonal-orthorhombic phase transition peak (T1o) at -60<€. The sample doped with 1.0
wt% MgO possesses a lower T¢ (-30<€), with the phase transition peak being suppressed and broadened. Further
increase in weight concentration of MgO leads only to more significant diffused peaks, but the peak
temperatures are almost not shifted. At the same time, there is a sharp drop in dielectric constant from pure BST
to 1.0 wt MgO-BST. This means that 1.0 wt% MgO has been totally dissolved in the BST lattice and reached the
solubility limit. Such a solubility limit is lower than that reported in other studies, where Mg?* ion concentration
dissolved in BST perovskite structure is as high as 15 at% [113]. The discrepancy could be due to many reasons,
but this remains unexplained.

A combination of 1 mol% MgO and 0.05 mol% MnO, was used to modify the properties of Ba;,Sr,TiO;
ceramics (x=0, 0.25, 0.50, 0.75 and 1) [93]. The BST ceramics were prepared by using the typical ceramic
processing technique, with a rate-controlled sintering profile. X-ray diffraction (XRD) patterns indicated that all
samples had single phase perovskite structure. The lattice constant of Ba;,Sr,TiOs; decreases almost linearly
with increasing concentration of Sr content. This is because Ba;,SryTiO3 is a solid-solution of BaTiO; and
SrTiO; and the former has larger lattice constant than the latter due to the smaller Sr** ion as compared to Ba®*
ion. It was observed that the inhibiting effect of MgO on grain growth of the ceramics became more and more
pronounced with Sr content. This observation has been ascribed to the fact that the presence of strontium makes
the samples more refractory. Therefore, under the same sintering condition, MgO would be more difficult to
dissolve in the more-refractory samples. Temperature dependence of dielectric properties of the BST ceramics
showed that the introduction of MgO and MnO, at the levels studied had no significant effect on their
ferroelectric characteristics. As discussed earlier, Curie temperature of the BST ceramics also decreased with
increasing content of Sr.

The dielectric tunabilities (at 5 k\V/cm) at Curie temperature T and T¢+10<€ decreased at first as the
concentration of Sr increased from x=0 to x=0.25 and then increased as the Sr content was raised up to x=0.75. It
was reported that the variation in dielectric constant of the sample with x=0 is almost not observable the

ferroelectric state (below T¢), while that in paraelectric state is very significant. As Ba is partially substituted by

27



Sr, the samples have a broad ferroelectric-to-paraelectric phase transition behavior, which becomes more
pronounced with increasing concentration of Sr. Unlike BaTiOs;, Ba;,Sr,TiO; can be tuned in dielectric
constants at both sides of ferroelectric and paraelectric states. A detailed explanation on the experimental results
can be found in Ref. [93]. It is also suggested that, the domain movement and hysteresis at DC biasing in the
ferroelectric state would usually result in an unpredictable variation in dielectric characteristics, and thus it is
recommended to use an operating temperature of about 5-15 <€ above the Curie temperature (T¢), in practical
applications. Since the concentration of MgO has been fixed to be 1 mol%, one is unable to draw a conclusion
about how MgO affects the dielectric properties of the BST ceramics. Further work is necessary to clarify the
effect of MgO concentration so that an optimized doping level can be identified to obtain the most appropriate
tunable dielectric properties.

Dielectric properties of BST/MgO ceramics at microwave frequencies, focusing on the effects of attrition
milling, were reported by Synowczynski et al [94]. BST ceramics were prepared by using BT and ST powders
via solid-state reaction. After reaction, MgO with various concentrations up to 60 wt% was mixed with the BST
powders. The mixed powders were sintered to form BST/MgO composite ceramics. The effect of attritor milling
on dielectric properties of the composite ceramics was found to be dependent on concentration of MgO. The
samples with MgO <1 wt% demonstrated lower dielectric loss tangents, higher tunabilities and higher dielectric
constants as a result of milling. However, dielectric properties of the samples with MgO of >5 wt% were
worsened after milling. The reason for this observation is still not clear up to now, while the authours attributed
it to possible impurity caused by the attrition milling.

Agrawal et al [96] used microwave sintering to fabricate BST:MgO composite ceramics. Due to the high
sintering temperature of MgO, it is difficult to fabricate BST/MgO composite ceramics with uniform
microstructure. Sintering behavior of a material can be improved by using rapid heating. It is therefore expected
that microwave sintering could be helpful to prepare BST/MgO ceramics. Microstructure of the composite
ceramics can be well controlled. The composite ceramics had high density and sharp grain boundaries, which
resulted in low dielectric constant (~125), low loss tangent (~0.0025) and high tunability (38% at 80 kV/cm) at
100 kHz and room temperature.

Spark plasma sintering (SPS) was used to produce high density BaggSry,TiOs/MgO ceramics with
improved dielectric tunable properties [97]. If one can control the chemical reaction and interdiffusion between
BST and MgO, it will be possible to tailor dielectric performances of the composites. This is obviously cannot be

realized by conventional sintering techniques. For example, Curie temperature of BST was found to be reduced
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as a result of the addition of 5 wt% MgO [99]. In order to decrease the chemical reactivity between ferroelectric
and non-ferroelectric phases in the composites, it is necessary to significantly increase the sintering rate. In this
respect, SPS is an ideal technique to meet this requirement. Mixture of BST powder with 4 wt% MgO was
heated at a rate of 100€€/min to 1200<€ at a uniaxial pressure of 50 MPa and quenched after 3 min, which led to
BST/MgO composite ceramics with a relative density of ~97% [97]. This can be achieved at 1300<€ for 10 h by
using the conventional sintering route. Interdiffusion between the two phases was successfully suppressed. It was
found that dielectric constant versus temperature behavior of the composite ceramics was similar to that of pure
BST, but dielectric loss tangent of the composite was significantly reduced (<0.005). The SPS sintered
composite BST/MgO composite ceramic had tunabilty of 40% at 20 kV/cm, 100 kHz and around room
temperature, which is comparable with that achieved in pure BST.

Besides BST, dielectric properties of SrqgPby,TiO3 ceramics were also improved by using MgO [98].
SrgPbg,TiO3-MgO ceramics with 50:50 weight ratio were prepared by solid-state reaction process. Dielectric
properties of the composite ceramics were characterized over a wide range of frequencies from 10 kHz to 26
GHz at room temperature. Dielectric constant of the material was about 116 at 10 kHz. Almost no dispersion in
real permittivity was observed over the frequency range and the dielectric constant was independent of
instrument and technique used in the experiments. Dielectric loss tangent of the composite ceramics was less
than 5x10™* over 10 kHz — 1 MHz, which was one to two order of magnitudes lower than that of pure PST and
BST. As expected, it was found that dielectric loss tangent of the sample increased with increasing frequency,
which was close to 0.001 at 100 MHz, 0.004 at 2.6 GHz, 0.008 at 6.6 GHz and about 0.04 over 18.4-25.3 GHz.

20 wt% MgO doped BaggSro4TiO3 thin films were reported by Ngo et al [100] using an electrophoretic
deposition (EPD) method. EPD technique is composed of three major process steps: (i) preparation of a charged
suspension of the constituent particles required to achieve the final film compositions, (ii) application of a DC
electric field in the suspension medium for deposition of the charged particles on suitable substrate, and (iii)
sintering of the deposited film to obtain a dense and crystallized thick film [100]. The powders used to deposit
BST and BST/MgO thick films were synthesized via the conventional solid-state reaction process. The calcined
powders were dispersed in acetone containing a small amount of C,qHs;0;NaS surfactant. Films with thickness
of 10 and 80 pm can be made on a Pt substrate for 2 and 6 min, respectively. The films’ quality can be optimized
by adjusting the composition of the dispersive medium. The BST/MgO thick films can be fully sintered at

1250<€ for 2 h. They had a dielectric constant of 327, dielectric loss tangent of 0.002 and a tunability of 8% (at
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20 kV/cm) at 1 MHz, as compared with 603, 0.029 and 17.3% for their bulk counterparts. The role of MgO in
the thick films is similar to that in bulk materials.

MgO is also the most widely investigated oxide to modify the dielectric properties of BST ferroelectric
thin films. BST thin films doped with varied concentrations of MgO have been prepared by metalorganic
solution deposition (MOSD) [101-103], sol-gel [104], pulsed laser deposition (PLD) [99] and RF magnetron
sputtering [105] methods. Usually, two types of substrates are used to deposit BST thin films, i. e. silicon (Pt/Si)
and single crystals (MgO or LaAlOs). Si substrates are used for low frequency measurement, while single crystal
substrates are used for high-frequency characterization.

The effects of MgO on BST thin films, for tunable microwave applications, were systematically studied
and reported by Joshi et al [101-103]. Metalorganic solution deposition (MOSD) technique, was used to deposit
(1-y)BageSro 4 TiOz-yMgO thin films, on a Pt-coated silicon substrate by multiplayer spin-coating approach, with
carboxylate-alkoxide precursors. The most pronounced advantages of this technique include low processing
temperature, precise composition control, low equipment cost, and uniform deposition over large area substrate.
The solution was prepared by using barium acetate, strontium acetate, titanium isopropoxide, and magnesium
methoxide, together with solvents of acetic acid and 2-methoxyethanol. Detailed description of the process can
be found in Ref [101].

XRD measurement indicated that no evidence of secondary phases were observed in the thin film sample
with 5 mol% MgO, while the 20 mol% sample had an unidentified peak, which was a secondary phase due to the
excessive MgO content. At the same time, the diffraction peaks of BST became broad with increasing content of
MgO, which was because the presence of MgO resulted in smaller grain size of BST and possibly strain in the
film. Atomic force microscope (AFM) and scanning electron microscope (SEM) examination revealed that the
samples with MgO concentrations of not higher than 5 mol% exhibited a very uniform grain size distribution and
smooth surface, while the samples with high contents of MgO had a non-uniform bimodal grain size distribution
and rough surface.

Dielectric constants of the samples with 0%, 5% and 20% MgO at 100 kHz are 450, 386 and 205,
respectively, showing a monotonic decrease trend with increasing concentration of MgO, in accordance with
expectations as discussed above. Dielectric loss tangents of the samples are 0.013, 0.007 and 0.009, respectively.
It means that the addition of MgO is an effective way to reduce the dielectric loss tangents of BST thin films.
Since the lowest dielectric loss tangent is obtained in the sample with 5 mol% MgO, it means that higher content

of MgO is not necessary. Furthermore, the tunability is greatly weakened with increasing concentration of MgO.
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An alternative way to dope BST thin films with MgO was reported by Jain et al [104], who deposited
multilayered MgO:BagsSrosTiO; thin film composites. The MgO:BST heterostructured thin films were
consisting of four layers BST of 70 nm thick each and three layers MgO of 40 nm each. XRD results showed
that both pure and heterostructured thin films were predominantly (100) oriented and crystallized into a
perovskite phase. It was also demonstrated that the lattice parameters of BST in the composite films did not vary
with the concentration of MgO, which means that the solubility of Mg in BST is not very high. AFM analysis
illustrated that stepped structures were observed on surface of the MgO:BST composite thin films. The result
was attributed to the fact that the presence of MgO affected the surface energy for the growing of the BST thin
films. The dielectric constants of pure and MgO layered BST thin films were 2714 and 1729 at 1 MHz. These
values are much higher than those discussed above. This discrepancy is mainly caused by the difference in
qualities of the two groups of thin films due to the different process methods. Similarly, both tunability and
dielectric loss tangent were decreased due to the introduction of MgO.

Another example of BST thin films doped with MgO was prepared by pulsed laser deposition (PLD) [99].
The films were deposited using targets of MgO and BST mixture ceramics, with Mg concentration of up to 60
wit%. Single crystals MgO with (100) orientation were used as substrates for the deposition of the thin films.
Bulk materials of the composites were also studied as a comparison. It was found that the presence of MgO
significantly reduced the grain sizes of the composite ceramics. A similar effect of MgO was also observed in
thin films. There are consistent deficiencies in MgO in the thin films as compared to their respective ceramic
targets, which has been attributed to the difference in vapor pressure between Mg and the other elements of BST.
XRD analysis results showed that 1 wt% of MgO is already beyond the solubility limitation in BST, which is in
a good agreement with the observations as discussed above. Similar dielectric responses were observed in the
bulk ceramics and thin films of the MgO-BST composites at both low frequencies and microwave frequencies. A
small amount of MgO in BST resulted in a sharp decrease in dielectric constant and tunability, which is
attributed to the substitution of Ba or Sr by Mg, while the slight decrease in dielectric constant for the samples
with high concentration of MgO can be interpreted by the mixing effect. The thin films had much smaller
dielectric constants than their bulk ceramics counterparts, which is due to the smaller grain size and more defects
in thin films. The loss contribution, due to defect dipoles, parasitic losses, skin effects and space charges
associated with the grain boundaries, etc, could be negligible at high frequencies since their responses to external
disturbance are slow. The low dielectric constants of the thin films can be ascribed to the fact that they have

shorter coherence distance.
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In contrast to the results discussed above, Chiu et al [105] found that the addition of 5 mol% MgO in
BagsSre4TiO; thin films, prepared by a RF magnetron sputtering on Pt-coated silicon substrates, possessed
higher dielectric constants than pure BST without an explanation of the mechanism. The effect of MgO on
dielectric loss tangent of the BST thin films is the same as those found in other reports [101-104], i. e., dielectric
loss tangent of the MgO-doped BST film is lower than that of pure BST film.

