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ABSTRACT
Methodologies were developed to electrically characterize the epitaxial interface
of barium strontium oxide (Ba0.7Sr0.3O) on silicon. Ba0.7Sr0.3O is reactive with moisture in
air; therefore, these methodologies enable the fabrication of and characterization of
Ba0.7Sr0.3O metal oxide semiconductor (MOS) devices in ultra-high vacuum (UHV).
Silicon lattice matched Ba0.7Sr0.3O was expected to tie up Si dangling bonds and result in
essentially no interface states, but conductance and capacitance measurements revealed
evidence of Bloch states due to the growth method and well-ordered structure of the
interface between Ba0.7Sr0.3O and Si. The conductance can measure interface states
through an energy loss associated with charge exchange between the interface states and
the silicon. Conductance measurements of the interface states between Ba0.7Sr0.3O and Si
show energy loss peaks that can be modeled using a single relaxation time in contrast to
interface states at the amorphous SiO2 / Si interface, and this is evidence that the interface
states exhibit Bloch state characteristics and not localized interface state characteristics.
These are the first measurements of Bloch states at an epitaxial interface.
In situ device fabrication and characterization methodologies are especially
advantageous for not only testing this material system, but also for testing other device
structures as dimensions approach the nano-scale and environmental sensitivity becomes
a concern. Excellent agreement was obtained between an air ambient ex situ and in situ
probe station measurements utilizing a sapphire capacitor standard compatible with
UHV. The measurements show less than 0.3 % dispersion for frequencies from 20 Hz to
1 MHz. MOS capacitors measurements show a sensitivity to a density of interface states
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of 1x1010 states cm-2 eV-1. These measurements also show 0.5 % dispersion for
measurement frequencies from 20 Hz to 1 kHz and less than 0.1 % from 1 kHz to 1 MHz.
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Chapter 1
Introduction
Microelectronic or semiconductor devices permeate our life through their use in
automobiles, computers, cellular phones, and almost all electronic appliances. These
devices are largely based on the silicon dioxide (SiO2) / silicon (Si) system. This system
has been extensively studied for more than forty years using metal oxide semiconductor
(MOS) capacitors by measuring the capacitance voltage characteristics [1][2][3]. Studies
utilizing the MOS capacitor led to the improvement of devices, such as the metal oxide
semiconductor field effect transistor (MOSFET); and after forty years the MOSFET is
one of the most dominant devices of the microelectronic industry. However, there has
always been a drive to make electronic device structures smaller, and as device
dimensions approach the nano-scale the use of SiO2 as a gate insulator has become
problematic as stated in the International Roadmap for Semiconductors (ITRS) [5].
Scaling of SiO2-based gate dielectrics is approaching fundamental limits defined by large
gate leakage [6] and oxide reliability [7]. Continuation of complementary metal oxide
semiconductor (CMOS) scaling, especially for low power applications, will likely require
the introduction of high-k materials to limit gate tunneling current [5].
Hafnium oxide (HfO2) has been shown to be a promising candidate as a high-k
dielectric with poly and metal gates [8][9][10][11]. There are many other epitaxial
materials being considered as an alternative to SiO2; such as, Gd2O3 [12]-[18], Y2O3 [16][25], Nd2O3 [26],[27], Pr2O3 [28]-[33], ZrO2 [23],[34]-[36], yttria-stabilized zirconia
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[37], SrTiO3 [38]-[41], BaTiO3 [42],[43], Sc2O3 [44],[45], Lu2O3 [45], Al2O3 [46]-[48],
CeO2 [49],[50], Er2O3 [51],[52], MgO [53],[54], Ta2O5 [55], and (La,Y)2O3 [56] some of
which will be discussed in Chapter 7. Even with many different dielectrics being
considered interfacing a new material, for a replacement to SiO2, with silicon is a major
challenge [57]. A gate oxide has to fulfill a number of requirements in addition to
intrinsic properties such as the high dielectric constant and low defect concentrations
[58]. The gate oxide must also be chemically stable in contact with silicon, it must have a
sufficiently large injection barrier, and it must not have electronic interface states in the
bandgap of silicon. SiO2 oxides used in today’s transistors uniquely fulfill these
requirements owing to their strong bonds to silicon and their flexible bonding network.
They fail only because of their low dielectric constant. Retaining the same beneficial
properties for high-k oxides has turned out to be very difficult.
The search for a replacement gate oxide with superior properties to that of SiO2
has focused on amorphous oxides, attempting to extend the SiO2 / Si concept
[59][60][61]. However, this approach leads to electronic states at the insulator /
semiconductor interface [62]. The subject of electronic states at the interface between an
insulator and a semiconductor material in a field effect device has been a subject of both
fundamental and practical interest since the field effect transistor was first developed in
1947 by William Shockley, John Bardeen, and Walter Brattain [63]. These states are
almost exclusively associated with defects at the interface that donate or accept electrons
and that have an extended energy spectrum within the bandgap of the semiconductor. For
the technologically important SiO2 / Si system, the nature of the defects was elucidated
through a series of systematic experiments and physics-based, phenomenological models
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[63]. These studies concluded that the states are localized trap states that originate from
point defects at the amorphous SiO2 / Si interface. To the benefit of the microelectronic
industry, the deleterious effects of the charging of these defects could be serendipitously
eliminated by a hydrogen anneal [64]. Passivation of these defects with hydrogen is a
convenience that works for SiO2 / Si, but passivation is a methodology that is not
universally applicable. The localized defects can be avoided entirely with a lattice
matched oxide obtainable through an epitaxial oxide / semiconductor interface, and
should be considered as candidates for an alternative gate solution
[65][66][67][68][69][70].
To illustrate the possibilities for epitaxial oxides as alternative gates and for their
potential in advanced device structures, the structurally simple, lattice matched alkaline
earth oxide on silicon system is employed [5][71]. Employing molecular beam epitaxy
(MBE) techniques, a commensurate barium strontium oxide, Ba0.7Sr0.3O, (BSO) can be
grown on (100) silicon [65]. This was first demonstrated by Y. Kado on (111) Si [4].
However, a difficulty with alkaline earth oxides is that they react with air forming a
hydroxide for example BaO + H2O → Ba(OH)2, which destroys the electrical properties
of devices based on BSO. This reactivity greatly complicates extraction of the electrical
properties [72] and makes it impossible to study the electrical properties of the BSO / Si
interface using conventional ex situ electrical characterization methods. Therefore,
fabrication and characterization methodologies were developed to study MOS devices
utilizing BSO on silicon.
MOS capacitors are relatively simple device structures and ideally suited to the
study of oxide / semiconductor systems and will be utilized to characterize the electrical
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properties of BSO / Si MOS structures. Not only does fabricating a device with BSO
necessitate the device be fabricated within a controlled environment, but this is also
advantageous for other device structures that have an increased sensitivity to
environmental effects as device dimensions approach the nano-scale range [76][77][78].
Since these oxides are reactive with air one approach is that MOS capacitor fabrication
and characterization methods be incorporated into an ultra high vacuum (UHV) system.
This required the development and building of an electrical probe station and an electrode
patterning deposition system, and even though these components are very common they
are not designed to be vacuum compatible. Although lattice matched BSO seems to fulfill
the requirements for an alternative oxide, such as high-k, large band offset, and the
potential of no electronic interface states, other issues arise with this epitaxial gate oxide.

This thesis will address two main issues; the first is related to the
fabrication processes needed to electrically characterize BSO device
structures; the second objective is the development of methodologies to
electrically characterize the interface between an epitaxial oxide and a
semiconductor focusing specifically on the interface between BSO and
silicon.

Chapter 2 is an overview of the ultra-high vacuum system and its operation in
how it pertains to this work, and the growth of alkaline earth oxides is discussed in
Chapter 3. MOS capacitors are a powerful tool, but as with any tool it is useless if not
understood; therefore, Chapter 4 gives a basic overview of the MOS capacitor.
Fabrication and characterization of BSO / Si MOS capacitors will be discussed in
Chapters 5 and 6 utilizing an in situ electrical probe station and an in situ electrodepatterning chamber [72]. Chapter 7 discusses the electrical properties of the epitaxial
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interface in the BSO / Si MOS system and shows that the electronic states characteristic
to the interface are Bloch states and influence the electrical properties of the MOS
system. However, the ability to form an epitaxial interface having well-defined Bloch
states may provide the opportunity for the development and study of new device
structures like those currently being pursued by industry and academic communities.
[5][70][71][73][74][75]. The characterization of the epitaxial interface presented in this
work could be the fundamental starting point for the growth of more complex, epitaxial,
oxide heterostructures on silicon.

Chapter 2
Vacuum System
The focus of this research was to study the epitaxial interface between oxide and
Si using the structurally simple alkaline earth oxide, Ba0.7Sr0.3O (BSO) / silicon system
utilizing metal oxide semiconductor (MOS) capacitors. However, alkaline earth oxides
are environmentally sensitive; therefore, process methodologies had to be developed and
implemented to fabricate and characterize MOS capacitors in a controlled environment;
i.e. a vacuum system. This chapter is written with the intent of providing a brief overview
of the vacuum system, sample preparation, and sample transfer to enable future user to
utilize the methodologies developed from this work.
Fabrication and characterization components were designed and built into an
existing vacuum system, consisting of seven nodes, where the components branch off
from the transport line, which is about 36 feet long. The vacuum system shown in
Figure 2-1 was initially comprised of a molecular beam epitaxy (MBE) chamber, an x-ray
photoelectron spectrometer (XPS), an Auger electron spectrometer (AES), and a low
energy electron diffraction (LEED) system. The components built into this system were
the electrode-patterning (deposition) chamber and an electrical characterization probe
station, which are also included in Figure 2-1.
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Figure 2-1: Illustration of the vacuum system.

2.1 Vacuum System Overview
Semiconductor substrates are inserted into the vacuum system through the intro
chamber that is accessed through a clean room. The samples are transported in the system
using the platform illustrated in Figure 2-2, which allows for growth, device fabrication,
and electrical characterization. This platform consists of two parts: a molybdenum block,
and the STLC assembly, which is a trademark of Thermionics Inc. This platform enables
two sample manipulation schemes to be integrated into the vacuum system. The first is
based on the Perkin-Elmer Model 430 MBE system and the second is based on the
Thermionics Inc. STLC clip system [80]. A molybdenum ring and tantalum tie down disc
make up the STLC assembly, which is Figure 2-2. A ledge cut in the molybdenum ring
supports the substrate and the tantalum tie down holds the wafer in place by being wire
tied to the ring. The molybdenum block, part of the Perkin-Elmer design, was modified to
support the STLC assembly in the transport line and in the electrical characterization
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probe station. The STLC assembly is used during MBE growth and in the metal
patterning chamber. For film growth, the STLC assembly has the advantage of fast
heating and cooling, and since the block is not used during oxide growth, it eliminates a
large source of potential contamination to the wafer.

Figure 2-2: Sample transport platform.
While the sample is in the system it is transported to the different system
components via a wheeled “train”, which moves in the transport line, Figure 2-3. The
transport “train” has three spaces that hold the molybdenum blocks. Each of these spaces
consists of a piston with three dowel pins that stick up from the surface. The pistons can
be raised or lowered as well as rotated. Raising alone is required for picking the
molybdenum block in vacuum, while raising and rotating is required for picking up the
STLC assembly.
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Figure 2-3: Illustration of the transport line “train”.
The MOS capacitor is a two terminal device and requires electrical contacts to the
gate and substrate. Electrical contact is made to the top gate electrode by a tungsten
whisker probe and to the bottom of the semiconductor substrate through the molybdenum
block. However, the molybdenum block does not come in direct contact with the
backside of the substrate. Therefore, prior to making electrical measurements the STLC
assembly must be placed on a modified molybdenum block so that direct contact can be
made with the back of the substrate. Two designs have been used, which are illustrated in
Figure 2-4. One design uses raised tungsten springs and the other design uses liquid
indium / gallium (InGa) smeared on raised copper foil. It has been shown that InGa can
be used to make ohmic contact to silicon [63]. A problem with using liquid InGa is that
the STLC assembly cannot be rotated onto this molybdenum block until the oxide has
been grown and the gate electrodes have been deposited, because InGa remains on the
substrate after it comes in contact with the InGa.
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Figure 2-4: Specially modified molybdenum blocks used to make electrical contact to the
backside of the substrate. The top block uses tungsten tabs to make the electrical contact
and the bottom block uses liquid indium gallium on a raised copper foil sheet to make
electrical contact.

2.2 Sample Preparation

2.2.1 Transport Platform Cleaning
The STLC assembly and molybdenum block shown in Figure 2-2 must be cleaned
before the substrate can be put into the vacuum system. The tantalum tie down is cleaned
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or etched in a solution of nitric acid (HNO3) and hydrofluoric acid (HF) using the volume
ratio 4 vol. HNO3 + 1 vol. HF. The tie down is typically kept in this solution for one to
two minutes, unless there is metal deposit from the electrode patterning process, which
may require longer for removal or may be removed by abrasion. The acid is rinsed with
ultra filtered de-ionized (DI) water, at 18.2 megaohm and an organic content measured at
3 ppb, and then placed in a Pyrex beaker of boiling ultra filtered DI water. The Pyrex
beaker must also be cleaned, using a 3:1 solution of sulfuric acid (H2SO4) to hydrogen
peroxide (H2O2). Before use, the Pyrex beaker was thoroughly rinsed with ultra filtered
DI water. After about five minutes in boiling water, the water is poured off while keeping
the disc in the beaker. The beaker and disc are then placed back on the hot plate until the
disc is completely dry. A similar procedure is used to clean the molybdenum block and
molybdenum ring; however, the solution consists of concentrated sulfuric acid and
concentrated nitric acid with the ratio 1 vol. H2SO4 + 1 vol. HNO3. After about two
minutes the molybdenum is removed from the solution. Before the molybdenum is
rinsed, most of the solution is drained off. It is then vigorously dunked several times in
DI water. If it is dunked before the majority of the solution is drained, brown streaks may
appear on the molybdenum; this requires that the molybdenum be re-cleaned. After it has
been rinsed it is placed in boiling ultra filtered DI water for about five minutes, the water
is poured off, while the molybdenum is kept in the beaker. Again the beaker and
molybdenum are placed back on the hot plate until the molybdenum is dry.
The two most important issues for ensuring clean tantalum and molybdenum are
clean water and a clean Pyrex beaker. The feed water was first filtered with carbon filters.
Secondly it was filtered with a Millipore Milli-RO Reverse Osmosis System where the
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output water was stored in a refrigerated reservoir. Finally, the water from the reservoir is
passed through a Millipore Milli-Q Ultrapure Water Purification System [81]. The
reservoir is refrigerated to limit bacteria growth.

2.2.2 Silicon Wafer Cleaning
In the early 1960’s Werner Kern at RCA Laboratories developed a process for
silicon wafer cleaning commonly known as the “RCA clean” [82]. This process consists
of two cleaning steps, which have been designated as SC-1 and SC-2. The SC-1 solution
consists of 5 vol. H2O + 1 vol. H2O2 30% + 1 vol. ammonium hydroxide 29% and the
SC-2 solution consists of 6 vol. H2O + 1 vol. H2O2 30% + 1 vol. hydrochloric acid 37%.
The SC-1 and SC-2 solutions are both heated to between 70 and 80 °C. Prior to the “RCA
clean”, the wafer is first pre-cleaned using a 130 °C solution of 3 vol. H2SO4 98% + 1
vol. H2O2 30%. The wafer is kept in the solution for five to ten minutes and is then
thoroughly rinsed in ultra filtered de-ionized (DI) water. After the pre-clean, the wafer is
placed in the SC-1 solution for five minutes, rinsed, and then placed in the SC-2 solution
for ten minutes, followed by a rinse. After the rinse the wafer is hydrophilic due to the
native silicon dioxide (SiO2) that forms during the SC-2 clean. The wafer is then dipped
into a solution of 40 H2O + 1 HF by volume, which removes the oxide left after the SC-2
clean and leaves the surface hydrogen terminated. The surface is then exposed to a ultraviolet (UV) lamp for sixty seconds. The UV lamp with a wavelength of 184.9 nanometers
produces ozone, which reacts with the silicon to form about 20 Å of SiO2. The UV
formed oxide seems to desorb easier than the oxide that remains after the SC-2 step,
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which may be due to a thinner UV oxide, but this has not been experimentally confirmed.
The importance of removing the oxide more quickly is that the sample is not at an
elevated temperature as long and, so is less likely to get contaminated. The hydrogen
terminated surface is not used, because the ozone-cleaning techniques remove carbon
contamination on the surface [85][86][87].
Silicon carbide (SiC) is the main source of contamination. A reflection highenergy electron diffraction (RHEED) image of SiC looking down the [100] axis is shown
in Figure 2-5. The lattice parameter for silicon is 5.43 Å, and for cubic SiC is 4.4 Å, so in
reciprocal space the SiC RHEED pattern is to the outside of the Si pattern [83][84].

