HIGH DESITY AD HIGH RELIABILITY THI FILM
EMBEDDED CAPACITORS O ORGAIC AD SILICO
SUBSTRATES

A Thesis
Presented to
The Academic Faculty

by

Manish Kumar

In Partial Fulfillment
of the Requirements for the Degree
Masters of Science in the
School of Materials Science and Engineering

Georgia Institute of Technology
December 2008

HIGH DESITY AD HIGH RELIABILITY THI FILM
EMBEDDED CAPACITORS O ORGAIC AD SILICO
SUBSTRATES

Approved by:

Prof. Rao R. Tummala, Advisor
School of Materials Science and Engineering
Georgia Institute of Technology

Prof. C. P. Wong
School of Materials Science and Engineering
Georgia Institute of Technology

Dr. P. M. Raj
School of Electrical and Computer Engineering
Georgia Institute of Technology

Date Approved: November 4, 2008

ACKOWLEDGEMETS

I wish to record my deep sense of gratitude to all those who have helped me in the
successful completion of this project. Firstly, I acknowledge my thesis advisor, Dr. Rao
R. Tummala for the problem formulation and objective definition. His guidance and
encouragements throughout the research work was a prime motivation for the current
work. I would like to thank Dr. C. P. Wong and Dr. P. M. Raj for serving on my
committee and providing valuable suggestions in shaping up my thesis.

Special thanks to Dr. P. M. Raj for being my mentor and for his continuous support and
guidance throughout this work. I sincerely acknowledge his valuable suggestions and
discussions on the experimental design and results. I also wish to acknowledge Dr. I.
Robin Abothu and Dr. Jin Hyun Hwang for their support and guidance during initial
phase of the project and getting me started. I would also like to thank NGK-NTK for
supporting and sponsoring the project.

I would like to thank all research faculty members at PRC, Dr. Mahadevan Iyer, Dr.
Ritwik Chatterjee and Venky Sundaram for their guidance and support. Also I am
thankful to all the staffs at School of Materials Science and Engineering and Packaging
Research Center, Dean Sutter, Mike Toole, Traci Walden, Patricia Allen, Christine Baker
and Susan Bowman for their administrative support.

iii

I would like to thank the Mr. Gary Spinner and his entire team at Microelectronic
Research Center for all their help with the equipment in the cleanroom.

I would like to extend my gratitude to all my teachers since school days for shaping me
into where I am today.

Many thanks are due to all my colleagues and friends including Gopal, Gaurav, Aditya,
Pradeep, Nitesh, Himani, Shu, Kanika, Abhishek, Vivek, Tapo and Dhanya for making
my stay at Georgia Tech a pleasant one. Special thanks to my friend Ganesh whose
valuable suggestions and support have helped enormously to shape up my personality in
past two years.

I am eternally indebted to my parents, sisters and all my friends for their support and
love.

I would also like to thank Neha for her continuous support and encouragement
throughout the past several years. Without her presence I could never have accomplished
my goals.

iv

TABLE OF COTETS
Page
ACKOWLEDGEMETS ............................................................................................. iii
LIST OF TABLES ......................................................................................................... viii
LIST OF FIGURES ......................................................................................................... ix
SUMMARY...................................................................................................................... xii
CHAPTER 1: ITRODUCTIO .................................................................................... 1
1.1

Evolution of Microsystems................................................................................... 1

1.2

Challenges in Digital Systems .............................................................................. 4

1.2.1

Signal Integrity .............................................................................................. 4

1.2.2

Power Integrity .............................................................................................. 5

1.2.3

High Density Interconnects ........................................................................... 6

1.2.4

Thermal Management ................................................................................... 6

1.3

Need for High Frequency Decoupling ................................................................. 7

1.4

Current Approaches for Digital Decoupling ........................................................ 9

1.4.1

Conventional MLCC ................................................................................... 10

1.4.2

Embedded Decoupling ................................................................................ 12

1.5

High k Ferroelectric Thin Film Decoupling ....................................................... 14

1.5.1

Barium (Strontium) Titanate Based Thin Film Capacitors ......................... 15

1.5.2

Processing of High k Thin Films ................................................................ 18

1.6

Objectives ........................................................................................................... 23

CHAPTER 2: EXPERIMETS..................................................................................... 25
2.1

Sol-gel Based Barium Titanate Capacitor Devices for Organic Substrate ......... 26

2.1.1

Sol Preparation ............................................................................................ 27
v

2.1.2

Spin Coating of BaTiO3 Sol ........................................................................ 29

2.1.3

High Temperature Sintering of BaTiO3 ...................................................... 30

2.1.4

Top Electrode Deposition............................................................................ 30

2.1.5

Device Integration on Organic Board ......................................................... 31

2.1.6

Device Characterization .............................................................................. 31

2.2

Sputtered Barium Strontium Titanate Capacitor Devices on Silicon Substrate . 35

2.2.1

Silicon Dioxide Barrier Layer Deposition .................................................. 35

2.2.2

Bottom Electrode and Adhesion Layer Deposition..................................... 36

2.2.3

RF-sputtering: Barium Strontium Titanate Deposition ............................... 37

2.2.4

High Temperature Sintering of BaTiO3 Film .............................................. 37

2.2.5

Top Electrode Deposition............................................................................ 38

CHAPTER 3: RESULTS AD DISCUSSIO............................................................. 39
3.1

Sol-gel Based Barium Titanate Capacitor Devices on Cu-foil ........................... 40

3.1.1

Pyrolysis of Sol-gel film ............................................................................. 40

3.1.2

High Temperature Sintering of Barium Titanate Film ................................ 41

3.1.3

Effect of Film Thickness on Capacitor Performance .................................. 55

3.1.4

Integration of Thin Film Devices on Organic Board .................................. 61

3.2

Sputtered Barium Strontium Titanate Capacitor Devices on Silicon Substrate . 65

3.2.1

Adhesion Layer and Bottom Electrode Selection ....................................... 65

3.2.2

Two Step Deposition of BST Film to Reduce Defects ............................... 74

CHAPTER 4: LEAKAGE CURRET MECHAISM AD ELECTRICAL
RELIABILITY ................................................................................................................ 80
4.1

Barium Strontium Titanate Devices Fabricated on Silicon ................................ 82

4.2

Schottky Emission .............................................................................................. 84

4.3

Sol-gel based Barium Titanate Devices on Cu-foil ............................................ 88
vi

4.3.1

Effect of Acceptor Doping and Film Non-stoichiometry............................ 90

4.3.2

Electrical Reliability Test: Highly Accelerated Load Test (HALT) ........... 93

CHAPTER 5: COCLUSIOS AD RECOMMEDATIOS ............................... 95
5.1

Recommendations for Sol-gel Process Improvements ....................................... 97

5.2

Recommendations for Sputtered BST Films on Si............................................. 98

REFERECES .............................................................................................................. 101

vii

LIST OF TABLES
Page
Table 3.1: Breakdown voltage and leakage current of the barium titanate thin film devices
(~550 nm thin) as a function of sintering temperature ...................................................... 54
Table 3.2: Summary of thin film (~550 nm) capacitor device performance as a function
of sintering temperature .................................................................................................... 54
Table 3.3: Effect of film thickness on barium titanate capacitor properties for films
sintered at 900°C ............................................................................................................... 58
Table 3.4: Yield data for 0.28 mm2 size devices, sintered at 900°C, for different film
thicknesses ......................................................................................................................... 60
Table 3.5: Comparison of capacitor devices fabricated on sputtered Ti/Cu on Si-substrate
and free standing bare Cu-foil. The devices were sintered at 750°C in forming gas. ....... 67
Table 3.6: Effect of Ti thickness on device yield having approx. 250 nm thin BST film
sintered at 800°C ............................................................................................................... 73
Table 3.7: Small and large area device yield comparison for different electrode systems in
250 nm BST thin film devices sintered at 800°C .............................................................. 74
Table 3.8: Summary of device performance for two step BST depositions on different
electrode systems for the devices sintered at 800°C ......................................................... 76
Table 3.9: Results for 700°C sintered devices with two step BST depositions (250 nm
BST film)........................................................................................................................... 77
Table 4.1: Characteristics of BST thin film capacitor devices on Ta/Pt electrode and
sintered at 700°C ............................................................................................................... 83
Table 4.2: Characteristics of sol-gel pure barium titanate thin film capacitors on Cu-foil
sintered at 900°C ............................................................................................................... 88
Table 4.3: Effect of barium titanate film doping and non-stoichiometry on leakage
characteristics for 550 nm devices sintered at 900°C ....................................................... 92

viii

LIST OF FIGURES
Page
Figure 1.1: Schematic crossection of integrated Microsystems based on SOP. ................. 3
Figure 1.2: Flowchart showing challenges in high frequency digital systems.................... 4
Figure 1.3: (a) Schematic crossection of an MLCC showing current direction and (b) an
IPC (integrated passive component) consisting of MLCCs for power electronics from
muRata [10]. ...................................................................................................................... 11
Figure 1.4: Schematic of decoupling scheme using (a) MLCC, today’s technology and (b)
proposed embedded thin film decoupling scheme. ........................................................... 12
Figure 1.5: Crystal structure of barium titanate above (cubic symmetry) and below Curie
temperature (tetragonal symmetry). .................................................................................. 16
Figure 2.1: Process flow for the sol-gel barium titanate thin film capacitor device and
integration scheme on the standard organic FR-4 board. .................................................. 27
Figure 2.2: Process flow of BaTiO3 sol preparation from its precursors .......................... 28
Figure 3.1: Thermo Gravimetry Analysis (TGA) of sol-gel Barium Titanate film in air
and nitrogen atmosphere ................................................................................................... 40
Figure 3.2: Differential Scanning Calorimetry (DSC) curve of as deposited Barium
Titanate sol in air ............................................................................................................... 42
Figure 3.3: XRD pattern of Barium Titanate thin films sintered at 800°C ....................... 43
Figure 3.4: FESEM micrograph of the barium titanate film sintered at 900°C ................ 43
Figure 3.5: DC leakage current comparison of barium titanate film on Cu-foil in different
sintering atmosphere. ........................................................................................................ 45
Figure 3.6: Profilometer roughness profile of the bottom electrode copper foil (a) surface
treated smooth Cu-foil (b) traditional Cu-foil ................................................................... 46
Figure 3.7: Schematic of the effect of bottom electrode roughness on leakage current
properties of the capacitor ................................................................................................. 47
Figure 3.8: Leakage current comparison of barium titanate thin film devices fabricated on
traditional Cu-foil and surface treated smooth Cu-foils. ................................................... 47
Figure 3.9: FE-SEM micrographs of barium titanate grains sintered at (a) 700°C, (b)
750°C, (c) 800°C and (d) 850°C. ...................................................................................... 49
ix

Figure 3.10: Comparision of the XRD patterns of the barium titanate thin film devices
sintered at different temperatures ...................................................................................... 50
Figure 3.11: Relative permittivity (dielectric constant) of the sol-gel prepared barium
titanate thin film (~500 nm) as a function of sintering temperature ................................. 51
Figure 3.12: Effect of sintering temperature on I-V characteristics of sol-gel barium
titanate thin film (~550 nm) devices ................................................................................. 53
Figure 3.13: FE-SEM micrograph of the crossection of a 3 coating barium titanate film
on bare Cu-foil showing film thickness ............................................................................ 55
Figure 3.14: FE-SEM micrograph of the crossection of a 6 coating barium titanate film
on bare Cu-foil showing film thickness, (a) crossection prepared through mechanical
polishing using alumina suspension (b) crossection prepared through barium titanate
patterning and etching ....................................................................................................... 56
Figure 3.15: Leakage current comparision of devices, sintered at 900°C, with different
barium titanate film thickness ........................................................................................... 58
Figure 3.16: FE-SEM micrographs of (a) 3 coatings and (b) 6 coatings barium titanate
device comparing pin hole density in two devices sintered at 900°C ............................... 61
Figure 3.17: Integration scheme of the thin film capacitor devices on organic board. ..... 62
Figure 3.18: Integrated thin film capacitor devices on standard organic FR-4 board ....... 62
Figure 3.19: Thermal cycling test results on sol-gel capacitor devices yield. The test was
carried out from -40°C to +125°C in air on 550 nm sol-gel devices sintered at 850°C. .. 63
Figure 3.20: FE-SEM micrograph of the barium strontium titanate device on sputtered Cu
electrode, sintered at 800°C, showing hillock formation at the Cu-interface ................... 67
Figure 3.21: Cu-Ti phase diagram[32] .............................................................................. 68
Figure 3.22: FE-SEM micrograph of the BST film deposited on Ti (50 nm)/Pt (300 nm)
bottom electrode showing surface cracks and cavities which resulted in poor yield ........ 71
Figure 3.23: FE-SEM image of the annealed Ti/Pt electrode showing hillocks and blisters
on the surface .................................................................................................................... 71
Figure 3.24: FE-SEM micrograph of Ta/Pt electrode thin film BST device sintered at
700°C combined with two step BST deposition ............................................................... 78
Figure 4.1: Schematic of thin film BST capacitor device fabricated by sputtering. Oxygen
vacancies could be generated at the electrode-BST interfaces. ........................................ 82
x

