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ABSTRACT

Capacitors provide energy storage for a number of devices, from pacemakers to
railguns. Researchers are pursuing new materials to construct capacitors in an attempt to
create higher power, higher energy storage devices with less loss in energy in the charged
state. This research initiative explores tantalum pentoxide (Ta2O5) capacitors of
approximately 1.5 micrometer thickness deposited via pulsed-dc reactive sputtering.
Relative permittivity and dielectric loss were explored for the tantalum oxide films.
Current was measured for both amorphous and crystalline samples as a function of
voltage, temperature, and time. Analyzing these data revealed that at low electric fields
conduction was ohmic. Nonlinear behavior at high fields was fitted for Schottky and
Poole-Frenkel mechanisms. It appears that both amorphous and crystalline samples were
dominated by Poole-Frenkel conduction. However amorphous samples had a leakage
current that was several orders of magnitude lower than the polycrystalline samples. The
AC conductivity was measured for amorphous and crystalline samples across a range of
frequencies, and compared to the DC values. At low frequencies, amorphous samples
had conductivities approaching the DC values, but crystalline samples remained much
higher than their DC values.
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Chapter 1
Background Information

1.1 Introduction

1.1.1 Problem Statement
Researchers have been busy trying to make new and improved energy
storage units to drive the next generation electronic devices. A prime candidate for highpower storage devices are capacitors. Capacitors can be easily compared to other energy
storage systems by viewing a Ragone Plot (Figure 1-1) (Christen & Carlen, 2000). Many
scientists are concerned with increasing both the energy density and power density of
capacitors. As capacitor technology improves, fewer cells are necessary to accomplish
the same energy storage need. This makes capacitors a more viable option for such
applications as hybrid vehicle propulsion. Increased power storage also means that the
same sized bank of capacitors will yield more powerful discharges for applications like
railguns.
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Figure 1-1: Ragone Plot (Ragone Plot, 2009)

With so many devices requiring increased energy and power, it is
understandable that researchers have put so much effort in those areas. The focus of this
investigation is to understand and perhaps improve the leakage current, which would
improve the effective energy density and reliability of a capacitor. It is important to
explore the leakage current characteristics of capacitors because it slowly dissipates
charge from the system. The effect of leakage current will be a continual loss of energy
while the capacitor is gradually discharged.
Leakage current becomes even more important to recognize at higher electric
fields. The increased voltage biases will force electronic and ionic charges to pass across
the dielectric material and increase the leakage current. A similar increase in leakage
current occurs when the capacitor is operated at high temperatures. With a number of
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high temperature applications ranging from deep-well oil exploration to power inverters,
this is an important range to consider.

1.1.2 Objective
The high-field, high-temperature leakage current characteristics are not well
defined for sputtered tantalum pentoxide (Ta2O5), a high-k dielectric material used for
capacitors. The purpose of this investigation is to get a better understanding of the
leakage current characteristics of this material. It would be beneficial to identify the
conduction mechanisms governing the leakage current for each sample, which may
include determining the conduction mechanisms at several ranges of electric field
intensities. This analysis should be done for amorphous tantalum oxide, as well as,
crystalline samples to see if the conduction mechanisms or leakage current characteristics
vary with film structure.

1.1.3 Design Needs
The first set of design needs stems from the deposition of tantalum oxide
to form capacitor devices. The process will be somewhat limited by the equipment that is
available, but the procedure should yield samples that have the maximum thickness
uniformity possible. Gradients in the film morphology and crystallinity will cause
variable conductivity and could lead to error in the experiment.

4

It is also important to consider using a deposition method that is cost
effective. Some deposition process, such as molecular beam epitaxy and atomic layer
deposition, can be very expensive. Finding a relatively inexpensive and efficient
deposition method will conserve energy and provide many samples at a relatively low
expense.
Electrical testing of the samples requires similar attention. When the
current through the capacitors is measured as a function of voltage, temperature, and time
it should be verified that the system allows only one variable to change at a time. If the
temperature does not remain constant while cycling through voltages, then their
individual relationships with leakage current will be impossible to determine. All
components of the system (signal generator, amplifier, computer, protection devices, etc)
should be tested before collecting data.
Finally, it is imperative to analyze the current-voltage-temperature-time
(IVTt) data in a consistent and effective manner. Some segments of the data may have to
be excluded to maintain integrity, but all samples should be compared by the same
standard. Similarly, the fitting of IVTt data to conduction mechanisms should be done
uniformly between all sets of data. A conduction mechanism can be matched to a set of
data only if all samples are viewed through the same objective lense.
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1.2 Literature Review

This review serves as a comprehensive guide to all elements of the research
investigation. It begins with a historical look at capacitors and transitions into a
discussion of conduction mechanisms in tantalum oxide. Other sections focus
specifically on pulsed-dc reactive sputtering, rapid thermal annealing, crystallization,
permittivity and loss, and conductivity. All of these concepts are paramount to the
understanding of the following research investigation.

1.2.1 Dielectric Films
The first capacitor devices were built individually by Dean von Kleist and
Pieter van Musschenbroek in 1745 (Williams, 1999). Their device, referred to as the
Leyden Jar, stored charge in water inside a jar. The glass walls of the jar provided the
dielectric material, and the experimenter’s hand forms the other electrode. Although the
device did not have practical applications at that time, it marked the beginning of
engineering charge storage devices.
Typical capacitors are constructed from two conducting surfaces
separated by an insulating, or dielectric, material as shown in Figure 1-2 (Irwin & Nelms,
2005). Energy is stored in the form of an electric field when there is a voltage across the
dielectric material. This insulating material varies based upon the application of the
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capacitor. Capacitors for typical electronic circuits may be comprised of mylar,
polystyrene, mica, or glass. Ceramic materials with high dielectric constants can be used
for higher power applications due to their high capacitance per unit volume.