Si
SiC

Figure 2-5: Reflection high energy electron diffraction image of the [100] axis, clearly
shows silicon carbide (SiC) contamination.
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2.3 Sample Transfer

2.3.1 Transfer into the MBE Chamber
To transport the sample into the MBE chamber, the STLC assembly must be
removed from the molybdenum block and onto the transfer arm fork, Figure 2-6. When
the STLC sample manipulation scheme is used it requires that the transfer arm fork be
vertically offset so that the fork will clear the transport line “train”, Figure 2-6. The
transfer arm fork for the MBE chamber has three clips like those of the molybdenum
block shown in Figure 2-2. The STLC assembly is aligned with the clips of the fork, and
then the molybdenum block is raised and rotated, with the piston, to transfer the STLC
assembly off the molybdenum block onto the bottom of the fork. The transfer arm is
moved into the chamber, rotated 180 degrees about its horizontal axis, and then aligned
with the clips on the MBE chamber manipulator. The manipulator is lowered and rotated
until it engages the STLC assembly, so it can be removed from the fork. With the sample
on the growth manipulator the growth process can begin, which will be discussed in
Chapter 3.
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Figure 2-6: Illustration of how the wafer is transferred onto the MBE transfer arm fork.

2.3.2 Transfer into the Electrode-Patterning Deposition System
Transfer of the sample into the deposition system is more complicated, but still
involves just the STLC assembly. After the film is grown, the STLC assembly is removed
from the MBE manipulator and rotated back onto the molybdenum block on the transport
“train” and then wheeled to the electrode-patterning chamber. The deposition system fork
has clips that extend above and below the top and bottom of the fork surface, Figure 2-7.
This type of clip design is required, because the ring cannot be directly transferred into
the electrode-patterning chamber like it could be into the MBE chamber; because, after
the 180 degree rotation of the transfer arm, it would not clear the deposition stage. The
process for sample transfer into the chamber to pattern the electrodes is illustrated in
Figure 2-8. After the STLC assembly has been aligned with the transfer arm fork, it is
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rotated off the molybdenum block and onto the bottom of the fork, referenced as the fork
“up” position, Figure 2-8a. The fork is then rotated 180 degrees about its horizontal axis
and is now in the “down” position; note that the oxide faces down. The STLC assembly
is then transferred to the top “flip station” manipulator, Figure 2-8b, this is step one. The
“flip station” is a relatively simple design that consists of two manipulators, one that
comes in from the top and one from the bottom. Step two; the fork is rotated 180 degrees
back to the “up” position and then the STLC assembly is transferred back onto the fork,
Figure 2-8c, and can now be transferred into the deposition system and rotated onto the
manipulator, Figure 2-8d.

Figure 2-7: Illustration of the transfer arm fork for the electrode-patterning chamber.
Clips on both sides of the fork are needed in order to flip the sample.
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Support block and
sample

a) Transfer arm in “up” position with
ring on the bottom clips, oxide facing
up.

b) Transfer arm in “down” position,
ring being transferred to top
manipulator, oxide facing down.

c) Transfer arm in “down” position,
ring being transferred to fork, oxide
facing down.

d) Transfer arm in “up” position with
ring on the top clips, oxide facing
down. The ring can now be transferred
into the deposition system.

Figure 2-8: Illustration of the flipping process so that the sample can be transferred into
the electrode-patterning chamber to form the gate electrodes.
An advantage of the STLC assembly is the ability to flip the sample, which not
only allows for the gate electrodes to be patterned, but, if desired, metal can be deposited
on the backside of the substrate if InGa is not used. A backside metallization can reduce
the series resistance. If the series resistance is on the order of kilo-ohms due to a poor
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backside electrical contact, it will result in errors in the electrical measurements and make
it impossible to reliably extract the electrical properties [63]. The backside deposition
transfer process is similar to the electrode deposition transfer process, but involves
another flip. This process is illustrated in Figure 2.9. Step one is the same as describe
above, Figures 2.9a and b. In step two the STLC assembly is transferred from the top
“flip station” manipulator to the bottom, Figure 2.9c. Step three: the STLC assembly is
transferred back onto the fork with the fork in the “down” position, Figure 2.9d, the fork
is rotated back to the “up” position and now the STLC assembly can be transferred into
the deposition system and rotated onto the manipulator, Figure 2.9e. A backside metal
deposition may not be necessary with a highly doped substrate or with an ion implanted
layer on the backside of the wafer. These methods can result in a series resistance on the
order of a hundred ohms or less.
Once the gate electrodes have been patterned, the sample can be moved into the
probe station for electrical characterization. Unlike the MBE and electrode-patterning
chambers, the probe station uses the Perkin-Elmer transfer system, so the entire sample
support platform, Figure 2-2, is moved into the probe station. In this process the transfer
arm fork slides into grooves in the molybdenum block and then it is moved into the probe
station. The design of the electrical characterization probe station and the electrodepatterning chamber are described in detail in Chapters 5 and 6.
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a) Transfer arm in “up” position
with ring on the bottom clips,
oxide facing up.

b) Transfer arm in “down” position
ring being transferred to top
manipulator, oxide facing down.

d) Transfer arm in “down”
position ring being transferred to
fork, oxide facing down.

c) Ring being transferred to
bottom manipulator, oxide facing
down.

e) Transfer arm in “up” position
with ring on the top clips. The
ring can now be transferred into
the deposition system, oxide
facing up.

Figure 2.9: Illustration of the flipping process so the sample can be transferred into the
electrode patterning chamber for a backside deposition.

Chapter 3
Crystalline Oxide Growth
This chapter will describe crystalline alkaline earth oxide growth, specifically the
stoichiometric oxide of Ba0.7Sr0.3O (BSO), which was initially discussed in reference
[65]. After the sample has been transferred into the molecular beam epitaxy (MBE)
chamber with a base pressure of 2 x 10-10 Torr, described in Chapter 2, the (100) silicon
wafer is heated to about 850 °C to desorb the native silicon dioxide (SiO2) [90][91]. The
manipulator temperature is measured with a tungsten (W) / W-rhenium (Re)
thermocouple (TC) that directly contacts the backside of the wafer. The surface
temperature cannot be directly measured during growth. However, a second
thermocouple directly contacting the wafer surface was used to calibrate the surface
temperature to the backside TC temperature. The results of this calibration are shown in
Figure 3-1.
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Figure 3-1: Backside thermocouple calibrated to the substrate surface temperature.
To keep the silicon surface as clean as possible, the substrate is taken through a
relatively slow heating to approximately 850 °C. It is initially ramped to 400 °C for 30
minutes and then increased to 550 °C and then to 700 °C each for ten minutes. This is a
precautionary measure. The idea is to allow the manipulator, substrate shutter, and the
substrate to heat together, because to heat the substrate, the substrate shutter is moved to
within a half inch of the substrate. If the manipulator were heated to quickly potential
contamination from the shutter, which initially comes from the substrate as it heats up,
could re-deposited back onto the substrate. After the last heating the substrate
temperature is raised to 900 °C until all the SiO2 has been desorbed, which is confirmed
by reflection high energy electron diffraction (RHEED). Figure 3-2 shows 〈110〉 zone
axis before surface reconstruction a), during oxide desorption b), and after surface
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reconstruction c). As the background intensity decreases the feature to look for in the
RHEED is the 2 x 1 pattern from the dimerization of the silicon surface bonds.

a)

b)

c)

Figure 3-2: 〈110〉 zone axis RHEED images of native oxide desorption taken at
temperatures from 850 °C to about 900 °C; a) surface before oxide removal b) beginning
of oxide desorption and surface reconstruction c) reconstructed silicon.
After surface reconstruction the substrate is cooled and the strontium (Sr) effusion
cell is heated. The temperature of the Sr cell is set to give a flux, ΦSr, of about 0.1 Å/sec,
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this is the growth rate reported in ref. [65]; however, this thesis did not examine different
growth rates. The flux is measured using an Inficon quartz crystal sensor or monitor
(QCM) [88]. The time per one ML, tML,Sr, is determined from Equation 3.1.
t ML,Sr =

1
ΦSr ⋅ n Sr ⋅ ASi

Eq. 3.1

The lattice spacing of silicon atoms along the [110], a, is 3.84 Å; therefore, the
area of silicon surface atoms, ASi, is 14.74 Å2, and the number density of Sr atoms, nSr, is
0.0179 Å3. After the Sr cell is heated and the desired flux is achieved, the substrate
temperature is set to approximately 600 °C. At this point the Sr shutter is closed, the
substrate shutter is opened, and then the Sr shutter is reopened and kept open until a 1/4
ML of Sr has been deposited. During the 1/4 ML deposition of Sr the RHEED pattern
went from 2 x 1 through 3 x 2 back to 2 x 1 [65][70]. The RHEED patterns of the 1/4 ML
Sr deposition sequence are shown in Figure 3-3. The oxide-free, reconstructed silicon is
shown in Figure 3-3a. At 1/6 ML Sr coverage the RHEED pattern is shown in Figure 33b, and Figure 3-3c is after the 1/4 ML Sr coverage. The Sr cell and the substrate are
cooled until the substrate reaches the desired growth temperature.
After the substrate growth temperature has been reached, the Sr effusion cell is
again heated to give the desired flux. As the Sr flux, ΦSr, is measured the barium (Ba)
effusion cell is heated to a temperature that gives the flux ratio of 0.7 fBa to 0.3 fSr, which
is chosen because the lattice parameter of this compound matches that of silicon and
results in a strain free commensurate oxide [89]. The target flux, ΦT, for this ratio, is
determined from Equation 3.2, where the mass of Bamass is 137.33 g/mol and the mass of
Srmass is 87.62 g/mol.
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ΦT = ΦSr ⋅

Ba mass ⋅ f Ba + Srmass ⋅ f Sr
Srmass ⋅ f Sr

Eq. 3.2

a)

0,0

1,1

b)

c)

Figure 3-3: Progression of Sr deposition to 1/4 ML c), a) image of reconstructed Si and b)
is the image of 1/6 ML deposition of Sr. RHEED images taken at 600 °C.
The time per ML of Ba0.72Sr0.28, t ML,Ba 0.72 Sr0.28 , is given by Equation 3.3, which is the target
flux, given by Equation 3.2, times Srfraction.
t ML,Ba 0.72 Sr0.28 = ΦT ⋅ fSr
Eq. 3.3
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Once the target flux has been obtained by varying the barium temperature, the next step is
to deposit 3/8 ML of Ba0.7Sr0.3 metal. The metal deposition is necessary for growth
temperatures at least above 150 °C in order to form a well-defined interface. A welldefined interface is evident from RHEED, which remains sharp from silicide to oxide, as
shown in Figure 3-4. After the 3/8 ML, the Ba and Sr shutters are closed, and with the
substrate shutter open, molecular oxygen is leaked into the chamber with an arrival rate at
the substrate surface of approximately 1 ML/second. The background pressure is
typically 1 x 10-6 torr during growth. The 3/8 ML metal is oxidized when the 3 x 1
pattern is replaced by a 2 x 1 pattern, typically about five seconds after oxygen exposure,
at which point the Ba and Sr shutters are reopened and the oxide is grown to the desired
thickness. The column on the left of Figure 3-4 shows the sequence of RHEED images
from the 1/4 ML Sr deposition to the growth of the oxide looking down the 〈110〉 zone
axis: Figure 3-4a is the 1/4 ML Sr silicide, Figure 3-4b is the 3/8 ML Ba0.7Sr0.3
deposition, Figure 3-4c is the 3/8 ML Ba0.7Sr0.3 metal oxidation, and Figure 3-4d is after
5/8 ML BSO for a total of 1 ML of BSO [65]. The continuation of the oxide growth up to
5 ML is shown in the column on the right of Figure 3-4, where Figure 3-4e is 1 ML BSO,
Figure 3-4f is 2 ML BSO, Figure 3-4g is 3 ML BSO, and Figure 3-4h is 5 ML BSO. The
oxide was highly ordered with a flat surface at all thicknesses from 1 ML coverage, as
observed by RHEED as shown in Figure 3-4. The 2 x 1 pattern observed in Figure 3-4a
disappeared after 3 ML of deposition. The oxide was grown to thicknesses ranging from
50 to 400 Å at a growth rate of approximately 10 seconds/ML as determined by RHEED
oscillations. The wafer was then immediately moved in vacuum, at 7x10-10 Torr, to the
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electrode-patterning chamber, discussed in Chapter 5, with a base pressure of 5x10-10
Torr, where the MOS capacitors were fabricated.

a)

e)

b)

f)

c)

g)

d)

h)

Figure 3-4: 〈110〉 zone axis RHEED images showing a) starting silicide structure b) 3/8
ML Ba0.7Sr0.3 metal c) oxidation of 3/8 ML metal d) 1 ML Ba0.7Sr0.3O (BSO). The second
column of images shows the continued oxide growth from e) 1 ML BSO f) 2 ML BSO g)
3 ML BSO and h) 5 ML BSO. All images were taken at the growth temperature of 150
°C

Chapter 4
Metal Oxide Semiconductor (MOS) System

4.1 MOS Capacitor

A metal oxide semiconductor (MOS) capacitor, Figure 4-1, is a simple two
terminal device consisting of a gate metal, an insulating (oxide) material, and the
substrate (semiconductor), and is a very powerful tool for studying the electrical
properties of the MOS system [63]. However, it is critical to know how the MOS
capacitor can be used and how it will respond under different conditions, this chapter will
discuss MOS capacitor measurements, and the basic physics of the MOS capacitor.

Metal
Oxide
Oxide /
Semiconductor
Interface
Semiconductor substrate

Figure 4-1: Illustration of the metal oxide semiconductor.
The electrical properties can be extracted by measuring the capacitance, which is
defined as C ≡

dQ
, where dQ is the magnitude of the differential change in charge as a
dV

function of the differential change in voltage dV across the capacitor. The capacitance is

28
an ac signal parameter and is measured by superimposing an ac voltage on an applied dc
gate voltage; thus, the capacitance is measured as a function of applied dc gate voltage
[63]. Terman first studied the electrical properties of silicon (Si) / silicon dioxide (SiO2)
interface traps using an MOS capacitor by measuring the capacitance voltage
characteristics [1]. Similar studies were performed by Lehovec et al.[3] and Grove et al.
[141]. These studies led to improved devices; such as the metal oxide semiconductor field
effect transistor (MOSFET), and even after forty years since its development, it is still the
dominant device of the semiconductor industry.
To illustrate the possibilities for new physics and technology from these systems,
the structurally simple lattice matched alkaline earth oxide on silicon system was chosen.
Alkaline earth oxides react with moisture, Figure 6-8, in air to form hydroxide
A + H 2O → A(OH )2 , where A is a metal out of group IIA of the periodic table (Mg, Ca,

Sr, and Ba). This reactivity requires that the fabrication and characterization be done
within a vacuum system. Even though the equivalent information on the MOS system can
be obtained using the MOSFET, there is no advantage to using the MOSFET as opposed
to the MOS capacitor, which is much easier to fabricate and can be prepared within a
vacuum system [90][91].
The MOS capacitor provides the capability of determining many properties of the
MOS system, for example: the oxide thickness, the dielectric constant of the oxide, and
the work function difference between the semiconductor and gate metal. Another
property is the semiconductor surface electron energy band bending, represented by φSi. It
is an important parameter, because it is used to extract other electrical properties [63].
The band bending occurs as a result of a potential difference in the semiconductor.
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Extrinsic charge in the MOS system can be determined from capacitance voltage
measurements, where the charge can be in the oxide, as fixed oxide charge, or at the
semiconductor / oxide interface. Fixed oxide charge implies that the charge cannot escape
the potential of the trap; therefore, the trapped charge cannot be emitted into the
semiconductor. Interface states arise from the disruption of the periodic nature of the
semiconductor. This results in dangling bonds at the interface with energy levels in the
semiconductor gap that can couple to the semiconductor [63]. The density of interface
states can be extracted as a function of energy in the semiconductor bandgap obtained
from the semiconductor band bending, Appendix C. The bandgap arises from quantum
mechanics, which predicts that electrons are allowed only in discrete energy levels
[142][143]. When atoms come together, the energy levels must split in order to
accommodate the electrons of the system. In large atomic systems, as in crystals, the
higher electron energy levels separate into bands of allowed energies, called the valence
band and conduction band. Every material has these bands and depending on the
separation of the bands the material can be classified as a conductor, insulator, or
semiconductor. The separation or band gap is around one eV for a semiconductor,
typically greater than five eV for an insulator, and the bands overlap in a conductor. This
is only a small portion of what can be obtained from the MOS capacitor about the MOS
system, but a more complete list can be found in Reference [63].
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4.2 “Ideal” Capacitance versus Voltage Characteristics

There are three basic regions associated with a capacitance versus voltage (C-V)
curve: accumulation, depletion, and inversion, which are illustrated in Figure 4-2. This is
a simulated C-V curve for an “ideal” MOS capacitor with a p-type silicon substrate and
platinum gate electrodes. An “ideal” MOS capacitor model is simply the series
combination of the oxide capacitance, Cox, and the silicon capacitance, CSi, which is
−1

given by Cgate

⎛ 1
1 ⎞
=⎜
+
⎟ . The oxide capacitance per unit area (denoted by ′) is
⎝ Cox CSi ⎠

'
calculated by Cox
=

thickness, and C Si =

ε
t ox

, where ε is the insulator permittivity, and tox is the insulator

dQSi
, where QSi is the silicon charge. A more detailed description of
dφ Si

simulating an “ideal” C-V curve is given in Appendix A.
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Pt Electrode p-type MOS Capacitor
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Figure 4-2: Typical capacitance curve for an “ideal” p-type silicon substrate MOS
capacitor with platinum gate electrodes.

