
Abstract

DANIELS, PATRICK R. High Permittivity Barium Titanate Thin Films. (Under the
direction of Professor Jon-Paul Maria.)

As the demand for smaller, faster and more robust electronics increases, the

sophistication of system design and the optimization of material properties must

improve.  In order to accommodate these goals, electrical components, such as

capacitors, must be placed closer to the integrated circuit chip and consume less area

on a printed wiring board.  One approach to this end embeds these passive components

into the printed wiring board directly beneath the integrated circuit chip.  Previous

work at NCSU pioneered a thin film ferroelectric capacitor technology that satisfies the

principle demands.  This thesis describes a set of advancements to this technology of

the thin film dielectrics on flexible copper and platinum foils that target specifically

enhanced permittivity through microstructure control.

Barium titanate was deposited on copper and platinum foils by a chemical

solution deposition process with the intent of investigating the effects of the A:B site

ratio on the microstructure and electrical properties.  The primary investigation

involved preparing a range of dielectric compositions from 0 to 5% excess barium and

annealing them to temperatures ranging from 900 to 1200°C for 20 hours. The

annealing atmospheres and maximum temperature limits were chosen with respect to

preserving the integrity of the metallic foil substrates.
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On Pt substrates, as annealing temperature and the amount of excess barium

increased the average grain size increased dramatically.  Average grain size grew from

70 nm for a stoichiometric film annealed at 900°C to 800 nm for films with 4% excess

barium annealed at 1200°C.  The grain size decreased in films with 5% excess barium

annealed at 1200°C due to the development of a second phase identified by x-ray

diffraction.  This data is in sharp contrast to existing descriptions of the BaTiO3 binary

phase diagram that suggest ppm levels of solid solubility associated with the BaTiO3

intermediate compound and present interesting new questions regarding stability of Ba

excess crystals.

Guided by this Pt substrate reference data, the microstruture – dielectric

property relationships were explored for BaTiO3 films on copper foil. Compositions of

1:1 barium titanate and 3% excess barium annealed at 900 and 1060°C were prepared

and characterized respectively.  The room temperature permittivity increased from

1800 to 4000 with the addition of excess barium and increased annealing temperature.

The grain sizes ranged from x1 nm to x2 nm respectively. These results demonstrate a

completely new method of controlling grain size in BaTiO3 with Ba excess, and the

success of these methods to engineer extrinsic permittivity contributions consistent

with well-prepared bulk ceramics.

In addition, thin films of Ba0.7Sr0.3TiO3 were deposited on copper foils via RF

magnetron sputtering with the intent of investigating the effects of process flow on the

percent yield of working capacitors with respect to electrode size – a second challenge
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in the development of a viable embedded high value capacitor technology.  In the

previously established conventional process, electrode metallization was performed

after annealing at 900°C.  In the newly developed co-firing process, electrode

metallization is performed after sputtering deposition but before annealing at 900°C.

By changing the process flow, of the fraction of working 5 mm diameter capacitors

increased from 0% to 100%.  These capacitors were prepared on copper foils with a

dielectric thickness of less than 1 µm in the absence of clean room conditions. A model

involving curvature-controlled de-wetting is proposed to explain the success of this

method to obviate the short circuits that typically accompany geometric asperities

associated with polycrystalline thin films and rough substrates.
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Chapter 1: Introduction

This thesis focuses on the development of a thin film capacitor on foil

technology for embedded passives made possible through a collaboration of research

efforts by Dupont and North Carolina State University.  This thesis represents an

extension of a previous NCSU-DuPont collaboration initiated in 2002, which now

focuses on composition effects that influence the dielectric response of thin film

barium titanate, and novel methods for achieving large area capacitors without clean

room processing. The following survey of literature summarizes the most pertinent

scientific publications that build a framework in which the experimental results can be

discussed and interpreted.

1.1 Embeded Passive Components

The ever-present desire for smaller and faster electronics led to the idea of

embedded capacitors.  A thin film capacitor on metallic foil substrate technology could

be developed to replace the existing bulk ceramic inter-digitated capacitors on printed

wiring boards.  The 2-D thin film capacitors could be embedded directly beneath the

integrated circuit chip rather than be spread out across the printed wiring board and
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surface mounted as are conventional 3-D bulk ceramic capacitors.  This would

decrease the amount of area the printed wiring board requires as well as improve

device speed and performance as these properties are directly related to the distance

between the capacitor and the integrated circuit chip.  A diagram of the proposed

geometry can be found in figure 1.1.

Figure 1.1: A schematic representation of a proposed thin film capacitor technology that will
replace conventional interdigitated bulk ceramic capacitors.

The embedded thin film geometry has several advantages: 1) inductive loss is

reduced by decreasing the lead length since as is illustrated in figure 1.1 the embedded

capacitor can be located directly below the IC in/out connections 1,2 2.) Processing

becomes more efficient by allowing lithographic patterning, lamination assembly, and

parallel integration as opposed to the commonly used “pick and place” process 3.) a
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reduction in lead containing solder joints3.  The problem associated with the

development of this technology is reaching the commercially desired capacitance

density of 5 µF/cm2 1.  Previous technologies such as lead zirconate titanate thin films

and BaTiO3 dispersed in BaO glass have not rendered a capacitance density above 0.5

µF/cm2 1,4.  Thus, a thin film capacitor technology has not yet been developed that

would satisfactorily replace current bulk ceramic capacitors of all capacitance values

used in modern electronic packages. To be cost effective, the same technology needs to

satisfy all capacitor needs.

1.2 Size Effects in Bulk Barium Titanate

Ultimately, it is the large permittivity of ferroelectric crystals that make them

interesting for embedded capacitor components. In bulk, permittivity values can exceed

10,000, thus the target capacitance density can surpass 5 µF/cm2 while maintaining

layer thicknesses greater than 1 µm. However, as the following section indicates,

achieving bulk capacitor values in very fine crystals or very thin layers presents a long

standing challenge with both scientific and technological aspects.

It has been shown that the permittivity, domain size, and the temperature

dependence of the crystalline phase of ceramic barium titanate are dependent on the

average grain size of the dielectric 5-7.  Room temperature permittivities for

polycrystalline materials can range from 400 to 6000 depending on the grain size and
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crystallinity of the dielectric.  To establish a frame of reference for comparison the

room temperature a-axis and c-axis permittivities for single crystal barium titanate are

4000 and 400 respectively8.

Arlt et al. published a landmark paper that summarized grain size effects in

ceramic BaTiO3 in 1985 5. Arlt and coworkers prepared a sample set of barium titanate

with grain sizes ranging from 0.3 to 50 µm in order to characterize the effect of grain

size on permittivity.  It was found that permittivity reaches a maximum as grain size is

increased from 0.3 to 1 µm, above which permittivity drops dramatically 5.  The

increase in permittivity observed as grain size is decreased from 100 to 1 µm is

attributed to an increase in domain wall density within each grain. Arlt observed that

domain width scaled as the square root of grain size.  Since the motion of domain walls

under small field excitation is the origin of large permittivity in BaTiO3, an increase in

their volume density magnifies the extrinsic contribution to permittivity.  The decrease

in permittivity observed as grain size decreases from 1 to 0.3 µm was explained by

TEM studies that found a reduction of domain walls in sub 0.7 micron grains, and few

to no 90° domain walls. The inability to form 90° domain walls removed the materials

ability to accommodate strain from the ferroelectric phase transition, which is believed

to cause a reduction of tetragonality, and ultimately permittivity. The internal stress

model of Bell explains these observations, and for many years, it was believed that

fundamental, thus unavoidable decreases in permittivity occurred in BaTiO3 thin films,
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and provided a major limitation to dielectric applications needing both small dielectric

thickness and large permittivity 9

Approximately 12 years later, Frey et al. revisited the work done by Arlt et al.

and showed that unlike previous conclusions, sub-micron grains of barium titanate can

exhibit permittivity values in excess of 4000 10. Aided by the technological advances of

processing science, Frey and Payne were able to prepare extremely dense and fine

grained BaTiO3 ceramics using a combination of advanced powder synthesis and high

pressure sintering techniques.  Fine-grained barium titanate was examined for grain

sizes from 1.7 µm down to 70 nm.  It was found that the permittivity decreased as grain

size decreased, but permittivities in excess of 2000 were measured in grain sizes below

100 nm 10.  This is a critically important result since it shows that previous

investigations observed size effects, but these effects were not intrinsic to the material.

The decrease in permittivity found in Frey and Payne’s work is attributed to a series

dielectric mixing effect that becomes more important as the grain surface area to grain

volume ratio increases 10.  Frey and Payne developed the brick wall model where each

ferroelectric grain contained a high permittivity core, the brick, and a low permittivity

grain boundary, the mortar.  TEM would show that a crystallographically disordered

grain boundary layer with presumably low permittivty occupied approximately 0.1 nm

of the outermost layer of each grain 10.  Thus, it was the improved ability to process

fine ceramics with thin and clean grain boundaries that enabled bulk Permittivities to

be achieved in crystallite sizes below 100 nm. The implications of this work are
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straight forward in the context of this thesis: At grain sizes where ceramic BaTiO3 is

useful in micron-thick film applications (around 300 nm), permittivity values in excess

of 4000 are achievable. It is only a matter of advancing the science of thin film

processing to achieve the needed homogeneity and perfection of microstructure.

