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ABSTRACT
SiC MOSFETs show great potential for use in high power and high temperature
environments. However, the technology is still in its infancy and is limited by low field effect
mobilities (25cm2/Vsec) and unstable threshold voltages (Vt shifts of 5V have been reported at
175°C). Electron paramagnetic resonance (EPR) is a tool that can identify the physical and
chemical nature of point defects responsible for limiting the performance of semiconductor /
dielectric systems. EPR studies have the potential to aid in the amelioration of problems caused
by these defects. We utilize several magnetic resonance approaches, including conventional EPR
on blanket SiC/SiO2 structures, spin dependent recombination, and a new characterization
technique, spin dependent charge pumping on fully processed SiC MOSFETs.
Low dielectric constant materials for use as interlayer dielectrics (ILDs) and etch stop
layers (ESLs) for back end of line (BEOL) applications have been investigated with EPR. We
have examined a wide array of films composed of SiOC, SiO2, SiN, SiNC, and SiC to help build
an understanding of the defects which limit reliability and cause increased leakage current. A
strong dependence on film chemistry as well as processing parameters such as deposition
technique, post deposition anneal temperatures, and UV curing is observed with EPR defect
densities, which are correlated to leakage current measurements. We further correlate leakage
currents to EPR results by utilizing a technique called spin dependent trap assisted tunneling in
several capacitor structures.
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Chapter 1
EXPERIMENTAL METHODS
Point defects limit the performance of electronic materials and devices in several ways.
Their existence in metal-oxide-semiconductor field-effect-transistors (MOSFETs) can lead to a
reduction in field effect mobility, threshold voltage shifts, time dependent dielectric breakdown
(TDDB), and stress induced leakage currents (SILC) [1-4]. Magnetic resonance has the
analytical power to identify and quantify point defects in semiconductor/dielectric systems [2-4].
This study utilized a battery of magnetic resonance techniques (conventional electron
paramagnetic resonance (EPR), and three forms of electrically detected magnetic resonance
(EDMR), spin dependent recombination (SDR) spin dependent trap assisted tunneling (SDT) and
spin dependent charge pumping (SDCP) to investigate two materials systems of current interest
SiC MOSFETs and back end of line (BEOL) dielectrics. SiC MOSFETs and BEOL dielectrics
will only reach their full potential when the performance limiting defects have been ameliorated.
Thus, it is logical to attempt to understand the structural and chemical nature of the performance
limiting defects in these material systems. Electron paramagnetic resonance is the best technique
for this task.
1.1 Electron Paramagnetic Resonance
Electron paramagnetic resonance (EPR) has the analytical power to identify and quantify
atomic scale defects located in solids [2-3]. Conventional EPR measurements have a sensitivity
on the order of 1010 total defects and can provide information about the structural and chemical
nature of the dominating defects in the samples and can provide an absolute defect density count
[2-3]. Conventional EPR is sensitive to all paramagnetic defects located in a sample and has been
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demonstrated to be an effective tool in identifying the chemical and structural properties of
performance limiting defects in the Si/SiO2 system [2-3].
In EPR a sample is exposed to a slowly varying external magnetic field and a constant
microwave energy hν, where h is Plank’s constant and ν is the microwave frequency. (In our
measurements the magnetic field is approximately 3,400 Gauss and the frequency of the
microwave radiation is approximately 9.5 GHz.) When the microwave energy is equal to the
electron energy splitting due to the Zeeman effect, resonance occurs. In the simplest case this is
when

hν = geβH

(Equation 1.1)

where β is the Bohr magneton, H is the applied magnetic field and ge is the free electron g –value
which is 2.002319304386. The relationship between the resonance frequency and magnetic field
are more complex in a real material system than the simple relationship expressed in equation
1.1. There are a number of reasons for this, but two phenomenona are most important: spin-orbit
coupling, and electron-nuclear hyperfine interactions.
Spin orbit coupling arises due to the fact that most electron wave-functions have angular
momentum [4,5]. A crude understanding of spin orbit coupling can be gained from imaging a
nucleus orbiting an unpaired electron, as the Bohr model would look like from an electrons point
of view. (This is similar to the view that the Sun orbited the earth, as it appeared to early man.)
The apparently orbiting nucleus would then effectively create a current loop around the electron
thereby generating a magnetic field. The effect of this magnetic field would be to replace the
free electron ge with a g somewhat different from g ≈ 2.00231… [4,5]. The shift of the new gvalue from that of the free electron would depend upon the nucleus, the distance between the
nucleus and the electron, and the orbital angular momentum of the electron [4,5]. This actual g2

value is also dependent on the defects orientation in the magnetic field. It can be represented as
a matrix which is often called the g-tensor. The g-matrix can provide information about a
defect’s structure, and is sometimes thought of as a defects fingerprint [4,5].
The second phenomenon that alters equation 1.1 is electron-nuclear hyperfine
interactions [4,5]. The presence of magnetic nuclei near an unpaired electron often leads to
considerably more complex resonance conditions due to a contribution from the magnetic
moment of the nucleus [4,5]. A nucleus has a magnetic moment if it has an odd number of
neutrons and protons or both. Relevant magnetic nuclei to this work include, Si which has a
4.7% naturally abundant spin ½ magnetic nucleus corresponding to 29Si, C which has a 1.1%
naturally abundant spin ½ magnetic nucleus corresponding to 13C, and N which has a 100%
naturally abundant spin 1 magnetic nucleus corresponding to 14N.
The presence of a magnetic nucleus results in multiple Zeeman splitting levels of 2I+1,
where I is the nuclear spin. This results in 2I +1 lines in the resonance spectrum for a single
defect orientation. (A spin ½ nuclear magnetic moment would result in a two line spectrum,
where a spin 1 nuclear magnetic moment would result in a three line spectrum.) For example,
consider the presence of a nearby 13C nuclei which possesses a spin ½ magnetic nucleus. Since
this nucleus has a spin ½ it provides two possible contributions to the local magnetic field. With
a 13C nucleus nearby one would expect a pair of lines corresponding to the two possible values of
these nuclear spin quantum numbers: mI = + ½ or - ½. The resonance condition becomes hν =
gβH + MIA, where MI is the nuclear spin quantum number, and A is the hyperfine tensor.
A simple schematic of the Zeeman effect and a EPR spectrometer are shown in figures
1.1 and 1.2.
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Figure 1.1: Schematic drawing of the Zeeman energy level splitting and the EPR resonance
condition, for the simplest case, a free electron.
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Figure 1.2: Schematic Illustration of a EPR spectrometer.
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Conventional EPR measurements in this study were performed on blanket
dielectric/semiconductor samples. Conventional EPR measurements require relatively large
sample area, in practice approximately 1 square cm, as the sensitivity is around 1010 total defects.
Conventional EPR is sensitive to all paramagnetic defects in a sample. For example, in a
dielectric/semiconductor blanket structure, defects in the dielectric, dielectric/semiconductor
interface, and bulk semiconductor defects will all be observed. However, conventional EPR
cannot directly determine the location of defects in a sample. Conventional EPR is also sensitive
to defects throughout the entire dielectric/semiconductor energy gap, but cannot directly
determine the location of the defects within the energy gap. The EPR microwave cavity cannot
accept large amounts of conductive material, as this reduces the quality factor (Q) of the
microwave cavity, which reduces the sensitivity of the EPR spectrometer. In conventional EPR,
non-metalized samples are required. Fully processed MOSFETs, and fully processed solid state
devices in general cannot be studied with conventional EPR, as it lacks sensitivity to detect the
low number of total defects in a single transistor. However, despite its limitations, conventional
EPR studies are still useful in MOS device studies to the extent that simple “blanket” structures
can provide meaningful results. Conventional EPR is useful under certain circumstances. For
example certain individual processing steps, such as oxidation, can be examined pre- and postthe processing steps providing information on the changes occurring in the sample due to the
individual processing steps.

1.2 Electrically Detected Magnetic Resonance

Electrically detected magnetic resonance (EDMR) is a very sensitive EPR technique
(sensitivity of 1000’s of defects) that allows magnetic resonance to be applied to fully processed
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transistors, and capacitor structures [6-10]. It overcomes many of the aforementioned
shortcomings of conventional EPR. Both EDMR and conventional EPR have been utilized in this
study as they are complementary techniques. EDMR has the advantage of detecting only those
defects which are specifically in the “active” part of a semiconductor device but does not provide
quantitative depth profile of defects. Prior to this work EDMR measurements were also generally
insensitive to near band edge defects. This shortcoming has been ameliorated in the work
described herein. EDMR however is also not well suited to study some individual processing
steps, as a metalized device is required for EDMR measurements. We have utilized three types
of EDMR; spin dependent recombination (SDR) on fully processed MOSFETs, spin dependent
charge pumping (SDCP) on fully processed MOSFETs, and spin dependent trap-assisted
tunneling (SDT) on metalized MOS capacitors. One of the techniques, SDCP, has been
developed in this thesis work.
Spin Dependent Recombination

The EDMR technique called SDR is the most commonly utilized form of EDMR
and has a very good history of identifying defects in Si and SiC based transistors. SDR can be
explained qualitatively in terms of EPR, the Shockley Read Hall model for recombination, and
the Pauli Exclusion Principle [8,9]. In the Shockley Read Hall model, an electron is captured at a
deep level defect and then followed by a hole as shown in figure 1.3. The electron and hole
annihilate each other which enables the process to be repeated indefinitely. The Pauli Exclusion
Principle tells us that two electrons with the same spin quantum number cannot occupy the same
orbital. Thus, recombination is a spin dependent phenomenon. By flipping the spins in a
transistor (or diode) with EPR, we can detect a small change in a current, dominated by
recombination events. This is shown in figure 1.4 and is based on the model proposed by
7

Lepine, who discovered SDR [6]. The Lepine model predicts an SDR response corresponding to
changes of about one part in one million.
A more sophisticated SDR model was proposed by Kaplan Solomon and Mott (KSM)
[5]. The KSM model builds on Lepine’s model to address experimental data that showed much
greater SDR sensitivity (SDR current changes of one or more parts per thousand) [5,6]. The
KSM model proposed that in SDR, before recombination takes place, an electron and hole enter
a holding state. During this state the electron and hole pair can either recombine or leave the
holding state and the electron and hole cannot interact with other electrons or holes. The KSM
model establishes that the size of SDR effect is, to the first order, magnetic field independent and
depends on the coupling time of the pair and the spin lattice relaxation time [5]. The KSM
model predicts that SDR current of up to 10% of the total current is possible, although in this
work, the observed effect is much smaller (1 part in 104 to 1 part in 106) [5].
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Figure 1.3: Schematic illustration of the Shockley Read Hall model for recombination.
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Figure 1.4 Schematic illustration of the Lepine model for SDR.