4.2.1 Relating a Parallel Plate Model to an MOS Capacitor

To understand the characteristics of this MOS capacitor C-V curve, consider a
parallel plate capacitor. If a negative bias is applied to the top plate with respect to the
bottom plate, then a negative charge sets up on the top plate and a compensating positive
charge on the bottom plate, where the magnitude of the charge per unit area is Q' = C 'V .
This charge separation induces an electric field, E =

V
, between the two plates, Figure 4d

3a. The two plates correspond to the gate metal and the substrate. If a negative bias were
applied to the gate with respect to the p-type substrate the induced electric field will exert
a pulling force on the majority carrier holes toward the oxide-semiconductor interface,

32
Figure 4-3b. This results in an accumulation of positive charge at the interface as shown
in Figure 4-3c.

Figure 4-3: a) is a parallel plate capacitor with an applied gate voltage, b) illustrates how
the parallel plate capacitor is related to the MOS capacitor, and c) indicates the effect of
the negative applied voltage in that it forms the accumulation region in the silicon.
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If a positive bias is applied to the gate, the induced electric field will push the
majority charge carriers away from the semiconductor-oxide interface, Figure 4-4a. This
creates a region depleted of charge as shown in Figure 4-4b. As the positive applied bias
is increased the electric field is increased; thus, increasing the depletion region width.
When the applied bias reaches the threshold voltage the surface concentration of charge
equals that of the bulk concentration and the depletion region essentially reaches its
maximum. This is known as the threshold inversion point and with further positive bias
the surface charge inverts from the positive majority charge carrier to the negative
minority charge carrier Figure 4-4c.
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Figure 4-4: a) the effect on p-type silicon when a positive gate voltage is applied, b)
illustrates the depletion region that forms in the silicon, and c) shows the inversion region
formation when the applied bias is greater than the threshold inversion voltage.
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4.2.2 Applying the Parallel Plate Model to the MOS Capacitor C-V Curve

The response of the MOS capacitor just discussed will now be related to the C-V
curve shown in Figure 4-2. It was shown that a negative bias applied to the platinum gate
electrodes of the p-type MOS capacitor causes the device to accumulate majority charge
at the oxide / semiconductor interface. The accumulation mode capacitance per unit area
'
is just the oxide capacitance given by: Cacc
= Cox =

εox
t ox

, and this is what the capacitance

curve indicates. As the applied bias goes from negative to positive the capacitor goes
from the accumulation mode to the depletion mode. At this voltage the depletion mode
capacitance is a series combination of the oxide capacitance and the capacitance
associated with the depleted region in the silicon and is given by

CSi' =

εSi
x dep

1
1
1
= ' + ' , where
'
Cdep Cox CSi

and xdep is the depletion region width; therefore, the depletion region

capacitance can be rewritten as Equation 4.1.
'
Cdep
=

εox
⎛ε ⎞
t ox + ⎜ ox ⎟ x dep
⎝ εSi ⎠

Eq. 4.1

It can be seen from Equation 4.1 that as the depletion region width increases the
capacitance decreases, which is why the C-V curve decreases from Cox. As the applied
voltage becomes more positive xdep will eventually reach a maximum, at the threshold
'

inversion point. At this point the capacitance is a minimum, C min . As the bias is
increased beyond the threshold inversion point the interface inverts from the majority
charge carrier to the minority charge carrier and the MOS capacitor enters the inversion

36
region. If the inversion charge can respond to the ac signal frequency, the capacitance
will again equal that of the oxide capacitance: C inv = C ox =
'

ε ox

; the solid curve of

t ox

Figure 4-2. If the inversion charge cannot respond to the ac signal frequency, a high
'

frequency measurement, the capacitance will remain equal to C min ; the dashed curve of
Figure 4-2. If the change in the ac voltage is relatively slow, a low frequency
measurement, the inversion charge will be able to respond and the capacitance will then
'

equal C inv . Typically the high and low frequency limits of C-V measurements are on the
order of 1 MHz and in the range of 5 to 100 Hz [63].

4.3 Physics of the MOS Capacitor [144]

4.3.1 Energy Band Diagram of the MOS System

Each component in the MOS system has a unique band structure. Figure 4-5
illustrates the band diagram of a p-type MOS capacitor with a platinum gate electrode.
The characteristic energy of the metal is known as the work function and is represented
by qΦm (in volts). The energy barrier of both the insulator and the semiconductor
(silicon) is specified in terms of the electron affinity, χ. The silicon work function is
given by ΦSi = χ Si +

Eg
+ φ f , where Eg is the gap between the bands and the Fermi
2

⎛N ⎞
kT
potential φ f = Vt ln⎜ a ⎟ , Vt =
.
q
⎝ ni ⎠
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Figure 4-5: Energy band diagrams of separate components of a p-type MOS system with a
platinum gate electrode, where Ec and Ev are the conduction and valence bands, Ei is the
intrinsic Fermi energy, and Ef is the Fermi energy.
If the components of the MOS system, shown in Figure 4-5, are brought together
it can be seen that the Fermi level in the silicon is higher than the Fermi level in the metal
and this means that the electrons in the silicon are at a higher energy than those in the
metal. Systems always want to achieve their lowest energy configuration so for the
system to reach its equilibrium energy state, electrons will flow from the silicon to the
metal until a potential difference sets up that will counter balance the work function
difference between the metal and silicon. This results in a difference between the silicon
surface charge as compared to the bulk, and the electric field that sets up due to this
potential causes band bending. At thermal equilibrium the Fermi level is constant through
the system as shown in Figure 4-6. The amount of silicon surface band bending, φSi, is
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defined as the potential difference between the intrinsic Fermi level in the bulk and the
intrinsic level at the surface. The potential does not change in the metal so there is no
band bending in the metal. For the ideal case the amount of band bending is determined
⎛
⎞
E
by the work function difference given by φ ms = Φm − ⎜ χ Si + g + φ fp ⎟ .
2
⎝
⎠

Figure 4-6: Energy band diagram of a p-type MOS system, which shows the silicon band
bending to align the Fermi energy at thermal equilibrium, where Ec and Ev are the
conduction and valence bands, Ei is the intrinsic Fermi energy, and Ef is the Fermi
energy.
Consider the three regions: accumulation, depletion, and inversion associated with
the C-V curve shown in Figure 4-2 in terms of the MOS system energy band diagram of
Figure 4-6. Figure 4-7a shows the band energies of the MOS system when the applied
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gate voltage (Vg) equals zero. The band bending is just due to the work function
difference. When Vg is less than zero, positive charge accumulates in the silicon at the
oxide / silicon interface and the induced electric field causes the silicon bands to bend
even more upward, Figure 4-7b. The measured capacitance in the accumulation mode is
the oxide capacitance. As the gate voltage is swept from accumulation to depletion the
potential due to the work function difference is counter balanced by the applied gate
voltage known as the flat band voltage, VFB, Figure 4-7c. The flat band voltage for the
“ideal” case is the metal / semiconductor work function difference, which is given by
Equation 4.2.

⎛
⎞
E
VFB = Φm − ⎜ χ Si + g + φ fp ⎟
2
⎠
⎝

Eq. 4.2

When Vg becomes greater than VFB majority carrier charge is repelled from the interface,
which forms a region depleted of charge, and the induced electric field causes the bands
to bend down, Figure 4-7d. Increasing Vg increases the electric field, which increases the
band bending and the depletion region width, xd. In the depletion mode the voltage is
dropped over the oxide and the depletion region, so the measured capacitance is the series
combination of the oxide capacitance and depletion region capacitance, Figure 4-7d. As
Vg becomes much greater than zero, negative charge is attracted to the interface, inverting
the interface from majority charge to minority charge, Figure 4-7e. Unlike the majority
charge, the minority charge cannot respond immediately to the gate voltage because it
must either be generated in the depletion region and drift to the interface or come from
the bulk silicon and drift across the depletion region to the interface.
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As the MOS capacitor goes from depletion to inversion the depletion region
essentially reaches a maximum at the threshold inversion point; that is, when the
concentration of minority carriers at the silicon / oxide interface equals the concentration
of majority carriers in the bulk silicon. This maximum is reached because as Vg is
increased above the threshold inversion point, the conduction band only needs to bend
slightly closer to the Fermi level to counter balance the increase in applied voltage,
because the electron concentration at the surface increases exponentially. For the “ideal”
system VFB is just the work function difference; however, charge in the system can cause
VFB to shift from the expected or “ideal” value. This shift can be understood and used to
examine fixed charge in the oxide.
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Figure 4-7: Energy band diagrams of a p-type MOS system as the capacitor as the gate
voltage is swept from accumulation to inversion, where Ec and Ev are the conduction and
valence bands, Ei is the intrinsic Fermi energy, and Ef is the Fermi energy. a) zero gate
voltage, b) represents accumulation, c) flat band condition, d) depletion condition, and c) is
inversion. NOTE: subscripts are not used for ease of reading.

4.4 Non-“Ideal” Capacitance versus Voltage Characteristics [144]

Non-“ideal” MOS capacitor characteristics can result from fixed oxide charge and
semiconductor / oxide interface states. First consider the effect of fixed oxide charge,
which is constant and can be compensated for by increasing or decreasing the applied
gate voltage depending on the sign of the charge. Therefore, the effect of fixed oxide
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charge on the C-V curve is just to cause a linear shift in voltage. The effect of positive
fixed oxide charge on a p-type MOS capacitor with platinum gate electrodes is shown in
Figure 4-8. This figure shows that the C-V curve of the MOS capacitor with fixed oxide
charge is identical to the “ideal” C-V curve only shifted relative to the ideal. The flat
band voltage for an MOS capacitor with oxide fixed charge, Qf, is given by Equation 4.3.
⎛
⎞ Q ⋅q
E
VFB = Φm − ⎜ χ Si + g + φ fp ⎟ − f
2
⎝
⎠ Cox

Eq. 4.3
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Figure 4-8: The effect of fixed oxide charge on a capacitance versus voltage curve shifts
the curve relative to the ideal.
Secondly, consider the effect of interface charge. As Vg changes the band bending
changes, essentially sweeping the Fermi energy, EF, through the silicon gap, Figure 4-7.
When interface states are present the amount of charge trapping changes with the applied
gate voltage as illustrated in Figure 4-9a. Since the applied voltage must compensate for
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the changing amount of trapped charge, the C-V curve is stretched out relative to the
“ideal” Figure 4-9b. Typically in a real system there is a combination of fixed oxide
charge and interface states, which would stretch and shift the C-V curve relative to the
ideal, as is shown in Figure 4-10. The flat band voltage is not a function of the interface
state density, because in accumulation to depletion regime the Fermi energy changes very
little in the gap, because of the large supply of majority charge from the silicon.
However, as the voltage is swept from the depletion to inversion regime the Fermi energy
changes significantly, because the silicon cannot supply enough minority charge with
only a small change in the Fermi energy.

a)

b)
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Figure 4-9: The amount of trapped charge changes as the Fermi level is swept through the
silicon bandgap, which stretches the capacitance versus voltage curve relative to the
ideal. a) is an illustration of a band diagram which has states that can exchange charge
with the silicon that will stretch the C-V curve relative to the “ideal” b).
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Figure 4-10: The effect of oxide fixed charge and interface states on a capacitance versus
voltage curve shifts and stretches the curve relative to the ideal.

Chapter 5
Electrical Characterization Probe Station

5.1 Overview of the Electrical Characterization Probe Station

Electrical properties of oxides are studied by the fabrication of a solid-state
device, but fabricating a device with Ba0.7Sr0.3O necessitates fabrication within a vacuum
environment, due to the reactivity of Ba0.7Sr0.3O, Figure 6-8. Even though electrical probe
stations are common, they are not designed for ultra high vacuum (UHV) functionality,
so a vacuum compatible probe system had to be designed and built in order to study the
electrical properties of the crystalline oxide / semiconductor interface. The main
components of the electrical characterization probe station shown in Figure 5-1 are the
manipulator, the probe assembly, the push down rods, and the microscope. An ion pump
was used to maintain the vacuum pressure at about 7 x 10-10 Torr, and also to minimize
vibration. The microscope will be discussed first, then the manipulator, the probe
assembly, and finally the push down rods. Components that are not specifically part of
the electrical probe station are the measurement instrumentation, consisting of the
Keithley Model 82 C-V system and the HP 4284 LCR meter. HP has since changed their
name to Agilent Technologies [128][129]. To control the Model 82 C-V system, software
created by Metrics Technology, Inc. was used [130]. This software can control the HP
4284, but it does not allow measurements to be made as a function of frequency, which is
vital in the extraction of the interface phase density of states using the conductance
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technique discussed in Chapter 7. In order to utilize the HP 4284 abilities of performing
measurements versus frequency a LabVIEW program had to be written [131].

Figure 5-1: Illustration of the electrical characterization probe station and the components
that make up the system. Note that the push down rod assembly and the SS support
bracket are rotated 90 degrees, with respect to the microscope, for illustration purposes.
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5.2 Microscope

The Questar QM100 microscope has a working distance of 6 to 14 inches, an
optical resolution of 1.1 microns at 6 inches, and a maximum magnification of 100X at
the image plane of the microscope [132]. The sample-probe geometry was such that the
microscope had to be mounted at an angle with respect to the plane of the sample. An
aluminum on glass mirror was used to reflect the image back to the microscope so that
the probe could be manipulated into contact with any gate electrode on the sample, see
Figure 5-5. Figure 5-2 shows an image of the gate electrodes and the probe tip.

Figure 5-2: Image taken with the microscope of the gate electrodes and probe tip.

5.3 Manipulator

Electrical contact to the wafer is achieved from the probe tip above, and by a
spring-loaded platinum rod below, which is supported by, but electrically isolated from
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the manipulator, Figure 5-3. The manipulator allowed x-y motion of the sample for
probing different electrodes. The platinum rod extends high enough so that as the
manipulator is raised and engages the sample transport platform, the rod makes electrical
contact with the block.

Figure 5-3: Cross sectional view of the probe station manipulator, illustrating how a
spring-loaded platinum rod makes electrical contact to the backside of the sample
transport platform molybdenum block.
A substrate heater was installed that is capable of heating a sample to
approximately 300 °C. The temperature is measured using a tungsten (W)-5% rhenium
(Re) / W-26% Re thermocouple (TC). When the block is mounted on the manipulator the
TC does not come in contact with the block, because it can affect the electrical
measurements taken at approximately 100 Hz. To calibrate the TC to the surface
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temperature during a heating cycle; a small platinum (Pt) electrode was deposited onto a
silicon wafer. The probe assembly was replaced by a Pt / Pt-10% rhodium TC made with
three mil wire. This TC was lowered until it touched the platinum on the silicon. The
temperature was raised in 100 °C increments, as indicated by the manipulator TC. The
temperature was allowed to equilibrate for 20 minutes after each increase, and then the
surface TC value was recorded. Using this method the surface temperature was calibrated
to the backside TC reading. The results of this calibration are shown in Table 5-1. The
same temperature calibration scheme that was used in the electrode-patterning chamber
could not be used here because of space constraints.
Table 5-1: Probe station temperature calibration.
Backside Thermocouple Reading (°C)
23
100
200
300
400
500
600
700
800

Surface Thermocouple Reading (°C)
23
41
67
102
134
172
207
250
300

5.4 Probe Assembly

The probe assembly is illustrated in Figure 5-4. The design of the electrical
characterization probe station was such that the probe tip could be replaced without
venting the entire probe station. The current signal, from the top electrode, was carried by
a Kapton insulated seven-strand coaxial wire, (part No. 680505) from MDC-Vacuum
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Corporation [133]. One end of the center conductor coax was attached to a BNC
feedthrough on a 2 3/4 inch flange and the other was attached to a specially designed
beryllium copper (BeCu) piece. The shield of the coax was grounded at the BNC vacuum
feedthrough. The BeCu piece connects the probe tip shaft to the center conductor of the
coax. The probe tip purchased from Signatone was a SE-SM with a 20-mil shaft and a
one-micron diameter tungsten whisker probe [134]. To keep the coaxial wire straight and
rigid, it was inserted into a 1/4 inch stainless steel (SS) tube. The non-probe tip side of
the tube is secured to a SS block screwed to the top flange. The coaxial wire is attached
to a BNC feedthrough by a BeCu connector. The other end of the wire is clamped into the
BeCu probe holder. Before the wire was clamped, the BeCu was placed into an alumina
isolation sleeve, which was secured to the SS tube by setscrews. This keeps the probe tip
rigid and electrically isolated.
Another issue that arose was x- and y-axis motion while the probe was in the
chamber, due to the long throw. In order to eliminate this movement and still allow for zaxis motion, the SS tube was passed through a linear bearing near the sample. The
housing for the linear bearing was mounted to a SS support bracket. This bracket was
secured to the top flange. The mirror, required for the microscope, was also mounted to
the support bracket. This design is very robust and allows pads with diameters as small as
20 µm to be probed.
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Figure 5-4: Probe tip assembly.
A design criterion for the probe station was to be able to make capacitance
measurements on small diameter pads having a capacitance of 1 Pico Farad. This
corresponds to an impedance on the order of 1000 megaohms at 25 Hz and such a large
impedance requires attention to electrical isolation everywhere on the current sensing
side of the MOS capacitor. It was found that the alumina isolation of the BeCu probe tip
holder as shown in Figure 5-4, was critical for accurate measurements of high
impedances. It is believed that water absorption in sintered alumina resulted in current
leakage corresponding to a resistance of about 100 megaohms at 20 Hz. Using sapphire
to electrically isolate the BeCu probe tip holder instead of alumina eliminated this
problem.
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5.5 Push Down Rods

For measurements on samples without a liquid InGa backside contact, probe
stations typically utilize vacuum to pull the wafer down onto the chuck to ensure good
electrical contact to the backside of the sample; however, this is impossible in a UHV
system. This was solved by a designing the spring-loaded push down assembly shown in
Figure 5-5. The push down assembly is attached to the SS tube of the probe tip assembly.
Two rectangular SS blocks are centered on the tube; one is secured to the tube and the
other slides freely. These blocks are held together by two springs. Two 1/8” SS rods fit
through the springs and holes on the blocks. The rods are secured to the freely sliding
block and move freely in the secured block. These “push down rods” are electrically
isolated from the substrate surface by alumina. The rods are adjusted so that they extend
slightly below the end of the probe tip whisker; so that, the “push down rods” come in
contact with the sample before the probe tip whisker. As the probe assembly is lowered
the “push down rods” push the wafer down and ensure good electrical contact with the
molybdenum block. If the springs were too stiff, the “push down rods” would continue to
push the manipulator down and the probe tip would never come in contact with the
electrodes and if they are too loose they may not push the wafer down enough.
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Figure 5-5: Illustration of the “push down rods” and the mounting for the mirror and the
linear bearing.