Figure 1-2: Capacitor Structure (Capacitor, 2009)

Capacitance is measured in coulombs per volt, or farads. Capacitance can
be calculated with Equation 1 where Q is the charge, V is voltage, ɛ is the permittivity, A
is the area of the electrodes, and d is the thickness of the dielectric layer. The
permittivity is equal to the permittivity of free space, ɛo, multiplied by the relative
permittivity (dielectric constant), ɛr.

𝐶=

𝑄
𝜀𝐴
=
𝑉
𝑑

Equation 1: Capacitance

The governing equation for electrical energy stored by a capacitor is given by
Equation 2*. Equation 2 reveals the basic properties that lead to higher energy storage.
One approach experimenters are attempting is to increase the breakdown strength of
dielectric materials so that capacitors can operate at higher voltages. Equation 2*
explains why researchers have spent so much time exploring materials with high relative
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permittivities, also called high-k dielectrics. Creating thinner dielectric layers should also
increase energy, but it may have other adverse effects, such as decreasing the breakdown
strength.

1
𝑊 = 𝐶𝑉 2
2
Equation 2

1 𝜀𝐴𝑉 2
𝑊=
2 𝑑
Equation 2*

Energy Stored by Capacitor

1.2.2 Pulsed-dc Reactive Sputtering
There are many methods for depositing dielectric materials to construct
capacitors. Some experimenters have used ion beam and chemical vapor deposition to
create thin films of insulating materials (Natishan, McCafferty, Puckett, & Micheli, 1996)
(Ndiegea, Subramaniana, Shannonb, & Masel, 2008). However, reactive sputtering is the
most commonly used thin film deposition method. It is a relatively inexpensive and
efficient system that can be easily transferred to the industrial level (L.B. Jonsson, 2000)
(Sproul, Christie, & Carter, 2005).
Reactive sputtering has a setup shown in Figure 1-3 with a gun containing
a target comprised of the metal that will be deposited. It is pointed at a substrate which
will be coated with the thin film. The chamber containing this equipment is evacuated to
a pressure typically on the order of 10-5 Torr. Then Ar gas and the reactant gas, assumed
to be O2 in this example, are released into the chamber at a steady flow rate. The process
begins by negatively charging the target (anode), which accelerates free electrons away
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from the target and ionizes Ar in the process. The positively charged Ar ion is attracted
to the anode and crashes into the target and knocks off atoms of the metal in the process.
This imparted momentum propels the metal atoms away from the target, and they react
with ambient O2 to form an oxide film on the substrate (Sputtering, 2009).

Figure 1-3: Reactive Sputtering (Citation Needed)

Reactive sputtering typically uses a magnetron inside the gun to create a
magnetic field, which keeps electrons close to the anode so they are more likely to ionize
Ar atoms near the target. The magnetron initially increases deposition rates, however the
abundance of Ar close to the target aids the formation of a dielectric layer on the metal
target. This poison layer shown in Figure 1-4 dissipates power and greatly reduces
deposition rates. The problem can be significantly reduced by using a pulsed-dc signal
on the anode. A brief positive pulse will attract electron to the target, discharging most of
the poison layer in the process.
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Figure 1-4: Pulsed-dc Removal of Poison Layer (L.B. Jonsson, 2000)

Pulsed-dc reactive sputtering has high deposition rates with relatively low energy
consumption. It is also capable of forming thin films with relatively uniform thicknesses,
which is important for most applications. With so many positive attributes, it is easy to
see why pulsed-dc reactive sputtering has become so popular, and how it would be
effective for depositing dielectric oxides films for capacitors.

1.2.3 Rapid Thermal Annealing and Crystallization
Heat treating materials, such as steel, is a well-understood and long
practiced method for improving its structural properties. More recently experimenters are
heating semiconductors and insulators to high temperatures to improve their electrical
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properties. Rapid thermal processing has found its place in the semiconductor industry
due to its usefulness for oxidation, annealing, silicide formation, and deposition
(Semiconductor International, 2003).
Rapid thermal annealing (RTA) is capable of reaching temperatures near
1300ºC in relatively short periods of time. Typical ramp rates vary from around 20ºC/sec
to 250ºC/sec. RTA is capable of reaching high temperatures in seconds through the use
of radiant energy sources (Semiconductor International, 2003). Most systems use banks
of tungsten-halogen lamps because they provide high efficiency and control. The linear
banks of lamps, as shown in Figure 1-5, radiate heat at the faces of the samples, and can
be individually controlled to produce a uniform heat distribution. Most systems also have
the ability to control the atmosphere surrounding the sample. Varying the ambient gas
during rapid thermal annealing can result in improved electrical characteristics (Choi,
Tan, Lim, & Pek, 1999).
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Figure 1-5: Rapid Thermal Annealing (Semiconductor International, 2003)

Rapid thermal annealing is frequently used to crystallize semiconducting
and insulating materials. The transition from amorphous to crystalline structure can have
significant effects on the materials electrical properties. Amorphous semiconductors
typically have an electron potential energy, V(x), which fluctuates from site to site
(Kasap). Drastic changes in V(x) can form potential energy wells called localized states
that trap electrons. These localized electrons have a wavefunction resembling that of a
hydrogen atom, therefore the probability of finding an electron is localized to that site.
The localized wavefunctions can be compared to the extended wavefunctions in Figure 16.
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Figure 1-6: Amorphous Semiconductor Localized States (Kasap)