Figure 4.2: I-V characteristic of Cu/BST/Pt thin film capacitor device sintered at 700°C.
The bias voltage was applied to top Cu- electrode............................................................ 84
Figure 4.3: Schematic of energy band diagram at the interface of platinum and BST
electrode ............................................................................................................................ 86
Figure 4.4: Oxygen vacancies as electron trap in the energy band diagram at the interface
of platinum and BST [49].................................................................................................. 86
Figure 4.5: Schematic of energy band diagram for Pt/BST/Pt thin film device (a) for ideal
capacitor with no defects at the interface (b) Schottky barrier reduces because of presence
of oxygen vacancies at the interface [49]. ......................................................................... 87
Figure 4.6: I-V characteristic of Cu/BT/Cu thin film, 300 nm, sol-gel capacitor device
sintered at 900°C. The bias voltage was applied to top electrode. .................................... 89
Figure 4.7: Effect of barium titanate doping and non-stoichiometry on leakage current
characteristics of devices with 550 nm thin film sintered at 900°C .................................. 92
Figure 4.8: HALT result on 5% Mn doped BT device, showing 1.5 µF/cm2. The
measurements were done at 150°C and 3V....................................................................... 94
Figure 4.9: HALT result on 1% excess Ba NS-BT device, showing 3µF/cm2. The
measurements were done at 115°C and 1.5 V................................................................... 94
Figure 5.1: BST deposited 3D electrodes on Si. Pillar structures on silicon were
fabricated using standard deep RIE process and metal and BST film were sputtered on the
structures. .......................................................................................................................... 99
Figure 5.2: Sputtered BST films on 3D electrode with an aspect ratio of ~2.5 on Si. The
sputtered film was found to be non-conformal on the side walls.................................... 100

xi

SUMMARY
With the digital systems moving towards higher frequencies, lower operating voltages
and higher power, supplying the required current at the right voltage and at the right time
to facilitate timely switching of the CMOS circuits becomes increasingly challenging.
The board level power supply cannot meet these requirements directly due to the high
inductance of the package interconnections. To overcome this problem, several thin film
decoupling capacitors have to be placed on the IC or close to the IC in the package. Two
approaches were pursued for high-k thin film decoupling capacitors.
1) Low cost sol-gel based thin film capacitors on organic board compatible Cu-foils
2) RF-sputtered thin film capacitors on silicon substrate for silicon compatible
processes
While sol-gel provides cost effective technology, sputtered ferroelectric devices are more
compatible from manufacturing stand point with the existing technology. Nanocrystalline barium titanate and barium strontium titanate film capacitor devices were
fabricated and characterized for organic and silicon substrates respectively. Though the
dielectric constant of nanocrystalline barium (strontium) titanate thin films is lower than
that of bulk material, its dielectric properties have been shown to be stable up to several
GHz making it suitable for high to mid frequency decoupling application.
Sol-gel barium titanate films were fabricated first on a bare Cu-foil and then
transferred to organic board through a standard lamination process. Process variables
such as sol molarity, pyrolysis and sintering conditions of the thin film were optimized.
xii

Leakage current characteristics, breakdown voltages, and electrical reliability of the
devices were significantly improved through doping of the barium titanate films and by
modifying film chemistry. Electrical reliability testing such as HALT (Highly
Accelerated Load Testing) and thermal cycling were successfully carried out along with
other film characterization techniques such as high resolution electron microscopy, SEM,
XRD, and DC leakage measurements. Capacitance densities close to 3 µF/cm2, with
breakdown voltages greater than 12V, were demonstrated for 300 nm thin barium titanate
films.
RF sputtering was selected for ferroelectric thin film integration on silicon
substrate. Barium strontium titanate (BST) films were deposited on various electrodes
sputtered on silicon substrates. The main focus was to improve interface stabilities for
high-k thin films on Si to yield large-area defect-free devices. Effect of bottom electrode
selection and barrier layers on device yield and performance were investigated carefully.
High yield and high device performance was observed for certain electrode and barrier
layer combination. A capacitance density up to 1 µF/cm2 was demonstrated with a
breakdown voltage above 15 V on large area, 7 mm2, devices.
Dominant leakage current mechanism and key elements contributing to leakage
current behavior of the film were identified and discussed here. Electrical reliability of
thin film devices were improved through materials doping and process optimization. The
two techniques reported in this study can potentially meet mid-high frequency decoupling
requirements of next generation digital systems.

xiii

CHAPTER 1
1. ITRODUCTIO

This chapter discusses the current trend towards convergent Microsystems. Various
challenges associated with high speed digital systems and need for high frequency
decoupling for noise suppression are discussed. Current approaches and state-of-art
technology to address these issues are discussed in details. Two novel approaches to
address the decoupling needs are presented as the objectives of the current study.

1.1 Evolution of Microsystems
Microelectronic products in the past have been discrete systems with each
providing a single function such as video, audio etc. Recently, there is a trend towards
convergent Microsystems that brings together existing digital and RF technologies as
well as newer technologies such as optoelectronics, Micro-electro mechanical systems
(MEMS) and sensors. In the past, driven by Moore’s law [1], 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 way. The System-on-Chip (SoC) approach of
integrating functionalities on a single chip is beset with several fundamental and practical
barriers such as high cost, several photolithography steps, low yield and licensing and
1

Intellectual Property (IP) issues [2]. Currently, System-in-Package approach of vertical
stacking of bare and packaged ICs is pursued by several packaging industries for
integration of functions at module and subsystem levels. SiP extends silicon integration
in 3D but is still limited by CMOS capabilities [3].

To overcome the limitations of SoC approach, Prof. Rao Tummala at the
Packaging Research Center proposed the System-On-Package (SOP) approach in 1994
[4].

The

SOP

enables

highly

miniaturized

heterogeneous

integration

of

RF/digital/opto/sensing functions by system-centric IC-package co-design and functional
optimization with 3D integration of thin film components between the ICs and package.
The focus of SOP is thus on miniaturization of system components, including not only
actives, but also passives, power sources, interconnects, thermal structures, and system
I/Os. A schematic SOP crossection is shown in Figure 1.1. With this fundamentally new
paradigm, the SOP methodology overcomes the barriers of SoC leading to cheaper and
faster-to-market convergent Microsystems. SOP is expected to enable the electronic
devices to achieve unprecedented functionality and miniaturization at reduced cost.

2

Figure 1.1: Schematic crossection of integrated Microsystems based on SOP.

While the trend towards convergent multifunctional systems continues with the
package level integration, several challenges exist even within the digital systems. The
steadily increasing microprocessor performance, with high bandwidth interconnections,
demands higher interconnect densities with high frequency signal transmission and
supply of cleaner power to ICs. Requirement for mixed-signal interfaces, resulting from
convergence of RF and Digital functions in a single package, has also 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.

3

1.2 Challenges 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 [5], the operating frequency,
power consumption and operating voltage of ICs are projected to be 10 GHz, 174 W and
0.9 V respectively by the year 2010. The challenges faced in designing such digital
systems are multifold, which includes signal and power integrity, high density
interconnections and thermal management, Figure 1.2.

Digital System

Signal and
Power Integrity

High Density
Interconnects

Thermal
Management

Figure 1.2: Flowchart showing challenges in high frequency digital systems

1.2.1 Signal Integrity
Ensuring signal integrity within the package, with the demand for increasing band
width and multi-functionality, is one of the most challenging aspects of package design.
Signal integrity issues may arise from a number of factors such as parasitic cross-talk
4

among 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, Electromagnetic Band Gap (EBG) structures can
be designed to block transmission of electromagnetic waves over a certain frequency
bands [5]. 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.

1.2.2 Power Integrity

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
network 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 ICs operating at GHz frequencies in
today’s systems. The voltage drop L dI/dt due to inductance can lead to false switching of
circuits on the ICs. 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.

5

1.2.3 High Density Interconnects
High

data rates

and

multi

functionality require system

miniaturization.

Miniaturization and high component density lead to high density of interconnections.
This not only throws processing challenges but also affects the system performance.
Signal integrity issues might arise from parasitic cross-talk among highly dense
interconnects. Inherent inductance and resistance of these interconnects would also
interfere with the power supply to the ICs resulting in inefficient performance. Higher
heat dissipation resulting from high density interconnects would require novel materials
and technology to address the issues.

1.2.4 Thermal Management

The chip power consumption has been increasing despite reductions in the power
supply voltage. 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 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. Thermal management
6

for future digital systems demands novel thermal interface materials (TIM) and cooling
techniques.

The problems of power and signal integrity, high density interconnects and
thermal issues 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. 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 discussed in the following section.

1.3 eed for High Frequency Decoupling
The resistive and inductive effects of various elements in the package give rise to
Simultaneous Switching Noise (SSN). This is caused by the inability of the power supply
network to respond to current requirements of millions of transistors switching at a time.
Today’s digital systems demand high data rate communications with chips operating at
lower supply voltages. Within the last decade, the power requirement has increased to
150 W, the supply voltage has decreased from 5 V to 1.2 V and the clock frequency has
increased to 3 GHz [6]. With these requirements for the switching circuits, the timely
supply of required current to the transistors becomes very challenging. Inability of the
package to provide adequate power supply to millions of transistors can lead to false
7

switching of the circuits and ground bounce. This is attributed to the parasitic inductance
of the power distribution network. The voltage drop due to inductance LdI/dt could be
very high for the emerging GHz processors. This problem is overcome by placing a
number of thin film decoupling capacitors close to the switching circuits to lower the
effective inductance of the power distribution network. These include on-chip high
frequency decoupling to package and board level decoupling for mid and low frequency
requirements. The target impedance can be therefore met over a broad frequency band.
At GHz frequencies, surface mount discrete capacitors are ineffective due to their
inherent high inductance and the additional lead and trace inductances from
interconnects. These requirements, along with the trends to package-level system
miniaturization and integration, are driving the embedded thin film decoupling capacitor
technologies. Embedded decoupling is also becoming critical for noise suppression
between the signal traces and power-ground planes in high-speed I/O circuits. Embedded
thin film capacitors have much lower inductance and hence expand the operating
frequency. They also save valuable real estate on the chip which can be utilized for
CMOS circuits. Elimination of assembly cost and solder joint reliability problems are
other advantages of embedding decoupling capacitors. Hence, novel decoupling schemes
are being developed to address the power integrity issues in high speed digital systems.

8

1.4

Current Approaches for Digital Decoupling
Supply of required current at required voltage at the right time to facilitate the

timely switching of CMOS circuits is important. 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. Today’s digital systems have ICs operating at
different voltages. Hence, a number of DC-DC converters are placed close to the ICs.
Currently, the frequency of on-chip dc-dc converters is limited to 480 MHz. 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 supply network [7, 8].
Higher frequencies demand 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 [9]. Current off-chip DC-DC converters
cannot respond to fast load transients. Decoupling capacitors and thinner package powerground planes are necessary to address mid-high frequency power supply.

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
9

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 and the trend towards embedded decoupling capacitors.

1.4.1 Conventional MLCC
Multi-layer ceramic capacitors (MLCCs) have multiple layers of parallel-plate
capacitors connected in parallel. A schematic cross section of such a capacitor is shown
Figure 1.3. 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
(1)
where C is the capacitance, ε0 is the permittivity of free space, εr 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 commonly used dielectric material.
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 to meet the
requirements. Currently they are as small as 2mils x 1mil (designated as 0201). Major
suppliers of MLCCs include muRata, Kemet, AVX and Panasonic.
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Figure 1.3: (a) Schematic crossection of an MLCC showing current direction and
(b) an IPC (integrated passive component) consisting of MLCCs for power
electronics from muRata [10].

The major limitations of MLCCs are:
1) high series inductance which makes them unsuitable for high frequency
decoupling
2) not suitable for system miniaturization

Figure 1.3(a) 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. 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 lowered. The number of MLCCs
alone on today’s computer motherboard can be over 300.

11

1.4.2 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. Surface mount capacitors are also a major obstacle for system integration and
miniaturization. Embedded thin film decoupling capacitors have much lower inductance
and thus expand the operating frequencies. Embedding decoupling capacitors would also
enable miniaturization and save valuable real estate on Si 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 1.4.

Figure 1.4: Schematic of decoupling scheme using (a) MLCC, today’s technology
and (b) proposed embedded thin film decoupling scheme.
Current approaches towards embedding decoupling capacitors in the organic packages
include anodized inorganic thin film capacitors, polymer-metal/polymer-ceramic
nanocomposites, buried SMTs in organic packages. Reported capacitance density, as high
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as 40 nF/cm2, achieved by Polymer-ceramic composite is not adequate for GHz
applications [11, 12]. 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 with high component density, lower operating voltage and operating
over 10 GHz.

Anodized tantalum oxides provide about 150 nF/cm2 but high capacitance
densities require complex multilayer design. Ferroelectric thick-films from screen-printed
ceramic paste on metal foils exhibit high dielectric constants. Hence, capacitance
densities are limited by their thickness which is about 12 µm. Ultrathin films are not
easily achievable with printing methods. Clearly novel processes need to be explored to
address the integration of large value capacitors into organic boards.

Among the various dielectric materials available today, ferroelectrics have the
highest permittivity 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 hence the maximum process temperature is limited to 220o C. All the available
processes for synthesizing ferroelectric films require either high temperature (> 500°C) or
special process chambers that render them unsuitable for large area PWB processing. For
example MOCVD requires costly reaction chambers, and others such as sol-gel
techniques as reported in the literature today are incompatible with large area organic
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build-up processes. Ferroelectric films on silicon substrate have been demonstrated, for
applications such as DRAM capacitors, only on small area devices (micron dimensions).
Clearly novel processes need to be explored to address the integration issues with large
area capacitors into organic boards and silicon substrate.

1.5

High k Ferroelectric Thin Film Decoupling

Capacitance densities achieved by existing thin film technology on Si are generally
low. This usually requires large area devices, which also lowers the yield. Therefore, thin
film capacitors are mostly used for RF component integration where smaller component
values (1 pF to 100 pF), lower inductance and higher resonant frequency are desired [13].
These films usually employ low dielectric constant (k) films. For higher component
values (1 nF to 10 nF), higher dielectric constant films are desired to attain suitable
dimensions. In the organic packaging arena, this is usually done with polymer-ceramic
composite thick films, with permittivity of 15-20 and thickness of 15-20 microns. Thin
inorganic films such as silica or nitrides are utilized for silicon capacitor integration.

High frequency decoupling requires very high capacitance density devices to meet the
requirements. This demands for high k ferroelectrics films. However, not much success
has been attained in integrating thin film ferroelectrics either in silicon or in the package.
Even after decades of research, high k ferroelectric films are not widely integrated
because of several reasons such as:
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1) Process incompatibility: Ceramic crystallization requires temperatures of above
500°C-700°C depending upon film deposition techniques.
2) High leakage current: Higher k films usually are susceptible to lattice defects
causing higher leakage currents.
3) Intrinsic reliability issues: Higher k films are also prone to reliability concerns
because of ion migration and interface traps.

The successful implementation of high k films was only done for low value
capacitors such as DRAMs where the devices are in micron dimensions. Furthermore,
high k films are usually thicker in order to meet BDV and leakage current requirements.
The choice of material and thickness is dependent on various criteria such as process
compatibility, capacitance density, reliability criteria etc. Ferroelectrics show
permittivities of above 5000 when they are thicker (1-1.5 microns) with submicron
grains. Thin films (300-600 nm) have much lower dielectric constant (up to 1000)
because of smaller grain size. Hence, grain size dependent permittivity results in
diminishing returns of capacitance density with thickness reduction. The next few
sections focus on key materials and process issues for ferroelectrics.