A new method was proposed to prepare MgO:BST thin films, with combined targets of MgO and BST
ceramics instead of composites, via PLD technique [112]. The initial proposal was to use a dual laser beam to
ablate MgO and BST targets at the same time. Fig. 14 shows the configuration of the targets, where a small piece
of MgO is attached on surface of BST of large size. The laser beam was split into two beams, one goes to BST
and another goes to MgO. The content of MgO can be controlled by controlling the ablation frequency of the
MgO target. The problem of this configuration is that the two laser beams cannot be well aligned and thus the
thin films deposited in this way are not uniform in composition. As shown in Fig. 14, only a small area in the
middle of the substrate has a uniform distribution of MgO and BST. Meanwhile, due to the fact that the laser
beam was split, the energy density was halved and thus the deposition efficiency was greatly reduced. To address
this problem, an alternative configuration was proposed, by putting MgO on an off-centered position of BST. Fig.
15 shows the schematic diagram of the target arrangement and the outcome of the films. In this way, it is not
necessary to split the laser beam, so that the deposition efficiency remains normal. Also, the non-uniform
problem of composition in the thin films deposited via the two-beam PLD is effectively avoided. Because the
rotation speed of the target is fast enough, the composition of films deposited in this way are homogenous. In
other words, the multilayered structure of Fig. 15 is only to show that two components were deposited
alternatively. The concentration of dopant can be easily controlled by using different area coverage, as shown in
Fig. 15. In addition, the BST target can also be used to deposit films with other dopants. Moreover, the target
combination method can be extended to deposition of multicomponent thin films, where two or more
components are incompatible, to form available targets via the conventional ceramic process.

Fig. 16 shows the representative XRD patterns of the MgO:BST thin films, deposited on (100) LaAlO;
(LAO) single crystal substrate, from the BST target covered by different areas of MgO. All samples exhibit a
single phase of perovskite structure and are epitaxially grown on the LAO substrate. Typical surface SEM image
of the MgO:BST thin film is shown in Fig. 17. Well developed grains can be readily observed in the films.
Unfortunately, dielectric properties of the MgO:BST thin films were not characterized.

B. ZrQ, and TiO,
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Another example of oxide doping is (Bage«Sro4Cay)TiOs (BSCT, x=0-0.2) with a small amount of ZrO,
(up to 3 wt%) [108]. The addition of ZrO, enhanced the densification and retarded the grain growth of the BSCT
ceramics. Dielectric tunabilities of the ceramics as a function of doping level of ZrO, were studied, which
showed that the introduction of Ca can modify the dielectric constant of (Bag.xSro4Ca,) TiO3, but has a negative
effect on tunability. For example, the samples with x=0.15 and 0.20 possess much lower dielectric tunability
than that with x=0.10. As for ZrO,, there is no significant effect of concentration on the dielectric tunability of
the sample with x=0.10.

There are two main advantages of using TiO, as a dopant to modify the properties of BST. On one hand,
Ti can be incorporated into BST by forming the Ti-rich compound Ba;.SrTi;yO3 under certain appropriate
conditions [106, 107]. This will solve the problem of non-uniformity of the composite samples. On the other
hand, the dielectric constant of TiO, (~100) is higher than other oxides, such as MgO, Al,O3 and ZrO,. At the
same time, the dielectric loss tangent of TiO, can be as low as 10™ at microwave frequencies Therefore, TiO, is
expected to be a promising candidate to modify the dielectric properties of BST thin films for microwave device
applications. A series of compositions of TiO,: BaggSro4TiO3 thin films were deposited on MgO single crystal
substrates, using PLD, with TiO,:BST ceramic targets with TiO, content of of 1-50 wt% [106, 107].

XRD results indicated that the thin films derived from the targets with 1% and 5% TiO, have the same
lattice structure as pure BST. However, the films from the targets with TiO, concentrations of high then 10%
possessed secondary phase of TiO,. According to XRD pattern, the diffraction peak at 26=27.59s corresponding
to (110) of TiO, anatase [106]. Transmission electron microscope (TEM) analysis showed that the BST film with
10 wt% TiO, was almost the same as un-doped BST film in terms of microstructure and crystallization. However,
in the film with 50 wt% TiO,, amorphous and poorly crystallized phases were observed clearly. The addition of
TiO, greatly decreased the dielectric loss tangent, which was 0.006 and 0.001 for the samples with 10 wt% and
50 wt% TiO, respectively, compared to 0.02 of pure BST thin film [106]. At the same, dielectric tunability of the
composite thin films was also suppressed. The sample with 10 wt% TiO, possessed a dielectric tunability of 37%
at 200 kV/cm and 1 MHz.

TiO,:BST thin films were also deposited via single beam PLD using combined targets of BST and TiO,,
which is similar to the MgO:BST films, discussed above. Fig. 18 shows the XRD patterns of the TiO,:BST thin
films deposited on LAO substrate. The composite thin films are all epitaxially grown on the single crystal
substrate. No TiO, phase was found in the XRD patterns, which is probably because the content of TiO, is still

too low to be detectable. Dielectric properties of the composite thin films were characterized using a method that
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has been well described in Refs [109, 116], which are summarized in Table I. These dielectric properties were
measured at ~7.7 GHz [116]. The dielectric loss tangents of the films are still quite high, which means that
higher contents of TiO, are required to further modify the dielectric properties.

C. Al,O4

Al, 05 has a very low dielectric loss tangent (~10° for corundum and 10° for single crystal sapphire) at
microwave frequency. Similar to the oxides discussed above. It is also a considerable good candidate that can
improve the dielectric properties of ferroelectric materials. In this case, BST-Al,O3 thin films [109, 112],
Pbg sBag 4ZrO3(PBZ)-Al,O3 thin films [110] and BST-Al,O5 ceramics [111] have been studied.

A typical example of using Al,O; as the dopant to improve the dielectric properties of BST thin films
was reported by Chong et al [109]. The Al,O3:BST thin films were deposited on LaAlOj; single crystal substrate
with BST and Al,O; ceramic targets in the PLD deposition. Comparing with the targets made by the composites
of BST and Al,O; with various concentrations, the advantage of this technique is the dopant concentration can
be fully controlled using different area ratios of the BST and Al,O5 targets. In that case, BST targets with 10%,
20%, 30% and 40% Al,O5; coverage were used to deposit the thin films. The results obtained from Rutherford
backscattering (RBS) combined with proton induced X-ray emission (PIXE) revealed that the relative
concentrations of Al,Oj3 in the thin films were in a range of nominal ratios, such as 1:4:6:9, but the actual ratios
of Al,Oz and BST thin films were not available.

The solubility of Al,O5 in BST thin films is very high. It exhibits that the BST thin films with different
concentrations of Al,O3 possessed single phase of perovskite structure. The shift of XRD diffraction peaks to
lower angular side indicated that the lattice constants increased with increasing the doping concentration of
Al,Os. At high concentration, Al,O5 can be detected by the XRD measurement. The addition of Al,O; was found
to increase the surface roughness of the BST thin films. The dielectric constant, dielectric loss tangent and
dielectric tunability of the Al,O5:BST thin films all gradually decrease with increasing the concentration of
Al,O3, which is associated with the low dielectric constant, low loss tangent and non-tunable properties of Al,Os.
Therefore, the dielectric properties of BST thin films can be modified by using Al,O; doping to meet the
requirement of microwave device applications.

On the other hand, the Al,03-BST thin films deposited on Pt-coated silicon substrates have been
characterized in detail [109, 112]. It is noticed that the sample derived from the target with 1/10 area of Al,Os is

single phase perovskite structure. With increasing area ratio of Al,Os, the intensity of the BST peaks decreases
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gradually. There is no perovskite peaks obseravble in the 4/10 sample. At the same time, no Al,O3 peaks can be
identified. This may be related to the formation of Al,O; amorphous..

Typical cross-sectional TEM images and the selected area electron diffraction (SEAD) patterns of the
Al,03-BST thin films are shown in Fig. 19. The 1/10 Al,O5-BST sample has a typical columnar microstructure
throughout the film from substrate to surface. The column width is ~100-150 nm. For the sample of 2/10 Al,Os-
BST, the characteristics of columnar structure is weakened but they can still be indentified. In the sample of 3/10
Al,03-BST, the columnar structure is eventually lost completely and the film appears amorphous-like.

The electrical properties of the Al,O; doped BST thin films are summarized in Table II. The dielectric
constant and loss tangent of pure BST without the applied electric field are 568 and 0.025, respectively. With the
addition of Al,O,, dielectric constant, both loss tangent and tunability decrease. In particular, the tunability of the
pure BST thin film is 14% at a maximum applied voltage of 10 V (~7.7 GHz, ~2.8 kV/cm), while the 1/10
Al,03-BST sample has a tunability of about 24% at 20 V (~7.7 GHz, ~5.6 kV/cm). The samples with higher
content of Al,O3 possess the limited dielectric tunability.

4.1.2. Complex oxides

A. LaAIO; and MgAlLO,

Except for simple oxides, complex oxides have also been used to form composite with ferroelectric
materials to reduce the dielectric loss tangent and modify the dielectric constant of ferroelectrics. The effects of
two important complex oxides LaAlOs [112] and MgAl,O,4 [113] on dielectric properties of BST ferroelectrics
need to be addressed in detail.

Due to its relatively low dielectric loss tangent and high dielectric constant at microwave frequency,
LaAlO; (LAO) has also been used to improve the dielectric properties of BST ferroelectric materials for
microwave tunable applications. LAO-BST thin films with different contents were prepared by PLD with the
combined ceramic targets of LAO and BST, on single crystal (100) LAO and Pt/Ti/SiO,/Si substrates. It was
reported that microstructure of the LAO-BST thin films on the LAO single crystal substrate is substantially
different from that of the samples on the Pt/Ti/SiO,/Si substrate. Fig. 20 shows a surface image of the LAO-BST
thin films on the LAO substrate. The film consists of distributed number of cubic grains that are distributed
homogenously throughout the films with an average grain size of 70-90 nm. The films on the Pt/Ti/SiO,/Si
substrate have normal-shaped grains.

Fig. 21 shows the dielectric constant of the LAO-BST thin films deposited on Pt/Ti/SiO,/Si substrate,

which was measured at 100 kHz. The zero field dielectric constants are 772, 514, 395 and 282, for pure BST
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film and the films from the targets with 1/6, 2/6 and 3/6 areas covered by LAO, respectively. The maximum
dielectric tunabilities (200 kV/cm) of the samples are 65%, 53%, 42% and 14%, respectively. The zero field
dielectric losses of the four samples are 0.096, 0.024, 0.023 and 0.027, respectively. Similar trend is observed for
the samples deposited on the LAO substrates, as shown in Fig. 22. Dielectric constant of the films on single
crystal substrate is higher than that of the samples deposited on the Pt/Ti/SiO,/Si substrates.

