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Nos dias que correm os engenheiros de circuitos na area da microelectronica
sdo confrontados com a necessidade de desenhar circuitos que permitam um
maior transporte de informac&o numa menor largura de banda, que consumam
menos energia € ao mesmo tempo com a necessidade de criar produtos de
dimensGes menores e mais flexiveis, com maiores niveis de integracao,
operacdo a frequéncias mais elevadas e a custos mais reduzidos. Neste
contexto, a substituicdo de componentes dieléctricos ceramicos na forma de
monolitos, que s&8o parte integrante de determinados dispositivos
microelectréonicos que operam a frequéncias elevadas (filtros e antennas, por
exemplo), por dieléctricos processados na forma de filmes espessos esta sob
consideracdo. Com esta aproximacéo espera-se, por um lado conseguir uma
reducéo do tamanho do dispositivo e dos custos associados a sua producao e
por outro lado, e de particular relevancia, explorar as oportunidades criadas
pela possibilidade de processar filmes conformes com substratos de diferentes
formas e de natureza metalica. Novas estruturas e concepgdes para
dispositivos que operam a frequéncias elevadas deverdo ser criadas. Ao
mesmo tempo, cré-se contribuir para o desenvolvimento de processos de
fabrico de producdo em massa de filmes de materiais dieléctricos com
desempenho reproductivel e a baixos custos.

As técnicas de preparacao de filmes finos incluem a fabricagdo por cinta (“tape
casting”), por impressdo em tela (“screen printing”), por jacto de tinta (“jet
printing”) e por deposicao electroforética (“electrophoretic deposition”, EPD). A
importancia da deposicdo electroforética advém das suas caracteristicas
Unicas, que incluem a simplicidade e flexibilidade na aplicacdo a varios tipos
de materiais e combinacBes de materiais numa gama alargada de formas e
dimensbes de estruturas, na relacdo fabricacdo — custos e na capacidade de
dimensionar o processo a escala industrial para fabricacdo de volumes
elevados de produtos e de grandes dimens@es. Concomitantemente, quando
comparado com 0s outros processos de fabricacdo de filmes espessos, a
deposicao electroforética permite a produgdo de camadas de uniformidade
excepcional com um facil controlo da sua espessura. Desta forma a fabricacéo
de filmes espessos por deposigdo electroforética vai de encontro as actuais
necessidades da industria da microelectronica no que respeita a substituicao
dos componentes dieléctricos monolitos em uso hoje em dia.

Em relacdo aos materiais, os dieléctricos que podem ser utilizados como
componentes de dispositivos de operacdo as frequéncias das microondas,
deverdo possuir perdas dieléctricas baixas, factor de qualidade (definido como
o inverso das perdas dieléctricas) elevado, permitividade dieléctrica elevada e
coeficiente de temperatura da permitividade baixo. De entre os dieléctricos
com baixas perdas, o sistema BaO-Nd,Os-TiO, representa uma importante
familia comercial de materiais para utilizacdo as frequéncias das microondas,
em particular a composicao 1:1:5, que, porque reline as caracteristicas acima



mencionadas, € um material de referéncia para estas aplicacdes. Embora
cerdmicos de BaO-Nd,O;-TiO, estejam actualmente em producdo e
comercialmente disponiveis em resonadores, filtros e substratos, entre outras
aplicagbes, o uso de filmes espessos de BNT néo foi até a realizacdo deste
estudo, referido.

Neste trabalho, é explorada a fabricagdo por deposicao electroforética de
filmes espessos de BaNd,TisO;4 (BNT). Para tal € conduzido um estudo
sistematico do processo de deposicao, desde a prova de conceito de aplicacao
do processo de deposicdo electroforética até a definicdo de condicbes
reprodutiveis e optimizadas de deposi¢do. Sao utilizados pés comerciais e pds
fabricados em laboratério que foram depositados sobre folhas metélicas
flexiveis de platina e substratos de alumina.

Inicia-se o trabalho pela prova do conceito de aplicacdo da deposicédo
electroforética ao fabrico de filmes de BNT. Filmes de BNT com 12 a 52 ym de
espessura sao fabricados a partir de pés de BNT comerciais sobre substratos
de platina. Para melhorar a densidade em verde e a microestutura dos filmes
obtidos recorre-se a uma etapa intermédia de prensagem isostatica dos filmes
em verde. O efeito da espessura dos filmes nas propriedades dieléctricas a
baixas frequéncias é analisado. A medida que a espessura do filme aumenta,
as propriedades dieléctricas dos filmes de BNT aproximam-se das
propriedades dos cerdmicos de BNT em termos de permitividade e perdas
dieléctricas. Filmes de BNT com 52 um de espessura e sinterizados a 1300 C
durante 1 h exibem uma constante dieléctrica e uma perda dieléctrica de 107 e
0.0006 ou um factor de perda Q de 1600 a 1 MHz, respectivamente. A
variagdo de permitividade dieléctrica é inferior a 0.02 % a um campo eléctrico
de 8 kV/cm e na gama de temperatura entre 30-120 C é abaixo de +58.5
ppm/T. O estudo revela ainda que ndo ha degradagédo das propriedades dos
flmes de BNT até 1.4 GHz, relativamente as propriedades medidas a
frequéncia de 1 MHz.

ApOs a prova de conceito, sdo conduzidos estudos de optimizacao do
processo de deposicdo. Para tal foram especificamente sintetizados por
processo convencional de reac¢des no estado solido pés de BNT.

O sucesso no processo de fabricacdo por EPD esta intimamente relacionado
com a escolha do meio de suspensdo e aditivos, que devem originar uma
suspensao estavel com um grau de dispersdo das particulas elevado. Neste
trabalho sdo estudados quatro meios suspensores diferentes, que incluem,
agua, acetona, etanol e acido acético. As propriedades fisico — quimicas das
diferentes suspensdes foram analisadas pelo determinacéo do potencial zeta,
da distribuicdo do tamanho de particula e transmitancia de luz. Os resultados
experimentais revelam que o potencial zeta € uma medida directa da
estabilidade das suspensfes, visto que o maximo do potencial zeta
corresponde ao maximo de dispersdo da suspensdo que se reflecte também
na distribuicdo do tamanho de particula e no comportamento em termos de



transmissao de luz através da suspensdo. O maximo de potencial zeta (61 mV)
€ obtido para o meio suspensor de acetona com adicbes de I,, a que
corresponde uma transmitincia de 10%. O efeito dos diferentes meios
suspensores € estudado na deposicdo, microestrutura e propriedades
dieléctricas dos filmes de BNT. De entre os varios meios suspensores, apenas
0 acido acético e a acetona com |, apresentam a capacidade para formacado de
depésitos e as limitacbes do acido acético sdo analisadas em termos da
reproductibilidade do processo. Camadas depositadas de homogeneidade e
taxa de deposicdo elevadas e com superficies macias foram obtidas com o
meio suspensor a base de acetona. Para este caso, o efeito de varios
parametros de processamento, que incluem o campo eléctrico aplicado, o
tempo de deposicdo e a composicdo da suspensdo e a espessura e morfologia
dos filmes é investigada e a discutida.

Conjuntamente, e sob as condi¢cdes optimizadas de deposicdo é estudado o
efeito da temperatura de sinterizacdo na estrutura, microestrutura e
propriedades dieléctricas dos filmes espessos de BNT. Para tal flmes de BNT
com 10 a 80 uym de espessura foram fabricados por EPD sobre folhas de Pt
em diferentes condicdes. O impacto dos parametros de processamento:
campo eléctrico, substrato e temperatura de sinterizacdo sdo analisados e
discutidos. Observa-se que um aumento da temperatura de sinterizacao
aumenta acentuadamente a razdo de aspecto dos grdos, decresce a
permitividade dieléctrica relativa e o coeficiente de temperatura da
permitividade TCg, varia de -114 para +12 ppm/T. E entdo proposto que a
anisotropia do grao observada é facilidade pelas condi¢cdes de sinterizagéo
restrictas (“constrained sintering”). Através do controlo da temperatura de
sinterizacao filmes espessos de TCeg, quase nulo, Q elevado com 45< ¢<70
podem ser fabricados. Esta descoberta é de especial relevancia tecnolégica
visto que demonstra que o controlo da tenséo originada pelo substrato e as
condicdes de sinterizacdo podem ser usadas para controlar a anisotropia do
cerscimento do grdo e consequentemente as propriedades dieléctricas dos
filmes de BaO-Re,03-TiO,. Ao mesmo tempo o fabrico de filmes com
propriedades controladas contribui para a diminuicdo das dimensbes dos
dispositivos que operam a frequéncias elevadas. Esperam-se observacdes
semelhantes em outros sistemas de materiais, 0 que abre ainda mais o leque
de oportunidades em termos tecnoldgicos.

Para aplicagbes especificas, camadas espessas de dieléctricos sobre
substratos isoldaores podem ser necassarias. Contudo a fabricagcdo de filmes
por deposicdo electroforética € incompativel com o uso de substratos
isoladores; assim sendo foi desenvolvido e é apresentado neste trabalho um
método de fabricacdo de filmes sobre substratos isoladores por deposicéo
electroforética. Para ultrapassar esta dificuldade, substratos de alumina foram
recobertos com uma “camada sacrificio” de grafite. Filmes uniformes e densos



foram entdo depositados sobre substratos de alumina (Al,O3). A influéncia da
espessura da camada de grafite e a sua interac¢do com os filmes de BNT na
estrutura, microestrutura e resposta dieléctrica é avaliada e discutida.
IntercacBes marcadas entre os filems de BNT e os substratos de alumina
foram observadas a temperaturas superiores a 1300 °C. A difusé@o dos iBes de
Al para o interior dos filmes origina a formacdo de segundas fases de
aluminatos de neodimio. Contudo filmes de BNT de espessura de 100 ym e
sinterizados a 1250 °C durante 1h exibem uma permitividade dieléctrica
relativa e valores de Q del46 e 1161 a cerca de 10 GHz, respectivamente.
Cré-se que esta aproximacdo do uso de uma “camada sacrificio” de grafite
sobre substratos ndo condutores é muito importante e valida, ja que pode ser
extendida para a deposicdo de filmes espessos e finos a uma variedade
alargada de materiais funcionais sobre um leque também alargado de
substratos ndo condutores.

Um outro desafio em termos de industria microelecténica, em particular a
relacionada com o fabrico de dispositivos sintonizaveis de operagdo a
frequéncias elevadas, é a fabricacdo de dieléctricos de perdas baixas e
sintonabilidade elevada. Neste trabalho propde-se uma aborgadem de
engenharia para ultrapassar esta limitacdo. Assim reporta-se a preparagdo e
caracterizacdo de compoésitos de BaNd,TisO14 (BNT) - BagsSrosTiOs; (BST)
sobre folhas de Pt, através da combinacdo do processo de deposicdo
electroforética com o processo sol gel.

Filmes compodsitos de BNT — BST com espessuras de 9um sobre Pt,
homogéneos, densos e uniformes exibem permitividade e perda dieléctrica de
287 e 0.0013 a 1MHz, e sintonizagdo da permitividade dieléctrica de 12% a 33
kV/cm, e coeficiente de temperatura da permitividade de 0.26% entre 28 °C e
120 °C, respectivamente. Acima de tudo estes filmes exibem um dos facoters
de qualidade K mais elevados referidos na literatura. Assim, a actual limitacdo
de dieléctricos sintonizaveis de baixa perda é de certo modo ultrapassada e
considera-se que estes resultados tém uma implicacdo alargada na
comunidade microelectrénica de dispositivos sintonizaveis a frequéncias
elevadas.
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Currently RF and MW design engineers are being asked to send more bits over
less bandwidth, use less battery power, and create products that are smaller
and more flexible, which include increased integration, operation at higher
frequencies and reduced costs. In this context the replacement of the current
bulk ceramic dielectric components of some microelectronic devices (filters,
baluns and antennas) by dielectrics processed as thick films is now being
considered. With this methodology it is expected, besides reducing device size,
to reduce processing costs and of particular relevancy are the opportunities
created by the possibility to process thick films conformally on substrates and
on metal foils. New structures and designs for such devices to operate at high
frequencies are then expected. At the same time, this drives the search for
fabrication processes for films materials to be mass-produced with repeatable
performance at very low costs.

The techniques for the preparation of thick films include tape casting, screen
printing, jet printing or electrophoretic deposition (EPD). The importance of
EPD comes from its unique features, such as the high flexibility and simplicity
for application with various materials and combinations of materials, and on a
wide range of shapes and 3D complex and porous structures, its cost-
effectiveness, and its ability to be scaled-up to the fabrication of large product
volumes and sizes. In addition, when compared with the other methods, EPD
enables the fabrication of highly uniform layers with an easy control of the layer
thickness. As so, EPD matches well with the current considerations of the
microelectronics industry of replacement of bulk dielectric components by
dielectrics processed as thick films.

Pertaining to materials, dielectrics which may be employed as microwave
components must exhibit low loss or high quality factor Q, high relative
permittivity and small temperature coefficient of relative permittivity (TCg,).
Within low loss dielectrics, the BaO-Nd,Os-TiO, system represents an
important commercial family of microwave materials, particularly the 1:1:5
composition, that because it exhibits low dielectric losses, high quality factor,
high relative permittivity and small temperature coefficient of resonant
frequency, have been known as an important microwave dielectric material.
Although BaO-Nd,Os-TiO, ceramics are currently being produced for
resonators, filters and substrates, among others applications, the use of BNT
thick films have not been reported until the realization of this PhD program.

In this work, the fabrication of BaNd,TisO;4 (BNT) thick films by EPD is
exploited. For that a systematic research study of the EPD process is
conducted from the proof-of-concept till the definition of reproducible and
optimised process conditions. Commercial and “home made” BaNd,TisOq4
powders were used to fabricate BNT films on platinum foils and polycrystalline
alumina substrates.

The technological feasibility of using EPD for the fabrication of BNT thick films

Vi



was firstly studied. 12 to 52 um thick BNT films were fabricated from BNT
commercial powders on platinum metallic foils by EPD. To improve the
microstructure and density of the films a post deposition isostatic pressing step
was used. The effect of film thickness on the dielectric properties at low
frequencies was investigated. As the film thickness increases, the dielectric
properties of BNT films approach those of BNT ceramics in terms of permittivity
and loss tangent. 52 um-thick BNT film sintered at 1300 C for 1 h exhibit a
dielectric constant and a loss tangent of 107 and 0.0006 (or Q of 1600) at 1
MHz, respectively. The variation in permittivity is less than 0.02 % at a bias
voltage +8 kV/cm. The change of film permittivity with the temperature within
the range 30-120 € is below +58.5 ppm/T. Compared to at 1 MHz, the
dielectric properties of 52 uym thickness BNT films do not show tremendously
degradation till up to 1.4 GHz.

After the proof-of-concept, the optimization of the EPD process was conducted.
For that BNT powders were specifically synthesised by the conventional solid
state reaction method.

The success in the EPD process is intimately related to a careful choice of the
suspension media and additives, which should lead to well-dispersed and
stable suspensions for EPD. Four different suspension media, which included
de-ionized water, acetone, ethanol, and glacial acetic acid (HAC), were studied.
The physicochemical properties of the different suspensions were evaluated
and analyzed by zeta potential, particle size distribution and light transmittance.
Experimental results revealed that the zeta potential is a straightforward
indication of the stability of these suspensions, since the maximum absolute
zeta potential corresponds to a maximum of the suspension dispersibility, also
reflected in the particle size distribution and suspension light transmittance
behaviour. The maximum zeta potential was obtained for acetone with iodine
suspensions (61 mV), and the corresponding transmittance was 10%. The
effect of different solvents was studied on the deposition, microstructure and
dielectric properties of BNT thick films. Among the used solvents, only the
acetic acid and acetone with |, based suspensions showed the ability of
forming deposits and the limitations of acetic acid solvent was analyzed in
terms of the process reproducibility. Deposits with homogeneous, smooth
surface and high deposition yield were obtained upon adding |, to the acetone
based suspension. For the case of acetone with |, suspensions, the effect of
EPD process parameters such as deposition voltage, deposition time and
suspension composition, deposited thickness of BNT and film morphology was
investigated and discussed.

In addition, under the definition of the optimal conditions for EPD BNT thick
films, the effect of the post deposition sintering temperature was addressed on
the structure, microstructure and dielectric properties of BNT thick films. For
that 10 to 80 um thick BaNd,TisO14 (BNT) films were fabricated by electrophor-

vii



-etic deposition on Pt foils under different conditions. The impact of the
processing parameters: electric field during EPD, the substrate effect and the
sintering temperature were analyzed and discussed. It was observed that the
increase of the sintering temperature increases markedly the aspect ratio of the
grains, decreases the dielectric permittivity and TCg, changes from -114 to +12
ppm/T. It was then proposed that the observed anisotropic grain growth is
facilitated by the constrained sintering. By controlling the sintering temperature,
near — zero TCg,, high Q thick films can be fabricated with 45< ¢,<70. These
findings are of technological relevance since they demonstrate that control of
substrate constraint and sintering conditions can be used to control grain
anisotropy and thus microwave properties of the BaO-Re,05-TiO,. The thick
films facilitate scaling to small device sizes for high frequency operation. Similar
observations are expected in other MW systems thus opening further
technological opportunities.

For some specific applications, such as multilayer microstrip for band-pass
microwave filter applications, thick dielectric layers on insulating substrates
may be required. However the fabrication by EPD is incompatible with the use
of insulating substrates, so a method of performing EPD on non-conducting
substrates was developed and is reported in this work. To overcome the
requirement of a conducting substrate, insulating polycrystalline alumina
substrates were covered with a sacrificial graphite layer. Uniform and dense
BNT layers have been then deposited on alumina (Al,O3) substrate by EPD.
The influence of the graphite layer thickness and the interactions between the
BNT films and alumina substrates on the final structure, microstructure and
dielectric response were addressed and discussed. Severe interactions
between the BNT films and alumina substrates were observed for sintering
temperatures >1300 . The diff usion of Al ions into the films resulted in the
formation of neodymium aluminates second phases. However 100 pm thick
BNT films sintered at 1250 °C/1h show relative permittivity and Q values of 146
and 1161 at about 10 GHz, respectively. It is believed that this approach of
using sacrificial graphite layers for EPD on non-conducting substrates is
extremely valuable since it can be extended for both thin and thick film
deposition on a large variety of other non-conducting substrates.

Another challenge for the microelectronics agile / tunable industries is
the fabrication of low loss tunable microwave dielectrics because lower loss
tangents provide lower insertion loss in the device. In the work an approach to
overcome this limitation is proposed. The preparation and characterization of
BaNd,TisO14 (BNT) - BagsSrosTiOs (BST) composite thick films on flexible
platinum foil substrate, via an EPD process combined with a sol gel one was
reported. Homogeneous, dense, and uniform 9um-thick BNT-BST composite
thick films on flexible Pt foils exhibit dielectric constants and loss tangent of 287
and 0.0013 at 1MHz, and dielectric tunability of 12% at 33kV/cm, and tempera-
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-ture coefficient of relative permittivity of 0.26% between 28°C to 120°C,
respectively. Above all these films exhibit one of the highest quality factor (K =
70) reported for dielectric films. As such the actual limitation of low loss high
tunable dielectrics is somehow surmount and these results are expected to
have broad implications in the community of microwave agile devices.
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Chapter 1

Chapter 1
An Introduction to Low loss (High Q) Dielectric Ceramic

Materials, Properties and Applications

Abstract:

Low loss dielectric ceramics are playing a very important role in the microwave
communication systems. These materials are key factors in realization of low-loss
temperature-stable components for satellite and broadcasting equipment, and in many
other microwave devices. High dielectric-constant materials are critical to the
miniaturization of wireless systems, both for the terminals and base-stations, as well as
for handsets. This chapter reviews the sequential evolution of the dielectric ceramics
applications in microwave devices, and the development of low loss dielectrics, such as,
BaO-Nd,0s-TiO, (BNT) systems. The recent advances in the applications of low loss

dielectric ceramics in electronic circuits and systems are also described.

1.1 Definitions

For microwave dielectrics, there are three important properties to be considered:
the relative permittivity, the loss tangent (or quality factor), and the temperature
coefficients of the resonant frequency. The relative permittivity determines the size of
the electronic component, the temperature coefficient of resonant frequency determines
the temperature stability, and the loss tangent (or Q factor) determines the selectivity

and performance of the device. [Scotta A. W.-1993]

1.1.1 Relative Permittivity

Relative Permittivity is of paramount importance when discussing dielectric
materials. Relative permittivity is a physical quantity that describes how an electric field
affects and is affected by a dielectric medium, and is determined by the ability of a
material to polarize in response to the field, and thereby reduce the total electric field
inside the material.

The overall net polarization experienced in a material, P, creates a dipole moment

which augments the total displacement flux of dipole, D. Thus,

D =gy E+P (1-1)
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where E stands for the applied field; g for the permittivity of free-space. And the net

polarization can be written in terms of the susceptibility, y,

P=¢yE (1-2)

thus the relative permittivity can be defined in terms of the susceptibility that is directly

related to the polarization mechanisms in a material:

D =g (1+y) E= &g E (1-3)
where
&= £~ relative permittivity (1-4)
€y

the relative permittivity, €., is then the ratio of the natural permittivity of the material (&)
to the permittivity of free-space (gy). The natural permittivity, €, is considered to be a
direct measure of the polarizability of a material and will govern both the phase
variation and attenuation of an imposed field to the material. Thus, the permittivity, €, is

a complex quantity with both real and imaginary parts and can be written as,

e=c+je (1-5)

the real part of the relative permittivity, €, is termed the dielectric constant and is
determined by the magnitude of P. It defines the amount of electrostatic energy stored
per unit volume in a material for a given applied field, i.e. the amount of charge stored
in a capacitor. The imaginary component of the permittivity, ¢, is called the loss factor
and is governed by the lag in polarization upon application of the field and the energy
dissipation associated with charge polarization. It represents the energy loss in a
material.

In microwave application, &, reflects the capability of a material to confine a
microwave. The higher this parameter, the better the confinement. The ceramic
microwave component is divided by the square root of the relative permittivity. High

relative permittivity dielectric materials permit the miniaturization:



Chapter 1

Dy (1-6)

7

where D stands for the diameter of the dielectric component, and A stands for the
wavelength at the resonant frequency. As a consequence, the size reduction of a

dielectric component requires materials with a high relative permittivity.

1.1.2 Loss tangent, tand, relates to the electrical losses in the material. And are

represented by:

"

tand = (1-7)
&

where 9 stands for the loss angle. In terms of an electrical circuit, tand represents the
resistive part of the impedance and is directly proportional to the electrical conductivity.

Q gives definition name and is equal to:
Q= 1/tand (1-8)

as shown above, the concepts of Q-factor and loss tangent can be used interchangeably.
The latter is more correct in terms of solid state physics; however the former is more
commonly used in microwave circuit design. The Q of the dielectrics determines the
steepness of the filter skirts, the power requirements and the selectivity of frequency.
High Q values reduce the risk of cross-talk within a given frequency range. The higher
the materials Q factor, the better the material, which relate to the frequency selectivity
in microwave devices. Q decreases with increasing frequency and the theoretical
relationship between the two is such that Qf should be constant for any given material,
and, often, Qf values are quoted when comparing low loss (high Q) dielectric
microwave ceramics. So, a common way for expressing losses within the microwave
community, as they are linear with the frequency, is to use the "Q times frequency"

factor called Qf, where f is the measurement frequency. [Reaney 1. M. - 2006]
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1.1.3 Temperature coefficient of resonance frequency, defined as 1¢ is a measure of

the “drift” with respect to the temperature of the resonant frequency:

w=. L (1-9)

where fj stands for the resonant frequency at ambient temperature, Af for the frequency
variation among the AT temperature range. It is self-evident that a material with a
significantly non-zero T is useless in microwave circuits as it cannot maintain its
resonant frequency as the operating temperature changes.

The 1¢ is a composite parameter related to temperature coefficient of relative
permittivity and the linear expansion coefficient of dielectric materials, according to the

following equation holds: [Moulson A. J. -1990]
1r=-(12TCe; +ay) (1-10)

where TCg, stands for the temperature coefficient of relative permittivity, and a; is the
linear thermal expansion coefficient of the dielectric materials, respectively. The Tt
describes the maximum change in relative permittivity over a specified temperature
range. The presented tr and 1. are established at a reference temperature of room
temperature, i.e. 25 °C. The 1 should always be considered for applications operating
above or below this temperature. The specification of ¢ will always specify the resonant
frequency change in parts per million per degrees centigrade (ppm/°C). The adjustment
of a 1y value must be accomplished with high accuracy (0.5-1 ppm/°C) and must be

easily reproducible in production.

1.2 Important groups of low loss dielectric ceramics and applications

Microwave dielectric ceramics are characterized by high &, low loss, and very
small 1;, making them attractive as electronic components in microwave applications.
These unique dielectric properties permit to revolutionize the microwave-based wireless
communications industry by reducing the size and cost of filter and oscillator
components in systems ranging from cellular telephones to global positioning
technologies.[Hirade K.-1992] In the mid-1960s, Cohn and his co-workers performed

the first extensive theoretical and experimental evaluation of the low loss dielectric
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resonators [Cohn S. B. -1968], based on rutile ceramics. The poor temperature stability
of rutile dielectrics prevented the development of practical components for commercial
applications. A real breakthrough in ceramic technology occurred in the earlies 1970s
when the first temperature-stable low-loss barium—tetratitanate ceramics were
developed by Masse [Masse D. J. -1971]. Later, a modified barium—tetratitanate with
improved performance was reported by Bell Laboratories [Plourde J. K. -1975]. These
important results led to the actual use of low loss (high Q) ceramics as microwave
components. The next major breakthrough came from Japan when the Murata
Manufacturing Company produced (ZrysSng)TiO4 ceramics [Wakino K.-1977, Wakino
K.-1975], which offers adjustable compositions so that the temperature coefficient could
be varied between 10 and 12 ppm/°C. These low loss dielectric devices became
commercially available at reasonable prices. Afterwards, the use of low loss dielectric
ceramic components expanded rapidly. [American Technical Ceramics Ltd.]

Today, low loss dielectric ceramics are commercially important as enabling
materials for resonators, filters, and other key components in microwave
communications systems. The global market for the low loss dielectric ceramics is on
the order of $400 million, and the markets for the resulting devices and components,
and for the end-user systems, are ~10 and ~100 times of that size, respectively.
[Vanderah T. A.-2002]

Low loss dielectric ceramics are very popular as the substrates for microstrip lines
and coplanar waveguides for microwave and millimeter-wave integrated circuits. A
microstrip antenna (or patch antenna) for the receivers of a global positioning system
(GPS), that use a relative high permittivity dielectric substrate has several advantages
such as small size, narrow frequency band, and good temperature stability. Other
microwave components, such as forward directional couplers and simple phase shifters
can be fabricated from low loss dielectric ceramics. The most successful fabricated
components have been in the area of antennas, either surface-wave antennas or leaky-
wave antennas. [Hessel A.-1969] Several types of miniature antennas are now in use.

Application of dielectric materials in microwave components is very cost effective
and leads to a significant miniaturization of the device, particularly when microwave
integrated circuit (MIC) or monolithic microwave integrated circuit (MMIC) structures
are used. Excellent performance in filters and oscillators is currently being achieved.
Dielectric resonators (DRs) are widely used in wireless communication systems.

Additional applications include radar, satellite, portable telephone, satellite broadcasting,



Chapter 1

ultra-high speed wireless local area network (LAN), intelligent transport system (ITS)
including ladder for anti-collision, security systems detectors and so on.[Ohsato H. -
2007, Matthaei G.-1980]. Miniature dielectric-filled coaxial resonators are commonly
used in wireless headsets (cellular and personal communication system (PCS) phones).
Recently available very high-Q materials will extend commercial applications of DRs to
much higher frequencies. Applications as high as 100 GHz are being reported.
[Fiedziuszko S. J. -2002]

Future improvements of communication devices require new low loss dielectric
ceramic materials. As the electronic community develops new concepts and designs for
tomorrow’s communication systems, they will be relying on progress in understanding

and controlling these low loss (high Q) dielectric ceramics materials.

1.2.1 Materials Requirements for high frequency application
For a material to be considered as candidate for a microwave components, there
are three critical requirements: [Moulson A. J-1990]
(1) Theoretically, the relative permittivity (g;) should be as large as possible,
since the size of microwave dielectric components is inversely
proportional to the square root of relative permittivity. In reality the range
of materials is restricted to approximately 20 < g < 100, in order that
other conditions can be met.
(i1) The dielectric loss tangent (tan 8) should be as small as possible to ensure
maximum signal discrimination. This is more commonly described in
terms of the dielectric Q value (1/tan 6) which should be maximized. For
many current practical applications today, Q> 5000 at 1 GHz is essential.
(111) To ensure temperature stability in communications systems, the
microwave dielectric components need to have a temperature coefficient
of resonant frequency (tr)~20 ppm/°C, so that the signal does not drift
during device operation.
However, obtaining optimal values of these three properties simultaneously is
difficult; for example, high &, materials often possess a large tr and low Q.

Over the years, low loss dielectric ceramic materials were developed for
applications in the three main categories, 1) mobile phone handsets, 2) base station
application and 3) passive integration. In the first category high &, is mainly demanded

for miniaturization of the portable device, while in the second group high Q is on
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demand for increasing signal/noise ratio for base station applications and for the last
group of applications in which passive integration using multilayer ceramic technology
with Ag or Cu electrodes are required, moderate Q and ¢, are tolerated if the ceramic
will be fired at low temperature (about 900 °C).

The variation of the Qf versus &, is plotted in Figure 1-1 for the three main

categories of applications.
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Figure 1-1 Qf versus ¢, for the three main categories of

applications of low loss dielectrics

Table 1-1 lists those typical low loss (high Q) microwave ceramics that have
gained the most technical importance and commercial applications so far. As mentioned
before, the earliest studies of low loss dielectric materials commenced with the work of
Cohn [Cohn S. B.-1968] on titania in the 1960s but also include pioneering
investigations by Bolton on high relative permittivity tungsten bronze-structured
BaTiO3;-Ln,0s-TiO, (Ln-Lathanide, i.e. Nd, Sm, La etc). [Bolton R. L.-1968] By the
late 1970s and early 1980s there interest in materials such as MgTiO;—CaTiOs,
(Z1,Sn)TiO4(ZST) and BaTisO9 appeared. BaTisO9 was one of the first microwave
ceramics to fulfill the technical requirements, with =38, t=15ppm/°C and Q=5000 at
2GHz [Masse D. J.-1971]. Shortly after this, it was shown that Ba,TiyO,y ceramics
possess even better properties.

The growth of the mobile communications market in the 1990s stimulated the
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research in microwave dielectrics, particularly looking for relative high permittivity
materials for mobile telephone handset applications, and very high Q materials for base
station applications. [Reaney I. M.-2006] As shown in Table 1-1, one obtains equally
good values for & and Q in the ceramic system zirconium titanate stannate (ZTS) with t¢
of zero, [Wersing W.-1991] which has led to the widespread use of ceramics from this

system, in such a way that ZST ceramics are today termed standard microwave ceramics.

Table 1-1 Typical examples of low loss microwave dielectric ceramics

Materials ST*(°C) ¢ Qf(GHz) Tt(ppm/°C) Reference
BaTi,Oqg 1350 38 10,000 15 Masse D. J.-1971
Ba,TigOy 1300 40 36,000 2 Choy H.-1995
(Zr,Sn)TiO, 1450  34-37 50,000 0 Hirano S.-1991
(Ma,Ca)TiO; 1400 21 70,000 0 Jantunen H.-2000
Ba(Mg13,Tay3)03 1650 24 300,000 -4 Ohuchi H.-1996
Ba(Co,Zn)45Nbo303 1400 34 90,000 0 Reaney I. M.-2006
Ba0O-R,05-TiO, 1350 80-90 7000-13,000 <10 Ohsato H.-2003
Bij 5ZnNb, 50 950 150 1000 400 Nino J. C.-2001

*. ST means sintering temperature, R indicates rare earth element.

As indicated in Table 1-1, the highest dielectric quality factors Q have been found
among microwave ceramics based on complex perovskites, such as Ba(Mg;;3Tay3)0;3
(BMT), which provided materials with the highest Q values for base stations
applications, however the commercial application interest of these materials is limited
because of the high cost of tantalum raw materials. Recently Ba(Co,Zn);3Nb,30;3
(BCZN)-based ceramics have been developed as an alternative cost effective substitute
of the more expensive Ba(Mg;3Tay3)0; (BMT)-based compositions. On the other hand,
for the mobile telephone handset markets, the high & tungsten bronze-structured
materials remained the primary choice. Ceramics based on BaO-Re,0;-TiO, (Re-rear
earth, BRT) oxides afford the highest permittivity values, of approximately 90, among
the microwave ceramics, being the Nd and Sm based compositions the most frequently
studied.