5.6 Electrical Calibration

Measurement errors that result from stray capacitance and inductance, in the test
fixtures and cables, can be compensated for if they are constant and stable. Probe stations
are calibrated using capacitor standards where the capacitance values are precisely
known, but these standards cannot be used to calibrate and check an in-situ probe station
while the system is under vacuum. To calibrate the in-situ probe station a vacuum
compatible capacitor standard was fabricated using a 0.5” x 2.0” x 12 mil thick single
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crystal sapphire slide with (112 0) faces. The pad sizes were chosen based on the nominal
capacitance values given by Keithley Instruments to calibrate low impedance
measurement scales for the Model 82 C-V system [128].

5.6.1 Calibration Standard Fabrication

The sapphire standard electrodes were deposited using an evaporator. 50Å of
chromium (Cr), and then without breaking vacuum, 2000 Å of gold (Au) onto the ‘top’ of
the sapphire slide. The sapphire was then removed from the evaporator so that the contact
pads could be patterned. The first step in forming the pads was to spin on photoresist
used to protect the metal while etching away the metal around the pads. During this step a
bead of photoresist formed around the top edge of the sapphire. This bead is difficult to
remove and if not completely removed, remnants of metal may not be entirely etched
away and can cause shorts between the pads. The bead had to be carefully wiped off the
sides using acetone; this meant that the pads could not extend to the edge of the sapphire
slide. The electrical probe station manipulator has approximately a one-inch linear
motion, which limited the size, number, and location of pads on the sapphire standard
that could be contacted by the probe tip. To create the mask the pad pattern was printed
onto transparency paper. The feature size on the mask is not sub-micron so this method
was sufficient for this application. After the photoresist was wiped from the sides, the
sample was baked for one minute at 90°C. The mask was aligned on the sample, exposed
to ultraviolet (UV) light, and then baked for one minute at 130°C. To remove the UV
exposed photoresist, the sample was placed in AZ 400T photoresist stripper [135]. With
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the UV exposed photoresist removed, the second step was to etch away the exposed gold
/ chromium. The etch solution was 3:1 hydrochloric to nitric acid. The sapphire was
gently swirled in the solution until the exposed metal was etched away. The photoresist
was examined to ensure it was still protecting the metal, and then the slide was placed
back in the solution for another minute to ensure the pads were not shorted together; the
remaining photoresist was removed with acetone. The last part of the process was the
deposition of Cr/Au on the backside using the same method discussed above.

5.6.2 Sapphire Standard Capacitor Measurements

Capacitance versus frequency measurements of the sapphire capacitor standard
were made using the HP 4284 LCR Meter with both an ex situ and the in situ probe
station. Prior to either measurement a zero measurement was made at each frequency and
range to account for the setup differences between the two probe stations and then
subtracted from the actual measurements. A zero measurement was taken with the probe
just above the electrode. The comparison of the measurements are shown in Figure 5-6.
The open squares are from the in situ and the closed squares are from ex situ, normalized
to 39.14 pF, and the solid lines show the claimed accuracy calculated using formulas for
the instrument [136]. The measurements show about 0.3 % systematic error at low and
high frequency, and less than 0.1 % systematic error between the measurements at
intermediate frequencies. The measurements are within the claimed precision of the HP
4284A except at high frequencies.
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Figure 5-6: Comparison of in situ (open squares) and ex situ (closed squares) capacitance
measurements made on the same pad of the sapphire standard.
Two calibration methods were applied to correct the high frequency error, one
that accounts for stray impedances associated with the cables and the other accounts for
phase shifts into and out of the device under test. The first calibration method is based on
a procedure discussed in “The Impedance Measurement Handbook”, which assumed
stray impedance would scale and / or shift the measurements [137]. Therefore, the
corrected impedance would be given by ZC =

(Z

M

− Z open )− k 0
k1

, where ZM is the measured

impedance, and Zopen is an open impedance measurement. Complex correction factors,
given by k0 and k1, associated with the cables can be solved for by measuring a standard
capacitor, with known values. These correction factors can then be applied to the real
(Re) and imaginary (Im) part of ZC. The second method involved converting the
measured admittance, G + i ⋅ ωC to phase space, Aeφ to account for phase shifts into and
out of the device under test. This procedure involved first calculating the amplitude and
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the phase shift correction from a measurement of the admittance for a standard capacitor
with known values. The second step involves applying these correction factors to the
actual device under test. The last step was to convert the corrected measurement back to
admittance space and simultaneously solve the amplitude, A = G 2 + (ωC) and phase,
2

⎛ ωC ⎞
⎟ equations for the corrected capacitance and the corrected conductance.
⎝ G ⎠

φ = tan−1⎜

However, these methods were unable to compensate for the high frequency dispersion.
While making the electrical measurements in the in situ probe station, on the
sapphire standard, it was observed that the capacitance decreased from the expected value
at higher frequencies. It was assumed that oxide or hydrocarbon contamination on the
tungsten whisker probe was the cause of this problem. Gold foil was placed on a
molybdenum block and then moved into the probe station. The probe tip was lowered
until it touched the gold foil. A current was passed through the probe to heat the tip to
evaporate any oxide or hydrocarbon contamination and while the tip was still hot it was
pulled away from the foil. There was a significant difference between measurements
made on the sapphire standard before and after the “tip cleaning”, which can be seen in
Figure 5-7. The tip contamination can be modeled using the equivalent circuit shown in
the inset of Figure 5-8, where Cstd is the measured standard capacitance, and Cc and Rc is
the RC network associated with the tip contact. The “tip cleaning” process improved the
high frequency measurements by about 7%, which results in a high frequency
measurement error of only 0.3%, due to the tip contact, which can introduce a resistance
and or capacitance into the measurements. This shows that the tip contact can introduce
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the 0.3% systematic error at high frequencies that was observed in the measurements
shown in Figure 5-6.
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Figure 5-7: Effect of the ‘tip cleaning’ on the measured capacitance (Cap.), normalized to
39.2 pF, and conductance (Cond.) versus frequency. There is a 7.0 % improvement in the
measurements at high frequencies.
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Figure 5-8: Capacitance and conductance versus frequency measurement made after ‘tip
cleaning’. An RC circuit model, illustrated in the figure, was used to model (solid lines)
the tip contact.
The techniques outlined in this chapter are not only required for this MOS system
they should also prove invaluable for other oxide and semiconductor systems as device
dimensions approach the nano-scale range and the interface becomes more sensitivity to
environmental effects [76][77][78].

Chapter 6
Electrode-Patterning Deposition Chamber

6.1 Overview of the Electrode-Patterning Chamber

The purpose of designing a metal patterning / deposition chamber into a vacuum
system was to be able to form metal electrodes on oxides, specifically environmentally
sensitive oxides. Typical electrode patterning involves several steps [90][91]. Metal is
deposited over the entire wafer, and then photoresist is applied over the metal. The
photoresist is then exposed to ultra-violet light through a shadow mask, it is removed
exposing the metal underneath, which is then etched away, leaving behind the desired
electrode pattern. The process would be impossible to undertake in ultra-high vacuum.
However, a method that could be used to pattern electrodes is by the deposition of metal
directly through a shadow mask. This type of process was utilized through designing and
fabrication of an ultra-high vacuum electrode-patterning chamber. The main components
of this chamber are: a manipulator, thickness monitor, metal source, and a shadow mask.
The shadow mask is supported by a wheeled deposition stage, which is similar to the
transport line “train”, discussed in Chapter 2. Figure 6-1 is a schematic illustration of the
electrode-patterning chamber. Also illustrated in Figure 6-1 is the “flip station” that was
discussed in Chapter 2, which is required in order to transfer the sample into the
electrode-patterning chamber. Transfer of the STLC assembly, Figure 2-2, into the
electrode-patterning chamber is done with a transfer arm fork, shown in Figure 2-7, is
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vertically offset to clear the deposition stage. The STLC assembly is removed from the
transport line “train” on the bottom clips flipped to the top clips in the “flip” station and
then transferred onto the manipulator. Sections 6.2 through 6.4 will discuss the electrodepatterning chamber manipulator, the shadow mask, the deposition stage, and the
deposition source and method.

Figure 6-1: Electrode patterning chamber and components as well as the “flip station”
required for sample transfer into the chamber.

6.2 Manipulator

The manipulator can heat the sample to approximately 500 °C as measured by a
tungsten (W)-5% rhenium (Re) / W-26% Re thermocouple. Direct thermal contact of the
thermocouple with the substrate is difficult so the temperature measured by the
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thermocouple can differ from the substrate temperature. Therefore, the temperature
readout was calibrated using the melting point of various metals that were in direct
contact with the substrate. Metals cannot be simply placed on the substrate because the
sample surface mounts facing down. Instead, a silicon wafer was heated on a hot plate;
then tin, lead, and zinc were melted on the silicon. After the metals melted they were
smeared on the surface, so that they would stick when upside down. It is easy to see
something melt when it is initially in a ball or chunk, but it is more difficult to detect
when it re-melts. This problem was resolved by removing the silicon wafer from the hot
plate, allowing the metals to freeze, abrading the metal surfaces, and then the silicon
wafer was placed in the electrode-patterning chamber. A laser was reflected off the metal
surfaces, one at a time. The light was reflected out of the chamber to an LCD camera.
The substrate manipulator was then slowly heated until the reflected light began to quiver
and change, which indicated that the metal had re-melted. This method ensured an
accurate calibration of the substrate surface temperature; the results of this calibration are
shown in Table 6-1.
Table 6-1: Calibration results obtained for the electrode-patterning chamber manipulator
heater based on the melting point of different metals.
Metal

Melting Temperature (°C)

Indium
Tin
Lead

157
232
327

Thermocouple Reading at
the Melting Point (°C)
144
249
367
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6.3 Shadow Mask and Deposition Stage

Towne Technologies fabricated the shadow mask, shown in Figure 6-2 [93]. The
mask consists of five rows and six columns; each row and each column are separated by
18 mils, this separation is needed for mask rigidity. The diameters of holes are: 20, 22,
26, 34, 50, 81, 144, and 269 microns, which gives over two orders of magnitude
difference in area. The mask is supported by a stainless steel (SS) block and is loosely
secured to the block by tantalum wire. If the mask were rigidly fixed to the block it may
permanently deform or buckle after heating, making it more difficult to get uniform pads
across the sample. The SS mask support block loosely rides on four-dowel pins that were
press fit into the deposition stage shown in Figure 6-3. Tungsten springs, positioned
between the support block and the deposition stage, fit around the dowel pins. The
springs give the mask and support block vertical flexibility and ensure that the mask
presses against the substrate surface, which results in well-patterned electrodes, Figure 67. To keep from pushing the manipulator down too far and smashing the substrate, stops
were designed to allow the substrate to just come in contact with the mask. Tapered guide
pins were designed to center the wafer over the mask, which also serve as the
manipulator stops. The wheeled deposition-stage has two positions: one that positions the
shadow mask under the STLC assembly and the other that positions an open hole under
the STLC assembly, which can be used for large area depositions such as a backside
metallization. The metal thickness is monitored with an Inficon quartz crystal sensor or
monitor (QCM) located to the side of and below the deposition stage [88].
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Figure 6-2: Shadow mask with the repeat hole pattern shown in the inset.

Figure 6-3: Illustration of the wheeled deposition stage that supports the shadow mask
and the manipulator guide pins and stops.
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6.4 Electrode Deposition

Forming well-defined electrodes can be a difficult process. Choosing an
appropriate metal, deciding the best way to deposit the metal, and how to form the gate
electrode are some of the main issues that need to be addressed. Aluminum (Al) is a very
common electrode used in the microelectronic industry [63][90][91], but high dielectric
MOS capacitors with aluminum electrodes can have a large leakage current. This arises
from a small band offset, due to the small work functions in comparison to the band gaps
of the oxides that are grown on silicon. Therefore, metals with relatively low work
functions may result in the device having a higher leakage current, which limits the
metals that should be considered as gate electrodes.
Platinum (Pt) has one of the largest work functions [92], but is much harder to
deposit than aluminum due to the high temperatures required, so several platinum
deposition methods were tested; e-beam evaporation, and thermally, by tungsten wire
baskets and a high temperature effusion cell. These three techniques will be discussed in
the sections 6.4.1 through 6.4.4.

6.4.1 e-Beam Evaporation

Platinum electrodes were first tested using e-beam evaporation. The electrodes
were deposited on p-type silicon with approximately 400Å SiO2 grown on the surface
along with a backside implant. The backside was implanted to improve backside
electrical contact. The following conditions were used for the implant. An amorphization
of the backside was done by the implantation of Si+ (100 keV dose 1x1015 cm-2) and this
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was followed by an implant of B+ (10 keV dose 1.2x1015 cm-2). Implant Sciences did the
implantation of the silicon substrate and then Virginia Semiconductor grew the oxide
[94][95]. Platinum electrodes were patterned on a sample with no pre- or post-metal
anneal. It was then moved into the electrical characterization probe station to measure the
capacitance versus voltage characteristics. The flat band voltage for Pt electrodes is
around 0.65 V for a given work function of 5.6 eV and a doping level of 5 x 1015 /cm3
[64]. However, the C-V measurements showed over a four-volt shift from the expected or
calculated value. This suggests there is positive fixed charge in the MOS system. Chapter
4 discusses the calculation of the flat band voltage and how charge in the MOS system
can affect this voltage.
Another sample was annealed in 10% hydrogen 90 % Argon ‘forming gas’ for
fifteen minutes prior to the electrode deposition using the e-beam process as described
above. The flat band voltage shift of this sample, relative to the expected, was about three
volts, which is less then the shift of the first sample. This implies that the fifteen minute
anneal helped, but maybe a longer anneal is needed. A second forming gas anneal was
preformed on this same sample for forty-five minutes. The flat band voltage shift after
the second anneal was about half a volt. These results seem to suggest that the pre-metal
anneal was not long enough.
A third sample was annealed for one hour in forming gas and then the electrodes
were deposited by e-beam evaporation. Again the C-V measurements showed a flat band
voltage shift of over three volts, which implies that the e-beam is causing damage to the
oxide. Table 6-2 summarizes these results.
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Electrical contact can be made without any deposition by using liquid indium /
gallium (InGa). Both of these materials are suitable for use in a vacuum system. To test
the notion of the e-beam damage, a small liquid InGa gate electrode was formed on the
third sample on the area that was initially protected by the shadow mask. The flat band
voltage for an InGa electrode is approximately -1.0 Volt. The C-V measurements of this
sample showed a flat band voltage shift of about half a volt from the expected flat band,
suggesting that e-beam evaporation causes a large flat band voltage shift due to radiation
damage to the oxide.
These experiments show that the e-beam causes damage to at least SiO2 and may
also cause damage to alkaline earth oxides. Even though e-beam damage can be annealed
out, the anneal could affect the electrical properties of the alkaline earth oxides, so
another deposition method must be considered.
Table 6-2: Flat band voltage shifts of gate electrodes deposited by e-beam evaporation
and the effect of pre- and post-metal forming gas anneals on these shifts.