The effect of MgAl,O, (MA) on low frequency and microwave dielectric properties of Bag,SroeTiOs
(BST) ceramics was reported by Zhang et al [113]. Composite ceramics, (1-X)BST-xMA, with x=0-0.3, were
prepared via conventional ceramic process. In this work, BST and MA powders were synthesized separately,
which were then mixed and sintered to form the composite ceramics with designed compositions. XRD patterns
of the composite ceramics are shown in Fig. 23 [113]. The diffraction peaks of BST and MA are clearly
identified, which means that there was no observable reaction occurred during the high temperature sintering.
The dissolving of Mg into BST was very limited. This may be attributed to the fact that the presence of AI**
retarded the entering of Mg?" ions into B-site of the BST lattice. Fig. 24 shows the dielectric constants and loss
tangents of the BST-MA composites as a function of temperature at the different frequencies [113]. The
dielectric anomalous peaks of the paraelectric-ferroelectric phase transition are suppressed and broadened with
increasing content of MA. At the same time, the peaks of tetragonal-orthorhombic phase transition appears
weaker. This may be attributed to the dilution of ferroelectricity, thus pinching the phase transition. The slight
decrease in Curie temperature (T¢) of the sample with x=0.05 is probably due to the substitution of Mg?* ions in
the perovskite structure. Over this composition, T¢ increased with increasing the concentration of MA, which
was ascribed to a possible increase in Ba/Sr ratio in the BST matrix [113]. With high concentrations of MA, the
dielectric peaks of the samples were broadened with the apeearence of peak overlapping, which is different from
the sharp dielectric peak observed in pure BST. Meanwhile their dielectric constants are frequency dependent.
Detailed explanation can be found in reference [113], but it is not the scope of the present review. Dielectric
properties of the composite ceramics at low and microwave frequencies are listed in Table 11 [113]. At both low
and microwave frequencies, the dielectric constants of the composites monotonically decrease with increasing
content of MA. Dielectric loss tangents of the samples remain almost unchanged with MA content up to x=0.2
and a slight increase in loss tangent as the MA concentration was increased to x=0.3 at low frequency. However,
a sharp decrease in Q values (i.e., increase in loss) of the composites is observed at x=0.05, and the subsequent
reduction of Q value is much less. The dielectric tunability is decreased in the sample with x=0.05, compared

with the pure BST, which was caused by the decrease of T¢ in that composition (at 30 kV/cm and 10 kHz).
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Above x=0.05, tunability increases with increasing MA content. The low Q factor (high loss) of the composite
ceramics at microwave frequency was related to a short-range ordering effect [113]. The high dielectric
tunability values of the samples with high content of MA should be related to their relatively low dielectric
constant. Therefore, in terms of the effects of the additive concentrations on the dielectric tunability, MgAl,O,
shows somehow different behavious from the other oxides.

B. Mg,TiO4 and BaTi,Oq

More recently, the tunable dielectric properties of BaysSrysTiOs-Mg,TiO, composites were also reported
[114]. Analysis results on phase composition with XRD indicated that there is no obvious reaction between the
perovskite (BST) and the spinel (Mg,TiO,4), and their grains can be easily distinguished in photographs. This
observation is very similar to that of BST-MA composites as discussed above [113]. Dielectric properties of the
composite ceramics have been investigated. A sharp drop in dielectric constant is observed as 50 wt% Mg, TiO,4
was introduced. The presence of Mg,TiO, also suppressed the dielectric constant peak of ferroelectric-
paraelectric phase transition of the BST and results in a more diffused phase transition. Similar to the oxides
discussed above, the introduction of Mg,TiO4 can greatly reduce dielectric constant and loss tangent the
composite ceramics. Note that the dielectric constant of the sample with 50 wt% Mg,TiO,4 is 335 compared to
2500 of the pure BST (at room temperature and 10 kHz), it is suggested to lower the concentration of the dopant.

In contrast to the case of MgO doping, where the Curie temperature of BST-MgO composite ceramics is
slightly decreased due to the incorporation of Mg2+ in the BST lattice, the BagsSrosTiOs-Mg,TiO, composites
have a higher T¢ than BST. Since the concentrations of Mg,TiO, are much higher than the solubility of 5 mol%
in terms of lattice substitution, the shift in T¢ of the BagsSrosTiOs-Mg,TiO, composites has been attributed to
the decrease in stress as a result of the presence of the dopant. It was shown that the grain sizes of the composites
gradually increase with increasing concentration of Mg,TiO,. It is worth mentioning that the dielectric loss
tangents of these composite ceramics are much lower than that of the composites with other oxides, as discussed
earlier.

BaTi,Oy (BT4) is another microwave dielectric material, with very low dielectric loss tangent at
microwave frequencies. Although it is not of perovskite structure, BT4 has been used as a dopant to reduce the
dielectric loss tangent of Bag;SrogTiOz (BST) thin films experimentally [115]. BST-BT4 thin films, with
different concentrations of BT4, were deposited via a PLD method. The concentration of BT4 was controlled by
using targets with different surface ratios of BST to BT4. XRD results indicated that BT4 was detectable at high

concentrations. Rutherford backscattering (RBS) analysis showed that BT4 concentrations varied from 4.7% to
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15.9% as the surface ratio of BST:BT4 of the target was increased from 90:10 to 60: 40, but their exact contents
in the composite thin films were not reported in the literture. Low temperature dielectric properties illustrated
that dielectric constant, loss tangent and tunability all monotonically decreased with increasing content of BT4.
Similar results have been observed in BagsSrosTiO3:BaTisOq(BT4) thin films prepared by PLD with combined
targets. Typical dielectric properties of the composite thin films are listed in Table IV [112]. The dielectric
properties were measured at ~7.7GHz.

Compared the oxides discussed above, Bi;sZnNb, s0; has additional properties to be used to improve the
performances of ferroelectric materials, i. e. its higher dielectric constant and more importantly its moderately
tunable dielectric constant [81-87, 116-119]. With the same technique as the cases of Al,Os;, Yan et al [116]
reported the preparation and characterization of Bi;sZnNb;s0,:BST thin films on (100) LaAlOs; MgO and
SrTiO; single crystal substrates via PLD, with a target consisting of half of Bi;sZnNb;s0; and half of BST
ceramic. XRD patterns of the BST-BZN thin films are shown in Fig. 25 [116]. There was no obvious reaction
between Bi;sZnNb; 50, and BST in the thin films. The film on LaAlO; substrate was polycrystalline, while
those on MgO and SrTiO; were epitaxial. The grains of the film on LaAlO3; were equiaxed, while those of the
samples on MgO and SrTiOs; were elongated, as shown in Fig. 26 [116]. Dielectric constants of the films were
between 400-470, which meet the requirements of practical applications (~500) well. Dielectric properties of the
composite thin films are listed in Table V [116]. Specifically, the dielectric loss tangents of the films were all
lower than 0.005. At ~8.1 kV/cm and ~7.7 GHz, dielectric tunability of ~6% can be achieved by the samples.

Inspired by this idea, heterolayered thin films of BiisZnNb;s0,/BST and sandwich structured
Bi;sZnNb, 5s0,/BST/Bi, sZnNb; O, were further proposed and reported by other researchers [117-119]. Double-
layered Bi; sZnNb; s0,/BST thin films were deposited on Nb:SrTiO3 (111) single crystal substrates via PLD. The
film was eptaxially deposited on the substrate, with a clearly sharp interface between Bi; sZnNb; sO; and BST. A
low dielectric loss tangent of 0.0025 and a dielectric tunability of up to 25% were achieved at a large bias field
of 850 kV/cm and 100 kHz. It may be possible to further increase the dielectric tunability by optimization of the
thickness of Bi;sZnNb; s0; and BST. One prediction is that if the thickness of BZN layer is 50 nm while the
BST layer is 400 nm, the sample should have a tunability of ~40% at 420 kV/cm [117]. Sandwich structured 280
nm thick thin films deposited on a Pt-coated Si substrate had a dielectric constant of ~240 and loss tangent of
~0.008 at 1 MHz, with a tunability of ~11% at an applied field of 770 kV/cm.

4.2. Composites with compounds of low firing temperature
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Glasses or compounds with low melting points, such as B,03-SiO, (BS) [120], SiO,-Al,O3 (SA) [121],
Li,0-B,0;-Si0,-Ca0-Al,0; (LBSCA) [122] and Li,CO5 [123, 124], were also employed to modify dielectric
properties of ferroelectric materials. The basic idea of using this category of materials was to lower the sintering
temperature of ferroelectric ceramics, mainly BST, via liquid phase sintering, so that the ferroelectric microwave
tunable devices can be integrated with the sophisticated multiplayer ceramic technology. BST ceramics usually
require sintering temperatures of >1300<€.

BST-B,0;-SiO, glass ceramics were prepared by a sol-gel process [120]. It was reported that pure
BagsSre4TiO5 can be fully sintered only at 1340<€, while the sintering temperatures of the glass ceramics
decrease from 1250<€ to 1125<€ as the concentration of B,05-SiO, glass phase was increased from 1 mol% to
20 mol%. Due to the reduction of sintering temperature, the grain size of the samples also showed a decrease
with increasing content of glass phase. Temperature dependences of dielectric constant and dielectric tunability
of the glass ceramics were systematically investigated. The phase transition peaks of the glass ceramics were
suppressed and broadened, which could be due to the possible coexistence of ferroelectric and paraelectric
phases in the temperature range of the diffuse phase transition. Although the nature of diffuse phase transitions
of fine-grained ferroelectric ceramics cannot be interpreted by the classical theory of ferroelectric phase
transition and their origin has not been identified, it is widely accepted that small ferroelectric particles have
different dielectric characteristics from those of bulk crystals because the long-range Coulomb force, which is
present in crystals and plays an important role in dielectric response, no longer exists in fine-grained cases [120].
The diffused phase transition behavior may also be due to a stress-induced coexistence of cubic, tetragonal,
orthorhombic and rhombohedral phases, since the internal stress increases with decreasing grain size [120]. The
overall feature of tunability showed a gradual decrease with increasing content of glass phase, which was similar
to the “dilution” effect of other oxides as the glass phase is non-ferroelectric. At a particular temperature, for
example, at ~25<€, the dielectric tunability of 90BST+2.5B,05+7.5Si0, (BSTS2) was slightly higher than that of
95BST+1.25B,03+3.75Si0, (BSTS3), which is obviously due to the flattened temperature behavior of the
former [120]. Note that the dielectric loss tangents of BSTS3 were lower than BSTS2 and the dielectric
tunability of the sample was about 20%. This makes the material a promising candidate for practical applications.
However, the glass concentration should not be over 20 mol%. It is also expected that the results should be
applicable to other glass compositions and it is possible to further improve the dielectric properties of glass

ferroelectric composite ceramics.
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Takahashi et al [121] reported dielectric properties of glass-ceramics, based on BaTiO; (BT), with
compositions of 0.65[(1-X)BT-XxREAIO;]-0.27Si0,-0.085Al,05, where RE=La, Nd and Sm, with x=0.1 and 0.2.
The glass-ceramics were synthesized using BaCOs3, oxides and AlF; as starting materials. The synergetic effect
of cation substitution and glass phase made it possible to sinter the glass-ceramics at temperatures of 900-1000<€,
which are dramatically lower than the sintering temperature of pure BST ceramics. Interestingly, Curie
temperatures of the glass-ceramic samples can be readily controlled by the cation substitution. A dielectric
tunability of 30-40% was achieved at DC electric fields of 10-50 kV/cm and frequency of 100 kHz. This group
of materials represents a new type of low temperature tunable dielectric materials.

A more complex glass, Li,O-B,03-SiO,-CaO-Al,0; (LBSCA), was used to reduce the sintering
temperature of BageSro4TiO; (BST) ceramics [122]. Glass powder with the a composition of
Li:B:Si:Ca:Al=26:16:12:2:1.5, was prepared by melting the mixture of Li,CO; and oxides at 1500€ and
quenching. By using this glass, BST-glass ceramics could be sintered at 950<€. Effects of the glass concentration
on sintering behaviors, phase formation and structural development of the glass-ceramics were systematically
studied [122]. Acceptable dielectric properties were obtained in the samples with glass concentration of 10-15
vol%. These samples had dielectric constants of 800-1000 and dielectric tunabilities of 6-8% at an electric field
of 10 kV/cm and frequency of 1 MHz. It is expected that higher tunabilities should be achievable at higher
electric fields.

4.3. Noble metal doping

Noble metals, Ag and Au, have also been employed to improve the dielectric properties of ferroelectric
thin films with reduced dielectric loss tangents. Although they are not oxides, Ag and Au do not react with BST
due to their inert properties. Therefore, Ag and Au should behave similarly to the various oxides and thus are
included in the review to enrich the research subject.