10

Spin Dependent Charge Pumping

To the best of our knowledge, the work presented in this thesis is the first clear
demonstration of spin dependent charge pumping (SDCP) [16]. SDCP combines a widely used
electrical characterization tool with the most powerful analytical technique for providing atomic
scale structure of point defects in electronic materials. SDCP offers a large improvement in
sensitivity over the previously established EDMR technique called spin dependent
recombination, offering higher sensitivity and accessing a wider energy range within the
bandgap. A schematic comparison of SDR and SDCP is shown in figure 1.5. Whereas in SDR a
constant DC bias is applied to the gate, in SDCP a square wave is applied to the gate. Source /
drain to substrate biases are adjusted to optimize the EDMR signal to noise ratio. SDCP is based
on the same fundamental principles as SDR: the capture of a paramagnetic charge carrier at a
paramagnetic deep level is a spin dependent process. A detailed discussion of SDCP will be the
focus of chapter 5.
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Figure 1.5: Schematic comparison of SDR and SDCP. In SDR a constant DC bias is
applied to the gate, in SDCP a square wave is applied to the gate. Source / drain to substrate
biases are adjusted to optimize the EDMR signal to noise ratio.
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Spin Dependent Trap Assisted Tunneling

Spin dependent trap assisted tunneling (SDT) is very similar to SDR, except that instead
of monitoring recombination current in MOSFETs, one monitors a SDT current through a
dielectric in a simple capacitor structure. SDT is a relatively young technique with few reports
of its utilization in the literature, but shows great promise to identify the chemical and structural
nature of performance limiting defects located in dielectrics [13-15].
SDT can be explained qualitatively by consider the tunneling of an electron from one
paramagnetic center site to another paramagnetic site in a highly defective dielectric. The
process would be allowed only if the unpaired electron spins at the two paramagnetic sites have
opposite spin quantum numbers. If the two sites had electron spins with the same spin quantum
number, the tunneling process would be forbidden because, upon completion, one of the
paramagnetic sites would possess two electrons with the same spin quantum number. This would
be forbidden via the Pauli Exclusion principle. However, if one of the paramagnetic sites
electron spin were to be “flipped” via EPR (hν=gβH) the previously forbidden tunneling event
would be allowed. Thus, magnetic resonance could modulate such a tunneling process. At
resonance, the trap assisted tunneling process would be enhanced. This enhancement in tunneling
current may be detected via an increase in the tunneling current and the enhanced current is the
SDT spectrum. SDT is described in more detail in chapter 11 where it is applied to back end of
line dielectrics.
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Figure 1.5: Schematic illustration of SDT. Tunneling can only occur (Allowed) when
two defects have opposite spin quantum numbers. If the two defects have the same spin
quantum number the Pauli Exclusion Principle will not allow (Forbidden) tunneling to occur.
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1.3 Electrical Measurements
Simple electrical measurements have been utilized to evaluate the MOSFETs and
capacitor structures utilized in this study. Simple current voltage (IV) and capacitance voltage
(CV) measurements have been performed on capacitor structures. In MOSFETs, field effect
mobility measurements, were made to calculate the field effect MOSFET mobility and threshold
voltage [1]. Field effect mobility is calculated by Equation 1.2.

dI d W
 *  field effect * Cox *Vds
dVgs L

(Equation 1.2)

Id is the drain current, Vgs is the gate to source voltage, Vds is the drain to gate voltage, Cox is the
gate oxide capacitance per unit area, and W/L is the width to length ratio of the MOSFET. For
measurements in this thesis, the drain to gate voltage was 0.1 volts.
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Chapter 2
INTRODUCTION TO SIC
In the last two decades there has been effort generated to find alternative semiconductor
materials that have superior performance to Si based switches for use in high power and high
temperature environments. Scientists and engineers have been exploring alternative substrate
materials with a wide band gap and SiC appears to be an excellent candidate [4].

2.1 Properties of SiC

SiC is a material with over 170 polytypes [1]. Hexagonal polytypes (e.g., 4H) are
referred to as α polytypes, while cubic polytypes (e.g. 3C) are referred to as β polytypes [2]. The
majority of interest in SiC for MOSFET applications is in α polytypes. In particular, 4H is
favored because it has superior bulk mobility, fairly isotropic mobility, and high quality 100 mm
substrates which are commercially available [1,3]. 4H SiC has a bulk mobility that varies
approximately 20% in different directions while the mobility anisotropy is around 600% in the
6H polytype [3]. The 4H polytype has a band gap of 3.26 eV which is approximately three times
larger than Si [1]. The thermal conductivity of SiC is 490 W/mK, which is almost four times
higher than Si and is also higher than certain metals including copper [1]. Table 2.1 compares
4H SiC properties to GaN, Si and GaAs.
Perhaps the most important advantage of wide band gap materials for high power
switching applications is the low specific on resistance (Ron,sp) of the drift region in a power
MOSFET given by equation 2.1 below. (A schematic of a SiC power MOSFET is shown in
figure 2.1).
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(Equation 2.1)

Where BV is the desired break down voltage, Es is the electric field in the semiconductor, µn
is the mobility and Ec is the critical electric field in the semiconductor, that is the electric field
which will lead to break down of the semiconductor that is determined by the impact ionization
coefficients for electrons and holes [4]. Ron,sp is important as it represents the power dissipation
(conduction loss) in the MOSFET during operation. It is also important to note that the critical
electric field of SiC is 8.2 times larger than Si when the semiconductors have the same doping
[4]. These materials properties make SiC MOSFETs very appealing for high power switching
operations.
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Table 2.1. Comparison of SiC properties to other possible materials. (Data from [1].)
Note the comparison between 4H SiC and Si, especially the superior thermal conductivity
and band gap of SiC.

4H SiC
GaN
Si
GaAs

Thermal Conductivity

Band Gap

Electron Mobility

(W/mK)
490
130
130
50

(eV)
3.26
3.44
1.12
1.42

(cm2/Vs)
1000
900
1450
8500
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2.2 SiC MOSFETs

Si based power MOSFETs are in use for applications below 200 volts [4]. However, Si
based MOSFET drift region resistances increase rapidly with increasing blocking voltages, and
their use is not practical above approximately 200 volts [4]. Si based insulated gate bipolar
transistors (IGBTs ) are currently used by industry for switching applications requiring large
voltages (200 volts to 3,000 volts)[4]. SiC MOSFETs offer lower conduction losses and since
they are unipolar devices, also offer reduced switching losses compared to isolated gate bipolar
transistors (IGBTs). SiC MOSFETs will directly compete with Si IGBTs, and offer more than a
factor of two reduction in power losses, mainly due to SiC’s low specific on resistance [4]. The
first SiC MOSFET was demonstrated in 1987 [5], and, in 2011, CREE began the sale of
commercial 1200V, 33A SiC MOSFETs, which as of October 2011 sell for $93.75 a part on
Digi-Key.com [6]. A few examples of potential applications for SiC MOSFETs are: modern
smart power grids, electric vehicles, and electricity generating wind mills.
It is important to note that SiC MOSFETs for high power switching operations are not
lateral MOSFETs [4,6]. Rather, the power MOSFETs devices are double-implant MOSFETs
(DMOSFETs) as they have a double implant process to introduce the dopants into the material to
form the n+ source and p channel (base) regions. (A simple schematic of a DMOSFET is shown
in figure 2.1.) This structure has many advantages for high power switching applications,
namely allowing for very large blocking voltages and low specific on resistances [3]. However
DMOSFETs are not ideal for characterization of the SiC/SiO2 interface, partly due to the
inability to properly characterize the effective inversion layer mobility in a DMOSFET [7]. For
this reason, simple lateral MOSFETs are utilized for device characterization.
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Figure 2.1. DMOSFET Schematic diagram.
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The greatest challenges to implementing SiC MOSFETs are threshold voltage
instabilities and low field effect mobility [3,4]. Threshold voltage (Vt) can be described for a
MOSFET by equation 2.2[8].
(Equation 2.2)
Where
s

b

is semiconductor bulk potential, q is the electronic charge, NA is the acceptor density,

is the electric field in the semiconductor, Cox is the oxide capacitance,

ms is

the metal

semiconductor work difference, Qox is the oxide charge, and Qit is the interface-trapped charge
density. This equation shows that a shift in Vt can arise from a change in either Qox or Qit [8,9].
In SiC MOSFETs interface traps (NIT), oxide traps (NOT), fixed charge (NF) and mobile ions
(NM) can all be important. It has been demonstrated that NOT plays an important role in Vt
instability [9]. Vt instabilities are of particular interest to SiC as a small change in Vt has a large
effect on DMOSFET leakage current [9]. A 0.5V shift can lead to a two order of magnitude
increase in leakage current and Vt shifts of 1.5V have been reported in devices at room
temperature [9]. Vt instabilities have been shown to increase at elevated temperature, and large
negative Vt shifts can result in a “normally on” device which is highly undesirable [9, 3].
4H SiC has a bulk mobility of about 1,000 cm2/volt-second, but the state of the art SiC
MOSFETs have a field effect mobility of only about 25 cm2/volt-second [3,10]. Bulk mobility is
limited by lattice (phonon) scattering and impurity scattering according to Matthiessen’s rule [8].
Field effect mobility is a direct representation of device performance, and is normally much less
than the bulk mobility [8]. Field effect mobility is limited by the bulk mobility (lattice and
impurity scattering), and the addition of Columbic scattering and surface roughness scattering
[8]. It is reasonable to conclude that bulk scattering mechanisms are not dominating in SiC
MOSFETs, as field effect mobility is a factor of 40 less than bulk mobility [10]. Sophisticated
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modeling and experimental evidence has shown this assumption to be correct [10]. The
dominating scattering mechanisms in SiC MOSFETS are Columbic and surface roughness
scattering [10]. Columbic scattering is due to a combination of fixed oxide charge, mobile ionic
charge, interface traps, oxide traps, and bulk traps. Columbic scattering has been shown to
dominate at low surface electric field, while surface roughness scattering limits mobility at
higher surface electric fields in SiC MOSFETs [10].
It is important to note that the defects which are responsible for the unstable threshold
voltage and low field effect mobility are, to date, largely unknown and poorly characterized. In
order for this material system to reach its full potential, the effects of these performance limiting
defects must be ameliorated.
2.3 Processing of SiC MOSFETs

Modern SiC substrates are grown in a sublimation process called physical vapor transport
(PVT) in a temperature range between 2227-2427 °C [1,3]. This process yields a large diameter
boule of suitable electronic quality SiC is produced that is then cut into wafers [1,3]. Wafers are
often cut with the interface normal 4° off the c-axis (0001) for MOSFET applications [3]. This
has been shown to increase the quality of the epi-layer and SiO2 from the subsequent oxidation
step and results in a reduction of interface traps [3]. Wafers larger than 10 cm in diameter are
now commercially available [11]. Some major quality issues which have plagued SiC in the past
have recently been resolved by advances in sublimation growth to reduce open-core dislocations
(micro-pipes) [2,4,11].
A high quality SiC epitaxial layer is grown on top of the SiC wafer to reduce the defect
density and to create doping densities different from the bulk semiconductor [1]. Before
epitaxial layers are grown, a chemical-mechanical planarization step takes place to ensure
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successful epitaxial growth [1]. Epitaxial layers are grown via a vapor phase epitaxial (VPE)
growth process [1]. VPE takes place in a temperature range of 1450-1700 °C with Si and C
introduced into the reaction chamber as SiH4 and CH4 / C3H8, respectively [1]. Dopants (N for
n-type, Al for p-type) are often introduced during the epitaxial growth [1]. After epitaxial
growth, dopants can only be practically introduced by ion implantation, which is required for
source/drain doping in lateral MOSFETs [1].
Interfacial defect densities greater than 1013 cm-2eV have been observed in SiC
MOSFETs, a value three orders of magnitude greater than what is typically observed in Si/SiO2
[1]. This high number of defects causes threshold voltage shifts, reduces reliability, and is likely
partly responsible for the low field effect mobility [1,10]. Many different performance limiting
defects have been proposed as dominating this interfacial region, including: i) dangling Si
bonds, ii) dangling C bonds, iii) divacancies iv) carbon clusters, v) sub-stoichiometric layers and
vi) silicon vacancies [13-19].
SiO2 is the dielectric of choice for use in SiC MOSFETs as it can be thermally grown on
SiC, and it has a high electric field breakdown strength of about 3 x 106 V/cm [4]. The SiC/SiO2
band offsets are adequate, with the conduction and valence band edge of SiC being 2.70 eV and
3.04 eV respectively offset from SiO2 [4]. There has been recent success in the fabrication of
SiC MOSFETs utilizing atomic layer deposition (ALD) of Al2O3 on SiC, but SiO2 continues to
be the dielectric of choice for SiC MOSFETs [4,20].
Thermal oxidation of SiC is similar in process and equipment to the thermal oxidation of
Si, but takes place at higher temperatures [3]. Creating a high quality oxide with a low density of
interfacial defects on SiC is difficult [21]. During oxidation C is removed as i) CO and ii) CO2
that diffuse away from the SiC interface [3].
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SiC MOSFETs are typically fabricated on intentionally mis-cut substrates (4° off from
the (0001) direction) on the Si-face with oxidation conducted at temperatures in the range of 900
– 1250 °C [3]. Recently research has explored oxidation on alternative faces including the (1120) A-face and (000-1) C-face has been explored with some success [22]. However, the
epitaxial growth on these faces is not well developed and has not been examined in this study.
The state of the art oxidation process is a ~1250°C oxidation in N2O followed by a ~1175°C NO
post oxidation anneal, which acts as a secondary oxidation step [23]. This process produces a
field effect mobility of approximately 25cm2/Vs [23,24]. The post oxidation anneal is utilized to
increase the quality of the SiC/SiO2 interface, specifically reducing the density of interface traps,
and has been shown to increase mobility numbers [23,24].
O2 oxidation treatments produce very low mobility devices [25]. This oxidation technique
takes place at ~1250°C in 100% O2 , and is not usually accompanied by a post oxidation anneal
[25]. The oxides are of inferior quality, with a field effect mobility of approximately 5cm2/Vs or
less [24,25].
Oxides intentionally contaminated with sodium have recently been explored. Field effect
mobility is greatly improved (up to 150cm2/vs), but an increase in instability is seen in the form
of large threshold voltage shifts [26]. Sodium enhanced oxidation takes place in O2, similar to
the O2 process just described [26], but sodium is introduced into the oxidation chamber. It has
been suggested that this oxidation process increases mobility by reducing the density of near
interfacial trapping centers, but experimental evidence is lacking [26]. This result has not
received adequate characterization and may provide insight into the nature of interfacial region
defects and how they affect device performance.
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Deposited oxides of SiO2 have been explored and have been able to achieve mobility
numbers (20cm2/Vs) that rival the state of the art N2O/NO process [27]. These oxides have been
deposited with plasma enhanced chemical vapor deposition (PECVD) at 400°C followed by an
anneal in nitrogen [27]. Deposited oxides show promise to the understanding of the formation of
the interface region and its affect on device performance, but are not investigated in this study.