Transport of electrons in the conduction band is dominated by scattering
due to the disordered nature of amorphous materials. The scattering in amorphous
semiconductors results in lower effective electron mobility compared to crystalline
samples. Scattering typically occurs at very high electric fields, which approach the
dielectric breakdown strength. The tail localized states result from inherent disorder such
as variation in bond length and angle. The abundance of traps within the mobility gap is
the result of structural defects, dangling bonds, and impurities. Electrons in the
conduction band will temporarily be stuck in traps further decreasing their mobility.
Therefore, the electrons will have low drift velocities which limit the use of amorphous
semiconductors in high-speed electronics. Another potential mechanism in amorphous
films is electron hopping, which is an activated transport process. Electron hopping is
highly temperature dependent.
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The structure of amorphous semiconductors becomes more ordered when
heated above the crystallization temperature. A crystalline semiconductor with no
defects has a well defined valence and conduction band with no traps between them
(Solymar & Walsh, 2004). Unlike the mobility gap found in amorphous semiconductors,
the band gap of crystalline samples is a range of forbidden energies. The absence of
localized states prevents the trapping of electron which greatly increases electron
mobility. Crystalline silicon has an electron mobility of approximately 1400 cm2V-1s-1,
compared to 5-10 cm2V-1s-1 in amorphous silicon.
With such a drastic change in electron mobility, it may be possible to
differentiate between amorphous and crystalline samples through electrical
measurements. However, the best method for determining atomic structure is to employ
x-ray diffraction (Callister, 2007). This non-destructive procedure utilizes Bragg’s Law
(Equation 3) which relates x-ray wavelength λ, interplanar spacing d, and angle of
diffraction.
𝑛λ = 2d sin θ
Equation 3: Bragg's Law

Bragg’s Law also describes the scattering of electrons due to their inherent
wavelike nature. When Bragg’s Law is satisfied constructive interference occurs
between reflected waves and points of high intensity are formed. Points of high intensity
can be used to identify the type of crystallinity. The random order of amorphous samples
typically results in the scattering of x-rays. Therefore, amorphous samples can be
identified by an absence of high intensity points. Electron diffraction techniques use
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similar principles to identify crystalline structure of materials. Electron diffraction
images for both amorphous and crystalline tantalum oxide are in Figure 1-7.

Figure 1-7: Amorphous and Crystalline Electron Diffraction Images for Tantalum Oxide
Acknowledgement: Dr. Jing Li, MRI PSU

Transmission electron microscopy images for amorphous and crystalline tantalum
oxide films are in Figure 1-8. Crystallization does not appear to significantly alter the
microstructure of tantalum oxide (Sethi, 2010). Both the amorphous and crystalline
samples exhibit columnar boundaries in the bulk of the material. However there appears
to be a slight increase the diameter of nanocolumns in the crystalline sample.
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Figure 1-8: TEM Bright Field Images of Amorphous (a, c) and Crystalline (b, d) Tantalum Oxide
(Acknowledgement: Dr. Jing Li and Dr. Mathew Olszta) (Sethi, 2010)

1.2.4 Permittivity and Loss of Tantalum Oxide
The relative permittivity, or dielectric constant, of a material describes its
resistance to an external electric field. As defined by Equation 1, an increase in
permittivity will result in an increase in capacitance. Many researchers are trying to find
or engineer high permittivity dielectric materials. Single cation oxides, such as zirconium
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oxide (25), aluminum oxide (10), and hafnium oxide (20), have attracted attention due to
their high relative permittivities.
Another member of the single cation oxide family, tantalum oxide, has a
permittivity between 25-35 (Ezhilvalavan & Tseng, 1998) (Chiu, Wang, Lee, & Wu,
1997). Combining tantalum oxide with other compounds usually lowers the permittivity
but may have benefits, such as raising the breakdown strength (Zhang & Solanki, 2000).
A high frequency (1-10 GHz) test of 212 nm tantalum oxide showed a constant
permittivity close to 22 (Kim, Garg, Rymaszewski, & Lu, 2001).
Loss (D) is another important measurement for capacitors. The loss describes the
percentage of energy that will be lost in the charge-discharge process. But it is important
to understand the inherent error associated with measuring loss. Loss is derived from
Equation 4 where δ is the phase angle. The phase angle is determined from the plot of
the real and imaginary part of the impedance, as shown in Figure 1-9.
𝐷 = tan
(𝛿)
Equation 4: Dielectric Loss

Figure 1-9: Impedance Phasor Diagram (Hewlett-Packard Company, 1999)
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The calculation of loss directly depends on the measurement of the complex
impedance. The inherent error in measuring the impedance with the Agilent 4284A LCR
Meter is shown in Figure 1-10. The intersection point of the capacitance and frequency
values gives the percent error in the impedance measurement (from 0.05 to 0.25). For
example, a 100 pF capacitor measured at 1 kHz has an inherent 0.10% error. If the
sample has a very small real part of impedance (R) compared with the imaginary part
(X), the impedance error can be on the order of R. Therefore, R may be recorded as a
negative number, which leads to a negative loss. A negative loss could not actually occur
because it suggests that energy is created through the charge and discharge of a capacitor.
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Figure 1-10: Inherent Error with Impedance Measurement for HP 4284a LCR Meter (Agilent Technologies,
2008)
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RF sputtered tantalum oxide films typically have losses around 0.05 (Miyairi,
1993). Sputtering tantalum oxide on a heated substrate (above 200ºC) has been shown to
decrease the dielectric loss to well less than 0.05 (K.Maki, E.Itoh, & K.Miyairi, 1998).
Losses below 0.01 have been reported at 1 GHz for amorphous samples (Kim, Garg,
Rymaszewski, & Lu, 2001).

1.2.5 Conduction Mechanisms in Tantalum Oxide
Tantalum oxide is an insulating material with several unique properties
that have spurred research interests. One of these characteristics is a very high refractive
index, which promotes applications for anti-reflective coatings (Rao, Chandramani, &
Rao, 1999). The other distinguishing property of tantalum oxide is its high dielectric
constant. Its tremendous insulating ability has led to the exploration of tantalum oxide
for uses in DRAM and capacitor devices. Both of these applications would require the
material to be in thin film form, however DRAM requires thicknesses on the order of tens
of nanometers, whereas high voltage capacitors may use films thicker than one
micrometer.
For both DRAM and capacitor applications, researchers are concerned with the
electrical performance of tantalum oxide as an insulator. DRAM could have higher data
storage integrity and capacitors could have higher effective energy storage densities if
tantalum oxide has lower dielectric loss. The leakage current across tantalum oxide is
undesirable and researchers are trying to understand the mechanisms which govern this

