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ABSTRACT
The objective of this work is to develop and investigate a new electrically detected
magnetic resonance (EDMR) technique called spin dependent charge pumping (SDCP) for
the investigation of semiconductor/dielectric heterointerfaces. In this work, it is applied to
the 4H-SiC/SiO2 interface in 4H-SiC MOSFETs. In chapter 1, background information on
4H-SiC MOSFETs is presented. In chapter 2, background on EDMR and the various
EDMR techniques we utilize in this dissertation is presented. In chapter 3, the charge
pumping (CP) and SDCP response as a function of some gate waveform parameters is
investigated. The SDCP response does not quantitatively follow the CP, as one would
expect. That is, when plotted versus charge pumping frequency and gate waveform
amplitude, the SDCP amplitude is not proportional to the CP amplitude. The differences
observed are explained, at least in part, by coupling of charge carrier spins to the
paramagnetic trapping centers. This coupling undoubtedly involves spin diffusion, but
other factors may also play a role. In chapter 4, SDCP is utilized with other EDMR
approaches to develop a new EDMR approach and investigate the role of nitrogen at the
4H-SiC/SiO2 interface. N alters the interface in many ways. First, it reduces the interface
trap density. Second, it alters the energy levels of some the interface traps. Third, it
introduces significant disorder to the interface. In chapter 5, SDCP is utilized to address
the assumption that carbon dangling bonds dominate the SiC MOSFET interface. It is
found the carbon dangling bonds do not play a dominating role at the interface. Chapter 6
discusses a novel approach for near-zero magnetic field spin dependent processes based on
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SDCP called zero field spin dependent charge pumping. Chapter 7 summarizes the
conclusions of the work and offers advice for future works.
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Chapter 1
Introduction
Silicon carbide (SiC) is a wide band gap semiconductor which has favorable
properties for, among other things, electronic devices which can operate at high power
[1,2], at high temperature [1,2], and even in space environments [3]. It has over 200
polytypes, but only three polytypes are widely studied; they are 3C, 4H, and 6H. The
nomenclature is derived from the number of bilayers in the periodic stacking sequence of
the unit cell (in the crystalline c-axis direction) followed by the crystal symmetry, “C” for
cubic and “H” for hexagonal. For example, 4H-SiC has a stacking sequence of ABCB (4
bilayers) and is of hexagonal symmetry. Figure 1.1 illustrates the crystal structure of 4HSiC. Of the three most popular polytypes, 4H-SiC, has the largest band gap of about 3.26
eV and is the most commonly studied (3C-SiC and 6H-SiC have band gaps of about 2.3
eV and 3.0 eV, respectively). In fact, commercial 4H-SiC devices are currently produced
and sold.
4H-SiC offers the possiblity, for certain market spaces, to replace Si-based
solutions with smaller, cheaper, and more efficient products. This is in part due to its
fortuitous materials properties. Compared to Si, 4H-SiC has about a 3 times larger band
gap (3.26 eV), about a 10 times higher critical breakdown field (2.2 MV cm-1), and about
2.5 times higher thermal conductivity at 300 K (3.7 W cm-1 K-1) [1]. As is the case for
silicon (Si), a native SiO2 layer can be grown on the SiC surface. This makes SiC a
particularly attractive material for large scale fabrication of electronic devices. By offering
low power dissipation and better thermal efficiency, 4H-SiC devices such as metal-oxidesemicondcutor field-effect transistors (MOSFETs) have potential to offer cheaper, smaller,
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Figure 1.1. Cartoon illustration of 4H-SiC crystal structure. Smaller
(blue) spheres are carbon atoms and larger (orange) spheres are silicon
atoms.
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and more efficient solutions than their Si power device (typically insulated-gate bipolar
transistors) counter-parts.
Unfortunately, SiC MOSFETs have some problems. Among them is the poor
electrical quality of the 4H-SiC/SiO2 interface, an integral part of 4H-SiC MOSFETs and
other 4H-SiC devices. As-grown MOSFETs have very low effective channel mobility,
typically less than 10 cm2/Vs [4] (less than 1% of the bulk mobility [1]). Improvements to
oxide processing via post oxidation annealing in NO have increased n-channel MOSFET
(nMOSFET) mobility to about 40 cm2/Vs and have become the industry standard. It is
widely accepted that the performance gain is due to N passivation of interface traps [5-9]
and an increase of interfacial charge carriers from the N counter doping effect [8-10].
Although the introduction of N processing has significantly increased channel mobility in
nMOSFETs, they are still disappointingly low and need to be improved. Many studies
aimed to improve channel mobility have involved modifying the semiconductor/dielectric
interface with species other than N. Introduction of sodium (65 cm2/Vs) [11], boron (102
cm2/Vs) [12], barium (110 cm2/Vs) [13], strontium (60 cm2/Vs) [13], phosphorus (89
cm2/Vs) [14], phosphosilicate glass (72 cm2/Vs) [15], and antimony (100 cm2/Vs) [16]
have all shown promise to increase channel mobility much more than N.
Typically, the poor performance of SiC MOSFETs is attributed to a high density of
interface traps [5-7], but near-interface oxide traps [17,18] and strain may also play a role
[19,20]. Traps such as carbon dangling bonds (Cdbs) [21-26], silicon dangling bonds
(Sidbs) [25], and carbon clusters [26,27], have been proposed to dominate the MOSFET
interface, but SDR EDMR studies have identified silicon vacancies (VSi) [28-32], hydrogen
complexed E’ centers called the 10.4 Gauss doublet [28,29,32], and sometimes nitrogen
3

