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SUMMARY 

 

 As digital systems move towards higher frequencies, lower operating voltages 

and higher power, supplying clean power to the Integrated Circuits becomes increasingly 

challenging. Clean power essentially involves supplying the required current at the right 

voltage and at the right time to facilitate timely switching of the CMOS circuits. 

Simultaneous switching of several millions of transistors on an IC results in extremely 

short current transients during which staggering amounts current, as high as 100’s of 

amperes, needs to be supplied. The board level power supply cannot meet these 

requirements directly due to the inductance of the package interconnections. To 

overcome this problem, several decoupling capacitors are placed close to the IC’s. The 

decoupling capacitors act as charge reservoirs and can better respond to the current needs 

of the CMOS devices due to their close proximity to the ICs compared to the system level 

power supply. In today’s digital systems, decoupling is achieved using several surface 

mount Multi-Layer Ceramic Capacitors (MLCC). As the operating frequencies of the 

digital circuits increase, the inherent high inductance of the MLCCs and the inductance of 

the traces in the package render discrete MLCCs ineffective. If the capacitors can be 

embedded into the package right under the chip, the parasitic inductance from the 

package can be greatly reduced, thus expanding the performance of package level 

decoupling capacitors to higher frequencies.  

 
Calculations show that the future decoupling capacitance requirements can be as 

high as 10 mF depending on the frequency, operating voltage and power consumption. 

Ferroelectric thin films can achieve such capacitances over a reasonable area. The current 



 xviii 

processes available for synthesis of ferroelectric thin films are not compatible with 

current packages for one or more of the following reasons. (1) They are vacuum based 

and hence cannot be scaled to large area printed wiring boards in a cost-effective manner. 

(2) They require high processing temperatures while the current packages are 

predominantly organic based with maximum processing temperatures limited to 220o C. 

Hence, novel materials and processes need to be developed for integration of decoupling 

capacitors into organic boards. To this end, hydrothermal and sol-gel techniques were 

explored in this study for synthesis of nano-crystalline barium titanate films. While the 

dielectric constant of nanocrystalline barium titanate thin films is smaller than that of 

bulk sintered barium titanate,  its dielectric properties have been shown to be stable up to 

several GHz. Hydrothermal technique was chosen due to its simplicity and low 

processing temperatures which enables synthesis of crystalline films directly on organic 

boards. While sol-gel requires high processing temperatures for synthesis of crystalline 

ceramic films, the films can be synthesized on free standing metallic foils which can be 

laminated on organic boards using low temperature processes. 

 
Hydrothermal technique is used commercially for production of barium titanate 

powders. However, application to thin films requires extensive material and process 

characterization. In the current study, several process variables like titanium source, 

synthesis temperature and hydrothermal bath composition were optimized to produce 

barium titanate films with grain sizes 80nm-120nm. Novel post-hydrothermal treatments 

were explored to minimize the defects in the as-synthesized hydrothermal barium titanate 

films. Mechanisms contributing to high loss and leakage currents in hydrothermal films 

were identified and corroborated via extensive characterization using XRD, High 



 xix

resolution SEM, XPS, FTIR, Raman spectroscopy, low and high frequency dielectric 

measurements and DC leakage measurements. Thin films with capacitance densities of 

450 – 1000 nF/cm2 and breakdown voltages of 5-15 V were demonstrated.  

A major barrier to synthesis of sol-gel films on metal foils is oxidation of metal 

electrodes resulting from high temperature sintering in air. Two potential barrier metals 

were explored to prevent the oxidation of the metal electrode. Direct synthesis of films on 

bare copper foils by elimination of barrier metals is more attractive from a cost and 

integration perspective but requires more stringent process control. To enable this, 

process variables like sol pyrolysis temperature and time, and sintering 

conditions/atmosphere were optimized. Capacitance densities close to 400 nF/cm2 and 

breakdown voltages greater than 7V were demonstrated.  

The two techniques reported in this study can potentially meet mid-frequency 

decoupling requirements of digital systems for the next decade. 
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CHAPTER 1 

OBJECTIVES 

This chapter begins with a brief introduction of the current trend towards 

convergent Microsystems with integrated functions. Various challenges associated with 

high speed digital systems are identified and the current approaches to address these 

issues are presented. Need for power integrity in digital systems and embedded 

decoupling for noise suppression in future high speed systems are presented in detail. 

Two novel approaches to address the decoupling needs are presented as the objectives of 

the current study. 

Evolution of Microsystems 

Microelectronic products in the past have been discrete systems with computers 

providing digital computing, telecommunication systems providing voice-based 

communication function and multitude of consumer products each providing a single 

function like video, audio etc. Recently, there is a trend towards convergent 

Microsystems that bring together existing digital and RF technologies as well as newer 

technologies like optoelectronics, Micro-Electro Mechanical Systems and sensors. In the 

past, driven by Moore’s law, the integration efforts were focused predominantly on 

silicon using CMOS technology. While Silicon is best suited for integration of transistors, 

it does not lend itself to integration of RF and Optoelectronic circuits in a cost-effective 

manner. Hence, the System-on-Chip (SoC) approach of integrating functionalities on a 

single chip is beset with several fundamental and practical barriers like high cost, several 

photolithography steps, low yield and licensing and Intellectual Property (IP) issues [1].   
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To overcome the limitations of SoC approach, the System-on-Package (SoP) 

approach was proposed by Prof. Rao Tummala at the Packaging Research Center in 

1994. SoP enables heterogeneous integration of RF/digital/opto/sensing functions by 

system-centric IC-package codesign and functional optimization with 3D integration of 

thin film components between the ICs and package.  A schematic SoP cross-section is 

shown in Figure 1. With this fundamentally new paradigm, the SoP methodology 

overcomes the barriers of SoC leading to cheaper and faster-to-market convergent 

Microsystems [2]. 

Currently, System-in-Package approach of vertical stacking of bare and packaged 

ICs is pursued by several packaging companies for integration of functions at module and 

subsystem levels. SiP extends silicon integration in 3D but is still limited by CMOS 

capabilities [3]. 

 

 

Figure 1: Schematic cross section of an integrated Microsystem based on SoP. 

 

While the trend towards convergent multifunctional systems continues with the 

package level integration, several challenges exist even within the digital systems, which 

is the main focus of the current study. The digital systems have evolved over the past 
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several decades starting from alumina packaging in 1970s to high performance glass-

ceramic packaging of 1980s to today’s low cost organic packaging. The steadily 

increasing microprocessor performance with high bandwidth interconnections demands 

higher interconnect densities with high frequency signal transmission and supply of 

cleaner power to IC. This, combined with creation of newer mixed-signal interfaces 

resulting from convergence of RF and Digital functions in a single package, has created 

several challenges in digital package design and the need for new manufacturing 

processes for high-density digital packaging and integration. These are summarized in the 

following section. 

Trends in Digital systems 

Performance of digital systems is gauged by processor speeds and data rates. 

Improvement in processor speeds is invariably accompanied by increased power 

dissipation arising from ohmic loses of ever-shrinking conductor dimensions and 

dielectric thicknesses on the chip. As per the ITRS roadmap [4], the operating frequency, 

power consumption and logic level of ICs are projected to be 10 GHz, 174 W and 0.9 V 

by the year 2010. The challenges faced in designing such digital systems are multifold, as 

summarized below. 

Signal Integr ity 

With increasing data rates, ensuring signal integrity within the package is one of 

most challenging aspects of package design. Signal integrity issues arise from a number 

of factors like parasitic cross-talk between interconnects, capacitive delay of 

interconnections and signal attenuation due to conductor and dielectric losses. These are 

addressed via careful designs as well as novel materials and processes. For example, 
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Electromagnetic Band Gap (EBG) structures can be designed to block transmission of 

electromagnetic waves over a certain frequency bands [5]. EBGs can be used to isolate 

noise sensitive circuitry from stray electromagnetic radiations. For improving the high-

speed signal integrity, novel low loss dielectrics are also currently being evaluated at the 

Packaging Research Center and elsewhere to replace the conventional epoxy dielectrics 

used in today’s packages.  

Power integr ity  

The resistive and inductive effects of various elements of the package can hinder 

adequate power supply to the ICs. One of the common manifestations of this problem, 

called Simultaneous Switching Noise is caused by the inability of the power supply on a 

system level board to respond to current requirements of millions of switching transistors 

on an IC. This is attributed to the inductance of the power distribution network which 

prevents rapid changes in the current as required by the GHz ICs in today’s systems. The 

voltage drop L dI/dt due to inductance can cause glitches on the power supply leading to 

false switching of circuits on the IC. In today’s digital systems, this problem is overcome 

by placing a number of decoupling capacitors close to the switching circuits to lower the 

effective inductance of the power distribution network. These range from on-chip thin 

oxide capacitors to address high-frequency power supply noise to a variety of surface-

mount discrete capacitors for mid and low frequency noise suppression. As will be shown 

later, at gigahertz frequencies the inductance associated with the leads of the discrete 

capacitors and the traces between the IC and the capacitor becomes objectionable. Hence 

novel decoupling schemes are being developed to address the power integrity issues in 

high speed digital systems.  
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Cooling 

The cooling requirements for today’s digital systems vary across the product 

sectors and package levels. Cooling at IC levels is the most elaborate involving thermal 

greases, heat spreaders and heat sinks. At the package level, passive cooling techniques 

rely on the thick metal layers that make up the board circuitry and natural convection. 

Forced convection using fans is also common. Cooling at the module level requires use 

of air handling and refrigeration systems. While the switching energy of the transistors 

continues to decrease, the heat dissipation of the ICs remains a major challenge due to 

increasing operating frequencies and device densities. The power consumption of future 

microprocessors is projected to be 220 W in 2016. Coupled with the introduction of low-

k dielectrics which typically have lower thermal conductivities than silicon oxide and 

nitride, thermal management for future digital systems demands more drastic cooling 

techniques like dielectric cooling [8] and two phase cooling with microchannel heat sinks 

[9].  

The aforementioned problems of power and signal integrity and cooling in high 

speed digital systems are interrelated. For example, power supply noise is a major source 

of clock jitter leading to signal distortion in the package. Likewise, reduction in operating 

voltages in an attempt to contain the power dissipation demands tighter noise margins on 

the power supply. The current study focuses on power integrity in high-speed digital 

systems. Approaches to address power integrity issues in today’s digital systems and the 

need for novel approaches in future digital systems are presented in the following section. 
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Current approaches to power integr ity in digital systems 

Supplying clean power is necessary for proper functioning of ICs. Clean power 

essentially involves supplying the required current at required voltage at the right time to 

facilitate the timely switching of CMOS circuits. As the microprocessor trends continue 

towards higher power, higher frequencies and lower operating voltages, it becomes 

increasingly challenging to design the Power Distribution Network that provides clean 

power to various ICs in a digital system. The impact of projected microprocessor trends 

on power integrity is summarized below. 

(1) As the operating voltages continue to drop, the CMOS circuits are more 

susceptible to noise in the power supply.  

(2) Increasing operating frequencies lead to extremely short current transients 

during which staggering amounts currents, as high as 100s of amperes, will 

need to be supplied to the ICs, while maintaining the operating voltage across 

the power and ground planes. This in turn requires minimizing the inductance 

of the Power Distribution Network.  

Today’s digital systems have ICs operating at different voltages. Hence a number 

of DC-DC converters are placed close to the ICs. Such DC-DC converters are also called 

point of load (POL) converters [10]. The common type of converter for conversion ratios 

for 0.1 – 0.9 is a buck converter. Inductor Q-factors over 10 are required to realize 

efficient converters [11]. Currently, the frequency of on-chip dc-dc converters is limited 

to 480 MHz mainly due to lack of inductors that exhibit high quality factors at high 

frequencies. Efforts are on to integrate DC-DC converters close to the chip as well as on 

the chip using back-end thin film processes in order to reduce the inductance of power 
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supply network [11]-[12]. Higher frequencies allow miniaturization of DC-DC converters 

but at the cost of efficiency due to deterioration of Q-factors of the inductors. Hence, 

currently efforts are on to develop novel inductor designs that use air core as well as 

magnetic cores. Such thin film DC-DC converters integrated close to the package or on 

the IC can reduce the decoupling requirements by as much as 6.8X [13] . Current off-chip 

DC-DC converters cannot respond to fast load transients. Decoupling capacitors and 

thinner package power-ground planes are currently used to address mid-high frequency 

power supply.  

The current approach to solve the power integrity problem is to identify a target 

impedance required to maintain the noise at acceptable levels over a broad frequency 

range. A variety of decoupling capacitors are used to reduce the impedance of the power 

distribution network. Multilayer Ceramic Capacitors and solid Tantalum capacitors are 

used at package and system board levels to meet the impedance requirements at mid- and 

low-frequencies. At higher frequencies, the performance of the multilayer capacitors falls 

short because of their intrinsic inductance as well as package trace and lead inductances. 

The high-frequency power distribution network in the vicinity of the switching circuits 

utilizes on-chip silicon oxide capacitors. The following sections summarize the evolution 

of surface mount capacitors, low inductance chip capacitors and arrays, and the trend 

towards embedded decoupling capacitors. 

Conventional MLCCs 

A brief description of the MLCC structure is provided below to understand the 

limitations of MLCC for future decoupling applications. Multi-layer capacitors as the 

name suggests have multiple layers of parallel-plate capacitors connected in parallel. A 
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schematic cross section of such a capacitor is shown Figure 2. It consists of alternate 

metal and ceramic layers, with alternate metal layers connected to a common lead. For a 

given dielectric material, the capacitance of such MLCCs depends on the dielectric 

thickness, area of the electrodes and number of parallel layers as 

d
A

nC ree0=   (1) 

where C is the capacitance, e0 is the permittivity of free space, er is the dielectric constant 

of the material used, A is the area of the electrodes, d is the dielectric thickness and n is 

the number of dielectric layers. Barium titanate is the popular dielectric material and is 

often doped to tailor the properties like Curie temperature, dielectric loss and temperature 

coefficient of capacitance. Over the decades the thickness of the dielectric layer has 

decreased steadily and the layer counts increased in an effort to miniaturize these discrete 

components in tune with the active devices. Currently they are as small as 2mils x 1mil 

(designated as 0201). Current suppliers of MLCCs include AVX, Panasonic, MuRata and 

Kemet.  

 

 

Figure 2: Schematic cross section of MLCC showing the direction of currents. 

 

Dielectr ic Metal 

Current 
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Besides miniaturization, efforts have been made towards reducing the series 

inductance associated with these capacitors. Figure 2 shows the current direction in the 

electrodes of a conventional MLCC. Since the currents in the electrodes are in the same 

directions, the individual inductance components add up resulting in a large Equivalent 

Series Inductance. There have been several design modifications to reduce the ESL of 

MLCCs. The mutual inductance of the electrodes in an MLCC depends on the length to 

width ratio. A chip capacitor with termination on the longer edges exhibits lower 

inductance than one with termination on the shorter edges Figure 3.  

 

     
 

Figure 3: Effect of geometry on inductance of chip capacitors. (b) has lower 
inductance than (a). 

Integrated Passive Components 

Multiple discrete devices sharing a common package are termed Integrated 

Passive Components. An IPC comprising discrete devices of the same type are called 

passive arrays.  When dissimilar passive devices are brought together, the term Passive 

Array is used. The benefits of capacitor arrays over discrete MLCCs are reduced 

footprints, lower assembly costs and increased throughput. Additional benefit of Mutli-

value capacitor arrays is reduction of ESR and suppression of parallel resonance thereby 

improving the broadband decoupling performance [14] . 

 

 

b a 
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Low-inductance chip capacitors and capacitor  arrays 

Intrinsic inductance of MLCCs can be reduced by modifying the electrode 

configurations such that the currents on alternate electrodes flow in opposite directions. 

This concept illustrated schematically in Figure 4, is utilized in DCAP capacitor which 

was jointly developed by AVX and IBM. DCAP capacitors utilize interdigitated 

electrodes that provide lower inductance due to cancellation of magnetic fields. 

Currently, such capacitors come with capacitances as high as 150 nF and an ESL as low 

as 50 pH. Low Inductor Capacitor Arrays (LICA) include multiple low inductors 

capacitors in one package and can reduce the placement costs compared to discrete 

capacitors. It can be readily seen that even with a 50 pH ESL, the resonant frequency of 

low inductance capacitors is close to 100 MHz.  

 

 

Figure 4: Schematic illustration of currents in and magnetic fields in MLCCs. (a) 
Conventional MLCC (b) Low Inductance DCAP Capacitors. 

 

The general practice today, is to have a large number of MLCCs in parallel so that 

the capacitances add up while the series resistances and inductances are reduced i.e., n 

MLCCs with capacitance C, inductance L and resistance R when connected in parallel 

will have a capacitance of n x C; while the inductances and resistances are reduced by a 

a b 
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factor of n. The number of MLCCs alone on today’s computer motherboard can be over 

300.   

Embedded decoupling 

Surface mount decoupling capacitors are ineffective at higher frequencies because 

of their inherent high inductance and the additional lead and trace inductances from the 

package. When embedded into the package as thin film components, decoupling 

capacitors result in much lower inductance and thus expanding the operating frequencies. 