2.4 Defects in SiC MOSFETs

The defects that limit SiC MOSFET performance are poorly understood. Magnetic
resonance has the analytical power and sensitivity to identify the chemical and structural nature
of these defects. A significant amount of research has been carried out utilizing electron
paramagnetic resonance (EPR) on large volume samples identifying and characterizing a variety
of defects [28]. These studies have mainly involved bombarding the samples with highly
energetic particles [28]. Because this particle bombardment would not be experienced in device
processing, without a subsequent high temperature anneal, the defects observed in these studies
may not be present in device quality material. Among the defects that are extremely well
characterized are carbon and silicon vacancies (VC and VSi), carbon and silicon antisites (CSi and
SiC), carbon antisite- carbon vacancy complexes (CSiVC), and silicon-carbon divacancies (VSiVC)
[28]. Additional structures have also been observed with optically detected EPR, that is EPR
detection via changes photoluminescence (PL) [28]. Deep level transient spectroscopy (DLTS)
studies have detected the presence of various energy levels but cannot provide structural
information [28]. Although the defects identified with EPR have been observed in structures that
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might not be relevant to device quality MOSFETs, this wealth of information is a useful
reference for magnetic resonance studies of SiC MOSFETs.
Recently a very sensitive form of EPR called electrically detected magnetic resonance
(EDMR) has been utilized to study performance limiting defects in SiC MOSFETs by our group
at Penn State [15-19]. Earlier studies by our group tentatively identified the dominating SDR
response in MOSFETs with thermal oxides to be due to a silicon vacancy or a silicon vacancy
related defect [15-18]. Very recent results by Cochrane et al., have definitively identified this
defect spectrum with a negatively charged silicon vacancy [19]. A correlation between EDMR
response and device mobility in a number of variously processed MOSFETs [18] suggests that
the silicon vacancy defects observed by EDMR in SiC MOSFETs are important to device
performance. Another important conclusion from this work is that performance limiting defects
exist not just precisely at the SiC/SiO2 interface, but extend into the SiC [15-19]. Cochrane et.al.,
have also demonstrated what is likely spin dependent tunneling (SDT) through the gate oxide in
fully processed SiC MOSFETs at large negative bias [18]. In this study the authors indentify this
SDT spectrum to be from a hydrogen coupled E’ center (E’ centers are silicon dangling bond
defects in SiO2), and likely another defect located in the oxide or very close to the interface [18].
These previous EDMR studies performed at Penn State have served as a springboard for this
research.
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Chapter 3
EFFECT OF OXIDATION ON DEFECTS IN SIC MOSFETs
The defects which limit the performance of SiC MOSFETs are not well understood.
There is little agreement in the literature on where the defects are located physically, their
structure, or how they were created [1-7]. In this chapter we investigate the oxidation of SiC
MOSFETs with electrically detected magnetic resonance (EDMR) and simple SiO2/SiC blanket
structures with conventional electron paramagnetic resonance (EPR).
As mentioned previously, recent spin dependent recombination (SDR) detected EDMR
work done during this study by Cochrane et al., in our laboratory, has definitively identified a
deep level defect present in SiC MOSFETs as a negatively charge silicon vacancy [5]. This [5]
and other [2-4] SDR studies show that the SiC MOSFET defect structures are complex. The
recent SDR results indicate a dominating silicon vacancy spectrum with an isotropic g = 2.0026
+/- 0.0003 [5].
This study exploits the complementary aspects of SDR/EDMR and conventional EPR.
Since SDR results must be obtained on fully processed devices, SDR measurements cannot
determine if the defects were present in the substrate prior to oxidation, or were generated by
oxidation, post oxidation anneals, or epitaxial growth. Although SDR has the advantage of
detecting only those defects which are specifically in the “active” part of a semiconductor
device, it is relatively insensitive to a near band edge defects and does not provide quantitative
depth profile of defects. SDR is also relatively insensitive to defects in the bulk of the dielectric,
which may be in part responsible for limiting dielectric breakdown and threshold voltage
instabilities. Additionally, SDR has several disadvantages in comparison to conventional EPR.
Most notably, SDR can only indirectly provide information about the absolute number defects
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within the device. SDR is also insensitive to relatively shallow defect energy levels which are
not important in recombination phenomena but could play important roles in limiting MOSFET
performance. Conventional EPR is sensitive to all paramagnetic defects in a sample and can
provide absolute defect density counts.
Recent work on oxidation processes in SiC MOSFETs has shown that field effect
mobilities can be greatly altered by oxidation technique [8-10]. The intentional contamination of
the SiO2 with Na has been shown to greatly increase field effect mobility [9]. However, this
result is not well understood, and contradictory explanations for the increased field effect
mobility are found in the literature [9,10].
Our results help to quantify and extend recent SDR results [2-5]. In this study, we have
applied conventional EPR to blanket SiC/SiO2 structures, which provide quantitative defect
density counts. We examine multiple SiC MOS oxidation processes to investigate how oxidation
affects defect creation in MOSFETs and how the Na enhanced oxidation is improving the field
effect mobility. We utilize 30% 13C isotopic enriched epitaxial layers (the natural abundance is
1.1%) in SiC MOS structures. The isotopic enriched samples were created to investigate the
location and aid in the identification of defects. The magnetic resonance spectrum is altered by
the presence of a nearby nuclear magnetic moment such as that of a 13C atom as was discussed in
chapter 1 [11]. By enriching the epitaxial layers in some samples to 30% 13C and leaving other
samples with the 1.1% natural abundance of 13C, it is possible to draw conclusions about whether
the defects observed are in the epitaxial layer or in the substrate. Additionally the isotopic
enrichment should help identify the defects by altering the resonance spectrum in predictable
ways [11].
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We utilize spin dependent trap assisted tunneling (SDT) measurements on capacitor
structures to determine what defects are present in the dielectric, and observe E’ centers [12].
Using conventional EPR, we show that two EPR spectra are associated with interface/
near interface traps. One of the two spectra quite closely resembles the negatively charged
silicon vacancy spectrum consistently observed in spin dependent recombination (SDR) in SiC
MOSFETs. The second spectrum is clearly anisotropic, and is quite strongly affected by
oxidation. Oxide bias experiments show that both of these defects are, at least partly, located
within the maximum width of the depletion region of the SiC/SiO2 interface and both centers
have levels within the SiC band gap. The isotopically enriched sample results suggest that the
paramagnetic defect density is very high in the epitaxial layer, compared to the bulk substrate
and that the defects observed extend far into the epitaxial layer.
3.1 Experimental Details
In conventional EPR a relatively large amount of semiconductor/dielectric material, close
to 1 cm2, is needed to have enough defects to have sufficient signal to noise ratio. However,
large amounts of conductive material greatly reduces the quality factor (Q) of the microwave
cavity in the EPR spectrometer. Therefore, it is not practical to have metalized samples for
conventional EPR measurements. In order to apply a bias to a dielectric/semiconductor blanket
structure we utilized a contactless corona discharge apparatus, which applies charge to the
dielectric surface [13]. Surface potential was measured before and after EPR measurements with
a Kelvin probe electrostatic voltmeter [13]. Our study utilizes simple silicon dioxide / 4H SiC
structures with 500Å SiO2 films grown thermally on an 5 um SiC epitaxial layer with 5x1015cm-3
Al (p-type) doping on a p-type SiC substrate. We also examined blanket SiC/SiO2 structures
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fabricated on n-type substrates as shown in figure 3.3. We investigate metalized SiO2/SiC
capacitor structures with spin dependent trap assisted tunneling (SDT).
SiC lateral MOSFETs were fabricated by General Electric on 4H SiC substrates with ptype epitaxy with doping of 1x1017cm-3. Source and drain regions were implanted with nitrogen
at 500°C and p+ body contact was formed using an aluminum implant at 500°C. The implants
were activated at 1675°C for 30 minutes after capping the surface with graphite. Gate oxidation
processes were varied to produce 50nm oxides with mobility variations from 5-50cm2/Vsec, but
had otherwise identical processing. A 55nm thick nickel ohmic metal layer was deposited over
the source and drain region and a poly-silicon layer was deposited on the gate region. Next, the
sample was annealed at 1050°C for 3 minutes to form the ohmic contacts. Finally, Mo/Au was
deposited as bond pad metal.
We utilize 500Å 13C enriched epi-layers in some samples. The natural abundance of 13C
is 1.1%; in the enriched epi-layers the 13C concentration is 30%. The 13C nuclei possess nuclear
magnetic moments which alters the EPR spectrum of defects within the layer without altering the
materials chemistry [11]. The 13C enrichment thus provides a unique “marker” allowing us to
separate “near interface” defects from bulk defects and provides a way to profile the depth of SiC
defects.
3.2 Results and Discussion
With conventional EPR we observe a two line EPR spectrum when the applied magnetic
field is parallel to the crystalline c-axis as shown in figure 3.1a. The sample in figure 3.1 has had
a N2O/NO oxide grown to a thickness of 50nm. One line has a g = 2.0036; the other line appears
at g = 2.0026. Figure 3.1a shows a trace at 90 degrees (c-axis perpendicular to the applied
magnetic field), and 3.1b shows a trace at 0 degrees (c-axis parallel to the applied magnetic
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field). The g=2.0026 line is, within the precision of our measurement, unaffected by the
differences in field orientation. However, the line which appears at g = 2.0035 when the field is
parallel to the c-axis shifts and apparently splits when the sample is rotated in the magnetic field.
The g = 2.0035 (center 1) spectrum has not been reported previously in EDMR measurements;
however the g = 2.0026 (center 2) spectrum is essentially identical to the negatively charged
silicon vacancy EDMR spectrum observed in numerous SiC/SiO2 transistors [2-5]. The
identification was accomplished on the basis of side peak structure associated with electron
nuclear hyperfine interactions with nearby 29Si and 13C nuclei [5]. The observed hyperfine
results are consistent with spectrum observed with conventional EPR on large volume SiC
samples subjected to charged particle bombardment [6]. The g = 2.0035 center is likely a near
band edge defect, as it is not observed in SDR. As previously discussed in chapter 1, EPR has
the advantage of being sensitive to defects throughout the entire energy band gap, while SDR is
only sensitive to mid-gap defects, so, if the g = 2.0035 defect involves levels near the band
edges, it would not be visible in SDR.
With no bias applied across the gate oxide, the g = 2.0035 center density is 2x1012 defects
per cm-3, while the g = 2.0026 center density is 4x1012 defects per cm-3. (These numbers are
accurate to about a factor of two in absolute number and +/- 10% in relative number.)
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Figure 3.1. EPR comparison of an identical sample oriented with the SiC crystalline c-axis
parallel (0 degrees) and perpendicular (90 degrees) to the applied magnetic field.
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Figure 3.2 compares three samples all taken with identical spectrometer settings with the
applied magnetic field is parallel to the crystalline c-axis. The first trace has not been oxidized,
while the other two traces both had a 50nm SiO2 N2O/NO thermally grown oxide. However, one
of the samples had the dielectric removed with acid etch. The g = 2.0035 center is affected by
oxidation (this center has an anisotropic EPR g value which is 2.0035 when the field is parallel to
the crystalline c-axis). The g = 2.0035 center is not present in the SiO2 as it is not affected by the
removal of the dielectric as shown in figure 3.2. We can thus conclude that the g = 2.0035 center
exists in the SiC.
To determine what is responsible for the change in the g = 2.0035 center (oxidation or
high temperature during the oxidation process) we exposed a sample to an N2 ambient anneal
which followed the same temperature ramp as a sample which was oxidized. The results are
shown in figure 3.3. We observe no change in the EPR spectrum due to the N2 anneal. Since the
N2 anneal has no observable effect and oxidation has an observable change in the g = 2.0035
center, it is likely that the oxidation process (and not just the high temperature) is altering the
population of these SiC defects. Figure 3.3 is from semi-insulating n-type substrate that received
epitaxial growth and oxidation at a different facility than the samples in figure 3.2, which are
semi-insulating p-type substrates.
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g = 2.0026
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Figure 3.2. EPR comparison of a SiC substrate pre- and post oxidization and after the removal of
the 50nm SiO2 layer with an acid etch. Note g = 2.0035 center is altered by oxidation, but is
apparently not located in the oxide as is still present in the sample which the oxide has been
removed.
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Figure 3.3. EPR comparison of a SiC substrate pre- and post oxidation and after an un-oxidized
sample experienced a N2 anneal that followed the same temperature ramp of the oxidized
sample.
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In order to begin to assess the role of these defects in MOS devices, SiC/SiO2 samples
have been investigated with EPR measurements while the oxides are subjected to corona ion
biasing [13]. The technique allows for EPR measurements on bare oxides with varying polarities
of oxide bias. Figure 3.4 and 3.5 show EPR measurements on the SiO2/SiC structures with and
without both positive and negative bias applied across the oxides. Figure 3.4 highlights the
change in the g = 2.0035 center, and figure 3.5 highlights the change in the g = 2.0026 center.
Both positive and negative oxide bias reduce the amplitude of both signals. Without bias center
1 is present with spin density of 2 x 1012/cm2 and center 2 has a spin density of 4 x 1012/cm2.
Figure 3.6 shows a capacitance-voltage (CV) measurement from a SiO2/SiC sample,
identical to the sample utilized in the results of figure 3.4 and 3.5. It shows that the bias applied
was enough to move the Fermi energy at the interface through a significant portion of the band
gap (near accumulation to near inversion corresponds to the majority the SiC band gap). The
modulation of the EPR signal with the application of a modest charge to the oxide shows that the
defects being modulated are 1) electrically active and 2) at least in part present within the
maximum width of the depletion region. The maximum width of the depletion region is 1.8µm,
given the following equation [14],