complexed defects [33,34]. In addition to low effective nMOSFET channel mobility, the
technology faces other problems. CMOS is difficult because p-channel MOSFET
(pMOSFET) channel mobility is much lower than that of modern nMOSFET channel
mobility (< 10 cm2/Vs) even with N processing. Also, both types of devices suffer from
reliability issues such as the bias temperature instability, widely accepted to be due to
interface and near-interfacial oxide traps [35]. These problems need to be further mitigated
in order to allow the technology to reach its full potential, and understanding the SiC/SiO2
interface defects is paramount to realizing this task.
Electron paramagnetic resonance (EPR) techniques have unrivaled analytical
power for the identification of the physical and chemical nature of trapping centers in
semiconductors and insulators. Conventional EPR has been limited in studies of
semiconductor device physics by its sensitivity, about 1010 total defects, which is too low
for the quantity of defects typically found in technologically relevant devices. The
sensitivity limits of EPR are partly overcome with electrically detected magnetic resonance
(EDMR) [36-39] which has a sensitivity about 107 times higher than that of EPR.
Additionally, it utilizes fully processed devices and, unlike EPR, is specifically sensitive
to defects directly related to electronic transport. EDMR studies of heterointerfaces, the
SiC/SiO2 interface in particular, nearly always utilize spin dependent recombination (SDR)
[28-34,40-44]. Although SDR EDMR provides high sensitivity, it is effectively sensitive
only to deep level trapping centers. This is a significant limitation in heterointerface studies
of semiconductor/dielectric interfaces in MOSFETs. We have overcome this problem with
spin dependent charge pumping (SDCP) [45]; it offers the capability to explore almost all
of the 4H-SiC/SiO2 interface SiC band gap. In the 4H-SiC/SiO2 system, we find that SDCP
4

has exceptionally high sensitivity which can be higher than that of SDR. In addition, we
find this sensitivity extends (as expected) to ultra-low magnetic resonance frequencies.
The objectives of this work are to develop and investigate SDCP as an EDMR
technique and apply it to better understand the 4H-SiC/SiO2 system. First, the charge
pumping (CP) and SDCP response is discussed as a function of some measurement
parameters (chapter 3). Next, SDCP is utilized to develop a new magnetic resonance
approach which is used to better understand the effects of N on the 4H-SiC/SiO2 interface
(chapter 4). Then, SDCP is utilized to address a wide spread assumption about the
dominating defects at the SiC/SiO2 interface (chapter 5). Finally, a novel approach for
measurement of spin dependent current without the use of resonance is discussed (chapter
6). Chapter 7 concludes the work. Although the results presented are on the 4H-SiC/SiO2
heterointerface, the approach described in this dissertation should be widely applicable to
other semiconductor/dielectric heterointerfaces such as, for example, Si/SiO2, Si/High-K,
and SiGe/insulator systems.
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Chapter 2
Electron Paramagnetic Resonance and Electrically Detected
Magnetic Resonance
2.1 Electron Paramagnetic Resonance
2.1.1 The EPR Phenomenon
This work utilizes EDMR, a derivative of EPR. Thus, many of the basic EPR
physical principles apply to EDMR. Here, we will first discuss the basic principles of EPR.
Electrons (and many other atomic particles) have an intrinsic angular momentum called
spin described by the quantum spin operator (𝐒). The electron acts as if it is spinning about
1