Embedding the decoupling capacitors would also enable miniaturization and reduce the 

demand on the on-chip capacitors which consume valuable real estate that can be utilized 

for CMOS circuits. The other benefits include design flexibility, elimination of assembly 

costs and solder joint reliability problems. The surface mount decoupling scheme the 

package level is compared with the embedded decoupling scheme are shown in Figure 5.   

Several approaches are currently being pursued for embedding decoupling capacitors in 

the organic packages. Predominant approaches are anodized inorganic thin film 

capacitors, ceramic/metal – polymer nanocomposites, buried SMTs in organic packages. 

The disadvantages and advantages are described in detail later but are briefly mentioned 

here. Ceramic-polymer composite approach that brings together the desired dielectric 

properties of ferroelectric powder with the processability of polymeric systems has 

enjoyed moderate success with reported capacitance densities as high as 40 nF/cm2. 

While these composite films can potentially eliminate some surface mount capacitors at 

low and mid frequencies, these capacitance densities are not adequate for future systems 

operating over 10 GHz. Besides, even at these capacitance densities the films suffer from 

poor adhesion owing to insufficient volume fraction of polymer in the composite. 
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Anodized tantalum oxides provide about 150 nF/cm2; however high capacitance densities 

require complex multilayer design. Ferroelectric thick-films from screen-printed ceramic 

paste on metal foils exhibit high dielectric constants; however capacitance densities are 

limited by their thickness which runs to about 12 mm. Clearly novel processes need to be 

explored to address the integration of large value capacitors into organic boards. 

As will be shown in the subsequent sections, the decoupling capacitor 

requirements for future high performance digital systems is in the range of 3-10 mF. 

Among the various dielectric materials available today, ferroelectrics have some of the 

highest permittivities and can easily achieve the required capacitance over a few square 

centimeter area if made sufficiently thin. Hence they are ideally suited for embedding 

decoupling capacitors. There are several barriers associated with integrating ferroelectric 

films on Printed Wiring Boards. Currently used Printed Wiring Boards are organic based 

and a hence the maximum process temperature is limited to 220o C  while all the 

available processes for synthesizing ferroelectric films require either high temperatures in 

the vicinity of few hundreds of degrees or special process chambers that render them 

unsuitable for large area PWB processing. For example MOCVD requires costly reaction 

chambers, and others like sol-gel techniques as reported in the literature today are 

incompatible with large area organic build-up processes. Clearly novel processes need to 

be explored to address the integration of large value capacitors into organic boards. 
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(a) 

 

(b) 

Figure 5: Schematic of (a) today’s decoupling scheme and (b) proposed embedded 
decoupling scheme. 

 

Objectives 

The objective of this study is to develop novel materials and processes to enable 

integration of mid-frequency decoupling capacitors with microfarads of capacitance on 

organic packages and Printed Wiring Boards. Such a material developed will have to be 

lead-free, exhibit a dielectric constant of few hundreds and a capacitance density of about 

1 mF/cm2, exhibit stable dielectric properties in the GHz frequencies and be amenable to 

low-cost large area fabrication. The process needs to be compatible with the current PWB 

build up processes.  

MLCC 

Thin film decoupling capacitor 
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Two processing routes considered in this study to achieve the above mentioned 

properties are hydrothermal and sol-gel techniques for synthesis of barium titanate films. 

The rationale for the choice of these material-process systems will be discussed in 

subsequent chapters and are briefly summarized here.  Hydrothermal synthesis is a low 

temperature aqueous solution-based process that can yield crystalline barium titanate 

films. It is amenable to PWB integration owing to its low cost and potential for large area 

synthesis. Sol-gel, technique on the other hand allows synthesis of ceramic films of 

precise compositions. Unlike hydrothermal technique, sol-gel technique requires 

processing temperatures of several 100s of degrees centigrade for crystalline films. 

However, the high temperature process sequences can be isolated from organic build-up 

processes thus enabling integration on organic boards. The objective of this study is to 

explore these two techniques for integration of high-k ceramic films on organic PWBs, 

with high capacitance density (~1 mF/cm2 in a single layer), reasonable yield over large 

area, adequate breakdown voltages (~ 5V) and low leakage currents (~ 1 mA/cm2 at 3V). 

To this end, high-k dielectric thin films will be synthesized using the two above 

mentioned techniques under various process conditions. Extensive electrical 

characterization including low and high-frequency dielectric measurements and DC 

leakage measurements will be performed. The observed dielectric properties will be 

correlated to the morphology, structure and stoichiometry of the films using various 

material characterization techniques like high-resolution Scanning Electron Microscopy, 

X-Ray diffraction, FTIR, Raman spectroscopy and X-ray Photoelectron Spectroscopy.   
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In the next chapter, various dielectric materials and deposition techniques 

explored today for embedding decoupling capacitors at chip, package and board levels 

are presented.  
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CHAPTER 2 

MATERIALS AND PROCESSES FOR EMBEDDED DECOUPLING 

CAPACITORS 

This chapter summarizes various dielectric materials and deposition techniques 

reported in the literature for embedded decoupling applications. The materials and 

processes are classified based on the integration platform which can be silicon, High-

temperature Co-fired Ceramic (HTCC) substrate, Low-temperature Co-fired Ceramic 

(LTCC) substrates or organic package or printed wiring boards. Detailed description of 

sol-gel and hydrothermal processes for integration of ceramic films on organic boards is 

presented. 

Thin film Mater ials and Processes on Silicon 

On-chip capacitors, with the lowest inductance compared to package and board 

level decoupling capacitors, are needed to supply noise-free power at high frequencies. 

CMOS devices have intrinsic n-well capacitors, non-switching circuit capacitors and the 

wiring capacitors between power and ground. In addition to these capacitors, gate oxide 

capacitors and trench capacitors are also used for on-chip decoupling [15].  In some of 

the high-performance digital systems, the area occupied by the on-chip capacitors can be 

as high as 40% of the chip area. With increasing processor frequencies, both on-chip as 

well as package level decoupling requirements are expected to increase [16]. This section 

summarizes some of the processes reported for integration of high-k films on silicon. 

These are predominantly vacuum deposition techniques like sputtering, evaporation and 

Pulsed Laser Deposition. Thin film deposition on silicon is generally based on Platinum 

electrodes.  
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RF-sputter ing 

RF-sputtering has been widely reported for deposition of perovskite thin films 

like barium titanate and barium strontium titanate on silicon. The as deposited films are 

typically amorphous and require annealing at greater than 500o C to obtain crystalline 

films. However, the as-deposited amorphous films themselves exhibit much higher 

dielectric constants than silicon oxides and nitrides. The parameters that affect the 

stoichiometry and crystallinity of the films are partial pressure of oxygen and deposition 

temperature. The dielectric properties of sputtered titanate perovsksites are shown to 

depend on the gas ratio of O2/(Ar+O2) (referred to as OMR) during RF-sputtering of 

films. Dielectric constant has been shown to increase with the oxygen content reaching a  

maximum at 50% oxygen content. The leakage current was lowest for 40 % oxygen [17]. 

For single crystal substrate like Si and sapphire, increased deposition temperatures lead to 

more orientation resulting in improved properties [18]-[19]. Lowered oxygen content in 

the deposition chamber is also shown to improved texture. Padmini et al. [18] have 

shown that increasing the Ar/O2 ratio to 9:1 gave the highest texture in BST leading to 

highest tunability in the dielectric constant (4: 1). 

RF sputtered Barium Strontium Titanate has been explored by Fujitsu Labs on 

various substrates primarily for decoupling applications. Shioga et. al demonstrated 

(Ba0.7Sr0.3)TiO3 thin films with a capacitance density of 0.1 – 2.0 mF/cm2 depending on 

the substrate temperatures which was varied from 260o C – 400o C. The breakdown 

voltage of films with 1.2 mF/cm2 was greater than 10 V. The capacitors were fabricated 

right under the solder bumps resulting in low series inductance of 17 pH and an 

impedance of 0.1 W at 1GHz [20].  
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Takafuji et.al[21] deposited barium strontium titanate films with a dielectric 

constant of 700 on sapphire substrates at 580 – 620o C. The films were crystalline and the 

grain sizes varied from 100-200nm. The maximum capacitance density was 6.6 mF/cm2. 

Strontium titanate films 100 nm thick with a dielectric constant of 200, deposited at 400o 

C using electron-cyclotron-resonance sputtering have shown extrapolated time to 

breakdown of 10 years at an electric field of 2 MV/cm [22]. In all the above studies, 

Platinum electrodes were used owing to its high work-function which is known to 

improve the DC leakage characteristics. 

Paraelectrics with moderate k have also been reported using RF sputtering. 

Amorphous tantalum sub-oxides films sputtered at 190o C using a mixture of argon and 

oxygen exhibited a dielectric constant of 21-22 with a low leakage current of 10nA/cm2 

at field of 0.5 MV/cm [23].  

Pulsed Laser  Deposition 

Pulsed Laser Deposition (PLD) is a physical deposition technique used for 

deposition of complex mixed oxides. The material to be deposited is exposed to pulsed 

high power laser that produced a characteristic high energy plume. Unlike sputtering 

process, the stoichiometry of the films is dependent on the target composition only.  

PLD Barium Strontium Titanate films on YBCO bottom electrode, with a 

capacitance density of 80nF/mm2 have been demonstrated by Chambonnet et. al [24]. The 

use of SrNbxTi1-xOy with 100 mW resistivity was reported to produce strong 100 texture in 

the films resulting in high capacitance density.  
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Nano-crystalline CeO2 films deposited at 600o C on n-type silicon have been 

evaluated by Lappalainen et. al for gate oxide applications. The films exhibited a 

dielectric constant of 22 and rather high dielectric loss close to 0.25 [25]. 

Metal-Organic Chemical Vapor  Deposition (MOCVD) 

MOCVD is vacuum-based process that utilizes high purity organic solutions that 

are flash vaporized into a reaction chamber that carries the substrate to be coated. Simple 

metal oxides like those of tantalum and titanium as well as complex mixed oxides like 

barium titanate have been synthesized using MOCVD. 

Stauf et.al [20] studied deposition of BST films for on-chip decoupling 

applications. The dielectric constant of the films was found to increase as the deposition 

temperature increased from 540o C to 640o C. However, this was accompanied by a 

monotonous decrease in breakdown strength. The charge storage of the films was 4-

10fF/mm2 [26]. 

High-temperature ceramic capacitor  mater ials and processes 

The earliest high-performance digital packages were ceramic based because of 

their ability to support a large number of layers in a single co-sintering process. The 

advent of Low Temperature Co-fired Ceramic (LTCC) technology pioneered by Prof. 

Rao Tummala and his team at IBM in early 1970s, allowed the use of copper with 3x 

electrical conductivity than Molybdenum or Tungsten and 2 times the dielectric constant 

of ceramics. This type of LTCC was commercialized by IBM for its high performance 

computer systems with as many as 61 to 107 layers. Hence most of the passive 

integration efforts in LTCC started early. The flexibility available in terms of high 

process temperatures allows for synthesis of a wide range of materials. However, the 
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compatibility between the high-k material system and the LTCC ceramic tapes is critical. 

Currently LTCC is the dominant technology for integrating passives into RF modules. 

LTCC substrates/modules are built by stacking several layers of green ceramic tapes 

metallized with screen printed lines. Holes are punched in the green tapes and filled with 

metal pastes. The composite structure is then fired at less than 1000o C to obtain a 

monolithic structure. High-k perovskites with a suitable glassy phase can be co-fired with 

the green tapes, thus allowing integration of capacitors into the LTCC substrate. Resistors 

and inductors can also be integrated. However, resistors that require tight tolerances are 

restricted to the top layer since some amount of trimming may be needed after firing.  

Typical glass-ceramics used in LTCC are based on borosilicates, alumino-

borosilicates and magnesium alumino-silicates. The common high-k phases are titanate, 

zirconate or niobate based [27]-[28]. The high-k material systems are glass ceramic 

composites that are screen printed on green ceramic tapes or themselves made into green 

tapes. One of the major issues in integration of high-k films into LTCC modules is 

creation of oxygen vacancies under low oxygen partial pressures during firing. Such 

point defects can impart semiconductor behavior to high-k dielectrics. Commercial 

LTCC substrates and modules with embedded capacitors for automotive and RF 

communications are available from NTK, Murata and Kyocera.  LTCC modules for 

automotive applications from NTK utilize thick ceramic films to realize embedded 

capacitance density 0.15 nF/cm2 [29]. Kyocera, one of the leading manufacturers of 

power amplifier modules based on LTCC technology, utilizes a set of three dielectrics 

(fosterite, barium titanate and calcium titanate) to embed capacitors into LTCC substrates 

[30]. EPCOS, a joint venture between Matsushita and Siemens, launched an RF Front 
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End Module (FEM) based on LTCC in late 2002[31]. The module integrates two 

diplexers and antenna besides band pass filters. Doped titanates and niobates with 

dielectric constants as high as 120 are currently utilized by Northrop Grumman for 

integration of capacitors [32].  Both in-house high-k tapes as well as those from materials 

companies are widely used for embedding capacitors. Scrantom Inc supplies high-k tapes 

with K values ranging from 5 to 400 [33]. Other major materials companies include 

DuPont, Ferro, Taiyo Yuden and Heraeus. Component manufacturing companies like 

TDK, Murata and AVX/Kyocera are also involved in material development for LTCC. 

While there are a number of commercial modules with embedded capacitors, there are 

on-going efforts to modify high-k tapes to improve sinterability at firing temperatures and 

to control the interdiffusion of high-k and low-k layers.  

Some of the thin film approaches compatible with ceramic substrates include 

MOCVD and sol-gel synthesis techniques. In Metal-Organic Chemical Vapor Deposition 

(MOCVD), liquid organic precursors are introduced in a reaction chamber at controlled 

flow rates. The films deposited are typically amorphous resulting in capacitance < 200 

nF/cm2 [34]. There have been reports on synthesis of barium titanate at higher 

temperatures (~700o C) with improved dielectric properties [35] . Sol-gel technique 

allows synthesis of a variety of materials starting from organic precursors. For example, 

pure barium titanate films can be synthesized by spin-coating a mixtures of titanium and 

barium alkoxides on a suitable substrate. As with techniques like RF-sputtering and 

MOCVD synthesis of high-k films using sol-gel requires high temperature annealing that 

makes them unsuitable for organic substrates [36].  
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Low-temperature organic-compatible capacitor  mater ials and processes 

Driven by cost and performance, a large portion of ceramic packages have been 

replaced by organic packages over the past 15 years. Hence, there have been several 

efforts to develop novel materials and processes for embedding capacitors in to organic 

boards. Brief description of the materials, processes, properties and drawbacks of existing 

organic compatible capacitor technologies is presented here.  

Ceramic-polymer composites: Ceramic-polymer nano-composites have been explored 

for close to a decade for embedding decoupling capacitors into organic boards. The 

ceramic-polymer composites are made by mixing ceramic powders with polymers. One 

of the earliest material systems explored in this class of materials was PZT-polymer 

composites for SONAR transducer applications [37]. PZT-polymer composites bring 

together the piezoelectric properties of PZT with low density and high flexibility of 

polymers. Similarly, ferroelectric powders can be mixed with polymers resulting in 

composite materials that exhibit higher dielectric constants than that of pure polymers 

while retaining the low temperature processability. The Packaging Research Center at 

Georgia Tech was the first to propose polymer-ceramic composite thin films for 

embedded capacitors applications in MCM –D/L type substrates [38]. When the particles 

sizes of the ceramic fillers in the composites are in nano-meter to submicron regime, they 

may be referred to as nano-composites [39]. Nanocompositing technique involves mixing 

sub-micron ferroelectric powders and a polymer in a suitable solvent. The resulting 

suspension is spin-coated and cured to obtain a composite film [40]-[41]. Two main 

advantages of this approach are organic package   compatibility and ability to 

photopattern the films by using photodefinable epoxy as the matrix. Packaging Research 
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Center at Georgia Institute of Technology pioneered the integration of decoupling 

capacitors into organic Printed Wiring Boards using this technique. The dielectric 

constant of the composite films can be increased by increasing the filler loading. Two 

strategies have been employed to increase the volume fraction of ceramics in the 

composite films – colloidal chemistry concepts to produce agglomeration-free suspension 

and bimodal distribution of filler particle sizes to improve the packing density leading to 

higher filler contents. Colloidal techniques involve the use of surfactants to prevent 

agglomeration and stabilize the suspension by creating repulsive forces between the 

particles through electrostatic repulsion and/or steric hindrance. Ramesh et.al [41] used 

silylated barium titanate particles to produce agglomeration free composites. Composites 

with modified fillers showed nearly 50 % improvement over composites with same 

volume percent of untreated fillers. The second strategy has been to use bimodal 

distribution of filler particle sizes. The highest packing density of uniform sized particles 

may not exceed 70%. Bimodal distribution of particles resulted in better packing of solids 

since the voids between larger particles could be filled by finer particles. By mixing 

calcined 1 micron sized lead magnesium niobate-lead titanate (PMN-PT) powders with 

hydrothermal barium titanate (200 nm), a dielectric constant of 135 was engineered [42]. 