1st Sample
2nd Sample
2nd Sample
3rd Sample
3rd Sample

no pre- or postmetal anneal
15 minute preanneal
45 minute postanneal
1 hour preanneal
1 hour pre
anneal

Expected VFB
(Volts)
0.65

Measured VFB
(Volts)
-3.75

VFB Shift
(Volts)
4.4

0.65

-2.56

3.21

0.65

0.2

0.45

0.65

-2.5

3.15

-1.0

-1.5

0.5
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6.17.2 Metal Electrode Thickness Measurement

Other deposition methods tested involved thermal evaporation, like that from an
effusion cell or from a wire basket. The deposition thickness is measured with a quartz
crystal monitor (QCM). The flux is inversely proportional to the square of the distance of
the evaporant source to the substrate; therefore, the closer the source is to the substrate,
the higher the flux on the surface, the shorter the deposition time [125]. This is important
because a long deposition time can result in poorly defined gate electrodes; see section
6.4.4. However, another problem arises when using thermal evaporation methods. The
source is nine inches away from the sample the heat emitted by the source renders the
QCM ineffective for measuring the thickness. The QCM basically measures thickness by
changes in the crystal oscillations, which is affected by temperature. In order to obtain an
estimate of the thickness, a glass slide is deposited on for a given time and then by
measuring the attenuation of a laser through the deposited section of the slide a rough
estimate of the thickness is determined. Equation 6.1 is used to estimate the deposition
thickness, d, where i is the intensity of the attenuated light, I is the incident intensity, and
μ is the mass attenuation coefficient for platinum. The attenuation coefficient is μ/ρ =

4400 (cm2/g), where ρ is the density of platinum, 21.4 g/cm3 [96].

i = I exp(−μd)

Eq. 6.1
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6.17.3 Deposition from a Tungsten Wire Basket

Deposition from a wire basket simply involves placing the metal in the basket and
passing a current through the basket to heat the metal until it evaporates. However, this
method did not work very well for the deposition of platinum. When current was passed
through the tungsten basket the sections of platinum touching the basket would melt, but
not enough current could be supplied to the basket to melt all of the platinum before the
basket would fail, i.e. break because of localized “hot spots”. After several experimental
trials, a method was developed that would enable several hundred angstroms of platinum
to be deposited before the basket would fail. The method developed was to wrap
platinum wire around each coil of the tungsten basket. The basket used should be one
with several braided tungsten wires, because there is more surface area for the platinum
and tungsten to alloy. This method is not as efficient as e-beam evaporation, because it is
difficult to evaporate all the platinum before the basket fails, but this method does not
cause damage to the oxide as was determined by C-V measurements. Limitations with
this method are; the inefficient use of platinum, difficult in wrapping the platinum wire
around the coils, and only one deposition per basket.

6.4.4 Effusion Cell Evaporation

A second thermal deposition method used was from an effusion cell. The heat
emitted from the cell affected the QCM, so the optical absorption method, discussed in
section 6.17.2, is again used to estimate the thickness. A graphite crucible was used to
hold platinum (Pt) to be evaporated at 2100 °C, the maximum temperature of the effusion
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cell. Initial attempts at depositing Pt took over two hours to achieve a thickness of
approximately 500 Å. A long deposition time is problematic, because the deposition stage
or shadow mask moves, resulting in poorly defined gate electrodes. In this case the long
deposition time is attributed to graphite that forms on the surface of the melted Pt, which
blocks the evaporation of Pt. The alloying of the liquid evaporant with the crucible is the
problem with evaporation from a crucible, which can cause the crucible to fail.
This problem would be eliminated by sublimating Pt from a solid source of
tungsten (W) / Pt alloy at 30 % W, since this composition is a solid at 2100 °C. If a Pt /
W alloy slug that filled the crucible volume were used to evaporate Pt, the concentration
of Pt at the surface will decrease with time as Pt evaporates, limiting its useful lifetime.
Therefore, a technique was developed to limit the reduction in the Pt surface
concentration by increasing the evaporant surface area by using a large number of small
Pt / W alloy pieces that fill the crucible volume. A kinetic description is given below to
explain how increasing the number of pieces results in the enhanced sublimation of an
evaporant alloy source.
The kinetics are solved for the geometry shown in Figure 6-4, where the basic
idea is that each piece provides a source of evaporant that effuses from the crucible, with
aperture of Ac.
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Pt / W alloyed
pieces

Pe

Ac

Ph
Apc

Crucible

Figure 6-4: Illustration of mesh-like structure, in the crucible, formed with Pt / W alloyed
pieces, where Ac is the crucible aperture, Ph is the hydrostatic pressure, Apc is the area of
pieces, and Pe is the vapor pressure.
The evaporation rate, Rpc, for each piece is given by Equation 6.2, where the evaporant
source area for each piece is Apc, m is the molecular weight, R is the molar gas constant,
and Ph is the hydrostatic pressure acting on the evaporant.

R

pc

=

A

(

P f
−P
pc e sur
h
2π mRT

)

Eq. 6.2

The composition contains about 70 % Pt, which reduces the Pt vapor pressure, Pe to 7 x
10-3 Torr from Raoults’ law [97]. Since the evaporation rate depends on the vapor
pressure, it will be reduced by some fraction, fsur, of the surface concentration.
Using mass conservation, Ph is solved for by equating the evaporation rate, for all
pieces, Ae, to the rate of effusion, Rf, given by Equation 6.3.
A P
c h
R =
f
2π mRT

Eq. 6.3

This gives Equation 6.4, for the evaporation rate, Re, for all pieces, where Ae = Apc·Npc.
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⎛ A A ⎞
P f
e
sur
e c ⎟
⎜
R =
e
2π mRT ⎜⎝ A + A ⎟⎠
e
c

Eq. 6.4

As the evaporant area increases, it can be seen from Equation 6.4 that the evaporation
rate approaches that expected for a single slug the size of the crucible. Figure 6-5 is the
ratio of, Equation 6.4, to that for a single slug of pure Pt, this shows that evaporation rate
approaches that of the ideal 70% Pt surface concentration for the Pt / W alloy. The total
evaporant area, Ae was calculated using a cylindrical piece with a radius, r0 = 0.09 cm
and l0 = 1.27 cm.
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Figure 6-5: Ratio of Equation 6.4 to that of the ideal evaporation of a pure Pt slug (70%)
versus the number of Pt / W pieces, the solid line, and the dashed line is the ideal fraction
of Pt in the evaporant. This shows that by increasing the number of segments the ratio
approaches the ideal 70% for this alloy.
The advantage of using this evaporation technique is that the flux from a source with a
large number of small pieces is more stable than a single slug. As the area of the
evaporant is increased, the specific evaporation rate from each piece decreases to zero as
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Ae → ∞. At this limit each piece should be able to supply evaporant at a rate given by the
diffusion through the piece.
The characteristic decay time was calculated by solving the diffusion equation for
a cylindrical piece of radius, r0, and length l0, given above. The diffusion coefficient, for
Pt in W, was assumed to by 10-6 cm2 sec-1 at 2100 °C [98]. The calculated time constant
for an exponential decay of the flux is shown in Figure 6-6, as a function of the number
of pieces.
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Figure 6-6: Graph of the decay time versus number of Pt / W alloyed pieces.
From Figure 6-5 and Figure 6-6 it can be seen that the source becomes practical for about
30 pieces, which allows the source to be used for almost 30 hours compared to about
three hours for a single alloy slug of area Ac. Using this technique of placing Pt / W
alloyed pieces into a crucible, the deposition time was reduced to less than 20 minutes for
a thickness of approximately 500 Å. Another advantage is that the source can be
replenished by placing pure Pt into the crucible, which when heated will melt and re-
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alloy with the pieces so that all the pieces do not have to be replaced.

6.18 Summary of Electrode Deposition Methods
Previous results showed that e-beam evaporation is the most straightforward way
to deposit platinum, but was observed to cause significant damage in SiO2 / Si MOS
capacitors. Both thermal methods involve smaller fluxes resulting in a longer depositions,
which can be problematic, because the mask may move, resulting in ill defined pads that
can even short together. Deposition from tungsten wire baskets is not very efficient and
will only work once before the basket fails. Therefore, deposition using an effusion cell
was the method chosen. It does not cause damage to SiO2 confirmed by C-V
measurements, taken by an ex situ and in situ probe station. Although there was a halfvolt flat band voltage shift, it is likely due to insufficient forming gas annealing, but was
not examined further. Electrode-patterning using the effusion cell is accomplished by
heating the cell to 2100 °C; at this temperature approximately 500 Å-thick platinum
electrodes can be deposited in less than 20 minutes in a vacuum that ranges from 2 x 10-8
Torr at the beginning to 1 x 10-7 Torr at the end. One way to limit mask movement during
long deposition times may be to use a magnetic shadow mask and equip the manipulator
with an electro magnet. This would allow the magnetic in the manipulator to be turned
“on”, which would attract the mask to the oxide surface. When the deposition is complete
the magnetic could be turned “off”. The mask would not move and the pads would be
well defined. This would also be less forceful than pushing the wafer down onto the
mask.
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Micrographs of electrodes deposited using an effusion cell are shown in Figure 67 and Figure 6-8. Figure 6-7 shows that the deposition system is capable of forming welldefined metal electrodes. Even though the electrodes were deposited in vacuum the
sample can still not be removed from the system, because air exposure also effects the
oxide under the electrodes, and can cause the pads to “bubble”. This is seen in Figure 6-8,
where the sample was removed from the vacuum system. Therefore, the MOS capacitor
must be characterized while in the vacuum system. Figure 6-8 also shows the affect of a
long deposition, by the ill-defined gate electrodes. Electrical characterization on the
fabricated MOS capacitors using the in-situ probe station is described in Chapter 5.

Figure 6-7: Well-defined platinum gate electrodes on Ba0.7Sr0.3O, imaged in the vacuum
system, scale shown is 50 μm.
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Figure 6-8: Ill-defined platinum electrodes on Ba0.7Sr0.3O, imaged after removal from the
vacuum system. This also shows that the electrodes “bubble” after removal from vacuum,
which illustrates the reactivity of these alkaline earth oxides, scale shown is 50 μm.

Chapter 7
Ba0.7Sr0.3O Comparison to SiO2

7.1 Electrical Results of Ba0.7Sr0.3O
A major driver for the electronics industry is the scaling of the transistor to
smaller dimensions. The requirements of scaling are described and, to some extent,
“driven” by the semiconductor roadmap. All dimensions of the transistor scale more or
less proportionately; therefore, with continued scaling the SiO2 thickness will approach
the order of one atomic layer and it is this scaling that motivated work leading to this
study.
It has been demonstrated that the transistor structure can be reproduced through a
layer sequencing at the atomic level [65]. The importance of atomic layer synthesis is that
as devices are scaled to smaller dimensions, the physical behavior of the system at the
atomic level becomes more important to a description of device function. Not only does
the semiconductor community need to search for new materials, a fundamental change in
the view of transistor function should also be considered.
An alternative gate dielectric integrated with silicon requires the dielectric /
silicon system has specific properties [5]. These requirements must be that the system has
a low density of interface states, a relatively high dielectric constant, and a relatively
large band offset. The silicon lattice matched Ba0.7Sr0.3O (BSO) should have a low
interface state density, the reported dielectric constants for BaO (34) and SrO (14), [113],
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suggests the ratio for BSO should have a dielectric constant around 28, and have a
bandgap around 4.4 eV, as can be seen in Figure 7-1.
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Figure 7-1: Bandgap versus dielectric constant for potential alternative gate oxides.
Electrical characteristics, such as the dielectric constant and interface state density
can be extracted from the capacitance versus voltage (C-V) measurements. The C-V
measurements shown in Figure 7-2a are from a 150 Å SiO2 / Si capacitor with a polysilicon gate electrode and the C-V results shown in Figure 7-2b are from an as grown 175
Å BSO / Si capacitor with a platinum gate electrode, the open squares are the data and the
solid lines are from a simulation. The simulations were derived from equations given in
reference [79]. The dielectric constant for SiO2 is known to be 3.9 [64] and the dielectric
constant for BSO was ~33 extracted from a low frequency measurement (not shown).
The dielectric constant for BSO is larger than the expected value of around 28, which
could be due to about a 10 % error in the measured electrode area. The expected flat band
voltage for SiO2 / Si should be around 0 Volts, which is what is observed as compared to
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a high frequency simulation. The flat band voltage for BSO should be around 0.65 Volts
for a platinum electrode, but this is not what is observed. This could suggest the presence
of fixed oxide charge and or charged or trapping electronic interface states. Fixed oxide
charge tends to linearly shift the C-V curve and electronic interface states tend to stretch
out the C-V curve. Another difference between the simulation and actual measurement is
that there is essentially no response in the high frequency curve in accumulation and this
could be due to interface states pinning the silicon bands. The BSO capacitor C-V results
are very different than the C-V results of SiO2 capacitors. The distinct difference,
discussed in more detail in Chapter 8, is due to the epitaxial nature of the BSO / Si
interface.
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a)

b)

Figure 7-2: Capacitance versus voltage curve for a) 150 Å SiO2 / Si capacitor and b) 175
Å Ba0.7Sr0.3O / Si capacitor.
Several alternative dielectrics have been investigated for potential gate insulator
applications, which are epitaxial as apposed to amorphous. Work by Asano and Ishiwara
first reported the epitaxial growth of CaF2 grown on (111) silicon [114][115]. They report
the crystal structure of CaF2 is cubic with lattice parameter of 5.46 Å resulting in a lattice
mismatch of about 0.6 % to that of (111) silicon, but report no electrical measurements.
Capacitance voltage measurements made by Cho et al. on CaF2 on (111) silicon grown at
temperatures above about 400 °C show evidence of band pinning, which was suggested
to be due to interface states [116]. However, they were able to anneal these films in
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forming gas (10 % H2 + 90 % N2) at various temperatures below 800 °C and improve the
C-V characteristics, meaning that the silicon shows a clear distinction from accumulation
to inversion. They also report good C-V behavior of CaF2 films grown at lower
temperatures from 200 °C to about 400 °C that goes from accumulation to inversion
without any anneal. The observed band pinning in BSO as discussed above is contributed
to the epitaxial growth procedure of the BSO film, and although Cho et al. do report that
there is a better film crystal quality with higher temperature growths no further discussion
of the silicon band pinning is given in there work. Theoretical studies of CaF2 on Si (111)
model the band structure [117]-[119]. These studies suggest that the band structure
associated with the CaF2 has an unoccupied band several eV above the silicon conduction
band and the occupied band near the silicon valence band edge, and that this could lead to
silicon band pinning. Valence band pinning was also assumed by Fathauer and
Schowalter so that the measured electrical characteristics could be modeled [120].
Another study utilized BaTiO3 grown on SrO buffered Si (001) [99]. The C-V
characteristics show a well-behaved progression from accumulation to inversion and an
interface state density of 2 x 1011 eV-1 cm-2. The extracted dielectric constant was about
14, which is the reported value for SrO and is lower than expected for BaTiO3 [152]. A
possible reason may be that there is SiO2 at the SrO / Si interface, but no explanation was
given why the dielectric constant was lower. Some of the first work on the dielectric
properties of BaTiO3 measured on dry powder pressed disk report values from about 400
to 6500 depending on measurement temperature with a room temperature value around
1300 [100] and values reported for single crystal BaTiO3 are from ~ 800 to ~ 2800 for εc
to εa [101].
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CeO2 was grown on Si (111), but the as grown films did have SiO2 at the oxide
silicon interface elucidated by high-resolution transmission electron microscopy [102].
The CeO2 C-V characteristics of the as grown films are typical for a MOS capacitor as
the gate voltage is swept from accumulation to inversion although there is improvement
in all aspects of the C-V behavior after various anneals contributed to the thicker SiO2
layer at the interface. In another study CeO2 was grown on Si (111) without the formation
of SiO2; however, no electrical results were presented [103].
Gd2O3 is also being considered as an alternative gate oxide [12]-[18]. Laha et al.
grow epitaxial Gd2O3 on silicon of different orientations and showed good capacitance
behavior from accumulation to inversion [18]. They also report conductance
measurements, which show very broads curves similar to what is observed in SiO2 [63].
Conductance measurements made on BSO, are very different from that of SiO2 and
Gd2O3. Conductance measurements will be discussed more in chapter 8.
Other oxides that have received much attention as alternative gate oxides are
Y2O3 and Pr2O3 [104][105][106][107][108][109][110][111][112]. Of these Hunter and
Lay report C-V characteristics on Y2O3 [105]. Hunter shows C-V measurements on the
as-grown film that indicate poor oxide quality due to oxide and interface charge trapping,
but this charge trapping is reduced with annealing in both argon and oxygen, but in both
cases SiO2 formed at the interface. BSO as grown films show no evidence of SiO2 at the
oxide / silicon interface, as shown by z-contrast transmission electron microscopy [70].
Lay shows C-V measurements on Y2O3 before and after a rapid post metal anneal, which
was used to avoid dielectric / silicon interfacial reactions [112]. After the anneal an
increase in the accumulation capacitance and an interface density decrease was observed.
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The increase in the accumulation capacitance suggests that no interfacial reactions
occurred. Other studies on Y2O3, Nd2O3, and Pr2O3 that report capacitance measurements
show that the device can be sweep from accumulation to inversion on as grown films, but
again can be improved after annealing by less of a flat band voltage shift
[24],[25],[27],[28].
Wang et al. show excellent C-V measurement on yttria-stabilized zirconia (YSZ)
with little charge trapping either at the interface or in the oxide [37]. Er2O3 capacitance
measurements reported show progression from accumulation to inversion although the CV shows evidence of interface states and fixed oxide charge [51].
Several of the studies above discuss how post-annealing improves the C-V
characteristics, although this would be something to pursue for future work in regards to
BSO, the focus was solely on as-grown film characteristics and no post annealing was
done for this study.
The lattice matched BSO with an epitaxial interface should tie up dangling bonds
and reduce interface states, but the C-V results, shown in Figure 7-2b, suggests fixed
charge in the oxide or charge trapping at the interface. Charge trapping at the BSO /
silicon interface is not acceptable for an alternative gate oxide and likely eliminates BSO
as an alternative gate oxide. However, since epitaxial oxides are being considered as
potential alternative gate oxides, the potential effects of an epitaxial interface on the
electrical characteristics should be studied and understood. This work presents the
electrical characteristics of an epitaxial interface in Chapter 8 utilizing BSO and may be
used as a starting point in the electrical characterization of epitaxial systems.
A relative band diagram for a SiO2 gate oxide on silicon is shown in Figure 7-3a.
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Its features include a large offset between the conduction and valence bands of the oxide
and the silicon in contrast to the smaller offsets for BSO Figure 7-3b. These offsets serve
as a barrier to electron or hole conduction across the oxide and limit leakage current,
which is critical to the function of the transistor.