Where

is the maximum width of the depletion region,

is the permittivity of the SiC,

which is approximately 88.5x1014 Fcm-2, Vt is the thermal voltage, 0.0259V, Na is the doping
density, 5x1015 cm-3, ni is the intrinsic carrier concentration, 1x10-10cm-3, and q is the electronic
charge, 1.6x10-19 Coulombs. The effect of the corona biasing is moderate, but repeatable.
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(0V)
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(7.5V)

g = 2.0035
-18%

-16%

Magnetic Field (AU)
Figure 3.4. Corona bias results with eye guide line to focus on the g = 2.0035 center.
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Figure 3.5. Corona bias results with eye guide line to focus on the g = 2.0026 center.
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Figure 3.6. CV curve from the sample in figure 3 and 4. This result demonstrates that the bias
used in figure 3 and 4 was enough to take the sample from accumulation into deep depletion.
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The fact that the EPR amplitude can be modulated with oxide bias demonstrates that both
centers are electrically active and both centers exist at least in part (~ 15 to 20%) within the
maximum width of the depletion region of the devices. The fact that the amplitude is only
modulated by ~15-20% also indicated that the centers likely extend much farther into the SiC
than the maximum width of the depletion region. Some fraction of these defects behave as
interface traps. This conclusion supports results for the g=2.0026 signal from EDMR spectra
that is very similar to that of the EPR spectra [2-5].
Figure 3.7. illustrates a comparison of conventional EPR traces for two samples, one with
a 500Å 30% enriched 13C epi layers, the other with a 500Å naturally occurring 1.1% 13C
epitaxial layer. The samples have been oriented with the crystalline c-axis perpendicular to the
applied magnetic field as the largest differences between the sample is seen with this orientation.
Both samples have 500Å thermally grown oxides. Note the additional structure in the 13C
enriched sample. This result suggests that a portion of the paramagnetic centers are located in
the epitaxial layer, which is within 500Å of the SiO2/SiC interface.
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Figure 3.7. Comparison of EPR spectra of a SiC/SiO2 samples with and without 13C
enrichment. Both samples have been oxidized in N2O NO. (Identical sample geometry and
spectrometer settings. Samples are oriented with the crystalline c-axis perpendicular to the
applied magnetic field.)
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Figure 3.8 shows a comparison of the same 13C enriched sample in 1(a) pre- and post
oxidation. Defects associated with the 13C are clearly activated by oxidation. These results
suggest that most of the paramagnetic centers generated by oxidation are close (within the
epitaxial layer thickness of 500 Å) to the SiC/SiO2 boundary. As shown in figure 3.2 oxidation
induced defects are not located in the dielectric, but rather in the SiC, as they are still present in
the sample after an intentional removable of the dielectric.
We have made EDMR measurements on fully processed transistors with two
concentrations of 13C nuclei: the natural occurring 1.1% abundance of 13C and with 30%
enrichment. As mentioned previously, the 13C nuclei have a magnetic moment with a spin ½.
The other carbon nuclei 12C are not magnetic. For example, consider a carbon dangling bond
involving a single silicon carbon dangling bond pointing into the oxide at the interface [15]. In a
device with 30% 13C enrichment the 30% sites with 13C nucleus would exhibit a two line
spectrum; the 70% of sites with 12C nucleus would yield a single line spectrum. Another proposal
for interface traps in the SiC/SiO2 system is an amorphous carbon particle [16]. EMDR results
on 12C devices demonstrate the presence of silicon vacancy defects which would in this case
involve the interaction of a small number of 13C nuclei rather strongly coupled to the electron [25]. Fairly definitive conventional EPR and EDMR results indicate hyperfine tensor components
for 13C of 12 to 28 Gauss [5,15]. Thus one would expect that broadening of this order would
occur in the EDMR should such a defect be a dominating interface trap.
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Figure 3.8. Comparison of 13C device with and without oxidation. Oxidation clearly activates
defects.
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The results of our 13C/ 12C comparison are illustrated in figure 3.9 with the crystalline caxis of the samples orientated parallel to the applied magnetic field. The 13C spectrum displays
quite broad wings extending (~30Gauss) and a peak to peak line width much wider than the 12C
device. (Additional structure from the 13C is clearly observable about 15 Gauss to the right of the
centerline and has yet to be identified.) This result is not consistent with either a single dangling
bond defect or a amorphous carbon defect. The result is generally consistent with (but does not
prove) the earlier conclusion the dominating trap is due to its silicon vacancy.
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Figure 3.9. SDR response (zero gate bias) of the 30% 13C enriched FET compared the 1.1% 13C
naturally abundant FET. Note that the 13C enrichment significantly broadens the spectrum. This
result is consistent with a silicon vacancy.
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Using spin dependent trap assisted tunneling (SDT), we detect the presence of E’ center
defects [10] in the silicon dioxide gate dielectrics of SiC MOS devices. We observe these SDT
spectra in fairly thick, 50nm gate oxides at relatively low oxide fields (below 2MV/cm). The
observation, in such a thick dielectric indicates trap assisted tunneling through multiple defects
implying a high, though difficult to precisely quantify density of these defects and strongly
indicates that these centers play a dominating role in the electronic properties of these oxides. In
view of the comparatively high oxidation temperatures utilized in oxide growth, high densities of
these intrinsic defects is consistent with both experimental measurements and theoretical
estimates of the enthalpy of creation of E’ centers [10].
An explanation of the SDT response can be gleaned from a brief consideration of the
physics of spin. Observation of the SDT process, like all EDMR processes, must involve pairs
of spins initially separated physically. In the observations reported herein, the spin sites are E’
centers. In order to account for our observations, we believe that the E’ centers must have levels
which provide a path for electron trap assisted tunneling through a relatively thick film (50nm).
Consider the tunneling of an electron from one paramagnetic E’ center site to another
paramagnetic E’ site in the (apparently) highly defective gate oxide. The process would be
allowed only if the unpaired electron spins at the two E’ sites have opposite spin quantum
numbers. If the two sites had electron spins with the same spin quantum number, the tunneling
process would be forbidden because, upon completion, one of the E’ sites would possess two
electrons with the same spin quantum number. This would be forbidden via the Pauli Exclusion
principle. However, if one of the E’ center electron spin were to be “flipped” via EPR (hν=gβH)
the previously forbidden tunneling event would be allowed. Thus, magnetic resonance could
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modulate such a tunneling process. At resonance, the trap assisted tunneling process would be
enhanced. This enhancement in tunneling current may be detected via an increase in the
tunneling current and the enhanced current is the SDT spectrum.
We have been able to demonstrate SDT directly in a simple MOS-capacitor structure as
shown in figure 3.10 with 1.5MV/cm applied across the dielectric.

For comparision a

commercially avaible E’ spin standard is also shown. A schematic diagram of an E’ center is
shown in figure 3.11. Although this result is crude, it clearly demonstrates a SDT signal through
the SiO2, and allows us to conclude that the defects likely responsible for the tunneling current to
be the well know SiO2 defect the E’ center. (The line widths are about the same and the zero
crossing g is within experimental error, the same.)
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Figure 3.10. Comparision of SDT signal from a MOS-capacitor (with 1.5MV/cm applied across
the dielectric) compared to a commercially available E’ spin standard.
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Figure 3.11. Schematic illustration of the E’ Center. E’ centers are silicon dangling bond defects
in which the silicon is back bonded to three oxygen atoms.