Jayadevan et al [125] studied the dielectric properties of Ag-BagsSrosTiO3 nanocrystalline composite
thin films, with Ag concentration of up to 2 mol%, deposited on Pt-coated Si substrate, using a sol-gel process.
The addition of 1% Ag did not change the phase formation of the BST, but crystalline characteristics of the films
were slightly worsened due to the presence of Ag. Compared with the pure BST thin film, the sample with 1%
Ag had large agglormerates, which was attributed to the enhanced grain boundary diffusion caused by the space
chare effect across the Ag-BST interface, as a consequence of Fermi energy equalization upon the addition of a
small and critical amount of Ag [125]. However, higher concentration of Ag (2%) resulted in a considerable

improvement in microstructure of the Ag-BST thin films, which was ascribed to the low solubility of Ag in BST
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and its location at grain boundaries. In this case, the dielectric tunability of the 1% Ag-doped BST thin film was
a slightly higher than that of pure BST, which has been simply related to the formation of agglormerates in the
sample. This result reserves to be further studied. The reduced dielectric tunability for the BST thin film with 2%
Ag is understandable. Additionally, the dielectric constants of the Ag-BST thin films decreased with increasing
concentration of Ag. The sample with 2% Ag had the lowest dielectric loss tangent at 100 kHz.

Au-BST thin films with Au concentration of up to 5 mol% were deposited on Si substrates via a MOD
method [126]. It was found that the addition of 1% Au could significantly reduce the leakage current of BST thin
films. However, further increase in the content of Au up to 5% had no further improvement in the insulating
properties. Due to the enhancement in the electrical properties (at 1 MHz), the BST doped with 1% Au possessed
higher dielectric tunability than the pure sample. The ability of Au to improve the electrical leakage property of
BST thin films was attributed to the strong electronegativity, reducing oxygen vacancies and induced internal
lattice stress of Au. Compared to their oxide counterparts, the effect of noble metals on the dielectric properties
of ferroelectric materials should be further investigated.

4.4. Composite with polymers

Polymer ferroelectric composites are different from the ceramic composites discussed above in terms of
the appearance and mechanical properties of materials, but similar to the ceramic composites from the dielectric
property point of view. Compared to their ceramic counterparts, polymer composites have several advantages,
such as easy control of compositions, simple processing, flexible shape adaptations and predictable dielectric
properties (especially dielectric constant).

To study the dependence of dielectric properties on the concentration of ferroelectric phase, composites
with silicone rubber as matrix and BST powders as inclusions were made. The BST composition used was
BagesSrossTi103 doped with 0.05 mol% MnO, and 1.0 mol% MgO, as discussed above [127]. Volume
concentrations of BST in the composites were 18%, 40%, 52% and 62%. When modeling dielectric constant of
the composites, they were considered to consist of three phases, BST powder, silicon rubber and pores. Since the
dielectric constant of the BST (6654) was much higher than that of silicone rubber (3.2) and pores (1.0), the
composites were simplified as two phases of BST and a matrix (made form silicone and pores). Therefore, the
dielectric constant of the matrix with pores was between 1.84 and 2.38, which were 0.028% and 0.036% of the
dielectric constant of BST, respectively. Experimental dielectric constants of the composites were compared with
the dielectric constants calculated with various models. It was reported that the prediction by the M-G model has

the best agreement with the experimental data if the concentration of BST was less than 52% [127]. The
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discrepancy between experimental data and the theoretical prediction for the 64% sample was probably caused
by lack of consideration in the interaction (coupling effect) among the high dielectric constant particles during
the modeling. The dielectric tunabilities of the composites were also both experimentally measured and
theoretically calculated [127]. Dielectric tunability (at 1 MHz) of the sample with 64% BST was about 7.4% at a
DC bias field of 5 kV/cm, which was much higher than those of the 52% (0.7%) and 40% (0.15%) samples that
are almost negligible. This result implies that the concentration of the ferroelectric phase must be high enough to
achieve detectable tunability. This is because tunability is crucially determined by the connectivity of
ferroelectric phase and sufficiently high concentration is necessary to provide this connectivity. In addition, there
is no information on the dielectric loss tangent of the composites available. It can, therefore, be concluded that
the dielectric properties should be further improved, and thee is still much potential for the exploration of
polymer ferroelectric composites with desired tunable dielectric properties.

The aforementioned ferroelectric-polymer composite has a similarity to the ferroelectric-non-ferroelectric
composite ceramics, i. e., decreases in dielectric constant and loss tangent, as well as tunability, with increasing
content of non-ferroelectric phases. Analytical models were proposed to evaluate the effect of connectivity
configurations and volume fractions of low-permittivity and low-loss non-ferroelectric phases on the dielectric
properties and electrical tunability of two-phase composites [19]. The composite were classified according the
forms of inclusions into 0-3 (spherical inclusion), 2-2 (layered structure) and 1-3 (columnar structure) models.
Modeling predictions indicated that permittivity of all types of configurations decreases with in creasing
concentration of non-ferroelectric phases. However, the dielectric tunability and loss tangent of the 1-3 type
composite were almost independent of the compositions of the composites. This provided with an opportunity to
modify the dielectric properties of ferroelectric-based tunable composite materials without the sacrifice of
tunability if composites are made with 1-3 type columnar configurations. The reasons why much fewer 1-3
composites have been reported can be attributed to the fact that this type of configuration is difficult to create
and it is difficult to prepare a dense 1-3 composite with high breakdown fields.

Recently, a BaggSry4TiOs/poly(methyl methacrylate) (PMMA) composite with 1-3-type structure was
prepared using BST rod array embedded in low-permittivity PMMA matrix by dice and fill techniques [128].
PMMA was used in this composite because it has excellent chemical and physical properties, high thermal
stability, good insulation and flexible formability. It also has relatively low dielectric loss tangent as compared to
other polymers. A piece of BST ceramic was sliced into a rod array with by using a computerized diamond saw.

Volume concentration of the BST in the final composite could be controlled readily by the size and spacing of
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the rod array. The sliced rod array was then filled with PMMA. A representative sample with BST volume
concentration of 41.6% had a dielectric constant of 1212 and loss tangent of 0.026 at 10 kHz. The dielectric
constant of the composite was slightly lower than the theoretically predicted value, which together with the
higher dielectric loss tangent, as compared to the BST ceramics, was attributed to the presence of interphases,
defects and internal stress. Tunability of the composite was 36% at 16 kV/cm, which was only slightly lower
than that of the pure BST ceramic. Nevertheless, there is still much room to improve the performances of such
kind of composite tunable materials.

4.5. Element doping

For the same reason, element doping has also widely used to modify the dielectric properties of
ferroelectric materials for microwave device applications.

Combinatorial methods have provided us with effective means to rapidly investigate the effects of a large
number of dopants on the properties of different host materials. The effects of different dopants on the dielectric
properties of BST were studied by using a library consisting of four different compositions of (Ba,Sr;.,)TiOj3 thin
films (x=1.0, 0.8, 0.7, and 0.5) [129, 130]. The four hosts were doped with different combinations of up to three
out of nine different metallic elements with each dopant added in excess of 1 mol % with respect to the BST
hosts. The library was fabricated using a series of precisely positioned physical shadow masks that allowed the
sequential deposition of precursors at different sites on a substrate by RF sputtering. Detailed description of
preparing the library can be referred to Ref. [129].

Phase composition uniformity was examined by using control samples and the results indicated that the
dopants diffused into the films very uniformly. The results of XRD rocking curves revealed that the films are of
very high crystalline qualities. The root-mean-square surface roughness was 12 nm while the total thickness of
films is 200 nm. The microwave dielectric properties of the films were measure by using a scanning-tip
microwave near-field microscopy (STMNM). The trends in dielectric constant and loss tangent can be identified
by the darkness of the patches. In summary, the samples doped with La and Ce have lower dielectric constant
and those doped with W, Fe and may possess higher dielectric constant than pure BTO. The doping of Fe and
Mg reduced the frequency dispersion of BTO. W-doped sample has the lowest dielectric loss tangent. Although
extensive studies on the microwave dielectric properties of ferroelectric thin films have been conducted by using
combinatorial synthesis methods, the reports referred to their works are still very limited.

The first example of element in this review doping is La-doped BaggSro4TiO3 thin films deposited by

metalorganic olutiion deposition (MOSD) technique [131]. XRD results indicated that the films doped with La
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of up to 10 mol% have a nontextured polycrystalline structure and there is a secondary phase appearance.
Microstructure characterization results revealed that the grain sizes of the films decrease with increasing
concentration of La. High concentrations of La (5 and 10 mol%) resulted in poor microstructure with uniform
grain size, which suggests that the high concentration samples required high annealing temperature. This is
similar to the observations of element-doped ceramics. 1 mol% La doping led to a decrease in dielectric constant,
loss tangent and tunability. The reduction in dielectric loss tangent is probably related to the improved leakage
characteristics of ferroelectric as a result of La doping [132]. The effect of yttrium doping on the dielectric
properties of BST thin films over 10 kHz — 67 GHz was reported by Jeong et al [133 (a)], because the addition of
Y increased the dielectric constant and dielectric tunability of the BST thin film [133 (b)]. Kuo et al [134] found
that the substitution of Zr by 5 mol% Nb resulted in a three times increase in figure of merit (FOM) of
PbgsBag 4Zr1«NbOs (PBZN) thin films. The leakage properties of BST thin films could also be improved by the
co-doping of Al and Nb [135].

Mn doping is another successful example to improve the dielectric properties of BST ferroelectric thin
films [136-138]. A 0.2%-Mn doped BST (BaggSre4Ti03) thin film was epitaxially deposited on (001) MgO
single-crystal substrate using PLD [137]. Low frequency dielectric measurement indicated that the 350 nm thick
film had a dielectric constant of 3800 and loss tangent of 0.001 at room temperature measured at 1 MHz. A
dielectric tunability of 80% at 8 V/pm was obtained for the thin film. At microwave frequency dielectric
characterization revealed that the film had good dielectric properties and very low dielectric insertion loss over
10-30 GHz. However, the dielectric constant of the thin film seemed too high (1200 at 12.6 GHz) for many real
applications. The reduced dielectric loss tangent of the BST thin film as a result of the doping of Mn could be
related to the suppression of leakage current [138].

There was also a report on the dielectric properties of PST thin films modified by doping with Mn [139].
Pb4SrosTi1xMn,O3 thin films, with x=0-0.05, were deposited on Pt/Ti/SiO,/Si substrates, via a sol-gel process.
The films with x=0.03 Mn content had promising dielectric properties, with a dielectric constant of 1000 and
tunability of 72% at 100 kHz. The samples also had a high tunability of ~50% at microwave frequencies up to 25
GHz. These results are comparable with those reported for BST.

BagsSro4TiO3 ceramics doped with Co,0s; up to 5 wit% were prepared via the conventional ceramic
process [140]. XRD measurement indicated that no second phase was detectable in all samples. The addition of
Co,05 was found to show a great effect on grain size of the BST ceramics at low concentration of the dopant.

Compared to pure BST, grain sizes of the samples sharply decreased as the doping concentration was increased
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up to 2 wt%. Above this concentration, the grain size of the sample retains unchanged. Both peak dielectric
constants and Curie temperatures of the BST ceramics decreased with increasing content of Co,0,. Dielectric
loss tangent of the samples were increased due to the doping at room temperatures, although the peaks of
dielectric loss were suppressed. An extremely high dielectric loss tangent was observed in the sample doped with
5 wt% Co,05 over the whole testing temperature range. The high dielectic loss tangents were attributed to the
substitution of Ti** ions by Co® ions, which created oxygen vacancies and thus increased conduction losses.
Therefore, the addition of Co,05 was able to decrease dielectric constant of BST ceramics. Dielectric constant of
BST was reduced from 3000 to 1795 with an acceptable level of tunability (14.5% at ~14 kV/cm and 10 kHz)
when the concentration of Co,05 was 2 wt%.

Ni-doped BST thin films were deposited on Pt/Ti/SiO,/Si substrates via PLD using BasSrosTiO; with
NiO up to 12 mol%, synthesized through the conventional ceramic process [141]. An optimized performance
was found in the thin film derived from the target with 3 mol% Ni. At 100 kHz, the sample had a dielectric
constant of 980, loss tangent of 0.003 and tunability of 39% at 200 kV/cm.

Modifications of BaTiOz ceramics with other elements, such as La, Sm, Gd, Dy, Eu, Y, Al, Fe and Cr,
for tunable applications, have also been reported [142, 143]. It was found that the simultaneous doping of
acceptor and donor ions can lower the Curie temperature and raise the dielectric tunability of BaTiO5; ceramics
(Bag«Ln,Ti;M,Os, Ln: rear earth element and M=Al, Fe, Cr) [142]. Among the various dopants, LaFeO3; was
found to be able to form a solid-solution in the whole composition range. In this solid-solution, the structures
were tetragonal for x=0-0.05, cubic for 0.05<x<0.08 and orthorhombic for x>0.08. The highest dielectric
tunability was obtained in BaTiOs:4 mol% LaFeOs.