it’s own axis. The electron spin has two quantum states 𝑚𝑠 = ± 2 (usually called spin “up”
and spin “down”). Its spin gives rise to an electron intrinsic magnetic moment (𝛍𝐞 ) which
is given by [1, 2]:
𝛍𝐞 = ℎ𝛾𝑒 𝐒 = −𝑔𝑒 𝜇𝐵 𝐒.

(2.1)

Here ℎ is Planck’s constant, 𝛾𝑒 is the electron gyromagnetic ratio, 𝜇𝐵 = 𝑒ħ/2𝑚𝑒 is the
Bohr magneton, 𝑚𝑒 is the electron rest mass, and ħ = ℎ/2𝜋 is the reduced Planck’s
constant, the magnetic moment for one unit of quantum mechanical angular momentum,
and 𝑔𝑒 is the free electon g value = 2.0023193043617(15). The free electron g value is the
most acurately known fundimental constant. When an electron is placed in a large magnetic
field, the electron magnetic moment vector will precess parallel or anti parallel about the
magnetic field lines. The interaction between the electron’s magnetic moment and the
magnetic field lifts the degeneracy of the spin states. This interaction is called the electron
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Zeeman interaction. For a magnetic field with strength 𝑩, the Hamiltonian of a free electron
in a magnetic field is given by [1,2]:
ℋ = 𝑔𝑒 𝜇𝐵 𝐒 ∙ 𝑩

(2.1)

The energies of its two spin states are thus:
1
𝐸± = −𝛍𝐞 ∙ 𝑩 = 𝑔𝑒 𝜇𝐵 𝑚𝑠 𝐵 = ± 𝑔𝑒 𝜇𝐵 𝐵,
2

(2.2)

and the energy difference between the two spin states is:
∆𝐸 = 𝑔𝑒 𝜇𝐵 𝐵.

(2.3)

The large magnetic field is commonly taken to be applied in the z-direction. EPR uses this
energy difference to induce changes in the populations of the two spin states. An excitation
from the lower to higher energy spin state can be induced by absorption of
electronmagnetic radiation with photon energy 𝐸𝑝ℎ = ℎ𝜈, where ℎ is Planck’s constant and
𝜈 is the electromangetic frequency, to the electron if ∆𝐸 = 𝐸𝑝ℎ . Thus, the condition at
which the free electron can transition from the lower to higher energy spin state is called
the resonance condition and is given by:
ℎ𝜈 = 𝑔𝑒 𝜇𝐵 𝐵0 .

(2.4)

Here, 𝐵0 is the magnetic field strength at resonance. Figure 2.1 schematically illustrates
the electron energy as a function of mangetic field and the resulting EPR spectrum. The
analytical power of EPR (and EDMR) comes from deviations from this simple case
resonance condition caused by the paramagnetic site environment as will be discussed in
the following sections. The resonance can be detected via the electronmegnetic radiation
absorption; this is the fundimental principle of EPR.

12

Figure 2.1. Illustration of (a) electron energy as a function of magnetic
field in the simplest case, (b) the resulting EPR absorption signal which
involves some broadening, and (c) the derivative of the absorption signal.
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Since EPR is usually performaned on many electrons and is dependent upon the
transition described previously, the EPR signal strength is dependent upon the
magnitization of the spin ensemble. (Typically, the EPR signal is aquired by applying
constant frequency electromagnetic radiation and slowly and linearly sweeping magnetic
field. This is called continuous wave EPR.) In thermal equilibrium, the relative populations
of the two spin states 𝑚𝑠 = 1/2 (𝑛+ ) and 𝑚𝑠 = −1/2 (𝑛− ) is given by the Boltzmann law
[1,2]:
𝑔𝑒 𝜇𝐵 𝐵0
∆𝐸
𝑛+
= 𝑒 −𝑘𝑇 = 𝑒 − 𝑘𝑇 .
𝑛−