In summary five main families of microwave dielectrics have been identified and
developed: (1) Ba;TigOy system, (2) (Zr,Sn)TiO4 system, (3) BaO-R,05-TiO, (R=rear
earth ) system, (4) Ba (B;3Tay3)03 (B=Mg, Zn), (5) other dielectrics.

In addition, the highest miniaturization degree at the lowest cost is achieved by

using multilayer ceramic technology suitable for passive integration. For microwave
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ceramic multicomponent modules (CMM) ceramics are required to be sintered at low
temperatures (<900 °C) to enable the cofiring with copper or silver electrodes. One
important example of this group of so-called low-fire microwave ceramics is bismuth
based composition (Table 1-1). Details on the sintering temperature, electrical properties
of low loss microwave dielectric ceramics can be found in literature. [Sebastian M.T.-
2008]

Most recently, the use of ferroelectrics has been investigated to produce novel
electronic controllable devices to operate at high frequencies. Ferroelectrics are
distinctive dielectric materials characterized by the existence of spontaneous
polarization that is reversible under electric fields. Ferroelectrics usually exhibit high
dielectric constant with a strong dependency on the applied electric fields and
temperature. The relationship between the applied field and the polarization in non
linear and is described by a hysteresis loop. In addition ferroelectrics can undergo a
phase transition adopting a non-polar centrosymmetric structure at a temperature called
T, (the temperature of the phase transition or Curie temperature). Above T., with the
loss of the polar structure, the material does not exhibit spontaneous polarization and it
is said to be paraelectric. Below T., due to the appearance of the spontaneous
polarization and to the mutual interaction between the dipoles, which causes a
significant increase of the local field, the material exhibits ferroelectricity. The structural
phase transition from the paraelectric to the ferroelectric phase is reversible. Near T, due
to a distortion in the crystalline lattice as the phase structure changes, the
thermodynamic properties, including dielectric, elastic, optical, and thermal constants
show an anomalous behaviour; the permittivity raises, reaching a maximum at T,. In the
ferroelectric region the increase of the thermal agitation as the temperature approaches
Tc facilitates the growing of the domains oriented along the field. Above T, the
permittivity of the material decreases and at the same time a sudden reduction of the
resistivity and a marked increase in the losses are observed. [Vilarinho P. M. — 2005] A
detailed description of the physics of ferroelectrics is beyond the scope of the current
work and several literature reviews and text books should be used for further details.

Due to the distinctive properties, ferroelectrics have many uses in electronics and
microelectronics. They are often used as the dielectric in capacitors because of their
high relative dielectric permittivity, and in memory applications due to the hysteresis of
the polarization with the electric field and the ability to use this feature to store

information. Ferroelectrics are also piezoelectric and pyroelectric, enabling their use as



Chapter 1

mechanical transducers, actuators and or sensors and thermal detectors, such as infrared
detectors.

Though ferroelectrics have the highest dielectric permittivity values, their
associated high dielectric losses were traditionally a handicap for their use at high
frequencies. However recently, microwave circuits that take advantage of the ability to
control the relative permittivity by varying an applied electric field have been developed,
in which ferroelectric materials look very promising. [Tagantsev A. K. -2003] A very
good example is application such as phase shifters, which are the most widely studied
tunable ferroelectric components. The importance of using ferroelectric component is
owing to the role in phased array antennas. A phased array antenna consists of
thousands of radiating elements which should be served by thousands of phase shifters.
The phase shifters are used to modify and control the width and angle of the steered
radar beam. At present each phase shifter is a housed microwave semiconductor module.
The employment of ferroelectric materials enables the integration of the phase shifters
with the microwave circuits on one substrate thus substantially reducing the size, mass,
and cost of the antennas.

Barium titanate-BaTiO; (BT) was recognized as a very important ferroelectric
material for practical applications in 1942-1943 by Von Hippel and co-workers at the
Massachusetts Institute of Technology (MIT) [Hippel V.-1954]. Since then a huge
number of applications have been developed for BT ceramics, thin and thick films.
However, BT has a limited application in the microwave electronic industry, since the
adequate tunability (change in the relative permittivity induced by a dc field) is
achieved only at about 120 °C, that corresponds to the ferroelectric phase transition. The
temperature range of high tunability can be shifted towards low temperature by means
of Ba-site substitution by Sr, for example. Such shift corresponds to induced
ferroelectric phase transition in (BaySr;4)TiO; (BST) solid solutions at temperatures in
the range of 0-400 K. However, higher insertion loss and thermal instability of BST
impose serious restrictions to its application in phased array antennas.

The efforts in using ferroelectric materials in microwave devices have been
concentrated on the development of phase shifters, tunable filters, oscillators, and
antennas. [Tagantsev A. K-2003] and a key aspect relates with the need to reduce the
relatively high dielectric losses of ferroelectric at microwave frequencies, which has
been the main barrier to implementation. However, in the long run, the tunability of the

relative permittivity possible in ferroelectric materials by the changing of the electric
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filed promises to enable a number of simple low-cost microwave control devices.

1.3 BaO-Nd,0;-TiO; (BNT) microwave dielectric ceramic materials

As stated previously, one of the most important trends in wireless technology is
the miniaturization of the electronic systems. To achieve this, ceramic components such
as oscillating or filtering devices must be manufactured from high-relative permittivity
materials.

Among the materials listed in Table 1-1, BaO-Nd,O3-TiO, (BNT) system stands
out and has attracted the interest of researchers and industrialists due to its high relative
permittivity. [Kolar D.-1978] This interest has spread quickly to other rare earth
elements besides neodymium, BaO-R,05-TiO; systems (R = rare earth, such as La, Sm,
Nd, Pr, BRT). And at the present the only commercially available group of high relative
permittivity microwave materials are ceramics based on BRT solid solutions with
relative permittivities ranging from 80 to 90. The earliest work on these systems is
credited to Bolton [Bolton R. L.-1968] and Kolar et al. [Kolar D.-1978]

The BNT with stoichiometries near to BaNd,Tis0;4 and BaNd,Ti4O;, have been
widely studied. [Ratheesh R.-1998, Rawn C. J.-1998] Following earlier reports the
BaNd,;Ti4O;, (BaO: Nd,O;: 4TiO;) and BaNd,TisO;4 (BaO: Nd,O;: 5TiO;) are
represented as BNT114 and BNT115 compounds, respectively, for convenience. Later
on '1:1:4' compound was shown to belong to the solid solubility region with the general

formula Bag3xNdg+2xTi180s4. [Rawn C. J.-1998]

f-ax1s

®@Kand Ba ) Ba

Figure 1-2 Tungsten-bronze type like crystal structure of the
Bag.3xRg+2xT113054 solid solutions, in which R-rare earth,

Al-rhombic site, A2-pentagonal site, C-trigonal site [Ohsato -2001]
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The crystal structure of BRT compounds are composed of three types of large
cation sites. It essentially consists of a three-dimensional framework of corner-sharing
perovskite-like octahedra joined together according to a pattern similar to that of the
tetragonal tungsten bronzes. The structure is typified by oxygen octahedra linked at the
corners in a complex way to yield three types of channels: large pentagonal sites;
diamond sites; and tiny triangular sites (Figure 1-2). The rare earth, i.e. Nd®", cations
occupy the rhombic channels (diamond sites); Ba*" cations fill the pentagonal channels
and the remaining Ba>" ions share the rhombic channels with the Nd**. The triangular
channels are empty. [Ohsato H.-2001]

The crystallography of BRT solid-solutions has been reported by different authors.
Gens et al.[Gens G. A.-1981] firstly suggested Pba2 (No. 32) or Pbam (No. 55) as
possible space groups for the solid solution. The lattice parameters calculated for the
Nd-analogue are a = 22.21 A, b = 12.30 A, ¢ = 3.84 A. These results were later
confirmed by Matveeva et al. [Matveeva R. G. -1984] and Kolar et al.’s works [Kolar D.
-1993]. Ohsato et al. [ Ohsato H. -1992] observed superlattice XRD peaks in Nd-based
15:19:72 crystals and the space group of their fundamental lattice agreed with the
previously reported. [Matveeva R.G. -1984]. Azough et al. [Azough F. -1995] also
determined the space group to be either Pna21 (No. 33) or Pnam (No. 62). Later, Rawn
[Rawn C. J. -1996] accounting for the c-axis doubling and re-orienting the unit cells
into the standard setting for each space group, used Rietveld analysis on powder XRD
data of La- and Gd-1:1:4 analogues to determine the space groups as Pna21 (No. 33) for
La-1:1:4 and Pnma (No. 62) for Gd-1:1:4. The space groups suggested for the phase
have included Pbam (No. 55), Pba2 (No. 32), Pbn21 (No. 33), and Pbnm (No. 62).
Finally, Reaney reported that the actual space group is almost perfectly described as
Pbnm (No. 62), [Ubic R.-1998] but is probably more accurately given by Pb21m (No.
26). Clearly, no general consensus has yet emerged on the space group of these solid-
solutions.

In BRT family materials, the BaO-Nd,Os-TiO, (BNT) series was extensively
studied by Kolar and coworkers, who discovered the ternary phases BaNd,Ti3Oo (1:1:3)
and BaNd,TisO4 (1:1:5) [Kolar D.-1981]. Later, an intermediate compound with the
compositional ratio of 1:1:4 (BaNd,Ti4O;,) was reported by Razgon and Mudrolyubova.
[Razgon S. -1980, Mudrolyubova P.-1981] A summary of the dielectric data of these
compositions is plotted in Table 1-2, highlighting the dependence on the stoichiometry

and the inconsistency of the values. The dependence of the dielectric properties on the
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composition of the BNT system is also shown in Figure 1-3 which is an isothermal

section of the ternary phase diagram for BNT system.

Table 1-2 Summary of BaO-Nd,0;-TiO, typical compounds and their dielectric

properties
Materials Ratio* & Qf Frequency (GHz) T;(ppm/°C) Reference

Bay oNdg 2 TitgO0s4 ~ 88 8315 3.44 76 Ohsato H.-1995
BaNd,Ti;O19 1:1:3 60 5300 4.19 140 Ratheesh R.-1998
BaNd,Ti;O1, 1:1:4 84 7800 6.5 88 Ubic R. thesis-1997
BaNd,Ti;O1, 1:1:4 45 13500 4.7 ~ Wu M. C.-2007
BaNd,Ti;O4, 1:1:4 76 5600 3.7 77 Solomon S.-2000
BaNd,Ti5sO14 1:1:5 78 8900 3.7 82 Solomon S.-2000
BaNd,TisO14 1:1:5 90 6100 4.7 3.62 Jung B. H.-2004
BaNd,TisO14 1:1:5 81 3500 3 93 Wakino K.-1984
BaNd,TisOq4 1:1:5 88 5500 5 5 Fuji Titanium Industry Co., Ltd.
BaNd,TisO14 1:1:5 81 12479 4.46 90 loachim A.-2001

*: Ratio indicates the molar proportion of the oxides (BaO: Nd,Os:TiO,)

BaO°TiO,

460/331 350/10
I50/128 \ -

Ba0-3TiO, IRIG l 112/5

. 135735

BaO+4TiO, .
505 33419
A -

75/5 92/3Ba0=Nd,05°3Ti0,

Si'“! 3200

BaO*Nd,045Ti0,,

TiO, Nd,054TiO, Nd,042TiO, Nd,0;°TiO,
Figure 1-3 Isothermal section (1300 °C) for BaTiO3'Nd,O3 TiO; subsystem
based on room-temperature powder x-ray diffraction data of quenched

samples showing variation of relative permittivity and loss tangent

(e/tandx10™* at 1 MHz) with composition [Kolar et al-1978]

The composition and stoichiometry of the ternary phases of BNT have been the
subject of some debate between different research groups. As mentined before, the

existence of both 1:1:3 and 1:1:5 compounds were claimed by Kolar et al. [Kolar D.-
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1981] and the 1:1:4 stoichiometry was first suggested by Razgon et al.[Razgon Y. S.-
1980]. In 1986 Jaakola et al. [Jaakola T.-1986] proposed that the true stoichiometry for
the 1:1:4/1:1:5 phase must be closer to 15:19:72 (Baj 75sNdy 5Ti1,30s4), who found that the
1:1:5 composition did not lead to a single phase, but contained ~15% BaTi4sO9 and TiO,
as impurity phases. These results were later verified by Chen et al. [Chen X. M -1995]
who found small amounts of Nd,Ti,07 and TiO, impurities in 1:1:5 powders. Contrarily,
Polyakov et al. [Polyakov S.M.-1983] found 1:1:4 powders to be multiphasic and those
of 1:1:5 composition to be single phase. Although it is now accepted that BNT 114 is
the correct nominal formula and is commonly referred to as 1:1:4 phase, based on the
stoichiometry of its constituent oxides (BaO-Nd,03-4TiO;) BNT 114 ceramics were
found to be characterized by a poor densification degree and hence to possess high
losses. This explains why BNT 1:1:5 ceramics have been often reported as having
higher Q value than the single phase 1:1:4 compound. Indeed BNT115 ceramics are
currently used in commercial applications (Fuji Titanium Industry Co., Ltd, Japan).
Although the debate on the stoichiometry and fundamental crystal structure of BRT
systems is still on going, the dielectric performance oriented investigation and research
on BRT family materials is progressing very quickly.

The main aspects in optimizing BNT tungsten bronze-type ceramics for
microwave applications include tuning tr to zero while retaining a high &, and low losses.
Three approaches have been used to achieve it: (i) improvement of t¢ by the use of
additives; (ii) proper variation of the Nd : Ba ratio, and (iii) or combination of different
rare earth elements. Frequently, these approaches have been used simultaneously. For
example, by substituting Ba by Pb in BNT114, Wakino et al. achieved a high &, of 85-88,
a 1 near zero and a Qf = 6000GHz. [Wskino K.-1984] Starting with BNT115
composition and by replacing some Ti by Bi and decreasing the Ti content, a high &, of
90-92, a 1y near zero (3ppm/°C) and a Qf of 6000GHz [Wersing W.-1991] was attained.
By using Sm instead of Nd in a 1:1:4.7 composition, ceramics with Qf of 9000 GHz and
a ¢ near zero for a relative permittivity of 77 were fabricated [Laffez P.-1992]

In addition, as a result of the anisometric crystal structure, BRT series tend to
show anisotropic development of elongated grains in the microstructure at particular
processing conditions. Therefore the dielectric properties of BRT ceramics display
significant anisotropy as reported by Negas (Negas T.-1995), and Hoffmann and Waswe
(Hoffmann C.-1997). The electrical anisotropy is especially pronounced in the

temperature coefficient of permittivity. It was also reported that textured BaO-Re,O3-
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TiO, ceramics (Re = Sm, La), by the template grain growth technique, exhibited
enhanced thermal stability of the dielectric response. [Valant M.-2000, Wada K. -2003,
Fukami Y.-2006] In anisotropic ceramics, nearly “zero” temperature coefficient of
resonance frequency can be reached while maintaining an equivalent permittivity and Q
values when compared to the non textured specimens. This suggests that BRT is at least
partially “self-compensating” from the 1 point of view: the intrinsic 1 is likely to be
different in different crystallographic directions, yielding the best t¢ for particular
mixtures of orientations of the crystallites in a bulk sample. Thus it is evident that large
anisotropy exists in the properties in BRT systems, the dependence of the electrical
properties on the crystallographic anisotropy of BRT solid solution is then important

subject of research with obvious practical repercussions.

1.4 Summary

Low loss (high Q) dielectric materials are being extensively used at high
frequencies range. Availability of high relative permittivity materials accompanied with
low loss and high temperature stability, such as in the bronzoid type structures like
Ba0O-Nd,03-TiO,, has a significant impact on the miniaturization of wireless microwave
devices both for the terminals and base-stations, as well as for handsets, allowing to

meet the growing industrial demands for miniaturization of electronic devices.
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Chapter 2
A Review of Ceramic Thick Film Technology and

Electrophoretic Deposition Technique

Abstract:

The use of thick films is becoming more and more important in particular for
microelectronic applications. A number of established and emerging thick film
deposition techniques were reported and described in this chapter. Among them is the
electrophoretic deposition (EPD) technology, which has been used to fabricate highly
reliable, low cost and high performance products. This chapter provides a review on the
most important techniques for the deposition and patterning of ceramic thick films, and
in particular on EPD. The review on EPD technique encompasses the fundamental
aspects of EPD process, including mechanisms of EPD, suspension properties, kinetic
aspects, charging origin of particles, zeta potential and double layer model. Numerous
applications of EPD technique, including coatings, laminated or graded materials,

infiltration in porous matrix, etc., are described as well.

2.1 Thick film fundamentals
2.1.1 General information

Depositing materials in film form enhances their applicability, simplifies the
production of devices, and respond to the most actual requirement of electronic device
miniaturization. Compared with bulk materials, the advantages of using film form
materials are related to easier miniaturization, higher reliability, and lower driving
voltages. For example, integrated circuits or devices incorporating ferro/piezoelectric
thick films found numerous applications as microsensors and actuators for medical,
military, telecommunication, environmental, vehicle and office automation industry.
[Ferrari V.-1997]

Thick films are considered to be films ranging in thickness between 1 to 100 pm,
but sometimes the thickness of “thick films” goes up to millimeters. [Hiremath B. V.-
1989] The term “thick film” does not relate so much to the thickness of the film but
more to the type of deposition, which occupies a technological region between the thin
film processing techniques and machining of bulk ceramics. [Whatmore R. W. -1998]

The original concept for thick film technology was developed for a low-cost, mass
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production method for relatively crude electronic components.

2.1.2 Thick films deposition techniques

Thick films are normally fabricated by low-cost processes such as tape casting
(doctor blading), screen-printing, ink-jetting (or ink-jet printing) or electrophoretic
deposition (EPD). The preparation of ceramic thick films by these methods generally
implies a processing sequence of the following steps: preparation of the precursor
powders; preparation of pastes or powder suspensions; printing/depositing of the pastes
or suspensions onto a suitable substrate; drying at low temperature; and sintering at high
temperature to get a consolidated layer. [Dahotre N. B. -2001] The distinction between
these processes lies on the method to deliver the suspension to the substrate.

Tape casting or doctor blading is an economical method for producing large
surface areas of ceramic films, which consists of printing, coating, or spreading paste
with a blade onto a substrate. [Tok A. 1. Y. -1998] In tape casting, the powder is
suspended in an organic solution. This solution is, in general, composed of a solvent, a
plasticizer, and a dispersant. The relative proportion of each of these constituents is
crucial for the film processing, affecting directly the final product quality. The powder
suspension is deposited onto a polymeric tape lying down under a glass or metallic
surface. The green tape is cut with the required dimensions. After drying, the organic
components still remain in the tape and must be removed by pyrolysis. The burning out
of organic components generates open pores, which are eliminated by sintering (1000-
1200 °C). Films with thickness in the range 10-500 um have been prepared by tape
casting. Tape casting is a common process to fabricate laminated thick layers in
multilayer structures, such as BaTiO; (BT) -based multilayer capacitors and
Pb(Zr,Ti)O3(PZT)-based multilayer actuators. [Lubitz K.-2002] Moreover tape casting
is a low-cost method that allows mass productions of laminates making it very
convenient for manufacturing. However, the involved technical procedure is not easily
compatible with the deposition onto rigid substrates and the suspension and firing
without deflection are very difficult.

Figure 2-1 indicates the steps in a tape-casting process employed in the production
of ceramic films. Ceramic powders and solvents are mixed to form a slurry, which is
treated with various additives and binders, homogenized, and then pumped directly to a
tape-casting machine. There the slurry is continuously cast onto the surface of a moving

carrier film. The edge of a smooth knife, generally called a doctor blade, spreads the
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slurry onto the carrier film at a specified thickness, thereby generating a flexible tape.
Heat lamps gently evaporate the solvent, and the dry tape is peeled away from the

carrier film and rolled onto a take-up reel for additional processing.

)
Y4
........................... =
-~ support table .
aBdi DAl DI bds
e 7\ V/AN =%

Figure 2-1 Schematic representation of the tape casting technique

(www.britannica.com)

Screen printing is the most widely used thick film deposition technique, and
prepare thick films with thickness ranging from 10 to 30 pum. In the screen printing
technique the powder is also suspended in an organic solution composed of a solvent, a
dispersant and a plasticizer. During the printing process a paste is forced through a fine
mesh to deposit it onto the desired substrate. The thickness of the deposited layer
depends on the viscosity of the suspension, rate of deposition, pressure applied on the
screen, among other experimental variables. The as prepared film is then dried and
sintered at elevated temperatures to yield a dense thick film. In the electronics industry,
screen printing has been the dominant process for thick-film deposition. Since the end
of the 1960s, several screen-printing models have been developed. [Owczarek J. A.-
1990] One of the advantages associated with this technique is the ability to directly
pattern the film by selectively masking certain areas of the mesh over the tape casting
method. [Pan J.-1998] This direct patterning eliminates the need to pattern (typically by
etching) the film at a later stage. Limitations in the maximum resolution are imposed by

the size of the mesh used; hence this technique may not be suitable for producing very
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fine features. Screen printing technique has been routinely applied for the preparation of
piezoelectric thick films. For example, several compositions including (Pb,La)(Zr,Ti)O3
(PLZT) [Kosec M.-1999] and PZT [Lee B. Y. -2002] have been successfully deposited
by this technique onto Si substrates in order to be compatible with the standard routines
used for the fabrication of microelectromechanical systems (MEMS). However, an
important requirement in this technique is that the ink should contain a constituent
which interacts with the ceramic and/or acts to promote adhesion between the ceramic
phase and the substrate. In many cases this role is played by a glassy frit or by a metal
oxide. However, the interactions between the adhesion promoter, film material and
substrate limit the final properties of the films. [Bersani M.-1997]

Figure 2-2 shows the schematic process of screen printer: the screen is fixed just
above the board, and the ‘medium’ (ink or glue, for example) lies in front of the flexible
squeegee. The mesh of the screen is pushed down into contact with the board by the
squeegee as it moves across the screen, rolling the medium in front of it. In screen
printing, the screen employed as an image carrier consists of a rigid frame on which is
stretched a mesh (or ‘gauze’) made from fine polyester or stainless steel wires. The
mesh acts as a support for a stencil of the required image, which is produced in a
photosensitive emulsion applied to the mesh. Emulsion is normally applied to both sides
of the mesh, and ‘built up’ to a defined thickness on the underside (the side in contact

with the board).
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Figure 2-2 Schematic view of the screen printing technique

(www.ami.ac.uk)

22



Chapter 2

Under the basis of screen printing, recent developments in the field of ink-jetting
have enabled a range of microscale devices to be created. [King B. H.-1999] Compared
to the screen printing, application of such technology has the benefit of eliminating the
need to pattern the devices after deposition. [Riemer D. E. -1988] Ink-jet is a non-
impact dot-matrix printing technology in which droplets of ink are jetted from a small
aperture directly to a specified position on a media to create an image. As with other
fluid-based printing methods, the ink used in ink jet printing is a complex formulation
of solvents, plasticizers and surfactants in addition to the appropriate materials.

Generally, there are two designs of ink jetting techniques. The designs are 1)
continuous and ii) drop-on-demand (DOD). [John B. B.-2007] Here, the DOD type is
used as an example to introduce this technique because DOD printers have been used in
ink jet printing of electronics. In DOD ink jet printers, droplets are generated only when
they are needed. The droplets can be generated by heating the ink to boil off a droplet
(so called thermal ink jet). Alternatively, the droplets can be ejected mechanically
through the application of an acoustic pulse or electrically stimulating a piezoelectric to

elicit a deformation, which will generate a droplet as shown in Figure 2-3.

Nozzle

Substrate

Figure 2-3 Schematic representation of ink jetting [after John B. B.-2007]
Ink jet printing has been used to produce conducting electrodes in electronic
circuits, for example, of copper [Rozenberg G. G. -2002], silver [Smith P. J. -2006] and

gold [Chung J. -2004]. The most important advantage of employing ink jet printing for
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electronic circuits are that it is a digital process, allowing the patterning process to be
directly computer controlled. No masks or screens are necessary. Changes can be made
quite easily by altering the computer-controlled pattern rather than awaiting a new mask
or screen, which eliminates the need to make expensive photolithographic masks and
screens, as well as increasing the flexibility of the system. [Morissette S. L. -2001]

Electrophoretic deposition (EPD) is a simple, fast and inexpensive deposition
technique for obtaining thick films. One of the advantages of EPD over other thick film
deposition techniques is the ability to coat complex geometries, which allows easy
deposition of the materials onto substrates of various shapes, including long wires,
without organic residues being left in the coating after drying. [Ma J.-2002] The
fabrication process by EPD includes three stages: i) the formation of a charged
suspension; ii) the deposition of charged particles onto an electrode under the action of a
DC voltage and iii) the final sintering. [Sweeney T.-1998]

In order to deposit thick films using EPD, it is necessary that for the substrate to
be conducting or coated with an electrode. This may act somehow as a limitation for the
use of this technique in the production of electronic circuits. A further limitation is the
high density of some specific element as it is very difficult to maintain large (i.e. heavy)
particles in suspension. [Tassel J. V. -1999] A thorough review of the EPD technique, as

applied to many ceramic films, is given in the following section.

2.1.3 Precursors for thick film deposition

The quality of the initial powder material is a crucial point in processing ceramic
thick films. This is the reason why so many investigations have been carried out on how
to prepare tailored powders in terms of purity, homogeneity, reactivity, grain size, and
grain size distribution. [Ueltzen M.-1995] Among them, the simplest method is the
conventional solid state reaction in which the precursors, metallic oxides, carbonates, or
nitrates are mixed according to the required stoichiometry and heat treated at elevated
temperatures to obtain the required crystalline compounds. Specific alternative routes
such as “reactive mixtures” or the “flakes method” have been tested in particular for the
preparation of superconductor powders. [Altenburg H.-2001] Besides the conventional
methods two other main kinds of powder preparation by wet chemistry—co-
precipitation method and sol-gel process, have been used. Indeed, solution chemistry
solves much better the problems associated with agglomeration, grain sizes, and

distribution ranges and leads to reactive and homogeneous fine-grain powders.
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Besides the powders quality, other prerequisites for thick films preparation such as
the chemical and physical nature of the paste/suspension are also of fundamental
importance for the final product performance in thick films fabrication process.
Suspension/paste are multicomponent systems that include the solid powders to be
deposited and a variety of additives, ranging from inorganic binder glasses, various
dopants to organic suspension vehicles, binders, plasticizers, homogenizers and surface
activating agents. [Rose A.-1988] Solvents, or suspension media, can be either aqueous
(thus, inexpensive), incombustible, and nontoxic or non-aqueous of low viscosity, low
boiling point, low evaporation heat, and high vapor pressure. Non-aqueous systems are
used for high-performance materials and are commonly highly polar organic
compounds such as alcohols, ketones, hydrogenated hydrocarbons, and mixtures of
them. [Tok A. I. Y. -1998] In principle, a good suspension or paste for thick-film
materials must meet the following conditions: good printing or depositing and leveling
properties and the absence of pinholes. Besides the paste preparation considerations, the
used substrate has to fulfill several conditions, such as no chemical reaction with the
coating, or minimal chemical inter-diffusion, or minimal thermal stress by matching
thermal coefficients with the coated layer, providing good coating, surface adhesion,

among other specific aspects.

2.1.4 Constrained sintering

A common characteristic between the several thick film fabrication processes,
where the coatings are applied as powder, is the need for a cofiring step of the coated
layer with the substrate to obtain the highest possible density and to develop the
necessary strength and bond with the substrate. The high firing temperature ensures that
the atoms and ions have sufficient mobility to diffuse to the pores and densify the
coating.

One of the key issues associated with the coating on a rigid substrate is that of
shrinkage during the sintering. Constrained shrinkage occurs when the coating
undergoes a reduction in volume while the dimensions of the substrate remain
unchanged. This occurs initially during the drying of the film when fluid between
particles is removed through evaporation. A further volume reduction occurs during the
sintering of the particles when pores are eliminated. In an unconstrained body the
volume reduction is accomplished via isotropic shrinkage. However, when the film is

supported on a rigid substrate the shrinkage in the in-plane of the film is prevented,

25



Chapter 2

which leads to the generation of in-plane stresses within the film. [Tzeng S.-Y. -2002]
Such as, for an isotropic freestanding body, shrinkage will occur along all three

perpendicular directions such that the sintered density ( p ;) of the compact can be

expressed as [Tzeng S.-Y.-2002]

%o

pi=po(=2) (2-1)

.

1

where p ( stands for the initial density, « ( for the initial characteristic length and « ; for

the length corresponding to pi. The equation can be expressed also in terms of the

relative sintered density p as
== 7 () e8)

where p ¢, stands for the theoretical density of the bulk material. If the film or coating is

constrained from shrinking in the plane of the substrate, then any shrinkage will have to

take place normal to the plane. The relative density then can be expressed as

— —d
Pi = Po 7? (2-3)

l

where ;0 stands for the initial relative density and d ¢ and d ; are now the

corresponding thicknesses of the coating. For the same amount of densification, the
constrained film will experience a larger amount of shrinkage than a free-standing body.
The inhibition of shrinkage along the other directions leads to stresses in the film that
can influence the sintering kinetics. There have been attempts to formulate models to
predict the densification rate and the resulting stress in the coating. The general
sintering behavior of a “green” film supported on a rigid substrate and subjected to a
constant heating rate has been modeled by Zhao [Zhao Y.-1994] using a viscoelastic
finite element simulation. Scherer [Scherer G. W.-1985] used the viscous analogy
whereas Bordia [Bordia R. K.-1985] used the spring-dashpot model. Both models

predict a reduced densification rate and the presence of in-plane stresses that reach a
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maximum early in the sintering process when the amount and rate of shrinkage are
highest.

Large differences in the thermal expansion coefficients of the substrate and film
will lead to the generation of stresses in the film. These stresses will either arise during
heating prior to sintering (Gsybstrate™0siim) Or during cooling after sintering (ctsybstrate<Oifilm)
[Zhao Y.-1994]. Hence care must be taken when using substrates with high thermal
expansion coefficients (i.e. metals). Therefore, the constrained sintering is a concern
because its effect may allow a degree of particle reorientation and influence the grains
growth and arrangement during the constrained sintering. Moreover, the constraining
effect of the substrate can lead not only to higher residual porosity but also to other

defects such as cracks, warping and debonding due to residual stresses.

2.2 Electrophoretic Deposition (EPD)
2.2.1. Introduction

The phenomenon of electrophoresis was discovered in 1807 by the Russian
physicist F.F. Reuss, who observed that when an electric current was passed through a
suspension of clay in water, the clay particles migrated towards the anode. [Binner J. G.
P.-1990]

170 years later, the first industrial application of electrophoresis in ceramic
fabrication was developed on aqueous clay suspensions. Since then, EPD has been
studied and applied in a wide variety of systems, especially as a technique for the
coating of metal components. Later, oxides, phosphors, inorganic and organic paints,
rubber, dielectrics and glasses have been deposited by this technique using both aqueous
and non-aqueous media. And among these, some have found large scale applications in
manufacturing, in particular rubber products, and the application of paints in the
automotive industry. In ceramic manufacturing industry, EPD of ceramics was first
studied by Hamaker [Hamaker H. C. -1940], and only in the 1980s this process received
attention in the preparation of advanced ceramics. More recently, the number of
applications has quickly developed, and as noted by Boccaccini and Van Tassel
[Boccaccini A.R.-2008, Van Tassel-2004] in the last 10 years there has been a
considerable increase of the areas of application of EPD, denoted by the existence of
more than a thousand articles and patents related to EPD. Figure 2-4 shows the
extraordinary increase of the number of published scientific papers, identified searching

in Web of Science® by the keyword “electrophoretic deposition”, from only less than
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100 papers before 1970s to more than 1800 papers published since 2000.
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Figure 2-4 Number of published scientific papers on EPD
from 1930 until 2008. The search was conducted by the

keyword “electrophoretic deposition” in Web-of-Science®

EPD is a particulate forming process. It begins with a randomly arranged powder
material and then uses an electric field to move the powder particles into a desired
arrangement on an electrode surface. This arrangement can be either zero, one, two or
three dimensions. As mentioned above, there are three basic steps in EPD: formation of
a stable suspension of the particles, electrophoretic migration of the particles to the
deposition electrode, and deposition of the particles in the desired arrangement on the
electrode surface. The first step is to place the particles into a suspension where each of
the particles can move independently. In the second step a DC electric field is applied to
the suspension causing the electrophoretic motion of charged particles toward the
oppositely charged electrode. In the final step, deposition, the interparticle repulsion that
keeps the particles stably suspended must be overcome. However, EPD is purely a
method of moving and arranging particles. To produce a dense, mechanically strong
layer or object it must be combined with some other process such as sintering to

eliminate the pores between the particles in the deposition.
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2.2.2 Fundamentals of EPD
2.2.2.1 Definitions

The term “electrodeposition” is often used somewhat ambiguously to refer to
either electroplating or electrophoretic deposition, although it more usually refers to the
former.