Another example is (BayxLny)Zro,Tiggxs03 (Ln=La, Sm, Eu, Dy and Y; x=0.005-0.04) [143]. The
formula was generated based on the Ti-vacancy defect compensation model and the focus was on the effects of
the rare-earth ions with different ionic radii on the relaxor behaviors and dielectric properties of the
BaZr,,TiygO03 ceramics, in order to develop suitable materials for tunable ceramic capacitor and microwave
device applications. Analysis of microstructure indicated that the presence of rare-earth element dopants
demonstrated a strong suppression of grain growth of the BaZr,TiggO3 ceramics. As shown in Fig. 27, the
average grain size decreases gradually with increasing ionic radii of the rare-earth elements. XRD results showed
that single phase perovskite structure was well maintained as long as the doping level of rare-earth elements was
not higher than x=0.04. Depending on the ionic radii, the lattice constants of the doped samples varied

accordingly. Temperature dependences of dielectric properties revealed that strong relaxor-type dielectric
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behaviors are observed in the (Ba;«Ln,)Zro,TipsxsOs ceramics. Dielectric properties of all samples are
summarized in Table VI and detailed explanation and interpretation can be found in the original literature [143].
Both dielectric constants and dielectric loss tangents are reduced as a result of the introduction of rare-earth
elements. The dielectric tunability of the paraelectric phase of (BajxLny)Zry»Tigg4O5 is closely related to the
quantity and size of clusters and microdomains and decreases with increasing concentration and ionic radii of the
rare-earth element. In summary, the dielectric constant, dielectric loss tangent and tunability of the (Bas.
«LNy)Zrq 2 Tiggx403 ceramics can be optimized by the type and doping level of rare-earth elements. However, the
dielectric constants of the samples are still too high for practical applications and also there are no dielectric
properties at microwave frequencies available for the relaxor-type ceramics. Since rare-earth doping alone is
seemly unable to achieve desired tunable dielectric properties, we strongly suggest the combination of this
strategy with the oxide doping discussed above, which has rarely been reported in the open literature.

Recent studies indicated that relaxor type of phase transition can be achieved by modifying BaTiO3 with
various elements other than Sr [144]. It was reported that BaTig goGag0sNbg0s03 (BTGN) ceramics demonstrated
a relaxor phase transition behavior with a T, of about 226 K [144]. In this respect, the BTGN is similar to
BageoSro40Ti03 (BST). XRD results showed that both BTGN and BST ceramics after sintering at 1500<€ have a
cubic perovskite structure, with the lattice constant of BST being slightly smaller than that of BTGN. Although
the two samples are fully densified at the sintering temperature, they exhibit significant difference in the
microstructures and grain sizes. The BST is characterized by a coarse microstructure of exaggerated grain
growth with relatively large grains of tens of micrometers. Comparatively, the BTGN sample has a fine
microstructure showing a suppressed grain growth with a narrow grain size distribution. Additionally, TEM
analysis indicated the presence of some core-shell structures with the core being ferroelectric, which means that
dopants (Ga and Nb) are not distributed homogeneously under the synthesis conditions. The formation of huge
grains in the BST sample has been attributed to the presence of a small amount of liquid phase, due to localized
cation nonstroichiometry, which is originated from the difference of diffusion rates between Sr?* and Ba®* ions.
The homogeneous fine-grained microstructure of BTGN is the result of donor doping [8]. It seems that fine-
grained materials should be advantageous over coarse ones, since tunable devices are usually subject to
relatively high electric fields and fine-grained components less likely to be brokendown than their large-grained
counterparts.

Dielectric constants and loss tangents of the BTGN and BST ceramics are also significantly different.

The BTGN shows a typical relaxor-type phase transition. The dielectric loss tangent of BTGN increases greatly
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with decreasing temperature and increasing frequency. The relaxor-type phase transition behavior of the BTGN
is due to the formation of chemical clusters that produce random local polar microregions in the material [144].
The dispersion in the low-frequency range is attributed to the variation in correlations between dipolar clusters at
different temperatures. The increase in dielectric loss tangent with frequency may also be associated with
nanocluster dipole flipping. Due to the presence of a ferroelectric region, a scattering-caused transformation
from microwave electric field oscillation into acoustic oscillation could be an additional origin of the increased
dielectric loss tangent.

For dielectric constant and loss tangent of the BaggSro4TiOs (BST) ceramics [144], three well-defined
maxima can be identified in the dielectric constant curves, which correspond to cubic-tetragonal, tetragonal-
orthorhombic and orthorhombic-rhombohedral phase transitions, respectively. Compared to BaTiOs, the three
phase transition temperatures are all shifted to lower temperatures due to the presence of Sr. The highest peak is
attributed to the cubic-tetragonal phase transition, showing typical first-order characteristics of a displacive
ferroelectric. This peak is therefore called the Curie point. The increase in dielectric loss tangent with decreasing
temperature below Curie temperature is ascribed to the onset of domain wall motion, while the increases of loss
tangent at low frequencies with increasing temperature may originated from the relazxation of grain boundaries
[144].

Dielectric constant and loss tangent of the two ceramics possessed a different dielectric response to an
applied DC field [144]. The application of a DC bias has a strong suppression of dielectric constant and loss
tangent at around T,, (BTGN) and T¢ (BST). At room temperature (298 K) and 10 kHz, the dielectric loss
tangents are 0.0035 and 0.0012, while the dielectric tunabilities are 32% and 44%, for BTGN and BST,
respectively. The dielectric constant of BST is independent of frequency, while that of BTGN decreases with
increasing frequency due to its relaxor characteristics. Specifically at microwave frequency, BTGN and BST
have a dielectric loss tangent of 0.0542 at 0.9 GHz and 0.0048 at 0.65 GHz, respectively. At room temperature
(298 K), the K-factor (figure of merit) of BST is much higher than that of BTGN, and the former is more
dependent on temperature than the latter. At low frequency, Kgst=367 and Kgrgny=91, while at microwave
frequency, Kgst=92 and Kgrgn=6. By comparing with Ba(Tig;Zro3)O03 (BTZ) and Sry;PbysTiOz (SPT), it has
been found that the difference in dielectric loss tangent between BTGN and BST is due to their different intrinsic
dielectric properties. BTGN and BTZ are relaxors while BST and SPT are displacive-type ferroelectrics. In
typical ferroelectrics, the dielectric behavior is controlled by the soft phonon response, whereas in relaxors the

mechanism is suppressed by the appearance of polar clusters [144]. As a consequence, relaxor-type materials
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(BTGN and BTZ) are characterized by low K-factors whereas classical ferroelectrics (BST and SPT) exhibit
high K-factors, especially at microwave frequencies. It means that for microwave devices one must use classical
ferroelectric materials, while relaxor-type components are useful at low frequency regions and in the case where
temperature stability is specifically required [144]. A possible approach is to combine the two types of materials
to achieve a device with an acceptable figure of merit and relatively stable temperature response. This strategy
can be realized by using multilayer structures with tape-casting or thin film depositions. However, this idea
needs to be validated with further studies.

The last example of element doping is K [145, 146]. Sun et al [145] used a sol-gel process to deposit
(BagSro4)1.xKxTiO3 (BSTKX) thin films, with x=0-0.2, on Pt/TiO,/SiO,/Si substrate and studied the dielectric
properties of the thin films. Potassium was selected in this study due to the fact that K* ions have almost the
same ionic radii as Ba®* ions. The films annealed at 750€ possessed single phase perovskite structure. The
addition of K up to x=0.075 led to an increase in crystallization of the thin films. Roughness and grain size of the
thin films maximized at a K concentration of x=0.075, which was attributed to the optimum crystallization of the
sample. Although this sample had the highest dielectric constant (~1000) and highest dielectric tunability (73.6%
at 300 kv/cm), its loss tangent was also the highest. Among all samples, the film with x=0.05 exhibited the
highest figure of merit (FOM) and a tunability of ~70%. The thin film with x=0.075 was further modified using
Mn doping, and it was found that 1 mol% Mn was able to effectively reduce the dielectric loss tangent (0.017) of
the thin film [146]. The dielectric properties were measured at 1 MHz.

In summary, element doping is an effective way to reduce the dielectric loss tangent of BST thin films.
However, it seems that element doping is not very effective in modifying the dielectric constant of BST films.
Also, systematic studies on the effects of element doping on electrical, dielectric and microwave properties are
still not available and few results can be used to confirm the prediction of the combinatorial methods, as
discussed above.

4.6. Other strategies for thin films

Specifically for ferroelectric thin films, besides doping of composites with low loss oxides and doping of
elements, many other methods related to the film composition and processing have been employed to either
improve or modify the dielectric properties. They include the use of buffer or seeding layers [147-155], adoption
of compositional gradations [159-163], control of thickness and strain [172-174, 176-184], and so on. The effects
and efficiencies of these strategies, in terms of tailoring the dielectric properties of various ferroelectric thin

films, are discussed as follows.
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4.6.1. Buffer layers and seeding layers

Interface diffusion between BST thin films and substrates has been found to be a major origin of the high
leakage current of most thin film tunable dielectrics, which is associated with high dielectric loss tangents. It is
therefore expected that using a thin buffer layer could prevent the occurrence of interface diffusion and thus
decrease the dielectric loss tangent. Some oxides, such as MgO [147], TiO, [149] and LaAlO; [151], which have
been used to improve the dielectric properties of ferroelectric ceramics and thin films, are employed as buffer
layers in deposition of ferroelectric thin films.

MgO buffer layers, with thickness up to 100 nm, used to deposit BageSro4TiOs; thin films on a
Pt/Ti/SiO,/Si substrate, were reported by Zhu et al [147]. Both the MgO buffer layers and the BST thin films
were deposited using PLD. XRD results demonstrated that there was no reaction between MgO and BST. The
presence of the MgO buffer layers improved crystallinity of the BST thin films. The BST film with a 10 nm
MgO buffer layer exhibited an increased lattice constant, indicating that the film was subjected to a tensile stress
as the lattice constant of MgO is larger than that of BST. Leakage current densities of the BST thin films were
dramatically reduced as a result of the presence of the MgO buffer layers. Dielectric tunabilities of the BST thin
films without and with a 10 nm thick MgO buffer layer were 37% and 30%, respectively. The later had a
dielectric loss tangent of 0.009, which makes the sample a promising candidate of tunable dielectrics. Dielectric
properties of the samples were measured at 1 MHz.

Ta,05 has also been considered as a potential candidate for buffer layers used to deposit BST thin films
on Si substrates, because it possesses high dielectric constant, low dielectric loss tangent, low leakage current
and low defect density [148, 151]. Core et al [148] systematically investigated Ta,Os thin films to evaluate their
qualities for buffer layers for the integration of microwave BST thin films with silicon substrates. They found
that the Ta,Os thin films featured a smooth, fine grained and crack/pinhole free surface morphology. The
presence of an interfacial layer had no significant effect on the microstructure and did not deteriorate the
dielectric properties of the thin films. Kim et al [150] found that the enhanced dielectric tunability (at 100 kHz)
was achieved in a 500 nm BST thin film by using a 50 nm Ta,0s buffer layer. The buffer layer was deposited
using an atomic layer deposition (ALD) technique whereas the BST films were fabricated by using PLD.

More examples of simple oxides used as buffer layers include TiO, (anatase) [149, 150] and CeO, [151].
Combined with the use of a high resistivity Si substrate, Kim et al [149] found that a largely increased tunability
(33.2%) was achieved in BST thin film buffered with a 20 nm TiO, thin layer, which was higher than that of the

BST film deposited on MgO single crystal. The enhanced tunability was not accompanied by a reduced quality
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factor. A coplanar waveguide phase sifter fabricated with the buffer BST thin films had a phase shift of 95<and
insertion loss of 3.09 dB at 15 GHz and 50 V. Dielectric properties of ST thin films can be greatly improved by
using a CeO, buffered r-cut sapphire (Al,O3) substrate [151]. However, materials processing information was not
disclosed in detail. More work is needed to further study its effect on ferroelectric thin films for microwave
device applications.