20

current. Understanding how leakage current occurs in tantalum oxide will allow
researchers to focus their efforts on the most effective methods of limiting it.
The conduction mechanisms in tantalum oxide may vary from sample to sample
based on thickness, deposition method, deposition parameters, microstructure, and
electrode composition. Research groups have reported mechanisms for leakage current in
their specific samples of tantalum oxide. Researchers typically find different conduction
mechanisms at different electric field ranges.
When measuring the leakage current at low electric fields many researchers have
observed ohmic behavior. Mead studied ultra-thin 10 nanometer tantalum oxide thin
films grown through anodization (Mead, 1962). As shown in Figure 1-11, the low field
data (below 418 kV/cm) appears to be ohmic with a resistance of 2.35*109 ohms. Similar
results were observed in 100 nm tantalum oxide films deposited by dc-magnetron
reactive sputtering with platinum top electrodes (Ezhilvalavan & Tseng, 1998). Ohmic
conduction was observed for both amorphous and crystalline samples at fields less than
100 kV/cm. This voltage range for ohmic behavior was later verified with 50 nm films
deposited by RF reactive sputtering (Insung-Kim, Jaesung-Song, & Bokki-Min, 2006).
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Figure 1-11: Ohmic Behavior at Low Fields Below 418 kV/cm and
Poole Frenkel at Higher Fields (Mead, 1962)

One group experimented with tantalum oxide films created by anodic oxidation of
tantalum nitride and tantalum silicide (Duenas, Castan, Barbolla, Kola, & Sullivan,
2001). The deposition process seemed to yield films that displayed ionic and space
charge limited conduction at low fields. A few other groups reported nonlinear leakage
current behavior at low fields (Zhang & Solanki, 2000) (Paskaleva, Atanassova, &
Dimitrova, 2000). Despite a few deviants, the majority of reports indicate that ohmic
behavior occurs at low fields.
At higher fields, conduction is dominated by nonlinear mechanisms, of which,
Schottky and Poole-Frenkel are most frequently observed. Schottky conduction occurs
between the metal electrode and the bulk dielectric material as shown in Figure 1-12.
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The interface forms a Schottky barrier, and electrons must overcome this potential energy
barrier in order to enter the conduction band of the insulator. The height of this barrier is
equal to the work function of the metal minus the band gap of the dielectric, and surface
states from interfacial defects will also change the potential. Once the electrons have
enough thermal energy to overcome the Schottky barrier they will continue to transfer
charge in the form of leakage current.

Figure 1-12: Schottky and Poole-Frenkel Conduction (Wang, 2009)

Poole-Frenkel conduction mechanism also relies on the thermally activated
conduction of electrons, or thermionic emission. Poole-Frenkel occurs within the
dielectric material itself. As illustrated in Figure 1-12, electrons in the conduction band
of the insulating material become stuck in traps caused by defects. Once again, the
electrons need thermal energy to escape the traps, and continue transferring charge in the
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conduction band. Both processes rely on thermionic emission, however Schottky
conduction is limited by the electrode-dielectric interface, whereas Poole-Frenkel
conduction mechanism is limited by the bulk dielectric material.
Schottky and Poole-Frenkel conduction mechanisms are described by equations 4
and 5, respectively. Current density J is defined by constants Ac and C, the work function
minus band gap ɸB, Boltzmann’s constant K, temperature T, electric field E, elementary
charge q, and where 𝛽

=

𝑞3
4𝜋𝜀

.

Equation 4: Schottky Conduction

Equation 5: Poole-Frenkel
Conduction

When examining leakage current beyond low fields, some researchers have
separated analysis into an intermediate and high range. An example of this finding is
shown in Figure 1-13. Low fields (<100 kV/cm) show ohmic behavior, intermediate
fields (100-350 kV/cm) fit Schottky conduction, and Poole-Frenkel dominates at high
fields (>350 kV/cm) (Ezhilvalavan & Tseng, 1998). Others have seen this transition
from Schottky to Poole-Frenkel as field increases (Insung-Kim, Jaesung-Song, & BokkiMin, 2006) (Chiu, Wang, Lee, & Wu, 1997).
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Figure 1-13: Ohmic-Schottky-Poole Frenkel Transitions
(Ezhilvalavan & Tseng, 1998)

It has also been reported that only one of these two mechanisms dominates above
low fields. Duenas et al report only Poole-Frenkel effect at high fields for amorphous
tantalum oxide, and others have supported this conclusion (Duenas, Castan, Barbolla,
Kola, & Sullivan, 2001) (Choi, Tan, Lim, & Pek, 1999). However, some experimenters
have concluded that Schottky governs high field conduction (Hughes & Jones, 1974).
It seems that the conductions mechanisms vary a great deal between samples of
tantalum oxide films. Different metal contacts, point defects and variation in film
microstructure could play a role in influencing conduction mechanisms. It is not easy to
fit mechanisms to raw data, especially at high electric fields. For example, some groups
were unable to differentiate between Schottky and Poole Frenkel when analyzing the
nonlinear segments of their data (Spassov & Atanassova, 2008).
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1.2.6 DC and AC Conductivities
Conductivity describes a materials ability to pass electrical charge in units
Siemens per meter. As shown in equation 6, conductivity depends on charge density (N)
and mobility (µ). Therefore, high conductivities can be achieved because of a large
number of electrons or because they have high drift velocities (Solymar & Walsh, 2004).
𝜎 = 𝜇(𝑁𝑒)
Equation 6: Conductivity

DC conductivity is related to electric field (E) and current density (J) by the
following relationship 𝐽 = 𝜎𝐸. The DC conductivity will vary with the applied electric
field as shown in Figure 1-14.