1.3 Challenges of Processing Thin Film Barium Titanate

Size effects of barium titanate are particularly important when dealing with thin

films due to the inherent challenge of growing large grained material.  The difficulty of

grain growth in the thin film geometry is due mainly to the practical limitations of

thermal budget.  Annealing temperatures comparable to bulk barium titanate are

difficult to achieve for thin films because they are often limited by the substrate.  A

rigid substrate with a different thermal expansion coefficient than that of barium

titanate will result in increasing stress in the dielectric thin film as temperature is

increased 11,12.  This thermal stress will often lead to cracking and chipping of the thin

film at temperatures exceeding 900°C.  In comparison, sintering temperatures for bulk

barium titanate, which is a highly refractory ceramic oxide, are in the range of 1300 °C.

Since thin film processing temperatures, especially on rigid substrates, are limited to ~

one half of this value, the ability to achieve full density and perfect crystallinity will be

compromised. Generally speaking, full density can be achieved using a variety of thin

film processes, however, grain sizes are routinely limited to the 100 to 300 nm range.
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Ihlefeld et al. showed that BaTiO3 grain sizes exceeding 5 µm could be

achieved at 900°C in barium titanate thin films using a barium borate fluxed chemical

solution deposition process 13.  In this case the presence of a liquid phase flux assisted

in the mass transport during crystallization and densification, thus the ability to grow

large grains with a high degree of structural perfection. The measured room

temperature permittivity for such films exceeded 3000 and x-ray diffraction revealed

peak splitting indicative of tetragonal symmetry.  This study of borate-based fluxing

demonstrated that microstructure engineering is possible through chemistry, and this

work, to a large extent inspired the experimental plan of this thesis.

1.4 Compositional Effects of Barium Titanate

The barium titanate equilibrium phase diagram has been extensively explored

for bulk materials, and though the original phase diagram was prepared in 1953 by

Rase and Roy 14, there remains debate regarding the issues of solubility at the 1:1 BaO-

TiO2 intermediate phase.
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Figure 1.2: BaTiO3 phase diagram developed by D.E. Rase and Rustum Roy

Historically, the first detailed examination of phase field width in BaTiO3 was

conducted by the Smyth group at Lehigh University through a series of investigations

involving the Ba-rich and Ti-rich sides of the diagram, Smyth et al. established a

solubility limit of 100 ppm BaO excess in bulk BaTiO3 and the presence of the barium

rich Ba2TiO4 phase when samples with greater BaO excess compositions were annealed

above 1000°C 15.  Smyth et al. also established a limit of 100 ppm TiO2 excess in bulk

BaTiO3 at 1100°C where the titanium rich Ba6Ti17O40 phase nucleated.

Generally speaking, the Lehigh results established the following phase diagram

detail for BaTiO3 and this data was widely considered to complete the understanding of
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stoichiometry effects, and was used to guide solid state processing of BaTiO3 powders

and ceramics (and to a large extent the entire multilayer BaTiO3 capacitor industry) for

many years. It is noted, however, that much of the evidence for solubility was based on

scanning electron microscopy that by today’s standards exhibited rather low resolution.

Figure 1.3. The barium titanate equilibrium phase diagram interpolated from the work of Hu,
Lee and Sharma

More recently, The Randall group of Penn State University revisited the

BaTiO3 phase diagram. The motivations were associated with a curiosity regarding the

phase fields under low oxygen partial pressures. Between the time of the original

Lehigh work and the present day, the industry standard procedure for barium titanate
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capacitors switched from noble metal to base metal electrodes. Consequently, firing

conditions were changed from normal atmospheric conditions, to forming gas and

nitrogen mixtures that produce oxygen partial pressures below 10-10 atm pO2. It is

conceivable that the change in defect chemistry that such firing conditions can produce

will also influence phase stability. This technology change warranted a more detailed

investigation.

Randall et al. performed this in depth study of the effects of oxygen vacancies

in barium titanate using differential scanning calorimetry.  This represents a novel

means of resolving the barium titanate phase field and for bulk samples, has produced a

much higher “resolution” phase diagram.  Effectively the Randall group relied on the

fact that the BaTiO3 primary phase transition temperature is first order, thus with

compositional variation, the transition temperature will vary smoothly, and experience

a discontinuity when a phase boundary is reached. Since DSC methods can detect

phase transitions with great accuracy, this is an excellent means of evaluating phase

fields in BaTiO3.   The first important finding in this work was that at 1473K an

annealing time of 30 hours was required to reach equilibrium – this cast some doubt as

to weather many of the previous studies had measured samples that were at

thermodynamic equilibrium 16.  The second important finding in this work was that the

solubility of Ba and Ti in barium titanate spans a wider range than previously believed.

It was shown previously by Hardlt et al. that the curie temperature of barium

titanate decreases as the amount of oxygen vacancies increase.  This study was
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performed by annealing in highly reducing atmospheres and quenching to establish

oxygen stoichiometry 17.  With this information in mind, one can use the phase

transition to estimate oxygen stoichiometry and consequently phase stability.

Consequently, the overall defect chemistry and its relation to cation stoichiometry must

be considered.  Randall et al. controlled the amount of oxygen vacancies when varying

the A to B site ratio.  The A to B site ratio can be expressed as (1+δ):1 where positive δ

is barium rich and negative δ is titanium rich.  The stoichiometry can then be expressed

as Ba1-δTiO3-δ and BaTi1+δO3+2δ for barium rich and titanium rich respectively.  The term

δ is now directly related to the amount of oxygen vacancies and the composition of the

film.  As the magnitude of δ increases the number of oxygen vacancies will increase

following the degree of deviation from stoichiometry since in BaTIO3, A:B ≠ 1

manifests in cation vacancies that are compensated by vacant oxygen sites.  Therefore

as the magnitude of δ increases the curie temperature of the dielectric will decrease as

the number of oxygen vacancies increases until a stoichiometry is reached in which a

second phase is able to precipitate. In this situation, further deviations from

stoichiometry would not produce a change in Curie temperature since these

compositional variations would produce an increasing quantity of second phase (which

is a linear dielectric regardless of the sign of δ).  Randall et al. used this relationship

and experimentally measured property trends to determine the barium titanate

solubility window by monitoring the Curie temperature as a function of A:B in BaTiO3

powders.  It was determined by this method that the solubility window of barium
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titanate spans the A to B site ratio from 1.005 to 0.98 18.  This window is much larger

than previously believed.

Generally speaking, there are very few reports of electrical property

dependencies on composition in BaTiO3. This is due primarily to the narrow phase

field, and that the neighboring phases, on either side of the perovskite phase are non-

ferroelectric with low permittivity values. Adding any quantity of second phase will

only serve to dilute the non-linear dielectric response that makes BaTiO3 a useful

dielectric. The effects of the Ba-rich Ba2TiO4 phase on the dielectric properties and the

microstructure of barium titanate were examined by Beauger et al.  It was found that

the presence of the orthotitanate phase decreased room temperature permittivity and

increased tan δ values 19.  The second phase was also found to be a grain growth

inhibitor.  While these effects were seen with all compositions, it was determined that

the detrimental effects of the second phase were severe in compositions exceeding 2%

Ba2TiO4 by volume.  Despite the thoroughness of Randall’s equilibrium investigations,

the dielectric properties were not reported.

1.5 Composition Effects in Barium Titanate Thin Films

Though there are numerous reports of composition effects on the dielectric

properties of BaTiO3 and more commonly (Ba,Sr)TiO3 (BST) thin films, these are of

limited use in understanding the structure-property relationships that regulate the



13

dielectric response 20,21. Most studies discuss MOCVD deposited materials in the

vicinity of 650 °C, and correspond to films that are far from equilibrium. Arguably,

Streiffer et al conducted the most sophisticated investigation of A-site to B-site ratio

effects in BST. He determined an optimal composition that was not stoichiometric,

however, this optimum was based on a number of parameters germane to the

application of embedded dynamic random access memories 22.  In summary, the thin

film community observed much higher solubility for the BST system, however, the low

temperature synthesis, the presence of residual organics, the comparatively poor

crystallinity, and the ultra-fine grain size all contribute to extrinsic mechanisms that

produce apparent solubility 23.

1.6 Chemical Solution Deposition of Barium Titanate Thin Films

A chemical solution deposition technique often referred to as sol-gel has been

used to deposit thin films of complex oxide materials for more than one hundred years.

The technique has many advantages over solid-state bulk processing.  Because the film

is created from chemical pre-cursor solutions, higher purities and more precise

stoichiometries can be achieved than in bulk processes due to the availability of ultra-

high purity chemicals that are dissolved and mixed in solution.  However, one of the

drawbacks to this technique is that often dangerous and atmosphere-unstable chemicals

are used during preparation.
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The most common of the chemical solution (or CSD) techniques are sol-gel

processes, hybrid-chelate processes and metal-organic decomposition.  Sol-gel

processes are based on using alcohols as both solvents and reactants; hybrid-chelate

processes stabilize solution components by modifying ligands present in the source

chemical, while metal-organic processes employ chemical constituents that do not react

with water.