1.5.1 Barium (Strontium) Titanate Based Thin Film Capacitors
Barium titanate and barium strontium titanate are the most common ferroelectric
materials used for a variety of applications such as MLCCs, PTC thermistors,
piezoelectric transducers, DRAM etc. High dielectric constant and process compatibility
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make the above two ferroelectric materials suitable choices for this study. These
materials have perovskite (ABO3) crystal structure and 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.
Below room temperature barium titanate crystal goes through two transformations,
orthorhombic phase at 278 K and rhombohedral phase at 183 K. The ferroelectric
properties of barium titanate arise from its tetragonal crystal structure shown in Figure
1.5. 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. In the
following sections the variation of dielectric properties of barium titanate with
microstructure, frequency and temperature will be presented.

Figure 1.5: Crystal structure of barium titanate above (cubic symmetry) and below
Curie temperature (tetragonal symmetry).
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1.5.1.1

Curie Temperature

Barium titanate exists in tetragonal phase at room temperature which is known to
be ferroelectric. Upon heating, above Curie temperature (Tc), it transforms to cubic phase
resulting in a loss of ferroelectricity and drop in dielectric constant. 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 [14].

1.5.1.2

Grain size dependence of dielectric constant

Variation of dielectric constant of barium titanate with grain size has been widely
reported [15, 16]. 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 [17].

1.5.1.3

Frequency dependence of dielectric constant

There are four basic polarization mechanisms, interfacial, dipole, ionic and
electronic polarizations that operate in dielectric materials. Interfacial polarization
mechanism relaxes at 1003 Hz. Ionic and electronic polarization mechanisms are known
to operate up to 1013 Hz and 1016 Hz respectively. The relaxation frequency for dipole
polarization, however, is not fixed. In barium titanate, the relaxation frequency has been
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reported to be grain-size dependent. McNeal et al. determined the relaxation frequency to
vary from 1 GHz for a grain size of 1 mm to 7.56 GHz for grain size of 100 nm [18].
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.

1.5.2 Processing of High k Thin Films
Several techniques have been demonstrated to yield ferroelectric thin films on silicon
platform. Of these techniques, the vapor based techniques are more compatible with
semiconductor infrastructure and closer to commercialization. The solution based
technologies are cost-effective, but are not proven to be large-volume manufacturable on
silicon or have adequate properties. As-deposited films are typically amorphous or
weakly crystalline leading to permittivities of 20-50. Post-thermal processing at
temperatures above 600°C is needed to crystallize the films and attain adequate dielectric
constant. The prominent ferroelectric thin film synthesis technologies are discussed in the
next section.
1.5.2.1 Vapor Based Techniques

A)

Metallorganic Chemical Vapor Depositon (MOCVD)
In chemical vapor deposition the chemical precursors are vaporized into their gaseous

phases and are transported into a reaction chamber via a chemically inert carrier gas.
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These molecules are adsorbed on the substrate and subsequently undergo a chemical
reaction resulting in the formation of thin film. The reaction byproducts are carried away
from the growing film by the carrier gas. This technique has many advantages such as
good uniformity over large areas, good control over stoichiometry and excellent step
coverage. However, for multi component systems the process is very complex. The
criterion for precursor selection is critical. A number of parameters such as vaporizer
temperature, carrier gas flow rate & its temperature, total pressure and deposition
temperature need to be optimized to obtain good quality thin films. This means extensive
experimentation is required for optimizing these individual process parameters. MOCVD
based ferroelectric synthesis.

B)

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. Zhu
et al. demonstrated pulsed laser deposited Ba0.7Sr0.3TiO3 thin films with a dielectric
constant of more than 300 [19]. Dielectric properties of depend on growth temperature of
the BST film and post annealing conditions.

C)

RF sputtering
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In RF sputtering, energetic charged particles (ions) are accelerated towards the
‘target material’ which is also the film forming material. The ion bombardment causes
the target molecules to eject out off the target surface and deposit on the substrate. RFsputtering has been widely reported for deposition of perovskite thin films such as barium
titanate and barium strontium titanate on silicon. The dielectric properties of sputtered
titanate perovskites on Si depend on:
i)

Sintering temperature

ii)

O2/Ar gas ratio during film deposition

iii)

Post-annealing in oxygen rich environment

As-deposited films are typically amorphous and require annealing at a
temperature greater than 500°C to obtain high-k crystalline films. Film stoichiometry and
crystallinity also depend on partial pressure of oxygen and deposition temperature.
Dielectric constant and leakage current can be tuned by varying oxygen content during
film deposition [20]. Post annealing of the fabricated device in oxygen rich atmosphere
helps in lowering the leakage current by reducing the interfacial defects such as oxygen
vacancies [21]. RF sputtered Barium Strontium Titanate has been explored by Fujitsu
Labs on various substrates primarily for decoupling applications. Paraelectrics with
moderate k have also been reported using RF sputtering. Amorphous tantalum sub-oxides
films sputtered at 190oC using a mixture of argon and oxygen exhibited a dielectric
constant of 21-22 with a low leakage current of 10 nA/cm2 at field of 0.5 MV/cm
[22].Vacuum-based depositions of ferroelectric films are best suited for silicon
compatible processes. However, the bottom electrode, barriers and adhesion layer
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selection affect the processing of ferroelectric films. The role of bottom electrodes and
interfacial instabilities during thin film crystallization need to be established to achieve
defect-free devices.

1.5.2.2
A)

Solution Based Techniques

Hydrothermal synthesis: Hydrothermal processing involves crystallization in a

highly alkaline medium at temperatures generally ranging from 70°C-150°C. It is a
versatile technique that has been used for synthesis of a wide range of materials such as
hematite, quartz, barium and strontium titanates and more recently for carbon nano tubes
[23]. Hydrothermal synthesis of quartz was demonstrated several decades ago and is
currently used commercially [24]. However, a number of other materials such as barium
titanate have been synthesized using this technique under milder conditions by reacting a
titanium substrate with barium ions in an alkaline bath at a temperature as low as 95°C.
Raj et al. at Packaging Research Center studied the thin film barium titanate
morphologies under various synthesis conditions [25]. 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 300°C
to densify the precursor prior to hydrothermal process. Metallic Ti films give dense
barium titanate films but require expensive processes. Though hydrothermal synthesis
provides a low temperature (<300°C) processing technique, the inherent defects due to
presence of hydroxyl groups yields in poor electrical properties which makes it unsuitable
for large area fabrication.
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B)

Sol-gel synthesis: A number of techniques may be used for film fabrication,

including high-vacuum processes such as sputtering and chemical vapor deposition
(CVD). However, there is growing interest in alternative deposition processes based on
sol-gel chemistry. These offer the possibility of better control over chemical composition
in multicomponent systems than sputtering or CVD techniques, yet do not incur high
capital equipment expenditure. Further, sol-gel process has the ease of introducing
dopants to engineer the dielectric properties such as loss tangent and DC leakage
behavior. Although alkoxide-based sol-gel method is a popular and widespread technique
for preparing ceramic coating films in university laboratories, industry is not optimistic
yet to employ this technique for mass production. Sol-gel deposition depends on reactive
solutions that have smaller shelf life and can lead to process instabilities. Further, this
technology is more labor intensive because multiple coatings are needed for
processability, and is prone to processing defects.
In this study sol-gel processing was used for devices on organic compatible substrate
while RF sputtering was selected for devices on silicon substrate. Sol-gel-derived
ferroelectric thin film integration has several unique advantages such as low cost, 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.
However, high temperature, above 700°C, sintering is an issue for compatibility with low
temperature CMOS processing. This is partially taken care by first fabricating the device
on a free standing Cu-foil followed by integration on to an organic board through
standard lamination process. Oxidation of the metal electrode during high temperature
sintering is a major barrier to successful implementation of this technique. Lowering the
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oxygen pressure during sintering can prevent oxidation of the electrode, but results in
incomplete pyrolysis of organic precursors and introduces oxygen vacancies in the films
which degrades leakage current behavior of the device. These barriers in sol-gel
processing have been addressed in this study to achieve very high capacitance density
and high electrical reliability of the devices.

1.6

Objectives

The objectives of this study are to develop novel processes to enable integration of
mid-frequency decoupling capacitors, with high capacitance density and high electrical
reliability, on organic board compatible Cu-foil and silicon substrates. The objectives and
targets for this research are:

A.

Sol-gel Processed Thin Films:
Study of role of dopants on electrical properties of thin film capacitor

i.

devices
ii.

Study of effect of heat treatment conditions on sol-gel thin film

iii.

To achieve a high capacitance density of 3 µF/cm2 (at 100 kHz) with a
breakdown voltage of greater than 10 V.

B.

RF Sputtered Thin Films:
i.

Evaluating different bottom electrode interfaces to enhance large area
device yield.
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ii.

To achieve a high capacitance density of 1 µF/cm2 (at 100 kHz) with a
breakdown voltage of greater than 10 V on 7 mm2 devices with more
than 90% yield.

Two processing routes are considered in this study to achieve the above
mentioned objectives. These are sol-gel based barium titanate thin films on organic board
compatible Cu-foil and RF-sputtered barium strontium titanate based thin film capacitors
on silicon substrate. Extensive electrical characterization including DC leakage
measurements and life cycle time test such as HALT (highly accelerated load test) and
thermal cycling will be performed. The observed dielectric properties will be correlated
to the morphology, structure and stoichiometry of the films using various material
characterization techniques such as high-resolution Scanning Electron Microscopy, TEM
and X-Ray diffraction.

24

CHAPTER 2
2. EXPERIMETS

This chapter deals with the experimental details of fabrication and
characterization of thin film embedded capacitor devices on organic and silicon
substrates. Detailed experimental procedures are discussed for Barium Titanium thin film
embedded capacitor devices on Cu-foil substrate for organic packages and their
integration on organic board and fabrication and characterization of Barium Strontium
Titanate (BST) thin film embedded capacitor devices on Si substrate. The Barium
Titanate dielectric film was deposited on Cu-foil through sol-gel processing followed by
high temperature annealing, top electrode patterning and their integration on organic
board, while BST film on Si was vacuum deposited using RF-sputtering followed by high
temperature annealing and top electrode patterning. The two different thin film deposition
techniques are described in details.
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2.1 Sol-gel Based Barium Titanate Capacitor Devices
for Organic Substrate
Most high-k dielectric or ferroelectric materials typically require a high
temperature processing to get high permittivity crystalline phases. Organic substrate
cannot be processed at such high temperatures. Hence, for organic board processing
compatibility, the devices need to be first fabricated on a substrate which can later be
transferred to the organic board. Flexible copper foil was chosen as substrate for the solgel film. After high-temperature processing, the device was transferred to the organic
board via standard lamination process. The process includes series of steps which
includes preparation of barium titanate sol, spin coating of the sol on Cu-foil, high
temperature sintering and crystallization of the barium titanate film, deposition of
patterned top metal electrodes and finally transfer of the Cu-foil carrying thin film
capacitor devices to organic board using standard lamination process. The performance of
the capacitor devices significantly depends on the process variables such as choice of
precursors, concentration of the sol-gel solution, exposure to the ambient conditions, film
thickness and high temperature sintering conditions. All the processing steps and
equipments and tools used in fabrication and characterization of these devices are
elaborated in this section. The whole process flow for the fabrication of thin film
capacitor device and its integration on the organic FR-4 board is shown in Figure 2.1.
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Figure 2.1: Process flow for the sol-gel barium titanate thin film capacitor device
and integration scheme on the standard organic FR-4 board.

2.1.1 Sol Preparation
Preparation of the sol from barium (Ba) and titanium (Ti) precursors in organic
solvent is the most critical part of the entire processing as precursors are sensitive to
humidity and atmospheric exposure. A generic process flow of sol-gel solution synthesis
has been shown in the Figure 2.2.
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Figure 2.2: Process flow of BaTiO3 sol preparation from its precursors

A 99.2% metal basis barium pellet (Sr ≤ 0.8%) (Alfa-Aesar) was dissolved in 2methoxyethanol (2-MOE) and refluxed at 125oC for 4-5 hours in argon atmosphere. Ti
(IV) isopropoxide (97%) (Sigma-Aldrich) was then added in the stoichiometric ratio to
the Ba-content and 2-MOE was added to make a 0.4 molar sol of BaTiO3. For Mn-doped
barium titanate films, the Mn-precursor, Manganese(II) acetylacetonate (Sigma-aldrich),
was also added along with the Ti-isopropoxide. After addition of Ti-precursor the
solution was again refluxed for 4-5 hours in inert argon atmosphere and then the solution
was cooled down to room temperature. In general the condensation reaction of the metal
alkoxide (Ti-isopropoxide in this case) leads to polymerization and cross-linking.
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Ti [OCH (CH3)2]4 + H2O

HO-Ti[OCH(CH3)2]3 + HOCH(CH3)2

[OCH (CH3)2]3Ti-OH + HO-Ti [OCH (CH3)2]3

[OCH (CH3)2]3Ti-O-Ti [OCH (CH3)2]3 + H2O
H 2O

Polymerization and Cross-linking

Extent of cross-linking highly depends upon water concentration and that is why
controlling the moisture content and other impurities during sol preparation is very
critical. Since these precursors and sol are sensitive to the atmospheric moisture,
additions of all the chemicals were carried out inside a glove-box in an argon atmosphere.
Refluxing during the sol preparation was also done in inert argon atmosphere.

2.1.2 Spin Coating of BaTiO3 Sol

After preparation of the BaTiO3 sol, it was spin coated on a smooth Cu-foil (OakMitsui) of 30 µm thickness using CEE Model 100CB spin coater at 3000 rpm for 30
seconds at an acceleration of 500 rpm/second. After each coating the substrate was heated
at 380°C for 1 minute using a hot plate to pyrolyze the polymer. This pyrolysis step, after
each coating and prior to sintering of the film, helps in reducing stresses in the film
during sintering. The spin coating was done in class 1000 cleanroom environment to
minimize contamination during processing. Each coating gives about 80-90 nm of final
film thickness after sintering. This process of spin coating and pyrolysis was repeated
several times to achieve the required film thickness. Substrate handling remains a
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problem and additional care should be taken while spin coating the sol on flexible Cu-foil
as the foil is very sensitive to wrinkling which can cause non-uniform film thickness and
degradation of film properties.