52

Using SDR/EDMR we investigate three otherwise identical SiC MOSFETs that have
received different oxidation processes. In all three samples we observe a strong centerline at g =
2.0026, that has previously been identified as a negatively charged silicon vacancy [5], in
SDR/EDMR measurements as shown in figure 3.12. The smallest signal corresponds to the N2O
NO oxidation, which supports literature reports of nitrogen oxidation techniques reducing
interface defect levels [10], and it is not surprising that the dry oxidation method yields a larger
signal, as nitrogen is not available for defect passivation. It is interesting that the highest
mobility device, Na enhanced oxidation, yields the largest g = 2.0026 signal. This result does
not support the theory that Na enhanced oxidation reduces interface traps [11]. Rather our result
suggests that the theory provided by Tuttle et al. [12], which suggests that Na creates a impurity
band in the SiC facilitating an increase in mobility by providing an alternative conduction path,
and it does not passivate interface traps. Additionally we observe a g = 1.9997 in the Na
enhanced oxidation. We cannot at this time comment on the nature of this defect center.
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Figure 3.12. Comparison of three otherwise identical SiC MOSFETs which received different
oxidation processes.
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3.3 Summary
We observe two electrically active interface/near interface defects in SiO2/SiC samples
with EPR. The g = 2.0026 center is almost certainly due to the deep center corresponding to the
g = 2.0026 center observed previously with EDMR and assigned to be a silicon vacancy [5]. The
g = 2.0035 is affected by oxidation and is located in the SiC. The g = 2.0035 center is not
consistent with a deep level trap as it is not observed in SDR measurements which are not
sensitive to shallow energy levels. However, since it does respond to the change in the position
of the Fermi level, it must exist somewhere in the SiC bad gap; therefore, we tentatively link the
g=2.0035 spectrum to a shallow SiC defect level. The 13C enrichment samples demonstrate
that the defects observed with EPR extend deeply into the SiC epi-layer.
Also we show that SDR is sensitive to differences in oxidation techniques and that Na
enhanced oxidation is likely not improving mobility by defect passivation as suggested by some
groups [10], but rather is acting as a SiC shallow donor [11]. We observe an SDT oxide spectrum
consistent with an E’ center. This result suggests that E’ centers are dominating oxide traps the
SiC/SiO2 system. This limited result is consistent with extensive studies of SiO2 on silicon
which consistently indicate that E’ centers dominate trapping in SiO2.
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Chapter 4
SPIN DEPENDENT CHARGE PUMPING
In semiconductor device research, spin dependent recombination (SDR) has been quite
useful [1-6]. SDR exploits the fact that the capture of charge carriers at paramagnetic deep level
defects is spin dependent; it allows resonance measurements in transistors and other solid state
devices [1-6]. However, SDR has several limitations in the study of SiC MOSFETs. SDR is
only sensitive to defects located near the center of the semiconductor bandgap, and cannot be
used to study near band edge defects [5-7]. Additionally, increased sensitivity over what SDR
currently provides could aid researchers with better measurement resolution and aid in defect
identification.
We demonstrate a very powerful electrically detected magnetic resonance (EDMR)
technique, spin dependent charge pumping (SDCP) and apply it to 4H SiC metal-oxidesemiconductor field-effect-transistors (MOSFETs). SDCP combines a widely used electrical
characterization tool with the most powerful analytical technique for providing atomic scale
structure of point defects in electronic materials. SDCP offers a large improvement in sensitivity
over the previously established EDMR technique called spin dependent recombination, offering
higher sensitivity and accessing a wider energy range within the bandgap.
Charge pumping is widely utilized to characterize interface/near interface defects in
metal-oxide-semiconductor field-effect-transistors (MOSFETs) [8-10] . It provides detailed
information about the purely “electronic” aspects of defects but it does not provide information
about atomic scale structure [8-10]. Conventional electron paramagnetic resonance (EPR) has
unrivaled analytical power to identify atomic scale structure of defect centers but does not
provide a direct connection between defect structure and electronic properties [6]. Conventional
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EPR is limited in transistor studies because its sensitivity is of order 1010 defects, a number
significantly larger than the total number of electrically active defects in most transistors. The
limitations of conventional EPR are, to some extent, ameliorated by electrically detected
magnetic resonance (EDMR); a variety of EDMR related techniques have been demonstrated to
be quite useful in various circumstances [1-4]. We show that spin dependent charge pumping
(SDCP) can be a powerful vehicle for EDMR. It exploits the same spin dependent charge
capture process as SDR, but offers substantial advantages in both sensitivity and the range of
accessible energy. We apply SDCP to a topic substantial current interest: performance limiting
defects in SiC MOSFETs.
4.1 Experimental Details
We apply SDCP to SiC lateral n-channel MOSFETs with dimensions of 1,000 µm x 2 µm and a
50nm thick gate oxide. This device has an interface trap density of order 4x1011cm-2 determined
from the charge pumping measurements. The SDCP measurements were carried out at room
temperature utilizing a custom built spectrometer consisting of a Resonance Instruments 8330
series X-band microwave bridge with a transverse electric 102 microwave cavity and an
electromagnet controlled by custom-built magnetic-field controller. The magnetic field was
calibrated using a strong pitch standard with conventional EPR. To perform SDCP we applied 1
V to the shorted source drain and body contacts while applying an approximately square
waveform to the gate. Measurements involve charge pumping frequencies from 4 kHz to 1 MHz
with rise and fall times of 20ns and 50% duty cycle. SDCP detection is accomplished by
monitoring the substrate current utilizing a lock-in amplifier with a modulation frequency of 1
kHz in all measurements.
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4.2 Results and Discussion
Figure 4.1 illustrates a comparison between SDR and 1MHz SDCP spectra taken at the
maximum microwave power level of 150 mW with the crystalline c-axis orientated almost
parallel to the applied magnetic field. In both SDCP and SDR measurements, parameters were
chosen to optimize signal to noise. SDCP measurements were taken with a constant base level
gate pulse of -6 V and a high level of 1 V. The SDCP yields an isotropic spectrum with g =
2.0035 +/- 0.0003 and a 13 Gauss linewidth. In the SDR measurement the source-drain to
substrate bias was 2.35V; with 0V applied to the gate. A schematic comparison of SDR and
SDCP is shown on the right of figure 4.1. Whereas in SDR a constant DC bias is applied to the
gate, in SDCP a square wave is applied to the gate. Note that, taking into account the large
difference in signal averaging times, the difference in sensitivity is about a factor of 1,000.
There at least two reasons for this very large enhancement in sensitivity.
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Figure 4.1. (Left) SDCP and SDR comparison with the SiC crystalline c-axis almost parallel to
the applied magnetic field and with biasing optimized in each case for the best signal to noise
ratio. The SDCP trace has a signal to noise ratio of approximately 500 after 1,000 seconds of
signal averaging. The SDR spectrum has a signal to noise ratio of approximately 4 after 60,000
seconds of signal averaging. (The SDR trace amplitude is multiplied by 400 to be visible on the
graph.) This result demonstrates a sensitivity increase of approximately 1,000 with SDCP
compared to SDR, as signal to noise ratio increases with the square root of time. (Curves are
offset for clarity). (Right) Also shown is a schematic comparison of SDR and SDCP. In SDCP a
waveform generator is connected to the gate, while in SDR a constant DC voltage is applied to
the gate. In both cases the source and drain are tied together. They are forward biased for SDR
and reversed biased for SDCP. In both cases the substrate current is monitored.
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The charge pumping energy range is described by [9] the following expression:

(4.1)

Here,
1

,

is the gate voltage sweep range = 7V,

is the thermal drift velocity = 1.25x107cms-

is the capture cross section taken to be 1x10-16cm2; ni is the intrinsic carrier concentration =

5x10-9 cm-3, tr and tf are the rise and fall times, both 20ns

is the threshold voltage

minus the flatband voltage = 7V. Expression (4.1) yields an ΔEcp of 2.9 eV for our
measurements, nearly all of the 3.26eV bandgap of SiC. SDR however, is only sensitive to the
energy range covered by the gated diode recombination current, that is

, [7] where q is the

electronic charge and Vf is the source drain to substrate forward bias. In this case

is 2.35

volts, yielding an energy range of 1.2 eV. Thus, with parameters optimized for both
measurements, SDCP is sensitive to almost three times the energy range of the SDR
measurement.
A large additional increase in sensitivity results from the fact that in SDCP, the traps are
accessed at a frequency of up to 1MHz (the charge pumping frequency) whereas in SDR the
access rate is controlled by the steady state rate of charge carrier capture. The capture rate is
approximately given by σvthn, [11] where n is the density of charge carriers, σ is the capture
cross section, and vth is the thermal drift velocity. Assuming a capture cross section of 1x10-16
cm2, thermal drift velocity of 1.25x107cms-1 and a charge carrier concentration, for
V, of

of 2.35

= 4.3x1011 cm-3, the capture rate is approximately 500 Hz. Thus, for 1MHz
61

charge pumping frequency SDCP accesses the paramagnetic defect centers about 2000 times
more frequently than SDR. Our experiments results indicate that the wider range of energy
explored and higher rate of defect centers access combines to yield an increase in signal to noise
of about a factor of 1000.
Figure 4.2 illustrates 1MHz SDCP traces with the magnetic field parallel to the surface
normal at two levels of microwave power, 150 mW and 5mW, also taken with a constant base
level of -6 V and a high level of 1 V with rise and fall times of 20ns. Note the much narrower
linewidth and the slightly different zero crossing g values (2.0027 +/- 0.0003 versus 2.0035+/0.0003) at 5mW. The lower power SDCP trace linewidth and g-value of 2.0027 closely match
the SDR/ EDMR results on similar devices [1-4]. As discussed previously, the narrow 2.0027
SDR spectrum has been linked to a silicon vacancy [1-4]. Although we are unable to provide
definitive identification of the broad EDMR spectrum with g = 2.0035, we note that the spectrum
has extended shoulders and does not closely resemble any of the commonly observed defect EPR
patterns in 4H SiC [12]. Rather broad featureless spectra have been observed with both
conventional EPR and EDMR in another system, amorphous hydrogenated silicon, where they
have been associated with “band tail” states [13]. It is possible that the defects observed are due
to band tail states or that the spectrum is due to broadening due to nearby magnetic nuclei. At
this point, a precise determination has not been made.
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Figure 4.2. SDCP amplitude at two different microwave powers with the SiC crystalline c-axis
is almost parallel to the applied magnetic field. Note the difference in line width (13 and 7
Gauss) and g-value (2.0035 and 2.0027) between 150mW and 5mW respectively. (Curves are
offset for clarity).
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Figure 4.3 compares the SDCP amplitude and charge pumping current with constant
amplitude gate pulses of 8 V, and varying base level gate voltages at 1 MHz with rise and fall
times of 20ns. Figure 4.4 compares SDCP amplitude and charge pumping current versus
frequency with constant base voltage of -6V and high level voltage of 1V at 1 MHz with rise and
fall times of 20ns. The close similarity between the charge pumping and SDCP results of figures
4.3 and 4.4 suggests that the defects observed in SDCP are dominating deep levels in the
interface / near interface region.
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Figure 4.3. SDCP amplitude (Blue squares, and line to guide the eye) and charge pumping
current (red line) plotted against base level gate voltage, with constant amplitude of 8V with 1 M
Hz pulse frequency and rise and fall times of 20ns.
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Figure 4.4. SDCP amplitude (blue squares and line) and charge pumping current (red circles and
line) versus charge pumping frequency with base level of -6V, high level of 1V and rise and fall
times of 20ns.
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4.3 Summary

Our results demonstrate that SDCP offers sensitivity several orders of magnitude above SDR and
accesses a wider range of the band gap. SDCP also provides a straight forward link between the
widely utilized charge pumping measurements and the analytical power of magnetic resonance.
SDCP should be widely applicable technique which is able to provide useful information in the
study MOSFET interface studies.
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Chapter 5
CONCLUSIONS ON SIC MOSFETs

The g = 2.0026 center observed with SDR and EPR is almost certainly due to the deep center
corresponding to the g = 2.0026 center observed previously with EDMR and assigned to be a
silicon vacancy. The g = 2.0026 center is not an amorphous carbon particle or simple carbon
dangling bond, and it is almost certainly important to MOSFET performance.
We observe a g = 2.0035 center in both conventional EPR and SDCP. In the
conventional EPR measurements it was shown that the g = 2.0035 is affected by oxidation, and
is located in the SiC epitaxial layer and SiC substrate. The nature of this defect has not been
identified, but it is almost certainly important to MOSFET performance. It is possible that the g
= 2.0035 center observed in the EPR and SDCP measurements, but it is not possible to be sure at
this time.
We have for the first time demonstrated SDCP and shown that it offers sensitivity several
orders of magnitude above SDR and accesses a wider range of the semiconductor band gap.
SDCP also provides a straight forward link between the widely utilized charge pumping
measurements and the analytical power of magnetic resonance.
We observe E’ centers at the dominating SiO2 defect in SiC MOS capacitors with SDT.
SiC MOSFETs have made tremendous progress during the past decade. However, there
performance is still limited by poorly understood interface/near interface defects. Although the
large threshold voltage instabilities have been controlled, the field effect mobility of these
devices are still much lower than what is physically possible. This reduced mobility is a due to
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interface / near interface defects that must be ameliorated for the material system to reach its full
potential.
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Chapter 6
INTRODUCTION TO ILDs
6.1 The Need for New ILDs
Interlayer dielectrics are needed to electrically isolate and physically support the miles of
copper interconnect wires used to make electrical connections to the billions of transistors in
modern integrated circuits. [1-4] As device scaling continues in the microelectronics industry an
increased need for low dielectric constant interlevel dielectrics are needed. (The dielectric
constant of a material is related to the materials capacitance as:
C = AκE
where C is the capacitance, A is the area, E is the permittivity of free space and κ is the materials
dielectric constant.) [1-3] Signal delay is proportional to the resistance (R) of the copper
interconnect wire and the capacitance (C) of the interlayer dielectric given by:
RC = 2ρκ(4L2/P2 + L2T2)
Where ρ is the resistivity of copper, κ is the dielectric constant of the insulator between the lines,
L is the line length, P is the pitch metal, T is the metal line thickness. [3] Thus by decreasing the
dielectric constant of the insulator it is possible to reduce the signal delay in the integrated
circuit. An additional benefit comes when the dielectric consonant of the insulator is reduced, a
reduction in the power consumption of transmission. Power (P) is defined as:
P = CV2f
Where C is the capacitance of the circuit, V is the operating voltage, and f is the operating
frequency. [3] Therefore a reduction in power consumption is also observed with a reduced
dielectric constant insulator.
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6.2 Current State of ILDs
Since the 1994 technology roadmap for semiconductors pointed out the need for low- κ
dielectrics there has been interest in developing low- κ insulators for integrated circuits.[3] In the
1999 180nm technology node the first low-κ insulator was implemented, a κ = 3.7 fluorinated
silicon glass, that offered a slight improvement over the traditional κ = 3.9 SiO2. [3] More recent
ILD trends are shown in table 6.1, which was taken from the 2009 ITRS. [4]
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Table 6.1. Lowest κ insulators in 6 different integrated circuit manufacturers process, from the
2009 International Roadmap for Semiconductors. [4]
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Along with the low- κ ILDs shown in table 6.1, an additional insulator is needed to act as
an etch-stop layer (ESL), which is also referred to as a diffusion barrier, that typically surrounds
the low- κ ILD.[1-4] Since the introduction of copper interconnect wires, this has primarily been
SiN, which typically possesses a κ greater than 6. To date, both the low- κ ILD and higher κ
ESL are deposited with plasma enhanced chemical vapor deposition (PECVD) at temperatures in
the range of 250 to 400°C.[1-3] Porosity is an area of great interest as it allows engineers to
greatly lower the κ of the insulators. Porosity is created in two ways in PECVD films, 1) during
deposition by adjusting the plasma conditions and 2) by the post deposition removal of a portion
of the insulator.[3] It has been shown that removing part of the insulator is the most effective
way to reduce the κ. This is accomplished by depositing an unstable CH phase into the
insulator.[3] This sometimes includes utilizing a hydrocarbon porogen as one of the films
precursors.[3] After deposition, the porogen can be ejected from the film using a high
temperature anneal, e-beam irradiation or a UV irradiation.[3] UV irradiation has been the
method of choice for porogen ejection, and for this reason, there is interest in developing an
understanding of how UV irradiation effects BEOL dielectrics. [3] UV irradiation has been
shown to change both network and terminal bond structures and increase leakage current in
BEOL. [3]
There is interest in developing spin-on deposition techniques, as they might have
advantages producing films with κ less than 2. This is in part due to the nature of spin-on
deposition which allows for precursors to be deposited “whole” with little breaking of precursor
bonds. [1-3]
6.3 This Study
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There is interest in finding new materials for use as inter-layer dielectrics (ILDs) and etch
stop layers (ESLs) for use in modern integrated circuits. The reliability of these novel ILDs and
ESLs are of particular concern. [1-2] Time dependent dielectric breakdown (TDDB) and stress
induced leakage current (SILC) are of particular interest due to the relatively low breakdown
strength of these films. [1-2] In this study we primarily utilize electron paramagnetic resonance
(EPR) and electrical measurements to develop some understanding of transport processes in
these dielectrics. There is a vast literature dealing with EPR in Si based dielectric thin films as
well as large volume samples of silicon based amorphous insulators. [5-13] The wealth of
knowledge provided in the literature on previous EPR studies of Si based dielectrics, bulk Si, and
glasses offers a foundation for understanding the role these defects play in ILDs and ESLs. In
this work, we compare EPR and electronic measurements to provide insight into the roles these
defects play in electronic transport.
In our study we have made EPR and leakage current measurements on a variety of films
utilized as ILDs and ESLs. Our results indicate quite clearly that the processing parameters have
extremely gross effects upon defect densities within these films observed in EPR response and in
the electronic behavior of the films. The apparently modest changes in film composition,
density, and post deposition anneals result in large changes in defect density, which in many
cases also correspond to a large changes in leakage currents in the films.
We examine the temperature dependent leakage characteristics of the films by taking
current versus voltage measurements over a temperature range from 95K to 295K. We observe
temperature dependence in all films under study, which is consistent with variable range hopping
(VRH).
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We have also made electrically detected magnetic resonance (EDMR) measurements in
which we monitor EPR induced changes in dielectric leakage currents on several ILD films. We
refer to this EDMR as spin dependent trap assisted tunneling (SDT) though more complex spin
dependent transport processes may be involved. These SDT observations establish a direct link
between the defects observed in EPR and the defects responsible for the increased dielectric
currents. We also observe a close correspondence between the conventional EPR measurements
and the SDT/EDMR measurements which further strengthens the arguments that the
paramagnetic defects observed are important to electronic transport.
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Chapter 7
SI-N BASED BEOL DIELECTRICS