Sol-gel and hybrid-chelate processes are very similar and for this reason can

easily be confused.  Both processes start with metal-alkoxides which are then reacted to

stabilize them in the presence of water.  The difference lies in which solution

component chelates the metal-alkoxide and which solution component dissolves the

metal precursor. Sol-gel processes employ only alcohols such as methanol or 2-

methoxyethanol as chelating agent and/or solvent.  Hybrid-chelate processes often use

acids such as acetic or citric acid as the solvent and chelating agent.  While the hybrid-

chelate process is more resistant to moisture than its alcohol based sol-gel counterpart,

the complexity of the present chemicals results in continuous, and often, unexpected

reactions.  A sol-gel chemistry will often remain stable far longer than a hybrid-chelate

chemistry that is prone to precipitation after a period of time.

Metal-organic deposition differs from sol-gel and hybrid-chelate processes in

that the chemicals chosen for metal-organic deposition often contain large carboxylate

groups which make them very stable in the presence of water.  This is the least

common of the three methods due to its susceptibility to cracking during pyrolysis
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when the large carboxylate groups are removed.  The large ligands are removed from

the film during pyrolysis and cause cracking as a result of large weight loss and

shrinkage that occurs 24.  This can partially be overcome by using starting reactants

with smaller ligands.

The process of depositing barium titanate thin films by CSD has been in

development for many years.  Schwartz et al. was the first to develop a hybrid-chelate

chemistry and identify the barium titanate crystallization temperature of 590°C 24.  In

this work, barium acetate was dissolved in acetic acid and titanium butoxide was added

to the solution.  Siegal et al. developed a chemical solution deposition process for

producing thin films of strontium titanate on nickel foils.  The process was comprised

of two precursor solutions: A-site) Sr-acetate dissolved in glacial acetic acid.  B-site)

Ti-isopropoxide chelated with Acetylacetone.  The chelation of the Ti-isopropoxide

with acetylacetone decreases the reactivity of the Ti-isopropoxide and slows hydrolysis

25.  A similar process could be developed for the preparation of Barium Titanate given

the identical Ti precursor.

Hoffmann et al. did a study on the effects of chemical precursors on the

morphology of barium strontium titanate films on prepared by CSD.  In this study, the

titanium precursor used was always Ti-tetra-n-butoxide and the barium and strontium

sources examined contained different length alkyl chains such as; acetates, propionates

and 2-ethyl-hexanoates 26.  It was found that the length of alkyl chain influenced the

decomposition temperature of the film as longer chains decompose at lower
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temperatures.  The low temperature decomposing carboxylates exhibited a fine grained

and randomly oriented morphology whereas the high temperature decomposing

carboxylates resulted in columnar growth.  It was also shown that decreasing the

molarity of the solution aided the transition from growing randomly oriented films to

films with a columnar morphology 26.
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Chapter 2: Experimental Procedure

In this chapter, two experimental procedures developed to achieve the

technology goals for the barium titanate thin film capacitor on metallic foil technology

are explained. Experiments with the aim of increasing the permittivity of the barium

titanate thin film were based on a sol-gel and spin casting technique developed

previously by Dr. Jon F. Ihlefeld.  This technique was chosen due to its inherent ease of

controlling the chemical composition.  Experiments with the aim of achieving large-

area thin film capacitors were performed using a barium titanate sputtering technique

developed previously by Dr. Brian J. Laughlin.  This sputtering method was chosen for

these large area experiments due to the more uniform microstructure as compared to

sol-gel prepared material.

2.1 Chemical Solution Deposition (CSD)

CSD synthesis of BaTiO3 begins with the preparation of two separate pre-cursor

solutions: one solution contains the A-site atoms (in this case Ba) and the other

contains the B-site atoms (in this case Ti).  Solutions are prepared in a glove box that is

flushed with dry nitrogen to keep the humidity below 15% to minimize the interactions

between raw source chemicals and water vapor.  Precision and accuracy of solution

molarity is maximized by massing all components on a Mettler-Toledo AT201 5-

decimal digital balance that is accurate to 0.1 milligrams.
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The A-site solution, which is the barium source, is prepared by dissolving

barium acetate (99% Sigma-Aldrich) in glacial acetic acid (99.99% Sigma-Aldrich).

After placing a piece of weigh paper on the balance and zeroing the scale, barium

acetate is massed out as close to the desired mass of 3 grams (0.012 equivalent moles)

as possible and the actual mass is recorded. Typically, the deviations from the 3 gram

target are in the range of 1 mg.  The barium acetate is then transferred to a clean

Erlenmeyer flask and the weigh paper is massed again to determine the amount of

barium acetate that did not get transferred to the flask.  This amount is then subtracted

from the mass of barium acetate before the transfer.

Next, a magnetic stir bar is placed in the flask containing the barium acetate and

all three components are placed on the balance.  After zeroing the balance, as close to

25.5 grams or 0.4 moles of acetic acid are added to the flask and the actual mass added

is recorded. Typically, the deviations from the 25.5 gram target are in the range of 1

mg.  Again, typical deviations are in the range of 1 mg. The mixture is then placed on a

stirring plate and stirred overnight to ensure the barium acetate is fully dissolved.  The

target A-site solution final molarity is 0.5 molar.

The B-site solution, which is the titanium source, is prepared by the chelation of

titanium(IV)-isopropoxide with acetylacetone and diethanolamine.  A clean

Erlynmeyer flask containing a magnetic stir bar is placed on the balance and the scale

is zeroed.  As close to 2.024 grams or 0.02 moles of acetylacetone is added to the flask.

Typically, the deviations from the 2.024 gram target are in the range of 1 mg. The
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actual mass is recorded and the scale is zeroed again.  Then as close to 0.01 moles of of

titanium(IV)isopropoxide (99.999% Sigma Aldrich) which corresponds to 2.844 grams

is added to the flask. Typically, the deviations from the 2.844 gram target are in the

range of 1 mg. The actual mass is recorded and the flask is zeroed again.  Next, as

close to 0.268 grams or 0.0025 moles of diethanolamine is added to the flask and the

actual mass is recorded. Typically, the deviations from the 0.268 gram target are in the

range of 1 mg. The mixture is then placed on the stir plate overnight to ensure the

complete chelation of the titanium isopropoxide. The B-site solution final target

molarity is 1.8 molar.

The exact molarities of the A-site and B-site solution are calculated. With this

information, aliquot quantities of each can be mixed, and final solution can be easily

formed with a cation stoichiometry that is accurately known to within 0.1 mol % 27.

This method is ideally suited for preparing sets of solutions with Ba concentrations that

are close to ideally stoichiometric, and those with 1, 2, 3, 4 and 5% excess barium.

Once the desired stoichiometry is reached the solution is stirred over night to ensure

complete mixing and is ready for deposition.
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Figure 2.1:  Process flow diagram for the preparation of a Ba and Ti solution from precursor
solutions.

2.2 Thin Film Formation

BaTiO3 thin films are formed by spin coating the final metalorganic precursor

solution on copper or platinum foil substrates. The Cu and Pt foils are 15 and 40

microns  and are the preferred substrate for the target commercial technology, however,

platinum foils were also used due to platinum’s high melting temperature and

resistance to oxidation.  Due to the expense, Pt foils are reused multiple times.  The
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dielectric is removed by etching with a 10% hydrofluoric acid solution.  The foils are

then rinsed twice with deionized water and finally rinsed with methanol and allowed to

dry in air to remove surface contaminants.

The first step in deposition is to cut the foil substrate to a manageable size, in

this case, approximately 2 inches by 2 inches for copper and 1 cm by 1 cm pieces for

platinum.  The foil is then taped, along two opposite edges, to a round 3” diameter

fused silica substrate which is placed on a Cookson Electronics P-6000 spin coater

chuck and secured by vacuum. Prior to spinning, the surface of the foil is completely

covered with the final solution by dripping the solution on the foil from a 3 ml Becton-

Dickinson syringe that employs a 0.2 micron filter (Fisher Scientific).  The foil is spun

for 30 seconds at 3000 rpm.  The substrate is immediately removed from the spin

coater and glass mount and placed directly onto the surface of a 250 °C Mirak

Thermolyne hotplate for 5 minutes for solvent evaporation and initial gel formation.

This process, which can be seen in figure 2.2, is repeated several times to reach the

desired film thickness.  Each spun-on layer produces approximately 100 nm of

crystallized BaTiO3 film. For these experiments, the process was repeated 6 times for a

target final film thickness between 600 and 700 nm.
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Figure 2.2: A diagram depicting the sol-gel process from start to finish.  The metal-organic
solution is prepared then spun and dried on the substrate multiple times before the final
anneal

2.3 Sputtering Barium Strontium Titanate on Copper Foils

Thin films of barium strontium titanate were also prepared on copper foil

substrates via RF magnetron sputtering.  A 4 inch diameter sputtering source target was

prepared by Super Conductor Materials, INC. with a composition of Ba0.7Sr0.3TiO3.