Figure 1-14: Change in DC Conductivity (Choi, Tan, Lim, & Pek, 1999)
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High-k dielectrics, such as tantalum oxide, have relatively low conductivities.
The conductivity of a dielectric material is often quoted in literature for the sake of
comparing its ability to impede charge transfer. But it is important to understand both the
DC and AC conductivity. The AC conductivity can be derived from equation 7, where t
is thickness of the dielectric film, R is the resistance in the equivalent circuit, and A is the
area of the capacitor structure.
𝜎=

𝑡
𝑅∗𝐴

Equation 7: Conductivity

Approximating a non-ideal capacitor as a resistor and capacitor in parallel leads to
the impedance shown in equation 8 where ω is frequency and C is capacitance. Equation
9 is the solution of R* in terms of frequency, capacitance, and the real part of the
measured impedance (R).
𝑍=

1
+ 𝑗𝜔𝐶
𝑅∗

−1

Equation 8: Capacitor Impedance using
Parallel Equivalent Circuit

𝑅∗ =

1+

1 − 4𝑅 2 𝜔 2 𝐶 2
2𝑅𝜔 2 𝐶 2

Equation 9: Solved for Equivalent Circuit
Resistance

The complex form of the impedance must be measured at each frequency to
satisfy equation 9. But it is possible to use equations 7 and 9 to find the AC conductivity
at a range of frequencies. Figure 1-15 shows an example of the AC conductivity of
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tantalum oxide films between 100 Hz and 1 MHz. The positive correlation between
conductivity and frequency is to be expected since R* is proportional to 1/ω.

Figure 1-15: AC Conductivity Varying with Frequency (Sethi, et al., 2009)

The conductivity of some materials can be described by Equation 10,
where σ` is the DC conductivity, ω is angular frequency, and s is a constant between 0
and 1 (Lee, Liu, & Nowick, 1991). This relationship has been identified for many glasses
and amorphous semiconductors. After a certain frequency the dispersion term dominates,
and the conductivity linearly increases with frequency as shown in Figure 1-16. It is
possible to miss this region if the sample is not measured at a high enough frequency (h
in Figure 1-16). Conversely, the data may not level off at the dc value if the frequency is
not low enough (a in Figure 1-16).
𝜎 𝜔 = 𝜎` + 𝐴𝜔 𝑠
Equation 10: Dispersion Dependence of
Conductivity
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Figure 1-16: Conductance as a Function of Frequency (Lee, Liu, & Nowick, 1991)

The transition from a slope of 0 to 1 can be explained physically with the help of
Figure 1-17. Under a voltage bias, electrons travel some distance and encounter barriers
of varying energy levels. These barriers can occur naturally from defects and grain
structure, or can be engineered with impurities. Under DC conduction, electrons are
likely to sample all of the defects, and many electrons will get temporarily stuck behind
large energy barriers. This causes DC conditions to result in a relatively low
conductivity.
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Figure 1-17: Lower Frequencies Increase Probability of Electrons Encountering High-Energy Barriers

At low frequencies, electrons are still likely to encounter large barriers and
become temporarily stuck (shown in red in Figure 1-17). Therefore, the current and
conductivity will be close to DC values. At high frequencies, electrons are less likely to
encounter large energy barriers (shown in blue). An electron can hop back and forth
across small potentials without much resistance resulting in a high conductivity. As
frequency increases, conductivity increases at the same rate (at room temperature), which
results in a slope of 1.
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Chapter 2
Methodology

2.1 Design of Experiments
The following steps were taken to explore the dielectric properties and leakage
current characteristics of tantalum oxide: deposition, annealing, capacitor constructing,
permittivity and loss measurements, current-voltage-temperature-time testing, and data
analysis. Several of these steps required testing and optimization before actual data could
be collected. Each element of the experiment was carried out methodically to minimize
error.
Firstly, the tantalum oxide thin film had to be deposited on a substrate. All
substrates used in this investigation were purchased from NOVA Electronic Materials,
Inc. The substrates have a 1 µm base layer of silicon, followed by a thin thermal oxide, a
20 nm titanium film for adhesion, and finally a 150 nm layer of platinum which serves as
the bottom electrode for the capacitor devices. Before deposition occurred the Pt surface
of the substrate was thoroughly cleaned with ethanol and blown dry with compressed
nitrogen gas.
Pulsed-dc reactive sputtering was used to deposit the tantalum oxide thin films.
This method was chosen because of its high sputtering rate, deposition uniformity,
practical scaling for industrial applications, and other reasons outlined in preceding
sections. The substrate was placed incident to the deposition direction with a small
portion of the substrate masked so that film thickness could be determined. A summary
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of sputtering conditions can be seen in Table 1. It should be noted that these parameters
were optimized to create films with the highest uniformity possible. The sputtering
process produced films of approximately 1.5 µm in thickness. The thickness of each
sample was measured by a Tencor 500 profilometer.

Table 2-1: Sputtering Conditions

Parameter
Total Pressure (mTorr)
Ar Gas Flow (sccm)
O2 Gas Flow (sccm)
Deposition Time (min)
Target Diameter (mm)
Power (W)
Voltage (V)
Current (A)
Duty Cycle (%)
Frequency (kHz)