Back end of line dielectrics with low dielectric constants are needed for current and future
integrated circuit technology nodes [1,2]. However, an understanding of the defects which limit
reliability and cause increased leakage currents is not yet developed for these low-k films [1,2].
In this work we utilize electron paramagnetic resonance (EPR) and leakage current
measurements to investigate dielectrics with potential use as back end of line (BEOL) dielectrics.
The films investigated are etch stop layers (ESLs) of various compositions of SiN:H and SiCN:H
deposited on 300mm (100) silicon wafers. Si-N based dielectrics have been the traditional ESL
of choice in modern IC’s, however they are still not fully understood.
We examine multiple variations in processing conditions, including post deposition
ultraviolet (UV) irradiation and film composition. We observe a strong correlation between EPR
defect densities and leakage currents. The close correspondence strongly indicates that the
defects observed by EPR are almost certainly responsible for the leakage currents in general and
are likely responsible for limiting the dielectric reliability, such as time dependent dielectric
breakdown and stress induced leakage current.
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7.1 Experimental Details

All thin film materials investigated in this study were deposited on 300mm (100)
Si wafers using commercially available plasma enhanced chemical vapor deposition (PECVD)
tools. The films are made from various combinations of silane, organosilanes, hydrogen, helium,
oxidizers, and porogens. Deposition temperatures were on the order of 250-400°C and film
thicknesses ranged from 500-2,000 nm.

EPR measurements utilized a Bruker X-band

spectrometer with a 300 series bridge, a transverse electric 104 double microwave cavity and a
weak pitch standard. EDMR measurements were carried out at room temperature utilizing a
custom built spectrometer consisting of a Resonance Instruments 8330 series X-band microwave
bridge with a transverse electric 102 microwave cavity and an electromagnet controlled by
custom-built magnetic-field controller.

UV irradiation was accomplished by a 30 minute

exposure to 254 nm photons at an intensity of approximately 1 x1016 photons/cm2s. Variable
temperature leakage current measurements were performed in a Bruker ER 4111 variable
temperature gas–flow unit.
7.2 Results and Discussion
We have examined SiN ESLs with conventional EPR and the EPR response is dominated
by a spectrum with a zero crossing g = 2.0027 and a peak to peak line width of 15 Gauss.[3] The
spectrum is consistent with literature reports for a paramagnetic silicon in which the central
silicon is backboned to three nitrogens; these defects are referred to as K-centers. [4-6] In the
simplest cases, the EPR magnetic resonance condition is given by equation 7.1.

hν =gβΗ
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[7.1]

Where h is Planck’s constant, β is the Bohr magneton, ν is the frequency of the microwave
radiation and H is the magnetic field at resonance. The g typically depends on the relationship
between magnetic field vector and the orientation of the defect under observation. It is
essentially a second rank tensor. [7]

This expression is modified by the presence of a nearby

nuclear magnetic moments. [7] The nuclear magnetic moments of next nearest neighbor
nitrogens bonded to the central silicon, broadens the dominating center line, of the K-center.
We have made a comparison between SiN:H films with different silicon/nitrogen ratios.
We find that increasing the amount of nitrogen reduces the number of paramagnetic K-centers in
these films, a result that is consistent with earlier EPR studies of SiN. [4] Figure 7.1 shows the
EPR and leakage current results taken on a k = 6.5 SiN:H film with 1:1 Si/N ratio compared to a
1:1.5 Si/N ratio film. We observe a lower paramagnetic defect density in the film with the
higher nitrogen content, by almost order of magnitude (4.16x1016/cm3 to 0.51x1016/cm3), and a
reduction in leakage current of three orders of magnitude from 2x10-7A/cm2 to 1x10-10 A/cm2 at
3.5MV/cm.
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Figure 7.1. Comparison of two SiN films, one with higher nitrogen content, which greatly
reduces the leakage current (3 orders of magnitude reduction) and defect density (1 order of
magnitude reduction). Higher Nitrogen has N/Si ratio of 1.5:1, while lower nitrogen has 1:1
N:Si ratio.
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We also observe a large reduction in paramagnetic defects and leakage current in the
SiNC:H films when the nitrogen content is increased as shown in figure 7.2. The lower nitrogen
content film has a composition of 45%Si, 29% C, 23% N, 3%O, while higher nitrogen film
composition is 46% Si, 18%C, 3%O, 33%N. The higher nitrogen film has an EPR defect density
that is roughly one order of magnitude lower (1.74x1017/cm3 to to 0.24 x 1017/cm3) and a
reduction in leakage currents of four orders of magnitude (3x10-6/cm2 to 10-10A/cm2 at
3.5MV/cm). EPR spectra line width and zero crossing g indicate that the paramagnetic defects
are nitrogen deficient silicons. The result suggests that by increasing nitrogen concentration, the
silicon “dangling bonds” concentration is reduced. The corresponding changes in paramagnetic
defect density and leakage current suggest a cause and effect relationship.
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Figure 7.2. Comparison of two SiCN films, one with higher nitrogen content, which greatly
reduces the leakage current (4 orders of magnitude reduction) and defect density (1 order of
magnitude reduction). Lower nitrogen is 45%Si, 29% C, 23% N, 3%O, while higher nitrogen is
46% Si, 18%C, 3%O, 33%N.
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We have also compared EPR and current density versus voltage measurements before
and after exposing the dielectrics to UV lamp. (UV irradiation was accomplished by a 30 minute
exposure to 254 nm photons at an intensity of approximately 1 x1016 photons/cm2s.) Figure 7.3
shows the EPR results and leakage current measurements taken on a k = 6.5 ESL SiN:H film pre
and post UV irradiation. We observe a large increase in defect density from 1.5 x 1017/cm-3 to 2
x 1018/cm-3 with UV irradiation. As mentioned previously, we assign this spectrum to that of the
well known K-center since the zero crossing g-value and line width match precisely with
literature values. [4,5] The leakage current of the k = 6.5 SiN:H film is also greatly increased by
exposure to UV irradiation. This result, like the previous results on un-illuminated samples,
suggests that leakage current likely involves the K-centers via trap assisted tunneling.
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Figure 7.3. EPR results on a k = 6.5 SiN:H film with a 1:1 Si:N ratio (a) pre and (b) post UV
irradiation. Note that post UV EPR trace is much larger and has a g-value of 2.0027 and a peak
to peak line width of 15 Gauss, consistent with a K-center spectrum. Leakage current results (a)
pre and (b) post UV irradiation. Note that UV irradiation greatly increase the amount of leakage.
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Variable temperature measurements were made. Results on the SiN film with a 1:1 Si:N
ratio is shown in figure 7.4. We observe a T1/4 temperature dependence, consistent with variable
range hopping (VRH) [8,9]. However, this result is contrary to many literature reports which
argues that SiN transport is dominated by Poole-Frenkel (PF) conduction mechanisms. [10,11]
VRH is frequently described in terms of a model leading to an expression of the form [8,9]:
(7.2)
where A is a pre-exponential factor, n varies in experimental data from 4 to 2 [8], but is most
commonly reported to be 4 [8,9], and B is often expressed as:
(7.3)
where λ is a dimensionless constant, α is the coefficient of exponential decay of the localized
states, and po is the density of states at the Fermi level. Figure 8.4 we show the raw data taken
from the SiN sample, as well as three lines extrapolated from the 95K data point to represent the
different power dependence of n = 4, 2, and 1 from equation 7.2. The n = 4 power dependence is
consistent with VRH [8,9], whereas an n = 1 dependence is expected by a PF mechanism
[10,11]. In this case we conclude that this SiN film is dominated by VRH mechanisms.

86

Current (A)

1.E+00

T

1.E-01

T^1/2

1.E-02

T^1/4
DATA

1.E-03
1.E-04
1.E-05
1.E-06
1.E-07
1.E-08
95

145

195

245

295

Temp (K)
Figure 7.4. SiN variable temp leakage data. We observe a T1/4 dependence which is consistent
with VRH.
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7.3 Summary
SiN films are dominated by K-centers, which are silicon dangling bonds back-bonded to
three nitrogen atoms. SiNC films are dominated by silicon dangling bonds. In both cases we
observe a correlation between leakage current and paramagnetic defects and both paramagnetic
defect density and leakage current is reduced with increasing nitrogen concentrations.
We observe a large increase in K-centers and leakage current after a SiN film is exposed
to UV irradiation. Variable temperature measurements suggest that in the films under study the
transport is dominated by VRH.
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Chapter 8
SI-O BASED BEOL DIELECTRICS
Back end of line (BEOL) dielectrics with low dielectric constants are needed for current and
future integrated circuit technology nodes [1,2]. However, an understanding of the defects which
limit reliability and cause increased leakage currents is not yet developed for these low-k films
[1,2]. In this work we utilize electron paramagnetic resonance (EPR) and leakage current
measurements to investigate dielectrics with potential use as back end of line (BEOL) dielectrics.
The films investigated are both etch stop layers (ESLs) and interlayer dielectrics (ILDs) of
various compositions of SiO:H and SiOC:H deposited on 300mm (100) silicon wafers. Si-O
based dielectrics have been the traditional ILD of choice in modern IC’s, however they are still
not fully understood. SiOC:H are currently the lowest-k dielectric used in BEOL processing, but
there is interest in creating films with even lower dielectric constants for ILDs and also
developing Si-O based ESLs with dielectric constants lower than what can be offered with Si-N
based dielectrics [1-2].
We examine multiple variations in processing conditions, including post deposition
ultraviolet (UV) irradiation, film composition and deposition method. We observe a strong
correlation between EPR defect densities and leakage currents. The close correspondence
strongly indicates that the defects observed by EPR are almost certainly responsible for the
leakage currents in general and are likely responsible for limiting the dielectric reliability, such
as time dependent dielectric breakdown and stress induced leakage current.
8.1 Experimental Details
All thin film materials investigated in this study were deposited on 300mm (100) Si
wafers using commercially available plasma enhanced chemical vapor deposition (PECVD) tools
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or spin on techniques. The films are made from various combinations of silane, organosilanes,
hydrogen, helium, oxidizers, and porogens. Deposition temperatures were on the order of 250400°C and film thicknesses ranged from 500-2,000 nm. EPR measurements utilized a Bruker Xband spectrometer with a 300 series bridge, a transverse electric 104 double microwave cavity
and a weak pitch standard.