(2.5)

At room temperature and 3000 Gauss (X band microwave range), we see that 𝑛+ /𝑛− is
0.9986. The populations are nearly equal, but the small difference allows for a net energy
absorption. The excess polarization is given by [1,2]:
𝑔𝑒 𝜇𝐵 𝐵0

𝑛+ − 𝑛− 1 − 𝑒 − 𝑘𝑇
𝑃=
=
𝑔𝑒 𝜇𝐵 𝐵0
𝑛+ + 𝑛−
1 + 𝑒 − 𝑘𝑇

(2.6)

Since for room temperature and 3000 Gauss, ∆𝐸 ≈ 0.035 𝑚𝑒𝑉 ≪ 𝑘𝑇, for high
temperatures:
𝑃=

ħ𝑔𝑒 𝜇𝐵 𝐵0
.
2𝑘𝑇

(2.7)

The magnitization of the spin ensemble is then:
𝑀0 =

1
ħ
ħ
(𝑛 + 𝑛+ )𝑔𝑒2 𝜇𝐵2 𝐵𝑜 .
∑ 𝜇𝑖 = (𝑛− + 𝑛+ )𝑔𝑒 𝜇𝐵 𝑃 =
𝑉
2
4𝑘𝑇 −

(2.8)

𝑖

We see that the EPR response is proportional to 𝐵𝑜 which means that the response would
be very weak for low magnetic fields. This is the reason many EPR experiemnts are
performed at X band frequency (𝜈 = 9.5 GHz, 𝐵0 = 3500 Gauss) and above. We also see
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that the magnitization is proportional to 𝜇𝐵2 . For nuclear magnetic resonance (NMR), the
2
magnitizaion would be proportional to 𝜇𝑁
, the nuclear magneton (𝜇𝑁 = 𝑒ħ/2𝑚𝑝 , where

𝑚𝑝 is the proton rest mass). Thus, we see why EPR is much more sensitive than NMR. The
electron rest mass is about 2000 times smaller than that of the proton. EDMR has a distinct
advantage over both techniques: the EDMR response is essentially independent of the
polarization [6-8]. This means that while the EPR response is impossible to detect at low
magnetic fields, EDMR response can be detected at ultra-low magnetic fields down to 0
Gauss

2.1.2 Relaxation – T1 and T2
As the spin ensemble is exposed to electromagnetic radiation, the electrons are
excited from the low to high energy state and high to low energy state with equal
probability. Without some way for the electrons to return to their original state, the
populations of the high and low energy state electrons would become equal. The EPR
response would vanish because there would be no net radiation absorption. In order for the
EPR response to continue, some of the high energy state electrons must lose energy to
return to the low energy state. This occurs by spin-lattice relaxation. Spin-lattice relaxation
occurs when the electron exchanges energy with the lattice. The time associated with this
process is called the spin-lattice relaxation time (T1). A long T1 means that the electron is
weakly coupled to the lattice whereas a shorter T1 means the electron is strongly coupled.
Another type of relaxation is called the spin-spin relaxation. A pulsed EPR experiment can
be envisioned in which a pulse of EM radiation is applied to the spin ensemble which
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creates an in-phase procession about the large magnetic field. Due to the interactions
between the spins they will dephase in the x-y plane perpendicular to the direction of the
magnetic field and the magnetization in the x and y directions will vanish. This spin-spin
relaxation and is characterized by the spin-spin relaxation time (T2).
Typically, T1 is much longer than T2, so T2 usually dominates the line width when
no other broadening mechanisms are present. T1 typically increases with temperature, so
cooling a sample can often sharpen spectra which have very short T1 times. However, if T1
is too long, the electrons will not have enough time to relax, and the populations of the high
and low energy states will equalize. The EPR response will peak, and can even decrease
with increasing RF or microwave power. This phenomenon is called saturation. Since the
probability of exciting an electron to its high energy state is inversely proportional to the
electromagnetic radiation power, reducing the power can “desaturate” the EPR response.
When not saturated, the EPR response is said to be in the linear region. Experiments which
measure the saturation curves, that is the EPR response amplitude as a function of the
square root of the microwave power, can be used to extract the T1 of the defect(s) in
question [2].