Setting
25
42
15
30
75
400
198
2.01
65
150

The samples underwent rapid thermal annealing using Modular Process
Technology Corporation’s Tsunami Series RTP-600S system. Four different sets of
samples were annealed at the following temperatures: 600ºC, 650 ºC, 700 ºC, and 800 ºC.
The samples were held at their respective peak temperatures for 60 seconds. The
annealing process was performed in air.
Capacitor devices were constructed from the tantalum oxide thin films. Five sets
of capacitors were made; one from each annealed film and one set from as-deposited
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films. 2 mm diameter Pt top electrodes were deposited using a Bal-Tec SCD 050 Sputter
Coater. The current was set to 25 mA for 225 seconds to create an electrode
approximately 150 nm thick. These samples were then conventionally annealed at a
temperature of 550ºC for 1 hour to improve the interface between the top electrode and
the bulk material.
Before collecting IVTt data with these newly fabricated devices, capacitance and
loss were measured for each unit. A few capacitors were immediately determined to be
short circuits and were excluded from analysis. Several capacitors underwent more
rigorous capacitance and loss measurements. These samples were heated to 150ºC and
then lowered 25ºC at a time until they reached -25ºC. At each temperature, the
capacitance and loss were measured at frequencies from 100 Hz to 1 MHz. This data was
used to generate a 3-dimensional plot that gives some insight into the quality of the
tantalum oxide.
The majority of capacitors showed reasonable capacitance and loss values, and
were ready for IVTt testing. This test measures current while varying temperature,
voltage, and time. The system was comprised of a temperature controlled stage, hp
4140B DC voltage source, Kepco 100x amplifier, pA meter protection box, and probes.
The temperature stopped at eight points from 25ºC to 200ºC in increments of 25ºC. The
temperature was allowed to stabilize for 20 minutes before sweeping across 47 voltages
from 1 V to 170 V. At each voltage the current was measured for 120 seconds. The IVTt
test was fully automated and took 16 hours to complete for each sample.
After that IVTt data was collected for all five sets of samples, it was fitted to
different conduction mechanisms. The general IV characteristics for each sample were
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briefly examined to see if degradation had occurred. If the data seemed reasonable it was
analyzed at low electric field to test for ohmic behavior. The data was plotted on a log(I)
vs log(V) plot which should theoretically be a linear trend with a slope of 1 for ohmic
conduction. The R2 values and slopes were noted for the data less than 15 V, which
corresponds to an electric field less than 100 kV/cm.
Nonlinear leakage current was evaluated for Schottky and Poole-Frenkel
mechanisms at fields above 100 kV/cm. For Schottky analysis E1/2 vs ln(J) was plotted
and (referring to equation 4) the slope was equal to β/KT. All variables in this expression
were known except for the experimental relative permittivity ɛr, which was calculated.
The same procedure was performed for Poole-Frenkel analysis except the slope was
derived from a plot E1/2 vs ln(J/E). The calculated values of permittivity for Schottky and
Poole Frenkel, ɛSchottky and ɛPF, were compared to expected values to see which
mechanism was dominating.
The calculated permittivities were compared to the static permittivity ɛstatic and the
optical permittivity ɛoptical. For tantalum oxide, ɛstatic is approximately 30 and ɛoptical is
around 5.3. If the value of ɛSchottky or ɛPF is between these two values, then that
mechanism is dominating conduction. The relative permittivities, ɛSchottky and ɛPF, were
calculated at each temperature to see if it had any effects on the dominating conduction
mechanism.
DC and AC conductivities were measured in order to get a full-spectrum
understand of the insulating capability of the tantalum oxide films. AC conductivities
were obtained by measuring the impedance from 100 Hz to 1 MHz by decades using an
HP 4284A LCR meter. The AC conductivity was then calculated using equations 7 and
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9. The DC conductivity was obtained by measuring the leakage current at low applied
voltages. The current was measured at 5 V or approximately 3.33 MV/m. And the DC
conductivity was calculated using the relationship 𝐽 = 𝜎𝐸 , where J is current density, E
is electric field, and σ is conductivity. AC and DC conductivities were plotted together to
help understand the change in conductivity with frequency.

35

Chapter 3
Results

3.1 Data Analysis and Interpretation

3.1.1 Permittivity and Loss
The capacitance and loss were measured for each tantalum oxide sample. The
permittivity was calculated from the capacitance using Equation 1. Figure 3-1 shows the
permittivity and loss for an amorphous sample at frequencies from 100 Hz to 1 MHz and
at temperatures from -25ºC to 150ºC. At 1 kHz and 25ºC the relative permittivity is 37.5
and the loss is 0.002. The low loss indicates that very little energy is lost every time the
capacitor is charge and discharged.

Figure 3-1: Permittivity and Loss of Amorphous Tantalum Oxide
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The permittivity is slightly higher than most values commonly found in literature
(21-27) (Mead, 1962). This may be due to the fact that there is a thickness gradient
across the film. The thickness is measured using profilometry at a masked corner of the
substrate. Optical fringes can be seen across the film, and they could indicate that there is
a thickness gradient. If the film was thicker in the center it would cause the calculated
permittivity to appear higher than its actual value.
Figure 3-2 shows the capacitance and loss for a crystalline sample of tantalum
oxide. At 1 kHz and 25ºC the permittivity is 46.0 and the loss is 0.015. Therefore a
capacitor made with crystalline tantalum oxide will have roughly 7 times more energy
loss when discharging compared to its amorphous counterpart. The permittivity appears
to be very high, but this value is misleading. The high loss indicates that there is charge
movement in the insulating material. This tends to inflate the measured capacitance,
which translates to a higher calculated permittivity.

Figure 3-2: Permittivity and Loss for Crystalline Tantalum Oxide
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Both samples showed increased losses at high temperatures and low frequencies.
These conditions promote polarization in the tantalum oxide layer which results in higher
losses and higher capacitances. Also, data at a frequency of 1 MHz was omitted from
Figures 3-1 and 3-2. At 1 MHz the tantalum oxide experiences space charge polarization
which results in very high losses (~0.3).

3.1.2 Conduction Mechanisms
While examining the integrity of the IVTt data, it became clear that the data
collected at 25ºC was not measuring the desired leakage current. Instead of measuring a
constant current which is inherent in the leakage region, the current was decreasing with
time. This behavior is characteristic of the depolarization current, as shown in Figure 33. At lower temperatures, it takes a longer period of time to transition from the
depolarization region to the leakage current regime. Figure 3-4 is a representative group
of measurements collected at 25ºC. Each curve in this graph represents the measured
current at a different voltage with the lowest curve representing the lowest voltage and
each successive curve representing the next voltage level. At low electric fields the
current was still sloping downward which indicated that depolarization current was being
measured. All samples showed depolarization effects when measured at 25ºC.
Therefore, this data was excluded from analysis, and the effective temperature range was
changed to 50-200ºC.
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Figure 3-3: Current Characteristics for Insulators

Figure 3-4: Representative 25C Data
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Referring back to Figure 3-3, there is a degradation region that occurs
after the leakage current. This region was observed while performing IVTt
measurements. The data highlighted in Figure 3-5 showed a massive jump in current at
the highest voltage level. Current increases of several orders of magnitude indicate that
degradation of the dielectric material has occurred. In accordance with this observation,
current measurements at subsequent temperatures remained high. All data sets that
showed signs of breakdown or degradation were discarded, and new samples were used
for IVTt measurements.