The Fourier transform infrared spectroscopy (FTIR), X-ray

reflectivity (XRR), Rutherford Backscattering (RBS), and Hg Probe measurements utilized to
respectively determine bond densities, mass density, elemental composition, low frequency
dielectric constant (k), and leakage currents have all been described previously. [3] UV
irradiation was accomplished by a 30 minute exposure to 254 nm photons at an intensity of
approximately 1 x1016 photons/cm2s and by industrial UV cures, of which exact details are not
available. Variable temperature leakage current measurements were performed in a Bruker ER
4111 variable temperature gas–flow unit.

8.2 Results and Discussion
Figure 8.1 shows EPR and leakage current results from a k = 4.4 ILD SiO2 film pre and post
UV irradiation. We observe a large increase (1.5 x 1017/cm-3 to 6.5 x 1017/cm-3) in the amplitude
of the two Gauss wide spectrum with a zero-crossing g = 2.0007. We assign this spectrum to E’
centers since the observed line width and zero crossing g-value are essentially the same as that of
the E’ centers reported in the literature. [4,5] (The most commonly reported E’ variant has a zero
crossing g= 2.0005+/- 0.0003 and a 2.5 Gauss line width. [4,5]) The leakage current of the k =
4.4 SiO2 film is also greatly increased by exposure to UV irradiation. This result suggests that
leakage current is likely correlated to the existence of the paramagnetic centers detected in the
film. Since E’ centers dominate the EPR spectrum and have energy levels in the SiO2 band-gap
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appropriate for trap assisted tunneling (around the middle of the gap) our results suggest that
they are largely responsible for the increase leakage in these films. [6]
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Figure 8.1. EPR and leakage current results on a k = 4.4 SiO2 film (a) pre and (b) post UV
irradiation. Note that post UV EPR trace is significantly larger and both spectra have a g-value
of 2.0007 and narrow line-width which is consistent with an E’ spectra. Leakage current is also
increased with the UV irradiation.
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Figure 8.2 shows a pre- UV irradiated sample with gain increased to illustrate additional side
structure in this SiO2 film. This additional structure is almost certainly due to the presence of
organic contaminants and also probably a nonbridging oxygen or peroxy center. [4] (Note: This
side structure vanishes after the UV exposure.) Figure 9.3 shows a post-UV SiO2 film with the
gain increased compared to figure 9.1 to illustrate a very different post UV side structure. Note
the pair of sidepeaks symmetric with respect to the E’ center separated by 74 Gauss. This
structure is almost certainly due to a hydrogen complexed E’ center called the 74 Gauss doublet,
as the separation (74 Gauss) and the width of the two sidepeaks (~3 Gauss) are all consistent
with the literature for this center, [5,7] which is thought to be an E’ center in which the central
paramagnetic silicon is bonded to oxygens and a hydrogen atom.
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Figure 8.2. EPR results on a k = 4.4 SiO2 pre UV film with gain increased to showcase
additional structure. This structure is likely due to organic contaminants and possibly due to the
nonbridging oxygen hole center (NBO) or peroxy centers.
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Figure 8.3. EPR results on a k = 4.4 SiO2 post UV film with gain increased to showcase
additional structure. Distant side peaks are almost certainly due to the 74 Gauss doublet.
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We examined the effect of UV exposure on three low-k SiOC:H films which differ
significantly in composition. The k=3.0 film is 33% Si, 29% C and 39% O. The k=2.8 film is
32% Si, 31% C and 37% O. The k = 2.5 film is 33% Si, 46% C and 21% O. These apparently
modest changes in composition result in large changes in defect density and leakage currents
among the three films. The three films (without UV irradiation or UV curing) have defect
densities that differ by a factor of about 15. The UV cured sample results also suggests that our
UV irradiation has a similar effect on the films as the post deposition UV curing method.
Figure 8.4 shows EPR and leakage current results from a k = 3.0 ILD SiOC:H film
pre and post UV irradiation. We observe a large increase in defect density of the g = 2.0026
spectrum from 2.5 x 1016/cm-3 to 7.5 x 1016/cm-3. The leakage current of the k = 3.0 SiOC:H
film is also greatly increased by exposure to UV irradiation.
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Figure 8.4. EPR and leakage current results on a k = 3.0 SiOC:H film (a) pre and (b) post UV
irradiation. Note that post UV EPR trace is significantly larger and both spectra have a g-value
of 2.0026 which is likely some type of silicon dangling bond. Leakage current is also increased
with the UV irradiation.
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Figure 8.5 shows EPR and leakage current results from a k = 2.8 ILD SiOC:H film pre and
post UV irradiation. We observe a large increase in defect density of the g = 2.003 spectrum
from 3 x 1015/cm-3 to 1 x 1016/cm-3. The leakage current of the k = 2.8 SiOC:H film is also
greatly increased by exposure to UV irradiation.
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Figure 8.5. EPR and leakage current results on a k = 2.8 SiOC:H film (a) pre and (b) post UV
irradiation. Note that post UV EPR trace is significantly larger and both dominating spectra have
a g-value of 2.0026 which is likely some type of silicon or carbon dangling bond. Leakage
current is also increased with the UV irradiation.
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Figure 8.6 shows EPR and leakage current results from a k = 2.5 ILD SiOC:H film prepared
with and without a post deposition UV cure. We observe a large increase in defect density of the
g = 2.003 spectrum from 5 x 1016/cm-3 to 1.25 x 1017/cm-3 in the film that has received the cure.
The leakage current of the k = 2.5 SiOC:H film is also greatly increased by exposure to UV
irradiation as figure 9.6 demonstrates. We tentatively assign the spectrum from the SiOC;H
films to that of a silicon or carbon dangling bond defect, although at this time a definitive
assignment is not possible.

101

g = 2.0036

ESR Amplitude (AU)

(a) Without Cure

g = 2.0030

(b) With Cure

3420

3440

3460

3480

3500

3520

Magnetic Field (G)

4.0E-10

Current Density (A/cm2)

3.5E-10
3.0E-10

(b) With Cure

2.5E-10
2.0E-10

(a) Without
Cure

1.5E-10
1.0E-10
5.0E-11
0.0E+00
40.0

60.0

80.0

100.0

120.0

140.0

160.0

180.0

Voltage (V)

Figure 8.6. EPR and leakage current results on a k = 2.5 SiOC:H film (a) with and (b)
without a UV cure. Note that post UV EPR trace is significantly larger and both spectra have a
g-value of 2.003 which is likely some type of silicon or carbon dangling bond. Leakage current is
also increased with the UV irradiation.
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There is interest in the effects of deposition technique in low-k ILDs, with PECVD and
spin-on deposition being the leading candidates. [1-2] We have compared spin on and PECVD
deposited samples and observe lower EPR defect density with spin-on deposition samples than in
PECVD deposition samples of similar composition and dielectric constant. Film composition
and dielectric constant is shown in table 8.1. We again observe a strong correlation between
paramagnetic defect density and leakage current as shown in figure 8.7. In three of the four
cases we also see a reduction in leakage current as a result of spin on deposition. However, there
is one clear outlier, SiOCH:2. This may be due to increased moisture absorption in SiOCH:2
during the spin on deposition process leading to increased leakage.
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Table 8.1. Dielectric constant and composition of the four SiOC:H films from figure 9.7.
Depostion Type
PECVD
Spin-On
PECVD
Spin-On
PECVD
Spin-On
PECVD
Spin-On

Film #
1
1
2
2
3
3
4
4

k
2.6
2.2
2.25
2
2.25
2.25
2.2
2.2
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Composition
33.8% Si, 52.1% C, 14.1% O
35.9% Si, 36.3% C, 27.8% O
38.6% Si, 18.4% C, 43.1% O
35.7% Si, 37% C, 27.3% O
37.4% Si, 19.5% C, 43.1% O
40.3% Si, 19.5% C, 40.2% O
37.3% Si, 20.5% C, 42.3% O
40.8% Si, 19.6% C, 39.6% O

Leakage Current @2MV/cm (A/cm2)

1.E-07
PECVD
Spin-On
1.E-08

SiOC:H 1

1.E-09

SiOC:H 2
SiOC:H 3
SiOC:H 4
1.E-10
1.E+15

1.E+16

1.E+17

1.E+18
3

EPR Defect Density (#/cm )

Figure 8.7. EPR results on SiOC:H films deposited with PECVD and spin-on Techniques. We
observe a large decrease in paramagnetic defect density with spin-on deposition. In three of the
four cases we also observe a large reduction in leakage with spin-on, with one clear outlier. This
outlier may be explained by increased moisture absorption during the spin-on deposition process.
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We show variable temperature leakage current results from a representative SiOC:H film
in figure 8.8. This film exhibits a T1/2 temperature dependence, which is the same qualitative
results obtained from other SiOC;H films under study. We assign this conduction mechanism to
variable range hopping (VRH) as described previously.
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Figure 8.8. Temp dependence of a representative SiOC film. We observe a T1/2 dependence
which is consistent with VRH.
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8.3 Summary
Si-O based BEOL dielectrics are the dielectric of choice for low-K ILDs in modern ICs.
We observe E’ centers, 74 Gauss doublets, organic contaminants and also probably a
nonbridging oxygen or peroxy center in SiO2 based dielectrics. In SiOC:H dielectrics we
observe defect spectrum consistent with silicon or carbon dangling bonds. In both cases we
observe a strong correlation between paramagnetic defects and leakage current and an increase in
both paramagnetic defects and leakage current with UV irradiation. We demonstrated that
industrial UV cures have qualitatively the same effect on dielectrics as UV lamp irradiation. In
SiOC:H films we observe a reduction in paramagnetic defect density and, in 3 out of 4 cases, a
reduction in leakage current with spin-on deposition techniques when compared to PECVD
deposition.
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Chapter 9
SI-C BASED BEOL DIELECTRICS
Amorphous SiC dielectrics show great potential for use as both etch stop layers (ESLs)
and Cu diffusion barriers. SiC dielectrics with dielectric constants significantly less than SiN are
particularity interesting. SiC dielectrics have been demonstrated as an effective Cu barrier, [1-3]
and in this study we investigate SiC films with dielectric constants as low as 2.8, less than half of
the SiN dielectric constant (normally greater than 6.5). The low dielectric constant of SiC films
is achieved by the incorporation of hydrogen and increased porosity as discussed elsewhere. [3]

9.1 Experimental Details
We utilize electron paramagnetic resonance and leakage current measurements to investigate
amorphous SiC dielectrics with potential use in back end of line dielectrics. Films investigated
exhibit a wide range of dielectric constant, sample chemistry, and density. We observe a strong
correlation between electron paramagnetic resonance (EPR) defect densities and leakage
currents. The close correspondence strongly suggests that the defects observed by EPR are
almost certainly responsible for the leakage currents in general and are likely responsible for
limiting the dielectric reliability.