a)

b)

Figure 7-3: Oxide / silicon energy band diagrams for a) SiO2 and b) Ba0.7Sr0.3O.
The leakage current measurements for the same samples shown in Figure 7-2 are
shown in Figure 7-4a, where the SiO2 is the open circles and BSO is the closed circles.
Figure 7-4b shows the leakage current as a function of BSO oxide thickness and as
expected the thinner oxide has a higher leakage. The leakage current does not go through
zero due to the scan rate at which the measurements were made. Figure 7-4c shows
measurements made on the 100 Å sample for two different scan rates. This figure also
shows that with a slower scan rate the leakage current crosses more closely to zero.
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Although the leakage current for the BSO sample is relatively low, it is not as low as the
SiO2 sample, but does improve with increasing oxide thickness. Even though the
dielectric constant is expected to be 28 for BSO and is larger than the 3.9 of SiO2 the
bandgap of 4.4 for BSO is less than the 9 of SiO2, which is the reason of the lower
leakage current for SiO2 as compared to that of BSO. The limit of SiO2 scaling is
application dependent and generally accepted values range from 1 mA / cm2 to 10 A /
cm2 depending on circuit application. Therefore, the SiO2 thickness would be limited to
approximately 1.5 to 2.0 nm. However, other reliability factors may limit this scaling
[119][120][122][123].
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a)

b)

c)

Figure 7-4: a) Oxide / silicon leakage current versus gate voltage for SiO2 (open circles)
and BSO (closed circles) and b) BSO leakage current as a function of thickness. c)
Leakage current versus scan rate, slower scan rate changes sign closer to zero.
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An advantage of an epitaxial interface is that it may have better passivation than
that of SiO2. Cubic boron nitride (BN) was grown on (001) silicon to show the possibly
of an epitaxial interface having passivation superior to that of SiO2 [124]. The interface
between cubic BN and silicon was very distinct as imaged by high resolution
transmission electron microscopy; however, no devices were fabricated and no electrical
results were given. The few studies listed above focused mainly on the epitaxial quality
of the oxides and not the electrical characterization, whereas this study focused mainly on
the electrical characterization and the development of a methodology to study
environmentally sensitive dielectric / semiconductor systems.

Chapter 8
Measurement Results and Discussion

8.1 Capacitance Measurements
Capacitance versus voltage (C-V) measurements shown in Figure 8-1 were made
on MOS capacitors fabricated using the growth process [65] discussed in Chapter 3. The
oxide is lattice matched Ba0.7Sr0.3O 175 Å determined by the deposition flux measured
with a quartz crystal monitor, the semiconductor is boron doped from 1 to 10 Ω cm, the
gate area is 62,700 μm2 of platinum metal. The curves are parametric in ac signal
frequencies, 25 Hz, 100 Hz, 1 kHz, 100 kHz, and 1 MHz, the darker solid line is a high
frequency (HF) simulation, and the lighter gray solid line is a low frequency (LF)
simulation. The simulation derivation is described in Appendix A. Figure 8-1b is the 1
MHz measurement and the HF simulation, from Figure 8-1a, over a narrower capacitance
range. The C-V of Figure 8-1 shows a voltage shift relative to the simulation, no high
frequency response in accumulation, and an inversion layer response.
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a)

b)

Figure 8-1: a) C-V measurements on a 62,700 μm2 gate area parametric in frequency,
shows a voltage shift relative to the simulation. b) the 1 MHz C-V measurement over a
narrower capacitance range shows that the high frequency curve has essentially no
respond in accumulation and that the capacitance is higher in inversion. The darker solid
and lighter solid lines are high and low frequency simulations.

The most obvious difference between the simulation and the measurements is the
voltage shift relative to the simulation, where the shift is typically given by the difference
between the “ideal” or expected and the measured flat band voltage. In the “ideal” case
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the flat band voltage calculated from Equation 4.2 is 0.65 Volts for a doping level of 5 x
1015 /cm3 and a platinum work function of 5.6 eV [64]. The measured flat band voltage
can be determined from the C-V measurements by calculating the capacitance at flat band
(CFB) using Equation 8.1, where LD is the Debye length calculated from Equation C.1.
The oxide capacitance is Cox, which is typically measured from a high frequency
measurement in strong accumulation, but since these BSO MOS capacitors do not reach
accumulation, Cox was determined from a low frequency measurement in inversion,
Appendix C. Once Equation 8.1 has been solved for CFB, the flat band voltage is the
voltage that corresponds to the value of CFB.
−1

CFB

⎛ 1
L ⎞
=⎜
+ D ⎟
⎝ Cox ε0εSi ⎠

Eq. 8.1

Even though the flat band capacitance can be calculated, the flat band voltage cannot be
extracted, because as Figure 8-1 shows the silicon does not reach the accumulation
region. Therefore, since the flat band condition occurs at the onset of accumulation an
exact value cannot be determined. The simplest explanation for the shift is that it is due to
fixed charge in the oxide, because as it was discussed in Chapter 4, fixed oxide charge
causes a linear shift, in voltage, to the C-V curve.
If the voltage shift is due to oxide charge then the shift should be a function of
oxide thickness, represented by d. Applying Gauss’ Law to the MOS system it can be
shown that for charge associated with the interface, Qi, the gate voltage has a linear
dependence on oxide thickness Equation 8.2, and for oxide charge density associated
with the oxide, ρox, the gate voltage has a square dependence on oxide thickness
Equation 8.3. The work function difference is represented by Φms. Appendix B describes
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Equations 8.2 and 8.3. Charge at the metal / oxide interface is independent of oxide
thickness.
Vg = −

Qi

ε0εox

Vg = −

d + φ s + Φms

ρox
d 2 + φ s + Φms
2 ⋅ ε0εox

Eq. 8.2

Eq. 8.3

Equations 8.2 and 8.3 are functions of the silicon surface band bending, φs, which is
extracted from C-V measurements, Appendix C. The extracted silicon surface band
bending for MOS capacitors with different oxide thicknesses of 50, 105, 175, 300, and
370 Å is shown in Figure 8-2.

Figure 8-2: The silicon surface band bending extracted from C-V measurements made on
BSO MOS capacitors with different oxide thicknesses. The solid horizontal line
corresponds to the same value of φs = 0.7 eV.
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It can be seen that as the oxide thickness is increased the band bending gets more
stretched over voltage, because φs is almost directly related to the field in the silicon.
Since the electric field is inversely proportional to the oxide thickness more voltage is
required to get the same band bending, and this results in the observed stretch-out of φs.
The horizontal line corresponds to the same value of φs = 0.7 eV, therefore larger gate
voltages are needed to get the same φs for thicker oxides, which can then be plotted as a
function of oxide thickness. If there were fixed charge in the oxide then a parabolic
response in voltage would be observed as a function of oxide thickness. Figure 8-3 shows
a comparison of the data to a linear and quadratic fit. The error bars are based on 10 %
error in the electrode area measurement and are within range of the linear fit, but outside
the quadratic fit. The total percent error between the data and the linear fit is about 40 %
and total percent error between the data and the quadratic fit is about 80 % so this seems
to suggest more of a linear response, which suggests that the voltage shift is more likely
due to interface or very near interface charge trapping. This was further confirmed by
increasing the oxygen background pressure during growth from 1x10-6 torr to 1x10-5 torr.
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Figure 8-3: Voltage shift due to oxide thickness is more linear. Error bars are based on 10
% error in electrode area measurement.
It was found that BSO MOS capacitors grown with ten times higher oxygen
arrival rate, from 1x10-6 to 1x10-5 have less voltage shift than the measurements shown in
Figure 8-1a. Figure 8-4 is a comparison of BSO MOS capacitors measured at 25 Hz on a
6,100 μm2 gate (open squares) and a 7,200 μm2 gate (solid squares). The open squares
are from the sample grown with 1x10-5 oxygen partial pressure and the solid squares are
from the sample grown with 1x10-6 oxygen partial pressure. Therefore, it is believed that
charge trapping in oxygen vacancies at or near the oxide / semiconductor interface is the
cause of the voltage shift, but is still under investigation. Even though there was about a
2.3 Volt shift in the C-V with 1x10-5 oxygen partial pressure growth the silicon still does
not respond in accumulation, as shown in the 1 MHz C-V measurements of Figure 8-5. A
possible explanation for this is that the silicon band is being pinned keeping the silicon
from going into accumulation, which would be caused by a high interface state density.
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Figure 8-4: 25 Hz C-V measurements show about 2.3 Volt shift as a function of oxygen
arrival rate. The open squares were from an MOS capacitor grown with a ten times higher
oxygen arrival rage, from 1x10-6 torr to 1x10-5 torr than the solid squares.

Figure 8-5: 1 MHz C-V measurements; the open squares were from an MOS capacitor
grown with a ten times higher oxygen arrival rage, from 1x10-6 torr to 1x10-5 torr than the
solid squares. The silicon still does not respond in accumulation.
The requirements for an alternative gate dielectric are a high-k dielectric, low
interface state density, and large band offset [5]. The high-k criterion is met with BSO,
where BaO has a dielectric constant of 31 to 34 and for SrO is 14 [152]. However, the
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dielectric constant determined from the C-V was 34, which is higher than the expected
value of 28. This could be due to several factors: the uncertainty in the oxide thickness
and in the gate area measurements. The large band offset is required to limit leakage
current, which again BSO meets this as can be seen in Figure 8-6, where current per cm2
is plotted versus gate voltage. This figure shows both the low oxygen arrival rate 1x10-6
(solid squares) and the ten times higher oxygen arrival rate 1x10-5 (open squares).

Figure 8-6: Leakage current measured for the low oxygen arrival rate 1x10-6 (solid
squares) and ten times higher oxygen arrival rate 1x10-5 (open squares).
Two of the three mentioned criteria for an alternative gate dielectric are met;
however, the C-V measurements shown above indicate a large interface state density due
to the apparent pinning of the silicon bands which keeps the silicon from going into
accumulation [64]. All data discussed in this thesis was grown by starting with a 1/4 ML
Sr (Sr sample) as discussed in chapter 3, but before moving on to the discussion of the
interface state density and conductance measurements it is worth mentioning the effects
of starting with a 1/4 ML Ba (Ba sample). The Ba samples were grown using the same
technique as the Sr samples. No difference was observed in the leakage current, which
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was approximately 1x10-7 to 1x10-6 A/cm2 in accumulation. This is to be expected since
the oxide was the same and only the method of getting off the silicon was different. The
C-V characteristics are similar in that both were shifted relative to the expected flat band
and they showed little to no response in accumulation. However, the Ba sample showed
evidence of more interface states through the lack of response from inversion to
accumulation compared to that of a Sr sample. More on this will be mentioned in section
8.5. The next sections discuss the conductance, which is a measure of the interface state
density and will be used to further study the electrical properties of the epitaxial BSO / Si
interface [2][63].

8.2 Conductance Measurements

8.2.1 Conductance versus Voltage
The conductance measurement technique is a measure of the energy loss
associated with capture and emission of charge carriers from interface states and the
interface states density can be extracted from conductance measurements [2][63]. This
requires that measurements be made as a function of gate voltage and frequency.
Figure 8-7 shows both conductance and capacitance curves versus gate voltage for the ac
signal frequencies of 25 Hz, 100 Hz, and 1 kHz. The G/ω curves peak as a function of
gate voltage at small frequencies, but begin to split when measured at higher frequencies.
The reason is that there are less charge carriers to exchange charge when the Fermi
energy is in the middle of the gap than when the Fermi energy is closer to the bands. A
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measurement made at 25 Hz, Figure 8-7a, is slow enough that the states can respond,
which result in essentially a single loss peak. However, as the frequency increases even
up to just 100 Hz, Figure 8-7b the states are not able to follow the ac signal and the
conductance peak splits. The 1 kHz measurement, Figure 8-7c, only shows one peak
toward inversion, which is evidence of coupling of the interface states to charge carriers
in the field, which is the area outside the gate electrode. Without this coupling there
would not be enough charge carriers, in inversion, to enable the states to follow the ac
signal frequency. This same conduction peak split is also observed in SiO2 / Si systems.
The conductance measurements versus voltage of Figure 8-7 show the response of
interface states through the entire silicon gap or the range over which can be measured,
but a conductance measurement versus frequency looks specifically at interface states
that are within a few kT of the Fermi level, which is discussed in the next section.

98
a)

b)

c)

Figure 8-7: Conductance and capacitance versus gate voltage measurements. The
conductance shows a peak in voltage at low frequency, but split as the ac signal
frequency increases. The measurements were made at a) 25 Hz, b) 100 Hz, and c) 1 kHz.
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8.2.2 Conductance versus Frequency
The measured conductance versus frequency is shown in Figure 8-8a, and
Figure 8-8b shows the measured capacitance curves versus frequency; each curve is
measured at a fixed gate bias. The applied bias was stepped from inversion to
accumulation in 0.2 Volt increments, but only a small portion of the measured voltage
range is shown, -1.6, -1.8, -2.0, -2.2, and -3.2 Volts. The behavior of the measured
conductance is difficult to see in this 2D plot, but can be more easily seen in the 3D plot
of Figure 8-9, the data is displayed both as a function of relative gate voltage and relative
frequency. The trend in the data is that the conductance peaks at high frequencies then
moves toward lower frequencies, and then begins to move back to higher frequencies as
the gate voltage is swept from inversion to accumulation. It was shown above in the
conductance versus gate voltage curve of Figure 8-7c that there was a source of minority
carriers from the field. Therefore, a conductance versus frequency measurement made in
inversion responds at higher frequencies due to this coupling, of the field, to the interface
states. As the gate voltage is swept from depletion toward accumulation the Fermi level
moves away from the conduction band edge so the response of the interface states is
slower and the conductance peaks at lower and lower frequencies. Close to midgap and
toward accumulation the majority carrier response dominates; therefore, the interface
states again begin to respond to higher frequencies.
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a)

b)

Figure 8-8: a) shows G/ω and b) shows Cm versus frequency curves measured at the gate
voltages of -1.6, -1.8, -2.0, -2.2, and -3.2 Volts. The peaks move from high frequency to
low and begin to move back to high frequency as the gate voltage is swept from inversion
to accumulation. This trend is more clearly seen in the 3D plot of Figure 8-9.
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Figure 8-9: 3D plot of G/ω versus frequency measured at different gate voltages.

8.2.3 Equivalent Parallel Conductance and Capacitance
The MOS capacitor is measured by the conductance, Gm, and capacitance, Cm, but
they include the oxide capacitance, Cox, which must be subtracted to extract just the
response of the interface states. The admittance is a measure of the conductance plus the
capacitance, which is shown mathematically in Equation 8.4, where ω is the angular
frequency in radians. The oxide capacitance is subtracted by transforming Equation 8.4 to
impedance, then the oxide reactance is subtracted, Equation 8.5, and then transformed
back to admittance [63][151].
Ym = Gm + i ⋅ ωCm

Eq. 8.4
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Z=

1
1
−
Gm + i ⋅ ωCm i ⋅ ωCox

Eq. 8.5

After converting Equation 8.5 to admittance the real and imaginary part can be separated
to give the equivalent parallel conductance, Equation 8.6, and capacitance.
Cox 2Gmω
=
ω Gm 2 + (Cm − Cox )2ω 2

Gp

Eq. 8.6

The equivalent parallel conductance curves calculated from Equation 8.6 are
shown in Figure 8-10 for the same gate values graphed in Figure 8-8.

Figure 8-10: Gp/ω versus frequency for the gate voltages of -1.6, -1.8, -2.0, -2.2, and -3.2
Volts. The as measured capacitance and conductance curves are shown in Figure 8-8.

8.3 Extraction of Ba0.7Sr0.3O MOS Capacitor Electrical Properties [63]
The characteristics associated with the states of the epitaxial interface were
ascertained through models developed for conductance loss peaks [63]. Using the
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Shockley, Read, and Hall (SRH) theory for recombination / generation for a single state,
with an energy level in the silicon gap, illustrated in Figure 8-11, Nicollian and
Goetzberger developed a model to extract interface state properties from the conductance
[2][3][63].