Figure 3-5: Degradation at High Voltages

With all erroneous data removed, analysis at low electric fields was
performed. The log(V) vs. log(I) plot for the 650ºC annealed sample is shown in Figure
3-6. The plots have high R2 values when modeled as linear regressions with slopes
ranging from 1.18 to 1.34. The slopes are close to the theoretical value for ohmic
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conduction (1), which indicates that ohmic behavior is dominating at low electric fields.
Both amorphous and crystalline samples showed this behavior. Some samples had slopes
up to 1.5 and 1.6 which suggests that there may be other conduction mechanisms
contributing.

Figure 3-6: Ohmic Behavior at Low Fields

At high electric fields, plots of E1/2 vs ln(J) and E1/2 vs ln(J/E) were used to
analyze Schottky and Poole-Frenkel, respectively, as described in the preceding
methodologies. Calculated permittivities for Schottky and Poole-Frenkel, ɛSchottky and
ɛPF, are shown in Table 2 for a 650ºC RTA sample. At all temperatures ɛSchottky values
are lower than the optical permittivity which indicates that Schottky conduction is not
dominating leakage current. However, ɛPF values are slightly greater than the optical
permittivity and well below the static permittivity. Other amorphous samples showed
similar characteristics. Since ɛPF is in the correct range, Poole-Frenkel is most likely
dominating conduction in amorphous tantalum oxide films.
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Calculated relative permittivities for amorphous samples are in Table 3-1 and the
crystalline values are in Table 3-2. Once again Schottky fitting reveals that it is unlikely
to be the mechanism governing leakage current. Poole-Frenkel appears to be controlling
leakage current at most temperatures, but there is a slight temperature dependence and ɛPF
values dip below the optical permittivity. This may indicate that other mechanisms, such
as Hopping or Fowler-Nordheim, also affecting the leakage current.

Table 3-1: Calculated Dielectric Constants for an Amorphous Sample

Temperature (ºC)

Dielectric
Constant for Schottky

Dielectric Constant
for Poole-Frenkel

50

2.62

7.47

75

2.78

7.67

100

2.90

7.54

125

2.61

6.72

150

1.95

5.23

175

2.42

5.94

200

2.84

6.45
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Table 3-2: Calculated Dielectric Constants for a Crystalline Sample

Temperature (ºC)

Dielectric Constant
for Schottky

Dielectric Constant
for Poole-Frenkel

50

2.48

7.03

75

2.76

7.49

100

2.42

6.56

125

1.70

4.81

150

1.35

3.87

175

1.71

4.63

200

2.30

5.76

Although the leakage currents of both amorphous and crystalline samples
are dominated by Poole-Frenkel conduction, the magnitudes of the leakages currents are
not the same. Amorphous tantalum oxide consistently has a lower leakage current
compared to the polycrystalline samples. At fields of approximately 300 kV/cm,
amorphous leakage currents are on the order of 10-10 amps whereas polycrystalline
samples had currents around 10-8 amps. Therefore, amorphous tantalum oxide capacitors
would result in higher energy densities because not as much charge would be dissipated
by the leakage current.

3.1.3 DC and AC Conductivities
When comparing the conductivities of tantalum oxide samples, amorphous
samples have lower values for both DC and AC conductivity. The conductivity for an
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amorphous sample thermally annealed at 650ºC can be seen in Figure 3-7, and data for a
crystalline sample annealed at 800ºC is displayed in Figure 3-8. The low frequency
conductivity for the crystalline sample is close to the DC value. However the amorphous
tantalum oxide has a DC conductivity well below its 100 Hz AC conductivity. As
frequency increases, the difference in conductivities between amorphous and crystalline
samples decreases.

Figure 3-7: DC and AC Conductivity for Amorphous Tantalum Oxide
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Figure 3-8: DC and AC Conductivities for Crystalline Tantalum Oxide

Referring back to Equation 10, the slope of the AC conductivity is close to the
theoretical value of 1 (s = 1.05 for amorphous and s = 0.93 for crystalline). But the AC
conductivity has not leveled off to the DC value at low frequencies.
During DC and AC tests amorphous tantalum oxide had a lower conductivity than
crystalline tantalum oxide. It is not unusual for amorphous materials to have lower
mobilities than their crystalline counterparts. For example, amorphous silicon has a
mobility of 5-10 cm2V-1s-1 compared to 1400 cm2V-1s-1 for crystalline silicon (Kasap, pp.
458-461).
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3.2 Impact
Demonstrating that Poole-Frenkel is the dominant conduction mechanism
in tantalum oxide at high fields will help the scientific community to improve tantalum
oxide capacitors. Poole-Frenkel is a bulk limited mechanism, which indicates that
experimenters should concentrate on improving the bulk dielectric material to decrease
loss. For example, tantalum oxide may be a more effective dielectric medium if it is
doped with other materials. If Schottky conduction was the dominant force, the
electrode-dielectric interface would become more important in lowering leakage current.
If this were the case, experimenters may have tested different metals as electrodes.
Another important finding is that amorphous films had lower leakage currents
than polycrystalline samples. This shows that it is not worth the time and money
necessary to crystallize tantalum oxide because the material’s insulating properties will
decrease. Rather, this may motivate experimenters to avoid high temperature processing
that would result in crystalline tantalum oxide films.
The goal of creating more efficient, higher energy density capacitors has broader
implications. From an economic standpoint there could be a global impact. Tantalum
oxide capacitors require instruments that primarily exist in technologically developed
countries. However many other countries may want to buy these capacitors, which
means there will be a transfer of money from the poorer nations to wealthier nations.
This could exacerbate conditions in under-developed countries.
High energy density capacitors have many applications ranging from pacemakers
to railguns. Engineers involved with developing and creating energy storage systems
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should take responsibility for the devices that utilize their power. This includes accepting
the fact that advanced capacitors can be used to help people or hurt them. It is important
to make sure that one’s technology is utilized in a responsible manner, and if it is not,
then part of the blame falls on the developers.
The use of tantalum oxide capacitors in more devices could have a positive
impact on the environment. The capacitors can store electrical energy for use in devices
like hybrid electric vehicles. This would cut down on the use of gasoline, which
produces various oxide gases that adversely affect the environment. Electrical energy
may be a cleaner alternative, but it is important to consider where the electrical energy is
generated. If coal power plants produce the electricity, capacitors may not be a better
energy storage option. But nuclear power plants generate cleaner electrical energy,
which could be harnessed with tantalum oxide capacitors.
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Chapter 4
Conclusions