2.1.3

High Temperature Sintering of BaTiO3

After the film is spin coated on Cu-foil, it was sintered inside high temperature
furnace (Lindberg) in forming gas (2% H2 + 98% N2) environment in a temperature range
of 700°C to 900°C to study its effect on film quality and capacitor performance. The
crystallization temperature of BaTiO3 is above 700°C [26]. The temperature was
increased at a rate of 10°C/min from room temperature in reducing atmosphere of
forming gas (N2 + H2). The dwell time at final temperature was set at 1 hour. Then the
sample was cooled down to room temperature through natural convection.

2.1.4 Top Electrode Deposition

After sintering of the film, a 100 nm to 200 nm copper (Cu) or gold (Au) top
electrode layer was vacuum deposited on top of the crystallized film using CVC E-beam
evaporator. A shadow mask, with a feature size of 0.6 mm diameter, was used during top
electrode evaporation to get patterned electrodes that define the capacitor device size.
Evaporation technique was preferred over other metal deposition techniques, such as DC30

sputtering, because of line of sight deposition with evaporator which gives very sharp
features compared to vacuum sputtering techniques. Once the top metal layer is deposited
the device is ready for testing and measurements.

2.1.5 Device Integration on Organic Board

The synthesized sol-gel films, with evaporated metal top electrode, were
integrated onto organic substrate. The Cu-foils, with capacitor devices, were laminated on
to a standard FR-4 substrate using a B-staged adhesive layer between the carrier copper
foil and the bare FR-4 substrate. The lamination was performed using PHI - Hot Press
Model No. Q-247C4-6-M2-X7 at an elevated temperature of 265F. Below are the
specifications for the lamination process:

Thickness of BT Pre-preg: 100 microns
Pressure used for the first 30 min: 80 psi
Hot plate Temperature for the first 30 min: 265 F
Pressure used for the next 2 hours: 350psi
Hot plate Temperature for the next 2 hours: 265 F

2.1.6 Device Characterization
The fabricated sol-gel devices were characterized using various techniques such
as X-ray diffraction, SEM, dielectric measurements etc. Dielectric properties, film
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morphology and effect of various processes on device performance were carefully
studied. All the characterization techniques and tools used in this study are described in
next few sections.

2.1.6.1

X-ray diffraction analysis

X-ray diffraction study of the thin film barium titanate capacitor devices was done
using PANalytical X’pert PRO Alpha. The diffraction profile was measured using Cu-Kα
(1.54 Å) radiation. A divergence slit of ½ degree and an Xcelerator detector was used. To
minimize the diffraction from the substrate an offset of 1oω was used. Measurements
were taken from 20°-70° at a scan rate of 0.002 counts per second.

2.1.6.2

Field emission scanning electron microscope

The morphological studies of the barium titanate grains and dielectric-electrode
(barium titanate-copper) crossection and interfaces were done using Thermally Assisted
Field Emission Scanning Electron Microscope (FESEM LEO 1530). This has a capability
of 3 nm resolution at a low voltage of 1 kV.

2.1.6.3

Capacitance measurement

The capacitance and loss measurements of the thin film devices were done using
HP 4285 A Precision LCR Meter (75 kHz – 30 MHz) at 1 Volt, 100 kHz of frequency
and room temperature.
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2.1.6.4
DC leakage current and breakdown voltage (BDV)
measurement
DC leakage current analysis (V-I characteristics) and breakdown voltage (BDV)
of the barium titanate devices were measured using Keithley 236 Source Measure Unit
DC analyzer. The equipment is capable of applying a maximum of 110 V with a
minimum step size of 1 mV and the maximum current limit was 100mA.

2.1.6.5

Highly Accelerated Load Test (HALT)

HALT reliability test of the devices were done using Keithley 236 Source
Measure Unit DC analyzer and a hot plate. A range of temperatures (115°C – 150°C) and
voltages (1.5V – 3V) were used for long duration of time till the devices failed.

2.1.6.6

Thermal Cycling

Thermal cycling reliability test was performed on the integrated capacitor device
on organic board using Thermotron 7800 Control System. Thermal shocks were given to
the thin film capacitor devices from -40°C to +125°C. Two chambers were maintained
separately at temperatures -40°C and +125°C. The devices were automatically transferred
from one chamber to another after the capacitor devices spent 30 minutes in each
chamber. 30 minutes in each chamber completed one cycle and several such cycles of
thermal shocks were carried out to test thermo-mechanical reliability of the thin film
devices.
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2.1.6.7

Profilometry: Film Thickness and Roughness Measurement

Sputtered metal and dielectric film thicknesses and surface roughness of
electrodes and films were measured using Tencor KLA Profilometer. It is a robust,
programmable stylus profiler system that provides 2D and 3D topographic
measurements.

2.1.6.8

Crossection Preparation: Mechanical Polishing

To study device crossection and barium titanate film thickness the devices on Cufoil was embedded in epoxy for polishing purpose. Sand paper polishing was initially
done to remove excess epoxy layers on the bottom, followed by cloth polishing using
alumina suspension (0.3 µm – 0.01 µm grade) to minimize smearing of Cu over the
barium titanate film. Finally, a diamond suspension (0.05 µm grade) was carried out to
further minimize Cu-smearing. Care should be taken during polishing as being a very soft
metal Cu tends to smear over the film which creates problem in getting a clear interface
of Cu and barium titanate film. Water was flown regularly to keep the metal temperature
down which helped in minimizing smearing.
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2.2 Sputtered Barium Strontium Titanate Capacitor
Devices on Silicon Substrate
Performance of the sputtered barium strontium titanate capacitor devices
significantly depends on the process variables such as electrode materials selection, film
deposition conditions, film thickness and high temperature sintering conditions. The
process sequence includes deposition of SiO2 barrier layer on Si wafer, deposition of thin
titanium (Ti) or tantalum (Ta) as adhesive layer between Si/SiO2 and bottom electrode
metal, deposition of thin bottom electrode metal layer. These steps were followed by
deposition of barium strontium titanate (BST) film, high temperature sintering of the BST
film and deposition of patterned top metal electrodes. All the processing steps and tools
used in fabrication and characterization of these devices are discussed in details in this
section.

2.2.1 Silicon Dioxide Barrier Layer Deposition
A 500 nm SiO2 thin layer was deposited on a commercial 4ʺ Si wafer using
chemical vapor deposition technique (CVD) technique with using Plasma-Therm PECVD
tool. This silicon dioxide layer acts as a buffer layer to prevent metal diffusion into Si.
The PECVD (Plasma Enhanced Chemical Vapor Depositor) tool reacts gases SiH4 and
N2O in a RF (radio frequency) induced plasma to deposit materials such as silicon
dioxide and silicon nitride. The tool was operated at 13.56 MHz. Flow rate for SiH4 and
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N2O was set at 900 sccm (standard cubic centimeters per minute) for each and a 25 W
power was supplied and the deposition rate of SiO2 was measured to be approximately
500 Å/min. The deposition was carried out at a temperature of 250°C for 10 minutes to
get a 500 nm SiO2 film on the Si-wafer.

2.2.2 Bottom Electrode and Adhesion Layer Deposition
A thin 10 nm-50 nm adhesion layer, between Si/SiO2 and bottom electrode of the
capacitor device, was sputtered deposited over SiO2 layer on Si in CVC DC Sputterer. In
DC sputterer, metal coatings are performed by accelerating argon ions into the surface of
a sputter target. Two different adhesion metal layers, titanium (Ti) and tantalum (Ta)
were deposited to study their effect. For titanium deposition an 8ʺ Ti metal target was
used while for tantalum deposition a 3ʺ Ta target was used. Argon ions cause atoms to be
knocked off of the target and deposited on the sample being coated. First the chamber
was pump down to a vacuum level of 5 x 10-6 torr pressure followed by argon gas
injection into the chamber till the chamber pressure reaches 6 mTorr and it stays for the
duration of the process. 10 nm-50 nm of metal layers were deposited at 4000 W and 700
W power supply for titanium (8ʺ target) and tantalum (3ʺ target) metals respectively.

Adhesion layer deposition was followed by bottom electrode deposition during
the same run. Various electrode metals, copper, platinum, tantalum etc. were deposited to
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study their effect on capacitor performance and yield. 100 nm-300 nm metal layers were
deposited for bottom electrode application using 8ʺ and 3ʺ metal targets.

2.2.3 RF-sputtering: Barium Strontium Titanate Deposition
Barium strontium titanate (Ba0.5Sr0.5TiO3) was deposited using PVD RF Sputterer
on Si/SiO2/Ta (or Ti)/Pt (or Cu) substrate. A 3ʺ barium strontium titanate (BST) target
with a composition of Ba0.5Sr0.5TiO3 was used to deposit a 150 nm-250 nm thin film. The
substrate was placed 5ʺ away from the target and to get uniform deposition the substrate
was rotated during deposition. The sputtering was carried out at room temperature, a
pressure of 6mTorr in oxygen-argon atmosphere with O2/Ar ratio of 60:40. The power of
the sputtering gun was set at 150W. First the chamber was pump down to a vacuum level
of 1 x 10-6 torr to minimize impurities and then a mixture of O2 and Ar gas was flown in
the mentioned ratio to get 6 mTorr pressure inside the chamber. When the power is
applied it produces plasma which knocks the atoms off of the target and deposit on the
substrate.

2.2.4 High Temperature Sintering of BaTiO3 Film
As deposited BST film was amorphous, hence after the film was deposited on Sisubstrate it was sintered in nitrogen (N2) gas atmosphere in a temperature range of 700°C
to 900°C to crystallize the barium strontium titanate film and study temperature effect on
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film quality and capacitor performance. The temperature was increased at a rate of
10°C/min from room temperature in N2 gas and dwell time at final temperature was set at
1 hour. Then the sample was cooled down to room temperature through natural
convection.

2.2.5 Top Electrode Deposition
Finally 100 nm to 200 nm copper (Cu) or gold (Au) top electrode layer was
vacuum deposited on top of the crystallized film using CVC E-beam evaporator.
Different metal masks with a range of device size from 0.28 mm2 to 7 mm2, were used
during top electrode evaporation to get patterned electrodes which define capacitor
device size. Evaporation technique was preferred over other metal deposition techniques,
such as DC-sputtering, because of line of sight deposition with evaporator which gives
very sharp features compared to vacuum sputtering techniques. Once the top metal layer
is deposited the device is ready for testing and measurements.
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CHAPTER 3
3. RESULTS AD DISCUSSIO

This chapter describes the key process results from this research and discusses the
key findings. This includes results involved in the synthesis of sol-gel derived barium
titanate based thin film capacitors devices on Cu-foil for organic packages and RFsputtered BST (barium strontium titanate) capacitor devices fabricated on Si-substrate.
Structural and morphological characterizations were done using X-ray diffraction and
thermally assisted field emission scanning electron microscope (FESEM). Electrical
characterizations were carried out with different sets of processing conditions to achieve
high performance and high reliability capacitor devices. The results associated with
integration of the capacitor device on Cu-foil on to standard FR-4 board are also
presented in this chapter.
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3.1 Sol-gel Based Barium Titanate Capacitor Devices
on Cu-foil

3.1.1 Pyrolysis of Sol-gel film
Pyrolysis of the sol-gel films were carried out to remove unwanted organic
precursors used during preparation of barium titanate sol. Thermo Gravimetry Analysis
(TGA) of sol-gel barium titanate film was carried out in air and nitrogen atmosphere and
the comparison is shown in Figure 3.1. Evident from the weight loss data in TGA
analysis, in air the film was completely pyrolyzed around 380°C while in nitrogen
atmosphere, the pyrolysis was not complete even at 600°C. The sol-gel barium titanate
film was sintered in low oxygen environment such as nitrogen and forming gas (N2 + 2%
H2).

Figure 3.1: Thermo Gravimetry Analysis (TGA) of sol-gel Barium Titanate film in
air and nitrogen atmosphere
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In forming gas (N2+H2) the temperature for complete pyrolysis could be expected
much higher than 600°C due to its reducing nature. If the film is not completely
pyrolyzed before sintering of the barium titanate film at high temperature, above 700°C,
it might lead to carbon entrapment in the film which will degrade the property of the
device. Hence, it is necessary to pyrolyze the film before it is sintered in reducing
atmosphere. The spin coated barium titanate sol-gel film was first pyrolyzed in air at
380°C after each layer (~80-90 nm) was spin coated. This helped in reducing the stress in
the film.

3.1.2 High Temperature Sintering of Barium Titanate Film

After spin coating of the barium titanate sol on the Cu-foil and initial pyrolysis
step, the samples were sintered at temperature above 700°C in low oxygen atmosphere of
forming gas (2% H2 + 98% N2). Barium titanate films sintered above 700°C found to be
crystalline, also reported by Hidehiro et al [27]. Differential Scanning Calorimetry (DSC)
result, shown in Figure 3.2, shows the exothermic crystallization peak around 700°C. The
other exothermic peak at 400°C is associated with pyrolysis of the organic precursors and
solvents in the film.

The X-ray diffraction pattern of the sintered barium titanate film is shown in
Figure 3.3 which shows cubic perovskite structure of polycrystalline barium titanate film.
Gold (Au) was used as the top electrode. The microscopic surface morphology of the
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barium titanate film was investigated by using thermally assisted field emission SEM.
Figure 3.4 shows the surface morphology of the barium titanate film sintered at 900°C.
The grains look very dense with some pin holes. The grain size was found to be in the
range of 30 nm-100 nm depending upon sintering temperature.