Silicon
Oxide
Ec

τ
Ei
EF
Ev

Figure 8-11: Illustration of an MOS capacitor, silicon energy band diagram, and a single
interface state with an energy level in the silicon gap; Ec is the conduction band
minimum, Ev is the valence band maximum, EF is the Fermi energy, and Ei is the intrinsic
Fermi level. The interface state can exchange charge with the silicon with a relaxation
time, τ.
The rate of electron capture by an interface state with an energy level in the
silicon gap is given by Equation 8.7.
rnc = c n nT (1− f )n

Eq. 8.7

The capture probability is cn, nT is the number of unoccupied states, f is the Fermi
function, and n is the concentration of electrons in the conduction band. The rate of
electron emission from an interface state is given by Equation 8.8, where the emission
probability is en.
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rne = en nT f

Eq. 8.8

The difference between capture and emission gives a current. By applying small
signal approximations to the current, the neglecting of second order terms, and by
equating the dc components Equation 8.9 can be obtained, where τ is the relaxation time
given by Equation 8.10. When an interface state energy level is within a few kT of the
Fermi energy level, EF, Figure 8-11, charge exchange can occur between the interface
state and the silicon. This change in occupancy of the interface state takes some time
known as the relaxation time, τ.

df
δf
= c n (1− f )δn − c n n
f
dt

τ −1 =

cn n
f

A change in the Fermi potential also gives a current, Equation 8.11, where

Eq. 8.9

Eq. 8.10
df
= iωδf , q
dt

is the electron charge, and ω is the angular frequency. Solving Equation 8.9 for δf and
substituting this into Equation 8.11 gives Equation 8.12.
i = qnT

i=

df
= iωqnT δf
dt

iωqnT f (1 − f ) δn
δn
=Y
1 + iωτ
n
n

Eq. 8.11

Eq. 8.12
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From the admittance, Y, in Equation 8.12 the conductance can be extracted. The
equivalent parallel conductance developed from a single level trap state is given by
Equation 8.13, where Cit is the trap capacitance.
Gp

ω

=

Citωτ
2
1+ (ωτ )

Eq. 8.13

This model was derived for a single state, with an energy level in the silicon gap.
In a real system there are many states with different energy levels through out the silicon
gap, illustrated in Figure 8-12. These energy levels are spaced too far apart in energy for
the states to interact with each other, but when interface states are within a few kT of the
Fermi energy, EF, they can exchange charge with the silicon, where each state responds
with its own individual relaxation time, τ, Figure 8-12.
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Figure 8-12: Illustration of an MOS capacitor, silicon band diagram, and a distribution of
interface states with energy levels throughout the silicon bandgap; τi and τi+1 represent
independent relaxation times of the states as they exchange charge with the silicon.
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If a constant energy distribution of interface traps is assumed across the silicon bandgap,
then the equivalent parallel conductance can be determined for a distribution of interface
states with energy levels throughout the silicon gap given by Equation 8.14 [63][146].
Gp

ω

=

Cit

2(ωτ )

2

[

Ln 1+ (ωτ )

2

]

Eq. 8.14

The conductance model for a distribution of states, Equation 8.14, broadens the loss peak
relative to that for a single state model, Equation 8.13, as can be seen in Figure 8-13a.
Figure 8-12, shows interface states with energies above and below the Fermi energy.
The relaxation time is proportional to the energy of the interface state as shown by
equation 8.10. Unoccupied interface states above the Fermi energy are higher in number
and energy than unoccupied states below the Fermi energy. This leads to a fast relaxation
time response for interface states above the Fermi energy and a slow response for
interface states below the Fermi energy. Even though states above the Fermi energy have
a fast relaxation response, they are less likely to exchange charge with the silicon then
interface states with energies lower then the Fermi energy. Therefore, a broad distribution
of interface state energies will result with each interface state relaxing independently
giving rise to a distribution of relaxation times and the broad loss peak. This then is the
minimum width of a conductance loss peak with a distribution of interface states. The
width of the curves is determined from the ratio of the conductance at the peak frequency,

fpeak, to that of five times the peak frequency, [G p ω ]f

peak

/ [G p ω ]5 f

. Figure 8-13b
peak

gives the values for the single relaxation time model ratio equal to 0.4 and for the
relaxation time distribution model the ratio is 0.55.
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a)

b)

Single trap model
ratio between the
peak frequency and
five times the peak
frequency = 0.4

Distribution trap
model ratio
between the peak
frequency and five
times the peak
frequency = 0.55
Figure 8-13: a) Shows conductance loss peaks for a single trap model and for a
for the width of the
distribution trap model, b) gives the ratio [G p ω ] / [G p ω ]
f peak

5 f peak

peaks.

8.4 States of the Epitaxial BSO / Si Interface
Conductance measurements were made on a 175 Å Ba0.72Sr0.28O MOS capacitor
with a platinum electrode of area 62,700 μm2 for voltages of -1.6, -1.8, -2.0, -2.2, and 3.2 Volts. The measured conductance curves were modeled using Equation 8.14. The fits
(solid lines) to the conductance curves are shown in Figure 8-14, but it can be seen from
Figure 8-14 that the distribution conductance model is broader than the measured
conductance peaks.
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Figure 8-14: Measured conductance loss peaks of 175 Å BSO MOS capacitor fit to a
model for a distribution of energy level traps (solid line).
However, since it was shown in Figure 8-13 that the single state model is narrower than
the distribution model, Equation 8.13 was used to model the measured conductance
curves, which is shown in Figure 8-15, but this does not imply that there is only a single
state in the BSO system. There is still a distribution of states, but in the BSO system the
states are spaced closely in energy that they can interact with each other unlike an SiO2 /
Si system, where the states cannot interact with each other. However, since the measured
conductance curves are more closely modeled with the single state model this is evidence
that the states of the epitaxial BSO / Si interface are not localized defect states, like
Equation 8.14 predicts and like what is observed at the interface of the SiO2 / Si system
[63][150][151]. The conductance peaks measured from Gd2O3 are much broader then the
conductance peaks measured from BSO, even though Gd2O3 is reported to be epitaxial
[18]. The broad conductance peaks of Gd2O3 indicate that the interface states are
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localized, like SiO2, and do not interact. The measured conductance is too narrow to
come from a collection of isolated defect states, but instead the interface states jointly
determine their occupancy as an ensemble. This is observed in the BSO / Si system
because of the well-ordered structure of the epitaxial interface, which enables the
interface states to interact with each other.

Figure 8-15: Measured conductance fit to a single energy level trap model (solid line),
Equation 8.14.
The interface states of the BSO system do not have the same energy; they are still
distributed in energy throughout the silicon gap, but they do respond with the same
relaxation time. This means that when an interface state is within a few kT of the Fermi
level, EF, (call this state ‘x’) it can exchange charge with the silicon with a relaxation
time, τ. Other interface states, with different energies further away from EF, but within a
few kT of state ‘x’ can then relax into state ‘x’ and then exchange charge with the silicon
with essentially the same relaxation time τ as state ‘x’, because of the coupling or
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interaction between the states, illustrated in Figure 8-16. The single relaxation time
describes the measured conductance peaks, which implies that the epitaxial interface
shows Bloch state characteristics, unlike SiO2 / Si interface states. Figure 8-17a is a
comparison of Equation 8.13 (solid lines) and Equation 8.14 (dashed lines) modeled to
the measured conductance at the gate voltages of –0.7 and –1.5 Volts and Figure 8-17b is
a comparison of the peak width ratio, described above, over the measured gate voltage
range. This figure shows that the single state model more closely describes the measured
conductance peaks than the distribution model.
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Figure 8-16: BSO MOS capacitor band diagram illustrating the charge exchange of
epitaxial interface states with the silicon through the interaction or coupling of the
interface states with each other.
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a)

b)

Figure 8-17: a) Fits to gate voltages corresponding to the silicon bandgap energies of 0.64
and 0.46 eV using a single energy level trap model (solid curves) and a distribution of
single energy level traps (dashed curves). b) shows the fit comparison over a gate voltage
of 1 volt.
At the outset BSO would appear to be an excellent candidate for an alternative
gate oxide. BSO it is a high-k oxide, has a relatively large band offset resulting in low
leakage as shown in Figure 8-6, and can be grown latticed matched to silicon and should
tie up dangling bonds at the interface [65][69][152]. However, the above results
elucidated through capacitance and conductance measurements on BSO MOS capacitors
showed that the epitaxial interface of BSO / Si has interface states.

8.5 Theoretical Model
A theoretical model by Buongiorno Nardelli et al. of the alkaline earth oxide /
silicon system is shown in Figure 8-18, this figure shows electronic states localized at the
interface [69]. This model was developed from the structure derived from z-contrast
transmission electron microscope images using first principles self-consistent total energy
calculations within standard Density Functional Theory (DFT) in the Local Density
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Approximation (LDA) [65]. DFT is a ground state theory, which is used to replace the
many-body electronic wavefunction with the electronic density approximated by the
LDA [147][148][149]. The well-ordered periodic structure of the epitaxial interface
enables the states to interact or couple, which can be represented by a periodic potential
described by Blochs’ theorem, where the electronic states in the potential are known as
Bloch states. Conductance measurements described above show that the states
characteristic to the epitaxial interface between BSO and silicon exhibit Bloch state
characteristics, which influence the electrical properties of the MOS system.

Oxide

Interface

Si

Figure 8-18: Theoretical model of the crystalline oxide system, illustrates the wellordered periodic structure and the localized states (purple clouds) of the interface phase.
The theoretical model shown in Figure 8-18 was used to derive the theoretical density of
states shown in Figure 8-19. The measured interface state density is also shown in
Figure 8-19, as determined from C-V measurements. The theoretical calculation shows
evidence of a gap in the density of states, which implies that the interface may be semi-
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conducting. Evidence of a gap is not reported for CaF2, where only the occupied band
seems to affect the electrical characteristics by pinning the silicon valence band. The gap
of BSO is also reproduced in the measured density, but the appearance of the gap is
weaker in the measured density than the theoretical. This may be due to the inability to
fabricate the perfect interface. Using the RHEED images of Figure 3-4 a potential lattice
mismatch can be obtained assuming it can be measured between Figure 3-4e to Figure 34h using the distance from the 0,0 and the 1,1 rod. A difference can be measured between
Figure 3-4e to Figure 3-4h to about 1.0 % and for every 3.84 x 10-8 cm spacing the atom
placement would be off by .01 times 3.84 x 10-8, which gives 3.84 x 10-10. From this then,
it is assumed that for every 100 cells one interface state is formed assumed to be
distributed over 1 eV. The number of states is then given by 2/(100 x 3.84 x 10-8 cm)2,
which gives 1.4 x 1011 states/cm2/eV and does not account for the 2x1013 states/cm2/eV
observed near the energy level of 0.8 eV of Figure 8-19. Section 8.1 briefly discussed
starting with a 1/4 ML Ba rather then 1/4 ML Sr and that the Ba sample showed evidence
of more interface states. This was also evident in the conductance measurements of the
Ba sample, where the conductance loss peaks show little evidence of a gap. The
conductance measurements on the Ba sample were essentially constant over the measured
gate voltage. The results of the BSO MOS capacitor presented in this chapter show that
this oxide although initially promising does not meet the requirements set forth in the
ITRS; however, the analysis techniques developed may deem valuable for other
alternative gate oxides or environmentally sensitive materials used in the fabrication of
microelectronic devices.
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Figure 8-19: Theoretical density of states (solid line) derived from Si(001) / SrSi2 / SrO
along with the measured interface state density (closed squares).

Chapter 9
Summary and Future Work
A methodology was developed to fabricate and characterize Ba0.7Sr0.3O (BSO)
metal oxide semiconductor (MOS) capacitors through the design and implementation of
an electrode-patterning chamber and an electrical characterization probe station in ultrahigh vacuum (UHV). These capabilities enabled environmentally sensitive BSO MOS
capacitors to be fabricated and electrically characterized in UHV. Not only is this
necessary for BSO, but may also be advantageous for all environmentally sensitive
materials as device dimensions approach the nano-scale. The MOS capacitor provides the
capability of determining many properties of the MOS system. By utilizing conductance
and capacitance measurements the density of interface phase states was extracted as a
function of energy in the silicon gap using methodologies developed for the SiO2 / Si
system.
Silicon lattice matched epitaxial BSO possess a well-ordered interface; therefore,
it was expected that this oxide would tie up the dangling bonds at the interface. It is a
high dielectric material and has relatively large band offset, all of which are
characteristics required for the next generation gate oxide. However, through electrical
measurements on MOS capacitors it was shown that the epitaxial BSO / Si interface has a
high interface state density, which eliminates this oxide as an alternative gate oxide based
on the current specifications.

116
However, there are unique aspects of this epitaxial interface that may potentially
lead to its incorporation into or the development of new device structures. One aspect of
the epitaxial BSO interface is the prospect that the interface behaves as a twodimensional semiconductor as shown in the experimental results and predicted by the
theoretical calculations. Another aspect is that the states of the epitaxial interface were
shown, with conductance measurements, to exhibit Bloch state characteristics due to the
well-ordered structure of the interface and the growth method utilized in this work.
However, if a different epitaxial growth technique was used that did not rely on the 1/4
ML to get off the silicon, then this would eliminate the interface phase that results from
the growth technique utilized in this study. If this eliminates the Bloch states associated
with this interface phase then epitaxial oxides could be a viable alternative for a gate
oxide replacement. Although a high interface state density is detrimental for an
alternative gate oxide, the interacting or coupled states associated with the BSO discussed
in this thesis could possible be utilized in novel device structures being researched in both
academia and industry [5][71]. A few of these structures include transport enhanced
metal oxide semiconductor field effect transistors (MOSFET) [154][155], ultra-thin body
silicon on insulator (SOI) MOSFET [156][157], and multiple gate MOSFET [158][159].
If there is a two-dimensional semiconductor at the interface and the epitaxial interface
contains Bloch states as the measurements suggest, then devices based on the Bloch
states of the interface acting as a conducting channel may be developed to take advantage
of this unique property.
However, for these unique properties to be utilized more research is required. A
logical next step could be to make Hall measurements to determine if indeed the interface
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has conducting properties and if it does to examine conductivity or mobility in the
epitaxial interface. Although it is not likely to be used as a replacement gate oxide,
unforeseen electrical characteristics may arise from its incorporation into an MOS
transistor. Further experimentation with processing can and should be explored, such as,
fabrication methodologies and material selection, especially with the initial starting
material since a difference was observed between the 1/4 ML Sr and 1/4 ML Ba. The
difference being that the 1/4 ML Ba sample showed evidence of more interface states
through less of a response in the low frequency C-V measurements from inversion to
accumulation then the 1/4 ML Sr sample. A technique that could be used to further
examine the experimental evidence that the interface states of the BSO system respond
with a single relaxation time is deep level transient spectrometry (DLTS) [160][161]. The
DLTS technique applies a pulse to the semiconductor junction at different temperatures
and by monitoring capacitance or current transients a spectrum is generated, which
exhibits a peak for each deep trap level. An interface state measured at a low temperature
will have a slower response than a high temperature measurement; therefore, a DLTS
spectrum plotted a function of temperature will show a peak. In the BSO MOS system the
states of the interface interact with each other and exchange charge with the silicon with a
single relaxation time response. Therefore, only a single peak should be observed as a
function of temperature, whereas multiple peaks would be observed from interface states
associated with the SiO2 interface. The DLTS technique is also able to extract
information about the magnitude of interface states through the height of the peak. An
analogous technique, thermally stimulated current (TSC) spectroscopy, can also be
applied using the same low-temperature apparatus for absolute measure of the interface
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trap state spectra, independent of the assumptions made in this thesis about the dielectric
response of the oxide and interface [163]. Another technique that may be used is electron
parametric resonance, which measures defects or dangling bonds that have an unpaired
electron [162]. The technique basically works by aligning the unpaired electrons in a
magnetic field and perturbing this field with a varying electromagnetic field. The
perturbation signal can then be used to extract structural information about the defect.
This thesis specifically examined the epitaxial BSO interface, but the methodologies
developed and electrical characterization results should be valuable and be considered for
other epitaxial or crystalline oxide semiconductor systems.
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Appendix A
“Ideal” Capacitance Voltage Curve Simulation Derivation [79]
In the “ideal” metal oxide semiconductor (MOS) system the applied gate voltage
is dropped over the oxide, the surface potential, φSi, and the work function difference, φms,

Vg = Vox +φ Si+ φ ms . Applying Gauss’ law to the metal-oxide interface gives

Qg = ε0εox E ox ≡ Vox Cox , so the applied gate voltage can be written as Equation A.1
Vg = φ ms +φ Si+

Qg
Cox

Combining the capacitance of a MOS system, Cg =

Eq. A.1

dQg
, and the derivative of
dVg

Equation A.1 gives Equation A.2.
1
1
1
=
+
Cg Cox dQg dφ Si

Eq. A.2

The charge neutrality condition requires that the sum of the gate charge, Qg,
interface charge, Qi, and charge in the silicon, QSi, equal zero, which can be differentiated
with respect to the surface potential to get Equation A.3

dQg
dQ
dQi
= − Si −
dφ Si
dφ Si dφ Si
The capacitance associated with the silicon depletion region is −

Eq. A.3
dQSi
dQi
and −
is the
dφ Si
dφ Si

interface state capacitance. To calculate the depletion region charge Gauss’ law is applied
to the oxide / semiconductor interface to get QSi + Qi = ε0εSi E Si . Poisson’s equation is
stated as Equation A.4
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dE ρ(x )
=
dx ε0εSi
Where ρ is the space charge density, and E = −

Eq. A.4

dφ
. The space charge is given by
dx

Equation A.5, where p and n are the free electron and hole concentration and Nd and Na
are the ionized acceptor and donor concentration. The electron concentration equals

n = N b e(

φ −2φ f ) Vt

and the hole concentration equals p = N b e−φ Vt , where Nb is the doping

density, φf is the Fermi potential, and Vt =

kT
. From charge neutrality
q

N d − N a = p p 0 − n p 0 , where p p 0 = N b and n p 0 = N b e

−2φ f Vt

. Rewriting Equation A.4 and

combining these terms gives Equation A.6 .