4.1 Summary
Pulsed-dc reactive sputtering produced amorphous samples of tantalum oxide
films with a high permittivities (37) and low losses (0.002). Samples that were
crystallized during rapid thermal annealing showed higher losses (0.015), which led to a
higher measured permittivities (46).
It was determined that all current measurements at 25ºC were inaccurate because
the IVTt system was measuring a depolarization current instead of the leakage current.
All 25ºC measurements were excluded from analysis.
At low electric fields both amorphous and crystalline tantalum oxide are
dominated by ohmic behavior. Linear fitting on log(I) vs log(V) plots yielded high R2
values and slopes close to the theoretical value of 1.
At high electric fields amorphous tantalum oxide was clearly dominated by PooleFrenkel conduction because the relative permittivities calculated with its equation were in
the correct range. Poole-Frenkel was also found to dominate with crystalline samples,
however calculated permittivities were not ideal, showing a slight temperature
dependence and dipping below the optical permittivity. This suggests that other
mechanisms are significantly contributing to conduction in polycrystalline tantalum
oxide.
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Despite the fact that amorphous and crystalline samples primarily had the same
conduction mechanism, it was observed that amorphous samples had much lower leakage
currents. At similar electric fields, amorphous samples typically had leakage currents
that were two orders of magnitude lower. Therefore, the use of amorphous tantalum
oxide, as opposed to polycrystalline tantalum oxide, will result in less lossy and higher
effective energy density capacitors.
DC conductivities of amorphous samples were around 10-13 S/m, whereas
crystalline samples had values close to 10-10 S/m. The low frequency AC conductivity
for crystalline samples comes close to the DC value. However amorphous samples tested
at 100 Hz had much higher conductivities than their DC values. Amorphous samples
showed lower conductivities at all frequencies from 100 Hz to 1MHz.

4.2 Suggestions for Future Work
At low electric fields the conduction was generally assumed to be ohmic,
however a few samples demonstrated unusual behavior. Figure 4-1 shows the linear sets
of data that represent ohmic behavior as well as three more temperatures that display a
different trend. These curves start at lower currents and show nonlinear behavior that
does not fit Schottky or Poole-Frenkel conduction. It would be interesting to see if this
leakage current comes from another mechanism such as hopping, space charge limited, or
Fowler-Nordheim.
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Figure 4-1: Nonlinear Conduction at Higher Temperatures

It is also important to explore the degradation of tantalum oxide, which
has a major affect on its energy density. Performing Highly Accelerated Lifetime Tests
(HALT) with tantalum oxide would also be a valuable investigation. Breakdown occurs
over a short period of time, whereas HALT testing results in a gradual failure. Together
these tests would give a clear picture of the degradation in tantalum oxide capacitors.
It would be worthwhile to explore new ways of decreasing the conductivity of
tantalum oxide now that the conduction mechanism has been established as PooleFrenkel. For example, adding impurities to tantalum oxide could improve bulk insulator
characteristics by adding more traps within the mobility gap. Hafnium may be a good
impurity because it has an oxidation state (+4) close to that of tantalum (+5).
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Appendix B

Tools


Pulsed-DC reactive sputtering system



Tencor 500 profilometer



Bal-Tec SCD 050 Sputter Coater



Modular Process Technology Corporation’s Tsunami Series RTP-600S (RTA)



Current-Voltage-Temperature-time system
o BRAND 4140B DC voltage source
o Kepco 100x amplifier
o pA meter protection box
o probes
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Appendix C

Additional Data

Remaining Calculated Dielectric Constants:
As deposited
Temperature (ºC)

Dielectric Constant
for Schottky

Dielectric Constant
for Poole Frenkel

50

2.81

7.96

75

2.23

6.42

100

2.54

6.96

125

2.45

6.61

150

2.03

5.37

175

1.74

4.79

200

2.61

6.50

Temperature (ºC)

Dielectric Constant
for Schottky

Dielectric Constant
for Poole Frenkel

50

3.68

9.81

75

3.26

8.63

100

2.84

7.40

125

1.03

4.81

150

0.91

2.78

175

1.54

3.73

200

2.21

5.61

600ºC RTA sample
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700ºC RTA sample
Temperature (ºC)

Dielectric Constant
for Schottky

Dielectric Constant
for Poole Frenkel

50

1.57

4.93

75

2.01

6.05

100

3.10

8.52

125

2.39

6.70

150

1.84

5.29

175

2.33

6.31

200

2.30

6.12

As Recorded Raw Data

Impedances
600ºC RTA

Impedance
10000000
1000000
100000
10000

Z (ohms)

1000

R (ohms)

100

abs(X) (ohms)

10

Loss

1
0.1 100
0.01
0.001

1000

10000

100000

1000000

58

650ºC RTA

Impedance
10000000
1000000
100000
10000
Z (ohms)

1000

R (ohms)

100

abs(X) (ohms)

10

Loss

1
0.1 100

1000

10000

100000

1000000

0.01
0.001

750ºC RTA

Impedance
10000000
1000000
100000
10000

Z (ohms)

1000

R (ohms)

100

abs(X) (ohms)

10

Loss

1
0.1 100
0.01
0.001

1000

10000

100000

1000000

59

800ºC RTA

Impedance
10000000
1000000
100000
10000

Z (ohms)

1000

R (ohms)
abs(X) (ohms)

100

Loss

10
1
0.1 100
0.01

Conductivities
600ºC RTA

1000

10000

100000

1000000

60

750ºC RTA