In Table 2-1 the distinction between the two processes is indicated. In the
electroplating processes a coating is produced by the diffusion and migration of
individual ions in the solvent to the deposition electrode where they are
electrochemically converted to an insoluble form, in which the reaction is the reduction
of metal ions in solution to form the metal. In contrast, EPD uses charged particles, that
move under an external electric field to form consolidated films onto the opposite
electrode. [Zhitomirsky 1. -2002] There are two types of EPD depending on which
electrode the deposition happens. When the particles are positively charged, the
deposition is formed on the cathode and the process is called cathodic EPD. On the
contrary, the deposition formation on positive electrode (anode) is termed as anodic
EPD. By suitable modification of the surface charge on the particles, both of the two
modes of deposition are possible. [Zhitomirsky I. -2002]

Table 2-1 Characteristics of electrodeposition techniques. [Heavens N-1990]

Electroplating  Electrophoretic Deposition

Moving species ions solid particles
Charge transfer on
deposition ion reduction none
Required conductance
of liquid medium high low
Preferred solvent water organic
Deposition rate small(~1 ym/min) high(~10 pym/min)

2.2.2.2 Origins of particles charging in suspension

Charged particles are then a prerequisite for EPD process and the particle charging
process or step decisive for a successful EPD.

When different phases come into contact, some redistribution of positive and
negative charge invariably occurs, leading to a potential difference between the phases
(such as, solids and liquids) and to creation of charged particles. The charge on the
particles surface can be formed from the liquid by one or more of the following

mechanisms [Sigmund W. M.-2000]: (a) selective adsorption of ions onto the surface of
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solid particle from the liquid, (b) dissociation of ions from the solid phase into the liquid,
(c) adsorption or orientation of dipolar molecules at the particle surface, and (d) electron
transfer between the solid and liquid phase due to differences in the substances work
function.

In the case of ceramic or glass particles in water or organic liquids, the last
mechanism is not applicable but the first two invariably occur. The sign of the net
charge on the particle will depend not only on whether the ions involved are positive or
negative, but also on whether mechanism (a) or (b) is dominant. Also, a positively-
charged particle may even behave like a negative one, which is attracted to a positive
electrode, if an excess of negative ions are attracted to the vicinity of the particle.
Consequently, it is difficult to predict whether a deposition will occur on positive or
negative electrodes in an unknown system. In water most solid particles acquire a
negative charge, but in organic liquids charging may be either positive or negative.

[Yates D. E.-1974, Labib M. E.-1986]

2.2.2.3 Electrical double layer concept and Zeta potential

The electric double layer concept is a very important one for the surface chemistry
of materials in colloidal science field, i.e. in EPD. It describes the variation of the
electric potential near a surface, and has a large bearing on the behavior of colloids.
Development of a net charge at the particle surface affects the distribution of ions in the
surrounding interfacial region, resulting in an increased concentration of counter ions
(ions with opposite charge to that of the particle) close to the surface. The liquid layer
surrounding the particle consists of two parts: an inner region where the ions are
strongly bound and an outer (diffuse) region where they are less firmly associated.
Within this diffuse layer is a boundary known as the slipping plane, within which the
particle acts as a single entity. [Stern O. Z.-1924]

An assumed negative charge particle in a suspension is surrounded by ions with a
positive charge in a concentration higher than the bulk concentration of these ions; this
is the so-called electrical Double-Layer as illustrated in Figure 2-5 (a). The double layer
thickness is of great importance in colloid stability and for that matter on flocculation
since it controls the range of the double layer interaction. The thickness is determined
by the concentration and valence of the ions in suspension. A high concentration of ions
(high ionic strength) in the medium generally results in a decrease in the double layer

thickness and consequent decrease in the potential. [Sennet P.-1965] When an electric
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field is applied, the charged particle and surrounding ions will move in opposite
directions. However, the ions are also attracted by the particle, and as a result, a fraction
of the ions surrounding the particle will not move in the opposite direction but move
along with the particle. Hence, there is a surface of shear between the particles and the
surrounding ions. As shown in Figure 2-5 (a), the potential at the surface of slipping

plane is termed the zeta-potential or electrokinetic potential. [Lyklema J.-1977]
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Figure 2-5 (a) Schematic representation of the double layer surrounding a charged
particle and evolution of the electric potential from the surface potential,

[Weise N. L.-1985], and (b) Zeta potential versus pH value

Figure 2-5 (b) shows the schematic curve of zeta potential versus pH value. The
zeta potential is affected by pH environment and is usually positive for low pH values
and negative at high pH, as shown in Figure 2-5 (b). The zeta potential is the main
parameter determining the electrokinetic behavior of particles in suspension, and as a
consequence is a key factor in the EPD process. It is imperative to achieve a high zeta
potential and a uniform surface charge density on the surface of suspended particles for
a successful EPD. Zeta potential plays a role in: (i) the stabilization of the suspension by
determining the intensity of repulsive interactions between the particles, (ii) determining

the direction and migration velocity of particles during EPD, (iii) determining the
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quality of the deposit. As zeta potential is closely related to the particle’s double layer
thickness, it provides also information on the agglomeration of the particles in the
suspension. In general, the higher the absolute value of the measured zeta potential, the
better is the dispersion of the particles in the suspension. [Lyklema J.-1977]

Numerous physical and chemical factors can influence the magnitude and sign of
the zeta potential. It may depend on the presence or absence of added electrolytes, or on
the concentration of the suspension itself. In addition, zeta potential can be controlled
by a variety of charging agents such as acids, bases and specifically adsorbed ions or
polyelectrolytes, to the suspension. [Zarbov M.-2002] Thus it is possible to use a variety
of additives that affects the charge magnitude and its polarity in the suspension on EPD.
Generally, the main criteria for selection of a charging agent are the preferred polarity

and deposition rate of the particles.

2.2.2.4 Mechanisms of EPD

The basic mechanism of EPD has been extensively considered in the literature
mainly in the framework of the Derjaguin-Landau-Vervew-Overbeek (DLVO) theory.
[Derjaguin B. V. and Landau L. D.-1941, Vervew E. J. W.and Overbeek J. T. G.-1948]
This theory is very important for modern colloid science, and predicts the stability of
colloidal particles suspended in polar liquids. However, numerous other theories
(particle flocculation, particle charge neutralization, electrochemical particle
coagulation, distortion and thinning mechanism of electrical double layer) have been
proposed to explain the mechanism of EPD as well. Additional theoretical and
modelling studies are still being carried out in order to clarify the mechanisms of
deposition and the role of electrochemical parameters on the complex interactions
between solvent, particles and electric field. [Van Tassel -2004] Although the EPD has
been applied successfully for many applications, the exact mechanisms that allow a
deposit to be formed are still not entirely clear, because the deposition step is preceded
by a complex electrochemical and aggregation phenomena during EPD. [Van der Biest
0. 0.-1999] The following are some representative proposals for the mechanisms of
EPD:
1) Flocculation by particle accumulation mechanism

Hamaker and Verwey [Hamaker H. C.-1940] firstly attempted to explain the

phenomenon of EPD. The authors suggested that the formation of deposits by EPD is

like to the formation of sediment due to gravitation. It was supposed that the primary
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function of the applied electric field in EPD is to move the particles towards the
electrode to accumulate. The pressure exerted by the incoming particles enables next
coming particles to the deposit to overcome the interparticle repulsion. [Vanderperre L.-
1998] However, this theory cannot be applied to explain the mechanisms of deposition
of monolayer films or individual particle deposition by EPD.
2) Particle charge neutralization mechanism

Grillon et al. [Grillon F.-1992] suggested that particles would neutralize upon
contact with the deposition electrode and then become static to form a deposit. The
function of the applied electric field is to push charged particles to move towards the
electrode. The charged particles are adsorbed on the electrode and become neutralized
so as to form a static deposite on that. This mechanism is important for single particles
and monolayer deposits. But this mechanism does not hold on the following conditions:
(a) longer time EPD (thick deposits), (b) deposition that does not occur at the electrode,
e.g. deposition on a dialysis membrane between the electrodes. [Heavens N.-1990]
3) Electrochemical particle coagulation mechanism

This mechanism supposes that the deposition is formed due to the reduction of
the repulsive forces between particles because of the change of the ionic strength close
to the electrode in the suspension. Koelmans calculated the ionic strength next to an
electrode and found that the ionic strength was of the same order as required to
flocculate a suspension. [Koelmans H.-1995] In his view, the interparticle repulsion
decreases due to the increase in the electrolyte concentration near the deposition
electrode. This in turn lowers the zeta potential and induces the flocculation of particles
to form a deposit. This mechanism is plausible when the electrode reactions generate
OH' ions, e.g., suspensions containing water, and it is invalid when there is no increase
of electrolyte concentration near the electrode.
4) Electrical double layer distortion and thinning mechanism

Sarkar and Nicholson proposed a model mainly based on the distortion of the
particle double layer, in which fluid dynamics and applied electric field will distort the
double layer during the particle movement. [Sarkar P.-1996] In detail, when a positive
particle and its shell are moving towards the cathode, the double layer is distorted
(thinner ahead and wider behind), due to fluid dynamics and to the effect of the applied
electric field. As a result the negative counter ions in the extended tail experience a
smaller coulombic attraction to the positively charged particle and can more easily react

with other cations moving towards the cathode. This process reduces the thickness of
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the double layer and therefore decreases the zeta potential, when another particle with a
thin double layer is approaching, the two particles come close enough to interact
through London Van der Waal attractive forces and coagulate. This mechanism is
plausible considering a high concentration of particles close to the electrode and works
for incoming particles with thin double layer heads, coagulating with particles already
in the deposit. [Fukada Y.-2004]

There is still no satisfactory and general theory that accounts for the mechanism
of EPD.

In the meantime it would be desirable to find suitable physical/chemical
parameters that characterize sufficiently a suspension that its ability to be deposited
could be predicted. Most investigators use zeta potential or electrophoretic mobility, but
these do not uniquely determine the ability of a suspension to be deposited. For example,
in suspensions of alumina in alcohol the addition of an electrolyte causes no significant
change in the zeta potential, but deposits can only be obtained in the presence of the
electrolyte. [Brown D. R.-1965] Although the stability of the suspensions is evidently
its most significant property, this is a somewhat an empirical property not closely

related to fundamental processing parameters.

2.2.2.5 Kinetics of EPD

To make EPD process commercially more viable, knowledge of the kinetics of
EPD process is necessary to take good use of this technique. Hamaker [Hamaker H. C. -
1940] proposed that the amount of deposited films is proportional to the concentration
of the suspension, time of deposition, surface area of deposit, and the electric field. This

yield of deposition varies linearly with applied field according to Hamaker’s equation

[Hamaker H. C. -1940]
M= j; aACuEdt (2-4)

where M stands for the mass deposited in time t (s), C for the particle concentration in
the suspension (kg/m’), E for the electric field (V/m), A for the electrode area (m?), m
for the electrophoretic mobility (m*/V-s)), and « stands for a coefficient representing the
fraction of particles deposited near the electrode.

Principally, EPD can be conducted under constant current or constant voltage
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manner with either constant or variable concentration against deposition time. Sarkar et
al. [Sarkar P.-2004] demonstrated the kinetic aspects of EPD through schematic plots of
deposit weight versus deposition time for four possible deposition conditions (Figure 2-
6): curve A (constant current and constant suspension solid concentration), curve B
(constant current but decreasing suspension solid concentration), curve C (constant
voltage and constant suspension solid concentration) and curve D (constant voltage but
decreasing suspension solid concentration). The curve A shows that the rate of
deposition is constant with time, differently, the rate of deposition decreases
asymptotically against deposition time in either of the B, C, or D curves. Apparently, the
deposition efficiency is highest in curve A, followed by curves B, C, and D, respectively
in a certain deposition time. By comparison of the curves A, B, C and D, it clearly
reveals that the highest efficiency is realized by constant current and constant
suspension solid concentration in terms of the deposition weight or thickness. In
addition, it is much easer prediction and precise control of the deposited yield or

thickness in constant current and constant suspension solid concentration.
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Figure 2-6 Representation of the deposited weight as a function of

the deposition time (after Sarkar P. -2004)
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2.3 Suspension media for EPD

In EPD process, the suspension medias play a key factor because the choice of
suspension media determines the magnitude of the charge that is developed on the
particle surface in the suspension, that ensures the stability of the suspension and as a
consequence a successful deposition. A suspension media acts as a vehicle to transport
the particles in the suspension to the substrate. Suspension media used in EPD should be
inert with respect to the powder and two principal types of suspension media have been
used, water and organic liquids. (Table 2-2)

Obviously, the use of water implies advantages associated to health,
environmental, and cost aspects. However, the water-based suspensions cause a number
of problems in EPD. [Moreno R.-2000] The main problem is related to the
electrochemical reaction at the electrodes when a current is passed through, which
seriously affects the efficiency of the process and the uniformity of the deposit.
Electrolysis of water occurs at low voltages (> 2 V), and gas evolution is inevitable at
the electrodes. This causes bubbles that will be trapped within the deposit. Meanwhile,
current densities are high, leading to Joule heating of the suspension that results in the
suspension instability. Moreover, when metallic electrodes are employed, the normal
potential of the electrode is largely overpassed. This situation promotes the oxidation of
the electrodes and formation of metallic impurities in the suspension. If these metallic
particles will involved in the deposition process a degrading of the film properties may
occur.

Compared with aqueous, organic liquids are generally preferable as suspension
media for EPD. A variety of non-aqueous organic solvents are commonly used to
prepare suspensions for EPD, as presented in Table 2-2. While the generally lower
dielectric constant in organic liquids limits the charge on the particles as a result of the
lower dissociating power, much higher field strengths can be used since the problems,
such as, electrolytic gas evolution, joule heating and electrochemical attack of the
electrodes, that happen in aqueous based suspensions, are greatly reduced or non-
existent in organic based suspensions. Moreover, the organic liquids are preferred due to
their higher density, good chemical stability and low conductivity. However there are a
couple of disadvantages associated with organic solvents namely cost, toxicity,
flammability and recycling. So the selection of a suitable organic solvent will taking
into account these aspects.

Although many solvents were experimentally used for the EPD of specific
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materials, unfortunately, there is not a universal suspension media for the fabrication of

films by EPD yet.

Table 2.2 A non-exhaustive list of typical suspension medias for EPD

Suspension media Deposited materials Reference
Water Al,O; Hirata-1991
Acetone BaNd,TisO44(BNT) Fu Z-2007
Ethanol (Ba,Sr)TiO3(BST) Guo H. L.-2004
Acetic acid Pb(Zr,Ti)O3(PZT) Wu A. Y.-2006
Isopropanol ytrria stablized zirconia (YSZ) Besra L.-2007
Dichloromethane Hydroxyapatite Ducheyne P.-1990
Mixture of ethanol
and acetylacetone BaTiOs (BT) Louh R. F.-2003

2.4 Parameters related to the suspension
Due to the fundamental role of the suspension on the process its properties must

be considered, such as the physicochemical nature of both suspended particle and the
liquid medium, surface properties of the powders, and type and concentration of the
additives (mainly dispersants). Particle size, dielectric constant of the suspension media,
conductivity of the suspension, stability of suspension and zeta potential, have a direct
effect on the EPD process and because of that will be addressed in detail in the
following text.
1) Particle size

Although there is no general requirement to specify the ideal particle size for
optimized EPD, it has been reported that good deposition occurs when the particle size
lies in the proper range defined for the specific material. However, this does not mean
that deposition of particles outside the reported size range will not be feasible. This is
exactly the case of nanoparticles. Recently, with the increasing importance of
nanomaterials and nanotechnologies, EPD is becoming more and more a technique to
assemble / deposit nanoparticles. [Bocaccini A. R.-2006] As for the large particles, it is
important that the nanoparticles are well dispersed and stable for homogeneous and
smooth deposition.

When dealing with large particles (above 10 microns) the main problem is that
they tend to settle due to gravity. In ideal suspensions, the mobility of particles due to
electrophoresis must be higher than that due to gravity. Indeed it is difficult to get

uniform deposits from flocculated (or less well deflocculated) suspensions since a
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gradient in deposition will occur, for example the deposit will be thinner above and a
thicker deposit at the bottom when the deposition electrode is placed in a vertical
arrangement. In addition, with larger particles, either a very strong surface charge must
be obtained, or the electrical double layer region must increase in size. Besides it was
found that the particle size has a prominent influence on controlling the cracking of the
deposit during drying. Sato et al. [Sato N.-2001] found that the reduction in the particle
size of YBa;Cu307.5 (YBCO) particles improved the morphology in terms of crack
formation of the superconducting films fabricated by EPD.
2) Dielectric constant of liquid media
Powers [Powers R. W.-1975] determined the relationship between deposition

and the dielectric constant of the liquid and the conductivity of the suspension for beta-
alumina suspensions in various organic suspension medias. It was verified that the
conductivity of the suspension rapidly increases with dielectric constant of the
suspension media and deposits were only obtained with liquids for which the dielectric
constant is in the range of 12-25. It is well known that the dielectric constant is related
to the power of the dissociative ability for liquids. For very low dielectric constant, EPD
fails because insufficient dissociative power led to low zeta potential in the suspension,
while with a too high dielectric constant, the high ionic concentration in the liquid
reduces the size of the double layer region with a consequent reduction of the zeta
potential and stability of the suspension. So, there is a proper range of dielectric
constant values of the liquid media for a successful EPD. In general, because the low
ionic concentration is benefic for the high stability of the suspension, liquids of low
dielectric constant are favored.
3) Conductivity of suspension

Ferrari et al [Ferrari B.-1996] proposed that the conductivity of the suspension is a
key factor and needs to be taken into a careful consideration in EPD. The authors
pointed out that too conductive suspensions led to very low particle motion, however if
the suspension is too resistive its stability is lost. It was also observed that the
conductivity of the suspension increases with both suspension temperature and
polyelectrolyte (dispersant) concentration. Based on these studies the existence of a
window of conductivity range at varying dispersant dosage and suspension temperature,
in which the deposit is successfully formed by EPD, was indicated. Conductivities of
the liquid media out of this range are not suitable for EPD, limiting the deposition

ability. Worthwhile to point that the suitable region of conductivity is different for the
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different liquid media.
4) Stability of suspension

It is well accepted that in colloidal processing, such as EPD, the stability of the
colloid in the system is one of the most essential factors in the conformation process.
[Adamczyk Z.-2003] [Lewis J. A. -2000] A stable colloidal suspension with well-
dispersed particles will provide a dense and homogeneous powder compact upon
subsequent consolidation processes such as EPD. An unstable one will result in
agglomeration of particles, hence results in inhomogeneous packing of the particles.

Suspension stability is characterized by settling rate and tendency to undergo or
avoid flocculation. Stable suspensions show little tendency to flocculate and settle
slowly. On the country, flocculating suspensions settle rapidly. The stability of
suspension has been described by the classical DLVO theory established by Derjaguin
and Landau [Derjaguin and Landau-1941] and Verwey and Overbeek [Verwey and
Overbeek-1948]. According to this theory, the stability of a colloidal system is
determined by the total energy of interaction, determined by sum of the electrical double
layer repulsive forces (VR) and the van der Waals attractive forces (VA) which the
particles experience as they approach each other. Increasing the ionic strength can
significantly reduce the repulsive force. The behavior of particle separations depends
critically upon the ionic strength and hence the electrolyte concentration of the
suspension. At very low ionic strengths, the potential energy is high, make strong
repulsive forces producing a totally dispersed system. At a slightly higher but still low
enough ionic strengths, the role of electrolytes, such as, coagulants or flocculants, is
either to reduce the electrostatic repulsion and hence making it easier for the particles
aggregation, thereby destabilizing the suspension. But, re-dispersion is also possible by
diluting the electrolyte solution to decrease the ionic strength. Finally, in a high ionic
strength, the colloid particles experience no repulsive forces. Consequently, fast
coagulation occurs and the system is completely unstable under such circumstances.

The original DLVO theory only considered the van der Waals and electrostatic
interactions in the suspension. Recently, it was proposed that the stabilization of
colloidal dispersions might also be affected by steric stabilization and structural forces.
[Lewis J. A.-2000] These mechanisms become important when long chain
macromolecules are adsorbed to the particles surface. When these particles with
polymer chains protruding from their surfaces come close to each other, sharp repulsive

steric interactions will happen. In this case the chain configuration of the polymer is a
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very important parameter in steric stabilization [Evens D. F. -1999] and determines the
quality of the dispersant. Caution must be paid in using sterically stabilized suspension
for EPD. For example, in extreme cases, adsorbed polymers can reverse the sign of
surface charge, so the deposition may fail or could occur on the counter electrode.

5) Zeta potential

A key ingredient in most of the colloidal processing methods used for ceramic
shaping, including EPD, is the achievement of well stabilized, deagglomerated, and
homogeneous slurry [Adamczyk Z.-2003]. Through a careful choice of the suitable
suspension media, stable colloidal suspensions can be prepared. This is a necessary but
not a sufficient condition for a successful EPD. Though stable and well-dispersed
suspensions are necessary to produce densely packed deposits [Bouyer F.-1999], the use
of suspensions with high zeta ptential and low ionic conductivity are also determinant
aspects. [Van der Biest O. O. -1999]

The zeta potential indicates the degree of repulsion between adjacent, similarly
charged particles in dispersion. A high zeta potential will confer stability, i.e. the
solution or dispersion will resist aggregation. So, colloids with high zeta potential
(negative or positive) are electrically stabilized while colloids with low zeta potentials
tend to coagulate or flocculate as outlined in the Table 2-3. A value of 25 mV (positive
or negative) can be taken as the arbitrary value that separates low - charged surfaces
from highly-charged surfaces.[ASTM Standard] Therefore, most investigators use zeta
potential or electrophoretic mobility to determine the ability of a suspension to be
deposited by EPD. However other parameters need to be considered also. For example,
in suspension of aluminium in alcohol the addition of an electrolyte of AI*" causes no
significant changes of the zeta potential, but deposits can only be obtained in the

presence of the electrolyte. [Brown D. R.-1965]

Table 2-3 Relation of zeta potential and stability behaviour of the colloid [ASTM
Standard]

Zeta potential (mV) Stability behavior of the colloid
0 toh rapid coagulation or floculation
10 to 30 incipient instability
30 to 40 moderate stability
40 to 60 good stability
more than 61 excellent stability
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2.5 Parameters related to EPD process
1) Deposition time

Time of deposition controls the thickness of the deposited layer. Basu et al. [Basu
R. N.-2001] and Chen et al [Chen F.-2001] found that the deposition rate for a constant
applied field decreases with prolonged deposition times. The deposition is initially
linear, but as the deposition time increases the deposition rate decreases and attains a
plateau at very high deposition times. According to Zhitomirsky [Zhitomirsky [.-1997]
when the applied voltage is maintained constant between the electrodes, the electric
field on the suspension decreases with deposition time because of the formation of an

insulating layer of ceramic particles on the electrode surface.

2) Applied voltage

Normally the amount of deposit is proportional to the applied potential during
EPD process, according to the formula (2-1). Powders can be deposited more quickly
under higher applied fields, but the quality (morphology and density) of the deposit can
suffer from the applied high fields. In general the literature reports that more uniform
films are deposited at moderate applied fields (25-100 V/cm), whereas the film quality
degrades at relatively higher applied fields (>100 V/cm). [Basu R. N.-2001, Negishi H-
2002, Van Tassel-2004) In EPD the accumulation rate of the particles influences their
packing behavior in the coating. A high applied field may cause turbulence in the
suspension and the coating may be disturbed by flows in the surrounding medium
during its deposition. At the same time under high applied fields, particles move very
fast so that they may not have enough time to sit in their best positions to form a close-
packed structure. In addition, the increase of the current density of the suspension media
in proportion to the applied voltage may originate unstable suspensions with increasing
applied voltages that may influence the morphology quality of the deposit. [Negishi H.-
2002]

3) Conductivity of substrate

The uniformity and conductivity of the substrate electrode, particularly for non-
metallic electrodes is a critical parameter to the green quality of deposited of films by
EPD. Substrate of low conductivity such as LagoSro;MnOs (LSM) leads to a decrease
of the deposition rate and non-uniform green films. [Peng Z.-2001] [Chen F.-2001]
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2.6 Practical consideration
a) Powders washing

As mentioned above, successful EPD performance requires a stable suspension
wherein well dispersed particles have a controlled surface charge. Thus the preparation
of a particulate suspension with a carefully defined chemistry before conducting EPD is
essential. For that powder washing is a necessary step to remove any residual impurities
incorporated during powder preparation, particularly for powders synthesized by
chemical methods and commercial powders.

It is well known that commercial powders usually include some surfactants in
order to have a good particle size distribution, but the surfactants have usually a
negative influence on the stability of the suspension. On the other hand, for the
chemically prepared powders they may retain residues of the used chemical precursors
that will affect the stability of the powders when in suspension. For both cases these
residual impurities on the powder’s surface can be removed by a washing step in
deionized water. The conductivity of deionized water is about 0.04 p/cm. After several
times washing in deionized water, if the supernatant of the suspension has a similar
conductivity to the pure deionized water, then there are no residual impurities in the
suspensions. The removal of the impurities is also very important because, besides
affecting directly the stability of the suspension and deposition performance it can later
affect the sintering process. It was reported that unwashed 8-YSZ (8-mol%-yttria-
stabilized zirconia) powders led to unstable suspension, lower deposition yield, a
gradient in the EPD film thickness (thinner coating at top, thicker on bottom) and a
decrease of 15-25% in the overall green density of the deposited coating. [Basu R. N.-
2001]
b) Drying and sintering

Another important area of concern when shaping by EPD is cracking and how to
avoid cracking during drying and sintering. [Sarkar P. -2004] As discussed in above
constrained sintering, the shrinkage of the deposit can be substantially different from the
substrate during drying and sintering. Ceramic coatings typically suffer about 10 to 15%
linear shrinkage during sintering. As a result, tensile/compressive stresses are developed
in the coating/substrate and are usually relieved by the formation and propagation of
cracks that originate from flaws or defects in them. In a recent review Sarkar et al.
[Sarkar P-2004] outlined strategies to avoid cracking of EPD deposits during sintering.

For example, cracking can be avoided by using a low surface tension solvent, or by
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preventing fine pore structure in the coating, to minimize capillary stresses. Capillary
stresses can also be removed altogether by adopting freeze/supercritical drying since the
solvent phase is sublimed in this process. Furthermore, slow drying will help to control
the capillary stresses by adjustment of the vapor pressure in the drying medium. For
aqueous EPD, the use of a high humidity oven for drying is generally found to prevent
cracks. [Sarkar P.-2004]

There are various origins for the cracking in the sintered deposits. Well known is
that if thermal expansion between the deposited layer and the substrate matches
cracking during sintering can be avoided. So an appropriated choice of the substrate and
deposited layer based on thermal expansion coefficients is important [Besra L.-2007].
The use of liquid phase during sintering is another way of avoiding cracking formation
during sintering. Other methodologies have been used to overcome this problem and
recently the use of polymer additives (poly diallyldimethylammonium chloride - PDDA)
which insures a good adhesion of the deposits to the substrate was claimed to prevent
crack formation. [Zhitomirsky 1.-2000]

Therefore, a careful control of the drying and sintering step for each individual
system, by the identification of the most relevant strategies will ensure a crack free film

fabrication.

2.7 Design of the apparatus for EPD

The construction and design of an EPD facility is an important consideration of
the process because it affects directly the feasibility of fabricating a determined shape
and the quality of the green deposited.

Almost any shape can be deposited through a proper design of the mandrel or
forming electrode, such as flat plates, crucible shapes, and tubes of circular or
rectangular. [Heavens N.-1990] Although the equipment requirements for EPD are
simple, (Figure 2-7) a number of design features need to be taken into account. In terms
of materials those selected to construct the cell should avoid the neutralization of the
charges on the suspended particles. In terms of the cell design the geometry of the cell
should guarantee a uniform distribution of the electric field between the electrodes to
yield uniform wall thickness in complex-shaped deposits and patterns, since the
thickness profile can be influenced by the field distribution in the cell, as discussed in
section of EPD dynamics. To keep the stability of the suspension, a continuous agitation

(magnetic stirring) to avoid gravitational settling is usually required and should be
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contemplated in the EPD apparatus design. [Powers R. W.-1974] As shown in Figure 2-
7, the EPD cell can de designed in the horizontal or vertical position, and that more
recently more complex apparatus have been designed in which the application of
magnetic fields have been introduced for example for the purpose of alignment.

To the author knowledge, there is no specific commercial design of any EPD
apparatus. Different research groups have employed a variety of different designs
depending on their own requirements. Most of the designs are based on deposition on

flat surfaces.
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Figure 2-7 Schematic of EPD cell (a) horizontal, (b) vertical configuration,
and (c) in a superconducting magnet (after Uchikoshi T.-2006)

2.8 Application of EPD
In general, EPD can be applied to any solid that is available in the form of a
colloidal suspension. Examples of EPD can be found for any class of materials,

including metals, polymers, carbides, oxides, nitrides and glasses. Compared to other
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thick film techniques, EPD demonstrates substantial technical advantages due to the fact
that it can be easily scaled up using inexpensive equipment and, consequently, it has the
potential to lead to commercial success and large-scale production.

Figure 2-8 provides a comparison of processing techniques versus devices
application over a range of size scales for the microelectronic industry. Even with
commercially available sub-micron powders, the smallest devices can be produced via
traditional thick film methods range from 5-10 pm. While thin film techniques are able
to achieve sub-micron devices, deposition times can be very long for thicknesses above
1.0 pm, and stoichiometry can be difficult to control in the forming complex oxide films.
It would be advantageous to have a processing technique which ranged from thin to
thick films while maintaining the stoichiometric of the compositions. As is shown in
Figure 2-8, EPD is such a technique. With EPD thin to thick layers can be deposited by
controlling the deposition parameters, principally the suspension concentration. The
adequate choice of the suspension media will guarantee the stoichiometry of the initial
powders. These are the reasons that EPD have been used for the fabrication of a wide
range of materials and is becoming now more and more important for the fabrication of
nanomaterials and nanostructures. [Boccaccini A. R.-2008]

The following are some examples for specific applications of EPD:

Electrophoretic Deposition

Screen Printing Slip Casting

Tap-e Casting
Dicing, Pallishing and Cutting

Injecting Molding
Thin film

Pressing
0.01 pm 0.1 pm 1 um 10 pm 100 pm
Devices: Ferroel_ectrir: Multilayer Multichip Ceramlwc Dimentional Scale
Memories Capacitor Modules Capacitor

Figure 2-8 Comparison of processing techniques versus device application

over a range of scales in terms of microelectronic industry
a) Coatings

Depending on the powder composition and size, EPD has the capability to

fabricate from a stable colloidal suspension films of a few um up to more than 300 um
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on electrical conductive substrates of any shape.