ρ = q[p(x ) − n (x ) + N d (x ) − N a (x )]

[

d 2φ qN b
φ −2φ V
−2φ
=
1+ e( f ) t − e−φ Vt − e f
2
dx
ε0εSi

Eq. A.5

Vt

]

Eq. A.6

Integrating Equation A.6 gives Equation A.7

[

QSi = − 2ε0εSiqN b ⋅ φ Si + e

−2φ f Vt

(V e

− φ Si − Vt )+ Vt e−φ Si

φ Si Vt

t

Vt

− Vt

]

12

Eq. A.7

Equation A.7 can be differentiated with respect to φSi, to get Equation A.8, which is the
capacitance associated with the silicon depletion region.

2Vt ε0εSi
CSi =
Ld
2 Vt e−φ Si

[

[1− e
Vt

−φ Si V

+e

+ φ Si − Vt + e

−2φ f Vt

−2φ f Vt

(e
(V e

φ Si V

t

]

−1)

φ Si Vt

]

− φ Si − Vt )

12

Eq. A.8
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Equation A.3 can be written as

dQg
= CSi + Ci , which can be combined with
dφ Si

Equation A.2 to give Equation A.9 to give Equation A.9.
1
1
1
=
+
Cg Cox CSi + Ci

Eq. A.9

The interface charge is independent of the surface potential so Equation A.1 can be
rewritten as Equation A.10
Vg = φ ms +φ Si−

QSi
Cox

Eq. A.10

To model an MOS CV curve choose a set of values for φSi compatible with the
silicon gap. Use the φSi values to solve for a set of values for CSi using Equation A.8 and
QSi using Equation A.7. By apply the QSi values to Equation A.10 and the CSi values to
Equation A.9 the gate voltage and the MOS capacitance are determined; note, that for the
ideal system Ci equals zero.

Appendix B
Charge and flat band voltage

B.1 Gauss’ Law Applied to the Gate Metal

Figure B-1 is a 3D illustration of a metal oxide semiconductor (MOS) system an
imaginary Gaussian surface encloses the gate metal, where ‘a’ is the area enclosed by the
Gaussian surface and E is the electric field associated with the charge on the metal gate
electrode.

Gaussian
surface

a
Gate Metal

+

+

+

+

+

+
+

+

+

E
Oxide
Interface
Silicon

Figure B-1: Illustration of the Gaussian surface enclosing the oxide and the gate metal.
Gauss’ Law is given by Equation B.1, where ds is a vector normal to the surface and ρ is
the charge density.
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∫ εE • ds = ∫ ρ d

3

x

Eq. B.1

From Figure B-2 it can be seen that there is no flux contribution from the sides or the top
of the Gaussian volume, but only from the gate charge, so Gauss’ Law for charge
associated with the gate gives Equation B.2.

+

+

+

+

E

Figure B-2: Illustrates the contribution to the flux is from the bottom surface. The dot
product with the sides is zero and there is no flux out the top surface.

εE ⋅ a = Qg a ⇒ Qg = εE

Eq. B.2

The applied gate voltage is dropped over the oxide, the metal work function difference,

Φms, and the silicon band bending, φs, and is given by Equation B.3
Vg = Vox + Φms + φ s

Eq. B.3

B.2 Gauss’ Law Applied to the Interface

Figure B-3 shows the Gaussian surface enclosing the oxide / silicon interface and
part of the silicon. For this case, Gauss’ Law is given by Equation B.4, where ρi is the
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interface charge density and ρSi is the silicon charge density. Again there is no flux
contribution from the sides or the top of the Gaussian volume, but only from the charge at
the interface or from any charge in the silicon, so solving Equation B.4 gives
Equation B.10.

Gate Metal

Oxide
+

a
Interface

+

+

+

+

+

+
+

+

E

Gaussian
surface
Figure B-3: Illustration of the Gaussian surface enclosing the interface and part of the
silicon.

∫ εE ⋅ ds = ∫ (ρ

i

+ ρSi ) d 3 x

εE ⋅ a = Qi a + QSi a ⇒ εE = Qi + QSi

Eq. B.4

Eq. B.5

Charge neutrality dictates that the total charge in the system must equal zero; therefore,
the interface charge, Qi, equals the silicon charge, QSi, and at the flat band condition QSi
equals zero, so Equation B.10 simplifies to Equation B.11.
E=

Qi

ε

Eq. B.6
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The electric field is given by E = −

dVox
, where z is the oxide thickness. Integrating this
dz

equation from zero to the oxide thickness, d, substituting Equation B.11 in for E, and
solving for Vox gives Equation B.12. Plugging Equation B.12 into Equation B.3 gives
Equation B.13, which shows that charge at the interface has a linear affect on the applied
voltage as a function of oxide thickness.
Vox = −

Vg = −

Qi

ε

Qi

d

Eq. B.7

d + Φms + φ s

Eq. B.8

ε

B.3 Gauss’ Law Applied to the Oxide

The Gaussian surface shown in Figure B-5 encloses the oxide and the gate. The
total oxide thickness is shown by ‘d’ and ‘z’ is some arbitrary oxide thickness into the
oxide.
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Interface
Figure B-4: Illustration of the Gaussian surface enclosing the oxide and the gate metal.
The total oxide thickness is ‘d’ and ‘z’ is some arbitrary oxide thickness.
Gauss’ Law applied gives Equation B.14 and when solved gives Equation B.15.

∫ εE ⋅ ds

=

∫ (ρ

g

+ ρ ox )dxdydz

εE ⋅ a = Qi a + QSi a ⇒ εE = Qi + QSi

Eq. B.9

Eq. B.10

Charge neutrality dictates that the total charge in the system must equal zero; therefore,
the interface charge, Qi, equals the silicon charge, QSi, and at the flat band condition QSi
equals zero, so Equation B.10 simplifies to Equation B.11, and after integration becomes
Equation B.17.
E=

Qi

ε

Eq. B.11
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The electric field is given by E = −

dVox
, where z is the oxide thickness. Integrating this
dz

equation from zero to the oxide thickness, d, substituting Equation B.11 in for E, and
solving for Vox gives Equation B.12. Plugging Equation B.12 into Equation B.3 gives
Equation B.13, which shows that charge at the interface has a linear affect on the applied
voltage as a function of oxide thickness.
Vox = −

Vg = −

Qi

ε

Qi

d

Eq. B.12

d + Φms + φ s

Eq. B.13

ε

B.4 Gauss’ Law Applied to the Oxide

The Gaussian surface shown in Figure B-5 encloses the oxide and the gate. The
total oxide thickness is shown by ‘d’ and ‘z’ is some arbitrary oxide thickness into the
oxide.
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Figure B-5: Illustration of the Gaussian surface enclosing the oxide and the gate metal.
The total oxide thickness is ‘d’ and ‘z’ is some arbitrary oxide thickness.
Gauss’ Law applied gives Equation B.14 and when solved gives Equation B.15.

∫ εE ⋅ ds

=

∫ (ρ

g

+ ρ ox )dxdydz

εE ⋅ a = Qg a + ρ ox az ⇒ εE = Qg + ρ ox z
The electric field is given by E = −

∫ E dz = −V

dV
⇒
dz

Eq. B.14

Eq. B.15

and Qg can be replaced by -ρoxz

from charge neutrality to get Equation B.16, and after integration becomes
Equation B.17.

∫

E dz =

V=

ρ ox
ε

∫ (z − d) dz = −V
z'

0

ρ ox ⎛
z2 ⎞
zd
−
⎜
⎟+c
ε ⎝
2⎠

Eq. B.16

Eq. B.17
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Where ‘c’ is a constant of integration. The constant of integration can be determined
using the boundary conditions of z = 0 and z = d, and this implies that V(z = 0) = Vox
and V(z = d) = 0. These conditions applied to Equation B.17 are shown in
Equation B.20.
V (z = 0) = Vox = c
V (z = d ) = 0

V (z = d ) = 0

⇒

z2 ⎞
ρox ⎛
⎜ zd − ⎟ + Vox
ε ⎝
2⎠

V=

z2 ⎞
ρox ⎛
zd
−
⎜
⎟ + Vox
ε ⎝
2⎠

ρ ⎛ 2d 2 d 2 ⎞ ρ ox 2
− Vox = ox ⎜
− ⎟=
d
ε ⎝ 2
2 ⎠ 2ε

⇒

V (z = 0) = Vox = c

V=

ρ ⎛ 2d 2 d 2 ⎞ ρ ox 2
− Vox = ox ⎜
− ⎟=
d
ε ⎝ 2
2 ⎠ 2ε

⇒

V (z = 0) = Vox = c
V (z = d ) = 0

⇒

⇒

⇒

V=

z2 ⎞
ρox ⎛
⎜ zd − ⎟ + Vox
ε ⎝
2⎠

ρ ⎛ 2d 2 d 2 ⎞ ρ ox 2
− Vox = ox ⎜
− ⎟=
d
ε ⎝ 2
2 ⎠ 2ε

Eq. B.18

Eq. B.19

Eq. B.20

Substituting Equation B.20 in for Vox of Equation B.3 shows that there is a square
dependence on oxide thickness for charge in the oxide, Equation B.23.

ρ ox 2
d + Φms + φ s
2ε
ρ
Vg = − ox d 2 + Φms + φ s
2ε
ρ
Vg = − ox d 2 + Φms + φ s
2ε
Vg = −

Eq. B.21
Eq. B.22
Eq. B.23

Appendix C
Extraction of Surface Band Bending [63][79]

The method described below is used to extract the energy in the gap from
capacitance voltage measurements, specifically for the crystalline metal oxide
semiconductor (MOS) system.
Physical constants for silicon that are needed in the following equations are giving
and defined in Table C-1.
Table C-1: Definition of some physical constants used in the equations below.
Notation
Value / Units
q is the Electron charge
1.6 x 10-19C
k is Boltzmann constant
8.617 x 10-5 eV/K
T is the Temperature
K
-14
8.85
x
10
F/cm
ε0 is the Electron permittivity
11.9
εSi is the Silicon dielectric constant
ni is the Intrinsic carrier concentration
1.45 x 1010 cm-3
Egap is the Silicon gap energy
1.12 eV
Nb is the Doping density
cm-3
Parameters below depend on doping density
eV
φf is the level of the Fermi energy
cm
LD is the Debye Length

The Debye Length, LD, is a measure over which the electric field effects the charge
distribution in the silicon. It is calculated using Equation C.1 and the position of the
Fermi level is calculated from Equation C.2 both depend on the doping density
beta =

q
kT .
LD =

εSiε0
qN b beta

Eq. C.1
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⎛ Nb ⎞
⎟
⎝ ni ⎠

φ f = Log⎜

Eq. C.2

The depletion or space charge region capacitance associated with the silicon (Cs) is given
by Equation C.3, where Vt =

1
.
beta

⎡
⎛ 2φ f ⎞⎤
⎛φ ⎞
⎢1− exp⎜ s ⎟ + exp⎜ −
⎟⎥
⎝ Vt ⎠
⎝ Vt ⎠⎦
2Vtε0εSi
⎣
Cs = ±
⎛ −2φ f ⎞⎡
⎤⎫
2LD ⎧
⎛ −φ ⎞
⎛ φs ⎞
⎨Vt exp⎜ s ⎟ + φ s − Vt + exp⎜
⎟⎢Vt exp⎜ ⎟ − φ s − Vt⎥⎬
⎝ Vt ⎠
⎝ Vt ⎠
⎦⎭
⎝ Vt ⎠⎣
⎩

Eq. C.3

Two methods are used to determine the silicon band bending, one from a high frequency
(HF) capacitance measurement and the second from a low frequency (LF) capacitance
measurement. The HF capacitance method requires solving for the silicon capacitance
using Equation C.4, where Cox is typically determined from a HF measurement in strong
accumulation for a SiO2 / Si MOS capacitor. However, in the case of the crystalline oxide
semiconductor (COS) MOS capacitor, Cox is determined from a LF measurement in
inversion, see Chapter 8. Using the HF silicon capacitance determined from Equation C.4
and by rearranging Equation C.3 the silicon band bending can be determined using an
iteration technique.
Cs,HF

−1
⎛ 1
1 ⎞
=⎜
−
⎟
⎝ CHF Cox ⎠

Eq. C.4

However, the φs obtain from the HF capacitance method cannot be used over the
entire voltage range, because the interface phase states in inversion can respond even at
the measured frequency of 1 megahertz (MHz), see Chapter 8. The 1 MHz response
requires that the silicon band bending also be extracted from the LF capacitance
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measurement and combined with the φs from the HF measurement. This involves
integrating the LF capacitance measurement over the measured gate voltage using
Equation C.5, this method enables φs to be determined to within an integration constant.
⎛

⎞

C
⎟dV
∫ ⎜⎝1 − Cox
⎠
LF

Eq. C.5

The LF integration method (LFIM) over estimates the band bending in accumulation;
therefore, the φs from the LFIM cannot be used over the entire measured voltage range.
The reason it over estimates the band bending is because this method assumes that the
response of the silicon can easily follow a low ac signal frequency; however, the interface
states response, in the COS MOS capacitor, near accumulation are too slow to follow ac
signal, see Chapter 8. The band bending determined from the LFIM must agree at some
point with the band bending determined from the HF method, which then establishes the
integration constant.
The energy in the gap is extracted based on the position of the Fermi level relative
to the surface band bending. The band bending is obtained from CV measurements and
the Fermi level is determined from Equation C.2. With the help of the oxide /
semiconductor energy band diagram, shown in Figure C-1, it can be seen that energy in
the gap is given by Equation C.6, where the band bending is defined as positive when the
bending is down and negative when the bending is up.
E in gap = φ s − φ f + E Si,gap

Eq. C.6
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Figure C-1: Energy band diagram, which illustrates the semiconductor surface band
bending, φs, measured as the difference between the intrinsic level, Ei, in the bulk and at
the surface. The Fermi level, φf, is measured relative to the intrinsic level to the Fermi
level, and Ec and Ev are the conduction and valance band edges.
Figure C-2 shows the silicon bandgap energy versus gate voltage extracted from
both the high and low frequency methods for the different gate areas of 4,000, 8,000,
21,000, and 62,700 μm2; the closed squares are from the LFIM and the open squares are
from the HF method. From these plots it can be seen that there is more overlap for the
smaller gate area electrode, which suggest that the states under a smaller gate can more
easily follow the ac signal frequency. The determination of the silicon bandgap energy is
critical to establishing the position of the density of interface states that will be extracted
in Chapter 8 for the COS MOS capacitor.
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Figure C-2: Silicon surface band bending extracted, for four different gate areas, from
both the high and low frequency method; the open squares are from the HF and the
closed squares are from the LFIM.

Appendix D
Abstract of paper for Review of Scientific Instruments

Ultra-high vacuum integrated metal deposition chamber and probe station for in
situ fabrication and electrical characterization of metal oxide semiconductors
capacitors

C. A. Billmana, and F. J. Walkerb
a)
Department of Materials Science and Engineering, The Pennsylvania State
University, State College, PA
b)
Department of Applied Physics, Yale University, New Haven, CT
We describe an integrated, ultra-high vacuum system for metal oxide semiconductor
(MOS) device fabrication and characterization. This system is advantageous for
electrical property measurements on electronic devices with environmentally sensitive
materials and is especially important as device dimensions approach the nanoscale.
Without exposure to atmosphere, MOS capacitors were fabricated by evaporatively
depositing gate metal on molecular-beam-epitaxy (MBE) grown dielectrics on 3 inchdiameter substrates through a shadow mask in a UHV electrode-patterning chamber.
Finished devices were transferred in UHV to an in situ, UHV electrical characterization
probe station. We obtained excellent agreement between air-ambient ex situ and in situ
probe station measurements with less than 0.3 % systemic error for frequencies from 20
Hz to 1 MHz. We have successfully measured MOS capacitors with sensitivity to a
density of interface states of 1x1010 states cm-2 eV-1. These measurements show 0.5 %
systemic error for measurement frequencies from 20 Hz to 1 kHz and less than 0.1 %
from 1 kHz to 1 MHz. The integrated system presented here is one where complex,
MBE-grown MOS heterostructures can be synthesized and tested rapidly to explore new
field-effect-device physics and functionality.

Appendix E
Abstract of paper for Physical Review Letters

The MOS component of the monolayer FET limit

C. A. Billman1, F. J. Walker2, M.B. Nardelli3, and R. A. McKee4
1
The Pennsylvania State University, University Park, Pennsylvania 16803
2
The Department of Applied Physics, Yale University, New Haven, CT
3
North Carolina State University, Raleigh, North Carolina 27695
4
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
We have demonstrated charge confinement and charge inversion in a distinct,
one monolayer thick dielectric. This dielectric, at the junction of an
oxide / semiconductor capacitor, is an interface phase that exhibits the
Bloch-like characteristics of a 2-d semiconductor that is expected as the
monolayer limit for scaling of the field effect transistor. We measure a
field effect charge swing in the inversion channel from -1x1013 to +2x1013
e/cm2 at an electric field of 1 MeV/cm.
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