The target was placed in a 4 inch Torus® RF magnetron sputtering source.  The source

was mounted in a UHV chamber 8 cm above the substrate and tilted 25° off the normal

of the substrate.  The vacuum chamber geometry can be seen in figure 2.3.  This offset

off-axis geometry is used to mitigate the effects of anion resputtering and to maximize

thickness uniformity. A more detailed description of this sputtering process can be

found in the Ph.D. dissertation of Dr. Brian J. Laughlin 28.
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Figure 2.3: The internal geometry of the UHV chamber used for sputter deposition of BaTiO3 on
thin metallic foils.

Copper foils were mounted in the sputtering chamber using rectangular

brackets with two sizes: 1 inch by 2 inches and 4 inches by 4 inches. The brackets

consisted of two metal frames that could be joined with machine screws to clamp the

foil and hold it flat during deposition. Figure 2.4 shows pictures of each frame loaded

with foil substrates. The frames were constructed of either stainless steel or aluminum.

Once a substrate was mounted the frame-foil assembly was placed on top of a stainless

steel plate that covered a BN coated graphite heating element inside the rotating
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manipulator stage.  Due to the thickness of the substrate mounting brackets (1/8 inch),

the foil substrate was not in direct contact with the sample stage.

Figure 2.4:  A digital photo showing a copper foil substrate affixed in a titanium mounting
bracket secured by machine screws.

After chamber evacuation and reaching the target background pressure of 10-5

torr, the substrate manipulator is heated to 130 °C from room temperature at a rate of

15 °C per minute.  This temperature was chosen as it corresponds to the maximum

stage temperature possible prior to rapid oxidation of the copper foil during BST

deposition. This deposition temperature refers to the temperature recorded by a

thermocouple positioned away from the heater element approximately the same

distance as the manipulator stage. Once the temperature stabilized a flow of 20 sccm of

99.99% argon is introduced by a mass flow controller and the pressure is adjusted to 10

mtorr by limiting conduction to the turbo pump by partially closing the gate valve.  The
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substrate is then rotated at a rate of 5 rpm.  Next a plasma is initiated by applying 300

watts of RF power (Advanced Energy RFX 600) to the magnetron source.

Optimization of deposition conditions was not the focus of this study. The conditions

used are based on the process optimizations conducted in the Ph.D. theses of Laughlin

and Ghosh, which used the same sputtering instrument 29,30.  These conditions result in

a deposition rate of approximately 1.1 nm per minute.  The deposition was maintained

for 90 minutes which resulted in a film thickness of approximately 1 micron.

One of the problems experienced with this process was the long term durability

of the BST source targets.  Non-uniformity and inhomogeneities in the sputtering

sources have been known to lead to preferential sputtering.  Some locations experience

a faster rate of erosion which can lead to pitting and eventual cracking of the source.

When a crack occurs, it can act as a charge concentrator and electrical arching is likely.

The large amount of energy released during an arching event can damage the target

further and cause particulates to come off of the target.  These particulates can then be

incorporated into the sputtered thin film.

2.4 Annealing of CSD Films on Cu and Pt films

Films on platinum foils fired in an open-air furnace where the sample is placed

in an alumina crucible and slid into the hot zone at a starting temperature of 150°C.

The furnace is then ramped to the desired annealing temperature at a rate of 30 °C per
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minute and left to dwell at temperature for 20 hours.  When the dwell time is reached,

the furnace is turned off and allowed to cool per Newtonian cooling.  The sample is

then removed once the temperature has fallen below 150°C.

Films on copper foil are annealed with the same temperature profile as the films

on platinum but in a controlled atmosphere tube furnace and a fused silica crucible.

The pO2 processing window for barium titanate can be seen in figure 2.4.  In

order to reach the pO2 range where oxidation of the copper substrate could be avoided

without decomposition of the dielectric film, a controlled low pO2 atmosphere is

needed.  A Lindberg-Blue M tube furnace using a 2” outer diameter fused silica tube

and Viton o-ring sealed endcaps was used to achieve the needed atmospheric

conditions.  The furnace geometry can be seen in Figure 2.5.  Each end cap had a

Swagelok gas port that was connected to an H2O bubbler.  Process gases were fed

through the first bubbler to incorporate water vapor, which then flows through the tube

and out through the second bubbler.  The second bubbler is used as a check-valve to

prevent backstreaming.
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Figure 2.5: A diagram showing the equilibrium partial pressures of the metals and their oxides
for the barium titanate on copper foil system.

Figure 2.6: A schematic of the furnace used in these experiments.  A mixture of gases is flown
through a bubbler into the furnace and out through another bubbler
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The process gas mixture used is comprised of N2, H2, H2O and contaminant

amounts of O2.  400 sccm of N2, which contains 1 ppm of oxygen impurity, is mixed

with 20 sccm of forming gas.  The forming gas is N2 mixed with 1 mol% of H2.  The

mixture is then flowed through the first bubbler where it picks up a small amount of

water vapor.  This mixture of gases produces an oxygen partial pressure, that is

governed by the reaction in Equation 2.1. The equilibrium partial pressure for this

mixture at 900 °C is 10 –12 atm  which is several orders of magnitude below that

required to prevent copper oxidation.

€ 

H2 +
1
2
O2↔H2O    Equation (2.1)

The oxygen partial pressure is measured in situ by an Australian Oxytrol

Systems DS-Series solid-state pO2 sensor that is located in the furnace hot zone.  The

oxygen sensor generates a voltage signal that is created by comparing the oxygen

concentration gradient between the hot zone and the normal atmosphere outside the

furnace.  The sensor also contains a thermocouple that measures the exact temperature

where the pO2 is being measured.  The oxygen partial pressure can then be calculated

by Equation 2.2 where T is the absolute temperature measured by the thermocouple, E

is the voltage from the sensor and the 0.209 represents the oxygen partial pressure in a

normal atmosphere.
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€ 

pO2 = 0.209 −46.42 × E
T

 

 
 

 

 
 Equation (2.2)

2.5 Capacitor Formation

Thin film capacitor structures were formed by sputter deposition of Pt and/or

Cu top electrodes on the crystallized BT and BST surfaces.  This is done by sputtering

a thin film of platinum or copper through a shadow mask that is placed on top of the

film.  Electrodes were deposited using a 2-inch DC magnetron sputtering gun with a

power of 75 watts in argon gas at a pressure of 30 mTorr.  The standard shadow mask

contained five different circular electrode sizes ranging from 6x10-4 to 2x10-3 cm2.  A

complete overview of the capacitor formation process can be seen in figure 2.7.
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Figure 2.7: An overview of the capacitor forming process.  Starting with an untreated substrate
which is coated with dielectric, annealed, and finally electrodes are deposited to
complete the thin film capacitor.

The primary electrical measurements were capacitance vs. voltage and

capacitance vs. frequency and were carried out using an HP 4192A impedance

analyzer.  This machine allowed for the determination of loss tangent, permittivity and

the dielectric tunability characteristic of ferroelectric materials.  The frequency and

voltage dependencies give valuable insight into the mechanisms of high permittivity

and leakage.  Measurements were taken with an oscillator voltage of 0.05 volts.

Capacitance versus temperature measurements were also collected to identify

and characterize the ferroelectric phase transitions.  These measurements were

performed using the impedance analyzer in conjunction with an MMR Technologies
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cryogenic temperature stage (model R2105).  Samples were heated to 550 K and

measurements of capacitance were taken as the sample was cooled to 100 K.  Electrical

measurements are only performed after a capacitor is determined to be functional.  A

functional capacitor is defined as having a loss tangent less than 0.15  with an oscillator

voltage of 0.05 V at a frequency of 10 kHz under 0 bias.

The following series of figures show temperature, voltage, and frequency

dependent plots of permittivity for both sputtered BST and stoichiometric BT thin

films. These data represent the dielectric properties that are routinely observed and

serve as a baseline for reference and comparison for this work and other literature

reports.

Figure 2.8: Typical electrical characterization of capacitance measured as a function of
frequency for a sol-gel prepared sample on a copper foil substrate (left) and a
sputtered film on a copper foil substrate (right).
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Figure 2.9: Typical electrical characterization of capacitance measured as a function of voltage
for a sol-gel prepared sample on a copper foil substrate (left) and a sputtered film on a
copper foil substrate (right).

Figure 2.10: Typical electrical characterization of capacitance measured as a function of
temperature for a sol-gel prepared sample on a copper foil substrate (left) and a
sputtered film on a copper foil substrate (right).
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2.6 Physical Characterization Techniques

The microstructure and phase assemblage of the dielectric was examined using

a combination of x-ray diffraction, scanning electron microscopy and atomic force

microscopy.

A Bruker AXS D-5000 x-ray diffractometer equipped with a Hi-Star area

detector with a focusing circle of 15 cm was used to characterize crystal structure and

phase.  The focusing circle can collect approximately 35° in 2θ for any given ω setting.