EPD of coatings has already gained a world-wide acceptance for automotive,
appliance, and general industrial (organic) coatings, namely painting industry. [Pierce P.
E.-1981] The examples of coatings made by EPD include the deposition of phosphor
coatings in the manufacture of screens for cathode ray tubes (CRTs) for advanced
display applications, deposition of insulating glass for electronic applications, and
superconductive coatings. [Siracuse J. J.-1990, Sussman A.-1981, Miziguchi J.-1991]
First reports on the use of EPD to prepare advanced ceramic coatings were published in
the late 1980s. Moreover, by performing EPD in a magnetic field, some authors were
able to create a desirable textured microstructure in the coatings. [Hein M.-1989] Some
examples of relatively complex shapes were reported to be coated, such as, taps coated
with carbides, metal cones coated with a ceramic glaze, platinum grids coated
completely with ferrite [Ortner M.-1964, Barraclough M.-1967, Van der Biest O. O.-
2004] More recently, selective EPD has been achieved with good resolution for the
deposition of silver interconnects. The high resolution patterns (16 pm pattern line
width, 10 um line-pitch) for interconnects and circuit components made by EPD was
reported by an advanced ceramic company (Cerel—Ceramic Technologies Ltd, Israel),
as shown in Figure 2-9. Some other significant recent developments of advanced
functional materials coating include: the fabrication of BaTiOs thick films for sensor
and actuator applications, [Zhang J.-2000] MgO-modified Bay ¢St 4TiO5 thick films for
tunable microwave devices, [Ngo E.-2001] (Pb,Zr)TiOs(PZT) coatings for embedded
components or for optical switches. [Ng S. Y.-2005, Wu, A. Y.-2006, Shen 1. Y.-2006]

Figure 2-9 A pattern line width of 16 pm EPD silver interconnects

(after Cerel—Ceramic Technologies Ltd, Israel)
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b) Monolithic or free standing objects

For traditional ceramics, such as sanitary ware, the main advantage of EPD lies
in its higher speed and in the low wear of the moulds compared with tape casting. Tiles,
closed and open end tubes, hemispheres, tubes with changes in diameter, and conical
sections are some of the shapes that have been made by EPD. Technical ceramics such
as alumina (Jean J. H.-1995), silicon carbide (Vandeperre L. J.-1998), and aluminium
nitride (Moritz K.-1993) have been shaped by EPD and are commercially available in
the market for a long time. A good example of the classical use of EPD is the fabrication
of Beta-alumina tubes, used as electrolyte in sodium sulfur batteries [Powers R. W.-
1974]
¢) Layered and Graded Materials

Layered materials can also be produced via EPD. When the desired thickness of
the first layer is reached, the deposition electrode can be moved to a second suspension
for the deposition of a layer of a different composition. By changing back and forth, a
layered material can be obtained. Nicholson et al [Nicholson P. S.-1993] reported the
production of ZrO,/Al,0; laminates in which the boundaries between the layers were
straight and well defined, showing that although EPD can be a fast process, good
control of the growth of the layers can be obtained. Later, the fabrications of
alumina/lanthanum aluminate layered ceramics were reported by the same group.
[Bissinger M. -1994]

Similarly to layered materials, by immersing the deposition electrode in different
baths, graded materials can also be made by gradually changing the composition of the
suspension from which EPD is carried out. Sarkar et al [Sarkar P.-1993] demonstrated
the ability to form graded materials by slowly adding an ethanol-based suspension of an
alumina powder to an ethanol-based suspension of an yttria-stabilized zirconia powder,
during deposition gradual increase in the alumina content of the deposit was observed.
Zhao et al reported the fabrication of alumina/ceria-stabilized zirconia-graded rods as
well. [Zhao C.-1998]

d) Infiltration

EPD can be used to infiltrate objects with a matrix material or to apply an
internal coating. Gal-Or reported the infiltration of porous graphite electrodes with
silicon carbide and silicon oxide particles. [Gal-Or L.-1992] Ishihara applied an internal
coating of yttria-stabilized zirconia to a porous Ni-CaO stabilized ZrO, cermet

containing 40 wt% Ni for a solid oxide fuel cell. [Ishihara T. -1996] By repetitive
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infiltration and sintering, a dense film of uniform thickness could be fabricated. Another
application where EPD is gaining increasing interest is the infiltration of fiber preforms
with a matrix material for composite production. [Boccaccini A. R.-1998] The
advantage of using EPD for infiltration fabrication is that it allows considerable
reduction of the costs and much higher rates of infiltrations, compared with, for

example, chemical vapor infiltration.

e) Nanostructured materials

The production of materials with nanoscale patterns is of current importance in a
range of applications, such as photonic materials, high density magnetic data storage
devices, microchip reactors, and biosensors. [Dutta J.-2003] It is also foreseen that the
importance of nanoscale patterns will quickly spread over other technological areas,
such high frequency microelectronics.

Since the suspended particles are usually charged, the concept of EPD utilizing a
directional force (external electric field) has recently created significant interest for
patterned assembly of nanoparticles [Bailey R. C-2002]. EPD of nanoparticles was
firstly used by Giersig [Giersig M.-1993] to prepare ordered monolayers of gold
nanoparticles. In the last 10 years there has been a considerable increase of the areas of
application of EPD for nano structured materials, such as manipulation and
arrangements of nanoparticles, and other nano structured films and coatings. The
processing of novel nanomaterials is reported by Limmer et al. [Limmer S. J.-2004],
who present the growth of Titania nanorods by sol-gel electrophoresis and by Matsuda
et al., [Matsuda A.-2004] who use a combination of sol-gel and EPD to produce novel
inorganic-organic films for micro-optical devices. In addition, the EPD technique can be
readily extended to allow the coating of Carbon Nano Tubes (CNTs) onto large planar
substrates, wires, individual fibers, fibrous structures, and porous components.
Boccaccini et al. have deposited Multi-Walled Carbon Nano Tubes (WCNTs) onto
highly porous bioactive glass scaffolds with the intention of imparting a
monotopography to the pore wall surface, as shown in Figure 2-10. [Boccaccini A. R.-
2007] The growth of single crystalline PZT nanorods arrays ware presented by Limmer
et al. (Figure 2-10) [Limmer S. J.-2005] The progress of EPD based methods on nano
structured materials was recently reviewed in detail by Cao and Boccaccini et al. [Cao G.

7.-2004, Boccaccini A. R.-2008]
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(b)
Figure 2-10 SEM micrographs of (a) a Bioglass® scaffold coated with CNTs
(after Boccaccini A. R.-2007), (b) PZT nanorods (after Limmer S. J.-2005)
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2.9 Summary

Over recent years, advances in thick-film technology have enabled this cheaper
process to become significantly useful in many applications. This chapter reviewed the
different thick films technology currently available. Among these, EPD stands out as a
versatile and cost effective materials processing technique for a wide range of technical
applications. It offers control over the microstructure, stoichiometry, and properties. An
overview of the state-of-the-art of the knowledge on EPD and in the use of EPD for the
fabrication of materials was presented. In addition the fundamental EPD mechanisms

and theories proposed for EPD are explained and their limitations highlighted.
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Chapter 3
Objective of This Thesis

3.1 Introduction

Wireless applications, based in part on radio frequency (RF) devices and
integrated circuit (IC) technologies, have grown quickly to become significant markets
for semiconductor manufacturers.[Bennett H. S.-2005] Such applications include
multifunctional portable phones, blue tooth, office voice, video and data transmission
through wireless local area networks (WLAN), global positioning system (GPS), and
automotive safety control among others. [Gerhard G.-2001]

Though the advancement of wireless electronics has placed continuous demand on
the electronics industry to develop new, multi-functional, and miniaturized circuits,
miniaturization of passive components has not matched the advancement of
semiconductor-based active components yet. The integration of active electronic
components has resulted in the miniaturization and improvement of electronic circuits,
however the majority of the passive elements still remain discrete. Transition from
surface mount discrete components to integrated components into the substrate will
result in enhanced reliability, better electrical performance, and miniaturization.

The rapidly growing wireless industry needs new advanced technology to build
low loss, lower phase noise integrated circuits with low cost, high density, small size
and lightweight. [Stephens D.-2005] One of which is miniaturization of systems such as
planar circuits, antennas, filters, couplers, baluns etc. Because of this demanding
development of smallness, thin and/or thick dielectric films are now considered to
replace dielectric components currently utilized in bulk ceramic form. This drives the
search for fabrication processes for films to be mass-produced with repeatable

performance at very low costs.

Why ceramic thick film technology?

Future volume consumer communications products, such as WLANSs, will all push
the frequency and performance requirements further. The increase in required Q coupled
with increasing frequency makes current FR4 (Flame Retardant 4), which is the current
type of material used for printed circuit boards (PCB), progressively more difficult to

use, and will undoubtedly result in an increasing use of modules containing subcircuits
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fabricated on different substrates. An alternative to this approach is to combine these
various subcircuits onto a single substrate allowing the benefits of the ceramic thick
film (size, tolerance etc.) to be utilized for additional circuits such as filters and
antennas.

Although thin film technologies are being explored for the wireless circuit
technology, they are expensive processes with limited suitability for commercial
applications. [Barnwell P.-1998] Alternatively, thick films technology offers advantages
such as low cost and feasibility to be produced mass production. Thick films allow
designers to combine microwave and digital functions on proper substrates and to
incorporate components to the main structures, which offers increased potentials in
terms of reliability, miniaturization of circuits, circuit design capabilities, continuous
flow in production processes, and hence a reduction in cost. [Abe K.-1979]

Besides the low cost competition, thick film dielectrics have the capability of
withstanding high voltages and the high thermal conductivity, which led to applications
in mobile phone RF power amplifiers where small physical size and high power
handling is necessary; in addition, thick dielectric film can also be used as a substrates
in microelectronic devices to support mechanically the other materials and to ensure
their adhesion on it, which may be difficult to achieve with thin film materials. [Caulton

M. -1971]

Why EPD?

Among the thick-film fabrication techniques, for instance tape casting and screen
printing, EPD technique offers unique features of precise pattern on complex shape
substrate without high—cost etching and polishing step, besides the advantages of
simplicity and low cost equipment, EPD allows a rigid control of the coating thickness
and deposition rate. [Corni [.-2008] Thick film capacitors can be directly deposited and
integrated on the pattern structure by EPD process, which will give higher reliability
than soldered discrete capacitors. Another specialized application is a connector for the
interconnection of different electrical component in electronic devices. In this case EPD
derived thick dielectric films can be patterned to form an integral part of the connector.

Consequently, by applying EPD techniques, passive elements can be integrated in
monolithic modules, and high density package and small size circuits are achieved with
good performance at low cost.

The advantages of the use of EPD technology to the fabrication of wireless
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systems as somehow already proved. As an example, EPD of ferroelectric (Ba, Sr) TiO;
(BST) thick film has been reported and the potential application for tunable microwave
devices. Phase shifters, tunable filters and antennas etc. have been demonstrated. [Ngo-
2001] Improvements in technology of BST electronic tunable materials, including
suitable lower loss and middle tunability, will be expected for leading a new class of

wide-range tunable devices.

Why BNT?

Based on the description of chapter 1, dielectrics to be employed as microwave
components must exhibit low loss or high quality factor Q (high Q allows signal
distribution or storage with minimum loss), high relative permittivity (&) (the size of the

dielectric resonator is proportional to 1/¢.

) and small temperature coefficient of
relative permittivity (TCe;) (low TCe; avoids drift in frequency due to temperature
variations).[ Cava R. J.-1997] So, it is believed that the main focus in the development
of new small size microwave devices is related to the employment of low loss dielectric
materials with relative dielectric permittivity as high as possible.

Within the low loss dielectrics family, BaO-Nd,0s-TiO, system represents an
important commercial family of microwave ceramics due to the highest relative
permittivity values, low loss and high temperature stability among microwave ceramic
materials. Especially, BaNd,TisO4 composition with Qf-6199, ¢-91.9 at 3.5 GHz.
[Wakino K.-1984, FulJi Titanium Industry Co., Ltd, Japan] has already been
commercially employed in microwave devices. Availability of BNT materials with
higher relative permittivity has a significant impact on the miniaturization demand of

portable systems at specific frequency microwave devices (1-5 GHz region), such as

cellular and personal communication systems (PCS) base-stations.

Why metal foil substrate?

Although rigid substrates, such as Al,O; etc, are typically employed as the
substrate for thick film fabrication.The ability to process thick films conformally on
metallic substrates, and also directly on flexible metallic foils, opens up the possibility
of innovative structures and designs. Such as, electronic components on flexible foil
substrate can be embedded inside hybrid circuits, with obvious advantages over surface
mounting techniques (SMT) because embedding the components can be very attractive

in many ways in that it enhance the reliability by increasing the electrical contact area, it
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can conserve board surface area, and reduce the overall volumes. Also it could be quite
attractive in its ability to decrease the indirect manufacturing cost and increase the

throughput in the manufacturing process. [Kingon A. I. -2005]

3.2 Motivation of this research

Although low loss (high Q) microwave ceramics, such as BNT bulk ceramics,
have been developed and are currently part of commercial microwave devices, there is
no available knowledge on the processing and properties of low loss dielectric thick
films. In addition, EPD has been widely investigated in the fabrication of high k
dielectric thick films, such as (Ba;«Sry)TiOs (BST), BaTiO; (BT), Pb(Zr;«Tix)Os3 (PZT),
[Wu A. Y.-2006, Van Tassel -2004], but not on the preparation and dielectric properties
of high Q (low loss) dielectric thick films. Consequently, it is of the most importance to
fill this gap of knowledge. In the present work, BNT materials were chosen as
representative to study low loss dielectric thick films fabrication by EPD technique.

The main purpose of this research effort is to develop a processing route for the
fabrication of low loss dielectric BaNd,TisO4 (BNT) thick films at a low cost for high
frequency applications, and to establish the processing-properties relationship. For that,
an electrophoretic deposition (EPD) process was investigated since it matches the
objective of low-cost and offers the advantages of complex pattern to address the
miniaturization trend of integrated circuits. This research was directed towards the
understanding the low loss dielectric BNT thick film processing and utilizing this
knowledge to design a methodology for achieving low loss dielectric BNT thick films.

The thesis describes a technology by which low loss dielectric thick films
belonging to the system of BaNd,TisO;4 (BNT) can be processed and developed by
using EPD technique. The specific objectives of this work include the following aspects:

1) Exploitation of the EPD process for the fabrication of BNT thick films

2) Establishment of the effects of the processing parameters on the final properties
of BNT thick films

3) Exploitation of the ability of fabrication of BNT thick films on insulating,
particularly Al,Os substrate and systematic characterization of the obtained films

4) Exploitation of the fabrication of tunable low loss dielectric thick films by the
combination of EPD with sol gel deposition in the BNT-BST ((Ba,Sr)TiO3)

system.
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Experimental Procedures

Abstract:

In this chapter, a detailed description of the expents, including the BNT powders
preparation, suspension preparation and charaatienz EPD process, ceramics
fabrication, characterization of the structure amdrostructure of BNT thick films and
measurements of the dielectric properties is ptedenA brief description of the
instrumentation used for studying the structuralicrastructural and dielectric

characteristics of low loss BNT thick films and @eics is included as well.

4.1 Introduction

‘ Powders Preparation ‘

’ Suspension Preparation ‘ Ceramics Preparation

Electrophoretic Deposition ‘

’ Samples Drying and Sintering

‘ Samples Characterization

Figure 4-1 Flowchart of the experimental procediaeied out in this work

The experimental work carried out in this work chematically represented in
the flowchart of Figure 4-1. The first experimentahducted step was the preparation
of BaN&TisO;4 powders to be used in the fabrication of the filam&l two types of
powders were used: commercial BNT powders [MBRT-8BMFuji Titanium Industry
Co., Ltd] and “home made” BNT powders, synthesibgdconventional solid state

method. Both powders were characterised in termsheir chemical composition,
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structure, morphology and rheological behavioure Tiext step was the preparation of
the suspensions to be used in the deposition. éeglglindicated in the introduction of
this work, a great part of the success in prepaiR® films depends on the quality of
the starting suspension. Systematic studies wergdumed to choose the right
suspension media. The deposition of BNT thick fikes then conducted by EPD in a
home-made EPD set up and under different processingditions. The films were dried
and sintered under different conditions. For consoar BNT ceramics were prepared
from the same powders and sintered under the samditions of the thick films.
Finally the structure, microstructure and electrm@perties of the films and ceramics
at RF and MW frequencies (for some of the sam@ed)at different temperatures were

analysed.

4.2 Processing of the samples
4.2.1 Materials
1) BNT Powder:
a) Commercial BNT powders

BaNd:TisO14 commercial powders (MBRT-90M(B), Fuji Titanium nstry Co.,
Ltd) were used in the fabrication of BNT films fibve proof of concept of preparation of
low loss dielectric thick films for high frequen@pplications by EPD, described in
chapter 5.1. The product specification of these roencial powders indicates besides
the main constituents, barium, neodymium and titamithe presence of bismuth, which
was also confirmed by our ICP analysis (Table 4The particle size distribution is
shown in Figure 4-2. The surface area determinedigle point BET is 1.36 ffy.
From the morphological point of view the particee® spherical (Figure 4-3) with an
average diameter of Oidn as determined by light scattering after a 12badf milling
in ethanol. The X-ray diffraction pattern of thgsewders is depicted in Figure 4-4,
which indicates that these powders are monophagic the 1:1:5 stoichiometry
(BaNd:TisO14 (BNT115), JCPDS Card 33-0166).

Table 4-1 Composition analysis of commercial BNWgders by ICP
Elements Ba% (m/m) Nd % (m/m) Ti% (m/m) Bi% (m/m) Pb % (m/m)
11.1 10.8 52.1 242 <0.02
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Figure 4-3 SEM micrograph of ball milled commerdT powder
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Figure 4-4 XRD pattern of commercial BNT powders

b) Home-made BNT powders

A solid-state reaction method was employed to ®gite BaNgTlisOy4
(BNT) powders. Reagent-grade powders of BaQ&rich, Product No.: 513-77-9,
purity>99.9%), NdO3 (Aldrich, Product No.:1313-97-9, purity >99.9%)damiO,
(Aldrich, Product No.:1317-80-2, purity >99.9%) wemixed in the correct
stoichiometry in ethanol. These materials were-tvaded in Teflon pots with
zirconia balls for 24 h on a planetary mill, angedrat 120 °C/24h in air. Once dry,
the powders were grounded by hand with a mortampastle, and closely packed in
alumina crucibles, and then calcined in a prograblenurnace equipped with an
automatic temperature controller.

Differential Thermal Analysis (DTA) / Themogravinmgt (TG) of the
stoichiometric mixture of BaC4§) Nd,O3; and TiQ were conducted with a heating
rate of 5 °C/min and a representative curve is showFigure 4-5. The reaction
between the starting precursors and the BNT phaseation is completed before
1200 °C, so to ensure the synthesis of monophagwd@rs the calcination
temperature of 1200 °C was selected. Monophasic BbWders were obtained
after a calcination at 1200 °C for 3 hours witheating and cooling rate of 5 °C

/min, as depicted in the X-Ray diffraction of Figut-6.
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In order to get fine particles to optimise the srson stability and

sinterability of the green films, a ball millingegt was further performed. The

calcined powders were milled in alcohol on a planetill with zirconia balls for

2-24 hours. The patrticle size distribution after ball milling was determined using

a Particle Size Analyzer (Coulter LS 230). The diten of average particle size

was also determined from the mass specific surtaea measurements (BET,
Gemini 2370 V5.00). After a set of experiments D2milling time was selected.
For milling times longer than 12h there is no ap@ele decrease of the powders
average particle size and high levels of agglonmraiccurred, as determined by
particle size distributions obtained by the Couttezasurements (Figure 4-7). The
milled BNT powders were dried at 120 °C for 24 hd deept in closed glass

recipients to avoid surface reactions with air tbatild lead to the aging of the

powders. The powders morphology was observed witlscanning electron
microscope (SEM) Hitachi, S-4000 SEM / EDS. Figdr8 depicts the SEM
micrographs of BNT home made powders after 12hithifg
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Figure 4-7 Particle size distribution of home m&#T powders

as a function of milling time
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13

Figure 4-8 SEM micrograph of home made BNT powders
after 12h of milling

2) Suspension media

The preparation of stabilised BNT suspension fauacessful deposition by
EPD was tried in four different suspension medeiahized water, acetone (>99.9%,
Merck), ethanol (>99.9%, Merck), and glacial acetiad (>99.9%, Merck), respectively.
For the case of acetone mediumg, (E99.8%, Aldrich) dissolved in iso-propanol
(>99.9%, Merck) was used as an additive to adhespH value of the BNT suspension.
This iodine solution consisted of 0.92 g iso-pragasontaining 0.5 wt % dissolved. |
The stability of the suspensions was analyseddnstnittance of the UV light, particles
size distribution and zeta potential of suspensions
3) Substrates and electrodes

Platinum foil (11 x11 x 0.025 mm, 99.95%, Good dell UK) and
polycrystalline AbOs substrates (25.4 x 25.4 x 0.0254 mm, 99.6%, CBeramics Co.
UK, with the remaining 0.4 wt. % assumed to beli@ate based sintering aid) were
used as substrates for the preparation of BNT films

The counter electrode was Pt as well.

As previously referred EPD requires two conductelgctrodes (anode and
cathode), so in order to use insulating substraiesh as AlO3, it was necessary to
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deposit a conducting layer on the substrate surfacine current work, graphite layers
were used for that purpose. The graphite layerdaasea temporary bottom electrode
being burnt out high sintering temperatures witheating any residual contaminations.
A radio frequency (RF) magnetron sputtering (CRI@,Aortugal) was used to deposit
the graphite layer. For that, a graphite targeti{ype99.9%, Sofacel Inc., Spain) of 5.5
cm diameter disc with 3 mm thick was used. The lgtapcoatings were prepared at a
substrate—magnetron distance of 120 mm under Asspre of 5.8 x I1®mbar, with a
magnetron current of 0.3 A and substrate bias 6f\M7The thickness of graphite layer
is controlled by the deposition time.

4) BST sol and powders

For preparation of BNT-BST composite thick films Bf?D combined sol-gel
process, (BaSl s TiO3 solutions are prepared by a sol-gel method. BaGt»D)
(Merck, 99%), Sr(CHCOO) »'1/2H,0 (ABCR, 98%), and Ti(OgHg)s (Merck, >98%)
are used as starting materials. Glacial acetic &itkCOOH, Merck, >99.8%) and
ethylene glycol (HOCKLCH,OH, Merck, >99.5%) are used as the solvent, and
acetylacetone (§1s0,, Merck, >99.5%) as the stabilizer for Ti alkoxida(CHCOO),
and Sr(CH- COO)'1/2H,0O powders with a molar ratio of 5:5 are dissolvedacetic
acid and heated to 80 °C under constant stirrif@dzHoy),4 is stabilized with a mixture
of ethylene glycol and acetylacetone. The stalaliz€d OC,Hg)4 solution is mixed with
Ba(CH,COO)/Sr(CHCOO), solution with a molar ratio of 1:1 under constatitring.
After stirring for 2 h, the solution concentratimnadjusted to 0.25 mol/l and stirred for
1 h more.

For comparison, BST thick films were also prepavadPt foils by EPD. BST
powders are obtained from the same sol used fonthigation step. The dried sol was
calcined at 1200 °C for 1h. The calcined BST powdeere ball milled for EPD
experiments and BST thick films were prepared umdkeEmtical protocol as the one used
for the fabrication of BNT thick films by EPD.

4.2.2 Suspension preparation and deposition
1) Suspension preparation

Suspensions of 10g / liter of BNT powders were areg in 200 ml glass beakers.
The BNT powders were slowly added into the solventler constant stirring to
promote the dispersion of powders in the suspensforfiurther dispersion of the

suspension was conducted in ultrasonic bath foerh®rmin.
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Based on the colloidal chemistry analysis, hamiedyzeta potential curves, the pH
of the suspension media is regulated in order heese the highest degree of dispersion
and homogenization of the suspension.

2) Deposition device

As mentioned in chapter 2, in the EPD process, a@€tric field is applied
to the suspension causing the electrophoretic motib the charged particles
towards the oppositely charged electrode.

Figure 4-9 illustrates the EPD set up used inwhosk. It is composed of the
EPD cell, the ultrasonic bath and the power sourbe. EPD cell was home made
and designed for the current work. The EPD cedlfiisicludes three main parts: the
base, the mask and the metal pole for conductivaexiion, as presented. The
substrates, Pt foil or alumina, were placed inrtteesk chamber and pressed by the
back screw. The two equal masks were mounted obabe, and the two steel poles
provide the electrical connection to the extermali@r source.

A DC power source (EPS, Stromversorgung Gmbh, Geymaultrasonic
bath (Branson, USA) and magnetic stirrer (Yellow)inKA Werke GmbH & Co.

KG Germany) were employed for the EPD experiments.
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(b)

(©)
Figure 4-9 Representative images of the equipnagniged in this work for the EPD

process, of the EPD cell (b), and of the componehtise EPD cell (c)

3) Deposition

For the deposition the EPD cell of Figure 4-9 wamkersed in the suspension in a
200 ml glass beaker. The platinum foil as workitecegode (cathode) was separated 2
cm from the Pt counter electrode (anode) in EPD cel
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Prior to each EPD cycle the suspensions were atieally dispersed and
magnetically stirred for 5 and 10 min, respectiyébflowed by settling for 5 min in
order to sediment the coarse patrticles.

Constant voltage mode was used in the current veodeposit BNT films by EPD
at various deposition times. The electric currenbwigh the EPD cell was monitored by
a digital multimeter (MY-64, MASTECH, Hong Kong)dated in series with the EPD

circuit, during the EPD process.

4.2.3 Post deposition treatment
1) Drying and Cold Isostatic Press (CIP)

The as-deposited films were dried at 120°C for 24 &n oven. After that some of
the green films were pressed under a cold isosgatssure (CIP) of 200 MPa to
enhance the green density of the films, using as&ad (Fluid Power Ltd., England /
Autoclave Engineer, Inc., USA)

2) Sintering

To determine the sintering temperature of the fildiatometric analysis of
BNT powders were conducted. Pellets of 5x5x7 mmevpeessed and analysed in a
computer assisted vertical dilatometer (Linseis,dmé L70-2000) Figure 4-10
depicts the change in the lengtfi/[, x 100%, § stands for the initial length and
for the variation of the length) with the temperatuAfter a small expansion the
shrinkage of BNT powders is initiated slightly afied00 °C and continues steadily
until 1350 °C. Based on these results the intdrelveen 1200 and 1450 °C was
chosen for the sintering of BNT films. The as-prepasamples (BNT films and
ceramics) were sintered in air at different tempees to investigate the
sinterability of the BNT films samples. The procezladopted for the sintering step
is as follows: heating at 8 C/min from room temperature to the sintering
temperature, and followed by a dwelling time (1h BNT films and 3h for BNT
ceramics), the samples are cooled in the furnabé @min.

3) BNT ceramics fabrication

For comparison, corresponding BNT ceramics wergamed. The BNT
powders were pressed with a steel die into gredetpeof 1 cm of diameter and
about 2 mm in thickness under a pressure of 20 KRaver Laboratory Press,

Fred S. Carver Inc., USA). The pellets were thestetically pressed under 200
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MPa and sinter under identical conditions to thesombove indicated for films.
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Figure 4-10 Dilatometric curve of BNT powders

4.3 Characterization techniques
4.3.1 Suspension analysis
4.3.1.1 Particle morphology

A laser particle size device (LS230, Beckman Coultee., USA) was used
to determine the particle size and particle sizgrithution of as prepared BNT
powders. Based on the effect of light scatterinigis tmethod enables the
measurement of particles from 0.0 to 2000pum without the risk of missing
either the largest or the smallest particles ingaple. The analysis is conducted
in suspension with concentrations of 1g per litereviously ultrasonicated
(Branson, USA) for 5 min before each measuremem. dverage particle size was
also determined from mass specific surface areasunements (BET, Gemini 2370
V5.00), and from the morphology analysis of the derg by scanning electron
microscope (SEM) Hitachi, S-4000 SEM / EDS.

Because LS230 equipment can only be used in wattium, a Malvern
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Dynamic Light Scattering instrument (Zetasizer na% Malvern, UK) was employed
to measure the distribution of particles size ia trganic solvent, such as, (acetone,
acetic acid and ethanol). Dynamic light scatter(ly.S) is a non-invasive, well-
established technique for measuring the size ofigees typically in the submicron
region from 0.4 nm to @m. For this analysis a diluted suspension (10 mg/AR~0 ml
solvent) was placed in the sample holder after & woiirasonic dispersion (Branson,
USA). A laser illuminates the sample in the cetldamost of the laser beam passes
through the sample. A detector measures the sedttigtht and the scattering intensity
signal at successive time intervals is comparezirdte at which the intensity is varying
is derived and based on this information the plarsze and particle size distribution is

computed.

4.3.1.2 Zeta potential

Zeta potential, as defined as in chapter 2, is [@mrewiation for electrokinetic
potential in colloidal systems. In the colloidalechistry literature, it is usually denoted
using the Greek letter zeta, henggotential. From a theoretical viewpoint, zeta
potential is the electric potential in the interédalouble layer (DL) at the location of
the slipping plane versus a point in the bulk flawlay from the interfaceHunter R. J.
-1989]

Zeta potential is not directly measurable but ib d&e calculated using some
theoretical models and the experimentally-deterohishgnamic electrophoretic mobility.
In practice, the zeta potential of a dispersiomeasured by applying an electric field
across the dispersion. Under the electric fieldtigas within the dispersion will
migrate towards the electrode of the opposite @aigh a velocity proportional to the
magnitude of the zeta potential. This velocity isasured using the technique of the
Laser Doppler Anemometer. The frequency shift asghshift of an incident laser beam
caused by these moving particles is measured gszattiele mobility, and this mobility
is converted to the zeta potential by inputting tispersant viscosity, and the

application of the Smoluchowski theory [Smoluchoias803]:

n=Cem (4-1)

where pu stands for the measured electrophoretic mobiljtypr the viscosity of the

solvent,e for the permittivity of the solvent.
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In this work, an electrophoretic light scatteri§.8) spectrophotometer (Delsa-
440 SX, Beckman Coulter, Inc., USA) was used t@meine the zeta potential of the
BNT suspensions. To make a measurement, a sampiadally placed in a disposable
plastic cuvette and platinum electrodes insertdae €ntire cell is placed into the
internal chamber of Delsa 440 SX. Since ELS reguine use of heterodyned light, the
scattered light must be properly mixed with a refee beam (split off from the incident
light beam) prior to entering the detector. Thetwafe will begin a measurement by
automatically adjusting the incident light integsid optimize the mixing between the

scattered light and the reference beam.

4.3.1.3 Transmittance measurement of UV light

In order to evaluate the dispersibility of BNT sespions, the transmittance
measurement of UV light was conducted to refleet diispersion degree of the
BNT suspensions. Transmittance is the fractionnaident light at a specified
wavelength that passes through a sample and ish gagea percentage. Well
dispersed suspension show low percentage of trétasice. In this work, UV
Spectrophotometer (UV-2101/3101PC, Shimadzu séiemistruments. Inc, USA)
was employed to determine the transmittance and&testhe dispersibility of BNT

suspension.

4.3.1.4 ICP-AES analysis

In order to analyze the chemical composition of Bpbwders and suspensions,
namely the concentration metallic elements in tiigpension supernatant, inductively
coupled plasma atomic emission spectrometry (ICB-AEA Ins., Germany) was used.
ICP-AES is an analytical technique used for theect&in of trace metals that uses the
inductively coupled plasma to produce excited atantsions that emit electromagnetic
radiation at wavelengths characteristic of a paldic element. The intensity of this
emission is indicative of the concentration of éement within the sample. [Stefansson
A.-2007, Mermet J. M.-2005]

4.3.2 Structure and microstructure characterisation
4.3.2.1 XRD
The phase assemblage of calcined powders and esintemmples is

examined by powder X-ray diffraction (XRD) technégguBecause the wavelength
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of X-rays (from few angstroms to 0.1 angstrom)amparable to the size of atoms,
they are ideally suited for probing the structuearangement of atoms and
molecules in a wide range of materials. A monoclatenX-ray beam with a
wavelengthi incident onto a crystalline material at an argleads to diffraction
when the distance travelled by the rays reflectenhfsuccessive planes differs by a
complete number k of wavelengths. By varying thglar®, the Bragg's law
conditions are satisfied for different d-spacinggolycrystalline materials.[Jenkins
R.-1996] according to the equation[Bragg W.L.-1913]

2dsird = K (4-2)

In the current work the X-ray diffraction analysisBNT powders, films and
ceramics was carried out with a Rigaku (D/Max-Ciesgr X-ray diffactometer,
using Cu-kx radiation £=0.15064 nm). The XRD was typically operated ak¥0
and 30 mAB-260 scans at rate of Imin with step 0.02 between 4-8@ere adopted
in the current experiments. The degree of oriemtatof BNT films was
characterized using XRD rocking curves and polerég aquired with a Philips
XPert MRD diffractometer. X-ray rocking curves wegtained by tilting the BNT
films through the Bragg angle of the selected plaflee X-ray pole figure
measurements were performed, using a @uX<ray source with a crossed slit
incident optic and open receiving slit of 1 mm befthe proportional detector. The
samples were rotated 180° about the cp axis (ahehubtation) and 90° about the
yr axis (tilt). In the pole figure measurements thiéracted intensity was collected
at a step of 5° in the tilted and rotated anglethénwhole hemisphere, at a fixed
26 angle of the open detector, that correspondsdacs#tected reflections of BNT
thick films, while the specimen is tilted and aziimally rotated in relation to the
incident beam. Partial pole figures were plotté&thdks U. F.-1998]

4.3.2.2 SEM

The microstructures of fractured and / or polished thermally etched sections
of the films were studied with scanning electroncnmsécopy couple with energy
dispersive spectroscopy (SEM / EDS).