However the minimum processable thickness with submicron size powders was about 3 

mm which restricts the maximum capacitance density to 35 nF/cm2. The main drawback 

of nano-composites is their low capacitance density. While large filler particles exhibit 

higher dielectric constant which reflects in the dielectric constant of the composite, the 

films cannot be made adequately thin to achieve high capacitance densities. Attempts to 

obtain thinner films using smaller filler particles are not fruitful because the dielectric 
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constant of the filler particles decreases with grain size. Increasing the filler content to 

improve the dielectric constant invariably results in poor adhesion of the films and lower 

strength and toughness, as shown by Rajesh Mani et al. [43]. Despite these deficiencies, 

ceramic-polymer composite technology has been most successful so far for embedding 

decoupling capacitors into organic packages. Currently, ceramic polymer composite 

laminates are available commercially from 3M, DuPont and Oak-Mitsui. The properties 

of these commercial material systems are shown in Table 1. 

 

Table 1: Summary of proper ties of commercial ceramic-polymer composite 
dielectr ic laminates. 

 3M (C-PlyTM) DuPont (HKTM) Oak-Mitsui 
(FaradflexTM) 

Capacitance 
density 

0.9 – 1.75 nF/cm2 
(@ 1 kHz) 

0.12-1.75 nF/cm2 
(@ 1MHz) 

0.15-1.7 nF/cm2 
(@ 1 MHz) 

Loss 
tangent 

0.006 
(@1 kHz) 

0.003 (@ 1MHz) 0.015-0.019 (@1 
MHz) 

Thickness 8mm-16mm 8 – 25 mm 8-24 mm 
Dielectric 
constant 

16 3.4 - 15 4.4-30 

 

High-k polymers and composites: The dielectric constant of the ceramic-polymer nano-

composites is limited by the dielectric constant of the matrix polymer. Conventional 

epoxies exhibit a dielectric constant of 3-4. There have been efforts to improve the 

dielectric constant of the polymer matrix. Yang Rao et.al demonstrated epoxies with a 

dielectric constant of 6.4 by using Co(III) acac as curing catalyst. Composite films with 

such modified epoxies filled with 85% by volume of PMNPT exhibited a capacitance 

density of 35 nF/cm2 [35]. 

Metal-polymer nanocomposites: More recently [45], polymers filled with conducting 

particles have been explored for integrating ultra high k (> 1000) films. In this approach, 



 25 

conducting silver particles or carbon black is mixed with a suitable polymer to obtain a 

composite film. Below the percolation threshold the films exhibit dielectric behavior with 

high charge storage capability from the interfacial polarization mechanism Aluminium-

epoxy composites have also been reported with lower compared to silver-epoxy 

composites. The lower loss tangent of aluminium-epoxy composites is attributed to self-

passivation nature of aluminium. However, fabrication of thin films, leakage 

current/breakdown voltage, properties and high frequency stability of the dielectric 

properties has not been demonstrated.  

Anodized oxide capacitors: Certain metals like Ti, Al and Ta can be oxidized to form 

adherent continuous oxide films with excellent insulating properties. Oxides of Al and Ta 

formed with these techniques are well-characterized and widely used in commercial 

surface mount electrolytic capacitors. The oxide formation temperature can be lowered 

by an electrochemical process referred to as anodization. Ultrathin paraelectric films of 

anodized tantalum oxide have been explored for decoupling applications [47]. In this 

technique, tantalum is sputtered on a suitable electrode and subsequently anodized in a 

mixture of ammonium hydroxide and tartaric acid. The resulting amorphous film has a 

dielectric constant of 21-28. This translates to a capacitance density of 200 nF/cm2 for a 

100 nm thick film. The capacitance densities though not high enough for future 

decoupling applications, are stable at GHz frequencies due to paraelectric behavior. The 

increased current densities at the pin holes forces them to oxidize and self-heal, 

improving the yield of the anodized film. The process also leads to a higher breakdown 

voltages.  Currently, the technique is being commercialized by Xanodics. 
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Low temperature MOCVD of titanium dioxide films with capacitance density of 

200 nF/cm2 have been reported by Erbil et.al [34]. The films were amorphous because of 

their low deposition temperature. Loss and leakage currents were high and were 

attributed to low work-function of electrodes and non-stoichiometric films.  

Hybr id approaches: Recently there has been an effort to modify some of the high-

temperature processes like conventional sintering [48]and sol-gel techniques[49], earlier 

deemed unsuitable for organic boards, by using a foil transfer process. Such techniques 

involve synthesizing the thick/thin films on metallic foil which serves as an electrode. 

The most prominent example is screen printed high-k barium titanate thick film 

technology from DuPont. The films are deposited by screen printing high-k paste on 

copper foils followed by firing at 900o C in nitrogen atmosphere. Such films have 

dielectric constant as high as 3000 at 10 kHz. However the capacitance is limited because 

the thickness of the films can run as high as 12 microns. Currently, efforts are on to 

synthesize sol-gel barium titanate thin films on copper foils. The films are crystallized 

under low oxygen partial pressures to prevent oxidation of the electrode. Subsequently a 

low temperature anneal in an oxygen-rich atmosphere is used to anneal the oxygen 

vacancy defects produced in the earlier heat treatment. After depositing the top electrode 

and patterning, the foil is flipped and laminated onto an organic board.  

RF-sputtered films are being explored by Fujistsu Labs for integration of barium 

strontium titanate thin films on organic substrates using polyimide as a carrier film. The 

films are initially sputtered on a Polyimide coated silicon wafer at 100o C to 300o C. The 

polyimide layer is subsequently separated by grinding and chemical spin etching of the 

silicon wafer and can be laminated on an organic substrate. The films are predominantly 
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amorphous due to low deposition temperatures and maximum capacitance is limited to 

250 nF/cm2. However, the films exhibit excellent DC leakage characteristics [50]. A 

similar approach is being pursued by NEC as well using RF sputtered pure and 

manganese doped strontium films in PI coated silicon wafers. Manganese is reported to 

improve the DC leakage characteristics of sputtered films [51]. 

 In summary, polymers, pure and filled, do not provide adequate capacitance 

densities. Additionally, metal filled polymers also suffer from high loss. Paraelectric 

materials like tantalum oxide offer slightly higher capacitance densities than ceramic-

polymer composites since the thinner films can be achieved with relative ease. However, 

the capacitance densities are still limited to 250 nF/cm2.  Pure ferroelectric films like 

those of barium titanate and strontium titanate can easily achieve high capacitance 

densities required for decoupling applications. However, the current processes available 

for synthesis of ferroelectric thin films are not compatible with current packages for one 

or more of the following reasons. (1) They are vacuum based and hence cannot be scaled 

to large area printed wiring boards in a cost-effective manner. (2) They require high 

processing temperatures while the current packages are predominantly organic based with 

maximum processing temperature limited to 220o C.  

Hence, the goal of this study is to develop novel materials and processes to enable 

integration of decoupling capacitors into organic boards. To this end, hydrothermal and 

sol-gel techniques were explored in this study for synthesis of nano-crystalline barium 

titanate films. Hydrothermal technique was chosen due to its simplicity and low 

processing temperatures which enables synthesis of crystalline films directly on organic 

boards. While sol-gel requires high processing temperatures for synthesis of crystalline 
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ceramic films, the films can be synthesized on free standing metallic foils which can be 

laminated on organic boards using low temperature processes.  

Proposed mater ials and processes 

This section describes current status of hydrothermal and sol-gel processes for 

synthesis of high-k barium titanate. Known properties of barium titanate are summarized 

to elucidate its suitability for decoupling applications. Hydrothermal and sol-gel 

processes as reported in the literature and the modifications necessary for integration into 

organic packages are presented.  

Proper ties of bar ium titanate 

Barium titanate is an important ferroelectric material used extensively in MLCCs, 

PTC thermistors and piezoelectric transducers. It also exhibits excellent electro-optic 

coefficient making it a potential candidate for optical waveguides [52]. It is known to 

exist in 4 crystal phases – rhombohedral, orthorhombic, tetragonal and cubic. At room 

temperature, tetragonal phase is stable. When heated above Curie temperature, it 

transforms to cubic phase. Cooling the tetragonal phase below room temperature is 

accompanied by two transformations to orthorhombic phase at 278 K and to 

rhombohedral phase at 183 K. The ferroelectric properties of barium titanate arise from 

its tetragonal crystal structure shown in Figure 6. The position of the titanium ion is 

slightly off-center resulting in a permanent dipole. Further, the dipoles are ordered into 

domains resulting in ferroelectric behavior. Several theories have been developed to 

explain ferroelectric behavior of barium titanate and other ionic crystals. Lattice 

dynamics theory is considered the most successful [54]. In the following sections the 
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variation of dielectric properties of barium titanate with microstructure, frequency and 

temperature will be presented. 

 

 

Figure 6: Crystal structure of tetragonal bar ium titanate. 

 

Temperature dependence of dielectr ic constant 

As mentioned earlier, barium titanate exists as tetragonal phase at room 

temperature which is known to be ferroelectric. Upon heating, tetragonal phase is 

transformed to more symmetric cubic phase resulting in a loss of ferroelectricity and drop 

in dielectric constant. However, a dielectric constant as high as 25000 has been reported 

near the transformation temperature [54]. The temperature of transformation is called 

Curie temperature (Tc). The Curie temperature is itself known to depend on the grain 

size. The Curie temperature decreases with grain size and can be below room temperature 

for nano-grained barium titanate [55]. Cooling from above the Curie temperature is 

Ba2+ 
O2- Ti4+ 

c 

a 



 30 

accompanied by polysynthetic twinning that relieves the stresses associated with the 

transformation. The resulting microstructure comprises 90o and 180o domain walls 

associated with the tetragonal phase [56]. 

Grain size dependence of dielectr ic constant 

Variation of dielectric constant of barium titanate with grain size has been widely 

reported [57]-[58]. When the grain size is reduced to 1 mm anomalously large dielectric 

constants are generally observed. This is generally attributed to an increase in domain 

wall density and residual stresses in the sub-micron grains. The residual stresses are 

relieved by means of 90 degree domain wall whose width has been estimated to be fixed 

at 1 mm. Thus 90 degree domain walls cannot exist in sub-micron grains resulting in high 

residual stresses which have been thermodynamically shown to result in high dielectric 

constant. Further reduction in grain size results in decrease in dielectric constant. It is 

well known that thin films of barium titanate exhibit dielectric constants much smaller 

than that of bulk materials. The decrease in dielectric constant is attributed to the reduced 

tetragonality, referred to as depolarization, in the nanograined crystals [59].  

Frequency dependence of dielectr ic constant 

There are four basic polarization mechanisms that operate in dielectric materials. 

At 1000 Hz and below, all the polarization mechanisms remain active. Interfacial 

polarization mechanism relaxes at 103 Hz.  Ionic and electronic polarization mechanisms 

are known to operate up to 1013 Hz and 1016 Hz. The relaxation frequency for dipole 

polarization, however, is not fixed. In barium titanate, the relaxation frequency has been 

reported to be grain-size dependent. McNeal et.al determined the relaxation frequency to 
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vary from 1 GHz for a grain size of 1 mm to 7.56 GHz for grain size of 100nm. When the 

grains are sufficiently small, comprising single domains, the relaxation frequency is 

given by 

d

c
f r p

r/*
33=    (2) 

where c33
* is the shear elastic constant, r  is the density and d is the grain size[60]. 

From the above discussion, it is clear that nano-grained barium titanate films are 

necessary to ensure the stable dielectric properties at GHz frequencies, as needed for 

embedded decoupling applications. 

 

Table 2: Dielectr ic proper ties of bar ium titanate repor ted in the literature. 

Process Dielectric 
constant 

Dielectric 
loss 

Plasma MOCVD  
(600oC) [61] 300 0.02 

Sol-gel [62] 370 0.02 
Electrophoretic 
deposition [63] 4000-12000 0.13-0.51 

RF sputtering 
[64] 110-215 0.018-0.5 

 

Hydrothermal synthesis 

Hydrothermal processing as the name implies, is a synthesis route that involves 

crystallization in aqueous medium at elevated temperatures. It is a versatile technique that 

has been used for synthesis of a wide range of materials like hematite [65], quartz [66], 

barium [67] and strontium titanates [68] and more recently for carbon nano-tubes[69]. 

Hydrothermal synthesis of quartz was demonstrated several decades ago and is currently 

used commercially. Hydrothermal synthesis of quartz involves temperatures close to 300o 

C and pressures of several tens of atmospheres and hence requires steel pressure vessels. 
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However, a number of other materials like barium titanate have been synthesized under 

milder conditions using this technique. 

There has been tremendous interest in the past decade in hydrothermal synthesis 

of ceramic thin films at low temperatures. This process allows synthesis of crystalline 

barium titanate and strontium titanate powders and films [70] at temperatures of 80o C – 

800o C in an aqueous medium by reacting a suitable titanium source with barium ions. 

While synthesis of hydrothermal barium titanate powder is being commercially used, thin 

film synthesis requires extensive material and process characterization in order to 

optimize the dielectric properties of the resulting films. The source of titanium is 

typically either evaporated titanium or an organic precursor coated on a suitable electrode 

metal. Use of metallic titanium can be advantageous since the unreacted titanium can be 

used as the bottom electrode. In addition, since the films are grown reactively on 

titanium, good adhesion of the films to the electrode is ensured. The conditions for 

formation of barium titanate forms are illustrated in Figure 7. A pH > 13 is required for 

stability of barium titanate in an aqueous solution. One of the main advantages of 

hydrothermal synthesis is the ability to control the grain size by varying the synthesis 

temperature and concentration of hydrothermal bath [71]. The films synthesized on 

organic precursors are typically porous and result in poor yield of capacitors and low 

capacitance densities. Hence the spun-on precursors are pyrolyzed at temperatures as 

high as 300o C to densify the precursor prior to hydrothermal process [72]. This 

technique however nullifies the advantages of low temperature hydrothermal process. 

There are also reports of hydrothermal synthesis on titanium sheets but the dielectric 
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properties, particularly the stability of dielectric constant and loss at high frequencies are 

not well characterized. 

 

 

Figure 7: pH-Ba2+ phase diagram of BaTiO3. [71] 

 

Hydrothermal barium titanate powders typically have a large concentration of 

crystal defects mainly from entrapped hydroxyl groups. Annealing at temperatures in the 

vicinity of 600o C has been reported to minimize the hydroxyl groups [73]-[75]. Such 

defects can also be expected in hydrothermal films due to the high pH required for 

crystallization of barium titanate. Therefore, novel low-temperature techniques to 

eliminate the hydroxyl groups are needed to ensure compatibility with organic PWBs. 

Extensive material characterization including high and low frequency dielectric 

characterization is also required for decoupling applications. Table 3 summarizes the 

advantages of hydrothermal process and issues to be addressed for practical applications. 
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Table 3: Current status of hydrothermal process for  embedded decoupling in 
organic packages. 

Advantages Barriers to overcome 
(1) Crystalline ceramic films 
(2) Low temperature and organic 

compatible 
(3) Environment friendly (no solvents 

used) 
(4) Lead-free 

(1) Crystallographic defects in as-
synthesized films  

(2) Lack of extensive process 
characterization 

(3) Insufficient data, particularly 
dielectric properties 

 

Sol-gel synthesis 

Sol-gel technology was selected in this study because of continuous and large-

area film deposition capability via cost effective spin coating technique. Further, sol-gel 

technology has inherent ability to provide precise stoichiometry control and chemical 

homogeneity. The technique has been demonstrated for synthesis of powders [76]-[77] as 

well as thin films [78]-[79]. Sol-gel synthesis of barium titanate involves mixing 

precursors of barium and titanium in a suitable solvent and spin coating the resulting 

solution into thin films. The films are then pyrolyzed and sintered at temperatures greater 

than 700o C to obtain crystalline films. Multiple spin-coating and pyrolysis steps may be 

needed to obtain films thicker than 100 nm. Some of the titanium and barium sources and 

solvents reported in the literature are shown in Table 4. 

 

 

 

 

 

 



 35 

Table 4: Sources of titanium and bar ium, and solvents for  sol-gel synthesis of 
bar ium tianate  

Solvent Barium source Titanium source 
1,3 propanediol [80] Barium acetate Titanium diisopropoxide 

bisacetylacetonate 
Acetic acid[81] Barium acetate Titanium isopropoxide 
Acetic acid[82] Barium acetate Titanium butoxide 

Methanol+methoxy-
ethanol[83] 

Barium ethoxide titanium tetra-iso-
propoxide 

Water+ethanol[84] Barium acetate Titanium bis(ammonium 
lacto) dihydroxide 

 

In the past, sol-gel thin films synthesis was reported on silicon substrates, 

targeting applications such as DRAM capacitors [85]-[86] and gate dielectrics [87]-[88]. 