Improvement in dielectric properties of ST thin films on LaAlO; (LAO) single crystal substrates is the
consequence of the reduction in defect density, which was attributed to the introduction of a homoepitaxial LAO
thin buffer layer as reported by Jia et al [152]. With this buffer layer, the quality factor of ST thin films with
high-temperature superconductor YBa,CuzO-., electrodes was improved by more than 50% at 4.2 GHz and 4 K.
The defect density of the ST thin film on a LAO substrate was ~50/pm, which was decreased to 20/um in the
film deposited on the 2.5 nm thick homoepitaxial LAO buffer layer [153]. XRD rocking curves showed that ST
thin films of ~1um in thickness both with and without a 25 nm thick LAO buffer layer had very high crystalline
quality. However, under TEM, the difference between the two types of films was distinctive. As shown in Fig.
28, the planar defects (boundaries), characterized by the contrast fluctuation across the thin film layers (arrowed),
initiate from the interface between the ST film and the LAO substrate or the thin LAO buffer layer and then
extend to the ST film surface. However, the ST thin films with the thin LAO buffer layers exhibited relatively
larger distance between the planar defects in comparison with the films deposited on LAO substrates directly. It
means that presence of the thin LAO buffer layers reduce the defect density in the ST thin films. The defect
density was independent of variation in the thickness of the thin LAO buffer layer from 2 to 30 nm. The
reduction in the number of defects in the buffered ST thin films correlates directly with the reduced microwave
dielectric loss in the devices made with the films.

Using a buffer layer of BST with the same composition as the main BST thin film was also found to have
similar effects on the films with different phases. Jeon et al studied the effects of buffer layers with different
thicknesses on dielectric performances of BagsSrysTiOs thin films [154]. They deposited both BST seeding
layers and the main BST thin films via PLD. The ultrathin layers of BST, with thicknesses up to 30 nm, were
deposited at 300<€ and annealed at 600<€, while the main BST films of 160 nm thick were fabricated at 650<€.
SEM examination revealed that hillocks caused by the formation of BST with excessive Ti content were present
on the BST seeding layers. The formation of the hillocks was attributed to the diffusion of Ti through the Pt layer
in Pt/Ti/SiO,/Si substrate during the annealing at 600<€. With increasing thickness of the seeding layers, the

number of hillocks was decreased. This implied that diffusion of Ti into the BST thin filmswas substantially
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impeded by these seeding BST layers. XRD results demonstrated that the BST thin films deposited on the
buffered substrate were all polycrystalline. The introduction of the seeding layers improved the crystallinity of
the BST thin films and such effect was maximized at a buffer layer thickness of 10 nm. The ultrathin seeding
layers suppressed the formation of dead layers, which was verified by SEM results. More importantly, the grain
growth and morphologies of the BST thin films were not affected by the seeding layers. Dielectric tunability,
dielectric constant and loss tangents of the BST thin films were all maximized as a 10 nm thick buffer layer was
deposited. The increased dielectric tunability was ascribed to the increased (100) preferred orientation, while the
highest loss tangent was related to roughness of the films. The BST film with a 7 nm thick seeding layer had
highest FOM. Lee et al [22] reported a similar strategy by using a BaTiO; (BT) buffer layer to improve the
performance of BST thin films.

A Bay5Sr 7 TiO5 thin film composite, consisting of both crystalline and amorphous phases, was fabricated
by Yamada et al [155], where the amorphous BST had similar functionalities to the buffer layers discussed
above. A patterned amorphous BST layer was formed on a SrRuO3(SRO)/SrTiO3(STO) substrate by using a
photolithograph technique. Volume fraction of the amorphous phase can be easily controlled by the pattern size
and density. The amorphous BST layer was 7 nm in thickness while the final BST film was 150 nm. Because
crystallization of the BST subsequently deposited on the amorphous patterns was suppressed at a local scale, a
columnar composite structure, where epitaxial and amorphous BST columns were electrically connected in
parallel, was created on the substrate. As expected, since the amorphous phase has a lower dielectric constant
than the crystallized one, effective dielectric constant of the composite thin film decreased linearly with
increasing concentration of the amorphous BST, but the dielectric tunability could be retained fairly unchanged
up to a volume fraction of ~70% amorphous BST, which means that the reduction in dielectric constant was
achievable without significant deterioration in dielectric tunability. Meanwhile, the experimental results were in
a good agreement with theoretical predictions.

4.6.2. Conductive electrodes

Silicon substrates with Pt coated as electrodes have been widely used in depositing ferroelectric thin
films for tunable applications. Several problems have been encountered when using Pt-coated Si substrates. One
problem is the presence of hillocks of Pt due to improper preparation or treatment of the electrode. Ti is usually
inserted under the Pt electrode to improve the adhesion, but Ti can diffuse through the Pt and react with the
ferroelectric thin films. In most cases, thin films deposited on Si substrate are polycrystalline with random

orientation, which is not desirable in achieving high tunability. For these reasons, conductive oxides, such as
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SrRuO; [156], LaNiO; [157] and Lag7Srq3Co03 (LSCO) [158], started to be employed as electrodes. Conductive
oxide electrodes have been shown to be able to improve crystallization on Si substrates, facilitate epitaxial
growth on single crystal substrates, reduce leakage current and enhance dielectric properties of ferroelectric thin
films.

For example, BagsSrosTiO3 (BST) thin films were able to be epitaxially grown on LaAlO; single crystal
substrate by using a conductive oxide SrRuO; (SRO) as bottom electrode [156]. The BST thin film had a
dielectric constant of ~500, a loss tangent of 0.01 at 10 kHz, a leakage current of 5x10® A/cm? at 2x10° V/cm
and breakdown voltage of above 10° VV/cm. Another example is LaNiOs, which was used as a conductive oxide
electrode to deposit Pb,Sr,,TiO; (x=0.3 and 0.4) thin films on LaAlO; substrates [157]. The two films with
x=0.3 and 0.4 had dielectric tunability of 70% and 78.6% under an electric field of 223 kV/cm at 1 MHz and
room temperature. The presence of conductive oxides could help mitigate internal residual stress, which is
usually observed in the ferroelectric thin films deposited on Si substrate due to the mismatching in lattice
constant and thermal expansion coefficient (TEC) between the films and the substrate, as reported by Lu and Xu
[158]. LSCO buffered BageSr4TiOs thin films were deposited on Pt/Ti/SiO,/Si substrate via PLD. Due to the
close values of lattice constant and TEC between BST and LSCO, the BST thin films with a LSCO buffer layer
had significantly lower residual stress as compared to their counterparts directly grown on the substrate [158].
The absence of internal residual stress translated to higher crystalline orientation and better dielectric
performances.

4.6.3. Composition and thickness optimization

Until now, most efforts have been focused on reducing dielectric loss tangent, modifying dielectric
constant and retaining dielectric tunability of ferroelectric materials for tunable device applications. Less
attention has been paid to thermal stability of a material, which is a great concern in device designs and practical
applications [159, 160]. For instance, when BST is used to fabricate phase shifters for electronically scanned
antennas (ESAs), the phase shifter performance will be compromised if the device capacitance is temperature
dependent. Actually, the capacitance of a BST based device is strongly influenced by temperature variations. In
real applications, antenna systems are exposed to harsh operational environments, including variable ambient
temperatures. The spurious changes in device capacitance that stem from ambient temperature fluctuations will
disrupt the phase shifter performance, leading to beam pointing errors and ultimately communication disruption
and/or failure in the ability to receive and transmit information. Thus, to ensure the sustainable performance and

reliability of the devices, temperature stable devices are essential for fielded ESAs and other systems [160].
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Traditional approaches, such as hermetic and robust packing, were used to address the temperature
instability issue of tunable devices based on a single composition of ferroelectric material [160]. Robust
packaging serves to protect tunable devices from harsh environmental conditions. This hermetic or robust
packaging would add significant cost, size and weight to the ESAs. Using system heat sinks and/or cooling
apparatuses, such as minifans, temperature compensation circuits, and/or miniovens, are alternative options to
maintain a stable temperature environment. The consequences of these thermal management solutions are similar
to that of hermetic and robust packaging. Another strategy is to use curve fitting or look-up table. Curve fitting
approach used the formulation of a temperature dependent mathematical expression, which describes the drift of
each BST tunable device. A microprocessor uses this equation and the ambient temperature data, obtained by a
thermocouple mounted on the printed circuit board, to calculate tuning voltages, so that a stable tuning
magnitude can be maintained. In the second case, a look-up table was established, in which coefficients of the
phase shifter characteristics are measured at different temperatures. By using the table, bias voltage is manually
adjusted to achieve a stable operation of phase shifters. Obviously, these two methods are too complex, time
consuming and inaccurate [160].

In contrast to the engineering approaches, optimizing the response of materials to temperature variation is
more convenient and effective. One way is to select the temperature interval of operation well above the Curie
temperature of the material used, but this method results in reduced tunability and the temperature coefficient of
capacitance (TCC) is still too high to be used for practical applications [160]. Therefore, adoption of double-
phase [159], multi-phase or compositionally graded phase structures [160-164] becomes a most useful approach
to achieve the material and thus realize the device temperature stability. Particularly, compositionally graded
BST thin films have been shown to possess additional improvement in dielectric properties, besides a low
dependence of capacitance on temperature [160-162, 164].

Gevorgian et al proposed a two-phase configuration structure with temperature stability in dielectric
response [159]. In their design, two ferroelectric phases with different Curie temperatures were used to construct
a capacitor. One of the ferroelectrics has a Curie temperature of T;, while the other’s Curie temperature is T,. In
this case, phase one is in the paraelectric state while phase two is in the ferroelectric state in the temperature
interval between T; and T,. In this temperature interval between the two peaks, dielectric constant of the
paraelectric phase (phase 1) decreases whereas that of the ferroelectric phase (phase 2) increases with increasing
temperature. If the two phases are connected in parallel in a capacitor, the decreased dielectric constant of the

paraelectric phase will be compensated by the increased dielectric constant of the ferroelectric phase. It means
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that within the temperature interval (between T, and T,), dielectric constant of the capacitor is not changed with
temperature variation. The advantage of this idea is that one can design devices with temperature stable dielectric
properties over any desired temperature range by selecting appropriate materials.

To verify their concept, the authors used BST thin films, with compositions of Bag 5Sr75TiO3 (phase 1)
and Bag 75Srq 05 TiO3 (phase 2), to construct a capacitor [159]. The BST thin films were deposited on a (001) MgO
single crystal substrate via PLD. The two BST layers were isolated by a 30 nm thick MgO layer to prevent
interdiffusion between them, so as to maintain distinct maximums of dielectric constant. Experimental results
indicated that the capacitor constructed in this way had an almost negligible variation in capacitance against
temperature over a quite wide temperature interval (~150-300<€) [159].

Comparatively, there have been more reports in the literature to achieve temperature stability of devices
by using compositionally graded ferroelectric thin films [48, 160-164]. Cole et al [160] fabricated a multilayer
compositionally graded BST thin film, which consists of BaggoSro4TiOs (BST60/40), Bag75Srg5TiO3
(BST75/25) and BaggoSro10TiOs (BST90/10) with the sequence starting from the substrate. The film was
deposited on a Pt/Ti/SiO,/Si substrate using the industry standard metal organic solution deposition (MOSD)
technique. The compositionally graded film had a similar microstructure (SEM) and crystallization (XRD) to the
single composition BST60/40. The graded film possessed a dielectric constant of ~360, which was higher than
that of the uniform film Bag¢Sry4TiO3 (~176) at 10 GHz. It also exhibited a lower dielectric loss tangent (0.012)
as compared to 0.024 of the uniform sample. The higher dielectric constant of the graded thin film was attributed
to the presence of the ferroelectric layers of BST75/25 and BST 90/10. Its relatively lower dielectric loss tangent
was explained mobility of defects. It was believed that the defects within the compositionally graded thin film
were trapped at the interfaces to compensate for the polarization difference between the layers. An increase in
tunability by about 56% was obtained as a result of the employment of the composition gradation. A minimized
temperature coefficient of capacitance (TCC) was observed in the compositionally graded samples.
Compositionally graded thin films with different composites of BST and using different deposition techniques,
such as PLD [163] and RF sputtering [164], are also available in the open literature.

Superlattices are artificial structures of two or more phases with similar lattice structures but different
lattice parameters, which possess enhanced performances over their originators, and sometimes exhibit
extraordinary properties which were not observed in any original phase. Various superlattices, such as
BaTiOs/SrTiO,/CaTiO; [165], BaTiOs/SrTiO; [166-168], BaZrO/BaTiO; and SrTiOs/BaZrO; [169] and

LaAlO,/SrTiO; [170], have been fabricated in an attempt to create artificial structures with enhanced dielectric
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performances. For instance, Kim et al [166] reported BaTiO3/SrTiO; superlattices on MgO (100) substrates via
PLD. The periodicity of the BT/ST layers was varied from one-unit cell to 125-unit cell thickness. A very high
dielectric tunability of 94% was achieved in the sample with a periodicity of two-unit cells for both BT and ST
layers.