In SEM, an electron beam source emits electronstwhre then collected and

focused by lenses to form few nanometres sizedgstobeflection coils are used to
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operate the electron beam and to scan the sampi@casu Simultaneously, another
electron beam runs over a TV monitor screen in rectspnized mode. The image
magnification is the ratio of the scanned monitorge to the scanned sample range, and
it is easily controllable by beam deviation elenserRrimary electron beam interacts
with the specimen surface in a complicated manesulting in different emitted signals
(secondary and back scattered electrons, X-rayatiadi etc.), which could be
registered with the appropriate detector. [Golasfeil.-1992]

In the current work, film thickness, surface andssrsection morphologies and
the microstructure in general of BNT films were lggad by a Hitachi S-4100 SEM
coupled with energy dispersive spectroscopy (ED8bathi, Japan]. Film specimens
were mounted on aluminium stubs using carbon dlaebon paint was applied to the
specimen to provide a conductive path to the saml, an evaporated carbon surface
coating was deposited to prevent sample chargisigerthe microscope. These samples

were investigated using an operation voltage df\25

Si Si

ajelIsgng
Wi} 1 Nd

Figure 4-11 Schematic representation of the crivgstsre
for SEM samples preparation

The polished and etched sections of sintered saraid films were prepared
according to the following steps. Films and smadcps of samples were firstly inserted
in resin and, after a coarse polishing with siliccarbide paper, the surfaces were
polished using a sequence of fine diamond pastegar(l 6 um, 3um, 1 um and 0.25
um). The polished samples removed from the resinewirermally etched at
temperatures 80 °C below the corresponding simgegemperature for 5 min. For the

Cross section preparation, a sandwich structureaofples on Pt foil was constructed
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(Figure 4-11). The flexible BNT films were suppattey gluing a rigid silicon slide on
both sides of the BNT films. After the polishingsing the same procedure described
above, an acid mixture of (10% HF + 37% HCI, 50v80?) was used to chemically
etch the polish cross sections. Finally, the abkezic samples were cleaned by

ultrasonication in acetone.

432.3TEM

The analysis of the interfaces between BNT filmd #re substrates was carried
out on sintered films by transmission electron wscopy / energy dispersive
spectroscopy (TEM / EDS).

In a TEM setup, a thin specimen is illuminated wélectrons (the primary
electrons). Whatever part is transmitted is prg@ainto a phosphor screen for the user
to see. The darker areas of the image represesg tr@as of the sample, where fewer
electrons were transmitted through (they are thickedenser). The lighter areas of the
image represent those areas of the sample that eegtrons are transmitted through
(they are thinner or less dense). An image in TEM be formed by using the central
spot of unscattered electrons, or by some or alhefscattered electrons. The type of
the electrons is chosen by an insertion of aperitutie the back focal plane of the
objective lens, thus blocking out most of the diffion pattern except that which is
visible through the aperture. If the direct beamsakected, the resultant image is called a
bright-field image, and if scattered electrons ol dorm are selected, a dark-field
image is formed. If no aperture is inserted, etectdiffraction pattern is observed.
[Williams D. B.-1996]

In the current work, BNT film / substrate interfaoeere analyzed by a Hitachi,
Model H9000-NA, TEM equipped with an energy dispars<-ray (EDS) detector.

The cross section of film samples were prepardtarfollowing way: to protect
the ceramic layer, two pieces of sample were ghaed to face using an epoxy resin
(M-band 610 glue) and under applied pressure tarenhat the amount of glue is as
reduced as possible. The glue was cured at 100r°€ liours. The sample stacks were
mechanically polished on both sides down to a tiesk of around 15 pm using SiC
grinding papers. Extra mechanical support is predidy a copper grid of 3 mm
diameter and 50 pm thickness, glued onto the sanijle thin samples were then
removed from the glass on a hot plane. The remgi@poxy is dissolved in acetone. A

Gatan Duo ion Mill [Gatan, Inc, USA] was then udedthin the sample to electron
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transparency at a low angle of 15° and a gun veltdd® kV.

4.3.3 Electrical measurements
4.3.3.1 Low frequency measurements
The complex permittivity at RF frequency was meaduas a function of

temperature and frequency in the capacitive daBtilated in Figure 4-12.
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Figure 4-12 Equivalent circuit diagrams of capaeittell (a) of charging and
loss current (b) and of loss tangent for a typitealectric (c)
(after Buchanan-1991)

For the case of sinusoidal applied voltage V, tineent discharge flow | of

the capacitive cell may be written as:
| = ime VeoS/ds = in(e-ie )VeoS/ds = & + Ir (4-3)

where i stands for the imaginary operators: 2zf for the angular frequencyy for the
relative permittivity of the vacuum with the val8e85 x 10> F/m, S for the area of the
electrodes for a sample capacitor, ds for the miigtabetween electrodes or sample
thicknessg* for the complex permittivityg' for the real part of the permittivity, arzt

is the imaginary part of the permittivity, relatéal dielectric loss. The dielectric loss
existing in a dielectric material can then be repréed by the analogue circuit of a
resistance in parallel with a capacitor, and bégand k of the vector components the
current of thed and k, as illustrated in Figure 4-9 (b, c). Thedurrent represents a
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capacitive current proportional to the charge stare the capacitor. It is frequency
dependent. The currentils an ac conduction current in phase with theagatV, which
represents the energy loss or power dissipatetiardielectric. From the ratio of the
magnitude of § to magnitude ofd, one can define a dissipation factordtan /¢’
[Buchanan R. C.-1991]

In this work, the electrical measurements at RUescy were conducted
via a metal-insulator-metal (MIM) configuration ngi Au as the top electrode for
both films and ceramics. For the case of films, tAp circular electrodes were
sputtered using a shadow mask of 0.6 mm diameléf. 8ms with top electrode
were post-annealed at 200 °C for 30 min to imptbeenterface between the metal
and the films. The ceramics were polished until @& thickness, and top and
bottom Au electrodes of 6 mm diameter were spudtefée electrical properties
were evaluated using an impedance bridge (HP 42&&0ent, USA) over a
frequency range of 1 kHz to 1 MHz. The oscillatienel of the applied voltage
was set to 1.0 V. The analysed electrmalperties include the relative permittivity,
loss tangent, temperature dependence of relativenippity (Aed/eoAT,) and

relative permittivity-voltage variatiorg£V).

4.3.3.2 Microwave frequency measurements

The microwave methods of measuring the dielectrioperties can be
divided into two main categories [Krupka J.-2001]:

i) Transmission-Reflection methods

i) Resonance methods

Transmission reflection techniques have swept #aqu capability, which
allow for measurement over the range of the netvaoidyzer (1 MHz to 26 GHz).
This methods offer swept measurement at “any” pwirihe frequency range over
which they operate. A wide range of dielectric ¢ans values can be measured,;
however, dielectric loss values are limited toétar0.01. On the other hand,
resonant cavity techniques are generally limited single frequency measurement
which is defined by the cavity dimensions. Low Iessnples of (taix 0.01) range
can be easily measured by resonant techniques.

For the BNT films on Pt foil substrates preparedhis work, the analysis of
microwave dielectric properties was performed bynsmission-reflection

technique. The microwave transmission coefficiemtsre determined with a
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network analyzer (HP 8720D, Agilent, USA) using tegparated Au contacts on
the top BNT film for the rf input and rf output, sectively. The measurement
resembles a rf line with two BNT capacitors in esriModifications of the losses
will affect the transmission and reflection sigrieihis measurement was conducted
in the Division of Superconductivity and High Freqay Sensors, of the Institute
of Thin-films and Interfaces, ForschungszentrumcbiGmbH, Germany, with in
the group of Dr. Roger Wordenberger.

For the BNT films on AIO; substrate, the split post resonance cavity
technique, one of the resonance methods for micrewaeasurements, was
employed to characterize the microwave propertiEse split-post dielectric
resonator (SPDR) has been shown to be a usefulrasecand convenient tool for
complex permittivity measurements of various diglec materials. It offers
accurate measurements with quantifiable uncerégntior wide ranges of
permittivity and loss values in the frequency ramgel-30 GHz. The method is
especially useful for measurements of flat lams@ecimens without any need for
machining of their shape, as shown in Figure 4B6&sides the SPDR fixture, a
vector network analyzer and software package ayeined for the measurements.
These measurements were conducted at the Deparwhdvaterials, Imperial
College London, UK, within the group of Prof. NAiford.

Figure 4-13 Photograph of split post cavity resonat

(after Agilent product information)
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Chapter 5
Thick Films of BaNd,Ti5O14 on Pt Foils

5.1 Development of Low L oss BaNd,TisO44 Dielectric
Thick Films by EPD technique: Proof of Concept

Abstract:

The technological feasibility of applying electrapbtic deposition (EPD) for low
dielectric loss thick-film materials is studied tinis chapter. 12 to 5Am thick BNT
films were fabricated on platinum metallic foils By?D. To improve the microstructure
and density of the films a post deposition, colosiatic pressing step, was used. The
effect of film thickness on the dielectric propestiat low frequency is investigated. As
the film thickness increases, the dielectric propsrof BNT films approach those of
BNT ceramics in terms of relative permittivity alods tangent. 5gm-thick BNT films
sintered at 1300 °C for 1 h exhibit a relative péiaity and a loss tangent of 107 and
0.0006 (or Q of 1600) at 1 MHz, respectively. Tlagiation in relative permittivity is
less than 0.02 % at a bias voltage 8 kV/cm. Thegbaf relative permittivity with the
temperature within the range 30-120 °C is below.558m/°C, indicating a good
thermal stability. Microwave measurements indi¢htd the dielectric losses of a péh
thick BNT films do not show a remarkable degradatil up to 1.4 GHz, compared to
at 1 MHz. The high relative permittivity, high Qo{l loss tangent), and good bias and
temperature stability make EPD derived BNT thidkné on metallic foils attractive

candidates for new microwave communication devices.

5.1.1 Introduction

As described before, among low loss dielectrice, BaO-NdOs-TiO, system
represents an important commercial family of micwes materials. Although BNT
ceramics are currently being produced for resosatortennas and substrates, as shown
in Figure 5-1, the use of BNT thick films have n@t been reported. Moreover, the
miniaturization and reduced cost is a major tranthe communications industry, and
because of that electronic device designers are nowmsidering the dielectrics

processed as thick films to take the place of camepts currently utilized in bulk
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ceramic form or even for new device applications.

On the other hand the fabrication of dielectrimBlon metal foils is presently of
interest for devices integrated into electronickaaing due to cost and space benefits.
[Borland W-2001] For example, as shown in Figurke @), the current microstrip patch
antenna usually requires the metallization of aigdoplane on one side of the dielectric
materials by screen printing. However, this metation process can be avoided by
directly depositing the dielectric layer on a miakubstrate. In this case, for the
reasons above described and in particular the lmbgsof being scaled up, EPD looks
like very appealing for this purpose. It is themywepportune and scientifically and
technically especially interesting to prove theqdey of the use of EPD to fabricate
low loss BNT thick films on metal foils.

hI dielectric (¢,)

round 4
9 J © emtalk.com

(b)

Figure 5.1-1 Photographs of commercially availablerowave resonators and

substrates (after Morgan Technical Ceramics Ligaga schematic representation of a

microstrip patch antenna (b) (ww.emtalk.com)

83



Chapter 5-5.1

In this chapter, the use of EPD on the preparatioBNT thick films for high
frequency application is exploited. Commercial Bpdwders were used to prepare the
BNT films on Pt foils. The feasibility of using EP#&chnique to produce low loss BNT

dielectric thick film is proved and discussed irstbhapter.

5.1.2 Experimental

For this study BNT thick films were fabricated aatiog to the process
described in Chapter 4 and using the commercial BNT:5) powders (MBRT-90M(B),
Fuji Titanium Industry Co., Ltd). The powders wepeeviously milled for 12h in
ethanol until an average patrticle size of arouddui was reached. For this particular
study 12 to 52um-thick BNT films were deposited under 40V to 60f@v 30s to 10min
using the acetic acid based suspension. The asitiepdilms were dried at 90°C for
24h. Some of the green films were pressed undeldaisostatic pressure of 200 MPa to
enhance the green density. At the same time BNanues were prepared. For that BNT
powders (the same used for films preparation) yweesesed under a uniaxial pressure of
20 MPa followed by a cold isostatic pressure of M®a. The films were then sintered
in air at 1300 °C for 1 h, and the pressed disks880 °C for 3h.

5.1.3 Results and Discussions

As reviewed in chapter 2, the preparation of filitmg EPD comprises the
preparation of a stable suspension of the powdettsecstarting material in appropriate
suspension media system and the formation of asitepoto the counter electrode by
the movement of the charged particles under thieeante of an electric field. The
process parameters such as deposition time, apptitdge and suspension ageing,
among others, have an important influence on thmosigon efficiency and quality.
[Corni 1.-2008] The effects of these factors on EfeD of BNT films were studied and
are reported as follows.

Deposition thickness of BNT films on platinum subs as a function of
deposition time is shown in Figure 5.1-2. The iel&hip between EPD thicknesses of
BNT deposited films and deposition time is almasear, and the thickness of deposited
material increases with time, which is in accordamath the Hamaker equation at
constant applied voltage. (Eqg. 2-4) [Hamarker-19A@ relation between the thickness
and deposition time for EPD derived BNT films wile discussed in detail in the
chapter 5.2. According to it the thickness of tlepakit can be predicted and precisely
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Figure 5.1-2 Deposition thickness of BNT films atgti
deposition time for the suspension of BNT commércia

powders in acetic acid and for an applied voltaig200 V

Figure 5.1-3 depicts the effect of the applied agdt on the deposition weight of
BNT films. The deposition weight is calculated by difference of the substrate weight
before and after coating. Under a constant depostiime of 1 min, the deposition
weight increased till 800 V, and then decreasefudaker up to 1000 V. Under high
electric fields charged patrticles will have an eked velocity, so per unit of deposition
time, more particles can be deposited on the satiestin the meantime, for very high
electric fields, the high mobility of the particlegbe presence of flow currents together
with the formation of bubbles that are facilitat@ader these conditions, the deposition
becomes inhomogeneous, the edges irregular angadiwesity of the films increases
with a decrease of the film density. As a conseqgegthe deposition weight decreased
after a critical applied voltage. This is a commeffect, observed for many other
systems, being the electric field threshold differdepending on the system. [Basu R.
N.-2001, Negishi H-2002]
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Figure 5.1-3 Deposition weight of BNT films agaitis¢ applied
voltage for the suspension of BNT commercial powder

in acetic acid and for a deposition time of 1 min

For EPD process it is desirable that the suspensistable for a long period of
time to guarantee the reproducibility of the deposs. A long time stable suspension is
of a crucial significance for an industrial EPD gess. As illustrated in Figure 5.1-4, the
variation of the deposition weight slightly increasuntil 24 hours as the suspension
ages, declining after, which indicates that commé&BNT can be effectively stable for
24 hours in glacial acetic acid. There are sevietors that can contribute to the
observed variation of the deposition yield with #ggng time, namely the change of the
suspension electric nature and of the charge sffathe particles in the suspension.
Similar effects were reported for PZT thick filmsepared in glacial acetic [Wu A. Y. -
2006] and attributed to the formation of water lwe suspension and leaching of PZT
powders. Further studies were conducted to clanége dependences on BNT systems

and will be presented in chapter 5.2.
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Figure 5.1-5 Optical micrograph of green BNT filoheposited
from the suspension of BNT commercial powders etiaacid

and under the deposition conditions of 200 V foirlm
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Figure 5.1-5 depicts the optical micrograph of apasited BNT film. A very
homogeneous, crack-free, uniform and conformal siéipa was achieved in the green
films by EPD.

After deposition and sintering, the structure of Biliick films was analysed by
XRD. Figure 5.1-6 depicts the XRD patterns of BNT thiitlkns and BNT bulk
ceramics sintered at 1300°C for 1 and 3 h, resgdygtiFilms and ceramics exhibit a
well-crystallized phase that corresponds to thbasitombic structure of BaN@isOi4
(JCPDS #33-0166) with no evidence of preferredntaiion or secondary phases for
both of them. The XRD results demonstrated thatdetectable alteration of the

materials composition occurred for BNT thick filmsd bulk ceramics.

il C. powder
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©
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X-BNT
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Figure 5.1-6 XRD pattern of: (a) EPD derived BNickhfilms sintered at 1300 °C for
1h, (b) BNT ceramics sintered at 1300°C for 3h @ndtarting BNT powders

In generally, EPD process produces a porous lalyeompacted powder and in
order to enhance the density of BNT films, a pagtasition cold isostatic pressing
(CIP) step was employed for that purpose. Althoaljérnative approaches to enhance
the sintered density of the films can be used, thelude increasing the sintering
temperature or introducing liquid phase sinterimgdsathese are not attractive for the

present studies. Due to the thermal expansion mdmidetween the films and the
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substrate increasing the sintering temperaturdsiniariably lead to the formation of
cracks and for case of sintering aids the dieledbisses can easily increase. Figure 5.1-
7 illustrates the SEM micrographs of BNT films paegd without and with CIP
treatment at 200 MPa, respectively. It is obviouséen that the porosity in the as
prepared green BNT films is greatly reduced aft&iR step. The CIP step is proved to
be a simple but effective method to achieve der®¥@ &erived films.

25.08kY X1B.0K 3.00»sm
(b)
Figure 5.1-7 SEM micrographs of green BNT filmsyathout
and (b) with CIP treatment at 200 MPa
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Figure 5.1-8 depicts the SEM fractured surfaceinotfesed BNT films and the
corresponding BNT ceramics. BNT ceramics exhibitdense and homogeneous
microstructure with rounded shaped grains (Figurd-8 (a)). However the
microstructure of EPD derived BNT thick films isbstiantially different from that of
BNT bulk ceramics. The films without post depositisostatic pressing step exhibit an
obvious porous microstructure (Figure 5.1-8 (b)atthresulted as expected in
unacceptable dielectric properties for these filMgwever the films with the CIP step
and sintered under the same conditions exhibiteehadense microstructure, similar to
the one observed for the ceramics however maintyposed of needle shaped grains,
as clearly shown in Figure 5.1.8 (c). With regavdttie origin of elongated grains in
BNT thick films, it might arise from the constrathsintering of BNT films on Pt foil
substrate. This effect is further addressed andddted in chapter 5.3.
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(©)
Figure 5.1-8 SEM micrographs of (a) BNT ceramicgesied at 1300 °C

for 3h, BNT thick films (b) without, and (c) withogt deposition
CIP treatment sintered at 1300 °C for 1h

The relative permittivity and loss tangent of BNTick films and the effect of
film thickness are shown and compared with BNT ieca in Figure 5.1-9 and Table
5.1-1. The relative permittivitye() and loss tangent (t&hat 1 MHz are 107 and 88 and
0.0006 and 0.0003 for 5gm thick films and ceramics, respectively. As thenfi
thickness is increased from ffh to 52um, the relative permittivity and loss tangent of
BNT films approached that of BNT ceramics. HowevBNT films without CIP
treatment show a lower relative permittivity of &86d higher loss tangent of 0.008 at 1
MHz due to the porous microstructure, compared wast CIP BNT films.

Q (1/tard) values of BNT films with different thickness atempared at 1 MHz
with bulk ceramic values in Figure 5.1-9 (b). Asowim, the Q of BNT thick films
improved from 700 to 1600 when the film thicknessreased from 1am to 52um.
This trend with increasing film thickness is cotesm with an ‘interfacial layer’ or
interfacial region at the lower foil electrode iritee that has lower relative permittivity
and slightly increased dielectric loss. As the fillnickness increases the macroscopic
response of the capacitor tends to be ruled byptile of the film and the detrimental
influence of the interfacial layer tends to be mmized. Besides the influence of the
interfacial layer, the lower Q of BNT thick flm®mpared with BNT ceramics might be
also related with the microstructure of the filmshich have particular grain
morphology and some small volume of residual pdyosn current case, 52m thick

BNT films show excellent Q value for high frequerapplications.
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BNT films with various thicknesses, sintered at@3Q for 3 and 1 h,

respectively, (b) thickness dependence of Q (¥ tasgent) of post

CIP BNT thick films at 1 MHz and comparison with BNeramics
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Compared with other reported microwave thin filfiggble 5.1-1) the BNT thick
films prepared in this work demonstrated an exoélgerformance in terms of relative
permittivity and loss tangent (high Q features)céwling to the authors’ knowledge,
this is the highest Q reported for thick films (3fn) so far.

Table 5.1-1 Electrical properties of fn thick BNT film and ceramics sintered at 1300
°C for 1 and 3 h, respectively. Comparison with thelectric properties of other

analogue reported materials

Electrical properties

System Thickness ~ &0r Cp* Tandand Q (Lhand)  TCe, (ppm/°C) Reference
BNT films by EPD 52m 107atIMHz ~ 0.00060r Q=1600at IMHz  +585(30-120°C) Current work
BNT ceramics 88atIMHz  000030rQ=3333a IMHz  -36.8(30-120C) Current work
BNT ceramics 91at35GHz Q=1771at35GHz  -8t0-46(-2080°C) FuJi Titanium Ind.Co. Ltd
MgTiO, films by MOD*  300nm 21 at 100kHz 0.02 at 100kHz Choi Y. H.-2001
Bay;SaTiO;byCVD 30nm B0fFAm al206Hz 0 00g at 20GHz Baniecki J. D.1998

Ba(MyysTaze)O5 byMOD*  300nm 2.2 at 100kHz 0009 at 100 kHz 145 (25125C) JoshiP. C.-1998

MOD*: metalorganic deposition, CVD*: chemical vapaleposition,

Cp*: capacitance density

Figure 5.1-10 depicts the temperature dependenoaaiive permittivity and the
applied DC voltage dependence of the relative péxity and loss tangent for BNT
thick films sintered at 1300 °C for 1h and the cangpn with the corresponding BNT
ceramics sintered at 1300 °C for 3h. The tempezatiependence of the relative
permittivity of MIM BNT film capacitors was analydebetween 30 °C to 120 °C at
1MHz. As shown in Figure 5.1-10 (a), the relative pernwitit of BNT films is quite
stable as a function of temperature. The temperatapendence coefficient of relative
permittivity was measured in terms of the paramatgf,oAT, whereAg, stands for the
change in relative permittivity in relation to thelative permittivityeo at 30 °C. The
temperature coefficient of relative permittivity 52 um-thick BNT films is calculated
to be lower than +58.5 ppm/°C between 30 °C to “I2@hdicating a good temperature
stability of EPD derived BNT thick films.

Figure 5.1-10 (b) shows the DC electric field dejmrce of the relative
permittivity and loss tangent of 52m-thick BNT films sintered at 1300 °C/1h. The
relative permittivity does not show substantial elegience on the bias voltage and its
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variation is found to be less than 0.02% up topliad voltage of 40 V (8 kV/cm).
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Figure 5.1-10 (a) Temperature dependence of thdvelpermittivity of
52 um-thick CIP BNT films and ceramics sintered at 13D@or 1 and 3 h,
respectively, and (b) DC electric field dependeoiceelative permittivity and

loss tangent of 5gm-thick CIP BNT films sintered at 1300°C for 1h
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The dielectric properties of BNT films sintered1&00 °C for 1h were evaluated
at microwave frequencies by a transmission-refdecttechnique, as described in
chapter 4. Figure 5.1-11 depicts the qualitativaatyalysis of dielectric loss at specific
microwave frequency. No significant increase of ltteses takes place in BNT films up
to 1.4 GHz i.e., the modification of the internak$ of the film was smaller than the
resolution of the experiment of ~0.01 dB for thisguency range. This result indicated
that the EPD derived BNT thick films are suitaldebie used in some high frequency
applications, such as mobile phone.

06 1,cal y
. ASZ1,oaI
- Asn,wnﬁckﬁlm
04 —ASZ1,BNTthickﬁlm -

rel. losses [dB]

frequency [GHZ]
Figure 5.1-11 Change of loss tangent ofif2thick BNT thick films

sintered at 1300 °C for 1h as a function of freaquyaril to 4 GHz

5.1.4 Summary

BNT films on Pt foils were successfully fabricategd EPD using commercial
BNT powders and an acetic acid based suspensioredMer high quality BNT thick
films were prepared by optimising the processingapeeters. It is shown that the
density of EPD derived BNT films can be greatlyreased by applying a cold isostatic
pressing step to the green films, which resulted¢dansiderable enhancement of the
density of the sintered films and as a consequehdbe dielectric response. Dense
BNT thick films displayed a homogeneous microstuetwith a characteristic needle
shape grain growth when compared with equivalergmige samples. Dense BNT thick

films exhibit higher relative permittivity than BUuBBNT ceramics prepared from the
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same starting powders. The dielectric Q is highantany previously reported for thick
films. The excellent dielectric properties at RFdaW frequencies, including good
thermal stability and bias voltage independent ciégace characteristics suggest the
suitability of EPD derived BNT thick films for inggated capacitor and microwave
device applications. EPD is thus proved to be adost and efficient method to process
low loss (high Q) coatings on metal electrodeshigh frequency device, satisfying the
objective previously defined.
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5.2 Effect of Suspension M edia on the Deposition
of BaNd,Ti5014 Thick Filmsby EPD

Abstract:

A successful electrophoretic processing is intiyatelated to a careful choice of
solvents and additives, which should lead to wedpdrsed and stable suspensions for
EPD. In this chapter, the influence of the suspensnedia on the EPD behaviour of
BNT particles is investigated. For that, BNT povwslerere prepared by conventional
solid state reaction, in order to avoid the infleemon the stability of the suspension of
the additives utilized in the commercial BNT powsi@reviously used in chapter 5.1.
Suspensions based on water, ethanol, acetone att acid were employed and
analyzed for the electrophoretic deposition (EPD)BNT powders. Experimental
results revealed that the zeta potential is agdttearward indication of the stability of
these suspensions, since the maximum absolute pential corresponds to a
maximum of the suspension dispersibility reflectedhe particle size distribution and
suspension light transmittance as well. Among tbedusolvents, because of the easy
formation of deposits, acetic acid and acetonestudied in detail. Deposits with a
homogeneous, smooth surface and high depositidd wiere obtained upon adding |
to the acetone based suspension. For these lgstrsisns, the effect of the EPD
processing parameters, deposition voltage, depoditne and suspension composition,
on the characteristics of BNT films is investigate@ptimized suspensions and
deposition conditions allow the production of higiality BNT thick films in acetone

with I, based suspensions.

5.2.1 Introduction

In order to fully utilize the advantages of the EREhnique, a number of
processing parameters must be established, thladent¢he selection of solvents and
additives, deposition voltage, suspension commositsuspension ageing etc. In the
search for the optimization of EPD, scientists aegkarchers concluded that the final
properties of the films are greatly influenced bg powder composition, selection of
the suspension media system to control the zetanpat and stability of the
suspensions. [Negishi H.-2004, Xu Z. G.-2006, Zhitgky 1.-2004]. In other words,
the success in EPD is intimately related to thefohrchoice of the bath composition
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and deposition conditions. [Zhitomirsky 1.-2004]tAdugh the preparation of films by
EPD has been reported from a wide range of suspemsedia, unfortunately there is
not a general suspension medium for the succepsfylaration of thick coatings by
EPD.[Zarbov M.-2006] Usually, an appropriate medidor a given material is
conventionally established through trial and applattempts. The choice of the right
suspension media is one of the most challenge sspe&PD, in terms of reliability
and reproducibility of the method. Therefore, foe EPD of the BNT powders of the
present work to find an effective suspension méalidhe charging of the particles and
stabilization of the suspensions to guarantee @btpnocessing conditions for BNT
films is a crucial task. At the same time it is wamportant to clarify how the
suspensions composition affects the deposition aatk the deposit morphology. In
addition, the process parameters should be studretl optimized to satisfy the
engineering requirements while minimizing the fotima of process defects, which
include variations in the particle packing denslgss of adhesion to the substrate,
cracking of the deposit and surface roughnessicikriass variations.

In the previous chapter of this work it was demmated that using acetic acid as a
solvent, high quality low loss BNT thick films calulbe deposited by EPD. These
studies were conducted with commercial BNT powdérs, simultaneously it was
verified that the reliability and reproducibilityeacritical issues when using acetic acid
solvent. Based on these first observations, it inec&lear the need to conduct a
systematic study on the effect of the suspensiodianen the deposition of BNT
powders by EPD. Therefore, the aim of this chajpdeto investigate the effect of
suspension media on the EPD process and propeftiasricated BNT dielectric layers.
Experiments led to optimized deposition conditidios the fabrication of dense,
homogenous and reproducible BNT coatings on thénpla foil substratesThe
electrochemistry of EPD suspensions is studied disdussed with regard to the
electrophoresis behaviour of BNT suspensions. €leion between suspension media,

process, microstructure and performance of EPBtabéshed and discussed.

5.2.2 Experimental

In this chapter, all the BNT films were preparednfr home-made powders
prepared as described in Chapter 4. The EPD wemjtied in four different solvent
media: de-ionized water, acetone, ethanol, andajlacetic acid (HAC), respectively.

Particular attention was paid to the suspensiompgit@s using the characterization
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techniques also described in the experimental ehaptl the green films were pressed
under a cold isostatic pressure of 200 MPa to esehtre green density. The films were
then sintered in air at 1300 °C for 1 h. The chrézation of the films was as described.

5.2.3 Results
5.2.3.1 Suspension disper sibility

The physical properties of the suspension medid irs¢his part of the work are
shown in Table 5.2-1The pH of water based suspension and operationabfptie
organic-based suspensions is measured by means-bireeter.

The operational pH is defined as:[Sarkar P.-1996]

Pay=pH A, at 25°C (5.2-1)
H=P 5 0591¢ '

where Ry is the negative logarithm of proton activity inganic solvent, which is the
real pH in non-aqueous mediAEj is the difference between the liquid-junction
potentials, pH is the operational readings by adaed pH meter. Thus, for a given
solvent, the Ry can be calculated from the operational pH readinipe non-aqueous
medium. But, within convenience, the operational tekin is usually used in organic

solvent.

Table 5.2-1 Physical properties and EPD performafhcsed suspension media

Suspension media Dielectric constant Viscosity (cP) EPD performance

Water 80 0.89 No deposition
Ethanol 24. 3 1.2 Bad
Acetone 20. 7 0. 306 Excellent

Acetic acid 6.19 1.22 Good

The effect of the suspension media on the BNT suspe stability is investigated
by means of particle size distribution, suspensiansmittance and zeta potential.