More recently there have been efforts to synthesize perovskites films on free standing 

foils for integration of decoupling capacitors into organic printed wiring boards [89]. The 

main advantage of this approach is the ability to precisely control the composition of the 

films and ease of introducing dopants to engineer the dielectric properties such as loss 

tangent and DC leakage characteristics. Other advantages include relatively low cost, 

compared to vacuum based processes and the potential for large-area synthesis. However, 

oxidation of the metal electrode during high temperature sintering remains a major barrier 

to successful implementation of this technique. Lowering the oxygen pressure during 

sintering can prevent oxidation of the electrode, but results in incomplete pyrolysis of 

organic precursors and induces oxygen vacancy related defects in the films. A thin 

oxidation-resistant barrier layer on the electrode surface and/or stringent control of 

oxygen partial pressures during sintering can overcome the above mentioned problems.  
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Table 5: Current status of sol-gel process for  embedded decoupling in organic 
packages. 

Advantages Barriers to overcome 
(1) Low cost compared to sputtering 

and CVD 
(2) Precise composition control and 

purity 

(1) Oxidation of electrode metal 
restricts the process to a narrow 
operation window 

(2) Reactions at the metal-ceramic 
interface 

(3) Insufficient crystallization at low 
processing temperatures 

 

In summary, vacuum-based processes are best suited for on-chip decoupling 

applications. High-temperature processes like sol-gel, as reported in the literature are 

suited for ceramic substrates, but can be suitably modified to ensure organic PWB 

compatibility. Low temperature hydrothermal technique has been shown to yield 

crystalline powders and films but the literature indicates that post-high temperature 

treatments (> 300o C) are necessary for realizing acceptable dielectric properties. 

Modified synthesis routes with extensive process and material characterization are 

needed to implement these low-cost technologies for packaging applications. Therefore, 

the objective of this study to develop solution-based processing methods for synthesis of 

high quality barium titanate thin films and demonstrate their integration into organic 

printed wiring boards.  
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CHAPTER 3 

DESIGN AND MODELING OF EMBEDDED DECOUPLING 

CAPACITORS 

 

This chapter begins with modeling and estimation of decoupling capacitor needs 

for future high speed digital systems, based on ITRS projections. Performances of surface 

mounted and embedded decoupling capacitors, in terms of their maximum operating 

frequency, are analyzed. Design of decoupling capacitor needs careful optimization of 

several parameters such as capacitor geometry, location of the embedded thin film 

capacitor in the package and the vias. While higher capacitance embedded decoupling 

capacitors can be attained with thinner film, higher k and larger electrode size, increasing 

dielectric constant and electrode size can also have a detrimental effect on the system 

performance. This chapter analyzes each of these effects using simple analytical 

equations and justifies the need for integration of high k thin films in the package.  

 
Estimation of decoupling requirements 

Estimation of decoupling capacitance often requires elaborate models that take 

into account the various parasitic inductances and resistances between the power and the 

ground planes, and the current drawn by the ICs as a function of time. The capacitance 

required for decoupling is dependent on a number of factors such as the operating 

voltage, power consumption of the chip and operating frequency. The location of the 

capacitor (on the chip, package or the board) also has an important role. In the current 

analysis, the capacitance requirements are estimated solely based on the ITRS projections 
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of voltage, power and operating frequencies of future digital systems. For a 

microprocessor operating at a frequency F hertz, consuming a power of P watts at an 

operating voltage of V volts, the decoupling capacitance requirement is estimated as 

follows.  

The maximum noise in the power supply that can be tolerated is about 5% of the 

power supply voltage. Hence the noise level, DV = 0.05V volts. An IC consuming P 

watts of power at V volts draws a current of P/V amperes. Hence to achieve a noise level 

of DV volts, the impedance between the power and ground planes should be  

Z=DV/(P/V).   (3) 

The projected target impedance values for the power distribution network of high 

performance systems are shown in Figure 9. This target impedance of the Power 

Distribution Network has to be maintained over a broad frequency range from 100’s of 

kHz to GHz depending on the processor function [90]. These functions could involve 

data transfer to and from the hard disk, data transfer to and from the DRAM or on chip 

processing [91].  

For on-chip processing, the highest frequency is determined by the operating 

frequency of the processor whereas for data transfer, the frequency target is dependent on 

the signal speed. Figure 8 shows finite rise times associated with high speed signals. The 

rise time can be as low as 5 % of the total cycle time. Thus for a driver operating at a 

frequency of f, the rise time will be about 0.05/f. It is during this time interval that the 

decoupling capacitors are expected to deliver the current required for switching the 

circuits on the ICs. Hence the operating frequency of the decoupling capacitors is taken 
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to be 0.30/rise time. Clearly the operating frequency of the capacitor is higher than the 

clock frequencies.  

 

 

(a) Ideal signal 

 

(b) Signal with finite rise time 

Figure 8: Schematic depicting the finite r ise times of signals. 

 

The capacitance C, required to achieve the target impedance depends on the 

frequency and can be calculated from the following equation. 

fC
Z

p2
1

=    (4) 

Since the impedance of a capacitor decreases with frequency, ideally, a capacitor 

that provides the target impedance at the lowest frequency should be able to provide 

decoupling at all higher frequencies. However, the parasitic inductance associated with 

the capacitor and other package elements, mandates the use several capacitors to provide 

rise 
time 
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effective decoupling over a broad range of frequencies. The effect of parasitic inductance 

is discussed in the following section. 
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Figure 9: Projected impedance requirements for  PDN of high per formance 
microprocessors. 

   

Effect of parasitics 

Capacitors whether they are discrete or embedded, have associated parasitic 

inductance and resistance which limit their performance especially at high frequencies. 

This is shown schematically in Figure 10.  

 

 L C 
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Figure 10: Schematic of ESL associated with a capacitor . 

 

 

The complex impedance of such a circuit at a frequency f is given by  

Cj
LjZ

w
w

1
+=   (5) 

where w=2pf, L and C are inductance and capacitance respectively. The impedance at 

lower frequencies is dominated by the capacitance term while at higher frequencies the 

circuit is predominantly inductive. This leads to electrical resonance characterized by a 

frequency that marks the transition from capacitive to inductive behavior. Figure 11 

shows the resonance phenomenon for a 1mF capacitor in series with 1pH to 10 nH.  

Beyond resonance, the impedance is dominated by the circuit inductance and increases 

with frequency. It is clear that for a given value of capacitance the resonant frequency 

drops rapidly with increasing series inductance. Hence, one of the trends in package 

design has been minimizing the parasitic inductances of the package elements such as 

vias, traces and interconnects. 
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(a) 
 

 

(b) 
 

Figure 11: Effect of inductance on the per formance of decoupling capacitors. (a) 
Impedance Vs frequency and (b) Resonant frequencies for  var ious ESL values. 
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A capacitor cannot provide effective decoupling at frequencies much greater than 

the resonant frequency. Hence, the maximum allowed ESL can be calculated from the 

capacitance C and operating frequency f as, 

2

max
2

1
��
�

�
��
�

�
=

Cf
L

p
  (6) 

For a target impedance of 0.25 milliohm, the required capacitance and maximum 

allowed inductance at various frequencies up to 10 GHz is shown in Figure 12. 
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Figure 12: Capacitance required and maximum allowable ESL for  a target 
impedance of 0.25 mWWWW. 

 
The low-inductance discrete capacitors available today have ESL of several 10’s 

of picohenries. These capacitors are placed typically in the BGA package as shown in 

Mid     
frequency 
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Figure 13, and connected to the pins through traces which contribute about 10 nH/inch 

[92],  thus limiting the performance of these capacitors to less than 200 MHz. As will be 

shown in the next section, embedded decoupling capacitors can be designed to overcome 

these limitations to provide decoupling in the low GHz frequencies. 

 

Figure 13: Discrete capacitors mounted on a BGA package.[93] 

 

Design of embedded coupling capacitors 

For a parallel plate configuration shown in Figure 14, the inductance of the return 

current circuit is given by [94], 

w
hl

L 0m=   (7) 

where l and w are length and width of the capacitor plates and h is the thickness of the 

dielectric film. It can be readily seen that, for a square capacitor with 1 mm thick 

dielectric film, the inductance is 1.25 pH. Further, reduction in inductance can be 

achieved by connecting several capacitors in parallel.  
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Figure 14: Parallel plate configuration of embedded thick/thin film capacitor . 

 

Location of embedded capacitors 

The inductance from the power and ground vias in a package can be minimized 

by locating the embedded capacitors as close to the switching device as possible, within 

the constraints of processability. The inductance of the vias arises from forward current in 

the vias and the return current flowing through the planes.  The inductance values 

reported for package vias are close to 150 pH [95]-[96].  By integrating the embedded 

capacitor in the top most layer of the package, right under the chip, the inductance 

contribution from the vias can be minimized. Hence, the decoupling scheme shown in 

Figure 15 (c) is more effective than that in (b).  
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(a) 

 

(b) 

 

(c) 

Figure 15: Schematic of (a) discrete decoupling capacitors (b) and (c) embedded 
decoupling capacitors.  

 

Planar  versus singulated capacitors 

One common approach to embedded decoupling is to use a high-k material 

between the power and ground planes. The main disadvantages of such a configuration 

are the high ESR power plane and narrow frequency band over which decoupling is 

effective. Muthana et. al [97] have shown via simulations that singulated embedded 

capacitors can overcomes the limitations of planar capacitors and can be used to provide 

effective decoupling from 200 MHz to 2.0 GHz. 
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Location of vias 

Location of the vias that connect the electrodes of the capacitor to the power and 

ground planes of the packages has been shown to affect the series inductance of 

embedded capacitors. Vias placed at the center of the capacitors have been shown to offer 

lower inductance compared to edge- or corner vias. This is attributed to shorter current 

path through the capacitor electrodes [98]. 

 

Effect of film thickness 

The required decoupling capacitance can be realized using high-k thick films or 

thin films with moderate dielectric constant. For example, a 10 mm film with a dielectric 

constant of 3000 and 1 mm with a dielectric constant 300 exhibit a capacitance density of 

885 nF/cm2. It can be readily seen that, for a square plate, the inductance associated with 

the thick film capacitor is 10 times that of thin film capacitor. In a multilayer board, 

capacitive loading of signal vias through the high-k thick films may not be desirable [99]. 

Further, the propagation velocity of electromagnetic signal is given by 

r

p

c
v

e
=   (8) 

implying that the signal can travel faster on the electrodes of a capacitor with a smaller 

re [100]. Hence, it is preferable to have thin films with moderate k than thick films with 

higher k.  

In summary, the microprocessor trends from ITRS indicate that several 

microfarads of capacitance is required to meet the impedance targets for future high 

speed digital systems. The current discrete capacitors used for mid-frequency decoupling 
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may not be effective in future due to the high self-inductance as well the inductances 

from the package. This requires higher on-chip decoupling and larger number of SMT 

capacitors to meet the impedance targets. Embedded decoupling have much lower 

inductance and can overcome these limitations if sufficient amount of capacitance can be 

integrated into the package. Design of decoupling capacitors that are effective at GHz 

frequencies is extremely challenging. Best performance of embedded capacitors is 

realized when they are integrated on the top-most layer of the package, right under the 

chip.  Further, thin film capacitors offer better performance than thick films, due to lower 

loop inductance. A right combination of dielectric materials, capacitor geometry and 

multiple via connections and via positioning is required to meet the required milliohm 

impedance over broad frequency range. The analysis presented in this chapter rationalizes 

the need for novel thin film technologies to enable integration of high-k films into 

organic packages. The proposed thin-film materials and processes with careful design 

will expand the operating frequencies of package decoupling capacitors to low GHz. The 

ultra-high capacitance densities of these films can also eliminate a large number of 

surface mount ceramic capacitors in the package and reduce the on-chip decoupling 

requirements. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURES 

 

This chapter describes the thin films synthesis techniques and characterization 

procedures used in this study. The effect of various process parameters (molarity, 

temperature, Ti source for hydrothermal route; sintering time, temperature and sintering 

atmosphere for sol-gel route) on the film morphology (grain size, thickness, defects) and 

the electrical properties (dielectric constant, leakage current, breakdown voltage) were 

identified through systematic experimental design. Figure 16 summarizes the process 

variables explored for hydrothermal and sol-gel synthesis of barium titanate films thin 

films. These process variables were chosen based on the existing literature reports 

summarized in chapter 2. The structural aspects of the thin films such as morphology, 

composition and crystallinity as well as the dielectric properties that are affected by the 

chosen process parameters are also shown. From the experimental analyses, process 

parameters were optimized leading to a capacitance density of 500-1000 nF/cm2 and 

breakdown voltages greater than 5 V.  
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Figure 16: Expected effect of process parameters on proper ties of interest. 

 

Because of the difference in the processing temperatures, the integration routes 

for sol-gel and hydrothermal techniques were correspondingly different. The 

characterization techniques used were X-Ray diffraction, High-resolution Scanning 

Electron Microscopy, low frequency and high frequency dielectric measurements, DC 

leakage measurements, Fourier Transform Infrared Spectroscopy, Raman Spectroscopy 

and X-Ray Photo-electron Spectroscopy. 

Hydrothermal synthesis hydrothermal bar ium titanate films 

Hydrothermal synthesis of barium titanate powder and films involves bringing 

together suitable sources of titanium and barium in an alkaline solution. Two common 

sources of titanium are metal-organic precursors of titanium such as TIBE. Preliminary 

synthesis was performed using spun-on precursor. 20 ml of TIBE was dissolved in 20 ml 

of Toluene. To the resulting solution 0.25g of Kraton was added to prevent cracking of 
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the film during drying. The solution was spin-coated at 5000 rpm on copper coated glass 

slides. The spun-on film was dried at room temperature and subject to hydrothermal 

treatment in 2M Ba(OH)2 at 80o C for 24 hours. Since this approach did not produce 

dense continuous films, in subsequent syntheses metallic titanium, either in  the form of 

foils or titanium evaporated on a suitable substrate was used as the source as titanium. 

The main benefit of laminated titanium is easy of integration while evaporated titanium 

allows for choice of electrode materials other than titanium.  Where titanium foils were 

used, the foils were laminated on to FR-4 boards using an epoxy prepreg in a 50 ton 

vacuum hot press. The lamination conditions for the epoxy prepreg were: 300 psi and 338 

F. The laminated foils were cleaned with acetone and subjected to an oxygen plasma 

treatment in the Plasma-therm reactive ion etcher to remove organic contaminants.  

Synthesis of hydrothermal films with evaporated Ti allows easier integration 

either on Silicon or Printed Wiring Board. By minimizing the starting thickness of 

evaporated titanium, barium titanate can be grown on any type of electrode, platinum for 

Si platform and copper for PWB platform. Hence, e-beam evaporated Ti was used in the 

subsequent studies.  Titanium was evaporated using CVC E-beam evaporator on a 

suitable substrate. The deposition chamber was pumped down to pressures of 2x10-6 torr 

or lower before deposition. The thickness of evaporated titanium was varied from 20nm 

to 1 mm. Two electrode metals were explored to study the effect of electrode on dielectric 

properties.  Films with titanium bottom electrode were synthesized starting with 500 nm 

thick titanium films. The unreacted titanium was used for bottom electrode. Films were 

also synthesized on platinum electrodes by evaporating platinum and titanium 
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successively. For integration into organic boards, films were synthesized on FR4 copper 

clad laminates.   

The hydrothermal bath was prepared by dissolving barium hydroxide (Reagent 

grade) in boiling deionized water. Boiling helps reduce dissolved carbon-di-oxide in the 

water that can form insoluble carbonates. Further, the solution was prepared in a glove 

box purged with nitrogen to minimize contact with carbon-dioxide. Despite these 

precautions, precipitates were invariable found in the solution due to carbonates present 

as impurities in the reagent grade barium hydroxide. Such precipitates were minimized 

by allowing them to settle in tall polypropylene bottles for at least 6 hours. The clear 

solution on the top was then filtered into polystyrene reaction containers in the glove box. 

The titanium source was placed on Teflon blocks in the solution, facing down in order to 

avoid precipitates from settling the surface which may locally inhibit formation of barium 

titanate. The reaction was allowed to proceed for desired time ranging from 15 minutes to 

48 hours in an oven at temperatures from 75o C – 95o C. The samples were then removed 

from the reaction container inside the glove box and rinsed in deionized water and baked 

at 160o C for 15 minutes. The process parameters explored and the expect effect on 

hydrothermal films are summarized in Table 6. Titanium foils were chosen for their ease 

of integration into organic boards using low-cost lamination process. Evaporated titanium 

on the other hand allows integration of hydrothermal films on any electrode and into any 

layer in an organic build-up package. Two substrates were chosen to study the effect of 

surface roughness on the dielectric properties. The bath molarity, temperature and 

reaction times have been reported to affect the microstructure and stoichiometry of the 
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films. Hydrothermal synthesis temperatures were chosen to be below 100o C to avoid the 

use of pressure vessels. 

Table 6: Hydrothermal process var iables explored. 