With proper operation and sufficient collection times, this instrument can resolve 5 nm

thick films. The samples are adhered to a piece of amorphous glass by double sided

tape.  The piece of glass is then adhered to an aluminum stage by another piece of

double-sided tape.  The amorphous glass is used to separate the sample from the stage

and avoid collecting diffraction information of the aluminum stage.  The x-ray source

and x-ray detector can be independently rotated about θ and 2θ respectively.  The

angles chosen for the source and detector are 15° and 30°.  These angles were chosen

because the 100% intensity (110) peak occurs at 31.2° in 2θ according to X-ray PDF

card  #34-129.

A Hitachi S-5500 Ultra-high Resolution SEM in secondary electron mode was

used for examination of the microstructure.  With a beam current of 10 µAmps and an

accelerator voltage of 5 kV, a spot size sufficiently small was produced that could

resolve 25 nm features.
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A Nanosurf Easyscan 2 atomic force microscope was employed in dynamic

force mode to characterize film topography.  The images produced were of sufficient

resolution to make an accurate determination of grain size.  While the SEM provided

much higher resolution, the AFM was a much faster and provided rapid feedback for

process monitoring.

Using images collected via AFM and SEM, grain sizes were calculated using

the linear intercept method.  In this method a line is drawn in a random direction across

a micrograph and the length of this line is determined by comparing the line to the

micron bar using a program called ImageJ.  The intersections of the line with the

grain boundaries are as follows: 1.) if the line passes through a grain boundary it is

counted as 1. 2.) if the line passes through a triple point it is counted as 1/2. 3.) if a line

ends within a grain it is counted as 1/2.  Using this evaluation method a line is

determined to be inadequate if it has a value of less than 15.  If the line has a value of

15 or greater, the length of the line is divided by the line’s value to determine the

average grain size.  This procedure is then repeated four more times on each

micrograph and each value is averaged for a statistically valid grain size.

2.7 Co-firing

A portion of the experimental work utilizes a thin film co-firing process which

is a derivation of the normal process flow for the production of thin films of BST and
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BT on copper foils. In the co-firing process the dielectric layers are sputtered or spin

coated on to the foil surface in the same fashion, but electrodes are applied prior to the

annealing step.  The electrode deposition technique is also different for the co-firing

process.  Due to the large increase in the area of the top electrode enabled by cofiring, a

type of lift off technique was developed to pattern the electrodes at any size within the

confines of the coated foil region.  The technique was developed to decrease the

amount of handling that had to be done with the sample.  In the conventional process,

the sample is removed from its mount used during sputtering and then fixed between a

shadow mask and a backing plate using machine screws.  However, this technique does

not require the sample to be removed from the bracket.

Using a felt tipped marker, the area of the sample where the electrode metal is

not desired is covered with an alcohol soluble ink – i.e., a black Sharpie® marker.

Then the sample is completely covered with the electrode metal using the previously

mentioned DC sputtering technique.  The electrode metal is then removed from the

area of the film covered in ink by dissolving the ink with acetone.  The sample is

brushed lightly with a Q-tip where the ink was placed to aid the alcohol in dissolving

the ink.
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Figure 2.11: A diagram showing the lift off technique employed to produce large area
electrodes and decrease handling of the thin films
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A "smart" process suitable for preparing metal-insulator-metal thin film

capacitors with sub-micron insulating layers and cm-scale lateral dimensions is

presented. This provides a revolutionary advance in oxide thin film applicability in

implementations where semiconductor process flows are cost-prohibitive. The

technique provides a 4 order of magnitude improvement in device yield and does not

require sophisticated deposition equipment or a clean room environment. The key to

improved yield is choosing a metal and oxide combination where the metal-oxide

surface energy is greater than the metal-vapor surface energy. If satisfied, partial

electrode dewetting during the high temperature anneal naturally coerces electrode

metal away from geometric asperities with high curvature. Through-the-film-thickness

defects that compromise layer integrity are thereby naturally avoided. This

methodology is not material specific, and only requires a top electrode with a large

contact angle to the dielectric in question. These are referred to as "smart electrodes"

given their natural propensity to avoid film flaws.

All BST films prepared for this study were deposited by RF magnetron

sputtering from a ceramic target of composition Ba0.8Sr0.2TiO3. In all cases 18 µm thick

copper foil substrates were used. Films were deposited at a substrate temperature of

100 °C for 120 minutes yielding a dielectric thickness of 800 nm. Following

deposition, the films were tube-furnace annealed at 900 °C in a flowing atmosphere of

400 sccm N2 (from a liquid dewar) and 20 sccm forming gas (1%H2:99%N2) which

yields an oxygen partial pressure of 10-12 atm. For the conventional process shadow
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masks defined sputtered Pt dots to complete the capacitors after annealing. A full

description of this process is available in the literature30. Figure 3.1 shows the yield, or

percent functional capacitors as a function of capacitor diameter. Functionality is

defined as a dielectric loss tangent of less than 0.15 at 2 V dc bias. These yield

percentages are well below the levels necessary for commercialization and mass

production31,32.

Figure 3.1: Yield as a function of electrode diameter for Pt - BST - Cu metal insulator metal
capacitors. The open circles represent conventionally processed material, while the
closed circles represent co-fired devices. In this case we define yield as the percent
functional capacitors where functional is defined as a capacitor with tan d<0.15 at 2 V
applied. The inset corresponds to a permittivity versus voltage curve for a co-fired BST
capacitor with a 5 mm electrode diameter.
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Defects that compromise film integrity are common, and for oxides, the most

important may be categorized as follows: (1) pinhole formation during deposition, (2)

crack formation from differential densification, (3) cracking promoted by residual

thermal expansion mismatch strain, and (4) particle contamination. Differential

densification stems from as-deposited non-uniformity caused by shadowing effects, or

local substrate undulation, i.e., the side of a hillock or substrate scratch. Upon heat

treatment, these non-uniformities can densify at locally variable rates and result in

crack formation. Thermal expansion coefficient mismatch can establish residual film

stress upon heating or cooling and lead to film cracking or buckling, while particulate

contamination can lead to shadowing and chemical reaction upon firing. Our SEM

analyses of numerous BST films confirm the presence of these mechanisms, with

differential densification being the most frequently observed.

Since the probability of depositing an electrode over such a defect scales with

capacitor dimension, limitations in yield can be traced to defect area density. To

ameliorate this condition, two approaches can be adopted: 1) defects are eliminated, or

2) defects are tolerated. Ultra-smooth substrates, dielectrics, and top metallization

layers can be prepared in clean conditions, and deposition methods can be optimized to

dramatically reduce particulates and maximize film homogeneity. Such methods have

enabled dramatic success in the semiconductor industry, however, for comparatively

low-cost applications like embedded passives similar measures are not suitable.
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Consequently, we have developed a process by which the poor metal-oxide wetting is

used to recognize and avoid film defects.

It is well known that the work of adhesion values between many electrode

metals and oxide surfaces are small. Consequently, contact angles are large, and at

elevated temperatures there is a propensity for dewetting33-35. As such, a driving force

exists that can be used to move top electrode material after deposition. Even though the

heat treatment temperatures used in this study are well below the melting temperature

of Pt, the mass transport at 900 °C is sufficient to dramatically rearrange thin Pt films.

Figure 3.2 shows two SEM images of Pt deposited on a BST surface after a 900 °C

firing schedule for 30 minutes.
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Figure 3.2: a) SEM image of a 50 nm thick Pt top electrode after the co-firing process, b) SEM
image a 150 nm thick Pt top electrode after the co-firing process, c) SEM image of a
large crack in an electrically functional BST capacitor, and d) A higher magnification
SEM image showing that the top electrode retreats from the crack edge thereby
avoiding a short circuit.

In panel (a) the Pt as-deposited thickness is 50 nm, while in (b) the as-deposited

thickness was 150 nm. These images identify two important findings: at 900 °C Pt is

very mobile and can rearrange to minimize BST-PT contact area, and a critical Pt
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thickness exists above which dramatic rearrangement can be arrested. An electrode

thickness study was conducted using 25 nm thickness intervals between 50 and 150

nm.SEM analysis of this series showed that 150 nm was required to avoid full de-

wetting. Ideally, partial de-wetting around cracks is desired, while full de-wetting to a

discontinuous electrode is not. We hypothesize that this behavior can be exploited to

improve capacitor yield via the mechanism proposed and illustrated in figure 3.3.

Figure 3.3: Illustration of the proposed mechanism for high yield in co-fired metal-insulator-
metal BST capacitors.
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At high temperatures, when the electrode material can self-diffuse to minimize

interfacial energy it will preferentially avoid film defects (like film cracks) since these

locations exhibit large curvature thus require a larger metal-oxide contact area per Pt

volume. If BST films are metallized prior to annealing, upon heat treatment the top

metal will redistribute away from high curvature defects that were present in the as-

deposited state or that formed upon heating. If this redistribution occurs the yield

should improve dramatically as compared to capacitors prepared via a conventional

process. As an initial test, BST capacitors with a range of electrode diameters were

prepared using the co-firing concept with 150 nm of sputtered Pt (using a shadow

mask) before the crystallization/densification anneal. Data are shown in figure 3.1

where 100% yield was observed for electrode diameters up to 5 mm. The inset in

figure 3.1 shows C-V data for a 5 mm diameter capacitor, this voltage tolerance was

observed routinely in capacitors with mm-scale electrodes.