Figure 5.2-1 depicts the zeta potential of BNT iphas in the different suspension
media as a function of pH or operational pH. Thdame of BNT particles is positively
charged in acetic acid, pure ethanol and acetoamp@red with the organic solvents,
the zeta potential of BNT particles in water is mdower. Although water is not
suitable for EPD of BNT particles, the data of amuge based suspension are used as

reference for comparison and discussion. A posite® potential of 41 mV for BNT
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particles in acetic acid has been measured at eratpnal pH of 0.8. For ethanol based
suspension, the zeta potential increases from 25a6 mV when the operational pH
value is decreased from 6.7 to 2.8 by adding aelil®® M HCI solution. In this study,
iodine dissolved in isopropanol is used to adjbst dperational pH value of acetone
based BNT suspension. As shown in Figure 5.2-1zét@ potential increases from 7 to
61 by adding 4, accompanied with an operational pH change front6.2.3, which
means that iodine is very effective in charging dmspersing BNT powers in acetone
based suspensions. This result indicates alsdahitbamount of electrical charges on the

surface of BNT powders in the acetone media inegtasth the iodine addition.
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Figure 5.2-1 Zeta potential of different BNT susgiens

Figure 5.2-2 depicts the particle size distributoddnhe different BNT suspensions.
As expected BNT particles show dissimilar dispersicharacteristics in different
suspension media. In the case of water based sispera bimodal distribution of the
particles is obtained, which indicates the existeat particle agglomeration in water.
But in organic solvents (acetone, ethanol and aeastid), the BNT suspensions exhibit
a monomodal narrow distribution of the particleesthat peaks at approximately 0.7,
0.72, 0.45 and 0.2um in ethanol, pure acetone, acetic acid and acetatie I,

respectively. To prepare a well dispersed BNT sosipa for EPD to obtain a dense
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BNT coating, a fine particle size suspension isimegl and BNT suspensions in acetic
acid and acetone solutions present relative gosultse in particular BNT acetone with

I, based suspension.
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Figure 5.2-2 Particle size distribution of diffet@NT suspensions

Transmittance of UV light was recorded for the @iéint suspensions of BNT
particles, and is illustrated in Figure 5.2-3. imditransmittance values of about 70%,
60%, 45% and 10% are obtained for water, ethametoae (acetic acid) and acetone
with I, addition suspensions, respectively. As the timaeases, the transmittance
slightly increases for the organic based suspeasionopposition, this change is very
obvious for the water based suspension. A smaibtrattance and transmittance change
imply that the particles remain in a stable dispérstate for a long period of time,
matching the optimized suspension conditions taubed for EPD. For water based
suspension, besides presenting the highest vdheetiansmittance increases constantly
with the time. In the water based suspension th@nhaof the particles continuously
sediment and avoid the particle stabilization. Bhesults are consistent with the above
analysis of particles size distribution and theazpobtential curves in the different

suspension media.
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Figure 5.2-3 Transmittance of UV light versus tifaethe different BNT suspensions

In addition, it is found that acetic acid and aoetavith b based suspensions do
not present the tendency to an immediate flocandatsettling slowly and forming a
compact deposit at the bottom of the container. él@x water and ethanol based
suspensions, showing both the highest transmittealces, settle rapidly and form low
density and loose compacts.

Based on above results, it is considered that BbMders suspended in acetone
with I, have excellent powder distribution and suspensispersibility. Due to the
marked effect of the colloidal stability on the tyaof the obtained EPD compacts,
high quality BNT compacts or films are expectedéoproduced with high reliability in
acetone withJdbased suspension.

5.2.3.2 EPD behaviour

EPD was attempted with all the studied suspensemmd because the particles are
positively charged (Figure 5.2-1), cathodic depositis performed. However,
acceptable deposition is achieved only from aceatid and acetone with suspensions.
(Table 5.2-1) There is no deposition in water basespension. Suspensions in ethanol
and water exhibit rapid sedimentation when ultrasdreatment is interrupted as
predicted by the above suspension stability studiemcerning ethanol, even for the

operational pH value of 2.8 adjusted to obtainhighest zeta potential, there is still no
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obvious deposition and the obtained deposited $age particularly heterogeneous.
Figure 5.2-4 illustrates the optical micrograph®8dIT films derived from ethanol,
acetic acid and acetone with suspensions, respectively. The complete diamdter o
deposited films should be 10 mm. Very conformal andorm BNT films are obtained
from acetic acid and acetone withblased suspensions. It is worthwhile to mentioh tha
experiments performed with suspensions of pureoaeehave not yielded noticeable
deposition. However, after the addition ef duite uniform deposits are obtained. On
the other hand, it is observed that a thin andflidyer with irregular edges covers

some parts of the substrate in ethanol based ssispsn

(b)
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(c)
Figure 5.2-4 Optical micrographs of BNT films deped from (a) ethanol,
(b) acetic acid and (c) acetone witlsuspensions, respectively

Suspension media effect on the microstructure ofiatered BNT films was
examined by SEM. Figure 5.2-5 depicts the micrastme of deposited BNT films
derived from ethanol, acetic acid and acetone withrespectively. For the two
suspensions media, acetic acid and acetone withrack-free, dense, uniform and
homogeneous microstructure were obtained (Figuzes5b) and (c). A very porous
microstructure was developed in ethanol, where Bjditicles do not cover all the
substrate (Figure 5.2-5 (a)).
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Figure 5.2-5 SEM surface micrographs of BNT thibk$é derived
in (a) ethanol, (b) acetic acid, (c) acetone withuspensions
and sintered at 130C/1h

Ethanol is not a suitable solvent for EPD of BN Wwpers. The EPD performance
of BNT powders in different suspension media is swarized in Table 5.2-1.

Based on the similar microstructures, it seemsetiwelittle difference between the
behaviour BNT acetic acid and acetone withbdsed suspensions in terms of EPD
performance. Because of the good results obtaméerm of deposition further studies
were concentrated on both of these suspension media
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5.2.3.3 Characteristics of EPD of BNT filmsin acetic acid based suspension

As presented above, acetic acid can be used for&MPNT powders, but based
on the previous experiments conducted with comraeBINT powders, reliability may
be a critical issue for such suspension, becauebft deserve to be further inspected.

It was observed for the films derived from acettdabased suspension that the
conformal characteristics of the deposited layegrai@ed as the number of deposition
cycles increased. Figure 5.2-6 depicts the optc@rographs of as deposited BNT
films derived from acetic acid based suspensior20étV for 1 min, as a function of
deposition times, in which this effect is quitearle

(b)
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b

3

(c)
Figure 5.2-6 Optical surface micrographs of grediT Blms

deposited at (a) the first deposition, (b) the flowleposition,
(c) the sixth deposition in acetic acid based susjpas

For one deposition (Figure 5.2-6 (a)), very confakmuniform and crack free
layers were obtained. However, for further deposgithe surface of the deposited films
starts to become less smooth, uniform and conforasalobserved for the fourth
deposition (Figure 5.2-6 (b)) and if the depositoytles continue, the surface of the
deposited films became more and more rough tilloa-continuous surface layer is
formed, as shown in Figure 5.2-6 (c), for the sigtmsecutive deposition. Although
acetic acid based BNT suspension yield good EPDBktfims, the quality of the
obtained films is highly dependent on the numbecaisecutive depositions to which
the suspension is submitted, i.e., on the numberookecutive times that voltages is
applied to the suspension. In terms of productibe,use of the acetic acid will require
a systematic substitution of the suspension measligt is undesirable in terms of
operation and cost.

The deposition weight and electric current throdigh suspension were further
examined against deposition cycles in the EPD hebawf BNT in acetic acid based
suspension in order to track any changes occuminige suspension and are illustrated
in Figure 5.2-7. The deposition weight is 9, 6 tang for the first, forth and sixth
depositions, respectively, and meanwhile, the epoading current through the
suspension is 0.05, 0.6 and 1.3 mA. The decreassd tof deposition weight is
consistent with the above microstructure obsermatid he deposition becomes more
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and more difficult as the current through the saspn increases with the increase of
the deposition cycle. These results clearly shat tiine physical properties of the acetic

acid based suspension change with the course of EPD
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Figure 5.2-7 Deposition weight and current throaghpension in

acetic acid based suspension as a function of deposycles

In order to further analyze this suspension behayia current loop against the
applied voltage was recorded. Figure 5.2-8 show<xthrent loops of BNT suspensions
in both acetic acid and acetone wiglwhen the applied voltage is increased from 100 to
600 V, and then decreased to 100 V. For both cuthiescurrent in the suspension
increases and decreases when the applied voltageages and decreases, respectively.
However, for the acetic acid based suspensionsi(§i§.2-8 (a)) the current is always
higher for the voltage decrease run (from 0.12.i® OGnA at 200 V), when compared
with the voltage increase one, and contrary tobibleaviour observed for the acetone
with I, based suspensions. In this last case, the cursestightly lower for the
decreasing voltage run (from 1.7 to 1.4 mA at aco8A0 V, Figure 5.2-8 (b)). These
results clearly point to the conductivity changethe suspensions during EPD, and to

their dependence on the suspension media.
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in acetic acid suspension
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Figure 5.2-8 Current loop of (a) acetic acid, (b¢tane with 4

based suspensions against applied voltage duriby EP

The changes observed in the suspension currentibehaoint to a change in

the carriers that might come from a chemical modtfon of the suspension.
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The results of ICP-AES analysis of the supernad@rfitesh and aged suspensions
are indicated in Figure 5.2-9, in which the concatiin of Ba, Nd and Ti element in the
solution and the deposition weight are plotted @staihe ageing time. The leaching of
metallic elements from the solution is clearly segfter ageing the acetic acid based
suspension for 48 h, severe Ba leaching from BNWdaws occurred. The concentration
of Ba in the solution increases from about 10 md@é&kg1 mg/kg (Figure 5.2-9 (a)). The
concentration of Nd in the supernatant increasegedisfollowing a similar trend to the
observed for the Ba element, but with lower corgemhe Ti ions is also verified but in
a much smaller scale when compared with the prevedements. At the same time, the
deposition weight decreases with the ageing tingu(g 5.2-9 (a)).

Leaching of BNT ions was also observed in the suggant of acetone with |
based suspensions but in smaller amounts to thosened for the acetic acid based
suspension (Figure 5.2-9 (b)). The highest conagotr of metallic ions in the
supernatant of acetone withBNT based suspension is Ti, followed by Ba and tRdlt
increase with the ageing time increases. The cdrat@n of titanium just increases
from 0.329 mg/kg to 1.58 mg/kg in the supernatdracetone withJ base suspension
after ageing for 5 months (Figure 5.2-9 (b)). A@ same time Ba concentration in the
supernatant is 14 times higher for 48h of ageingdatic acid based suspension than
after 5 month of ageing in acetone withbased suspension. These results clearly
indicate the higher stability of acetone withslspensions and the longer shelf time of
these suspensions that those prepared with a@aticvehich is an important aspect for

industrial applications.
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Figure 5.2-9 Ageing effect of (a) acetic acid abggcetone withy,lbased suspensions

(note: at zero ageing, the elements are from tiggnat pure suspension media)

5.2.3.4 EPD of BNT in acetone with I, based suspension

According to above results, among the studied sugpe media, acetone with |
shows the best performance for EPD of BNT powdarsthis section the process
parameters, deposition time, operational pH andieppoltage, are studied for the
optimization of EPD processing of BNT materials.eTinial-and-error approach was
used to determine the optimal processing conditions

Figure 5.2-10 depicts the deposition thickness reggahe deposition time at a
constant applied voltage of 200 V in which an astgtp variation occurs. A significant
and linear increase in deposition thickness isrdam for short deposition times (from
0.5 to 2.5 min) followed by a limited increase whtwe deposition time is increased
from 2.5 to 3.5 min. From this variation it beconud®wious that EPD is a very efficient
method to produce thick deposits when very shgubdigion times are required. Similar
observations have been reported in the literathNirehplson P. S.-1993] and attributed
to the change in deposition rate and particle catmaBon as deposition continues. It is
noted that in constant voltage EPD, the potentiditced electrophoresis decreases with
increasing deposition on the electrode. This veltdgop across the electrodes hence
results in decrease in the current density andcdjeim the deposition rate. Sarkar
[Sarkar P.-1996] and others [Ma J.-2002] explaittet this phenomenon in constant
voltage EPD is mainly due to the building up of theulating ceramic layer on the

electrode as the deposition progresses.
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From these variations the deposit thickness carsitmply controlled by the

variation of the deposition time at constant afplieltage.
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Figure 5.2-10 Deposition thickness versus depastime in

acetone withJbased suspensions

The operational pH in acetone based suspensioroptasised based on the zeta
potential curve (Figure 5.2-1). The surface ofesietl BNT films deposited at 5.33, 2.34
and 1.43 operational pH of these suspensions igtéepin Figure 5.2-11. At high
operational pH of 5.33, a quite porous microstreeia observed. As the operational pH
value decreases to 2.34, a much denser and honmgeBNT films is obtained, as
shown in Figure 5.2-11 (b). It is worthwhile to adthat this operational pH value,
corresponds to the highest zeta potential. As {herational pH value continues to
decrease to 1.3, a porous microstructure for th& Bhs appeared again (Figure 5.2-
11 (c). The results are summarised in Table 5.Ph2. deposition quality of the film is

indeed consistent with the zeta potential of tregpeunsion used in the preparation.

Table 5.2-2 Deposition quality at various operagiqrH

pH Zeta potential (mV) Deposition quality
<2 56. 97 not uniform

3 61.47 uniform

4 51. 27 uniform

>5 7.04 not uniform
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Figure 5.2-11 SEM micrographs of as BNT films de{suk
at operational pH of (a) 5.33, (b) 2.34 and (cBlir%
acetone withJdsuspension and sintered at 1300 °C/1h
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The driving force for EPD process is the electratdf between the two electrodes
and therefore it is important to know the effecttud applied voltage on the deposition
performance. EPD of thick BNT films under constapplied voltage was performed
and the effect of applied voltage on deposited massinvestigated. From Figure 5.2-
12 one can see that, for the same initial partiolecentration in the suspension, as the
applied voltage increases the deposited thicknesseases. However, the observed
relation is not linear; for the case under studyemwlhe applied field exceeds 240 V

there is a drop in the thickness deposited mass.
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Figure 5.2-12 Deposition thickness of BNT filmsaafinction
of applied voltage in acetone withdased suspension and 1 min deposition

The observed deterioration of the deposited thisgknas the applied voltage
increases above a certain value can be due toighedhiving forces of the particles at
high fields. Under these conditions the depositedsns limited and the deposited layer
is heterogeneous resulting in a lower powder packiensity. 200 V is the adequate
applied voltage for the present case.

Based on this set of experimental results the adtoonditions for EPD of BNT
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powders were identified as: i) suspension mediatcae wit }, at pH: 2-3 and ii)
applied voltage: 200 V. Using these parameterd)-gigality, uniform BNT films on Pt
foils were obtained.

The structure of sintered BNT thick films was asaly by XRD. Figure 5.2-13
illustrates the X-ray diffraction patterns of BNilhis sintered at 1300 °C/1h and of the
starting BNT powders for comparison. The BNT filreghibit a well-crystallized
orthorhombic structure phase, and all the diffacpeaks are identified as belonging to
BaNd,TisO14 (JCPDS card 33-0166). No second phases were détetithin the
equipment detection limits and no detectable ditaraof the materials structure

occurred for sintered BNT thick films when comparimith the starting powders.

BNT films
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Figure 5.2-13 XRD patterns of BNT powders and fileposited from acetone
with I, based suspension and sintered at 1300 °C/1h (REtra lines
for the JCPDS card 33-0166 are indicated at thkobdf the figure)

5.2.3.5 Didlectric properties
BNT films deposited from ethanol and acetone witlhdsed suspensions were
chosen to study the effect of the suspension madithe dielectric properties of BNT
films. This choice was related to the fact thatemaptimised conditions there is a little
difference in the final quality of the films dertyérom acetic acid and acetone wigh |
Figure 5.2-14 represents the frequency dependehtee aelative permittivity
and loss tangent of BNT thick films derived fronhatol and acetone with bhased
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suspensions. At 1 MHz, the relative permittivityrs is 96 and 62, the loss tangent is
0.0005 and 0.01 for BNT thick films derived frometmne with 4 and ethanol based
suspensions, respectively. As expected BNT thitksfiderived from acetone with |
suspensions exhibit enhanced electrical performamicat is related with the more
dense and homogeneous microstructure of these fimsn compared with those

prepared from ethanol suspensions. (Figure 5.2-5)
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Figure 5.2-14 Relative permittivity and loss tangehBNT films
deposited from ethanol and acetone withdsed suspension

as a function of frequency and sintered at 130QKC/

5.2.4 Discussions

In this work the suspension stability was analysederms of zeta potential,
particle size distribution and suspension transmdé (Figures 5.2-1, 2 and 3). The
highest absolute zeta potential determined valoe$h, 48, 41 and 17 for the acetone
with I, ethanol, acetic acid and water suspensions, cegpky, which are in agreement
with the high stability and dispersibility, smalanpicle size and narrow particle size
distribution and low UV light transmittance of tteeetone with J suspension. So,
according to Table 5.2-1, acetone wittbased suspensions correspond to the group of

suspensions with excellent stability. Indeed thst ligms in terms of microstructure,
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densification and dielectric properties were oladiwith these suspensions.

5.2.4.1 Limitation of acetic acid based suspensions

Although acetic acid based suspensions can alsaskd for EPD of BNT
materials, the reliability and reproducibility dfe deposition was verified to be hard to
control, limiting its utilization.

It was found that the current flow through the srspon markedly increases as
the deposition times increases (Figure 5.2-7). Méde as the aging time increases the
leaching of metallic elements occurs (Figure 5.2k®the suspension of BNT powders
dispersed in glacial acetic acid, barium ions eangrface of the BNT powder will react
with the acid to form barium acetate and waterpetiog to the reaction:

BaZ*+2CHCOOH +20H—~Ba(COOCH), + 2H,0 (5.2-1)

similar reactions occur between X@nd Ti* ions and acetic acid.

Water is an electrolyte and undergoes electrolysider the electric field that
together with the increasing content of leached,i@mauses the increase of the content
of free ionic species and the current flow in thepension, as observed in Figures 5.2-7,
and 8. Concomitantly, as the EPD process contiandsthe electric field promotes the
dissolution of BNT powders, the quality of the dsiped films is markedly degraded.

At the initial stages of EPD, the double layer surding the dispersed particles is
not greatly affected and particles remain well drspd. The current flow through the
suspension is very small during EPD and, consetuentniform deposition with high
deposition mass rate is observed for the first ditjpos (Figure 5.2-6). As the EPD
cycles proceed and the concentration of free igpiecies in the suspension increases
the level of particle agglomeration increases,rtte of deposited mass decreases and
the quality of the deposited layers degrades.

According to the DLVO theory [Derjaguin B. V. -194%erwey E. J. W. -1948],
the thickness of the double layer surrounding taeiges characterized by the Debye
length, is very sensitive to the electrolyte coraion. It is demonstrated that the
potential energy peak decreases as the electrobyieentration increases and as the
energy barrier disappears, coagulation becomesufabte. In acetic acid based
suspensions, the increase of water and leached met increases the electrolyte

concentration and causes the coagulation of pastidThe same phenomenon was also
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reported for EPD of PZT in acetic acid and othetams. [Wu A.Y.-2006, Biesheuvel P.
M. -1999, Tassel J. V. -2004]

The increasing content of the leached elements\aner, formed as a reaction by-
product, are responsible for the observed augnfeheaurrent, and, as a consequence,
for the gradual increase of the suspension instabjiwinslow W. M -1949]. These
observations explained why EPD of BNT gradually rdegs in acetic acid as the
deposition times increases, as shown in Figuré5.2-

Although the leaching of the metallic elements served in acetone with |
suspensions as well, the content of leached elenmemesidual being 14 times smaller
than in the acetic acid based suspension, anddingbr the variation of the current in
the suspension is also inferior. At the same tiheedurrent loop presents the opposite
behaviour to the one observed in acetic acid bagspensions, in which an increase of
the current is verified for the reversed curve (Fgy5.2-8 (a)). This observation
strongly supports the above presented explanafiba.lower values of the current for
the case of acetone with based suspensions indicate the absence of extdéseo
carriers in the suspension, as the EPD cycles pdycas a consequence there is no
visible degradation of the EPD performance durirgpasition in acetone with; |
suspensions when compared with the observed fadbkc acid based suspensions.

It is then demonstrated that the aging of the aaatid based suspension have
quite negative effects on the EPD process of BNTensads, such as, leaching of the
metallic elements with a consequent modificationtltd material stoichiometry and
formation of water with associated formation of bid@s and degradation of the film
compactness. These facts severely restrict theofisgcetic acid for an industrial
application. Compared with acetic acid based suSpenit was then identified that

acetone withJis the proper suspension media to perform EPDNT Bowders.

5.2.4.2 Roleof iodine

BNT powders develop a positive surface charge ire @cetone (Figure 5.2-1).
Due to the very week acidity of acetone in relatiorwater, thus generating a limited
proton concentration in the solvent which adsontefgpentially at the powder surface,
in pure acetone most of the powder sediments imaegi This means that pure
acetone is insufficient to stabilize and charge Bi¢wders for EPD.

A considerably more stable suspension is produgeddding a small amount of

iodine solution. 4 in acetone based suspensions was referred to bffeative additive
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to disperse ceramic PZT, BST, YSZ, and YBCO for gf@cess. [Nicholson P. S -1993,
Zhitomirsky 1.-1998] lodine dissolves rapidly iroipropanol where it reacts producing
positively and negatively charged ions, accordmghie following equation: [Mathews
T. -2000]

CHgCHOHCH +1,—>CH3CHOICHz + H" + I (5.2-2)

it is then suggested that the protons generatatidogibove reaction are adsorbed on the
surface of the suspended BNT particles, making tpesitively charged and enhancing
the electrostatic repulsion force (Figure 5.2-I)dded, it can be seen that as the
operational pH value decreases from 6.5 to 2.3y#éhge of the zeta potential increases
considerably from 7 to 61 mV. However, as moreneds added to the suspension, i.e.,
when operational pH value decreases from 2.3 to thel large amount of the free
positive charges results in the reduction of thebdl® layer thickness and, hence, in the
decrease of the zeta potential to the value 51 mV.

In EPD the application of a dc field forces theipwsly charged BNT patrticles to
move towards and deposited on the cathode. Thesdegomass on the substrate is
almost zero in the acetone based BNT suspensidoutib. For pH>5, a small amount
of H" ions in the suspension is produced, the zeta patés low, the suspensions are
insufficiently dispersed and the transported madsmited resulting in thin, porous and
not homogeneous films (Figure 5.2-11). Indeed kriswn that if the zeta potential is
low, the particles tend to coagulate even for nedalarge inter-particle distances,
leading to porous and sponge-like deposits. On dbetrary the deposited mass
increased rapidly with the addition of iodine, ig@od agreement with the results of the
zeta potential variation. If the particles haveightzeta potential, during the deposition
the existing repulsive forces will keep them agda#dding to a high particle packing
density of the compact [Krueger H. G. -2004].

While the suspension stability is directly deperidanthe zeta potential, which is
determined in this case by the iodine additionjnedcontent also affects the ionic
conductivity of the suspension. And the ionic cortdity determines the interaction
energy between the suspended particles in the diulke suspension, which influence
the stability and dispersibility of the suspensiongth too much 4 (at pH<2), the high
ionic concentration results in the reduction of twuble layer thickness of the BNT

particles and in the drop of zeta potential (fighr2-2), which in turns results in particle
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coagulation and sedimentation. The colloid parsi@&perience no repulsive force in a
high ionic strength. Under such circumstances,daagulation occurs and the system is
completely unstable resulting in a low quality lo¢ tdeposition.

As a result, the iodine concentration chosen foroperational pH of the
suspensions was around 2-3, for which the highetst potential values and uniform
depositions were obtained. Similar observationsewleund for the EPD of different
materials. [Chen C. Y. -1999, Bouyer F.-1999]

5.2.4.3 Effect of deposition time and applied voltage

For the same initial powder concentration in thespgmsion, the yield of
deposition increases as the dc voltage and depoditne increases. The relationship
between deposition mass and dc voltage or depoditioe fits a linear relationship.
This yield of deposition varies linearly with th@pdied field and deposition time

according to Hamaker’s equation [Hamaker H. C. 6194
M = ['aACpEdt (5.2-3)

whereM stands for the mass deposited in tings), C for the particle concentration in
the suspension (kgfy E for the electric field (V/m)A for the electrode area fnm

for the electrophoretic mobility (MVs), anda stands for a coefficient representing the
fraction of particles deposited near the electrode.

In this work it was found that for fixed applieckli the deposition becomes
slower and slower with increased or prolonged diépostimes (Figure 5.2-10). Similar
observations were also reported by Chen et al [Ghdn-2001] for the deposition of
YSZ. The relation between the deposited mass aaddéposition time is linear for
initial periods of deposition, but as the depositibme increases, the deposition
decreases and attains a plateau at very high digposimes. In a constant voltage EPD,
this is expected because while the potential diffee between the electrodes is
maintained constant, the electric field decreasils the deposition time due to the
formation of an insulating layer of deposited paAes on the electrode surface.
[Zhitomirsky 1.-1997] The decrease in the effectiied strength during the EPD can be
avoided under constant current conditions.

The other parameter that will also affect the ndegsosition rate and which may
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change during the course of the deposition is thid sontent of the suspension. If the
solid content is not kept constant, for exampleabgontinuous inflow and outflow of

the suspension, the decreasing powder concentradibntime results in a decreasing
deposition rate.

Because high applied electrical fields increase ghdicle flux and movement
towards the counter electrode, the applied fieliiecéd the deposition rate and the
structure of the deposit also. Normally the amafrdeposited powders increases with
the increase of the applied potential (Figure 2p-1In the meantime, for the present
case, the deposited film thickness dropped wherapipdied voltage is increased from
240 to 300V what can be due to interactions betwkerparticles and local turbulence
in the suspension created under very high drivomges. Under these conditions the
highly mobile particles will find difficulties in mwving steadily towards the counter
electrode and “sit and rest” on the substrate tanfa close packed green structure.
Under high electric fields the deposition processs Wreatly affected, a high level of
non-uniformity developed and porous deposits werméd. Similar observations were
reported for the deposition of zirconia electrolfites in acetic acid [Basu R. N.-2001]
and nanosized cordierite powders [Kaya C.-2002)vimch more uniform films were
deposited at moderate applied fields, whereasilimeqguality deteriorates if relatively
high applied electric fields were used.

On the other hand, at very low applied voltage ¥YOporous BNT films are
obtained. For voltage < 40 V the adherence is moeptable and the deposits are
partially washed away as the cathode is being eetafrom the cell. This very porous
microstructure can be attributed to the weak adivereof the deposit to the electrode
under very low voltages. In the current work theexénce of the deposit to the cathode
is adequate for voltage > 80 V.

According to above analysis of the applied voltaffect, an optimised uniform
deposition is achieved for BNT acetone withwithin about 200 volt.

5.2.5 Summary

Suspension stability and zeta potential from déférorganic suspensions reveal
that the suspension composition determines whetlgeposition occurs at the electrode
or not. Among the studied suspension medias, aeetath L was found to be a suitable
suspension media for the EPD of BNT thick films.ddn the present conditions the

results obtained in this work indicate that thetage with } - iso-propanol system is an
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effective suspension media for the deposition off lmss BNT thick films. The
limitation of acetic acid is related to the instapiof the BNT suspension with the time
and during the course of EPD. Owing to the mordoam, homogeneous and dense
microstructure, BNT films deposited from acetonghwk, based suspensions show
higher relative permittivity and lower loss tangémn from ethanol based suspension.
The EPD parameters, i.e. applied voltage of ab00t\2 and } concentration at
operational pH of 2-3, were optimised to obtainhhggiality, uniformly deposited BNT

films in acetone based suspensions.
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Chapter 5-5.3

5.3 Effect of Sintering Temperature on the
Sructure, Microstructure and Dielectric
Properties of BaNd,TisO14 Thick Films

Abstract:

In this chapter, the effect of the sintering tenap@re on the structure, microstructure
and dielectric properties of BNT thick films is dted. An alternative approach to tailor
the temperature coefficient of the relative permitit (TCe,) of low loss BNT dielectric
thick films is presented. The anisotropic grainvgtoobserved in these BNT thick films
is facilitated by a constrained sintering. The @ase of the sintering temperature
markedly increases the aspect ratio of the graiesieases the relative permittivity and
TCe, changes from -114 to +12 ppm/°C. By controlling tintering temperature, near
zero TG, high Q thick films can be fabricated with 45<70. These findings are of
technological relevance since they demonstrate that control of the substrate
constraint and of the sintering conditions can $&duo control the grain anisotropy and

thus the dielectric properties of BNT thick films.

5.3.1 Introduction

Compared with the corresponding BNT ceramics, BKIiCkt films sintered
under the same conditions and at 1300 °C, exhibibkavious textured microstructure
characterised by markedly elongated grains (Figute8). Because the microstructure
of ceramics has an important impact on their fipedperties, the reasons for this
elongated grained microstructure and its relatiath whe dielectric response, need to be
understood and is the subject of the study ofdhépter.

As reviewed in chapter 1, BaO-R®-TiO, (Re-rare earth elements, e.g. Nd, Sm,
La, Pr) materials (BRT) possess a tungsten broyge dtructure with an orthorhombic
unit cell (space group-Ph#, No.26). [UbicR. -1998] The framework of the corner-
sharing TiQ octahedral in the ab-basal plane links along th&is with zigzag tilting.
[Varfolomeev M. B. -1988] As a result of the anregic crystal structure BRT ceramics
(and crystals) tend to exhibit, in particular pregiag conditions, thédevelopment of
needle-like or elongated shaped grains, which gaang the preferred c-axis
orientation. In the XRD pattern of these anisottopolycrystalline ceramics the (hk0)

diffractions will be stronger than the other difftmns. However, the consistent
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presence of elongated grains in EPD films (sintexte#i300 °C / 1h) and the equiaxed
grains observed in the corresponding BNT ceranjies, Z.-2007] implies that other
aspects should be considered beyond the crystaitsite, in order to understand the
causes for the elongated grain growth of BNT films.

This chapter therefore investigates the impachodd effects on the anisotropic
microstructure development of BNT films and therenythe properties. These effects
are: 1) the electric field used for EPD, 2) thesttdie and 3) the sintering temperature.
This knowledge will allow the tuning of the microstture in order to optimise the final
properties.

EPD derived BNT thick films were then prepared unddferent processing
conditions to inspect the above effects on thewdiai of the textured microstructure.
The reasons behind the observed textured micrdstejcthe dependence on the
processing parameters and the relations with tia flielectric properties are presented
and discussed. Ultimately this chapter presentaltmnative approach to control the
TCe, of high Q materials that, when combined with the possibildyscale down the

size of the device, may be of practical utility.

5.3.2 Experimental

In this chapter, all the BNT films are preparednionome made powders and
sintered between 1300 to 1450 °C for 1 h. In otdezompare the final properties with
those of BNT films, BNT ceramics were prepared aimtered at 1450 °C /1h as well.
The experimental details are as described in Chdpte

To exclude the effect of the electric field durittge EPD process, BNT films
were also prepared by the dip-coating techniquiagukie same suspension utilised in
the EPD process. In addition, to further invesigidie effect of the substrate a carbon
layer was deposited on the top of some Pt substhgtelc sputtering that are then used
to prepared partially “free-standing” sintered BNiIms to be compared with
constrained sintered ones. For more details albeudé¢position of graphite layer can be

consulted in Chapter 4.

5.3.3 Reaults
5.3.3.1 Effect of the electric field
The electric field used during EPD is a possibleseafor the development of

textured growth on BNT materials. To clarify thifeet BNT thick film were prepared
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under different dc voltages.

Figure 5.3-1 shows the SEM micrographs of fractisedaces of BNT films
deposited at 40, 200 and 600 V and sintered at 2B8001h. The microstructures are
characterised by elongated shaped grains and saargranular porosity. As observed
there is no obvious difference in terms of gragesgrain shape or aspect ratio between
the microstructure of the films prepared underedéht voltages, indicating a negligible

effect of the voltage on the textured microstruetdevelopment.
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_

(d)
Figure 5.3-1 SEM micrographs of fractured surfafeBNT films
deposited under (a) 40V, (b) 200V, (c) 600V, and
(d) by dip-coating and sintered at 1300 °C / 1h.

The effect of the electric field was further analysby reducing it to zero. BNT
films were prepared by dip coating to exclude tffece of the electric field. SEM

fractured surface image of dip-coated BNT filmstesiad at 1300 °C for 1h is also
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depicted in Figure 5.3-1 (d). No significant difleces are detected in the
microstructure of these films; elongated graing/\s#milar to the ones observed in EPD
films characterise the microstructure of dip-coaBMT films. These results confirm
that the electric field used in the EPD process massignificant influence on the
textured microstructure development of BNT thidkn&. Based on previous and above
observations 200 V was selected as the operatiwwitdge for the fabrication of the

films in this study.

5.3.3.2 Effect of the substrate

Compared with the ceramics, films are 2-dimensi@talctures, meaning that
the densification process is not free in the diogst of the plane as in the bulk materials,
but instead is a constrained process in which féhmink preferentially along the out of-
plane direction and differently from the in-planieedtion. The clamping effect of the
substrate on the film and the resultant mecharstaisses, induced by the different
thermal expansion coefficient and lattice paranseteetween BNT films and the
substrate and aroused during the sintering stepy, aiso affect the microstructure
development.