Titanium source Foil, evaporated titanium 
Substrates Cu clad FR-4 and Silicon 
Molarities 1M, 2M, 3M 

Temperatures 75o C, 95o C 
Reaction times 15 min, 1 h, 4 h, 12 h, 24, 48 h 

 

The effect of thickness on dielectric properties was studied by making multiple 

coating on silicon wafers. To minimize the unreacted titanium below the barium titanate 

film, the thickness of titanium was kept at 20 nm for each coating. Samples were 

prepared with 1, 2 and 3 coatings of barium titanate films. 

Post-hydrothermal treatments 

Hydrothermal films and powders are often reported to have high concentration of 

defects like entrapped hydroxyl groups and oxygen vacancies resulting in poor yield, 

high dielectric loss and leakage currents. In order to improve the dielectric properties of 

the films, two novel post-hydrothermal treatments were evaluated. The commonly 

reported post-hydrothermal high temperature heat treatment was also performed for 

comparison.  

Variable frequency microwave treatment 

Films synthesized from titanium foils laminated on FR-4 boards were subjected to 

variable frequency microwave treatment in Microcure 2100 from Lambda Technologies 

(Morrisvile, NC). The nominal temperature of the films was monitored using a 

thermocouple, and a Nortech™ (Quebec, Canada) NoEMI-TS® family fiber optic probe. 
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The samples were heated to a temperature of 190o C. Above 190o C localized heating 

resulted in charring of FR-4 boards. The power absorbed by a dielectric material is 

related to dielectric loss as, 

eep ¢¢= 0
22 rmsfEP   (9) 

where f is the microwave frequency, Erms is the root mean square electric field and 0e is 

the permittivity of free space and e ¢¢ is the loss factor of the dielectric material. The 

hydrothermal films were expected to reach higher temperatures owing to high dielectric 

loss compared to epoxy based FR-4 board. 

Oxygen plasma treatment 

In order to explore the possibility of minimizing the hydroxyl groups in the films 

via chemical routes, the hydrothermal films were subjected to an oxygen plasma 

treatment at room temperature, in a PlasmaTherm reactive ion etcher. The plasma 

conditions explored are summarized in Table 7. Two types of interaction of the plasma 

with the film can be expected. (1) Chemical interaction of the active O2- ions with the 

hydroxyl groups. (2) Mechanical sputtering of the films due to kinetic energy of the 

oxygen ions. In order to separate the effect of the two interactions, films were also treated 

with argon plasma where the argon ions simply bombard the surface of the films without 

chemical interaction.  
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Table 7: Oxygen plasma conditions explored for  minimizing hydroxyl groups in 
hydrothermal films. 

Pressure Power Expected interaction 
600 mT 300W Predominantly chemical 
300 mT 300W Chemical + mechanical 
300 mT 400W Chemical + mechanical 
200 mT 400W Predominantly mechanical 

 

Sol-gel synthesis of bar ium titanate thin films 

Barium granules (Aldrich chemical company) and Titanium (IV)Isopropoxide  

Ti[OCH(CH3)2]4 (Alfa) were used for barium and titanium sources respectively. 2-

methoxyethanol (2-MOE) (Aldrich) was used as the solvent. Barium granules were 

dissolved in 2-MOE and refluxed at 125o C in argon atmosphere for 5 hours. The 

precursor solution was cooled to room temperature and then the stoichiometric amount of 

titanium (IV) isopropoxide, along with 2-MOE as solvent, were added and refluxed at  

125oC for 5 hours in argon atmosphere to obtain a clear BaTiO3 precursor solution. The 

precursor solution was spin-coated on free standing foils at 3000 RPM for 30 s. Three 

different foils were evaluated in this study – nickel coated copper foils, titanium coated 

copper foils and bare copper foils. The spin coated films were pyrolyzed in air on a hot-

plate at 350o C and subsequently in a Rapid Thermal Processing chamber. The spin-

coating and pyrolysis steps were repeated to obtain thicker films. The pyrolyzed films 

were subsequently sintered to obtain crystalline films. 

Two barrier coatings were studied to prevent the oxidation of copper foils during 

sintering. Nickel was chosen due to its resistance to oxidation while titanium forms a thin 

oxide which can potentially prevent further oxidation of remaining titanium as well 

copper below. Both sides of the foils were coated with barrier metal. Since this approach 
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requires additional metallization steps, synthesis of sol-gel films on bare copper foils was 

also studied by sintering in nitrogen furnace.  

For films on copper foils, Lindberg tube furnaces with Eurotherm 847 controller 

were used for sintering. Nitrogen flow rates were optimized to minimize the oxidation of 

electrodes while ensuring complete pyrolysis of organic content in the films. The ramp 

rates were set to 10o C per minute. Sintering temperatures were varied from 700o C to 

750o C. Dwell times at sintering temperature was varied from 30 minutes to 60 minutes. 

For films with barriers, Rapid Thermal Processing was explored to reduce the 

processing times associated with conventional furnace sintering. Rapid thermal 

processing allows heating rates as high as 100o C/s using visible radiation. Rapid thermal 

annealing was done at 700o C from 30 s to 3 minutes. 

Integration into organic packages or  PWBs 

Hydrothermal films were synthesized directly on the PWBs owing to the low 

process temperatures. 12 micron thick titanium foils were laminated on organic boards 

using epoxy prepregs.  Sol-gel films were sintered on free standing foils and subsequently 

laminated on PWBs. The top electrode metallization was applied prior to lamination to 

reduce creation of shorts. The films were metallized using conventional electroless 

copper plating. The films were patterned using photolithography and wet etching using a 

1:1 mixture of HNO3 and HCl.  

Character ization of hydrothermal and sol-gel bar ium titanate thin films 

Structural character ization 

The crystallinity of the films was followed using x-ray diffraction (Philips 1813 

diffractometer). Identical scan rates were used for all samples to facilitate easy 
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comparison. The areas of the samples were greater than 1cm x 1cm. When mounted 

roughly at the center of the sample holder, the area irradiated by the x-rays was 1cm x 

1cm for all samples.  

The entrapped hydroxyl groups were studied using Fourier Transform Infrared 

Spectroscopy and Raman spectroscopy. Since the films could not be separated from the 

substrate, the IR spectra were collected in the attenuated total reflection (ATR) mode 

with a Nicolet (Madison, WI) Magna-IR FTIR spectrometer. Spectra were recorded at a 

resolution of 4 cm-1. A Dilor XY 800 Raman microprobe (JY, Inc., Edison, NJ) with an 

Ar+ laser operating at 5145 A was used to collect the Raman spectra. 

Film morphology 

Morphology of the films was studies using high-resolution Field Emission 

Scanning Electron Microscope (LEO). No gold was sputtered on the films. The operating 

voltages were maintained at or below 3 kV to prevent charging. Grain size estimations 

were made using intercept method. 

Composition 

 The estimation of film composition using EDS was not fruitful owing to large 

penetration depth of the electron beam at energies required to excite x-rays from the 

constituent elements. Hence XPS was used to determine the stoichiometry of the films. 

X-ray Photoelectron spectroscopy in conjunction with depth profiling was used to study 

the composition of the films across the thickness. For depth profiling, the films were 

periodically sputtered using an argon ion beam. The sputter rates of the films were 

estimated from SEM cross sections of films synthesized on silicon wafers.  
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DC and Low-frequency dielectr ic character ization 

Top electrodes for electrical measurement were fabricated by evaporating the 

desired electrode metal through a shadow mask. The electrodes were made 500 nm thick. 

The low frequency capacitance measurements were made using HP LCR meter at 100 

kHz and 1 V rms. Open and short calibrations were made prior to measurements.  

DC leakage measurements were performed using Agilent semiconductor 

parameter analyzer. The voltage and current limits of the instrument were 20 V and 100 

mA respectively. The voltage was increased in steps of 50 mV till the current reached the 

100 mA due to permanent breakdown or otherwise. The current was measured with 1 s 

delay.  

High frequency character ization 

The dielectric constant of the film from 100 MHz to 2 GHz was estimated using 

multiline Coplanar Waveguide method. Coplanar waveguides of different lengths were 

fabricated on BaTiO3 films grown by hydrothermal synthesis. The dielectric constant and 

loss of BaTiO3 was extracted from s-parameters as described in [101]. 

   The propagation factor, g�� of a transmission line structure on a dielectric can be 

calculated from the s-parameters measured on different lengths from the ABCD matrix of 

each length M1 and M2.  
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The propagation constant, g  can also be expressed as: 

))(( CjGLjR wwg ++=   (15) 

 

where R, L, G and C are resistance, inductance, conductance and capacitance per unit 

length of the transmission line respectively.  

Since dielectric and metallic losses cannot be separated using measurements made 

on the unknown material alone, identical structure were fabricated on a film (PECVD 

Silicon Nitride) with same thickness and known dielectric properties. Applying equation 

6 to Silicon nitride and Barium Titanate, 
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Since the CPW structures on Silicon Nitride and Barium Titanate were identical, 

the equation reduces to, 
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where G is associated with loss tangent. C is a function of relative permittivity and 

geometry of the transmission line structure. G and C can be expresses as [102] 

)(2 0 lowrhigh FFC ee +=
  (18) 
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The ratio Fhigh/Flow is a geometrical factor and can be calculated from [3] 
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where C(er) and C(1) are the capacitances when the CPW lines are fully embedded in air 

and dielectric respectively. Substituting equations 9-11 into equation 8, dielectric 

constant and loss tangent of Barium Titanate film can be solved for using the known 

properties of Silicon Nitride. 

In this study Coplanar Wave Guide structures were used. Due to high dielectric 

constant of Barium Titanate film, impedance match between the transmission lines and 

the probe tip could not achieved with processable line widths and spacings. The use of 

multiline technique eliminates the errors associated with such an impedance mismatch 

[103]. 

The findings of this study are presented in the next chapter and discussed in the 

context of existing literature.  
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CHAPTER 5 

RESULTS AND DISCUSSION 

 
Thin film synthesis research reported in the literature is mostly focused on silicon 

substrates with platinum electrodes via vacuum based and/or high temperature deposition 

processes. Such materials and processes are prohibitively expensive for packaging 

applications is therefore not suited for low-cost organic compatible embedded decoupling 

capacitors. Electrical and structural characterization of solution-derived films on 

inexpensive base metals has not been investigated in detail before. This work investigates 

material-process-microstructure and electrical properties of ultra-thin (100-300 nm) 

ceramic films derived from low cost hydrothermal and sol-gel technologies on Ni, Ti and 

copper metals. The first part of this chapter presents the effect of various process 

conditions on the properties of hydrothermal barium titanate films. The role of 

hydrothermal process parameters such as bath molarity, temperature and reaction times 

on the microstructure, composition, thickness and crystal defects of barium titanate films 

were studied to optimize the process to produce high quality barium titanate films with 

desired dielectric properties. In the second part, the role of base metal electrodes and heat 

treatment conditions on the evolution of morphology, crystal structure and dielectric 

properties of sol-gel films were investigated. The electrical performance of sol-gel and 

hydrothermal films are explained through XRD, SEM and spectroscopy studies. The 

experimental analysis is used to provide insights into the process-structure-property 

correlations. Based on the analysis, it is shown that barium titanate thin films synthesized 
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via hydrothermal and sol-gel techniques are potential candidates for embedding 

decoupling capacitors into organic substrates.  

Hydrothermal synthesis of bar ium titanate thin films 

The first set of hydrothermal experiments were performed with titanium organo-

metallic precursors (TIBE in toluene) as the source of titanium. The microstructure of the 

films synthesized without pyrolysis prior to hydrothermal treatment is shown in Figure 

17. The microstructure is porous at this scale, resulting in poor yield of capacitors. This is 

attributed to low concentration of titanium in the precursor films. Similar observation has 

been made by McCormick and Slamovich [104]. In their study, the film porosity is 

attributed to large volume changes that accompany hydrolysis of the precursors. When 

the precursor film is pyrolyzed, it forms a dense layer of titanium oxide which upon 

hydrothermal treatment can yield a dense continuous film. Pyrolysis also reportedly 

increases the dielectric constant of the barium titanate films from 5 for films without 

pyrolysis to 170 for films pyrolyzed at 500o C for 30 minutes. Since this approach is not 

compatible with organic packages, subsequent syntheses were performed using metallic 

titanium. Two forms of metallic titanium were explored – titanium foils and evaporated 

titanium. Optimization of hydrothermal process using these two titanium sources is 

presented in the following sections. 
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(a)      (b) 

Figure 17: SEM of films made from titanium organo-metallic precursors and 
kraton. (a) before hydrothermal treatment;  (b) after  hydrothermal treatment. 

 

Microstructure evolution of hydrothermal films 

The dielectric properties of the barium titanate are dependent on the grain-size as 

discussed in chapter 2. Films with large grains exhibit high dielectric constant while finer 

grains are needed to ensure stability of dielectric properties at GHz frequencies. In 

addition, finer grains allow fabrication of thinner films. Hence, it is necessary to optimize 

the process parameters to obtain grain sizes close to 100 nm. The process variables 

available for hydrothermal synthesis are bath molarity, temperature and hydrothermal 

treatment times. 
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(a)75o C, 0.5 M    (b) 95o C, 0.5M 

       
(c) 75o C, 1.0 M, 4hrs   (d) 95o C, 1.0 M, 4hrs 

     
(d) 75o C, 3.0 M, 4hrs    (e) 95o C, 3.0 M, 4hrs 

 

Figure 18: Effect of temperature and molar ity on the microstructure of 
hydrothermal bar ium titanate films. The hydrothermal conditions are shown below 

the figures.  
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Effect of molarity 

The microstructures of the hydrothermal barium titanate films synthesized from 

500 nm thick evaporated titanium at 75o C and 95o C are shown in Figure 18. The grain 

size estimations using intercept method are shown in Table 8. At 75o C, the 

microstructure of films synthesized in 0.5 M barium hydroxide is non-uniform and as the 

molarity is increased, the grain-size became finer and more uniform. Similar trend is seen 

at 95o C also, but the effect of molarity is less pronounced at higher temperature. This is 

in line with the observations reported in the literature and is attributed to increased 

nucleation rate at higher molarities.  

 

Table 8: Var iation of grain size with hydrothermal process conditions. 

Grain size, nm Molarity 
75o C 95o C 

1M 130 110 
2M 120 102 
3M 110 97 

 

Two possible mechanisms have been generally proposed for hydrothermal growth 

of BaTiO3 powders: (1) in-situ transformation mechanism where the TiO2 particle reacts 

initially with dissolved barium to produce a continuous layer of BaTiO3 and the 

additional barium must diffuse  through this layer and   react  with TiO2 until the TiO2 

supply is exhausted [106] (2) dissolution -precipitation, proposes that TiO2 particle must 

dissolve to form hydroxytitanium complexes (Ti(OH)n- ) which then reacts with barium 

ions in the solution to precipitate BaTiO3 [107]-[108]. For hydrothermal BaTiO3 films 

grown on titanium metal, the nucleation and growth was proposed to occur via formation 

of an amorphous intermediate phase on titanium metal associated with “dissolution-
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precipitation”  process [109]. It has also been reported that the microstructure evolution 

during hydrothermal process is consistent with Avrami-type nucleation and growth where 

barium titanate particles continuously nucleate through out the hydrothermal 

transformation and termination of the reaction occurs by the impingement of adjacent 

particles growing at a constant rate [109]. Therefore, grain size reduction occurs from 

increase in nucleation rate over the growth rate. Nucleation rate is dependent on the 

supersaturation of ions in the hydrothermal bath.  

 

 

Figure 19: Schematic of hydrothermal growth mechanism. 

 

The observations in the current study support the nucleation and growth 

mechanism reported in the literature. Faster nucleation rates are favored at higher 

molarities and temperatures, resulting in uniform coverage of the titanium surface. At low 

molarities and temperatures, reduced nucleation rates results in formation of fewer nuclei. 

Rate of growth of these nuclei is faster than the formation newer nuclei. When further 

Ba2+, OH- 

Ti(OH)n- 

BT precipitate 
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nucleation of grains occurs eventually, the grains are constrained to grow within the 

space between the existing large grains resulting in non-uniform microstructure. In the 

current study, the films grown at the lowest molarity of 0.5 M was non-uniform 

suggesting slower nucleation rates at low molarities. Similar microstructures have been 

reported by Basca et.al for films grown on from metallic titanium at 0.5M and 

temperatures ranging from 120o C to 150o C [110].  

Effect of temperature 

Hydrothermal synthesis temperature has a similar effect as the bath molarity on 

the microstructure of barium titanate films. Higher synthesis temperatures resulted in 

finer grains due to higher nucleation rates. In the current study, the effect of molarity is 

apparent at the lowest molarity of 0.5M. At 1M, however the difference diminishes and at 

3M the microstructures are identical.  