To test this hypothesis directly, films were prepared with intentional cracks that

could be found and monitored by SEM. To prepare cracked thin film samples, pure

barium titanate films were prepared on copper foils by chemical solution deposition

following our group's well-established route36. To ensure cracking, an incomplete

drying step was used which results in large crack formation of the pre-fired film - this

is a common problem for chemical solution deposition, especially for high molarity

solutions, and is linked to solvent extraction after gel consolidation37. Pt top electrodes
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were applied by magnetron sputtering, and the identical firing procedure was

performed. Post firing SEM images show the existence of these drying cracks. Figure

3.3 shows one of these cracks after the firing process, the lower magnification panel

spans the entire crack, while the inset magnifies one end. Inspection of this image

shows that Pt does not bridge the insulating layer at any point. Images were taken for

the entire crack, and Pt was found to retreat from the edge along the entire periphery.

Most importantly, this crack occurred near the center of a 2 mm diameter top electrode

of a functional capacitor.

Once this mechanism was observed and identified, experiments were conducted

to explore the limits of capacitor yield. A shadow mask was prepared with 25 mm x 25

mm openings. Four capacitors could be fabricated in one BST deposition, as limited by

the 4" diameter BST sputter target, and were electroded and fired identically to the

previous devices.  The results of dielectric testing are shown in figure 3.4 where low

loss tangents and permittivity values typical of sputtered BST are observed. Note that

the increase in loss tangent above 100 Hz is due to the approach of resonance for this 5

µF capacitor. We note that these large capacitors did not have the voltage tolerance of

the smaller sizes, however, 10 V could be applied without breakdown. After ten 25 mm

x 25 mm fabrication runs, a success rate of 85% was determined.
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Figure 3.4: Capacitance versus measurement frequency trace for a 2.5 cm x 2.5 cm capacitor.
Note that the frequency response is flat until approximately 1 kHz at which point
resonance is approached. This low frequency resonance is a consequence of impedance
matching to a 5 μF capacitor, not a material response.

In summary, a co-firing process that enables a 104 improvement in capacitor

yield is presented. Using this process, parallel plate capacitors with aspect ratios of 104

were prepared and single layer thin film devices with capacitance values of 5 µF were

demonstrated. This process requires no specialized deposition equipment or clean room

environment. The success of this process results from the large surface energy between

many oxide dielectrics and many transition and noble metals. This interfacial

characteristic is believed to drive material redistribution at high temperatures. Most

importantly, the redistribution directs material away from regions of large curvature,

like crack edges and pinholes. Direct evidence of this mechanism was found by

scanning electron microscopy. This method can be used to routinely prepare square
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parallel plate capacitors with one micron thick insulating layers and 25 mm edge

lengths.
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4.1 Abstract

BaTiO3 thin films were prepared on metallic foil substrates using chemical solution

deposition. The impact of A -site to B-site cation ratios was investigated by

characterizing a sample set that includes stoichiometric BaTiO3 and 1, 2, 3, 4 and 5

mole percent excess barium oxide. Each composition was subjected to a high

temperature anneal step with maximum dwell temperatures of 1000, 1100 and 1200 °C

for 20 hours. Excess barium concentrations greater than 3% lead to dramatic grain

growth and average grain sizes exceeding 1 µm. Despite the large deviations from

stoichiometry and the 20 hour dwell time at temperature, x-ray diffraction and high-

resolution SEM analysis were unable to detect second phases until films with 5%

excess barium were annealed to 1200 °C. Thin films with 3% excess barium were

prepared on Cu substrates and annealed at 1060°C – the practical limit for Cu. This

combination of BaO excess and annealing temperature produced an average lateral

grain size of 0.8 microns and a room temperature permittivity of 4000. This is in

comparison to a permittivity of 1800 for stoichiometric material prepared using

identical conditions. This work suggests metastable solubility of BaO in BaTiO3 which

leads to enhanced grain growth and very large permittivity values. This technique

provides a new solid-state means of achieving grain growth in low thermal budget

systems.
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4.2 Introduction

A film-based capacitor technology suitable for lamination into integrated circuit

boards is highly desired in the electronics packaging industry. Such a technology

would require high capacitance density, suitable breakdown voltage, and low

production cost.38-40 Since the late 1990s, several groups have pursued a film-on-foil

approach where high permittivity dielectric layers are synthesized on thin metal foils

and subsequently laminated into printed wiring board panels.4,25,41,42 More recently, a

smart electrode process has been developed that allows large area electrodes to be

formed on foil substrates with substantial roughness43. Though these processes have

overcome several of the technology challenges and are consistent with physical

integration and general low cost, a substantial increase in capacitance density is still

required. In most cases, the technology is limited to ~ 2 µF/cm2 and high value added

applications demand ≥ 5 µF/cm2.38

Two methods are available to increase the capacitance density of BaTiO3 thin

film capacitors in the metal-insulator-metal configuration. One is to decrease the

physical thickness of the dielectric layer, however, with film thickness typically less

than 1 micron, a meaningful decrease in the dielectric thickness would compromise

reliability since film thickness would become comparable to foil roughness. The

second method is to increase the permittivity of the dielectric layer which is usually

smaller than that observed in bulk crystals. In order to increase permittivity, two

conditions must be met. 1) The grain size must be engineered to levels consistent with
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the 0.7 µm maxima observed in ceramic systems;44 and 2) processing steps that

increase crystal quality of the individual BaTiO3 grains must be incorporated.13,45 Frey

and Payne demonstrated that ceramic barium titanate can be prepared with 300 nm

grains and room temperature permittivity values in excess of 4000.6,10 Consequently, it

is only the limitations of processing science that regulate ultimate thin film capacitor

performance.

Previous investigations have shown that incorporating liquid phases in BaTiO3

films can lead to large grains, high crystalline quality, and permittivity values

equivalent to bulk ceramic counterparts41. However, in situations where substantial

liquid phase is present, Ostwald ripening can become difficult to uniformly control.

The same authors also showed that a modest increase in BaTiO3 grain size could be

achieved through the addition of excess barium at 900 °C, presumable via a defect

mechanism that enhances solid-state diffusion27. This study expands on this previous

work by exploring a wider range of compositions and temperatures. Ultimately, this

report uncovers broad metastable solubility for BaO in BaTiO3, illustrates the utility of

this solubility for microstructure and property enhancement, and raises new questions

regarding the BaTiO3 phase diagram under the thin film boundary conditions.

4.3 Experimental Procedure

BaTiO3 thin films were prepared using a chemical solution deposition process

developed by Ihlefeld, et al36. Two solutions were prepared concurrently. One solution
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involves the chelation of the transition metal alkoxide titanium(IV)-isopropoxide with

acetylacetone and diethanolamine: the B-site solution. The other solution consists of

barium acetate dissolved in acetic acid: the A-site solution. The solutions are then

combined in amounts that will produce the desired stoichiometry with a concentration

of 0.3 molar. Solution stoichiometries ranged from 0 to 5 mole percent excess barium.

These solutions were then spin coated on Pt, Cu and Ni foils. Films were spun at 3000

rpm for 30 seconds and dried on a hotplate for 5 minutes at 250 °C after each

deposition. The process was repeated 6 times and results in a film thickness ~700 nm

after annealing. The rolled Pt, electroplated Cu, and rolled Ni foils were x µm, y µm,

and z µm thick, and were supplied by vendor 1, vendor 2, and vendor 3 respectively.

For films prepared on Pt foils, the film/foil stack was fired in air at temperatures

of 1000, 1100 and 1200 °C for 20 hours. Films prepared on Cu foils were annealed for

20 hours at temperatures of only 1000 and 1060 °C because of the copper melting

temperature of 1084 °C. The annealing step for a film on Cu was done in a low pO2

atmosphere consisting of 400 sccm flowing N2 and 20 sccm 99%N2:1%H2 bubbled

through room temperature water to establish an oxygen partial pressure that prevents

the oxidation of the Cu foil at high temperatures. At the dwell temperature, pO2 values

were measured in situ to be 10-13 atm and 10-10 atm, at 900 °C and 1060 °C

respectively.

A Bruker AXS D-5000 x-ray diffractometer was used to characterize crystal

structure and phase. A Nanosurf Easyscan 2 atomic force microscope was employed in
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dynamic force mode to characterize film topography. Electrical measurements were

collected using an HP 4192A impedance analyzer (oscillator frequency of 10 kHz and

amplitude of 50 mV) and an MMR Technologies cryogenic temperature stage

(temperature dependent measurements were collected during cooling). Electrical

measurements required the deposition of 50 nm thick Pt shadowmask defined

electrodes by dc magnetron sputtering. SEM images were collected using a Hitachi S-

5500 Ultra-high Resolution SEM in secondary electron mode.

4.4 Results and Discussion

4.4.1 Part 1- BaTiO3 on Pt

After deposition and firing, atomic force microscopy (AFM) and x-ray

diffraction (XRD) were performed to evaluate the surface microstructure and

crystallinity. Figures 4.1, 4.2, and 4.3 show AFM micrographs of stoichiometric, 3%

excess BaO, and 5% excess BaO films fired at 1000, 1100 and 1200 °C, respectively

(for brevity 2% and 4% excess BaO are not shown). Inspection of these data reveals a

trend of increasing grain size when increasing both temperature and Ba excess. For

stoichiometric BaTiO3, the increase in grain size with temperature was minimal,

whereas dramatic increases in grain size were seen for samples with 3% and 5% BaO

excess. The only exception to this trend occurred for samples with 5% BaO excess

annealed to 1200 °C, in which case grain growth was modest. Figure 4.4 summarizes
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the average grain size vs. composition and temperature as computed by linear

stereology.