An interesting approach to improve dielectric tunable property of SrTiO; single crystals by using oxygen-
isotope substitution was reported by Wang and Itoh [171]. ST single crystal was heated in an 0 atmosphere at
1323 K for a long period of time. Boiled orthophosphoric acid was used to remove the stressed surface layers of
the ST single crystals. SrTi(**0,.,'%0,); samples with x=0, 0.36 and 0.84, were studied. The substitution of heavy
isotope ‘20 for 0 in ST crystal led to the enhancement of dielectric tunability at cryogenic temperatures. Both
tunability and figure of merit could be tailored by the substitution level. Such an enhancement in dielectric
tunability was attributed to the ferroelectric characteristics of the materials due to the heavy oxygen isotope
substitution.

Dielectric properties of ferroelectric thin films have been found to be inferior to their bulk ceramic
counterparts, which can be ascribed to a number of complex factors, such as lattice distortion, point defects,
dislocations, residual stress and presence of dead layers. Some factors are closely related to the film thickness.
As a result, thickness dependence of dielectric properties of ferroelectric thin films has been an interesting
subject that attracted great attention from the research community [172-174]. By studying dielectric properties of
BST thin films on glass substrates, with different thickness of up to 220 nm, Liang [172] found that the tensile
in-plane strain in the BST thin films, gradually decreased with increasing thickness. Dielectric constant and
dielectric tunability of the thicker films were essentially enhanced as a consequence of the increased grain size
and reduced tensile strain. Song et al [173] deposited BaTigg5Sng 1503 (BTSn), with thickness ranging from 80
nm to 600 nm, on Pt/Ti/SiO,/Si and LAO substrates, using a sol-gel coating method. They found that variations
in residual stress as a function of thickness of the thin films were not dramatic. The effect of thickness on
dielectric properties of the films on Si substrate was related to the presence of a dead layer, while that of the film
on LAO substrate was explained by grain size and strain relaxation.

4.6.4. Other strategies

Management of anisotropy [175] and strain or distortion [176-184], using field annealing [185] are
additional examples of strategies used to improve the dielectric performance of ferroelectric thin films. Different
from most studies where cubic substrates were used to deposit the thin films, Simon et al [175] fabricated

BST60/40 thin film on orthorhombic «100> oriented NdGaOj single crystal substrates. A BST60/40 thin film
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grown on this substrate was <110» epitaxially oriented and had an anisotropic in-plane strain. Dielectric
properties of the BST thin films showed a strong dependence on residual strains and in-plane direction. This
means that the dielectric performance of ferroelectric thin films can be manipulated by anisotropic management.

To study the effect of strain on dielectric properties of ST thin films, Hyun and Char [176] used SrTiO;
and LaAlO; substrates with the conductive oxide SrRuO; (SRO) and CaRuO; (CRO) as electrodes. Because the
dielectric constant of ST (a=3.905 A) is larger than that of CRO (a,:=3.85 A), and smaller than that of SRO
(apc=3.93 A) (where subscript pc denotes to pseudocubic), ST thin films would be subjected to a compressive
strain on CRO and a tensile strain on SRO, respectively. Dielectric property measurement indicated that the ST
thin film grown on the CRO bottom electrode had a higher dielectric constant and a larger tunability than the
film deposited on SRO. The in-plane compressive strain of the ST film facilitated a tetragonal distortion
elongated along the ¢ axis, whereas the in-plane tensile strain of the film translated to a tetragonal distortion to
shorten the dimension along the c axis. By using a (110) DyScOj; substrate, Chang et al [177] epitaxially
deposited a ST thin film that had an in-plane tensile strain of ~1%. Room temperature in-plane dielectric
constant and dielectric tunability of the ST film at 10 GHz were 6000 and 75% at an electric field of 10 V/cm
and frequency of 10 GHz. A similar strategy has also been applied to BST based thin films [179-184].

In ABO; perovskite ferroelectrics, since the displacement of B ion from its equilibrium position plays a
crucial role in determining the dielectric tunable characteristics of the ferroelectric materials, it is therefore
expected that any impact on the B ion displacement would be able to influence the materials performance. Xia et
al [185] utilized annealing in an electric field to modify structure, tunability and dielectric behavior of BST thin
films deposited by RF magnetron sputtering. It was found that the films annealed in an electric field had higher
dielectric constant and tunability than those annealed without an electric field. This enhancement was caused by
the increased ionic displacement associated with the applied electric field. It is expected that this method could
be applicable to other ferroelectric materials.

5. Concluding Remarks

Significant progress has been made in the development of electrically tunable dielectric materials.
Although the main focus is still on ferroelectric materials, such as BST, PST and their derivatives, non-
ferroelectric materials including BZN and even CNT composites have emerged as candidates for tunable
dielectrics. Improving or modifying the dielectric properties of ferroelectric materials for microwave device
applications has been a key task in the research of this subject. Because pure ferroelectric materials have

relatively high dielectric loss tangents for practical applications, researches have focused on the reduction of
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dielectric loss tangents by the addition of various oxides. Oxides with low dielectric loss tangents, such as MgO,
Zr0,, Al,O3, TiO,, LaAlO; and Bi; sZnNb, 50 etc., can be incorporated into the ferroelectric BST to reduce the
dielectric loss tangents, so that the materials could meet the requirements for practical applications. Due to their
low and non-tunable dielectric constants, the addition of oxides may decrease the dielectric constant and
dielectric tunability. Owing to this “dilution” effect of oxides, it is necessary to optimize the concentrations of
oxides to obtain low dielectric loss tangents while maintaining sufficiently high tunability and appropriate levels
of dielectric constant to develop the materials suitable for practical applications of microwave tunable devices. In
particular for thin films, besides doping of low loss oxides or elements, various approaches, such as use of buffer
layers, control of anisotropy, optimization of composition, etc., have been adopted to improve their dielectric
properties as well as temperature stability.

BST s still the dominant candidate for microwave tunable device applications, due to its superior
dielectric properties over other ferroelectric materials. It is necessary to pay more attention to non-ferroelectric
materials, such as BZN and CNT composites to expand the spectrum of electrically tunable dielectrics. Bulk
ceramics are suitable for a fundamental understanding of the dielectric properties because most of the extrinsic
factors that are often encountered in thin films, such as interface diffusion, dead layers, depleted layers, strain
and various defects, are absent. However, thin films, on the other hand, should be thoroughly investigated for
integration with the standard technologies currently available, especially Si processing technology, for device
designs and fabrications. At the same time, efforts should be made to develop more sophisticated theories to
model, simulate or predict the performances of tunable dielectric materials, so that specific materials could be

designed for specific applications.
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Figure Captions:

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1. Dielectric properties of the 1 pm thick CTO thin film deposited on STO single crystal substrate with
SrRuO; electrode. Reproduced with permission from [80], copyright @ 2000 American Institute of
Physics.

2. Curie temperature of Ba,Sr;,TiOs as function of x. Reproduced with permission from [3], copyright @
2000, American Institute of Physics.

3. XRD patterns of the sol-gel deposited Pb,Sr;,TiO3 thin films with x =0.3, 0.4, 0.5, and 0.6 and film
thickness of 650 nm. Up-graded and downgraded films have a film thickness of 780 nm. Reproduced
with permission from [48], copyright @ 2006, American Institute of Physics.

4. FESEM images of the PST thin films: (a) x=0.6, (b) x=0.5, (c) x=0.4, (d) x=0.3, (e) cross section of x=0.6,
(f) an up-graded film, (g) a down-graded film, and (h) cross section of a downgraded sample. All films
were annealed at 650C for 30 min. Reproduced with permission from [48], copyright @ 2006,
American Institute of Physics.

5. Dielectric constants and loss tangents as a function of applied DC voltage at room temperature for the
PST thin films with x=0.3, 0.4, and 0.6, measured at 1 MHz. Reproduced with permission from [48],
copyright @ 2006, American Institute of Physics.

6. Temperature dependences of dielectric constant at different applied DC voltages for (a) an upgraded and
(b) a down-graded film, and DC voltage dependences of dielectric constant for (c) an up-graded and (d)
a down-graded film at room temperature, measured at 1 MHz. Reproduced with permission from [48],
copyright @ 2006, American Institute of Physics.

7. XRD patterns of the composition of AgTa,,NbygOs; mixed with 10% Al,O; powder and sintered at
different temperatures. Symbol & marks the reflections of AINbO, and AlTaO,, (PDF card 41-0347 and
25-1490) and ¥ marks the reflections of Ag (PDF card 22-0471). Reproduced with permission from
[76], copyright @ 2004, Elsevier).

8. Temperature dependence of dielectric permittivity of the ATN bulk ceramics with different compositions
(100 kHz). Reproduced with permission from [76], copyright @ 2004, Elsevier).

9. Temperature dependence of tunability of the ATN90 at microwave frequencies. Reproduced with
permission from [76], copyright @ 2004, Elsevier).

10. SEM image of the SWCNTSs used to prepare the composites. Reproduced with permission from [90],

copyright @ 2008, American Institute of Physics.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

11.

12.

13.

14,

15.

16.

17.

18.

DC resistivities of the CNT composites. Reproduced with permission from [90], copyright @ 2008,
American Institute of Physics.

Real and imaginary permittivity of the CNT composites. Reproduced with permission from [90],
copyright @ 2008, American Institute of Physics.

Dielectric tunability of the CNT composites at 1 MHz. Reproduced with permission from [90],
copyright @ 2008, American Institute of Physics.
Configuration of the targets of BST and dopant and the composition distribution of the thin films, via
PLD with a dual-beam ablation. The dot lines represent the track of laser beam [112].
Configuration of the targets of BST and dopant and the composition distribution of the thin films, via
PLD with a single-beam ablation [112].
XRD patterns of the MgO:BST thin films deposited with the BST targets covered by different areas of
MgO [112].
Representative surface SEM image of the MgO:BST thin films, deposited from the BST target covered
by 2/6 MgO [112].
XRD patterns of the TiO,:BST thin films deposited with the BST targets covered by different areas of

Tio, [112].

19. TEM images and SAED patterns of the thin films: (a) 1/10 Al,05-BST, (b) 2/10 Al,05-BST and (c) 3/10

AlLO;-BST [112].

20. SEM image of BSTL1 thin film (a) and LAO film (b) on LaAlO; substrate [112].

21,

22,

23.

24.

Dielectric constant of the LAO-BST thin films on Pt/Ti/SiO,/Si substrate (measured at 100 kHz) as a
function of electric field [112].

Dielectric constant of the LAO-BST thin films on LaAlO; substrate (measured at ~7.9 GHz) as a
function of applied voltage [112].

XRD patterns of the BST-xMgAIl,O, composite ceramics with different contents of MA. Reproduced
with permission from [113], copyright @ 2008, American Institute of Physics.

XRD patterns of the BST-xMgAl,O, composite ceramics with different contents of MA: (a) x=0, (b)
x=0.05, (c) x=0.1, (d) x=0.2 and (e) x=0.3. Reproduced with permission from [113], copyright @ 2008,

American Institute of Physics.
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Fig. 25.

Fig. 26.

Fig. 27.

Fig. 28.

XRD patterns of the BST-BZN composite thin films deposited on different substrates: (a) LAO, (b)
STO, and (¢) MgO. Reproduced with permission from [116], copyright @ 2008, American Institute of
Physics.

SEM images of the BST-BZN thin films on different substrates: (a) LAO, (b) STO, and (c) MgO.
Reproduced with permission from [116], copyright @ 2008, American Institute of Physics.

SEM micrographs of (Ba;«Ln,)Zrg,Tiggxs03 (X=0.02) (sintered at 1600<€ for 4 h) and BaZrg,TipgOs
(sintered at 1500<€ for 4 h) ceramics: (a) BaZry,TipgOs, (b) Ln=Y, (c) Ln=Dy, (d) Lh=Eu, () Ln=Sm
and (f) Ln=La. Reproduced with permission from [143], copyright @ 2008, American Institute of
Physics.

Cross-sectional TEM images of the ST thin films deposited on LAO substrates: (a) without the thin
LAO buffer layer; (b) with a 2.5 nm thin LAO layer; and (c) with a 25 nm LAO layer. The thin LAO
layers were deposited at 780<€€. The micrographs were taken in [001] a0 direction. The planar defects
(boundaries) in the STO films were marked by small arrows. The interface positions were indicated by

bold arrows. Reproduced with permission from [153], copyright @ 1999, Elsevier.
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Table Captions:

Table I. Dielectric tunable parameters of the TiO,-BST thin films [112].