Effect of titanium source 

The films grown on titanium foils were found to have finer grains compared to 

those grown on evaporated titanium as shown in Figure 20. This could be attributed to the 

residual stresses in the cold-rolled foils, resulting in higher reactivity of the foils and 

higher nucleation rates. The inherent surface roughness of the foils can provide more 

nucleation sites resulting in finer grains. 
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(a) 

 

(b) 

Figure 20: Effect of titanium source on the microstructure of hydrothermal films. 
(a) Film grown on foil (b) Film grown on titanium coated silicon. 
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Effect of process time 

In general, hydrothermal process time did not seem to affect the microstructure of 

films except for the films grown in 0.5 M Ba(OH)2 at 75o C. Figure 21 shows the 

microstructure of the films after 4 hours and 8 hours of hydrothermal treatment. The 

grain sizes in the films after 4 hours of hydrothermal treatment have a wide distribution. 

The microstructure after 8 hours consists of a few large grains and is devoid of the finer 

grains seen after 4 hours. This type of growth phenomenon has not been reported in the 

literature.  

 

 
(a) 

 
(b) 

Figure 21: Effect of process time on hydrothermal films grown in 0.5 M Ba(OH)2 at 
75o C. (a) 4 hrs (b) 8 hrs. 
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Crystallinity of hydrothermal films 

The XRD patterns of hydrothermal barium titanate films synthesized on titanium 

coated silicon are shown in Figure 22. The XRD pattern of evaporated titanium is also 

included for reference. The films were found to be crystalline with no impurity phases. 

The peaks from titanium were present in all cases, indicating the presence of unreacted 

titanium below the barium titanate films. Further, no peak splitting was seen Figure 23, 

suggesting the films were comprised of cubic phase.  

As synthesized hydrothermal BT powders have been reported to be pseudo-cubic. 

The meta-stable cubic phase is believed to be stabilized at room temperature due to 

entrapment of hydroxyl groups in the perovskite lattice. The hydroxyl groups also cause 

the unit cell to expand resulting larger lattice parameters. Hennings et.al observed that 

hydrothermal barium titanate powder when annealed at 500o C showed a 1.3 % decrease 

in the unit cell volume due to elimination of hydroxyl groups [105]. 

The crystallinity of the films is critical to ensure high permittivity required for 

realizing microfarads of capacitance. Further, cubic phase exhibits paraelectric behavior 

with stable properties over wide frequency range.  
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(a) 

 
(b) 

 

Figure 22: XRD pattern of hydrothermal bar ium titanate films after  (a) different 
reaction times at 2M (b) different molar ities and temperatures for  a fixed reaction 

time of 4 hours. 
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Figure 23: XRD pattern of hydrothermal films synthesized on titanium foils at 95o C 
in 2M Ba(OH)2. 

 

Thickness of hydrothermal films 

The thickness of the films grown from evaporated titanium on silicon and 

titanium foils showed no significant variation in thickness with molarity, temperature and 

process times. The thickness of the films grown from evaporated titanium on silicon was 

found to about 80-100 nm in all cases. Similar film thicknesses have been reported by 

Pilleaux et.al [111]. The films grown on titanium foils were found to be thicker. 

However, accurate thickness measurement was rendered difficult owing to the surface 

roughness of the foils.  In fact, direct thickness measurements on titanium foils have not 

been widely reported. Lisoni et. al [113] estimated the films thickness of hydrothermal 

barium titanate films grown on 0.13 mm thick titanium substrates, using gravimetric 

analysis. They reported a thicknesses of 140 -170 nm for films grown at temperatures 

ranging from 100o C – 215o C in 0.5 M Ba(OH)2 solutions. In the current study, the 
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thickness of barium titanate films on foils was measured from SEM cross-sections 

(Figure 26) to be close to 270 nm. The invariance of thickness with process conditions is 

attributed to low process temperatures and pressures. Once the entire titanium surface is 

covered by a layer of barium titanate, further growth requires diffusion of Ba2+ ions 

through the existing film which could be slow at the processing temperatures used in this 

study. These observations indicate that the thickness of the films grown at these 

temperatures is dependent on the amount of titanium that dissolves into the solution 

during the early stages of the reaction.  

 

 

 

 

 

 

 

 

 

 



 74 

 
(a) 

 
(b) 

 
(c) 

Figure 24: Cross section of hydrothermal bar ium titanate films grown from 
evaporated titanium on Si at 95o C (a) 1M (b) 2M (c) 3M. 
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(a) 

 
(b) 

 
 

(c) 
Figure 25: Cross section of hydrothermal bar ium titanate films grown from grown 

from evaporated titanium on silicon wafers at 95o C (a) 1M (b) 2M (c) 3M. 
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Figure 26: FESEM cross-section of hydrothermal bar ium titanate films grown on 
titanium foils. 

 

The above observations indicate that tight process control in terms hydrothermal 

treatment times is not needed to produce films of consistent thicknesses. However, 

synthesis of thicker films to achieve higher breakdown voltages would require successive 

deposition of titanium and hydrothermal conversion to barium titanate. 

Composition of hydrothermal bar ium titanate films 

Thin film synthesis techniques such as sol-gel and MOCVD allow direct control 

over the composition of the films synthesized. As will be shown later, the composition of 

sol-gel films can be controlled precisely by varying the composition of precursor 

solution. However, in hydrothermal synthesis the composition of the films is determined 

BaTiO3 

Unreacted Titanium 
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entirely by the thermodynamics of the hydrothermal system. Hence, it is important to 

study the composition of the films to ensure stoichiometry. 

The XPS depth profiles of the films synthesized under different hydrothermal 

conditions are shown in Figure 27 and Figure 28. Figure 29 shows the XPS scan for a 

99.99% pure barium titanate sputter target. The ratio of atomic percents of barium and 

titanium (Ba:Ti ratios) in the films are summarized in Table 9. The Ba:Ti atomic ratios of 

hydrothermal films are somewhat higher than the ideal ratio of 1:1. However, the Ba:Ti 

ratio of the RF sputter target was found be 1.29 from the surface scan. Therefore, it can 

be argued that the hydrothermal barium titanate films have good stoichiometry under the 

conditions explored in this study.  

The XPS depth profiles also indicate the presence of carbon contamination which 

could be attributed to formation of carbonates when the films are exposed to atmosphere 

after hydrothermal reaction. A diffuse interface between barium titanate and unreacted 

titanium is also observed. This observation has been commonly reported for 

hydrothermal barium titanate films grown on metallic titanium. The presence of such an 

interface provides good adhesion between the film and the substrate. 
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(a) 

 
(b) 

Figure 27: XPS depth profiles of hydrothermal bar ium titanate films grown from 
evaporated titanium on silicon in 1M Ba(OH)2 with 4 hr  hydrothermal treatment  at 

(a) 75o C (b) 95o C. 
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(a) 

 
(b) 

Figure 28: XPS depth profiles of hydrothermal bar ium titanate films grown from 
evaporated titanium on silicon at 95o C in 2M Ba(OH)2. (a) 12 hr  hydrothermal 

treatment (b) 48 hrs hydrothermal treatment. 
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Figure 29: XPS of 99.99% pure bar ium titanate RF sputter  target. 

 

Table 9: Ba:Ti ratios of hydrothermal bar ium titanate films under  different 
reaction conditions. 

Hydrothermal 
treatment 

temperature 
Bath molarity Reaction time Ba:Ti ratio 

75o C 1M 4 hrs 1.38± 0.19 
95o C 1M 4 hrs 1.38± 0.20 
95o C 2M 12 hrs 1.35± 0.12 
95o C 2M 48 hrs 1.32± 0.18 

 

Low frequency dielectr ic proper ties of hydrothermal bar ium titanate films 

From the previous sections, it is clear that the process parameters like molarity, 

temperature and reaction times do not significantly alter the grain-size, film-thickness or 

composition of hydrothermal barium titanate films. Hence, the dielectric properties were 

identical under these conditions. The only exceptions were films synthesized at the 

lowest bath molarity and treatment temperature. Microstructures of films synthesized in 

0.5 M Ba(OH)2 solution were non-uniform regardless of the synthesis temperature. The 
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dielectric properties of such films could not be measured due to near zero-yield resulting 

from incomplete coverage of the titanium bottom electrode. Hence, Ba(OH)2 molarities 

greater than 0.5 M are required  for synthesis of continuous films at these temperatures.  

The yield of capacitors at molarities of 1 M and above was higher compared to 

films synthesized in 0.5 M hydrothermal bath. The capacitance densities of as 

synthesized hydrothermal films on titanium foil and titanium coated silicon are 

summarized in Table 1. The two important observations are summarized below and the 

reason for such behavior is discussed in the following sections. 

(1) The films grown on titanium coated on silicon exhibit smaller capacitances 

and dielectric constants than those on titanium foils. This is attributed to thickness-

dependent dielectric constant of ferroelectric films.  

(2) The capacitance densities and dielectric loss varied over a wide range on all 

the samples and is attributed to hydroxyl groups entrapped in hydrothermal films. 

 

Table 10: Dielectr ic proper ties of hydrothermal bar ium titanate films synthesized 
on titanium foils in 2M Ba(OH)2 at 95o C. 

 

 
Capacitance denisty 

(nF/cm2) Loss tangent 
Dielectric 
constant 

Ti foil 1000-3000 0.28 310-930 
Ti coated silicon 1000-1250 0.15 90-140 

 

Entrapped hydroxyl groups in hydrothermal films  

It is widely reported that hydrothermal barium titanate films have large 

concentration of hydroxyl groups in the lattice. Hennings et.al [114] reported existence of 

hydroxyl groups as well as protons in the oxygen sub-lattice of hydrothermal powders 
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used in MLCCs. Lisoni et.al [115] studied entrapped molecular water as well as OH- 

using thermal desorption spectroscopy and concluded that for films synthesized in 0.5 M 

Ba(OH)2, concentration of entrapped hydroxyl groups decreased when hydrothermal 

treatment temperatures were increased from 100o C to 210o C. Patil et.al [116] reported 

that, for barium titanate films grown on strontium titanate substrates, the concentration of 

entrapped hydroxyl groups increased with pH of the hydrothermal bath. The entrapped 

hydroxyl groups have been reported to affect the dielectric properties of perovskite films 

[115], [117]. The additional polarization mechanisms of adsorbed hydroxyl groups in the 

films cause an increase in the dielectric constant of the perovskites at low frequencies 

[118]. Upon heating the hydrothermal films and powder, desorption of hydroxyl groups 

occurs over a wide range of temperature from 100o C – 800o C [114].  

For films grown from metallic titanium, such high temperature treatments can 

lead to oxidation of residual titanium creating a low-k layer of titanium oxide. This was 

confirmed by thermo-gravimetry (TGA) of films grown on titanium powders. Titanium 

powder chosen to provide more surface area compared to titanium films and hence more 

reliable gravimetric analysis. The microstructure and XRD patterns of films grown on 

powders are shown in Figure 30 and Figure 31 respectively. Since the microstructure of 

these films is identical to that of films on titanium foils, the results of TGA can be applied 

to films grown on foils as well. 

The TGA curve for these films is shown in Figure 32. The small weight gain at 

low temperatures is attributed to buoyancy effects. Further heating results in continuous 

weight loss up to 350o C suggesting elimination of hydroxyl groups. However, beyond 

350o C there is significant weight gain suggesting formation of titanium oxides.  
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Figure 30: Scanning Electron Micrographs of hydrothermal bar ium titanate on -325 
mesh titanium powders. 

 
 

 
Figure 31: X-ray Diffraction pattern of hydrothermal bar ium titanate films grown 
on 325 mesh titanium powders at 95O C in 2M Ba(OH)2. 
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Figure 32: TGA curves for  hydrothermal bar ium titanate grown on titanium 

powder in 2M solution at 95O C. 

 

From the above discussions, it can be concluded that high temperature heat 

treatments, in addition to being incompatible with organic packages, can have deleterious 

effect on the dielectric properties of hydrothermal films. Hence, two novel post-

hydrothermal treatments were explored to reduce the entrapped hydroxyl groups as 

described in chapter 4. The effects of post hydrothermal treatments on the dielectric 

properties of films synthesized on titanium foils are summarized in Table 11. 

 

Table 11: Effect of post-hydrothermal treatments on dielectr ic proper ties of 
hydrothermal films grown on titanium foils.  

 
Specific 

Capacitance(nF/cm2) 
Dielectric loss 

As synthesized 3000 0.28 
Plasma treated 950 0.06 

Microwave 
treated 

3000 0.28 
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The microwave treatment did not alter the dielectric properties. It is possible that 

microwave treatment was not effective in eliminating the hydroxyl groups. This could be 

attributed to the central microwave frequency used in this study which was limited to 5.8 

GHz – 7.0 GHz with a 10% frequency sweep. A central frequency close to vibrational 

frequency of the hydroxyl groups can be expected to be more effective in selectively 

heating the hydrothermal films. 

 The oxygen plasma treatment reduced the capacitance densities and dielectric 

loss to 950 nF/cm2 and 0.06 respectively. The dielectric properties were also found to be 

homogenous over the entire area of the film. A possible interaction of oxygen plasma 

with the films, resulting in the removal of hydroxyl groups is shown below. 

OHOOHplasmaO OO 2
2 2][2)( +®+ +-  

The elimination of hydroxyl groups by oxygen plasma was verified using Fourier 

Transform Infrared spectroscopy. OH- groups in barium titanate have been reported to 

show a broad absorbance peak near 3500 cm-1 corresponding to stretching mode of OH- 

ions [119]. The FTIR spectra of the as-synthesized films are compared with microwave- 

and plasma- treated films in Figure 33 a. The untreated films exhibit a broad peak at 3500 

cm-1. The intensity of the peak is diminished following the oxygen plasma treatment 

while it remains unchanged after variable-frequency microwave treatment. The hydroxyl 

groups are completely eliminated after annealing the samples at 500o C as can be seen 

from Figure 33 b. 
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(a) 

 

(b) 

Figure 33: FTIR spectra of films showing the effect of post-hydrothermal 
treatments on entrapped hydroxyl groups (a) Films on titanium foils (b) films on 

titanium-coated silicon. 
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Noma et al. [120] suggest that a Raman peak at 810 cm-1 corresponds to lattice 

hydroxyl groups. This peak could not be detected in the Raman spectra for the films 

synthesized in this study (Figure 34). Hence, the presence of lattice hydroxyl groups and 

any possible effects of oxygen plasma on their concentration cannot be deduced directly 

from Raman spectra.  

The elimination of hydroxyl groups with plasma treatment can be inferred 

indirectly from Raman spectroscopy.  The Raman peaks at 305-1 and 720 cm-1 originate 

from the tetragonal structure. The Raman peaks at 305 cm-1 and 720 cm-1 are marginally 

more intense after the plasma treatment suggesting slight increase in tetragonality. 

Hydrothermal BaTiO3 crystals are believed to have near cubic structure with expanded 

lattice because of the entrapped hydroxyl groups. It is then possible that upon plasma 

treatment, concentration of lattice hydroxyl groups also decreases resulting in regions of 

tetragonality in the film which is manifested as more intense peaks in the Raman spectra. 
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Figure 34: Raman spectra of as-synthesized hydrothermal bar ium titanate films 
compared with plasma treated films. Raman spectrum from sintered powders is 

shown for  reference.  
 

Optimization of plasma parameters 

Different oxygen partial pressures and power levels were studied to identify the 

optimum process parameters. Low partial pressures of process gases and high powers are 

typically used for anisotropic etching of films. Gaidi et.al demonstrated patterning of 

strontium titanate films using low pressure argon plasma. Argon plasma was chosen in 

their study to achieve selective etching of strontium titanate films over the photoresist 

[121]. Oxygen plasma can also be expected to have similar effect at low process 

pressures. In the current study, oxygen plasma was found to physically sputter the film at 

pressures less than 300 mT and plasma powers greater than 300W. Figure 35 shows 

results of 200 mT – 400 W plasma on hydrothermal films synthesized on titanium foils. 

At 300W, process pressures of 300 mT- 600 mT minimized surface hydroxyl groups 

while leaving the bulk of the film intact.  
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(a) 

 
(b) 

Figure 35: SEM micrographs hydrothermal films on titanium foil after  200mT-400 
W plasma treatment showing (a) islands of bar ium titanate while a large fraction of 

area is devoid of film (b) magnified por tion an island from (a). 
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Thickness effects in ferroelectr ic films 

Variation of dielectric properties of ferroelectric films with grain size and films 

thickness is a widely reported phenomenon. Thickness dependence of dielectric constant 

has been reported for ferroelectric materials such as barium titanate, barium strontium 

titanate and lead zirconate titanates. Several mechanisms have been proposed to explain 

this phenomenon in thin ferroelectric films. 

The “dead layer”  model assumes presence of parasitic capacitors present either in 

series with or parallel to the dielectric film. In the series model, the dead layers are said to 

occur at the dielectric-electrode interfaces. The effective capacitance is then given by, 

BEBTEeff CCCC
1111

++=
 (21) 

 
where Ceff, capacitance of dielectric-dead layer stack, CTE and CBE are the dead layer 

capacitances and CB is the capacitance from the dielectric alone. The interface 

capacitance at the electrodes results in a smaller measured dielectric constant than the 

dielectric constant of the film. As the film thickness is progressively reduced below a 

critical thickness, the entire space between the electrodes is filled by dead layers leading 

to low dielectric constant.  Such a model was used by Sinnamon et. al to explain 

thickness dependent dielectric constant of SrRuO3/ Ba0.5Sr0.5TiO3/Au capacitor stack 

[122]. This model has also been applied to MOCVD BST films by Parker et. al [124] 

assuming the presence of non-ferroelectric layers in series with ferroelectric BST films. 