Figure 4.1:  AFM images of stoichiometric BaTiO3 films on Pt foils processed with a final
annealing temperature of 1000 °C, 1100 °C, and 1200 °C for 20 hours respectively.
Negligible grain growth is seen in this temperature range.

Figure 4.2:  AFM images of BaTiO3 films with 3% excess BaO on Pt foils processed with a final
annealing temperature of 1000 °C, 1100 °C, and 1200 °C for 20 hours respectively.
Substantial grain growth is seen above 1000 °C.
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Figure 4.3:  AFM images of BaTiO3 films with 5% excess BaO on Pt foils processed with a final
annealing temperature of 1000 °C, 1100 °C, and 1200 °C for 20 hours respectively.
substantial grain growth is seen above 1000 °C, with a reduction of grain size at
1200°C.
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Figure 4.4:  Summary of grain size as a function of annealing temperature and BaO excess. The
labels on the right hand side of the figure indicate the quantity of excess BaO in each
sample set.

XRD analysis for the composition series annealed to 1200 °C is shown in figure

4.5. Despite the large deviations from stoichiometry and the 20 hour heat treatments, in

only one case: 1200 °C and 5 % BaO excess, could a crystalline second phase be

identified by XRD. Diffraction analysis for all other temperatures indicate phase pure

BaTiO3. As shown in figure 4.4, this peak is consistent with the Ba2TiO4 orthotitanate
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phase as the 100% intensity 222 reflection becomes visible. This data suggests a level

of solid solubility in BaTiO3 that has not been previously reported.

Figure 4.5:  XRD analysis of BaTiO3 composition series annealed at 1200 °C for 20 hours. The
labels on the right hand side of the figure indicate the quantity of excess BaO in each
sample. Note that temperatures higher than 1100 °C and > 4% BaO excess are required
to precipitate a second crystalline phase.

Next, the temperature dependent electrical properties were measured for a

sample with 3% excess Ba annealed at 1200 °C for 20 hours. The capacitance vs.

temperature sweep in figure 4.6 shows three distinct features at temperatures
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comparable to the three structural phase transitions in barium titanate. Though these

features are not particularly sharp in comparison to bulk BaTiO3, they are substantially

less diffuse than commonly seen in thin film samples26,41,46. It is unusual that the peak

permittivity does not occur at the ferroelectric-paraelectric phase transition, however,

we do not attempt to explain the origins of this behavior in the current manuscript.

Figure 4.6:  Capacitance vs. temperature measurement for a thin film of BaTiO3 on platinum
containing 3% excess BaO and annealed in air for 20 hours at 1200 °C. Dashed lines
indicate the BaTiO3 bulk phase transition temperatures.
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The permittivity of the sample shown in figure 4.6 could not be calculated. This

is a consequence of the extreme roughness of Pt foils. The multi-micron roughness of

Pt foils and film formation by spin coating results in dielectric layers with cross

sections that vary in thickness by more than a factor of two. These undulations were

verified by SEM imaging and obfuscate attempts to identify a meaningful film

thickness. Despite these uncertainties, the sharp temperature response and the large

grain sizes suggest that permittivity values are quite large.

4.4.2 Part 2 – BaTiO3 on Cu

While the Pt foils enable investigating the desired temperature range and the

identification of a compositional threshold where large grain sizes can be achieved, Pt

is not technologically interesting due to its high cost and incompatibility for large-scale

applications. These results would be more technologically pertinent if similar

properties could be produced on a commercializable substrate such as a Cu foil. Cu

however melts at 1084 °C thus cannot grant access to the 1200 °C range of

temperatures that produce bulk ceramic-like microstructures. However, the Pt data

suggests that some degree of grain growth may be possible at the very limit of Cu

stability if accompanied by a 3% BaO excess. To explore this possibility, BaTiO3 films

were synthesized with 3% excess BaO and annealed to 1060 °C for 20 hours. We note

that at these temperatures and times, the volatility of Cu becomes problematic and to

avoid substrate evaporation it is helpful to load the furnace with additional Cu blocks
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or foils to minimize foil loss. Also, even slight reductions to the pO2 lower than needed

for equilibrating metallic copper with enhance the Cu evaporation rate. These films

were subsequently analyzed using XRD, high-resolution scanning electron microscopy

(HR-SEM) and electrical measurements.

High-resolution SEM was performed on films of stoichiometric BaTiO3 and 3%

excess barium BaTiO3 that were annealed for 20 hours at temperatures of both 900 °C

and 1060 °C. Figure 4.7 shows the microstructure comparison for the four sample

types. As in the case of Pt substrates, the increase in annealing temperature did not

have substantial influence on stoichiometric BaTiO3 grain size, however, when

annealing temperatures were raised to 1060 °C a substantial grain size increase was

observed for the 3% BaO excess composition. The combination of copper foil

substrates and a lower annealing temperature provided for smoother films with

measureable electrode areas and uniform thickness. Dielectric measurements revealed

permittivity values of 1800 and 4000 for stoichiometric and 3% excess barium thin

films, respectively. The increase in grain size resulted in a doubling of the room

temperature permittivity.
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Figure 4.7:  SEM micrographs of stoichiometric and 3% excess BaO films on Cu foils annealed at
900 °C and 1060 °C for 20 hours. 3% BaO excess and 1060 °C provide rapid grain
growth and a copper compatible condition.

4.5 Discussion

Collectively, the data presented thus far suggest an unexpectedly broad barium

solubility window – at least under these particular thin film boundary conditions. The

authors hypothesize that this solubility underlies the mechanism for the observed grain

growth. However, to support this hypothesis, it is necessary to do a much more

rigorous search for second phases in these excess barium films. The current sample set

suggests up to 4% solubility of BaO in BaTiO3 even after 20 hours at 1200 °C. In

comparison to previous studies, the present investigation implements a composition
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further from stoichiometry, a comparable thermal budget, and x-ray diffraction analysis

with in many cases greater sensitivity to the presence of small volumes of second

phases. Regardless, this does not guarantee phase purity, non-crystalline materials may

still be present. To investigate this possibility, we imaged the thin film surfaces, and

specifically the grain boundaries using a state-of-the-art SEM with substantially higher

resolution than available to many of the previous researchers (as much of the work was

performed more than 20 years ago). The results of this analysis are shown in figure 4.8,

again no second phases are detected in the 3% excess barium film annealed at 1200 °C.

Numerous grain boundary triple points were surveyed and in all cases, the intersections

contained no evidence of BaO-rich material. Figure 4.8(b) shows high magnification of

several representative BaTiO3 grain boundary intersections. We note that in the cases

where second phases were seen by previous authors, the morphology was that of small

grains at the BaTiO3 boundaries. Their morphology and size would be clearly visible to

the present SEM analysis. We further note that substantially more grain boundary are is

covered by SEM analysis than is possible by TEM given the necessity for thin foil

preparation, thus it is less likely that sparsely distributed second phases were missed.
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Figure 4.8:  SEM micrographs of a 3% excess BaO film on platinum annealed at 1200 °C for 20
hours. The images are of the same sample and the magnifications of 35kX (left) and
120kX (right) respectively. Note that at these high magnifications, there is no evidence
of second phases at the grain boundaries or the grain boundary triple points.

Controlled exposure to humidity and temperature dependent dielectric

measurements were used to test the presence of BaO since in principle BaO could

precipitate and the grains could be mistaken for BaTiO3 in the SEM. A film of 3%

excess barium on Cu annealed at 1060 °C was exposed to 100% humidity for 20 hours

at 95 °C. Since barium oxide readily forms barium hydroxide in the presence of

humidity,47 if there were any BaO present, it would form Ba(OH)2 and quantities that

would challenge detection x-ray diffraction should produce a sharp degradation in

electrical response. X-ray analysis was conducted on this sample and no hydroxide was

detected after humidity exposure. Figures 4.9 and 4.10 show the temperature and

frequency dependent dielectric response for the 3% excess film before and after

humidity exposure with no significant changes in loss tangent or dispersion (the same

dot capacitors are compared). We note that the frequency dependent data is purposely
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plotted as capacitance as the absolute value is important in identifying the onset of

resonance above 105 Hz. The small differences in these capacitors can be explained by

dielectric aging during the long exposure time to temperatures close to the ferroelectric

transition.

Figure 4.9:  Capacitance vs. frequency measurement for a 3% excess BaO film on copper
annealed at 1060 °C for 20 hours. Data are given for the as-prepared state and after
exposure to 100% humidity for 24 hours.
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Figure 4.10:  Permittivity vs. temperature measurement for a 3% excess BaO film on copper
annealed at 1060 °C for 20 hours. Data are given for the as-prepared state and after
exposure to 100% humidity for 24 hours. Dashed lines indicate the BaTiO3 bulk phase
transition temperatures.