Figure 3.2: Differential Scanning Calorimetry (DSC) curve of as deposited Barium
Titanate sol in air
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Figure 3.3: XRD pattern of Barium Titanate thin films sintered at 800°C

Figure 3.4: FESEM micrograph of the barium titanate film sintered at 900°C
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3.1.2.1

Effect of sintering atmosphere

The Cu-foil substrate was used because of it compatibility with the organic board
but this choice demands a low oxygen partial pressure ambient for high temperature
sintering of barium titanate (BT) films. In air copper oxidizes at high temperature leading
to formation of copper oxide phases at the Cu-BT interface. This leads to poor dielectric
properties. These copper oxide phases introduces defects at the Cu-BT interface and
degrade performance of the capacitor devices in terms of loss and leakage current. The
devices sintered in forming gas (2% H2 + 98% N2) atmosphere showed much lower
leakage current and loss values. A DC leakage current comparison is shown in Figure 3.5
for barium titanate capacitor devices on Cu-foil sintered in nitrogen and forming gas
atmosphere. This is in contrast with reported [19, 21, 28, 29] for barium strontium
titanate (BST) films deposited on Pt electrodes on Si substrate. Low oxygen partial
pressure atmosphere such as nitrogen and forming gas (N2 + H2) creates more oxygen
vacancies during annealing and crystallization of the film. Positively charged oxygen
vacancies in BT or BST films, which are usually generated during fabrication of the
capacitor, migrate towards cathode under applied bias and cause increase in leakage
current. The oxygen-deficient layers at the interfaces induce large built-in electric fields
within the Ba1-xSrxTiO3 film [30]. The oxygen vacancies in the BST films might be
compensated by influx of oxygen through platinum films, during oxygen or air sintering,
where the grain boundary of the columnar structure acts as a fast diffusion path for
oxygen [29]. Oxygen sintering have been reported as a better choice from leakage current
point of view for BST films on Pt electrodes as Pt does not oxidize at this temperature
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unlike Cu. In case of devices on Cu-foil, forming gas sintering was observed to give
better leakage current properties than air or nitrogen sintering.

Figure 3.5: DC leakage current comparison of barium titanate film on Cu-foil in
different sintering atmosphere.

3.1.2.2

Effect of Cu-foil Roughness

In order to determine the effect of surface roughness of the bottom electrode
copper foils on capacitor performance, sol-gel barium titanate films were fabricated on
commercially available surface treated smoother foils (Oakmitsui) as well as on
traditional copper foils. Figure 3.6 shows roughness plots obtained from profilometer for
the both types of copper foils. The smooth copper foils are visibly shiny, mirror-like with
roughness of within 100 nm over a lateral distance of 10s of microns. On the other hand,
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the traditional copper foils have roughness of 500 nm within 20 microns. Surface
roughness of the bottom electrode affects the electric field distribution leading to high
field strength at certain points. A schematic is shown in Figure 3.7. This high electric
field intensity leads to high leakage current and low electric breakdown voltages. The
leakage current comparison, Figure 3.8, of the devices fabricated on the two types of Cufoil shows a high leakage current and much lower breakdown voltage for devices
fabricated on rough Cu-foil compared to those fabricated on smooth Cu-foil. Smooth Cufoils not only increase the performance of the device but also improve the electrical
reliability of thin film devices.

(a)

(b)

Figure 3.6: Profilometer roughness profile of the bottom electrode copper foil (a)
surface treated smooth Cu-foil (b) traditional Cu-foil
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Figure 3.7: Schematic of the effect of bottom electrode roughness on leakage current
properties of the capacitor

Figure 3.8: Leakage current comparison of barium titanate thin film devices
fabricated on traditional Cu-foil and surface treated smooth Cu-foils.
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3.1.2.3

Effect of Sintering Temperature

High temperature sintering of the as deposited sol-gel film was required to get a
crystalline barium titanate film. Dielectric properties such as dielectric constant and
leakage current behavior were found to be greatly dependent on sintering temperature.
The films were sintered between 700°C to 950°C to study its effect device performance.
Effects of sintering temperature on the ferroelectric film morphology and capacitor
performance are discussed in this section.

3.1.2.3.1 Dielectric constant and grain size
As deposited barium titanate sol-gel film is amorphous in nature and needs high
temperature sintering to give tetragonal perovskite crystalline phases of barium titanate.
A crystalline barium titanate film was obtained by sintering the sol-gel film at above
700°C. The surface morphologies were found to be different for different sintering
temperatures. The barium titanate films sintered at higher temperature showed larger
grains of barium titanate as shown in Figure 3.9. Similar observations have been reported
by others [17, 19, 27-30].
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Figure 3.9: FE-SEM micrographs of barium titanate grains sintered at (a) 700°C,
(b) 750°C, (c) 800°C and (d) 850°C.

X-ray analysis, Figure 3.10, of the thin film barium titanate shows that all the
barium titanate peaks are more intense at higher sintering temperature implying higher
degree of crystallinity. As the grain size increases the volume fraction of grain boundaries
decreases and hence the crystallinity of the film increases.
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Figure 3.10: Comparision of the XRD patterns of the barium titanate thin film
devices sintered at different temperatures

Increase in grain size and crystallinity leads to increase in permittivity of the
barium titanate film at higher temperature. A plot between dielectric constant of the
barium titanate film and sintering temperature is shown in Figure 3.11. The dielectric
constant (relative permittivity) of the thin film increased from 190 to more than 1000 by
increasing sintering temperature from 700°C to 950°C. The primary reason of increase in
dielectric constant of the thin film with increasing sintering temperature is attributed to
the increase in grain size with increasing sintering temperature. This leads to higher
volume fraction of crystalline phases by lowering the volume fraction of grain
boundaries. This grain size effect can also be explained using the dead layer model [31]
or the Binder description [17]. Both consider the effect of a free surface on the dipole–
dipole interactions that give rise to ferroelectricity. For unit cells near to the surface of a
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ferroelectric crystal, there are fewer neighboring dipoles and a consequent hardening of
the soft mode. This mode hardening reduces the magnitude of the ferroelectric dipole and
the dielectric susceptibility [17]. Similar analogy can be given for smaller grains where
grains are separated by grain boundaries to greater extent and hence there would be fewer
neighboring dipoles causing the same effect as the free surface. This depolarization effect
leads to lower dielectric constant for smaller grain size crystals. Several researchers have
reported that after achieving a peak dielectric constant value it decreases with further
increase in temperature. This might be due to defects generated in the film due to very
high firing temperature [19, 27]. In this study till 950°C no such decrement in dielectric
constant was observed.

Figure 3.11: Relative permittivity (dielectric constant) of the sol-gel prepared
barium titanate thin film (~500 nm) as a function of sintering temperature
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3.1.2.3.2 Leakage current and Breakdown voltage

Higher sintering temperature shows favourable effect on thin film capacitance but
the results shows it has adverse effect on electrical properties of the device. To establish
the electrical reliability of the thin film capacitor devices, DC leakage current behavior
and breakdown voltage of devices were studied as a function of sintering temperature in a
range of 700°C to 950°C. I-V plots, Figure 3.12, of the thin film devices consistently
showed higher leakage currents with increase in sintering temperature. For the device
sintered at 800°C, the DC leakage current was measured approximately 1 µA/cm2 at 3V
for the 550 nm (approx.) thin barium titanate film. Approximately two order increase in
leakage current magnitude was obsereved at 3V going from 800°C to 900°C sintering and
five orders increase in magnitude was observed when sintered at 950°C compared to
800°C sintering. This is probably because higher sintering temperature also results in a
different microstructure of rougher interface and creates more oxygen vacancies and
defects in the BST thin film, which in turn affects the leakage current characteristics of
the film. Similar results were also reported by Zhu et al. [19].
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Figure 3.12: Effect of sintering temperature on I-V characteristics of sol-gel barium
titanate thin film (~550 nm) devices

Breakdown voltages (BDV) of barium titanate thin film devices were also found
to be dependent on sintering temperature. A lower BDV was observed for devices
sintered at higher temperature. The devices sintered at 950°C showed a very low BDV of
8V to 11V (~ 16 V/µm - 22 V/µm) for 550 nm (approx.) thin barium titanate film, while
the device sintered at 800°C showed a breakdown voltage of greater than 40V (~ 80
V/µm) for most of the devices. Table 3.1 summarizes the breakdown voltage observed
for the devices sintered at different temperatures. BDV for each batch found to be in a
range. The yield measurements were done on devices of 0.6 mm in diameter. Little
variation in BDV was observed for the same batch probably because of few nano meter
level variance in film thickness.
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The devices sintered at 950°C showed unacceptable leakage properties with a
BDV of less than 10V (~ 20 V/µm) and very high leakage current of 275 mA/cm2 at 3V.
Clearly, there is a trade-off between capacitance density of the thin film device and its
electrical performance from sintering temperature selection point of view. A suitable
sintering temperature should be chosen depending upon the application and requirements
having the balance of capacitance and electrical properties. Table 3.2 below summarizes
the effect of sintering temperature on overall performance of the thin film devices as
discussed above.

Table 3.1: Breakdown voltage and leakage current of the barium titanate thin film
devices (~550 nm thin) as a function of sintering temperature
Sintering Temperature
800°C

Breakdown Voltage
(BDV)
40-60 V

Leakage Current
at 3V
1 µA/cm2

850°C

25-40 V

1 µA/cm2

900°C

20-32 V

~ 50 µA/cm2

950°C

8-11 V

> 200000 µA/cm2

Table 3.2: Summary of thin film (~550 nm) capacitor device performance as a
function of sintering temperature
Sintering
Temperature

Capacitance
Density

Dielectric
Loss

800°C

0.8 µF/cm2

850°C

BDV

Leakage Current
at 3V

0.032

Dielectric
Constant
(k)
500

40-60 V

1 µA/cm2

1.1 µF/cm2

0.034

690

25-40 V

1 µA/cm2

900°C

1.5 µF/cm2

0.032

940

20-32 V

~50 µA/cm2

950°C

1.7 µF/cm2

0.10

1060

8-11 V

> 200000 µA/cm2
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3.1.3 Effect of Film Thickness on Capacitor Performance
As mentioned before, the sol-gel barium titanate films were deposited on copper foil
using layer by layer spin coating of the low molarity (0.4 M) barium titanate sol. One of
the several advantages of using low molarity solution and multiple coating is that it gives
better control on film thickness. Each coating observed to give 80-90 nm of final film
thickness after sintering. This thickness can be altered by preparing different molarity sol.
In this study a 0.4 M sol was used with multiple coatings on the Cu-foil while spin
coating. To study the effect of barium titanate film thickness on overall performance of
the capacitor devices, 3 and 6 coatings devices were fabricated from same batch of sols
every time. 3 coatings devices were measured to give a film thickness of 270 nm-300 nm,
Figure 3.13, over approximately 1 cm scanned length of the device crossection. A film
thickness of approximately 500 nm-550 nm was estimated for 6 coating device from FESEM micrograph of its crossection, Figure 3.14.

Figure 3.13: FE-SEM micrograph of the crossection of a 3 coating barium titanate
film on bare Cu-foil showing film thickness
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(b)

(a)

Figure 3.14: FE-SEM micrograph of the crossection of a 6 coating barium titanate
film on bare Cu-foil showing film thickness, (a) crossection prepared through
mechanical polishing using alumina suspension (b) crossection prepared through
barium titanate patterning and etching

3.1.3.1

Electrical characteristics

Optimization of film thickness is important to achieve high capacitance density
with high electrical properties of capacitor devices. Sol-gel films were spin coated layer
by layer, each coating giving approximately 80-90 nm final film thickness. Three
different film thicknesses with 3, 6 and 9 coatings of sol-gel films are compared in Table
3.3. The 3 coating devices (~300 nm film thickness) showed the highest capacitance of
2.5 – 3.0 µF/cm2 amongst all but also lowest BDV and highest leakage current. The trend
was found similar for all the temperature range. The 3 coating samples showed a BDV in
the range of 9V-12V while 9 coatings devices did not fail even at 100V. Leakage current
was also very high for 3 coating sample, approximately 40 mA/cm2, 3 and 4 orders
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higher in magnitude compared to 6 and 9 coatings devices respectively as shown in
Figure 3.15. Leakage current and breakdown voltage are highly dependent on film
thickness and thus highly electrical reliable devices require thicker dielectric film but it
comes at a cost of capacitance density as capacitance is inversely proportional to
dielectric film thickness. There is a trade-off between capacitance density and electrical
performance of the capacitor devices from film thickness selection point of view and the
film thickness should be optimized based on application and requirements.

Relative permittivity (or dielectric constant) for the two different thickness films
were found to be similar unlike reported by Parker et al. [17]. Thicker films are expected
to have larger grain size and hence lower surface area to volume ratio which minimizes
depolarization effect. Hence, larger thickness film is expected to give higher dielectric
constant [17, 31]. In this study grain size for 3 coating and 6 coating films were found to
be similar, Figure 3.16, and surface of 6 coating film appeared to be denser and has less
defect density compared to those of 3 coating film.

Effect of acceptor type, Mn, doping and film non-stoichiometry on leakage
behavior of thin film devices were studied which has been described in the following
chapter. Mn-doped and non-stoichiometric films, Ba1+xTiO3, with Ba/Ti ratio greater than
1, found to be showing lower leakage current and higher breakdown voltage compared
with pure and stoichiometric barium titanate films.
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Table 3.3: Effect of film thickness on barium titanate capacitor properties for films
sintered at 900°C

Film
Thickness

Capacitance
Density

Dielectric
Constant
(k)

BDV

Leakage
Current at
3V

3 coatings
(~300 nm)

2.5 – 3.0
µF/cm2

848-1016

9-12 V

40 mA/cm2

6 coatings
(~550 nm)

1.5 µF/cm2

940

20-32 V

2.5 µA/cm2

9 coatings
(~800 nm)

1 µF/cm2

910

> 100 V

1 µA/cm2

1.00E+02

300nm

1.00E+01

550nm

1.00E+00

I (A/cm2)

1.00E-01

800nm
1.00E-02
1.00E-03
1.00E-04
1.00E-05
1.00E-06
1.00E-07
1

10

100

V

Figure 3.15: Leakage current comparision of devices, sintered at 900°C, with
different barium titanate film thickness
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3.1.3.2

Yield of capacitor devices

Thinner barium titanate films not only shows poor electrical properties but also
much lower yield. 0.28 mm2 size devices were fabricated on Cu-foil with different film
thicknesses and yield on each were measured. Table 3.4 shows the yield comparison for 3
coating (~300 nm) and 6 coating (~550 nm) devices. The 6 coating device showed a high
yield of greater than 96% while 3 coating device showed only up to 60% yield. FE-SEM
analysis of these two film thickness devices, Figure 3.16, shows much higher ‘through
pin hole’ density in 3 coating devices compared to 6 coating devices. As deposited films
were amorphous and these pin holes are generated during the crystallization of the film
when it is sintered at high temperature. The grains of barium titanate form and pin holes
are generated at the gain boundaries. High pin hole density is a common problem in thin
film devices which limit device performance. When the top electrode metal is deposited
on the sintered films having pin holes, the metal can penetrate through these pores and
provide a conductive path through the barium titanate film. If through pin holes are
present, top electrode deposition with evaporation and sputtering processes can create
electrical continuity between top and bottom electrodes causing failure of the device and
lowering the yield. Presence of blind pin holes can also degrade the electrical reliability
of the capacitor devices by providing partial conducting path for the electrons when a
voltage bias is applied across the device. This leads to increase in leakage current and low
BDV. Lower thickness films (less than 200 nm-250 nm) were found to give poor
electrical properties and high loss possibly due to high defect density.
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High pin hole and other defect densities, which lead to low yield, also limit the
fabrication of large area devices, which is important from manufacturing stand point.
Hence, an optimum thickness of the film is required to minimize through pin hole density
and other defects to get high yield on large area capacitor devices. In this case 6 coating
(~550 nm) devices showed a high yield of 98% on 0.28 mm2 devices.