The dielectric constant of the BST films was reported to vary from greater than 600 for 

580 nm films to close to 100 for 15 nm films. 

A variation of dead layer model assumes the presence of dead layers in parallel 

with the ferroelectric thin film. This model is applicable to films with grain boundaries 
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perpendicular to the electrodes of the capacitor. The grain-boundary region is assumed to 

have a lower dielectric constant compared to the bulk of the grain. Hence a fraction of the 

area is occupied by the grain boundary dead layer resulting in a low dielectric constant of 

the thin films. This model has been applied to Pulsed Laser deposited barium titanate thin 

films by Visinoiu et. al [123]. The dead layer models discussed in the literature are shown 

schematically in Figure 36. 

 

 

Figure 36: Schematic of dead layer  models repor ted in the literature showing low-k 
regions in ser ies and parallel to high-k film. 

 

The above models are applicable to any parallel plate capacitor structure with 

ferroelectric thin films. A mechanism specific to the systems that use electrodes with high 

oxygen affinity has been proposed by Teowe et. al [125]. The use of metals with high 

oxygen affinity can create oxygen depleted zones near the electrodes resulting in non-

stoichiometry and low dielectric constants.   

Low – k grain boundaries in parallel with high-k 
grains 

High-k grain bulk 

Low – k at the electrodes in series with high k 
material 

Electrodes 
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For barium titanate thin films grown on titanium metal both the series capacitor 

mechanism and oxygen depletion mechanism may be applicable owing to high oxygen 

affinity of titanium electrodes.  

High-frequency dielectr ic proper ties 

Dielectric constant and loss of hydrothermal barium titanate films synthesized on 

titanium foils, extracted from s-parameter measurements are shown in Figure 37. The 

stability of dielectric properties is attributed to fine grain size of hydrothermal films.  

Pure ferroelectric films with high dielectric constant (> 1500) suffer from high 

loss and relaxation at < 1 GHz [126] , hence making them unsuitable for several 

applications. The spectra of the ferroelectric dispersion of these films provide information 

on the microscopic dynamic mechanism of the phase transitions and show where 

ferroelectricity is useful for practical applications. Bulk BaTiO3 ceramics has been known 

to show intrinsic dielectric relaxation near 1 GHz. In tetragonally distorted perovskites, 

the minimization of free energy results in a characteristic domain configuration in which 

the domains form regular stacks with 90o domain walls between the laminar domains. 

The motion of the domain wall has an inertial wall component, as the ions change 

position slightly during dipole moment reorientation. In an alternating field, above the 

acoustic resonance of the individual grains, the domains can still be deformed but the 

overall grain shape is preserved because the domain walls shift resulting in a gross shear 

of the stack. When the domain width is less than the acoustic wave length, the relaxation 

occurs over broad frequency range whereas for domain wall thickness greater than 

acoustic wave length, the relaxation is Debye-like and the relaxation frequency is 

inversely related to the domain width. Hence, reduction in particle size and subsequent 
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modulation of the domain structure affects the relaxation phenomenon. For fine grained 

ferroelectric structures, assuming that the grains consist of single domains, the relaxation 

frequency has been calculated to be above 7 GHz by McNeal et al [121]. For fine grained 

barium titanate films, the grain size can be assumed to be equal to the domain size and 

the relaxation frequency can be calculated from the following relation [126].  

d

c
f r p

r/*
33=  

In the above equation c33
* is the shear elastic constant, r  is the density and d is the grain 

size.  Since hydrothermal process can give < 100 nm grains unlike bulk ferroelectrics, the 

dielectric relaxation can be calculated to be close to 8 GHz. 
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Figure 37: Dielectr ic constant and loss of hydrothermal bar ium titanate films up to 
8 GHz. 
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DC leakage and breakdown character istics 

Decoupling capacitors operate under a constant DC bias equal to the operating 

voltage of the IC. The operating voltages prevalent in today’s digital systems are 2.5 V 

and 3.3 V.  The voltages are projected to drop as indicated in chapter 3 to as low as 0.6. 

The thin film decoupling capacitor should have breakdown voltages well above the 

operating voltages. The leakage currents are not very critical and can be several 

microamperes per square centimeter. A thin film capacitor with a leakage current of 1 

milli-ampere will dissipate 3.3 milli-watts of power at an operating voltage of 3.3 V. This 

is negligible compared to power dissipated by a microprocessor, which is tens of watts 

today going towards over hundred watts in the next five years. 

The dielectric breakdown fields of different thin-film materials reported in the 

literature are shown in Figure 38. Jain and Rymaszewski [127] observed that the 

permittivities (er) and breakdown fields (EB) follow the following empirical relation. 

r

B cmMVE
e

20
)/( =   (22) 

Since the energy stored by a capacitor with capacitance C at V volts if ½ CV2, the above 

equation implies that maximum energy stored by unit volume of any dielectric material 

before breakdown is nearly the same. The breakdown fields of high-permittivity materials 

are smaller than those of low permittivity materials. Further, for a given material, the 

conditions that yield high permittivities also lead to poor leakage characteristics. The 

highest breakdown fields of barium titanate films reported in the literature are close 0.4 

MV/cm. For 300 nm thick films, this translates to a breakdown voltage of 12 V.  
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Figure 38: Breakdown field of thin film dielectr ics repor ted in the literature. [127] 

 
The DC leakage characteristics of hydrothermal barium titanate films synthesized 

on titanium coated silicon are shown in Figure 39. The leakage current densities of as-

synthesized hydrothermal films are nearly two orders of magnitude higher than that of 

plasma treated films. The high leakage currents in as-synthesized films is attributed to 

hydroxyl groups which are known to degrade the resistivity of barium titanate films. The 

breakdown voltages marginally improve to a maximum of 4.5V after plasma treatment. 

The leakage currents are even higher on plasma treated films synthesized on titanium 

foils. This is attributed to surface roughness of foils compared to silicon wafers. The 

microstructure of the films grown on titanium foil (Figure 41) shows the presence of 

surface irregularities that can lead to high leakage currents and low breakdown voltages. 
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Figure 39: DC leakage character istics of hydrothermal bar ium titanate films on 
titanium coated silicon. 

 

 

Figure 40: DC leakage character istics of hydrothermal bar ium titanate films grown 
on titanium foils. 
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Figure 41:Microstructure of hydrothermal bar ium titanate films on titanium foils 
showing surface ir regular ities leading to poor  DC-leakage proper ties. 

 

The common leakage mechanisms for dielectric films and voltage-current 

relations are summarized in Table 12. From the leakage current plots, it appears that the 

leakage currents in hydrothermal barium titanate films follow Schottky conduction 

mechanism. McCormick et.al [72] suggest a combination of Schottky and Frenkel-Poole 

mechanisms due to defects such as hydroxyl groups entrapped in the bulk of the film. The 

barrier-height f B in the current-voltage relationship for Schottky emission increases with 

work-function of the electrodes. Hence, capacitors with high-work function electrodes 

exhibit lower leakage currents. For hydrothermal barium titanate films grown on foils and 

500 nm thick titanium coated silicon wafers, the unreacted titanium served as the bottom 

electrode. Top electrodes were formed by evaporating gold through a shadow mask.  The 

films on Ti foil show poor leakage characteristics because of its low work function. Work 

functions of various metals reported by Eastman [129]  are shown in Table 13.  
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Table 12: Leakage mechanism and corresponding electr ic field-current density 
relationships [128] 

 

Mechanism Expression Voltage And Temp 
dependence 
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Table 13: Work functions of metals used in this study. 

Metal 
Work 

function (f ), 
eV 

Ti 4.33 
Cu 4.65 
Au 5.10 
Pt 5.65 

 

In order study the effect of electrodes on DC leakage characteristics, attempts 

were made to synthesize hydrothermal films on platinum coated silicon wafers. It can be 

shown from simple mass balance that for 80 nm thick barium titanate, the starting 

thickness of titanium should be 20 nm. 20 nm of titanium was evaporated on Pt coated 

wafer and subjected to hydrothermal treatment in 1M Ba(OH)2 at 95o C. Due to the 
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dissolution-precipitation grown mechanism of hydrothermal films described earlier, 

complete coverage of platinum surface with barium titanate films could not be achieved 

with 20 nm of titanium, resulting in near zero yield. The microstructure of the films is 

shown Figure 42. 

 

 

Figure 42: Microstructure of hydrothermal bar ium titanate films grown from 20 
nm thick titanium, showing incomplete coverage. 

 
Hence, multiple coatings of barium titanate were made by repeating the Ti-

evaporation and hydrothermal steps. The films were also subjected to oxygen plasma 

treatment after every hydrothermal treatment step. From the XRD patterns it can be seen 

that while the amount of titanium in the films is substantially reduced, it is not completely 

consumed during the hydrothermal reaction. The dielectric properties of the films 

obtained from two and three coatings of evaporated titanium are summarized in Table 14. 
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Table 14: Dielectr ic proper ties of bar ium titanate films obtained by multiple 
hydrothermal treatments 

No. of  
coatings 

Capacitance density 
(nF/cm2) 

Loss 
tangent 

Dielectric 
constant 

2 850 0.06 180 
3 550 0.07 179 

   

The DC-leakage characteristics of films synthesized from two titanium layers 

with thicknesses of 30nm and 20nm are shown in Figure 43. These films exhibit fairly 

high leakage current and breakdown voltages close to 5 V. This is an improvement over 

the films synthesized on 500 nm thick titanium. The films on 500 nm titanium exhibited 

breakdown voltages of 3-4 V despite the high resistance from titanium bottom electrode. 

The leakage behavior changes when the polarity is reversed suggesting asymmetric 

electrode configuration, with residual titanium at the bottom and gold electrodes on the 

top. Further improvements in properties can be expected by reducing the thickness of 

titanium to 20 nm.  

 

Figure 43: DC leakage character istics of hydrothermal films synthesized from 30nm 
+ 20nm of titanium showing the leakage dependence on polar ity. 
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Figure 44 shows leakage behavior of films with two coatings of barium titanate, 

each synthesized from 20 nm of titanium. After each hydrothermal treatment, the films 

were subjected to a 250o C bake and oxygen plasma treatment. When the thickness of the 

first titanium layer is further reduced, the leakage properties improved with breakdown 

voltages approaching 10V. Further, when the polarity was reversed, the leakage current 

curves look identical, indicating that most of the titanium is consumed. With the addition 

of another layer of barium titanate, the breakdown voltages further increased to 15 V 

(Figure 45). However, films synthesized under similar conditions on copper-clad FR-4 

boards exhibited higher-leakage and smaller breakdown voltages (Figure 46) which can 

be attributed to higher surface roughness of the boards compared to silicon.  

 

Figure 44: DC leakage character istics of films synthesized from 20nm + 20nm of 
titanium. 
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Figure 45: DC leakage character isitics of films 3 hydrothermal bar ium titanate 
layers synthesized from 30 nm + 20 nm + 20 nm of titanium. 

 

 
 

Figure 46: DC leakage character istics of hydrothermal bar ium titanate films 
synthesized from 20 nm +20 nm + 20 nm of evaporated titanium on copper clad FR-

4. 
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It can be concluded from the above results that hydrothermal synthesis of barium 

titanate films is a viable process for embedding mid-frequency decoupling capacitors into 

organic boards and packages. Figure 47 summarizes the process-structure-property 

relations for hydrothermal barium titanate films. 

 

 

 

 

Figure 47: Process-structure-proper ty correlation observed for  hydrothermal 
bar ium titanate films 

 

Integration of hydrothermal bar ium titanate in organic boards 

Titanium foils with a thickness of 12 mm, were laminated on bare 6”  x 6”  FR-4 

boards using a 50 ton vacuum press. The laminated foil was subjected to hydrothermal 

treatment for 24 hours as described earlier. The resulting 300 nm thick barium titanate 

films were patterned via photolithography and wet etching using 10 % by volume of 

hydrofluoric acid. This can result in a negligible loss of titanium below which serves as 
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bottom electrode for the capacitor. The top electrode was deposited by electroless and 

electroplating of copper. The subsequent dielectric and metal layers were fabricated using 

Printed Wiring Board compatible materials and processes i.e., spun-on low-k dielectric 

(LMB 7081, Ciba-Geigy) and electroplated copper. A prototype with two dielectric 

layers and three metal layers with embedded hydrothermal decoupling barium titanate 

film is shown in Figure 48.  

 

 

Figure 48: Process prototype with embedded hydrothermal decoupling capacitors. 

 

Photolithography and wet etching were used to define singulated capacitors in the 

build-up layers. The properties of the films were measured with the test pads connected 

to the top and bottom electrodes through vias. The properties of the hydrothermal films 

remained unchanged after the fabrication of two dielectric layers and three metal layers. 

The size of the capacitor was equal to the foot print of the chip (4 mm x 4 mm) and 

showed a capacitance of 166 nF. 

The use of titanium foil may restrict the integration of barium titanate thin-film 

decoupling capacitors to the first build-up layer. Further, the high resistivity of titanium 

can result in high Equivalent Series Resistance (ESR). Hydrothermal conversion of 

evaporated titanium on copper foils on the other hand, allows integration of decoupling 

Pads for i/o driver 
Transmission lines 

Pads for termination 
resistors 
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capacitor on copper with 20 time smaller electrical resistivity and integration into any 

build-up layer. 

Sol-gel film synthesis and character ization 

Though hydrothermal technology can yield high capacitance density, the DC 

leakage characteristics are inferior compared to sputtered and annealed films. The inferior 

properties originate from low work function electrodes and the high defect density in the 

hydrothermal films because of the low-temperature aqueous based processing. A non-

aqueous high-temperature film synthesis technique such as sol-gel, can potentially yield 

lower defect density and better DC-leakage characteristics. Further, sol-gel technology 

can yield continuous and large-area films via cost effective solution-based coating with 

potentially superior properties when compared to other low-temperature water based 

deposition techniques such as hydrothermal process. Synthesis of high-k thick films on 

copper is currently commercialized by DuPont. The key issues for synthesis of crystalline 

sol-gel films on copper foils are prevention of electrode metal oxidation during heat 

treatment and large-area high-yield ceramic film deposition with a roll-to-roll process, 

while obtaining excellent electrical performance at the same time.  

Sol-gel bar ium titanate films on nickel foils 

Preliminary sol-gel studies were done on nickel foils. Nickel was chosen for its 

resistance to oxidation at high temperature. Conventional furnace sintering in air was 

used for crystallizing barium and strontium titanate films. The microstructure of the films 

synthesized on nickel foils is shown in Figure 49. However, formation of nickel oxide 

was inevitable resulting in lower dielectric constant. The oxidation of nickel foils was 

confirmed from XRD patterns. Rapid Thermal Annealing was used to reduce the 
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formation of nickel oxide. The capacitance density of 200 nm thick films was close to 

250 nF/cm2 translating into dielectric constant of 80.  

 

 

Figure 49: Microstructure of sol-gel bar ium titanate films on nickel foils. 
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Figure 50: X-ray diffraction pattern of strontium titanate films on nickel foils. 
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 Hence, rapid thermal annealing was explored to minimize the annealing times 

and potentially minimize the oxidation of bottom electrodes. Further, since the 

paramagnetic nature of nickel may be undesirable in high frequency circuits, copper foils 

with two different barrier coatings were explored. 

Sol-gel bar ium titanate films on Ni-coated copper 

 Nickel coating was chosen because it can protect copper from oxidation at high 

temperatures. Nickel can be easily electrodeposited on copper foils in a cost effective 

way. However, care should be taken to prevent dissolution of thin nickel interface into 

copper at processing temperatures. Conventional furnace sintering involves long ramp 

and dwell times, thus increasing the possibility of nickel dissolution. Rapid Thermal 

Processing with extremely fast ramp time can be expected to mitigate these problems.  

 
 

Figure 51: Structural evolution of sol-gel BT films with annealing times. 
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(a) 

 

(b) 

 
(c) 

Figure 52: Microstructure evolution of sol-gel bar ium titanate films on Ni-coated 
copper foils (a) after  1 minute sinter ing (b) and (c) after  3 minutes of sinter ing. 
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Crystallization of sol-gel barium titanate films on nickel coated copper foils was 

monitored using x-ray diffraction. Figure 51 shows the x-ray diffraction patterns of films 

sintered for 30s, 1 minute and 3 minutes. The minimum sintering time required for 

producing crystalline films was 3 minutes. However, as seen from the SEM micrographs, 

a large area of the film is covered by a secondary phase consisting of large faceted grains. 