The inability to identify second phases using diffraction, electron microscopy,

or electrical analysis in the films containing substantial concentrations of excess

barium suggest a level of solubility in the BaTiO3 system that is substantially wider

than previously observed. However, a limit to this apparent solubility can be identified.
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A second phase can be seen by XRD at 5% excess barium after 20 hour annealing at

1200 °C; figure 4.11 shows an SEM image of this material. The line shaped grains are

believed to be the second phase that is detected by XRD, and can be indexed as barium

orthotitanate. Assuming that these bar-shaped grains extend through the film thickness

with constant cross sectional area, the volume fraction of second phase is estimated to

be ~5% by area mapping. Given the precursor solution stoichiometry and the densities

of the BaTiO3 and Ba2TiO4, if all excess Ba participated in orthotitanate formation, a

mol fraction of ~ 4% orthotitanate in a matrix of BaTiO3 would be expected. As such,

we observe an abrupt, but not complete, collapse of solution stability.
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Figure 4.11:  SEM image of a BaTiO3 film on Pt containing 5% excess BaO annealed at 1200 °C
for 20 hours. XRD measurements of this sample revealed a crystalline second phase.
Area mapping of this SEM image indicates a 5% area coverage by the second phase. If
the second phase is assumed to have a constant thickness equivalent to that of its
matrix, it would account for ~ 4% of the entire volume.

At this point, it is important to consider the collapse of solubility and the

precipitation of Ba-orthotitanate. If a true solubility window existed to ≤ 5% Ba excess,

then only a very small quantity of precipitate phase would be expected. On the

contrary, we observe a quantity of precipitate suggesting that nearly all excess Ba has

come out of solution. Consequently, it is proposed that BaTiO3 prepared in this manner

can support a solubility window of up to 5% excess Ba, however, this is a metastable

solution that is stabilized by extrinsic factors established by the process. Importantly,
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identical solubility trends are seen for air-fired BaTiO3 on Pt and for low pO2 fired

BaTiO3 on Ni and Cu. This suggests that neither oxygen partial pressure nor substrate

chemical reactions are responsible for the apparent solubility and grain growth.

 Finally, it is important to note one addition feature regarding this data set.

Despite the high firing temperatures, the long dwell times, and average grain sizes

larger than 1 µm, BaTiO3 films with excess Ba do not show tetragonal symmetry.

Previous results for large-grained BaTiO3 films on Cu by Ihlefeld et al.41 demonstrated

a smooth transition from pseudocubic BaTiO3 to tetragonal BaTiO3 when average grain

size exceeded ~ 1 µm. Fig. 12 shows x-ray diffraction patterns for a film with 3% Ba

excess fired to 1200 °C and a film prepared with 3% BaO·B2O3 flux. Both films show

average grain sizes ~ 1 µm but only the fluxed film shows tetragonal symmetry. From

what is know regarding trends of grain size, ferroelectricity, and symmetry in BaTiO3,

one would fully expect tetragonal splitting in 1 µm material10,48,49. The authors

speculate that that under these processing conditions Ba solubility is metastably

achieved, and the deviation from stoichiometry result in a pseudocubic room

temperature crystal structure that is similar to that observed in fine grained BaTiO3. It

is important to note, however, that this pseudocubic structure produces room

temperature permittivity values close to 4000, which are consistent with bulk reports.

This speculation raises new questions regarding the necessary crystal structures and

composition ranges that promote large permittivity in BaTiO3 and new possibilities for

property engineering.
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Figure  4.12:  XRD patterns for the BaTiO3 25 reflection family of a stoichiometric film processed
to 900 °C, a film with 3% BaO excess processed to 1200 °C, and a BaO·B2O3-fluxed film
processed to 900 °C (from reference 4). Note that the BaO excess and the fluxed BaTiO3
both have average grain sizes ~ 1 μm but tetragonal splitting is only visible in the
fluxed case. The stoichiometric sample and the 3% BaO excess have similar peak shape
– the additional asymmetry in the 3% excess is attributed to the Pt 002 reflection.
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To bring this data into the context of previous work, it is necessary to divide the

observations into two categories: 1) the observation of a large solubility window, and

2) the ability for Ba excess to promote grain growth. For many years the available data

suggested that the solubility limit of BaO in BaTiO3 was limited to the 100 ppm range,

however, a recent body of work by Lee et al. has clearly shown that BaO can be

accommodated – at equilibrium – to the 1.15% range15,16,18. This new window was

identified by calorimetric measurements of the composition dependence of the

tetragonal-to-cubic phase transition. This 1 % solubility range is certainly smaller than

the 4% metastable range that we observe, however, the volume fraction of material that

precipitates from the films at 1200 °C for 5% Ba excess indicates that roughly 1% of

material remains in solution. Though this calculation is rough, it is in agreement with

the reports of Lee and the report of Hong who also observed solubility to the 1% BaO

excess range16,50. The authors further note that 1200 °C Ba excess samples were

prepared on Ni substrates and gave identical results to Pt despite the strongly reducing

atmosphere during firing (10-14 atm pO2). This result is again in agreement to Lee et al.

who found minimal solubility dependence to the solubility window16.

With regard to the microstructural implication of nonstoichiometry, the authors

can only speculate regarding mechanisms. It is useful, however to begin with the

literature reports that though few in number indicate that BaTiO3 with excess BaO

show reduced grain growth51,52. This observation is contradictory to the present

findings, however, the ranges of grain size are quite different. It is important to
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remember that Kulcsar found reduced grain size: from ~ 10 µm grains in 1:1 BaTiO3 to

~ 2 µm if 1% BaO excess was introduced. In the current study we find substantial grain

growth with > 2% BaO excess, but this grain growth spans the conventional thin film

range of 50 to 100 nm to ~ 1 µm.

We speculate that the mechanism of grain growth is solid-state diffusion that is

enhanced by metastable solubility. Since rapid grain growth is not observed at a BaO

excess of 2% (which is larger than the equilibrium window determined by Lee et al.)

the additional metastable accommodation of BaO is believed to have provided the

additional defects that facilitate transport and grain growth. The possible mechanism is

based on the creation of vacant titanium sites, which should enhance overall transport

given the relative slowness of Ti diffusion and its participation as the rate limiting

species53,54.

4.6 Conclusions

By preparing BaTiO3 thin films from metalorganic precursor solutions with

large excess quantities of BaO, the authors realize a new avenue for enhancing grain

growth in perovskite thin films. The results suggest that with BaO excess of greater

than 2 mol % and a final processing temperature of 1060 °C, average grain sizes of ~

0.8 µm can be achieved in thin films with 0.7 µm thickness. This yields a material with

a room temperature permittivity and loss tangent values of 4000 and 0.06 at room

temperature. These values are consistent with the very best reports of bulk BaTiO3. The
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excess BaO produces dramatic grain growth and is observed with metastable solubility

approaching 5 mol %. Sufficiently high deviations in stoichiometry and annealing

temperatures collapse this solubility, but microstructural and crystallographic analysis

suggests that the final BaTiO3 phase contains approximately 1% BaO excess. Though

the observations of metastable solubility are unprecedented, the data suggests that

equilibrium compositions are comparable to recent reports of Lee et al. The

mechanisms are unclear, but the authors propose a solid-state mechanism that is

facilitated by high Ti-site vacancy populations. At this stage of development, the

impact of stoichiometry deviations on transport and reliability are unclear, but despite

this uncertainty, this data projects new opportunities for engineering thin film grain

structure without the aid of second phases or sintering aids.
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Chapter 5: Conclusions

The work presented in this thesis was based upon the idea of achieving a thin

film capacitor on foil technology that would meet commercial needs.  Such a

technology requires a very large area electrode and high permittivity to be able to

replace bulk ceramic capacitors with the intended embedded capacitor technology.

This thesis addressed both electrode are and dielectric permittivity and produced

several important results:

• A novel co-firing process was developed that allowed for the production of

ultra-large area electrodes without requiring a clean room environment.  The surface

area of thin film capacitors with yield above 75% increased by more than 4 orders of

magnitude.

• The mechanism associated with the new co-firing process was explained.  The

difference in surface energy between the dielectric and the top electrode causes the

electrode metal to retreat from areas of low radius of curvature.  The advantages of this

mechanism may be applied to other systems in the future.

• The effects of the A to B site ratio in Barium Titanate thin films was explored.

It was found that the solubility of barium in thin film barium titanate is much higher

than that of bulk barium titanate.
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• It was also found that large amounts of excess barium (around 3%) provided a

mechanism for large grain growth in thin films.  Grain sizes in excess of 5 microns

were produced in films with thickness of 1 micron.

• The grain sizes observed were also found to contribute to a much higher room

temperature permittivity than has ever before been seen in thin films of barium titanate

on base metal foils.  A room temperature permittivity of 4000 was observed for a 1

micron thick film on copper foil with 3% excess barium that showed no presence of

secondary phases.
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