In order to remove or decrease the effect of thestsate a carbon buffer layer
was deposited on the top of the Pt foil. During shreering step the carbon interlayer is
burnt out causing an intermediate free-floatinggstaluring which the film sinters
unconstrained and independently from the substrBigure 5.3-2 compares the
microstructures of fractured surfaces of BNT fildeposited onto carbon coated Pt and
bare Pt substrates and sintered at 1350 °C/1hhéwsrsin the Figure 5.3-2, BNT films
on bare Pt substrates present higher aspect rhtibeoelongated grains than those
observed on the carbon coated Pt substrate. Thectasatio of elongated grains
increased from 6 for BNT films on carbon-coatedstrdies to 8 for films on bare Pt
ones. The aspect ratio, defined as the quotientdszt the length and the diameter of
each grain, was computed using an imagine anabaiisvare (analySIS 3.2) and
lengths and widths of around 100 grains from sd\&E micrographs were measured
and average values computed. Though the differendbese aspects ratios is rather
small due to the fact that the constrained effectat completely removed (the removal
of constraint is only partial and occurs primardglow 1000 °C, and grain growth
occurs predominantly during the last stages ofsthtering process), these results point

to the origin of the effect and suggest that thenghted texture is related to the
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substrate and favoured by the constrained sintering

.

25.BkY X2.99K

(b)
Figure 5.3-2 SEM micrographs of fractured BNT filsistered at 1350 °C / 1h

on (a) carbon coated Pt substrate and (b) purel3trate
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5.3.3.3 Effect of the sintering conditions

The influence of the sintering temperature on therostructure evolution was
then analyzed. SEM images of fractured and polishtétermal etched surfaces and
polished cross sections of BNT films sintered #fiedent temperatures are depicted in
Figures 5.3-3 and 4. Anisotropic elongated grains waell developed in all the
microstructures, but enhanced as the sintering eéestyre increases. After sintering at
1300 °C the films present some porosity. As thepnature increases the elongation of
the grains increases markedly, being maximisedhi@ifilms sintered at 1450 °C. From
the surface images grain aspect ratio is calculateglantify the texture degree of the
films and the results are indicated in Table 5.34ie aspect ratio is increased from 5 to
23 when the sintering temperature is increased 860 to 1450 °C, in agreement with
the observations. This increment is more pronouf@ethe high sintering temperatures.
The aspect ratio varied from 5 to 8 for films sieteat 1300 and 1350 °C and from 8 to
18 for the films sintered at 1350 and 1400 °C, eespely, which clearly indicates the
strong dependence of the textured microstructurBNT thick films on the sintering
temperature.

X3.00K 180.8u5m
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X2.99K 18.8rm @ X3.091iK 9.895usm

XE SSK 18.8rm ><3 BBK 1@ B,Um
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=
n

X3.0080K 18.8rm '« X3.80K 18.8s5m

Figure 5.3-3 SEM micrographs of fractured (a, @)egnd polished and etched (b, d, f,
h) BNT films sintered at various temperatures féwolr: 1300 °C (a and b), 1350 °C (c
and d), 1400 °C (e and f) and 1450 °C (g, h ardllgw magnification of the films
sintered at 1450 °C is also presented (i)

Table 5.3-1 Aspect ratio of BNT films versus thetsring conditions

Sintering condition 1300 °C/1h 1350 °C/1h 1400 °C/ih 1450 °C/1h
Aspect ratio 5 8 18 23

From the polished cross sections of the films saatdetween 1300 and 1450 °C,
a high degree of compactness with only remaininggity is clearly seen from these
images for all the films (Figure 5.3-4). As thetsiimg temperature increases the
porosity decreases, being “residual” for the filmistered at 1400 and 1450 °C.
Corroborating the plane view images the SEM miapgrof the cross section of the
film sintered at 1450 °C (Figure 5.3-4 (d)) depi&tgery dense microstructure in which
the elongated grains are mainly lying in plane gpjarto the substrate). In addition it is
obviously seen from these cross sections that itims thave a good adhesion to the
substrate, the interface between the film and thestsate is clear and no particular
defects /effects are observed. For a more careflysis of the interfaces TEM analysis
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were conducted in some of the samples and the edsdnnterfacial reactions proved.

As indicated in Figure 5.3-5, the interface betwB&A and Pt is clear and clean.

29.8kYV X1.58K 28.8rm

o e

25.0kV X2.00 15.8u5m
(b)
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25.BkV X3.B0K 16.@4m

ES BkU ><4 BBK 7 SByn;nl
(d)
Figure 5.3-4 SEM micrographs of polished and etalreds sections of

BNT films sintered at various temperatures for tiho
(2)1300 °C, (b) 1350 °C, (c) 1400 °C , and (d) 1450
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Pt substrate

BNT film

Figure 5.3-5 TEM interface micrograph between
BNT films and Pt substrate, sintered at 1350 °C/1h

From some of the polished and thermally etched &lmfaces one can notice a
group of equiaxed grains dispersed within the matfianisotropic grains. Figure 5.3-6
presents a high magnification SEM micrograph (Fegbu3-6 (a)) and the EDS analysis
(Figure 5.3-6 (b)) of one of these equiaxed gréimdicated as “A”) observed in a film
sintered at 1350 °C/1h. EDS analysis points to tAdtgrains are rich in Ti and
deficient in Ba and Nd species, compared with thE Bnatrix grains (indicated as “B”)
(Table 5.3-2). TEM technique was employed to furthealyze the structure of the
grains “A” and “B” in BNT films sintered at 1350 7Th. As illustrated in Figure 5.3-7,
the electron diffraction shows that the “A” graisamuch amorphous; on the other hand,
the grains “B” are quite crystallized.
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Figure 5.3-6 SEM micrograph of polished and etchatiace
(a) and EDS analysis (b) of BNT films sintered 35Q °C/1h
Table 5.3-2 Atomic composition of A and B phasetedrined by EDS of BNT films
sintered at 1350C/1h

Ba (atm%) Nd (atm%) Ti (atm%)
A 1.81 1.48 43.59
B 6.66 12.16 40.79

Figure 5.3-7 Electron diffraction pattern of BNTidk films sintered at 1350 °C/1h
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For comparison BNT bulk ceramics were sintered umientical conditions at
1450 °C for 1h and the microstructure is illustaite Figure 5.3-8. As expected BNT
ceramics sintered at 1450 °C present an elongated growth. However, this grain
elongation is obviously less intense than the dmgeved for the equivalent sintered
films. (Figure 5.3-3 g-h)

Figure 5.3-8 SEM micrograph of a polish and theratehed surface of
BNT ceramics sintered at 1450 °C/1h

Figure 5.3-9 illustrates the X-ray diffraction matt of BNT films sintered at
various temperatures. Also depicted is the X-rdifyadition pattern of BNT powders for
comparison. For every film all the diffraction psawere identified as belonging to
BNT (JCPDS card 33-0166) within the equipment detadimits. No second phases
are detected. However some differences in the sitienf the diffraction lines at@of
32.3° and 43.1° are observed which seems to bedittdkthe microstructure anisotropy.
The intensity of (hk0) peaks such as (2 10 0)6abR43.1° increases with increasing
sintering temperature from 1300 to 1450 °C. In @mif the peak intensity
corresponding to (hkl), such as (311) &to? 32.3° becomes weaker. These observations
indicate a (hkO) preferred orientation of BNT thiftkns, which is dependent on the

sintering temperature and deserve to be furth@ertsd.

138



Internsity (a.u)

Chapter 5-5.3

(210 0)

el |||'- l
30

Figure 5.3-9 XRD patterns of BNT films sinteredsatious temperature and
BNT powders calcined at 1200 °C for 3 h (JCPDS 88r8166 are indicated
at the bottom of the figure)
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Figure 5.3-10 Rocking curves of (2 10 0) peak oflBNms
sintered at 1300 °C / 1h and 1450 °C / 1h
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The rocking curve of (2 10 0) peak is illustratedFigure 5.3-10 in which a
relatively intense and narrow peak is displayedBdIT films sintered at 1450 °C/1h
when compared to the less intense and broadendédgbele films sintered at 1300
°C/1h, in which FWHM is 22 degree for BNT 1450 9CAnd 28 degree for BNT 1300
°C/1h. Although the difference in terms of FWHM st very high, it reflects the
textured microstructure differences between these films. It is worthwhile to
emphasise here that these are ceramic films witiexaured” microstructure and not
epitaxial.

Figure 5.3-11 portrays the X-ray pole figures of BNIms sintered at 1450
°C/1hin (150) (R = 21.2°) and (121) @= 25.5°), which are two isolated diffractions
representing (hk0) and (hkl) crystallographic diiets, respectively. In the pole figure
for (150) direction the projected piercings areuped in a central band whereas in the
pole figure for (121) direction the projected piags are spread all over the sphere.
Thus an obvious (150) texture is present in thdd& BIms. These results confirm the
(hk0) preferred orientation of BNT films and its p@g@mdence on the sintering

temperature, and are consistent with the SEM anD ARalysis shown in Figures 5.3-3,
9 and 10.
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(b)
Figure 5.3-11 X-ray pole figure distribution conpesiding to
(a) (150) (B = 21.2°) and (b) (121) 2= 25.5°) diffraction
reflections of BNT films sintered at 1450 °C/1h

Lotgering’s equation was used to calculate the elegif texture along the (2 10
0) direction: [Lotergering F. K. -1959]

fi= (A-Po) / (1-R) 3®)

where Pi stands fori® iy Iy and B=>loi/Y loniy- In this case the subscript “i” in the
equation indicates (2 10 0) plane index and thesmit “0” indicates the
corresponding random powder material, that is us®d standard to determing. P
Therefore, f(2 10 0) indicates the (2 10 0) origataon the surface of BNT thick films.
2li and ZKhkl} stand for the sums of the peak areas for sir@ered specimen. Figure
5.3-12 illustrates the variation of the texturetdac(f) for (2 10 0) orientation
determined by equation (1) as a function of théesing temperature. The degree of (2

10 0) preferred orientation is increased from 19%83% as the sintering temperature
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increases from 1300 to 1450 °C, supporting alptieious observations.
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Figure 5.3-12 Texture factor of (2 10 0) directaBNT films, calculated

by Lotgerin’s equation, as a function of the singetemperature

5.3.3.4 Electrical properties

The variation of the permittivity and loss tangemteasured in the direction

normal to the substrate plane, of BNT thick filnmstered at different temperatures as a

function of the frequency is represented in Figbu®13. As the sintering temperature
increases from 1300 to 1350 °C, the permittivityBNT films increased moderately
from 96 to 104, however, for higher sintering tenapere the dielectric permittivity
dropped markedly to 69 and 47, as for the fiimsesed at 1400 and 1450 °C,
respectively. In contrast, the loss tangent of BNIi€k films did not show an obvious

change when the sintering temperature was incrdes®dl 300 to 1450 °C.
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Figure 5.3-13 Relative permittivity (a) and lossdant (b) of BNT films

sintered at various temperatures as a functiohefrequency

The dependence of relative permittivity and losgyént on the applied dc voltage
at 1 MHz of BNT films sintered at different tempienas is depicted in Figure 5.3-14.
The relative permittivity does not show any vapativith the bias voltage, while all the
values of loss tangent at 1 MHz display good bitage stability and low losses of the
order of 10°. These loss values of the BNT films imply suitapifor the front-end

wireless applications.
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Figure 5.3-14 Relative permittivity (a) and lossdant (b) of BNT films
sintered at various temperatures as a functioheofpplied dc voltage at 1 MHz

Interesting is the variation of the temperature etelfgnce of the relative
permittivity of BNT films with the sintering tempature (Figure 5.3-15). The most
noteworthy point here is the change of the tempezatiependence of the relative
permittivity from a negative to a positive valuethvithe increase of the sintering
temperature. The slope of the line is negativefilons sintered until 1400 °C and
changes to positive for the films sintered at 14%5) which indicates that the
temperature dependence of the relative permittiafy BNT thick films can be

controlled to a desired value close to zero ifesied at the appropriate temperature.
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Figure 5.3-15 Temperature dependence of the relagvmittivity
at 1IMHz of BNT films sintered at different tempenads
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Figure 5.3-16 that plots the variation of tempematgoefficient of relative
permittivity (TCe;) and grain aspect ratio of BNT films as a functmfnthe sintering
temperature. T& was computed in terms of the paramaige,AT, whereAe stands for
the change in relative permittivity in relation permittivity at 30 °C,g. As the
sintering temperature increases from 1300 to 1450TCs, changes from -114 to +12
ppm/°C, associated with the increase of the ag@ict from 5 to 23. For BNT films
sintered at 1450 °C, +12 ppm/°C of §QGneets the demands for practical MW
applications, in which T€ should be below 15 ppm/°C. The observed relateiwdéen
TCe;, measured in the direction normal to the subsirltee and the grain aspect ratio
indicates that the change in Qs the result of the anisotropy changes in théutex
morphology of BNT films and this variation can bkaldred through the sintering
temperature. Moreover a linear relation betweern, ®#0d the relative permittivity of
BNT films sintered at different temperatures isared (Figure 5.3-17), verifying the
simple relation between &Cande, (TCe a &) observed for higlQ microwave ceramic
dielectrics. [Reaney |. M. -2006] Values of g:ncrease from -114 to +12 ppm/°C as
the relative permittivity drops from about 104 . 4
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Figure 5.3-16 Dependence of d:@nd aspect ratio of BNT

thick films on the sintering temperature

145



Chapter 5-5.3

TCe, (ppm/°C)

40 50 60 70 80 90 100 110
Relative permittivity

Figure 5.3-17 Relation between g:@nd relative permittivity of BNT thick films

5.3.4 Discussions

The observed results unambiguously demonstratehbagubstrate has a marked
effect on the microstructure development of BNTckhifilms. Compared to the
corresponding unconstrained ceramics and partiedly-sintered BNT films deposited
on carbon coated Pt substrate, BNT films on barguBstrate exhibit a highly textured
microstructure with a high aspect ratio of the ghtied grains. These results can be
explained by the existing stresses in the filmssedlby the constrained sintering on Pt.

During the sintering of a green film on a substsdtignkage does not take place
along the substrate plane. Instead, the film skregpreciably in the normal direction
but almost not in the plane and the total shrinkegémited to the film thickness.
[Bordia R. K. -1985, Bordia R. K. -1988] As a rasutresses will be developed in the
film, particularly in the film plane that will aft# the sintering process (densification
mechanisms and grain growth).

A prediction of the sintering of complex green lesliis possible using a
continuum mechanics model incorporating sinteritigsses and sintering viscosities.
[Bordia R. K. -1985, Bordia R. K. -1988]An isotropic formulation was firstly

developed to understand the densification of camstd films, and according to the
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relationship: [Bordia R. K. -1988, Green D. J. -8D0

constr. free
o) _1+vP 1 o
(7] s g(ﬂ (5.33)

where the normalized densification rate for a f@gering body is -6 the effect of

the constraint is to reduce the normalized deraifbo rate of the film, and the
magnitude of this reduction depends on the viscBossson's ratio,v’. In fact,
constrained films shrink more rapidly in the undeosised direction in comparison with
freely sintered specimens, but not at all in théeotdirections, so that global
densification is retarded. An in-plane biaxial istress develops that retards overall
densification and the maximal achievable density/lvé lower than in the free sintering
conditions. In addition processing defects, sucbrasks or debonding may be induced.
[Bordia R. K. -1988, Scherer G. W. -1985]

More recently it was proved that the isotropic modees not satisfactory
describe the constrained sintering behaviour amdresversely isotropic formulation for
a sintering of constrained bodies was developedillgd O. -2007] The essential
premise of the isotropic model is that the micnostinres of free and constrained bodies
are identical. However, this is not the case, amdsless and less as the densification
increases [Guillon O. -2007]. It was recently prmvihat the stresses induced by
constraint lead to the development of anisotropicrestructures during sintering. For
cases where either a non-isotropic strain or notrapic stress field is applied to the
sintering bodies, directional diffusional fluxesateto elongated pores and as soon as
grain growth sets in to elongated grains. [Greed.D2008] Indeed constrained sintered
BNT films exhibit a high textured microstructure tivia high aspect ratio of the
elongated grains (23 for films sintered at 1450 D) (Figure 5.3-3 (g)). On the other
hand, in unconstrained BNT ceramics the shrinkagwk tplace in all directions
favouring the equiaxed grain growth [Fu Z.-2007H aestraining the elongated grain
growth that is only observed at very elevated taatpees (Figure 5.3-8).

Activation energies of densifying processes wererdened and showed that
the retardation observed in the constrained- simgdiims is primarily due to a change
in the densification mechanisms (from a faster gbmundary diffusion to a slower

lattice-diffusion). [Choe J. W. -1995This leads also to a clearly anisotropic
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microstructure, as observed in this work. In thestrained situation, in which the films
are stretched along the planar directions, theKsieor contact points between BNT
particles will be under dissimilar stresses depegdin their orientation in the film.
Some “necks” will be under tensile stresses whileers under compressive ones and,
as a consequence, the rate of “neck” growing itemint. If “necks” will lose their
curvature at low density, the driving force necegsar matter transport is diminished
and sintering is retarded. In addition, if someimgtaoundaries will become mobile at
low densities further densification is hampere@wen null and porosity may be trapped
within BNT grains. Though the BNT films of this sy present quite dense
microstructures, particularly those sintered ahlsmtering temperatures (Figure 5.3-4),
due to the presence of the “Ti rich phase”, BNinélare actually more porous than the
ceramics processed under identical conditions.hin meantime when grain growth
takes place anisotropic grain growth is observegufeés 5.3-3 and 9). The reduction in
densification and anisotropic grain growth was obse in constrained films of ZnO
and YSZ / AbJOs; composites as well. [Calata J. N. -2001, Lu X2007, Bordia R. K. -
1993]

The effect of the constrained sintering is also agaon the evolution of film’s
textured microstructure with the sintering tempearat BNT films exhibit an increase of
the aspect ratio and textured degree with the asereof the sintering temperature
(Figures 5.3-3 and 9). The aspect ratio of elonggtauhs increased from 5 to 23 when
BNT films are sintered from 1300 to 1450 °C (Tehl&-1).

Apparently the observations of the present work psup the proposed
transversely isotropic model [Guillon O. -2007]ptigh there is a lack of systematic
studies of grain growth and grain growth mechanigmsonstrained sintered systems.
Further studies on the grain growth in constraiB&l flms and other systems are
definitely required.

As indicated by SEM microstructures (Figures 5.3aBd 6) some BNT
elongated matrix grains are surrounded by “defofnsedond phase grains that were
not detected by XRD. Based on EDS analysis (FigilBésand Table 5.3-2) this second
phase is Ti rich and deficient in Ba and Nd, coradao the BNT matrix grains. Ti rich
phases, in particular titanium dioxide, have bden abserved in some compositions of
the BaO—-NgOs—TiO, system. [Ubic R.-1998, Jaakola T. -1986, Chen X-1\95] As
reviewed in chapter 1, the composition and stoitigtry of BaO-NdOs-TiO, system,
namely BaN@Ti;sO;, (BNT 114) and BaNgTisO14 (BNT 115) have been the subject of
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conflicting and ambiguous reports. And it is noveegated that BNT 114 is the correct
nominal formula and is commonly referred to as fihdse, based on the stoichiometry
of its constituent oxides: BaO-MNds;-4TiO,. However, because BNT 115 shows even
better dielectric propertie€{-6199,-91.9 at 3.5 GHz) than BNT 1103500, &-
80.8 at 3 GHz), BNT 115 is commercially employedriicrowave devices. [Wakino K.
-1984, MBRT90, Fudi Titanium Industry Co., Ltd, Japdhis is also the reason behind
the choice of BNT 115 in this current study.

In current work, it was observed that the Ti ricdcend phase is not well
crystallised. The diffuse nature of the Electron @ition (Figure 5.3-7) patterns points
to the amorphous nature of this second phase, tamight be related to an eutectic
reaction between the constituent oxides. In thedistu of Cruickshank et al
[Cruickshank K. M. -1996] in the BaO-MOs-nTiO, system, for n = 4.7-5.0, besides
the identification of TiQ as a secondary phase the authors reported thiad amtering
temperature is increased from 1250 to 1400 °Clittnes of the solid solution increase
slightly for high values of n. According to the gleadiagram of BaTi@TiO, an
eutectic point is located at 1312 °C. [O"BryanM. -1974] For temperatures higher that
1400 °C it is then supposed that the liquid readte BNT grains being somehow
incorporated in the structure, as observed by &shiank et al, [Cruickshank K. M. -
1996] and at the same time promoting under theeptesonstrained sintering conditions
the anisotropic grain growth, as perceived in wWosk (Figures 5.3-3).

As a result of the textured microstructure anigutradielectric properties are
developed in BNT thick films. Worth noting is thelation between the temperature
coefficient of the permittivity, T€, measured in the direction normal to the substrate
plane, and the aspect ratio of elongated grairBNF thick films, as shown in figure
5.3-16. It is also observed that as the sintergilgperature increases the dielectric
permittivity decreases and as a consequence, vayifiie simple relation between &C
ande; (TCe a &) that holds for the majority of the MW materigReaneyl. M. -2006]
TCe, increases (Figure 5.3-17) which indicates that,T&@ BNT thick films can be
engineered to a desired value close to zero by sthgothe appropriate sintering
temperature. The decreasespfvith the sintering temperature might be relatedhi®
polarization and polarization dependence on thstahgrowth anisotropy.

No dielectric data were found on BaO:ReTiO, (Re = Sm, La) single crystals,
but a dependence of the dielectric response ogrtie orientation is known in several

of these materials. In the present case of BNIkthims when measuring the dielectric
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response the applied field is normal to the plarmskthe dielectric response corresponds
mainly to the materials reaction along the ab-dioec As a consequence, (hkO)
textured films with ab-axes components in the pléme parallel to the plane) will
exhibit an average lower polarization responseltiegun a lower relative permittivity
when compared with the films in which the (hkO)eattiation is not favoured. Indeed the
films sintered at 1450 °C in which (hkO) texturesrthanced along the plane exhibit an
inferior dielectric permittivity and positive T&cand on the other hand the films sintered
at 1300 °C, with the development of a weaker tex@long the plane, presented an
average higher dielectric permittivity and a loweZe, as clearly shown by the linear
relationship between the EC and permittivity (Figure 5.3-17). Though these
observations have not yet been reported for thioksfit was stated that textured BaO-
Re0s3-TiO, ceramics (Re = Sm, La) ceramics, by the templeden ggrowth technique,
exhibited enhanced thermal stability of the digleatesponse, [Valant M.-2000, Wada
K.-2003, FukamV¥.-2006] nearly “zero” temperature coefficient espnance frequency,
and equivalent permittivity an@ values compared to the non textured specimens. The
reasons for this dependence on the texture dedrine anicrostructure of BaO-R@s-
TiO, ceramics were not properly discussed. [Wang. -2006WadaK. -2006]

Several approaches have been used to tailor the GFCMW materials that
include doping, [ValaniM.-1996] formation of composite materials, [Sanha?006]
and composite structures. [WuJ. -2003] However, for the majority of these east
the expense of a lowQ. In this work, the constrained sintering of BNTnfs by
facilitating the anisotropic grain growth suppressbe out of plane polarization
response and, as a consequence, increasgslit@andomly oriented ceramics or films
the TGy is negative and as the sintering temperature ase® and the film
microstructure becomes more anisotropic, the ouplahe polarization contribution
decreases, the relative permittivity decreases B@¢ increases, reaching, for the
proper sintering conditions, the almost zero ¢T®@alue. Moreover, the use of
constrained sintering is a much easier procesotiral the TG, than the complex
template grain growth that requires the preparatibanisotropic seeds usually from

time- and cost-consuming methods.

5.3.5 Summary
The anisotropic microstructure development in BNickhfilms prepared by

EPD on Pt substrate and its impact on the dielegtraperties was studied in this
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chapter. It is proved that the textured microstitetarises from: i) the anisotropic
crystal structure of BNT materials, ii) the consteal sintering of BNT thick films,
where the in-plane stress is the main contribui@agor to the development of elongated
grain growth and iii) in the particular case of BNI5 composition used in the current
work, the presence of a Ti-rich phase that promthitesdensification and the texture
development for high sintering temperatures. It \as verified that the elongated
grain growth of BNT thick films is strongly depemden the sintering temperature. On
the other hand the effect of the electric fielddugm EPD was proved to be negligible.
As a result of the textured microstructure, the gerature dependence of the relative
permittivity of BNT thick films could be controlldyp varied from negative to positive
with the increase of sintering temperature andngespect ratio and decrease of the
permittivity. Within the sintering temperature intal [1300-1450 °C], T€ changed
from -114 to +12 ppm/°C, associated with the inseeaf the grain aspect ratio from 5
to 23. As such, near zero §ChighQ, with 45<,<70 thick films can be fabricated.

By demonstrating an alternative way to tailoreT 6f dielectric thick films these
results have a significant technological impact floe future applications of BaO-

Re,0s-TiO, materials in film form for high frequency devices.
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Chapter 6
Fabrication of Low Loss BaNd,Tis0414 Thick
Films on Alumina Substrates by EPD

Abstract:

This chapter reports a method of performing elgdtooetic deposition (EPD) of BNT
thick films on non-conducting substrates overcomntimg requirement of a conducting
substrate through the use of sacrificial graplateet. The conductivity of the substrate
is therefore no longer a limiting factor on theliméition of EPD. Uniform and dense
BNT layers have been deposited on non-conductingial (AbO3) substrates by EPD
from a non-aqueous suspension. The influence ofythphite layer thickness is also
considered on the morphology of the sintered BNidi The interaction between BNT
films and alumina substrates is discussed. Sewaeractions were observed for
sintering temperatures above 1300 °C. The diffusiofl ions into the films resulted in
the formation of neodymium aluminate and in thetal@fisation of the BNT solid
solution. The dielectric properties of BNT thickiis on AbO3; substrates are measured
at low and microwave frequencies. 100 um BNT filbnsalumina substrate shawand

Q of 146 and 1161 respectively at about 10 GHz wdiatered at 1250 °C/1h. BNT
films on alumina substrates possess good Q valodshagh g, and therefore are

potentially useful for high frequency applications.

6.1 Introduction
The trend in wireless and mobile communications bByoader bandwidth

microwave circuitry, coupled with high packaginghdity and low cost fabrication has
triggered investigations of new circuit configuaats and technologies that meet these
requirements. Microstrip lines with high impedarace often required in the design of
matching networks for mixers and amplifiers. [BaelwP.-1997] Tian Z. R. reported
that an improvement of the line impedance of aroR&dger cent can be obtained by
using a multilayer structure, compared with the vemional single layer structure
(Figure 6-1), where strong capacitive coupling easily be obtained by overlapping
the end of the two tracks using a dielectric sdparasheet [Tian Z. R.-2002]. It was
suggested that, by using a thin layer of a diale@tm, the impedance can be increased.

This is an important feature as it enables theisa&@bn of relatively high impedance
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lines on high dielectric constant substrates. Thgh hmpedance capability of this
structure is suitable for the implementation of {lmss matching networks, such as
band-pass microwave filters. It was then demoredrahe potential of multilayer
structures to yield higher microwave performandéard Z. R.-2002] The limitation on
achievable fine line width and fine gap that limite performance of conventional
microwave microstrip can effectively be eliminategusing multilayer structures, thus
alleviating the pressure on the fabrication procassl improving the reliability.
[Barnwell P.-1998]

Conductor track

4

4 | Thick-film, g,
Hi Alumina, €,

Ground plane

(b)
Figure 6-1 Schematic configuration of (a) a coniaal microstrip

and (b) of a multilayer microstrip (after TianR.-2002)

155



Chapter 6

The multilayer microstrip configuration highlightisat the multilayer approach to
microwave structures, coupled with new thick-filmchnology, offers a viable and
economic solution to achieve high-density, highfguenance microwave circuits. By
using an extra layer of thick dielectric film, sommécrowave components, such as high
impedance line and broadband filter which are ciffi to realise in the conventional
single layer structure can be easily achieved Vesis fabrication stringency, and thus
leads to lower costs and higher reliability.

In this chapter, the use of commercial non condgctillumina substrates to
deposit BNT films by EPD technique is exploiteddbricate thick dielectric multilayer
configurations. Polycrystalline alumina ¢8) is a universal substrate material for
electronic circuits because of the low loss, gobdrmal conductivity and high
mechanical strength of alumina, in addition to @lssociated fabrication low costs. For
example, the high thermal conductivity coupled vitie high resistivity and dielectric
strength respond for its application as substratespackaging for high power or high-
density assemblies of microelectronic componets J.-2002] In the meantime, the
utilization of alumina substrate antennas for m®lgibmmunication handsets has been
rapidly growing due to the added advantages of @mtngize. [Toko America Inc,
Zhong S. S. -2004]. So it is worthwhile to expldine properties of high Q dielectrics,
such as BNT on AD; substrates.

However, the utilization of insulating substrates=PD raises difficulties, since
one of the pre-requisites for EPD is that the sabstshould be a conductor. In the EPD
process, as mentioned in previous chapters, thgethgpowder particles dispersed in a
liquid medium are attracted and deposited onto radgctive and oppositely charged
electrode under the application of an electriafiéh principle, it is not possible to carry
out EPD on non-conducting substrates. In fact, mbshe EPD processes reported in
the literature involve electrical conductive matallsubstrates. If this requisite
(limitation) will be overcome and the deposition mon-conducting substrates becomes
feasible, the EPD process become much more atteabdr applications in a wide
spectrum of materials processing and gains value.

There are only a few reports in the literature tmali attempts have been made
to electrophoretically deposit on non-conductingops substrates. [Hamagami J. -2002,
Matsuda M.-2005, Negishi H.-2006, Kanamura K.-20A&jong these cases, the EPD
of YSZ particles on a NiO-YSZ substrate was madssipte through the use of an

adequately porous substrate. The continuous pordle substrates, when saturated
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with the solvent, helped in establishing a “contigcipath” between the electrode and
the particles in suspension. Deposition rate wasdoto increase with increasing
substrate porosity up to a certain value. [Besr2d06, 2007, Hosomi T.-2007] The
higher the applied voltage, the faster the depwsits. However, the limitation is that
there exists a threshold porosity value below whiERD becomes practically
impossible for a given applied voltage. In addititre preparation of porous substrates
with different porosity involves also considerabbssts.

In the present work, thin layers of conducting tiite were coated onto the
alumina substrates to facilitate the conductiontlo substrate surface. The graphite
coating burns out during sintering step not intémfgin the final product. The novelty
of the process lies in the fact that it overcontes rieed for conductive substrates for
EPD. The deposition has been made possible sirpugh the use of adequately thick
temporary graphite layer previously deposited analumina substrates. The influence
of graphite layer thickness is considered on thepmmogy of sintered BNT films. The
compatibility of alumina substrates with BNT filnis analyzed and discussed. BNT
films on alumina substrate were characterizedwdnd microwave frequencies taking

in consideration possible applications at high desties.

6.2 Experimental

In this chapter, all the films were prepared froomle made BNT powders in
acetone withJ based suspensions, which is proved to be optiosgdensions for EPD
of BNT powders in chapter 5.2. Alumina substratesenmade conductive on one side
with a graphite layer, deposited by RF sputteriftge graphite interlayer acts first as the
conducting electrode and then during sinteringemmaved. The experimental details,
including preparation of BNT powders and films argtaphite layers, and
characterization of the prepared films are desdribechapter 4.

It should be stressed that since there is no bo#l@tirode between BNT films
and alumina substrates for the electrical measuremtelow frequencies, the back of
the alumina substrate was completely covered withcéatings by sputtering. So, the
measurements in this case include the aluminamsuésivhich means that the measured
properties are a response from the composite of BIWE and alumina substrates, as

shown in Figure 6.2.
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Au top electrode
BNT film
Al,O, substrate

Au bottom electrode

Figure 6-2 Schematic of structure for measuremeBNI

on alumina substrate at low frequency

For microwave frequency characterization, the samplere analyzed without
electrodes by the spit post technique and relggerenittivity (g;) and quality factor (Q)

were determined.

6.3 Results and Discussions
6.3.1 Deposit characteristics

Figure 6-3 shows the thickness of BNT films depgbion AbOs substrates as a
function of the deposition time at a constant \getaf 200 V. As expected and observed
in chapter 5.2 (Figure 5.2-10), the thickness efdbposited layer increases in the initial
period, in which a linear relationship between deposition thickness and time holds,
followed by a decrease with the increasing of thpadition time. As mentioned before,
in a constant voltage EPD, these trends are expdmteause while the potential
difference between the electrodes is maintainedtani the electric field influencing
electrophoresis decreases with deposition timeusecaf the formation of an insulating
layer of ceramic particles on the surface of th@oddion electrode. The relation
between deposited thickness and deposition timééas discussed in detail in chapter
5.2. In addition and noteworthy to point is thagrdh is not obvious difference in the
EPD performance between the graphite coated alumsirizstrates and Pt metal
substrates, attesting the adequacy of insulatibgtsates in EPD and the strategy here

developed to overcome the initial limitation.
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Figure 6-3 Deposition thickness of the deposited Bikins against deposition

time at constant voltage of 200 V for graphite edadlumina substrates

6.3.2 Effect of graphite layer thickness

Figure 6-4 depicts the surface optical micrographgreen and sintered BNT
films formed on graphite coated alumina substrdt@sform, conformal and crack free
films were obtained for dried BNT films. Howeverjtwtoo thin graphite layers it is
difficult to deposit the BNT films because a su#fittly conductive layer is not formed
to permit the deposition. It was found that graphatyers with thickness below 100 nm
cannot be used as a temporary electrodes for ERDré=6-4 (b)).