Table Il. Dielectric properties of the Al,O5-BST thin films, as well as pure BST and Al,O3 [112].

Table I1I. Low frequency and microwave dielectric properties of the BST-xMgAl,O, composite ceramics with
different contents of MA. Reproduced with permission from [113], copyright @ 2008, American
Institute of Physics.

Table V. Dielectric tunable properties of the BaTi;Oq-doped BST thin films [112].

Table V. Dielectric properties of the BST-BZN thin films on different substrates. Reproduced with permission
from [116], copyright @ 2008, American Institute of Physics.

Table VI. Parameters AT, AT*, ATy and dielectric properties of the Ba;_Ln,Zry,Tigg-xsO3 (with x=0-0.04,
Ln=La, Sm, Eu, Dy and Y) ceramics at 10 kHz and room temperature (~20<C). Reproduced with

permission from [143], copyright @ 2008, American Institute of Physics.
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Table |. Dielectric tunable parameters of the TiO,-BST thin films [112].

Dielectric  Dielectric Loss Loss Tunability
constantat constantat tangentat  tangent at (%)
0 field 8 kv/cm 0 field 8 kV/cm
BST 1622 1265 0.031 0.027 22
BST:1/6TiO, 1518 1210 0.027 0.022 20
BST:2/6TiO, 1370 1121 0.023 0.016 17
BST:3/6TiO, 1079 918 0.019 0.012 15

Table |l. Dielectric properties of the Al,05-BST thin films, as well as pure BST and Al,O; [112].

Sample e@ov) tand (at 0 V) Tunability (%)
BST 568 0.025 14at10V
1/10Al,04-BST 251 0.008 21at20V
2/10Al,05-BST 178 0.008 15at20V
3/10Al,03-BST 78 0.0075 13at20V
4/10Al,05-BST 51 / /

Al,O, 9 0.001 /

Table I11. Low frequency and microwave dielectric properties of the BST-xMgAl,O, composite ceramics with
different contents of MA. Reproduced with permission from [113], copyright @ 2008, American Institute of
Physics.

Dielectric properties {at 10 kHz) Microwave properties
At about Resonant &,

20°C Tunabhility frequency (at resonant @ Value
Composition T-(°C) g, tan & (30 kV/cm %) (GHz) frequency) (1/tan &)
x=0.00 —62 1136 0.0008 18.8 1.155 920 07
x=0.05 —68 910 0.0009 8.2 1.302 813 176
x=0.10 —62 812 0.0008 10.0 1.372 774 170
=020 -5l 746 0.0009 16.5 1.245 613 152
x=0.30 -47 567 0.0014 226 1.313 505 94

Table IV. Dielectric tunable properties of the BaTi,Og-doped BST thin films [112].

Dielectric ~ Dielectric Loss Loss Tunability
constantat constantat tangentat  tangent at (%)
0 field 8 kV/cm 0 field 8 kV/cm
BST-1/6BT4 1026 864 0.016 0.013 16
BST-2/6BT4 851 710 0.009 0.007 13
BST-3/6BT4 573 515 0.008 0.006 10

Table V. Dielectric properties of the BST-BZN thin films on different substrates. Reproduced with permission
from [116], copyright @ 2008, American Institute of Physics.

Dielectric constant  Loss tangent  Tunabality (%a)

Sample at zero field at zero field at ~8.1 kKV/em
B53T-BZN/LAO 471 0.0048 6.2
B5T-BZN/MgO 403 0.0037 5.7
BST-BZN/STO 433 0.0043 6.0

79



Table VI. Parameters AT, AT*, AT, and dielectric properties of the Ba,_,Ln,Zrq,Tigg-x403 (with x=0-0.04,
Ln=La, Sm, Eu, Dy and Y) ceramics at 10 kHz and room temperature (~20<C). Reproduced with permission
from [143], copyright @ 2008, American Institute of Physics.

(Bay_,Ln)Zry»Ting .n0s T (T) AT AT AT, Tunability
ceramic Samples (°C) "Cy  ("C) ("C) Em Ey tan & (200 kN /cm)

x=0 400 - i e 21290 5900 0.007 B0.4%:
x=0.005, Ln=Y 9.0 8.7 35 1.0 18048 15210 0.006 85.4%
x=0.01, Ln=Y -89 16.9 6.5 280 13790 10300 0005 75.1%
x=0.02, Ln=Y =205 225 90 40.5 13388 TS50 0.003 60.0%:
r=0.04, Ln=Y -655 267 227 85.5 4625 22800 0.0007 30.8%
x=0.005, Ln=Dy 8.7 11.3 4.0 1.3 17810 16440 0.007 83.2%
x=0.01, Ln=Dy =237 197 109 437 12532 8250 0.006 60.1%:
x=0.02, Ln=Dy -454 234 200 654 8357 4450 0.002 53.6%
x=0.04, Ln=Dy —63.1 27.1 280 831 4420 2420 0.0007 19.5%
x=0.005, Ln=Eu 16.5 19.5 0.5 a5 0165 9120 0.006 70.0%
x=0.01, Ln=Eu -106 254 4.1 30.6 7765 6850 0.002 62.6%
x=0.02, Ln=Eu -615 275 225 81.5 5175 Ja4s 0,001 34.7%
r=0.04, Ln=Eu -70.5 385 3ls6 90.5 2115 1710 0.001
r=0.005, Ln=5Sm 189 211 39 38.9 0105 9100 0.01 T4.2%
r=0.01, Ln=8m -14.1 26.1 73 3.1 7527 5835 0.008 60.3%
r=0.02, Ln=8m -73.1 205 268 93.1 6016 3000 0.001 21.1%:
x=0.04, Ln=8m -0952 432 310 1152 2085 1335 0.0005 .
x=0.005, Ln=La 18.6 184 38 1.4 0403 9300 0.010 76.8%
x=0.01, Ln=La -357 292 9.8 55.7 8360 4502 0.003 474%
x=0.02, Ln=La -110.2 312 275 1302 7227 1570 0.0001 11.7%
x=0.04, Ln=La -185.7 447 .- 205.7 2339 650 0.00005
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Fig. 1. Dielectric properties of the 1 um thick CTO thin film deposited on STO single crystal substrate with
SrRuO; electrode. Reproduced with permission from [80], copyright @ 2000 American Institute of Physics.

400

300

200 ¢

100 |

Curie temperature, T, (K)

0 L L L aa . L .
0.0 0.2 0.4 06 0.8 1.0

Barium concentration, x

Fig. 2. Curie temperature of Ba,Sr1,TiO3 as function of x. Reproduced with permission from [3], copyright @
2000, American Institute of Physics.
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Fig. 3. XRD patterns of the sol-gel deposited Pb,Sr;,TiOj3 thin films with x =0.3, 0.4, 0.5, and 0.6 and film
thickness of 650 nm. Up-graded and downgraded films have a film thickness of 780 nm. Reproduced with
permission from [48], copyright @ 2006, American Institute of Physics.
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Fig. 4. FESEM images of the PST thin films: (a) x=0.6, (b) x=0.5, (c) x=0.4, (d) x=0.3, (e) cross section of x=0.6,
(f) an up-graded film, (g) a down-graded film, and (h) cross section of a downgraded sample. All films were
annealed at 650 <C for 30 min. Reproduced with permission from [48], copyright @ 2006, American Institute of
Physics.
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Fig. 5. Dielectric constants and loss tangents as a function of applied DC voltage at room temperature for the
PST thin films with x=0.3, 0.4, and 0.6, measured at 1 MHz. Reproduced with permission from [48], copyright
@ 2006, American Institute of Physics.
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Fig. 6. Temperature dependences of dielectric constant at different applied DC voltages for (a) an upgraded and
(b) a down-graded film, and DC voltage dependences of dielectric constant for (c) an up-graded and (d) a down-
graded film at room temperature, measured at 1 MHz. Reproduced with permission from [48], copyright @
2006, American Institute of Physics.
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Fig. 7. XRD patterns of the composition of AgTag,NbygOs mixed with 10% Al,O; powder and sintered at
different temperatures. Symbol & marks the reflections of AINbO, and AlTaO,, (PDF card 41-0347 and 25-
1490) and ¥ marks the reflections of Ag (PDF card 22-0471). Reproduced with permission from [76], copyright
@ 2004, Elsevier).
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Fig. 8. Temperature dependence of dielectric permittivity of the ATN bulk ceramics with different compositions
(100 kHz). Reproduced with permission from [76], copyright @ 2004, Elsevier).
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Fig. 9. Temperature dependence of tunability of the ATN9O0 at microwave frequencies. Reproduced with
permission from [76], copyright @ 2004, Elsevier).

84



Resistivity (Ohm.m)

b
<

2 4 6 8
Concentration (wt%)

SEI 50KV X20,000

Tum WD 7.9mm
Fig. 10. SEM image of the SWCNTSs used to prepare
the composites. Reproduced with permission from
[90], copyright @ 2008, American Institute of Physics.

Fig. 11. DC resistivities of the CNT composites.
Reproduced with permission from [90], copyright @
2008, American Institute of Physics.
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Fig. 12. Real and imaginary permittivity of the CNT composites. Reproduced with permission from [90],
copyright @ 2008, American Institute of Physics.
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Fig. 13. Dielectric tunability of the CNT composites at 1 MHz. Reproduced with permission from [90],
copyright @ 2008, American Institute of Physics.

85



>
BST Dopant

Fig. 14. Configuration of the targets of BST and dopant and the composition distribution of the thin films, via
PLD with a dual-beam ablation. The dot lines represent the track of laser beam [112].
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Fig. 15. Configuration of the targets of BST and dopant and the composition distribution of the thin films, via
PLD with a single-beam ablation [112].
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Fig. 16. XRD patterns of the MgO:BST thin films Fig. 17. Representative surface SEM image of the
deposited with the BST targets covered by different MgO:BST thin films, deposited from the BST target
areas of MgO [112]. covered by 2/6 MgO [112].
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Fig. 18. XRD patterns of the TiO,:BST thin films deposited with the BST targets covered by different areas of
TiO, [112].
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Fig. 19. TEM images and SAED patterns of the thin films: (a) 1/10 Al,O5-BST, (b) 2/10 Al,05-BST and (c) 3/10
Al,03-BST [112].
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Fig. 20. Representative SEM image of the LAO-BST thin films on the (100) LAO substrate [112].
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Fig. 21. Dielectric constant of the LAO-BST thin films  Fig. 22. Dielectric constant of the LAO-BST thin films
on Pt/Ti/SiO,/Si substrate (measured at 100 kHz) as a on LaAlO; substrate (measured at ~7.9 GHz) as a
function of electric field [112]. function of applied voltage [112].
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Fig. 23. XRD patterns of the BST-xMgAl,O, composite ceramics with different contents of MA. Reproduced
with permission from [113], copyright @ 2008, American Institute of Physics.
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Fig. 24. XRD patterns of the BST-xMgAl,O, composite ceramics with different contents of MA: (a) x=0, (b)
x=0.05, (c) x=0.1, (d) x=0.2 and (&) x=0.3. Reproduced with permission from [113], copyright @ 2008,
American Institute of Physics.
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Fig. 25. XRD patterns of the BST-BZN composite thin films deposited on different substrates: (a) LAO, (b)
STO, and (c) MgO. Reproduced with permission from [116], copyright @ 2008, American Institute of Physics.

Fig. 26. SEM images of the BST—BN thin films o erentubstres: () LAO, (b) STO, and (c) MgO.
Reproduced with permission from [116], copyright @ 2008, American Institute of Physics.
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Fig. 27. SEM micrographs of (Bay.xLNn,)Zry,Tipgx403 (x=0.02) (sintered at 1600<€ for 4 h) and BaZry,TiggOs
(sintered at 1500<€ for 4 h) ceramics: (a) BaZrq,TiggOs, (b) Ln=Y, (c) Ln=Dy, (d) Ln=Eu, (¢) Ln=Sm and (f)
Ln=La. Reproduced with permission from [143], copyright @ 2008, American Institute of Physics.
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Fig. 28. Cross-sectional TEM images of the ST thin films deposited on LAO substrates: (a) without the thin
LAO bhuffer layer; (b) with a 2.5 nm thin LAO layer; and (c) with a 25 nm LAO layer. The thin LAO layers were
deposited at 780<€. The micrographs were taken in [001] _ao direction. The planar defects (boundaries) in the
STO films were marked by small arrows. The interface positions were indicated by bold arrows. Reproduced
with permission from [153], copyright @ 1999, Elsevier.
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