As part of the study yield on the RF-sputtered thin film barium strontium titanate
capacitor devices were improved significantly through process optimization which are
explained later in the report. Though it was not demonstrated on sol-gel fabricated thin
film capacitor devices, some of the procedures of sputtered thin film devices can be used
for sol-gel devices also to get high yield on large area devices.

Table 3.4: Yield data for 0.28 mm2 size devices, sintered at 900°C, for different film
thicknesses
Dielectric

Capacitance

Dielectric

BDV

Yield

Thickness

Density

Loss

3 coating

3 µF/cm2

0.05

9-12V

50-60%

1.5 µF/cm2

0.03

20-32V

> 96%

(300 nm)
6 coating
(550 nm)
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(a)
(b)
Figure 3.16: FE-SEM micrographs of (a) 3 coatings and (b) 6 coatings barium
titanate device comparing pin hole density in two devices sintered at 900°C

3.1.4 Integration of Thin Film Devices on Organic Board
After sol-gel based thin film capacitor devices were fabricated and tested, it was
laminated on a standard FR-4 board using standard process. The integration scheme is
shown in Figure 3.17. After the lamination process approximately 10-20% loss in yield of
the capacitor devices was observed. Laminated thin film capacitor devices, on organic
FR-4 board, are shown in Figure 3.18.
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Figure 3.17: Integration scheme of the thin film capacitor devices on organic board.

Figure 3.18: Integrated thin film capacitor devices on standard organic FR-4 board
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3.1.4.1

Thermo-mechanical Reliability of Integrated Devices

To check the thermo-mechanical reliability of the capacitor devices, thermal
cycling test was carried out on the integrated samples on FR-4 board. Thermal shocks
were given from -40°C to +125°C in air. Two chambers were maintained separately at
temperatures -40°C and +125°C. The device with 550 nm barium titanate film thickness
sintered at 850°C was used in this test. The devices were automatically transferred from
one chamber to another after the capacitor devices spent 30 minutes in each chamber. 30
minutes in each chamber completed one cycle and several such cycles were carried out.
The yield result of the devices, during 1000 cycles test, is shown in Figure 3.19.
Approximately 5-6% loss in yield was observed after 1000 cycles without any change in
capacitance density of the devices.

Figure 3.19: Thermal cycling test results on sol-gel capacitor devices yield. The test
was carried out from -40°C to +125°C in air on 550 nm sol-gel devices sintered at
850°C.
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In this section effects of several processing parameters were shown on capacitor
performance. Low oxygen partial pressure sintering with forming gas showed better
leakage properties and loss compared to nitrogen sintering. Further improvement in
leakage properties was achieved with commercially available smooth copper foils. The
study showed dependence of grain size, hence dielectric constant of the barium titanate
films on sintering temperature. Higher temperature led to increase in dielectric constant
and capacitance density but also degraded its leakage behavior and reliability. A careful
film thickness of barium titanate was chosen to achieve high capacitance density with
acceptable leakage characteristics of the device. A careful optimization of all the
processing variables yielded very high capacitance density devices, 3 µF/cm2, with
breakdown voltage in excess of 12 V. Integration of the thin film capacitor devices on
standard organic FR-4 boards and thermo-mechanical reliability of the integrated devices
were demonstrated successfully.
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3.2 Sputtered Barium Strontium Titanate Capacitor
Devices on Silicon Substrate
Miniaturization of electronic devices and high performance requirements
such as low parasitic system integration demand for replacement of bulky surface mount
devices with thin film embedded devices. To replace surface mounted passives (SMT
devices) with embedded passives in a sensor module substrate, thin film barium
strontium titanate capacitor devices were fabricated on Si-substrate. Thin film devices
with high capacitance density and high electrical reliability were achieved. Main focus of
this research was to improve yield over large area devices. This was achieved by bottom
electrode selection and process optimization. Effects of all the processing parameters and
conditions are discussed in details in this section.

3.2.1 Adhesion Layer and Bottom Electrode Selection
Crystallization of the BST film requires high temperature sintering which makes
selection of bottom electrode and adhesion layer between Si/SiO2 and bottom electrode
difficult. At high temperature metals are prone to inter-diffusion which is accelerated
with defects such as grain boundaries, vacancies etc. They react with other metals and
oxide layers to form new phases which might degrade the properties of the capacitor
devices. Different combination of bottom electrode metals such as Cu, Pt and Ta and
adhesion metal layers, such as Cr, Ti and Ta, were investigated to achieve high yield and
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electrical properties of the thin film capacitor devices. Interface issues with different
bottom electrode and adhesion layers are investigated and described below in details.

3.2.1.1

Copper Bottom Electrode

Thin titanium (Ti) layer, 50 nm, was deposited on Si/SiO2 using DC-sputtering
followed by 1-3 µm copper (Cu) sputtering on top of titanium layer to make
Si/SiO2/Ti/Cu substrate for barium strontium titanate film deposition. Ti-layer was used
as adhesion layer between Si/SiO2 and Cu. A 250 nm thin BST film was sputtered over
Cu layer. For benchmarking purpose same thickness of BST was deposited on a free
standing bare Cu-foil (Oakmitsui), 30 µm in thickness, in the same run.

Table 3.5 shows comparison of BST capacitor devices fabricated on two
substrates, Cu-foil and Si/SiO2/Ti/Cu. These devices were sintered at 850°C for 1 hour in
2%-forming gas (2% H2 + N2). Yield of the BST capacitor devices, 0.28 mm2 in size, on
sputtered Cu electrode was found to be poor (<20%) compared to that on free standing
bare Cu-foil for which yield was observed greater than 95%. The loss tangents of these
devices were also in unacceptable range, greater than 0.50, compared to 0.015-0.020 on
Cu-foil. This large difference in capacitance characteristics for the two substrates
indicates some fundamental problem at the bottom electrode in sputtered Ti/Cu on Si.
FE-SEM analysis of the devices on sputtered Cu-electrode was carried out to investigate
the cause of device failure.
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Table 3.5: Comparison of capacitor devices fabricated on sputtered Ti/Cu on Sisubstrate and free standing bare Cu-foil. The devices were sintered at 750°C in
forming gas.
Substrate

Capacitance

Dielectric Loss

Density (at

Breakdown

Yield (on 0.28

Voltage

mm2 devices)

100kHz)
Cu-foil

0.8µF/cm2

0.015-0.020

18 V-25 V

> 95%

Si/SiO2/Ti/Cu

0.7µF/cm2

0.50-2.00

2-8 V

< 20%

Figure 3.20: FE-SEM micrograph of the barium strontium titanate device on
sputtered Cu electrode, sintered at 800°C, showing hillock formation at the Cuinterface
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Figure 3.21: Cu-Ti phase diagram[32]

FE-SEM analysis of the annealed BST surface on sputtered Cu on Si/SiO2/Ti
substrate showed severe hillock formation, Figure 3.20. These hillocks led to severe BST
surface cracking creating a short between top and bottom electrodes which led to poor
yield of the devices. Cu-Ti phase diagram, shown in Figure 3.21, suggests different
intermettalics of titanium and copper can form depending upon Ti-content above 200°C.
Wang reported, titanium barrier failed primarily through a metallurgical reaction with
copper, which occurred readily at 350°C [33].

Cu is very prone to diffusion

predominantly through grain boundaries of barrier layers including Ti and SiO2 [34]. If
these barrier layers fail, Cu can diffuse through them and react with Si to form copper
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silicide Cu3Si phases. Ti was reported not been able to provide adequate copper barrier
performance below certain thickness [35]. The above SEM micrograph, Figure 3.20, of
the BST surface shows presence of new phases, possibly due to reaction of Cu with Ti or
Si. These phases appeared to be protruding out of the BST film creating hillocks and
cracks in the film.

Tantalum has been suggested as a better barrier layer for copper diffusion than
titanium as Ta is thermodynamically stable with respect to copper and widely used in
semiconductor industries for via interconnects [34]. Titanium was replaced by tantalum
barrier layer to get better properties but no significant improvement in yield was observed
with tantalum barrier layer. Ta can provide resistance to Cu diffusion only up to 500°C600°C [36, 37]. In this study a processing temperature higher than 700°C was used to get
high permittivity BST films which probably led to the failure of devices.

3.2.1.2

Platinum Bottom Electrode

Sputtered copper bottom electrode was found to be inadequate to prevent Cudiffusion during high temperature sintering. Sputtered platinum electrode was studied as
an alternative because of its stability in a high temperature environment and high
Schottky barrier height which gives rise to a low leakage current [38]. Adhesion of
platinum thin film with Si/SiO2 is poor. Two different adhesion layers, titanium and
tantalum, for platinum electrode were studied separately.
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3.2.1.2.1 Ti/Pt electrode and Ti thickness

A thin titanium metal layer, 10 nm-50 nm, was deposited using DC-sputterer on
Si/SiO2 substrate followed by sputtering of 300 nm platinum thin layer. Then barium
strontium titanate thin film was deposited in an RF-sputterer using Ba0.5Sr0.5TiO3 target.
As-deposited films then sintered in nitrogen atmosphere over a temperature range of
850°C-700°C to get crystalline perovskite phase of barium strontium titanate. For Ti
thickness of 50 nm a very poor yield of less than 10% was observed on small area
devices (0.28 mm2) sintered at 800°C for 30 minutes in nitrogen atmosphere. SEM
micrograph of the BST film, Figure 3.22, showed surface cracking and cavities. These
defects, which can allow top electrode to penetrate through the film creating short
between top and bottom electrode, were believed to be responsible for low yield of the
devices. Hillocks formation in Ti/Pt electrodes has been reported by many researchers
[38-41]. Once hillocks are formed they can create defects in the film and decrease the
device yield. These hillocks are generally formed during sintering process. To verify
hillocks formation, bare sputtered Ti/Pt electrode was annealed in the same conditions,
800°C in nitrogen atmosphere for 30 min. SEM image of the annealed Ti/Pt shows
blisters and hillocks on the surface, Figure 3.23.
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Figure 3.22: FE-SEM micrograph of the BST film deposited on Ti (50 nm)/Pt (300
nm) bottom electrode showing surface cracks and cavities which resulted in poor
yield

Figure 3.23: FE-SEM image of the annealed Ti/Pt electrode showing hillocks and
blisters on the surface
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Some mechanisms have been proposed for hillocks formation in Ti/Pt electrodes.
The first mechanism suggests hillocks are created because of the compressive stress
generated in the platinum during heating. Coefficient of thermal expansion (CTE) of Pt is
higher than that of Si. This makes the platinum under compressive stresses during
heating, hillock formation occurs to relieve compressive stress in thin films [38, 40, 42].
During cooling, a tensile stress generates in the film. In this experiment BST film was
deposited at room temperature, though small increase in the substrate cannot be avoided
during deposition. Nam et al. [38] and Matsui et al. [40] reported that the residual stress
on platinum film changes from compressive to tensile as the BST film deposition
temperature increases. This helps in reducing hillocks formation. The sputtering tool does
not have a working heater presently and hence high temperature deposition was never
tried successfully.

The second mechanism for formation of hillocks in Ti/Pt electrode is because of
Ti diffusion through platinum grain boundary [38]. Predominantly platinum shows
columnar grain structure which assist diffusion of Ti as well as oxygen if present. Ti
atoms inside the Pt grain boundaries can get oxidized to form titanium oxide, resulting in
large volume expansion of the Pt layer. This volume expansion gives rise to the
compressive stress of the Pt layer, which is believed to be the cause for the formation of
hillocks. Another mechanism suggests hillocks might also be formed because of platinum
re-crystallization [43].
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An improvement in yield was observed when thickness of the Ti layer was
reduced from 50 nm to 20 nm keeping same thickness, 300 nm, for platinum. Table 3.6
shows 50%-60% yield on 0.28 mm2 devices for 20 nm Ti compared to 10% yield on 50
nm Ti. And little improvement in the yield of large area devices (3 mm2) was observed
for 250 nm thin BST films sintered at 800°C in nitrogen. Al-Shareef et al.[42] and Nam
et al.[38] have reported dependency of hillocks formation on Ti thickness though it
highly depends on processing conditions of the device. More systematic work is needed
to explain the dependence of Ti thickness on hillock formation.

Table 3.6: Effect of Ti thickness on device yield having approx. 250 nm thin BST
film sintered at 800°C
Electrode

Yield on 0.28
mm2 devices

Yield on 3
mm2
devices

Capacitance
density (at 100
kHz, 1 V)

BDV for
0.28 mm2
devices

Ti(50 nm)/Pt(300 nm)

< 10%

0%

0.8 µF/cm2

2-3V

Ti(20 nm)/Pt(300 nm)

50-60%

10-15%

0.8 µF/cm2

6-8V

3.2.1.2.2 Ta/Pt electrode

Tantalum thin film electrode was also used as adhesion layer between platinum and
Si/SiO2 because of its stable properties at high temperature. A 20 nm thin layer of
tantalum was sputtered on Si/SiO2 followed by 300 nm platinum deposition. Then
approximately 250 nm of BST film was sputtered on Si/SiO2/Ta/Pt electrode. The
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devices were sintered in a temperature range of 800°C to 700°C. Table 3.7 shows
comparison of different electrode-adhesion layer combination in terms of device yield
and capacitance performance for devices sintered at 800°C. Ta/Pt electrodes showed high
yield of more than 99% on small area devices (0.28 mm2) compared to Ti/Pt electrodes
which yielded only up to 60%-70%. Not much difference in yield was observed on larger
area devices (3 mm2). The yield for large area devices, 3 mm2, was found only up to
15%.