2.1.3 The Spin Hamiltonian
The true analytical power of EPR (and EDMR) comes from deviations from the
simple case resonance condition (free electron) described previously. Interactions between
the electron and its local environment alter the resonance condition from the simple case.
Analysis of resonance spectra in terms of these interactions allows definitive identification
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of the physical and chemical nature of defects. The full spin Hamiltonian for a
paramagnetic site in a magnetic field is given by [1,2]:
ℋ𝑆 = ℋ𝐸𝑍 + ℋ𝐻𝐹 + ℋ𝑁𝑍 + ℋ𝑍𝐹𝑆 + ℋ𝑁𝑄 + ℋ𝑁𝑁 .

(2.9)

Here, ℋ𝐸𝑍 is the electron Zeeman interaction, ℋ𝐻𝐹 is the electron nuclear hyperfine
interaction, ℋ𝑁𝑍 is the nuclear Zeeman interaction, ℋ𝑍𝐹 is the zero field splitting, ℋ𝑁𝑄 is
the quadripolar interaction, and ℋ𝑁𝑁 is the nuclear-nuclear interactions. ℋ𝐸𝑍 is the
interaction of the electron spin with the magnetic field. ℋ𝐻𝐹 is the interaction of the
electron spin with nearby magnetic nuclei (nuclei which have spin), ℋ𝑁𝑍 is the interaction
between nuclear spin and the magnetic field, ℋ𝑍𝐹𝑆 is the electron-electron interaction for
𝑆 > 1/2 systems, ℋ𝑁𝑄 is the interaction of nuclei with 𝐼 > 1/2 with the electric field
gradient produced by nearby electrons and nuclei, ℋ𝑁𝑁 are the nuclear-nuclear interactions
between nearby magnetic nuclei. ℋ𝑁𝑍 , ℋ𝑍𝐹𝑆 , ℋ𝑁𝑄 , and ℋ𝑁𝑁 do not significantly affect
the EPR spectrum for the defects involved in this study. Thus, only ℋ𝐸𝑍 and ℋ𝐻𝐹 are
considered when analyzing spectra. Nevertheless, for completeness, the other terms will
be defined here. ℋ𝑁𝑍 is given by [1,2]:
ℋ𝑁𝑍 = 𝜇𝑁 ∑ 𝑔𝑁,𝑖 𝑩 ∙ 𝐈𝑖

(2.10)

𝑖

Where 𝜇𝑁 is the nuclear magneton, 𝑔𝑵,𝑖 is the g factor and 𝐈𝑖 is the nuclear spin operator
for the ith coupled nucleus. ℋ𝑁𝑄 is given by [1,2]:
ℋ𝑁𝑄 = ∑ 𝐈𝑛 ∙ 𝑷 ∙ 𝐈𝑛 .

(2.11)

𝑛

Here, 𝐈𝑛 is the nuclear spin operator for the nth coupled nucleus with 𝐼 > 1/2 and 𝑷 is the
nuclear quadrupole tensor. ℋ𝑁𝑁 is given by [1,2]:
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ℋ𝑁𝑁 = ∑ 𝐈𝑚 ∙ 𝒅𝑚,𝑛 ∙ 𝐈𝑛 .

(2.12)

𝑚,𝑛

Here, 𝐈𝑚 and 𝐈𝑛 are the quantum spin operators for the mth and nth coupled nuclei with 𝐼 >
1/2. 𝒅 is the nuclear dipole coupling tensor. ℋ𝑍𝐹𝑆 is given by [1,2]:
ℋ𝑍𝐹𝑆 = 𝐒 ∙ 𝑫 ∙ 𝐒.

(2.13)

Here, 𝑫 is the zero-field interaction tensor.