Previously we have utilized electron paramagnetic resonance to study other dielectrics
for use in ILDs. [4] In this study we investigate amorphous SiC thin films that have been
deposited on 300mm (100) Si wafers using commercially available plasma enhanced chemical
vapor deposition (PECVD) tools. The films are made from various silane and methylsilane with
or without gasses such as H2 or He as described in King et.al.[3] Deposition temperatures were
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on the order of 250-400°C and film thicknesses ranged from 500-2,000 nm. EPR measurements
utilized a Bruker X-band spectrometer with a 300 series bridge, a transverse electric 104 double
microwave cavity and a weak pitch standard. Fourier transform infrared spectroscopy (FTIR)
measurements for bonding information, X-ray reflectivity (XRR) measurements for film density,
Rutherford backscattering (RBS) measurements for film composition, low frequency dielectric
constant (k) determination, and leakage current measurement details have been described
previously. [3]
9.2 Results and Discussion
Post deposition anneals are a topic of current interest in ILD processing. [1-2] We
examine five otherwise identical SiC films that have received various one hour post deposition
anneals of 400, 500, 600 and 700°C in a modest vacuum as described in tables 10.1 and 10.2 and
a 400°C forming gas anneal sample. We observe a decrease of paramagnetic defect density with
increasing anneal temperature as show in figures 9.1 and 9.2. A large reduction in paramagnetic
defect density and leakage current appears with an anneal temperature of 500°C and above in
comparison to the 400°C sample. The g-value (2.0029) and line shape are the same for all five
samples, suggesting a decrease in the density of identical defects.
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g = 2.0029

ESR Amplitude (AU)

Forming Gas 400˚C

8.2x1017/cm3

11.0x1017/cm3

400˚C

3420
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3440
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3480

3500

3520

Magnetic Field (G)
Figure 9.1. Comparison of a SiC:H films which received different post deposition anneal
temperatures. Note defect densities are greatly effect by anneal temperatures.
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The EPR defect density correlates very closely with leakage current from these samples
as shown in figure 9.2 and table 9.1. This data suggests that the defects being observed with EPR
are very important to the leakage current mechanisms. The results suggest that by increasing
annealing temperatures it is possible to reduce EPR active defect density and that this reduction
in defect density leads to reduced leakage current. Also show in table 10.1 is the intrinsic film
stress results for the four films. The stress observed varies dramatically with increasing
annealing temperature.
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Figure 9.2. Comparison of EPR spin density and leakage currents for identical SiC films that
received different post deposition anneal temperatures. Note the strong correlation between spin
densities and leakage.
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Table 9.1. SiC Films stress, leakage current and defect density from figures 10.1 and 10.2.

Anneal

Stress

Temp

Mpa

Leakage Current
2
A/cm at 1MV/cm

400˚C
500˚C
600˚C
700˚C

-1084
-707
-217
570

1.8x10-5
9.1x10-8
2.9x10-9
2.2x10-9
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Defect Density
17
3
10 spins/cm g-value
11.0
3.1
2.0
2.3

2.0029
2.0029
2.0029
2.0029

Table 9.2 shows the RBS mass densities and the FTIR results on the four films. Note the
20% increase in Si-C bonding, a decrease of approximately 50% in Si-Si and C-C bonding, 30%
decrease in Si-H bonding, and relatively no change in C-H bonding in response to the post
deposition anneals. Since there is no change in the RBS film density (2.55 +/- 0.05 g/cm3 for all
the films), the anneals are changing the ratio of bonding among the various possibilities within
these films. The annealing results in bonds re-arranging to increase the number of the more
thermodynamically stable Si-C bonds. The FTIR data showing Si-H decreasing, suggests that
the Si dangling bonds are reforming to make Si-Si and or Si-C bonds. This observation is
consistent with the large intrinsic film stress changes from different chemical bonds. The mass
density is not changing, so we know that the films are not ejecting atoms. The defects observed
with EPR may be reduced by a combination of defects being passivated by a redistribution of
hydrogen and/or by the defects (“dangling bond” sites) becoming Si-C bond sites. In the sample
exposed to a forming gas anneal at 400°C we observed a small reduction of approximately 20%
in EPR defect density compared to the sample not exposed to forming gas during the anneal.
Forming gas anneals have been shown to greatly reduce defect density in dielectrics from
hydrogen passivation of dangling bonds in the Si/SiO2 system. [5] The FTIR results and our
EPR forming gas results suggest that the EPR defect density reduction with increased anneal
temperature is due to a combination of hydrogen passivation and increased network bonding
with the latter likely the more important process.
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Table 9.2. SiC film composition and FTIR data from figures 10.1 and 10.2.

Temp

%H

%C

% Si

Fourier Tansform Infrared Spectroscopy
(#/cm3)
C-H
Si-H
Si-C
Si-Si
C-C

400˚C
500˚C
600˚C
700˚C

26.8
27.6
25.4
24.0

37.3
36.7
37.4
38.3

35.9
35.7
37.2
37.7

7.9E+21
7.7E+21
7.8E+21
8.1E+21

Anneal

Composition
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8.5E+21
7.7E+21
6.7E+21
6.0E+21

9.8E+22
1.0E+23
1.1E+23
1.2E+23

2.2E+22
2.1E+22
1.7E+22
1.2E+22

2.6E+22
2.3E+22
1.7E+22
1.2E+22

The films described in table 9.1 and 9.2 under study have a relatively high dielectric
constant (7.2) and the annealing temperatures are higher than would likely be implemented in
ILD production. However, these films and their annealing response may be of interest as
dielectrics in other application where high annealing temperatures may be tolerated. This study
does show that annealing is a viable method for manipulating defects in SiC dielectrics. The
strong correlation between leakage currents and EPR defect density suggests that the defects
observed with EPR are likely important to SiC dielectric performance.
In table 9.4 we list composition, dielectric constant, leakage and EPR results taken on a
SiC film array discussed extensively in the recent work of King et al. [3]. We observe a
reduction in paramagnetic defect density and leakage current with a reduction in film density.
The table 9.4 density versus EPR results are summarized in figure 9.3. This is likely due to
increased hydrogen passivation in the lower density films.
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Table 9.3. Density and dielectric constant of the 13 SiC films in figure 10.3-10.5.
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Figure 9.3. EPR and film density correlation of the 14 SiC films described in table 10.3.
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We observe a strong correlation between paramagnetic defect density and leakage current
as shown in figure 9.4. However, there are three data points which are clearly outliers in figure
9.4, and they have been circled. Film coordination appears to be important to these films, [3] and
these three films (circled in red) lie near the predicted leakage current versus coordination
inflection point in percolation theory as shown in figure 9.5.[6,7] Percolation theory suggests that
at a coordination number of 2.4 or lower, a sharp increase in material resistance (reduction in
leakage current).

This result suggests that conduction in these films does involve hopping

between paramagnetic defects but it is also suggests that film connectivity is also important. We
observe a strong decrease in leakage current of approximately 2.7, which is higher than theory
predicts. [6,7] This may be due to medium range order, which has been shown to increase the
critical coordination number in Si:H glasses [8].
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Figure 9.4. EPR and leakage current correlation of the 13 SiC films described in table 10.3.
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Figure 9.5. Leakage current and coordination correlation of the 13 SiC films described in table
10.3.
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We show variable temperature leakage current results from a representative SiC:H film in
figure 9.6. This film exhibits a T1/2 temperature dependence, which is the same qualitative
results obtained from other SiOC;H films under study. We assign this conduction mechanism to
variable range hopping (VRH) as described previously.
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Figure 9.6. Temp dependence of a representative SiC film. We observe a T1/4 dependence which
is consistent with VRH.
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9.3 Summary

The FTIR results and our EPR forming gas results suggest that the EPR defect density
reduction with increased anneal temperature is due to a combination of hydrogen passivation and
increased network bonding with the latter likely the more important process. We find that as
density is reduced (and thus dielectric constant) EPR spin density is also reduced. This result
suggests that the increased hydrogen incorporation reduces the defect density. The hydrogen is
likely passivating unsatisfied bonds. We observe electrical transport that is consistent with
VRH. The strong correlation between leakage currents and EPR defect density suggests that the
defects observed with EPR are likely important to SiC dielectric performance.
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Chapter 10
SPIN DEPENDENT TRAP-ASSISTED TUNNELING

Although we have provided compelling evidence that paramagnetic defects are at least
partly responsible for leakage current in the BEOL dielectrics, we have not provided direct
evidence of this fact. In the conventional EPR results presented on BEOL dielectrics we almost
always observe a strong connection between paramagnetic defect densities and leakage currents.
These results most strongly suggest a cause and effect relationship. We test directly for a
relationship between leakage and spin densities to determine whether the leakage currents are
spin dependent and compare electrically detected magnetic resonance (EDMR) and conventional
electron paramagnetic resonance (EPR) spectra. In this chapter, we show experimentally that
paramagnetic defects play a role in leakage via a relatively new EDMR technique spin dependent
trap-assisted tunneling (SDT). [1-2]
10.1 Experimental Details
EDMR measurements were carried out at room temperature utilizing a custom built
spectrometer consisting of a Resonance Instruments 8330 series X-band microwave bridge with
a transverse electric 102 microwave cavity and an electromagnet controlled by custom-built
magnetic-field controller.
10.2 Results and Discussion
We have observed deep level defects through an EDMR technique, SDT, on ILDs. There
have been only a few publications in the literature in which this magnetic resonance detection
technique, SDT, has been utilized in the study of dielectric thin films or, for that matter in any
systems. [18,19] An explanation of the SDT response can be gleaned from a brief consideration
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of the physics of spin. Observation of the SDT process, like all EDMR processes, must involve
pairs of spins initially separated physically. In order to account for our observations, we believe
that the paramagnetic centers must have levels which provide a path for electron trap assisted
tunneling through a relatively thick film (7nm).
Consider the tunneling of an electron from one paramagnetic center site to another
paramagnetic site in the highly defective dielectric. The process would be allowed only if the
unpaired electron spins at the two paramagnetic sites have opposite spin quantum numbers. If
the two sites had electron spins with the same spin quantum number, the tunneling process would
be forbidden because, upon completion, one of the paramagnetic sites would possess two
electrons with the same spin quantum number. This would be forbidden via the Pauli Exclusion
principle. However, if one of the paramagnetic sites electron spin were to be “flipped” via EPR
(hν=gβH) the previously forbidden tunneling event would be allowed. Thus, magnetic resonance
could modulate such a tunneling process. At resonance, the trap assisted tunneling process
would be enhanced. This enhancement in tunneling current may be detected via an increase in
the tunneling current and the enhanced current is the SDT spectrum. We show SDT results in
figures 10.1-10.3 and compare them to conventional EPR results taken on similar dielectric
films. We observe a close correspondence in g-value and line shape between SDT and EPR.
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Figure 10.1. SDT and conventional EPR results from a 7nm k = 5.5 SiOCN:H film.
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Figure 10.2. SDT and conventional EPR results from a 8nm k = 3.1 SiOC:H film.
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Figure 10.3. SDT and conventional EPR results from a 52 nm k = 4.8 SiOC:H film.
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10.3 Summary

The close correspondence between SDT and EPR directly links the paramagnetic defects
observed in conventional EPR with leakage current, as SDT is only sensitive to defects involved
in electron transport.

The paramagnetic defects observed with SDT are thus important to

electron transport in general and likely reliability issues such as time dependent dielectric
breakdown and stress induced leakage currents.
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Chapter 11
CONCLUSIONS ON BEOL DIELECTRICS
In the conventional EPR results presented on BEOL dielectrics we almost always observe
a strong connection between paramagnetic defect densities and leakage currents. These results
most strongly suggest a cause and effect relationship. In every case we find that UV irradiation
increases leakage current and defect density, both during industrial UV cures and simple UV
light irradiation. In Si-N, Si-O, and Si-C based dielectrics we observe electrical transport which
is consistent with VRH.
We find that small changes in film composition can lead to large changes in leakage
current and paramagnetic defect density. In the case of the Si-N based films we observe Kcenters (SiN) and silicon dangling bonds (SiNC) and both defect density and leakage current is
reduced with increased nitrogen concentrations.
We observe E’ centers, 74 Gauss doublets, organic contaminants and also probably a
nonbridging oxygen or peroxy center in SiO2 based dielectrics. In SiOC:H dielectrics we
observe defect spectrum consistent with silicon or carbon dangling bonds. In SiOC:H films we
observe a reduction in paramagnetic defect density and, in 3 out of 4 cases, a reduction in
leakage current with spin-on deposition techniques when compared to PECVD deposition.
In Si-C based dielectrics we find that as density is reduced (and thus dielectric constant)
EPR spin density is also reduced in SiC BEOL dielectrics. This result suggests that the increased
hydrogen incorporation reduces the defect density.

The hydrogen is likely passivating

unsatisfied bonds. The FTIR results and our EPR forming gas results suggest that the EPR
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defect density reduction with increased anneal temperature is due to a combination of hydrogen
passivation and increased network bonding with the latter likely the more important process.

This close correspondence between EPR and SDT directly links the paramagnetic defects
observed in conventional EPR with leakage current, as SDT is only sensitive to defects involved
in electron transport. The paramagnetic defects observed with SDT and EPR are thus import to
electron transport. The strong correlation between leakage currents and EPR defect density
suggests that the defects observed with EPR are likely important to BEOL dielectric
performance. Specific reliability phenomenon such as TDDB and SILC are also likely dependent
on the defects being observed with EPR.
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