Table 3.7: Small and large area device yield comparison for different electrode
systems in 250 nm BST thin film devices sintered at 800°C
Electrode

Yield on 0.28
mm2 devices

Yield on 3
mm2 devices

Capacitance
density (at
100kHz, 1 V)

Dielectric
Loss

BDV for
0.28 mm2
devices

Ta(20 nm)/Pt

>99%

10-15%

0.8µF/cm2

0.019

8-10V

Ti(20 nm)/Pt

60-70%

10-15%

0.8µF/cm2

0.014

10-12V

Ti(50 nm)/Cu

< 20%

0%

0.7µF/cm2

0.50-2.00

2-8 V

3.2.2 Two Step Deposition of BST Film to Reduce Defects

SEM analysis of all the devices suggested film cracking and other defects in BST
films due to hillocks formation and CTE (co-efficient of thermal expansion) mismatch
which led to poor yield on devices. As deposited BST films were amorphous and surface
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appeared smooth. Hillocks were generated only during sintering. To minimize the stress
on the BST film and minimize through-hole cavities in the film, a novel approach of two
step deposition of BST was carried out.

First a thinner BST film (~120-130 nm) was sputtered and sintering was carried
out in same conditions to get crystalline film. 120 nm BST film was then deposited on
top of the first layer followed by sintering in nitrogen. This two step deposition and
sintering was expected to reduce defects in the film in two ways. First, BST film cracking
would be reduced because thinner films are less prone to cracking, during heat treatment,
because of CTE mismatch with the substrate [44, 45]. Cracks in the dielectric films can
be generated when the film is under tensile stress. Lopez et al. reported a thermal
expansion co-efficient values for Pt thin film, αPt = 9 x 10-6/°C and BST thin film, αBST =
4 x 10-6/°C. This CTE mismatch creates tensile stress in the BST film during heating.
Thinner film is believed to develop less tensile stress compared to a thicker film [44]
which helps in reducing the crack in BST films. The first layer then acts as a buffer layer
for the second layer being deposited on top of it. This first layer is also believed to be
acting as a barrier layer for any possible metal diffusion inside the BST film creating
defects.

The second advantage with two step deposition is crack healing. If some cracks
are developed during first step of deposition and annealing, they can be filled or covered
by the second layer of BST which will prevent any possible electrical short between top
and bottom electrodes during top electrode deposition. Even if surface cracking is not
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eliminated there would be smaller fraction of through-hole cavities, which are responsible
for device failure. Table 3.8 shows results with two step BST depositions on different
electrode systems for the devices sintered at 800°C. Results clearly showed improvement
in the yield with two step deposition. An yield of 50%-60% was observed on large area
devices, 7 mm2, and 99% yield on Ti/Pt and Ta/Pt electrodes. But the leakage current
characteristics of the devices were degraded, especially for Ti/Pt electrodes for which
devices failed at 2V-4V. This might have been caused by two step annealing process
where more defects might have created at the electrode interface because of prolonged
high temperature sintering.

Table 3.8: Summary of device performance for two step BST depositions on
different electrode systems for the devices sintered at 800°C
Electrode

Yield on 0.28
mm2 devices

Yield on 3
mm2 devices

Capacitance
density (at
100kHz, 1 V)

Dielectric
Loss

BDV
for 3
mm2
devices

Ta/Pt

>99%

50-60%

0.8µF/cm2

0.025

10-12V

Ti(20 nm)/Pt

>99%

~40%

0.8µF/cm2

0.028

2-4V

3.2.2.1

Effect of Sintering Temperature

Devices on both electrodes, Ti/Pt and Ta/Pt, were fabricated under same
conditions and sintered at a lower temperature 700°C to study its effect. This reduction in
sintering temperature combined with two step BST deposition saw excellent yield
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improvement on larger devices, 7 mm2, fabricated on Ta/Pt electrode. Table 3.9
summarizes results for 700°C sintering in nitrogen for two step sintering. More than 95%
yield for 7 mm2 devices was observed on Ta/Pt electrode. No significant improvement in
yield was observed for Ti/Pt electrode devices, which indicates that Ti/Pt electrode is not
stable even at 700°C. SEM analysis of the Ta/Pt electrode devices showed very smooth
clean BST surface with no signs of film cracking or pin holes, Figure 3.24. Such smooth
surface and nicely dense packed grains with no pin holes, which led to very high yield,
were not observed before with one step BST film deposition. Average grain size was
estimated to be approximately 25 nm-30 nm with very narrow grain size distribution.

Table 3.9: Results for 700°C sintered devices with two step BST depositions (250 nm
BST film)
Electrode

Yield on
0.28 mm2
devices

Yield on 7
mm2 devices

Capacitance
density (at
100 kHz, 1 V)

Ta/Pt

>99%

>95%

0.7 µF/cm2

0.025

> 15V

Ti(20
nm)/Pt

>99%

~40%

0.7 µF/cm2

0.028

2V-3V

Dielectric BDV for
Loss
7 mm2
devices

To further achieve a higher capacitance density the second annealing was done at
800°C by keeping the first annealing temperature constant at 700°C. A higher
capacitance density of 1 µF/cm2 was achieved with an yield of greater than 95% on 7
mm2 devices. The devices showed a breakdown voltage of 15-18V and low leakage
current of 0.5 µA/cm2 at 3 V. The low temperature sintering of the first layer helped in
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getting a defect free crystalline BST film which acts as barrier and buffer layer for
subsequent deposition and higher temperature sintering of second BST layer.

Figure 3.24: FE-SEM micrograph of Ta/Pt electrode thin film BST device sintered
at 700°C combined with two step BST deposition

In this chapter we saw the fundamental problems at the electrode-film interfaces
because of metal diffusion and CTE mismatch among the substrate, various metal and
dielectric layers. This resulted in poor yield of the thin film devices. Yield was improved
by selection of Ta/Pt electrode and Ta appeared to be a better barrier layer than Ti. A two
step deposition of BST resulted in defect-free surface of the crystallized barium strontium
titanate film. The first BST layer, sintered at lower temperature, was believed to be acting
as a barrier and buffer layer for the subsequent second BST layer deposition and
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sintering. This resulted in a very high yield of 95% on large area devices, greater than 7
mm2 size, with better leakage properties and high breakdown voltage, greater than 15 V.
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CHAPTER 4
4. Leakage Current Mechanism and Electrical
Reliability
In this chapter, dominant leakage current mechanism in the barium (strontium) titanate
(BST) thin film has been investigated. Schottky emission found to be dominant
mechanism for BST thin film devices. Selection of electrodes and film chemistry were
found to greatly affect the leakage behavior and electrical reliability of the devices.
Effects of acceptor doping in the ferroelectric films and film chemistry on leakage current
behavior of devices have been discussed. Finally, the life time cycle test results, under
high voltage bias and high temperature (HALT), are discussed.

High leakage currents in barium (strontium) titanate, Ba1-xSrxTiO3 (BST), thin
film capacitor devices are associated with creation of oxygen vacancies in the film and at
the film-electrode interfaces [19, 21, 28, 29]. BST films, Ba1-xSrxTiO3, referred in this
chapter may have strontium (Sr) content (x) anywhere from 0 to 1, unless otherwise
mentioned. This also includes pure Barium Titanate films, with no strontium content,
synthesized by sol-gel route. The oxygen vacancies are created during crystallization of
the film either during deposition or high temperature annealing or both. If the high
temperature sintering atmosphere is reducing or low oxygen environment, as in the case
of sol-gel devices on Cu-foil, then chances of creation of such oxygen vacancies
increases many folds. These oxygen vacancies are positively charged and migrate
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towards cathode under electrical bias. This contributes to increase in leakage current and
degradation of electrical performance and reliability of the devices.

Usually sputtered platinum (Pt) films shows (111) preferred orientation with
columnar grain structure [21].

Grain boundaries of platinum films with columnar

structure can act as a fast diffusion path for oxygen in the BST films. During deposition
or crystallization of BST on the platinum bottom electrode some activated oxygen in the
BST film could be diffused into the platinum bottom electrode and can also reach to the
buffer layer. The out diffusion of oxygen from BST films generates oxygen vacancies in
the BST films according to the equation,
OO = VO·· + 2e- + ½ O2
Schematic morphology of BST capacitor device on platinum electrode is shown in Figure
4.1. Oxygen vacancies (VO··) could also be generated on the surface of BST films during
top electrode deposition. These oxygen vacancy generated by such a process may act as
an electron trap site so it causes a high leakage current in BST thin film capacitors under
electrical barriers by reducing Schottky barrier height [29].
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Figure 4.1: Schematic of thin film BST capacitor device fabricated by sputtering.
Oxygen vacancies could be generated at the electrode-BST interfaces.

4.1 Barium Strontium Titanate Devices Fabricated on
Silicon
Barium strontium titanate, Ba0.5Sr0.5TiO3, based thin film capacitor devices
fabricated on silicon substrate, Si/SiO2/Ta/Pt, showed a high capacitance density of 0.71.0 µF/cm2 depending upon the sintering temperature as discussed in earlier chapter. A
copper top electrode (~100 nm) was deposited on the sintered device to test the samples.
The devices, with BST film thickness ~230 nm, sintered at 700°C in nitrogen showed
capacitance density of 0.7 µF/cm2 with a breakdown voltage of more than 15V for 7 mm2
devices. The leakage current at 3V was measured to be approximately 0.5 µA/cm2, with
positive bias on top electrode. Table 4.1 summarizes capacitor performance measured for
the devices, sintered at 700°C, with two step deposition of BST on Ta/Pt electrode.
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Table 4.1: Characteristics of BST thin film capacitor devices on Ta/Pt electrode and
sintered at 700°C
Film

Capacitance

Dielectric

Breakdown

Leakage

Yield on 3

Thickness

Density

Loss

Voltage

Current at

mm2 devices

3V
~230 nm

0.7 µF/cm

2

0.066

> 15V

0.5 µA/cm2

> 95%

DC leakage current behavior, I-V characteristics, of this device is also shown in Figure
4.2. The devices showed much lower leakage current in positive bias. The bias voltage
was applied to top Cu- electrode. This difference of the leakage current in forward and
reverse direction shows the devices primarily showing electrode-film interface related
Schottky emission. Bulk related conduction mechanism like Poole-Frenkel [46] and
Space Charge Limited Conduction (SCLC) [47] should not depend on bias polarity. This
suggests that the dominant leakage current mechanism in sputtered BST films is Schottky
emission although possibilities of Poole-Frenkel and SCLC conductions cannot be ruled
out completely. Some researchers have shown a combination of bulk and interface related
mechanisms dominating in different applied voltage range [48]. Higher reverse leakage
current clearly indicates that the concentration of oxygen vacancies at the top electrode
interface is higher than that of at the bottom electrode interface. If Cu top electrode is
replaced by more noble metal electrodes such as platinum, the leakage characteristics in
the reverse bias direction can be reduced by annealing in air above 500°C [21]. To
understand the conduction mechanism better, the Schottky emission is described in the
next section.
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Figure 4.2: I-V characteristic of Cu/BST/Pt thin film capacitor device sintered at
700°C. The bias voltage was applied to top Cu- electrode.

4.2 Schottky Emission
The minimum energy required for an electron to escape the surface of a specific
material is called the work function (∆Φ). Increase in the electron emission from the
surface of a heated material by application of an electric field, that reduces the value of
the energy required for electron emission, is known as Schottky emission. A very weak
electric field may be applied that simply sweeps the already emitted electrons away from
the surface of the material. When the field is increased, a point is reached for quite
moderate fields at which the value of the work function itself is lowered. As the applied
84

field (voltage) is further increased, the work function continues to decrease, so that the
electron emission current continues to increase. At very high values of the applied field,
however, the electron emission undergoes an excessive increase because of the onset of a
different type of emission, called high-field emission or, simply, field emission. This
effect is named after its discoverer, the German physicist Walter Schottky.

Platinum metal has a work function of ∆ΦPt ~ 5.3 eV [49]. If the BST ferroelectric
film has an electron affinity χ, then the Schottky barrier height at the interface would be
(∆ΦPt – χ) for an abrupt Schottky barrier i.e. for films without any defects. This high
work function and hence high Schottky barrier makes Pt a suitable choice for electrode in
thin film capacitor devices. Higher Schottky barrier reduces the leakage current. Presence
of oxygen vacancies at the electrode-ferroelectric film reduces this Schottky barrier. A
schematic of the energy band diagram at the interface of platinum electrode and BST is
shown in Figure 4.3. Oxygen vacancies act as electron trap sites with certain trap level
(Etrap) in the energy band diagram. Hence, presence of these vacancies results in decrease
of Schottky barrier at the interface which leads to increase in leakage current. Schematic,
shown in Figure 4.4, explains effect of oxygen vacancies at the interface on Schottky
barrier height.
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Figure 4.3: Schematic of energy band diagram at the interface of platinum and BST
electrode

Figure 4.4: Oxygen vacancies as electron trap in the energy band diagram at the
interface of platinum and BST [49]

Leakage current could be generated by thermal activation (Ith), trapping of
electrons (It) at the trap sites, detrapping from trap sites to valence band (Idt) and
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Schottky-Emission (Is-e). Oxygen vacancies at the interface of BST film and electrode
increases Id, Idt and Is-e by increasing trap sites and reducing Schottky barrier height as
shown in Figure 4.5. If the concentration oxygen vacancies generated are different at
bottom and top electrode interface, the leakage behavior of the device would be different
for forward and reverse currents. This dependency of leakage current on electrical biasing
polarity differentiates devices showing Schottky emission from devices showing PooleFrenkel [46] and Space charge limited conduction (SCLC) [47] dominated mechanisms.
Poole-Frenkel and SCLC are bulk mechanisms and independent of polarity.

Figure 4.5: Schematic of energy band diagram for Pt/BST/Pt thin film device (a) for
ideal capacitor with no defects at the interface (b) Schottky barrier reduces because
of presence of oxygen vacancies at the interface [49].