The conductivity of the substrate electrode isiticat parameter to the quality of
films deposited by EPD. Peng et al [Peng Z. Y. 1300bserved that the low
conductivity of Lg ¢Sty.1Mn3z (LSM) substrates leads to non-uniform green fibh¥ SZ
films and to a slow deposition. On the other haaslshown in Figure 6-4 (d), in the
present study thick graphite layers lowered thesadm of BNT films to the substrates
after sintering. For 500 nm thick graphite layeos ronformal and non uniform films
were obtained after sintering because the thiclpigta layer restricted the final
adhesion of BNT films to the substrate. This resullicates that there is an optimal
graphite layer thickness to obtain uniform and oomfal sintered BNT films on a non-
conductive AJO3 substrate. Sintered conformal films were obtaifedgraphite layer
thicknesses in the range between 200 nm to 400 Figure 6-4 (c)). Table 6-1
summarizes the influence of the thickness of treplgite layer on the morphology of
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BNT films on alumina substrate after sintering.
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(d)
Figure 6-4 Surface optical micrographs of BNT filorsgraphite

covered alumina substrates before sintering (@) adler sintering at
1250 °C for 1h on 100 nm-thick graphite layer (h)3®0 nm-thick
graphite layer (c) and on 500 nm-thick graphitestay)
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Table 6-1 Influence of the graphite layer thicknesghe morphology of BNT films on
alumina substrates sintered at 1250 °C for 1h

Thickness of graphite layer Morphology of BNT films after sintering
<100 nm not uniform
200-400 nm conformal and uniform
>500 nm films separated from alumina substrate

6.3.3 Interactions between BNT films and alumina substrates

The XRD patterns of BNT films on alumina substraiatered at different
temperatures are represented in Figure 6-5. Alst#mples sintered between 1200 °C —
1250 °C are single phase, being the diffractiontgpat correspondent to the
orthorhombic BaNglisO;4 phase [JCPDS card 33-0166]. However for BNT films
sintered at 1300 °C, although the main phase it thié orthorhombic BNT, a
neodymium aluminate phase was clearly identifiemt. BNT films sintered at 1350 °C
mostly of the BNT phase disappeared being neodynailwminate the dominating one.
This result indicates that severe reactions toakceplbetween the films and the
substrates for high sintering temperatures (1390 [tdeed, Shannon [Shannon R.D. -
1976] and Mizuta et al. [Mizuta K.-1996] reportedeaction between alumina and BNT
ceramics at sintering temperatures higher than 2300

11350 °C A-ALO, substrate A
] Nd,ALO, A A VJ”

11200 °C

Intensity (a.u)

1 L il L Il IIH AN \IHHH LTI IIIHIIIIIIHIIHIIIIHII

= v Lol

T
10 20 60
29( )

Figure 6-5 XRD patterns of BNT films on alumina strates

sintered at different temperatur@sfftaction lines from the
JCPDS card 33-0166 are indicated by the red marks)
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Figure 6-6 depicts the surface and cross sectiovl 8tcrographs of the BNT
films sintered at temperatures from 1200 to 1350 C@ck free films were obtained.
Films sintered at 1200 °C have low density withoasiderable amount of porosity, as
clearly seen in the micrographs of Figures 6-6a(a (b). As the sintering temperature
increases to 1250 and 1300 °C, the density ofilims increases markedly, as observed
in the cross section micrographs (Figures 6-6 (d) @). These images also reveal the
good adhesion between films and the substratethiédiiims sintered at 1250 and 1300
°C elongated grains are developed and this anpptrnzreases with the increase of the
sintering temperature, in agreement with the olzems described in chapter 5.3 for
BNT films on Pt foils. The severe interactions betw BNT films and alumina
substrates, that took place at high sintering teatpees and were identified by XRD
(Figure 6.5), are visibly illustrated in Figure 6¢§) in which the film morphology

changed and equiaxed grains are depicted.
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Figure 6-6 SEM surface and cross section microggr@bBNT films
on alumina substrates sintered at 1200 °C for Hnéview (a)
and cross section (b)), at 1250 °C/1h (plane vigvad cross
section d), at 1300 °C for 1h (plane view (e) arabs section
(f)) and at 1350 °C for 1h (plane view (g))

Figure 6-7 illustrates the X-ray elemental probifethe cross-sections and surface
X-Ray elemental map of BNT films sintered at diffiet temperatures. No visible
interactions are observed between BNT films andhala substrates for films sintered
at 1200 °C. As the sintering temperature increases300 °C, Ba and Ti peaks were
detected in the alumina substrates aritd idihs diffused into BNT films (Figure 6-7 (b)),
in agreement with the XRD results where neodymidomaate was detected (see
Figure 6-5). In addition, X-ray map analysis reeeaihe intensive presence of rounded
shape grains of a second phase, rich in Nd andrigufe 6-7 (c)). Similar results have
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been reported in BST and YBCO thick films on aluansubstrates by screen printing.
[Su B.-2001, Matsuoka Y.-1996]

Based on the above results it was found that’N&?* and B&" ions start to
diffuse into the alumina substrates at a sinter@mgperature of 1300 °C and as a results
a the formation of a second phase occurs that peat&d to degrade the dielectric

properties of BNT films.
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MAG: 1000x “HV: 15.0 kV WD: 17.0 mm

Figure 6-7 X-ray profile of a cross section of BRIms on
alumina substrate sintered at (a) 1200 °C/1h, 36p1C/1h,
(c) surface X-ray map of BNT films sintered at 138J1h

The analysis of the interface between BNT andOAlsubstrates by TEM
confirmed the interaction between films and thessuabe at high sintering temperatures
(Figure 6-8). For BNT films sintered at 1300 °C, &B@nalysis showed the presence of

Ti, Ba and Nd elements at the alumina side anghteégence of Al at the film side.

interface close to alumina

Intensity (a.u)
L

2 3 3
Energy (keV)

inerface close to BNT films

Intensity (a.u)
!

Energy (keV)

Figure 6-8 TEM micrographs and EDS analysis ofitiberface between
sintered BNT films and alumina substrate, sinteeti300 °C/1h
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6.3.4 Dielectric properties

The dielectric properties of the BNT thick films &h,O; were analysed by the
split post cavity resonator method at microwavequencies and the results are
presented in Table 6-2. 100 um thick BNT films shpwf 146 and 93, and Q of 1161
and 1006 when sintered at 1250 and 13D0respectively at about 10 GHz. The lower
g and Q value for BNT films sintered at 1300 should be related to reactions between
film and substrate and to the presence of the sepbase, above identified. Similarly,
30 pum-thick BNT films show, and Q of 71 and 315, respectively when sintered at
1300°C. The decrease of Q for thinner BNT films is rethto the stronger effect of the

second phase on the bulk of a thinner film tham dmicker one.

Table 6-2 Microwave dielectric properties of BNTcthfilms on ALO; substrate

Samples Thickness (um) Sintering (T/1h) € Q Frequency (GHz)
BNT films 100 1250 149 1161 9.63
BNT films 100 1300 93 1006 9.69
BNT films 30 1300 71 315 9.79

Figure 6-9 shows the relative permittivity and Idasgent of BNT films on
alumina at low frequency. As mentioned the measdiekbctric properties correspond
to the dielectric response of the composite strecfim + substrate. As shown in
Figure 6-9, the relative permittivity is 39 for cposites of BNT film + alumina
substrate. The negative loss tangent results froimiation of HP Bridge when

measuring very low loss values.
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Figure 6-9 Relative permittivity and loss tangegaiast frequency of BNT films
on alumina substrates (BNT —&k composite) sintered at 128G/1h
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Figure 6-10 depicts the temperature dependencéeofdlative permittivity of
BNT films with alumina substrates at 1 MHz. &Gf the composite BNT - AD3 is 229
ppm/°C between 30-12TC. The high Q and good thermal stability make BNifig on

alumina substrate have good potential applicatornigh frequency devices.
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Figure 6-10 Temperature dependence of the relpgwenittivity of BNT films
on alumina substrates (BNT —&k composite) sintered at 128G/1h

6.4. Summary

A method to perform EPD on non-conducting substratas developed through
the use of a sacrificial graphite layer and EPIBNIT thick films on non-conducting
alumina substrates was demonstrated. The thickofefge graphite layer plays a key
role on the quality of the films after sinteringarfsintering temperatures above 1300 °C
the interaction between BNT films and alumina skdtes occured with the formation of
an aluminium based phase, which contributes to dbgradation of the dielectric
response. 100 um BNT films on alumina substratevshand Q of 146 and 1161 at
about 10 GHz when sintered at 12801h. At 1 MHz, the relative permittivity is 39 for
composite of BNT film + alumina substrate. BNT fgnon alumina substrates possess
good Q values and high thermal stability, and toeeeare potentially useful for high
frequency applications. The success of EPD of BNBlomina substrates is relevant as
it enables deposition of low loss dielectrics atow cost. It is believed that this
approach of using sacrificial graphite layers f®Eon non-conducting substrates can
be extended for both thin and thick film depositioha large variety of other non-
conducting substrates as well.

169



Chapter 6

6.5 Reference

1.

Barnwell P., Wood J. (1997) Proceedings of EeappMicroelectronics
Conferencd4, 51

. Barnwell P., Wood J. and Reynolds, Q. (1998k&edings of International

Electronic Manufacturing Technology Conferer@2/

3. Besra L., Compsonb C., Liu M. L. (2007) J. Po®eurced 73, 130
4. Besra L., Compsonb C., Liu M. L. (2006) J. Aner&n. Soc89, 3003
5. Hamagami J., Kanamura K., Umegaki T. (2002) tedetem. Soc. Pro2l,

55

. Hosomi T., Matsuda M. and Miyake M. (2007) Jr&elCeram. So@7, 173

7. Kanamura K., Hamagami J. (2002) Solid Statecktir2, 303

11.

12.

13.

14.

15.

16.

17.

. Matsuda M., Hosomi T., Murata K., Fukui T., MikgaM. (2005) Electrochem.

Solid State Leti8, A8

. Ma J. and Hong H. H. (2002) J. Mater. Sci.: MdteElectronicsl3, 461
10.

Matsuoka Y., Ban E., Ogawa H. And Kurosawa 89@) J. Alloy. Compd239,

55
Negishi H., Oshima N., Haraya K., Sakaka Kegtkmi T., Idemoto Y., Koura N.

and Yanagishita H. (2006) J. Ceram. Soc. 113).36

Peng Z. Y. and Liu M. L. (2001) J. Am. Ceramc 34, 283

Shannon R. D. (1976) Acta Cry&B2, 751

Su B. and Button T. W. (2001) J. Euro. Ceraat. 31, 2777

Tian Z. R., Free C., Aitchison C., BarnwelbdRd James Wood J. (2002)
Proceeding of international symposium on microetetts4931,394

Toko America Inc. (1997) A miniature patch ami& for GPS application,
Microwave40,116

Zhong S. S., Cui J. H., Xue R.F., and Niu J2004) Microwave Opt. Tech,
Lett. 46, 497

170



Chapter 7

Chapter 7
Preparation and Dielectric Properties of
BaNd,Ti5014-(BagsSro5)TiO3 Composite
Films by EPD Combined with Sol-Gel Process

Abstract:

In this chapter, the preparation and charactedamatof BaNdTisO;4 (BNT)-
BaysSrhsTiO3 (BST) composite thick films on flexible platinuroilf substrate, via an
electrophoretic deposition combined with sol gebgass is reported. Homogeneous,
dense, and uniform BNT-BST composite thick filme &bricated on flexible Pt foils.
Phase composition and microstructure of the BNT-B8dk films are characterized by
X-ray diffraction and scanning electron microscopym-thick BNT-BST composite
films presented a relative permittivity and a Itessgent of 287 and 0.0013 at 1IMHz, a
dielectric tunability of 12% at 33kV/cm, and a tesngure coefficient of relative
permittivity of 0.26% between 28 °C to 120 °C, exdjvely. The results clearly indicate
that the dielectric properties of BNT dielectridcth films can be modified with the
incorporation of ferroelectric BST to fit the reqgments of tunable devices. The good
physical and electrical properties of the BNT-BSJImgposite thick films, including
very low dielectric loss tangent while retainingsenably high relative permittivity and
dielectric tunability, make them excellent candedator integration into tunable RF and

microwave devices.

7.1 Introduction

Progress in microwave communications and continumigiaturization of
integrated circuitry has resulted in a demand fmrable passive components, such as
tunable oscillators, phase shifters, and varactamsong others. [Horwitz J. S.-1998,
Levin [.-2000] High dielectric tunability and lowiedectric loss are important and
critical for these applications. [Park B. H. -200The main requirement for the
electrical properties of ceramic materials to bedusn such tunable devices is a
combination of the optimal value of the relativemgtivity, high level of electric field
tunability, and low dielectric losses. However, lakelectric loss in conjunction with
high tunability in simultaneous in a materials hé&een proved to be very problematic
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to be achieved from the physics point of view. [@gsta L. C.-1999] Thus, in practice,
there is a trade-off between dielectric tunab#ityd the materials dielectric loss.

Ferroelectrics such as barium—strontium titanat&T)Bare well known as
promising candidates for the application in micrgevdunable devices including phase
shifters, filters, and others. [Chang W.-2002] Belectric layers can be also used as
control elements for accelerating structures witlegtric loading. [Kanareykin A. D.-
2003] However, many problems remain in utilizing B®r such high frequency
applications. In particular, one of the major chadles is the simultaneous minimization
of the material dielectric losses and maximizatdrthe material dielectric tunability.
[Gevorgian S. S. -2001] Indeed, the optimal elegtrgparameters of the dielectric
material of choice for tunable device applicati@h®uld be: moderate to low relative
permittivity at microwave frequencies (3§<1500), low electronic loss tangents
(0.005<tans<0.01), and high dielectric tunability (change @lative permittivity with
applied voltage: >10%). [Sengupta L. C.-1999]

Intensive investigations have been performed ainainthe reduction of losses.
[Chen C. L -1999] Recent efforts on improving tbed characteristics of BST materials
include the doping with high-Q additives such asM@\l,O3 etc. [Wu L.-2000, Chang
W.-2002, Ngo E. —2001]. However, these dopants neagt with BST materials in a
way that the microwave dielectric properties of nmaterial will vary markedly with the
processing parameters, resulting in inconsistendiie device performance. It has been
intuitively believed that the dielectric lossesf@froelectrics can be further improved by
mixing them with linear low-loss dielectrics. Thatwhy attempts are being done in
synthesizing such composite materials. Connectiluyvdoss non-tunable dielectric in
series with tunable BST films should result in dused overall loss tangent and a loss
of tunability for the layered structure. [Irvin 2005]

In previous chapters, it was shown that BgaNgD14 (BNT) thick films present
very low dielectric losses. Based on this, in thespnt study BNT - BST composite
thick films are chosen to address the possibilitymgroving the dielectric losses and
keeping the good tunability of the relative perimity of BST, by using high-Q BNT
materials as matrix in the composite.

In this chapter, the preparation and charactedmatf BNT-BST composite
thick films on platinum foil substrate, via an dhlephoretic deposition-sol gel process
is reported. Homogeneous, dense, and uniform BNT-B&nposite thick films were

fabricated on flexible Pt substrate. The main gualhis work was to search for new
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compositions of ferroelectrics with reasonable hilitg and small dielectric losses.
Composite materials exhibiting relatively high tbiidy in combination with reduced
dielectric permittivity, low loss level and goodntperature stability have been
experimentally obtained. The good physical andtetst properties of BNT-BST
composite thick films, including very low dieledriloss tangent while retaining
reasonably high relative permittivity and dielecttunability, make them excellent
candidates for integration into tunable high fragpyedevices.

7.2 Experimental

In this chapter, all the BNT thick films are prepérfrom home made BNT
powders. BNT films were prepared on Pt foil in acet with } suspensions with
applied voltage of 200 V. The BST sol was infile@tinto BNT thick films with Pt foil
substrates by spin coating. The as spin-coated f8®% onto BNT green films were
pyrolyzed at 300 °C for 5min, which process wasatpd 10 times so as to acquire
around 500 nm thick for upper BST films. For comgam, the BST thick films are also
prepared on Pt foil by EPD. The BST powders weréariaom the same BST sol for
the infiltration. All the BNT-BST composite filmsnd BST thick films were sintered in
air at 1300 °C for 1 h. The experimental detaits described in chapter 4, including the
preparation of BST sols, BST thick film, BNT thickims and the physical

characterization.

7.3 Results and Discussions

Figure 7-1 depicts the XRD patterns of BalNgOi14 (BNT)-(BaysSiy5)TiO3
(BST) composite thick films on Pt foil sintered 22800 °C for 1h. For comparison the
XRD patterns of pure BST and BNT thick films arealincluded. Two crystalline
phases, the cubic BgbrslO3 (JCPDS card 39-1395) perovskite structure and the
orthorhombic BaNgrisO14 structure (JCPDS card 33-0166) are observed withiber
phases being detected for the composite thick films

To optimize the dielectric properties of the matksriby infiltrating BST into
BNT, the two constituents must not react duringdkasification process. Fortunately,
as indicated in Figure 7-1 BNT and BST materialsxdbinteract with each even at high
sintering temperatures. Both BNT and BST matesaisering temperature are around
1300°C [Fu Z.-2007, Sengupta L. C. -1999], so thiilar sintering temperature avoid

the risk of very different sintering behavior antl tbe appearance of intermediate
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reactions.
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Figure 7-1 XRD pattern of BNT, BNT-BST compositeldST thick
films on Pt foil, sintered at 1300 °C/1h (the difftions lines of
JCPDS card 33-0166 are indicated by red mark)

Typical microstructures of BST, BNT-BST compositelaBNT thick films are
depicted in Figure 7-2. Crack - free, dense, homegas and uniform BNT-BST
composite thick films can be fabricated by EPD comab sol-gel process. BNT-BST
thick films are clearly biphasic with both BNT aB&T phases uniformly distributed
within each other, containing need-like BNT graarsd round BST (Figure 7-2 (c).
From the SEM cross-section micrograph ofuia@hick BNT-BST composite thick film
sintered at 1300 °C and displayed in Figure 7-2 tft) interface between the film and
the Pt substrate is smooth and abrupt with nofated layers, amorphous phases or
voids. The X-ray elemental mapping was employedrtalyze the distribution of the
BST phase in the BNT matrix of the thick films (Brg 7-2 (e) and strontium was the
chosen element to identify the degree of homoggmeitween the materials. As shown
in Figure 7-2 (e) strontium is uniformly distribdtéen the BNT matrix indicating that

BST phase is homogeneously infiltrated into the Bh&trix.
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(e)
Figure 7-2 SEM surface micrographs of (a) BSTRNJ, (c) BNT-BST composite
films, (d) cross section of BNT-BST composite filnasid (e) surface X-ray Sr element

mapping of BNT-BST composite thick films, all sirgd at 1300 °C/1h

The comparison of the relative permittivity andddangent of BST, BNT-BST
composite and BNT thick films as a function of fsegcy is shown in Figure 7-3. The
relative permittivity and loss tangent of BNT-BSdnaposite films are 287 and 0.0013,
respectively at 1 MHz. Meanwhile, the absence ofappreciable dispersion of the
dielectric properties with the measured frequenpyta 1 MHz is indicative of an
excellent film quality and the absence of interimarfacial barriers. Compared to the
pure BNT €=95, taw=0.0004 at 1 MHz) or BST thick films:£800, tan=0.008 at 1
MHz), as shown in Figure 7-3, the relative permityi and loss tangent of BNT-BST
composite thick films are dramatically changedcdmtrast to pure BNT thick films, the

176



increased relative permittivity of BNT-BST compaeasthick films is the result of the

presence of the high relative permittivity of th&B phase in BNT, as expected for
composite materials. On the other hand, in contiagture BST thick films, the loss

tangent for the BNT-BST composite material is mdhkemproved (reduced) from

tamgst = 0.008 to tabsntssT = 0.0013 at 1 MHz, respectively due to the intiithn

of the low loss BNT. The loss tangents of these pusites have been reduced to

enhance the overall impedance matching and théogi®ring the overall insertion loss

of the device.
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Figure 7-3 Relative permittivity (a) and loss tang@) of BST, BNT-BST

and BNT thick films as a function of frequency
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The comparison of the DC bias dependence of dredeptoperties on the
electric field, an indication of the tunability,rffpure BST, BNT-BST composite, pure
BNT thick films at room temperature is depicted Figure 7-4. Their dielectric

properties and calculated tunability are summarinelable 7-1, as well.
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Figure 7-4 DC bias dependence of relative perniiytand loss tangent of (a) pure BST,
(b) BNT-BST composite (c) pure BNT thick films, tned at 1300 °C/1h

The dielectric tunability was calculated by thenioita:

Tunability=52"%m x 100% (7-1)
grO

whereeg o andeg, represent the relative permittivity value at zapplied electric field
and the maximum applied electric field, respectiv8ased on the formula (7-1), the
relative tunability of 38% and 12% at 33 kV/cm igserved for pure BST and BNT-
BST composite thick films, respectively. It is obus that pure BNT does not show any
tunable characteristics at a DC bias, as showmguw€& 7-4 (c).

In the present work composite BNT-BST thick filmebit low losses (0.0013
at 1 MHz) and a relatively high tunability (12%38 kV/cm). The tunability of BNT—
BST films is much lower than pure BST thick filn&ince EPD films are significantly
thinner than the bulk ceramics, the film tunabilign be elevated by applying high dc
electric fields with overall lower power consumptjccompared to bulk ceramics. So,
higher dielectric tunability than the measured baneasily realized by increasing the

external applied electric field in the device fahtion.
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As mentioned above, there is inevitably trade-dfiew improving the dielectric
loss tangent of ferroelectric materials. In theahle device community, the figure of
merit K is usually used to compare the quality wiable dielectricsK is define as:
[Chong K. B. -2004]

K = tunability _ (&0~ &)/ &0
taro taro

(7-2)
wherego andey, have the same meanings as in formula (7-1), amdisathe dielectric
loss tangent at zero dc applied voltage expresses the trade-off between tunabilty and
losses. According to formula (7-24,factor of pure BST and BNT-BST composite thick
films was calculated to be 48 and 70 at 33 kV/crd &rMHz, respectively. Although
the effects of BNT introduction reduced the relatipermittivity, loss tangent, and
dielectric tunability (Figure 7-3, 4), of BST, BNBST composite thick films exhibit a
considerably increased figure of merit as compavgd pure BST thick films. Th&
factor clearly shows that the BNT introduction isgsessful in improving the dielectric
properties of BST thick films, enhancing their abitity in tunable device applications
with their low loss and higK factor.

Table 7-1 lists the comparison of the dielectricoparties of BNT-BST
composite films prepared in the current work withalag reported materials. As
indicated BNT-BST composite thick films presentexywhighK factor, together with
improved overall dielectric performance characttizby low dielectric loss and
reasonable tunability for application in agile dms&. Furthermore, high dielectric
tunability can be easily obtained by increasing ¢xéernal applied electric field in
device fabrications. In this respect, BNT-BST cosifmthick films are very promising
candidates for the above tunable device application

Table 7-1 BNT thick films prepared in this work Wwianalog reported materials

Materials £ Tand Tunability (%) K Reference
BNT-BST composite thick films 290 0.0013at1MHz 12at33.3kVicm 70 current work
Pure BST thick films 800 0.008at1MHz  38at33.3kVicm 48 current work

Pure BNT thick films 95 0.0004 at IMHz current work

BST-MgO composite thick films 327  0.002 at 1IMHz 8 at 20 kV/icm 40 Ngo E.-2001
BST-Al,O; composite thin films 870 0.011at7.7GHz 159at8.1kVicm 14.45 ChongK. B.-2004

BST-MgO composite thin films 222 0.007 at 100kHz 15.7 at 237 kVlcm 22.4  Cole M. W.-2003
BST-Bi; sZnNb, 5O, composite thin films 403 0.0037 at 7.7GHz 5.7 at8.1kVicm 15.4 Yan L.-2004
BST-Ba,Ti;304 composite ceramics 110  0.0005 at 6GHz Thomas J. P.-2004
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Figure 7-5 exhibits the temperature dependencelative permittivity of BNT-
BST composite. The temperature dependence ofivelgermittivity of BNT-BST
composite was analyzed between 28 °C to 120 °CMiizLand calculated to be
0.26%/°C, which indicates a relative good tempeeasitability of BNT-BST composite
thick films.
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Figure 7-5 Temperature dependence of relative pivity of
BNT-BST composite films, sintered at 1300 °C/1h

7.4 Summary
Dense, homogeneous and uniform BNT-BST compositek thilms were

fabricated by EPD combined sol-gel process. Thedamponents, BNT and BST, did
not react at high sintering temperatures, resuitingomposite thick films of BNT and
BST. The dielectric loss tangent was reduced frod®® for BST to 0.0013 for BNT-
BST at 1 MHz. Identical to the dielectric loss tang the relative permittivity and
dielectric tunability was also reduced for BST fr&®0 to 280 and 37.5% to 12%, for
BNT-BST, respectively. But nevertheless and morpartantly, the dielectric tunability
for BNT-BST composite thick film remains, for thessav dielectric losses, 12% what is
a very high value together with one of the higHegire of merit (70) reported until
now for tunable dielectric films and temperatur@atedence of relative permittivity of
0.26%/°C between 28°C to 120°C. The BNT introductignificantly improved the
dielectric loss of BST thick films, adding a greatlue to BNT-BST composite thick

films for tunable dielectric device applications.
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Conclusions and Future Wor k

8.1 Conclusions

The aforementioned works related to investigateutsmis to overcome
particular engineering obstacles in fabricatingatde low loss dielectric thick films for
high frequency application. Our work has addresgestific engineering-based hurdles
such as economical and reproducible fabricatiolowfloss dielectric thick films. The
ideas behind these works were born as sketches whiteboard that grew into
functional devices after careful planning and cdesable lab effort. | was fortunate
enough to have been given the necessary latitudevéstigate these ideas, formulate
the processing routes and see them to fruitionfandhat opportunity. | am entirely
grateful to my supervisors, Prof. Paula M. Vilawndind Prof. Angus I. Kingon.

EPD is a fast and cost-effective method of depasifilms of ceramics. As
interest in this method grew, we proved our combentnd developed a method for
depositing low loss dielectric thick films on mefalls and alumina substrates. High
quality BNT thick films were prepared in the curremork. It was shown that the
density of EPD derived BNT films can be greatlyreased by a cold isostatic pressing
treatment after deposition, which resulted in cdesible enhancement of the dielectric
properties. Dense BNT thick films displayed a hoermapus microstructure with a
characteristic needle shape grain growth when cosdpavith equivalent ceramic
samples. The dielectric Q is higher than any preshp reported for thick films. The
excellent dielectric properties, including good rthal stability and bias voltage
independent capacitance characteristics suggessduitability of EPD derived BNT
thick films for integrated capacitor and microwadevice applications. EPD has thus
been proved to be a low-cost and efficient metlwoprocess low loss (high Q) coatings
on metal electrodes of high frequency device.

Based on the works we have completed, we have torie following general
out puts and conclusions:

1) A novel approach to depositing low loss BNT khidms on Pt foil and
alumina substrates has been developed and chaadterSuccess in the EPD
processing is intimately related to a careful ca@€ solvent and additives. Suspension

study revealed that the suspension stability detexsnwhether a deposition is generated

183



Chapter 8

at the electrode and the quality of the depositatsfoy EPD.

2) The anisotropic microstructure development inTBNick films prepared by
EPD on Pt substrate and its impact on the dieteqiroperties demonstrated an
alternative way to tailor T& of dielectric thick films. These results haveigndicant
technological impact for the future applicationsB#O—-RgOs—TiO, materials in film
form for high frequency devices. Observed anisatrgpain growth is facilitated by the
constrained sintering. By controlling the sintertegiperature, near — zero drChigh Q
thick films can be fabricated. These findings aféechnological relevance since they
demonstrate that by controlling the substrate camgtand sintering conditions can be
used to control grain anisotropy and thus microwaraperties of the BaO-R@3-TiO,.
The thick films facilitate scaling to small devis&zes for high frequency operation.
Similar observations are expected in other MW systethus opening further
technological opportunities.

3) We report a method of performing EPD on non-cmtidg substrates
overcoming the requirement of a conducting subestthtough the use of sacrificial
graphite layer. The conductivity of the substratehierefore no longer a limiting factor
in the application of EPD. We believe that this magh can be extended for both thin
and thick film deposition on a variety of other roonducting substrates as well.

4) Our results showed that the dielectric propserté BST ferroelectric thick
films can be readily modified with BNT introductida fit the requirements of tunable
device applications. We concluded that the BNToihiiction significantly improved the
dielectric loss tangent of the BST thick films. Tigeod physical and electrical
properties of the BNT-BST composite thick films¢luding very low dielectric loss
tangent while retaining reasonably high dielectanstant and dielectric tunability,

make them excellent candidates for integration tat@ble RF and microwave devices.

8.2 Futurework

This thesis is a systematic but not complete stfdyie EPD of low loss BNT
materials. Interesting physical phenomena were dpuand possible physical
mechanisms were discussed in these systems, dBpétithe case of sintering effect
on the structure, microstructure and dielectrigoprties of BNT thick films. However, a
better understanding and using of the EPD techsigbeat will allow a further practical
application of the materials, requires the follogvimork to be carried out:

a) Systematically measure the dielectric propertieBNIfT thick films on Pt
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foils at microwave frequencies;

Multi-component deposition by EPD, such as, EPDylaks sintering aids
and BNT materials for low temperature sinteringtdke use of base meta
substrate, i.e. Cu foil;

Composite structure pattern by EPD, such as, sstipeture of BNT based
high Q composite design, to tune the dielectriqpprbes for some specific
applications.

185



List of Publications During PhD Period

1. Scientific papers.

1.1 Published papers

[1] Zhi Fu, Paula M. Vilarinho, Aiying Wu, Angus I. KingonTéxtured Microstructure
and Dielectric Properties of Low Loss BaN@Oi14 Thick Films Prepared by
Electrophoretic DepositionAdvanced Functional Materials, In Press

[2] Zhi Fu, Aiying Wu, Paula M. Vilarinho, Angus |. Kingon,. RVérdenweber, “Low
Dielectric Loss BaNgllisO14 Thick Films Prepared By an Electrophoretic
Deposition Technique’pplied Physics Letters, 90, 052912, 2007

[3] Zhi Fu, Aiying Wu, Paula M. Vilarinho, “Effect of Seed y@r Thickness on Texture
and Electrical Properties of Sol-Gel Derived {B#12)TiOs Thin Films”,
Chemistry of Materials, 18, 3343-3350, 2006

[4] Zhi_Fu, Paula M. Vilarinho, Aiying Wu, Angus |. KingonDevelopment of Low
Loss, Temperature Stable BaN@O14 Thick-Film Dielectrics by Electrophoretic
Deposition TechniquesTMAPSACerS 4th International Conference on Ceramic
Interconnect and Ceramic Microsystems Technologies Proceedings, Munich,
Germany, CICMT 2008, 140 — 147

1.2 Papersto be submitted

[5] Zhi_Fu, Aiying Wu, Paula M. Vilarinho, Angus |. KingonEffect of Suspension
Medias on Electrophoretic Deposition of BaWidO,4 Thick Films”, to be
Submitted taChemistry of Materials

2. Patents:

[6] Paula M. Vilarinho,Zhi_Fu, Aiying Wu, Angus |. Kingon, “Tunable Low Loss
(High Q) Dielectric Composite Thick Films and Methof Making the Same”,
Portuguese Patent, Submitted

[7] Paula M. Vilarinho,Zhi_Fu, Aiying Wu, Angus |. Kingon, “the Employment of
Graphite Interlayer for Insulator Substrates angcEEbphoretic Deposition of High
Q Dielectric Thick Films on That'RPortuguese Patent, Submitted

186