The dielectric properties of the films are summarized in Table 15. The films 

sintered for less than 1 minute show low capacitance density and high loss owing to 

incomplete crystallization. While sintering for longer times improved the crystallinity of 

the films, it leads to instabilities at the nickel-copper interface.  The instability of copper-

nickel interface could be attributed to the complete solubility of nickel in copper. This 

was confirmed by subjecting the bare nickel-coated foils to RTP conditions identical to 

those used for sintering the sol-gel films. The XRD patterns of the foils before and after 

the heat treatment are shown in Figure 53. It can be inferred that the entire nickel barrier 

layer was consumed by oxidation as well as formation of nickel-copper solid solution.  

The capacitance densities summarized in Table 15 are low as expected and are 

dominated by nickel oxide. The DC leakage currents up to breakdown voltage are shown 

in Figure 54.  

 
Table 15: Effect of sinter ing time on the dielectr ic proper ties of sol-gel BaTiO3 films 

on Nickel coated copper foils. 

Time 
Capacitance 

density 
(nF/cm2) 

Loss 

30s 100 0.20 
60s 120 0.20 

3 min 130 0.07 
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Figure 53: XRD patterns of Ni-coated copper foils before and after  heat treatment 
at 700o C for  3 minutes in air . 

 

 

Figure 54: DC leakage character istics of sol-gel bar ium titanate films on Ni coated 
copper foils. 
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Sol-gel bar ium titanate films on Ti-coated copper: 

Titanium is known to form a thin native oxide upon exposure to air even at room 

temperature. The oxide layer formed during sintering of sol-gel films can be expected to 

be thicker due to higher processing temperature. While titanium oxide can prevent the 

oxidation of copper foils, it can have deleterious effect on the dielectric properties if the 

oxide is more than few tens of nanometers. The capacitance density of a 30 nm TiO2 with 

the dielectric constant of 80 is 1.5 mF/cm2. If the thickness of the film exceeds 100 nm, 

the maximum capacitance density that can be realized will be less than 500 nF/cm2.  

The microstructure of the films on titanium coated copper foils was homogenous 

as can be seen in Figure 55. The XRD patterns of sol-gel barium titanate films on 

titanium coated copper foils reveal weak barium titanate peaks (Figure 56) compared to 

films grown on nickel coated copper foils. This could be attributed to diffusion of 

titanium into barium titanate resulting in titanium rich non-perovskite phases. However, 

no peaks corresponding to copper oxides were found. This was verified via XPS depth 

profiles shown in Figure 57.  
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(a) 

 

(b) 

Figure 55: SEM micrographs of sol-gel bar ium titanate films on titanium coated 
copper revealing uniform microstructure. (a) Low magnification (b) High 

magnification. 
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Figure 56: XRD pattern of sol-gel bar ium titanate films on titanium coated copper 
foils 

 

Figure 57: XPS depth profile of sol-gel bar ium titanate films grown on titanium 
coated copper foils confirm the presence titanium r ich compounds. 



 114 

The DC leakage currents of barium titanate films are high as can be seen from 

Figure 58. As discussed earlier, this is attributed to low work function of titanium bottom 

electrode. The presence of non-stoichiometric phases can also lead to high leakage 

currents. 

 
Figure 58: DC leakage character istics of sol-gel bar ium titanate films deposited on 

titanium coated copper foils. 

 

Sol-gel bar ium titanate films on bare copper 

From the above discussion, it appears that both nickel and titanium offer limited 

performance as effective barrier coatings to facilitate synthesis of sol-gel barium titanate 

films on copper. Other types of metals such as tungsten or molybdenum can potentially 

be more effective but are not amenable to simple wet etching. Hence, synthesis of barium 

titanate films directly on copper appears to be the optimum solution.  

Careful control of process atmosphere is necessary to prevent oxidation of copper 

during pyrolysis and sintering of sol-gel films on bare copper foils.  From Figure 59, it 
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can be seen that at sol-gel sintering temperature of 700o C, oxygen partial pressure of 10-

12 atm or lower is required to prevent oxidation of copper. Further, thicker films are 

required to ensure reasonable yield. This is due to the fact that, if copper is exposed due 

to pin-holes in the dielectric film, the copper oxide formed does not provide adequate 

electrical insulation leading to fatal shorts. In the presence of nickel or titanium barrier, 

the oxides formed are insulating, thus providing effective healing of pin-hole related 

defects.  

 

Figure 59: Phase diagram showing the ideal oxygen pressure for  cofir ing glass paste 
with organic additives and carbon [130]. 
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Figure 60: Microstructure of sol-gel bar ium titanate films synthesized on bare 
copper foils using furnace annealing. 

 

The microstructure of the film synthesized on bare copper foil is shown in Figure 

60. The microstructure looks uniform compared to films synthesized on nickel-coated 

copper foils. The dielectric properties of sol-gel barium titanate films synthesized on 

copper foils are summarized in Table 16. Films pyrolyzed for 1 minute resulted in high 

loss which can be attributed to incomplete pyrolysis of organic precursors. Longer 

pyrolysis times and higher sintering temperatures lead to lower loss. However, the 

capacitance of the films remained low due to oxidation of copper foils as can be seen 

from XRD patterns (Figure 61). However, sintering at 700o C with increased nitrogen 

flow rate effectively prevented the oxidation of copper resulting in capacitance densities 

of 380 nF/cm2. 
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Table 16: Dielectr ic proper ties of sol-gel bar ium titanate films on bare copper foils 

Pyrolysis 
conditions 

Sintering 
temperature 

Nitrogen flow 
rate (SL/min) 

Capacitance 
density 

Loss 

1 min at 
420o C 

700o C 0.4 240 nF/cm2 1.30 

3 min at 
420o C 

700o C 0.4 260 nF/cm2 0.60 

3 min at 
450o C 

750o C 0.4 230 nF/cm2 0.05 

1 min at 
420o C 

700o C 0.6 380 nF/cm2 0.04 

 

 

Figure 61: XRD pattern of sol-gel bar ium titanate films on copper foils showing 
strong BT peaks as well copper  oxide peaks 

 

High-frequency dielectr ic proper ties 

The dielectric properties of sol-gel barium titanate films were extracted from s-

parameter measurements as described earlier. As expected the dielectric properties were 
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found to be stable up to 8 GHz. The dielectric constant was lower than that for 

hydrothermal films due to much smaller grain sizes of sol-gel films and formation of 

oxides at the metal-ceramic interface. Longer sintering times at higher temperatures can 

lead to grain growth and can be expected to increase the dielectric constant. A two-step 

sintering with a high temperature sintering in a reducing atmosphere followed by a low 

temperature in oxidizing atmosphere can yield better quality films. 

 

Figure 62: Dielectr ic constant of sol-gel der ived bar ium titanate films up to 8 GHz 

 

The process-structure-property correlations observed in the current study are 

summarized in Figure 63. 
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Figure 63: Process-structure-proper ty correlation for  sol-gel bar ium titanate films 
on copper foils. 

 

Integration of sol-gel films into organic boards and packages 

There are two main issues in integration of sol-gel films into organic boards or 

packages. 

(1) Yield of capacitors after lamination. 

(2) Ability to pattern the films using wet chemistries. 

Sol-gel films laminated after top electrode metallization exhibited near 100 % 

yield of 1.5 mm diameter capacitors over a 5 cm x 5cm area. Any crack developed during 

lamination does not affect the yield of capacitors, provided the films are metallized prior 

to lamination. However, when the films were metallized after lamination, cracks 

developed during lamination caused fatal shorts during top electrode metallization. The 

top electrode metallization in the current study was accomplished using sputtering or 

evaporation.  
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The films can be etched using 10% hydrofluoric acid or 1:1 hydrochloric-nitric 

acid mixture. Figure 64 shown features as small as 100 mm x 100 mm patterned on 

laminated copper foils. 

 

 

Figure 64: Patterned sol-gel bar ium titanate films on laminated copper foils. 

 
The two schemes for integration of these films are shown in Figure 65. The 

copper foils carrying the sol-gel films can be directly laminated on the organic boards 

after top electrode metallization as shown in figure (a). If thinner electrodes are desired, 

the foils can laminated with the top electrode facing the board. The thick copper foil used 

during sol-gel synthesis can be thinned using standard wet etching process. 
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(a) 
 

 

 
 
 

(b) 
 

Figure 65: Integration of sol-gel thin films into organic boards. 

 

The scientific and technological contributions of the current study, the relative 

advantages and disadvantages of hydrothermal and sol-gel processes are presented in the 

subsequent chapters, along with recommendation of directions to further improve the 

dielectric properties of films.  
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CHAPTER 6 

SCIENTIFIC AND TECHNOLOGICAL CONTRIBUTIONS 

Scientific contr ibutions 

Hydrothermal process has been extensively used commercially for synthesis of 

barium titanate powders for several years. However, there has not been much success in 

adopting this process for thin films owing to lack of extensive material and process 

characterization. Literature reports prior to this study indicated that films exhibit high 

dielectric loss and leakage due to entrapped hydroxyl groups. The high-temperature post-

hydrothermal heat treatments were the only way to eliminate hydroxyl groups. Such heat-

treatments nullify the benefits of low temperature synthesis. The three most significant 

contributions of this study to the science of hydrothermal synthesis are:  

1. Identification of a low temperature technique to effectively minimize the hydroxyl 

groups in the films and improve the dielectric properties. 

2. Thorough characterization of the process, resulting in correlation of process 

conditions to film microstructure, stoichiometry, crystallinity and both DC as well 

as high-frequency dielectric properties. 

3. Investigation of defect mechanisms leading to optimum processing conditions for 

improvement in dielectric properties and large-area yield.  

 

Technological contr ibutions 

Technological significance of this study arises from the need for integrating large 

value decoupling capacitors into organic Printed Wiring Boards and packages. The 

benefits of integration are well known – better performance, miniaturization, improved 
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reliability and reduced manufacturing costs. Yet, non-availability of organic-compatible 

high-k materials and processes has remained a major barrier to embedding of decoupling 

capacitors. This study has demonstrated for the first time, integration of pure sub-micron 

thick high-k ceramic films on organic Printed Wiring Boards. The two processes 

demonstrated in this study allow integration of thin films with capacitance of 500-1000 

nF/cm2 into organic boards and packages. The film thickness and interfaces were 

controlled to improve breakdown voltages and DC-leakage characteristics. The materials 

developed in this study, in conjunction with novel designs can meet the mid-frequency 

decoupling requirements of digital systems for the next ten years. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

Conclusions 

Over the past decade, embedding capacitors has been demonstrated with thick 

films (10-20 microns) in organic boards by companies and academic institutions. These 

capacitors offer limited performance in terms of capacitance density and parasitics. 

Integrating high-performace sub-micron thick films in conventional organic packages has 

been shown only with low-temperature MOCVD and RF sputtering, leading to 

amorphous films with dielectric constant less than 30. In this work, low-temperature low-

cost large-area compatible chemical solution-based synthesis methods were developed to 

demonstrate high k thin film capacitors in organic boards using hydrothermal and sol-gel 

approaches.    

Prior to this study, the electrical properties of hydrothermal films were seldom 

reported. Direct synthesis on large-area organic substrates with high yield has not been 

shown. By investigating the role of various process parameters, high-yield films were 

deposited on conventional FR-4 boards with capacitance density of 1 mF/cm2. The 

microstructures of the films were engineered to have grain sizes close to 100 nm resulting 

in frequency-stable dielectric properties up to 8 GHz. The as-synthesized hydrothermal 

barium titanate films exhibit poor dielectric properties owing to lattice defects such as 

hydroxyl groups. Novel low-temperature post-hydrothermal treatments developed in this 

study can effectively reduce the concentration these defects. The elimination of hydroxyl 

groups was confirmed through FTIR and Raman spectroscopy. Such film deposited on 
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platinum-coated wafers exhibited breakdown fields close to 0.5 MV/cm which is 

comparable to values reported for films deposited by vacuum based processes such as 

RF-sputtering and Metal-organic Chemical Vapor Deposition. Films synthesized under 

similar conditions on FR-4 exhibited lower breakdown strengths of 0.3 MV/cm which is 

attributed to surface roughness.   

These results point to the fact that high quality barium titanate films can be 

obtained via hydrothermal process without resorting to high-temperature post-

hydrothermal treatments. While use of titanium foils simplifies the hydrothermal process, 

the residual titanium below the films results in high leakage currents and low breakdown 

voltages. Evaporating thin titanium (20 nm) just enough to precipitate barium titanate 

without any residual titanium underneath the film was found to alleviate this problem.   

Inherent lattice defects associated with films nucleated directly from aqueous 

solutions can be alleviated by sol-gel method. However, the high-temperature anneal step 

during sol-gel synthesis is complicated due to oxidation of base metal electrodes. Careful 

process control is critical for sol-gel synthesis of crystalline films on copper foils. Two 

barrier layers, nickel and titanium, were evaluated for their effectiveness in preventing 

oxidation of copper foils during the sintering of sol-gel films. The barrier layers used in 

this study were found to be ineffective owing to instabilities at either the metal-metal 

interfaces or the metal-ceramic interfaces. By using a two-step heat-treatment process 

with controlled oxygen pressures, synthesis of crystalline barium titanate films on bare 

copper with capacitance density of 400 nF/cm2 and loss of 0.02 has been demonstrated in 

this work.  
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Recommendations for  hydrothermal synthesis 

The capacitance densities, breakdown voltages and yield demonstrated on 

hydrothermal films are adequate the mid-frequency (100 MHz-2GHz) digital decoupling 

applications. The different directions that can be taken to establish hydrothermal process 

as a viable embedded decoupling solution are as follows. 

(1) Presence of titanium at the film-electrode interface degrades the DC-leakage 

behavior. Hence, alternate titanium sources such as metal-organic precursors can 

be explored to replace metallic titanium. Currently, available precursors require 

pyrolysis above 300o C to produce dense barium titanate films. However, it may 

be possible to modify the precursors so that they can be pyrolyzed at lower 

temperatures.  

(2)  Hydrothermal synthesis at elevated temperatures (100 – 200o C) can be explored 

to obtain thicker films as well as to improve the dielectric properties. This can be 

accomplished using stainless steel power vessels with Teflon containers. 

(3) Oxygen plasma treatment was demonstrated in this study to eliminate hydroxyl 

groups in the films. Simple chemical treatments can also be explored since such 

treatments can be more cost-effective compared to oxygen plasma. Chemical such 

as Sulfuric acid have a strong affinity for water and can potentially remove the 

hydroxyl groups. However, care must be taken to prevent preferential dissolution 

of barium in low pH solutions. 

(4) In addition to the properties demonstrated in this study, there are other properties 

such as temperature coefficient of capacitance and time dependent breakdown that 
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need to be completely characterized. Leakage currents in ferroelectric films are 

known to increase with time and temperature. Hence, DC-leakage characteristics 

need to be studied as a function of time as well temperature to determine the life 

of these thin capacitors. 

(5) Top electrode metallization in the current study was realized using evaporation 

and sputtering.  Wet deposition methods such as electroless plating need to be 

demonstrated as sputtering and evaporation are not widely used in the packaging 

industry. 

(6) Thermomechanical reliability of these films in a multilayer organic package 

should be evaluated via modeling as well as experiments. The functional 

prototype designed and fabricated in this study can used to evaluate the electrical 

performance as well as thermomechanical reliability. 

Recommendations for  sol-gel synthesis 

The properties of sol-gel films are mostly limited by the formation of oxides at the 

metal-ceramic interface. The titanium and nickel barrier layers explored in this study are 

not effective due to interactions with either copper or with the ceramic film. Noble metals 

such as platinum may be prohibitively expensive for use in low-cost organic packages. 

Hence, synthesis of sol-gel films directly on copper emerges to be the ideal technique for 

integration on sol-gel barium titanate films into organic boards and packages. However, 

sintering in inert atmospheres explored in this study did not prevent the oxidation of 

copper foils. Sintering in reducing atmospheres creates oxygen vacancies in the lattice. 

The recommendations for sol-gel synthesis are as follows. 
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(1) Sintering in a reducing atmosphere, followed by annealing in oxygen rich 

atmosphere, can prevent the oxidation of copper foils. Characterization of the 

interfaces using high-resolution microscopy and TEM can provide more insights 

about the interfacial compounds. 

(2) Annealing in reducing atmospheres can create oxygen vacancies leading to high 

leakage currents. Small additions of Mn2+ have been shown to substitute Ti4+ thus 

compensating for the positive charge on oxygen vacancies without creating free 

electrons, resulting in lower leakage currents. Sol-gel composition can be 

precisely tuned with suitable additives to lower the leakage current and improve 

the breakdown voltage. Hence, new compositions can yield sol-gel films with 

much lower leakage currents. 

(3) Spin coating may not be viable for a roll-roll process. Other coating methods such 

as meniscus and curtain coating should be demonstrated to enable large scale 

manufacturability. 

(4) Temperature Coefficient of Capacitance of sol-gel films can be engineered by 

doping as well as introducing secondary phases.  

(5) Thermomechanical reliability evaluations recommended for hydrothermal films 

can be extended to sol-gel films as well, particularly after the deposition of top-

electrode.  
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