The RF sputtered films show strong dependence of leakage current on bias
polarity as shown in Figure 4.2. This suggests that interface related Schottky emission in
the dominant mechanism. However, other bulk related leakage current mechanisms such
as Poole-Frenkel or SCLC cannot be ruled out.
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4.3

Sol-gel based Barium Titanate Devices on Cu-foil
Barium titanate, BaTiO3, based thin film capacitor devices fabricated on bare Cu-

foil for organic substrate showed a high capacitance density of 1-3 µF/cm2 depending
upon film thickness and sintering temperature as discussed in earlier chapter. A copper or
gold top electrode (~100 nm) was deposited on the sintered device to test the samples.
The devices sintered at 900°C in forming gas (N2+H2) showed a breakdown voltage of
more than 30 V and 10 V for 550 nm and 300 nm of barium titanate film thicknesses
respectively. The leakage current at 3 V was measured approx. 2.5 µA/cm2 and 40
mA/cm2 for 550 nm and 300 nm films respectively. Table 4.2 summarizes capacitor
performance measured for the devices, sintered at 900°C in forming gas.

Table 4.2: Characteristics of sol-gel pure barium titanate thin film capacitors on
Cu-foil sintered at 900°C

Film
Thickness

Capacitance
Density

BDV

Leakage
Current at 3V

300 nm

2.5 – 3.0 µF/cm2

9-12 V

40 mA/cm2

550 nm

1.5 µF/cm2

20-32 V

2.5 µA/cm2

Sol-gel barium titanate (BT) devices, Cu/BT/Cu, also showed polarity
dependency of electrical bias on its leakage characteristics, Figure 4.6. The devices
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showed much lower leakage current in positive bias. The bias voltage was applied to the
top electrode. The difference of the leakage current in forward and reverse direction
suggests electrode-film interface related Schottky emission mechanism for leakage
behavior of these devices too. Higher reverse leakage current clearly indicates that the
concentration of oxygen vacancies at the top electrode interface is higher than that of at
the bottom electrode interface. The difference in oxygen vacancy concentration at two
interfaces could be because of difference in deposition conditions. Barium titanate film
was deposited and crystallized at the bottom Cu-electrode foil while top electrode copper
was evaporated, using e-beam evaporator, on the barium titanate top surface. Thickness
of the two electrodes are also different, 30 µm at the bottom while 100 nm on top. For
thin films, work function of metal shows dependency on film thickness and deposition
conditions to some extent [50, 51].

Figure 4.6: I-V characteristic of Cu/BT/Cu thin film, 300 nm, sol-gel capacitor
device sintered at 900°C. The bias voltage was applied to top electrode.
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RF-sputtered barium strontium titanate thin film devices showed better leakage
characteristics than sol-gel based barium titanate devices even with thinner BST film. But
sol-gel based barium titanate films showed higher dielectric constant. This is in consistent
with the theory that suggests higher k dielectrics generally have poor leakage
characteristics and lower breakdown voltages.

4.3.1 Effect of Acceptor Doping and Film on-stoichiometry
In perovskites the oxygen vacancies are mobile down to room temperature or
even below, while the dopant cations as well as the host cations have negligible
mobilities even at 1000°C [52]. The lower the temperature, the more important becomes
the interaction of oppositely charged defects, which can significantly reduce the
conductivity of the involved defects. Similarity in the ionic radii of Mn and Ti makes Mn
a suitable dopant for BaTiO3. Mn2+ ion has a radius of 0.067 nm while Ti4+ has ionic
radius of 0.068 nm [53]. When barium titanate is doped with manganese (Mn), it can
substitute titanium (Ti) in BaTiO3. Mn can exhibit oxidation states of 4+, 3+ and 2+.
Oxidizing at high temperature in air dominates Mn4+, while reducing at high temperature
leads to the presence of Mn3+ and Mn2+. Since the sol-gel films on Cu-foil were sintered
in reducing atmosphere of forming gas, formation of Mn3+ and Mn2+ is very likely. Ti has
an oxidation state of 4+ in BaTiO3 perovskite structure. When Mn is present in oxidation
states of 2+ or 3+, it requires positively charged oxygen vacancies, VO··, to maintain the
charge balance according to the reaction,
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2BaO + Mn2O3  2BaBa + 2Mn′Ti + 5OO + VÖ

In the literature, the formation of {MnTi′ VO··} as well as {MnTiʺ VO··} associates is
reported by Maier et al. [52]. Maier et al. also reported association enthalpies of -0.31 eV
for {MnTiʺ VO··} and -0.18eV for {MnTi′ VO··} in case of BaTiO3. Presence of Mn thus
retards the mobility of oxygen vacancies and decreases electron trap levels by
neutralizing oxygen vacancies. Thus a reduction in leakage current is expected upon
doping with Mn. Oxidation state of Ba is 2+ while for Ti has a 4+ oxidation state. Nonstoichiometric films with excess barium (Ba/Ti >1) also expected to improve leakage
characteristics of the thin film devices by associating with oxygen vacancies to neutralize
deficiency of positive charge.

Results on sol-gel thin film devices showed significant improvement in leakage
characteristics of the device upon doping with Mn and for non-stochiometric barium
titanate films (NS-BT). J-V characteristics for pure BT, 5%Mn doped BT and 1% Ba
excess NS-BT are shown in Figure 4.7. These devices have approximately 550 nm
barium titanate film sintered at 900°C. An order of magnitude reduction in leakage
current was observed at 3V for Mn-doped and non-stoichiometric films compared to pure
stoichiometric barium titanate films. Leakage properties of the devices with three
different chemistries are compared in Table 4.3. Breakdown voltages for all the three
chemistries were found to be similar between 22 V-25 V. Leakage current depends on the
bulk of the ferroelectric film while breakdown is a local phenomenon. Film chemistry
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was not observed to have significant effect on breakdown voltage. More understanding of
breakdown mechanism is required to explain this behavior.

Figure 4.7: Effect of barium titanate doping and non-stoichiometry on leakage
current characteristics of devices with 550 nm thin film sintered at 900°C

Table 4.3: Effect of barium titanate film doping and non-stoichiometry on leakage
characteristics for 550 nm devices sintered at 900°C
Film Chemistry

Leakage Current@ 3V

BDV

Pure BT

60 µA/cm2

25 V

5%-Mn doped BT

7 µA/cm2

25 V

1% excess Ba NS -BT

1µA/cm2

22 V
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4.3.2 Electrical Reliability Test: Highly Accelerated Load Test
(HALT)

Measurement of life time cycle of the devices is important from reliability and
manufacturability stand point. Devices were tested at working and higher voltages at
elevated temperatures for certain durations in order to meet the HALT recommendations
specified by NGK-NTK. Doped BT (5% Mn), 550 nm film, on copper foils, showing 1.5
µF/cm2, were tested under a high temperature of 150°C and high voltage load of 3 Volts
to examine the electrical reliability of the films. Gold (Au), 100 nm, was used as top
electrode to avoid any oxidation at elevated temperature. DC characteristics were
measured under the HALT conditions. First 3V was applied across the barium titanate
film at room temperature and then it was was gradually increased to 150˚C. All the
measurements were done on a hot plate. The temperatures reported here correspond to the
sample surface temperature measured with a thermocouple. The HALT test was done
using a Keithley 236 DC tester. For film thickness of 550 nm, this corresponds to field
strength of 55 kV/cm (5.5 V/micron) approx. The leakage current as a function of
temperature is shown in Figure 4.8. Initially a drop in leakage current was observed
which may be attributed to a combination of ‘self-healing’ effect and possibility of the
bottom electrode being oxidized to copper oxide at high temperature. Even after 50 hours
the device did not fail but the leakage current increases from 1.7 mA/cm2 at 3V and
150°C to 92 mA/cm2 in 50 hours.
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Figure 4.8: HALT result on 5% Mn doped BT device, showing 1.5 µF/cm2. The
measurements were done at 150°C and 3V.
HALT on the device showing 3 µF/cm2 with 300 nm thin barium titanate film was
carried out in milder condition of 115°C and 1.5 V. Again, leakage current was obsereved
to decrease initially and the current finally increased from 3.57 mA/cm2 to 3.82 mA/cm2
after a duration of 3 hours, Figure 4.9.

Figure 4.9: HALT result on 1% excess Ba S-BT device, showing 3µF/cm2. The
measurements were done at 115°C and 1.5 V.
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CHAPTER 5
5. COCLUSIOS AD
RECOMMEDATIOS

Over the past decade, embedding capacitors have been demonstrated with thick
films (10-20 microns) in organic boards and thin films on silicon for small capacitance
requirements by industries and academic institutions. These capacitors offer limited
performance in terms of capacitance density and parasitics. In this work, two thin film
deposition techniques were demonstrated on organic and silicon substrates separately. To
achieve 500X increase in capacitance density, sol-gel barium titanate films on organic
board compatible Cu-foil substrate and sputtered barium strontium titanate film devices
on silicon substrate yielded high capacitance density, 1-3 µF/cm2 (at 100kHz), with low
leakage current and high breakdown voltages, 40 V-15 V.

High-temperature sintering requirement of the sol-gel films throws various
challenges such as oxidation of base metal electrode, defects generation in the film and at
interfaces etc. Careful process control is critical for sol-gel synthesis of crystalline films
on copper foils. Various process parameters, such as Cu-foil roughness, sintering
conditions, film thickness and film chemistry, were investigated and optimized to achieve
a high capacitance density up to 3 µF/cm2 (at 100 kHz) with a breakdown voltage of
more than 15 V. With modified non-stoichiometric and Mn-doped barium titanate films,
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leakage current characteristics and electrical reliability of the devices were improved
significantly.

Large area device fabrication with high yield is a challenge for thin film capacitor
because of high density of defects in thin films. Sputtered barium strontium titanate
(BST) thin film capacitor devices on Si-substrate showed severe BST film cracking due
to hillocks formation and CTE mismatch among different layers of metals, substrate and
ferroelectric film. A careful selection of electrode and barrier metal layers improved film
cracking problem. Ta/Pt electrode showed much higher yield compared to Ti/Cu and
Ti/Pt electrodes. Further two step depositions, to minimize stress on the BST film due to
CTE mismatch, was observed to improve yield on large area devices. The first BST layer
sintered at low temperature acts as buffer and barrier layer for the second layer to
minimize film cracking and possible metal diffusion through the film. A high capacitance
density up to 1.0 µF/cm2 (at 100 kHz) with a breakdown voltage of more than 15 V was
demonstrated on 7 mm2 devices with greater than 95% yield. The devices showed a low
leakage current of 0.5 µA/cm2 at 3V.

The dominating leakage current mechanism was identified in the thin film
capacitor devices. Schottky emission was found to control the leakage behavior of the
devices showing dependency on electrode metal selection and voltage bias polarity.
Oxygen vacancies created at the film-electrode interface assisted in electron trapping
which led to reduction of effective Schottky barrier height and increase in leakage
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current. Electrical reliability test, such as HALT, was successfully carried out on the solgel devices at high temperatures and high voltages.

5.1 Recommendations

for

Sol-gel

Process

Improvements
A high capacitance density of 3 µF/cm2 was demonstrated with 300 nm barium
titanate films. Defects in the film and electrode interfaces put fundamental challenges and
limit film thicknesses. Controlled processing is required to minimize defects in the film to
achieve higher capacitance density with better electrical reliability. Manufacturability of
this technology is also important. Some of the modifications and additions in the sol-gel
processing are identified and recommended below.

1.

Sol-gel with Low Molarity Sol: First set of experiments showed a very high

yield of more than 90% for thinner barium titanate films, 300 nm, with 0.2 M sol
compared to 50%-60% yield with 0.4 M sol for the same film thickness. Low yield was a
limitation in achieving capacitance above 3 µF/cm2. Controlled gelling of the sol-gel film
is critical to minimize defects in the film. By using low molarity solutions, thinner films
with finer gel structure can be obtained. This might lead to thinner films devices with
high yield.
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2.

HRTEM Characterization: High resolution transmission electron microscopy

(HRTEM) would provide more insight at the interface related issues and would help in
understanding of leakage current mechanism.

3.

Alternative Film Coating Technology: Spin coating is not viable for roll-to-roll

processing and from manufacturing stand point. Other coating methods such as meniscus
coating can be demonstrated to enable large scale manufacturability. Dip or spray coating
is capable of giving conformal coating on the side walls of 3D electrode structures such
as trench capacitors to achieve very capacitance with high surface area electrodes.

5.2 Recommendations for Sputtered BST Films on Si
High capacitance density, 1 µF/cm2, with high yield and low leakage
currents were demonstrated with barium strontium titanate thin films on Si substrate.
Further improvement in capacitance density can be achieved by increasing the surface
area of the electrodes without increasing the area occupied by the device on board. This
requires moving from planar geometry to 3D Si trenches and pillars. There are issues
with 3D capacitors which need to be addressed first. Some recommendations are
suggested below to improve device performance and achieve much higher capacitance
densities with sputtered film technology on Si.
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1.

Top Platinum Electrode: With platinum top electrode there are certain

advantages. Several researchers reported improvement in leakage characteristics by post
annealing of BST device after platinum top electrode deposition in air or oxygen rich
atmosphere. Annealing in oxygen above 500°C reduces oxygen vacancies at the electrode
interface as columnar grains of platinum provide paths for oxygen diffusion.
2.

3D Capacitors: 3D capacitors have very high surface area electrodes and can

increase the capacitance density 2-50X, depending upon the aspect ratio of the 3D
structure, if conformal coating of metals and ferroelectric films can be achieved.

Figure 5.1: BST deposited 3D electrodes on Si. Pillar structures on silicon were
fabricated using standard deep RIE process and metal and BST film were sputtered
on the structures.

3D capacitors were fabricated during this study and one such device is shown in Figure
5.1. Conformality study of RF-sputtered BST films on such 3D electrodes was done
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using SEM, Figure 5.2. The sputtered film was found to be non-conformal on the side
walls with 590 nm thicknesses on the top while only 140 nm BST film thickness were
achieved at the bottom of the side wall. This non-conformality can be improved, for low
aspect ratio structures, by having high density plasma and low chamber pressure [54].
For higher aspect ratio (>4-5) structures RF sputtering might not be adequate and more
conformal coating processes might be needed such as ALD, ICP based sputtering,
resputtering etc.

Figure 5.2: Sputtered BST films on 3D electrode with an aspect ratio of ~2.5 on Si.
The sputtered film was found to be non-conformal on the side walls.

3.

Dopant Study: Mn-dopant and non-stochiometry were shown to improve leakage

characteristics of sol-gel barium titanate devices. Though introduction of dopants is easier
in sol-gel process, this can also be achieved for sputtered BST films by selecting multiple
sputtering targets.
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