2.1.4 Electron Zeeman Interaction and the g Tensor
The electron Zeeman interaction Hamiltonian is given by [1,2]:
ℋ𝐸𝑍 = 𝜇𝐵 𝑩 · 𝒈 · 𝐒

(2.14)

Here, 𝒈 is essentially a 2nd rank tensor and is called the 𝒈 tensor. 𝒈 is usually anisotropic
for solid state materials and has the form:
𝑔𝑥𝑥
𝑔
𝒈 = ( 𝑦𝑥
𝑔𝑧𝑥

𝑔𝑥𝑦
𝑔𝑦𝑦
𝑔𝑧𝑦

𝑔𝑥𝑧
𝑔𝑦𝑧 ).
𝑔𝑧𝑧

(2.15)

However, in the principle axis system of the 𝒈 tensor it takes the form:
𝑔𝑥𝑥
𝒈=( 0
0

0
𝑔𝑦𝑦
0

0
0 ).
𝑔𝑧𝑧

(2.16)

For a free electron, 𝑔𝑥𝑥 = 𝑔𝑦𝑦 = 𝑔𝑧𝑧 = 𝑔𝑒 , but an electron in a lattice will experience a
deviation from 𝑔𝑒 via spin-orbit coupling, that is the interaction of the electron spin with
its orbital angular momentum. The 𝒈 tensor can be expressed with a second order
perturbation theory calculation as [1,2]:
𝑔𝑖𝑗 = 𝑔𝑒 + Δ𝑔𝑖𝑗 .
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(2.17)

In simple cases, such as for a dangling bond,
⟨0|𝐿𝑖 |𝑛⟩⟨𝑛|𝐿𝑗 |0⟩
.
𝐸𝑛 − 𝐸0

Δ𝑔𝑖𝑗 = −2𝜆 ∑
𝑖,𝑗,𝑛≠0

(2.18)

In (2.17) and (2.18), 𝑔𝑒 is the free electron 𝑔𝑒 , Δ𝑔𝑖𝑗 is the deviation in the g tensor due to
spin-orbit coupling, 𝜆 is the spin-orbit coupling constant and i and j correspond to the
principle axes of the defect. 𝜆 depends upon the the nuclei coupled to the electron and the
electron wave function. It has been calculated for almost all possible cases. ⟨0|𝐿𝑖 |𝑛⟩ and
⟨𝑛|𝐿𝑗 |0⟩ are the interactions between the orbital angular momentum and the ground state
|0⟩ and nth excited state |𝑛⟩ of the electron, and 𝐸𝑛 − 𝐸0 is the energy difference between
the ground state and nth excited state of the electron. The largest deviations from 𝑔𝑒 results
from a large 𝜆 and a small energy difference between the electron ground and excited states.

2.1.5 Hyperfine Interactions and the A Tensor
The hyperfine interaction Hamiltonian is given by [1,2]:
ℋ𝐻𝐹 = ∑ 𝐒 ∙ 𝑨𝑖 ∙ 𝐈𝑖 = ∑ ℋ𝐹,𝑖 + ℋ𝐷𝐷,𝑖
𝑖

(2.19)

𝑖

Here, 𝑨𝑖 is the hyperfine coupling tensor (usually called the 𝑨 tensor) and 𝐈𝑖 is the nuclear
spin operator of the ith magnetic nucleus. The magnetic nuclei give rise to dipolar
interactions with the electron spin magnetic moment. The 𝑨 tensor can be broken down
into two components: an isotropic component (ℋ𝐹 ) called the Fermi contact energy and an
anisotropic component (ℋ𝐷𝐷 ). The fermi contact energy arises because an electron in an
s-orbital has finite electron spin density at the nucleus. It can be a large portion of the total
hyperfine interaction for orbitals with significant s-character. It is given by:
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ℋ𝐹 = 𝑎𝑖𝑠𝑜 𝑺 ∙ 𝑰

(2.19)

where 𝑎𝑖𝑠𝑜 is the Fermi energy constant and is given by:
𝑎𝑖𝑠𝑜 =

2 𝜇0
𝑔 𝑔 𝜇 𝜇 |𝜓 (0)|2 .
3ħ 𝑒 𝑁 𝐵 𝑁 0

(2.20)

Here, 𝜇0 is the vacuum permeability, 𝜇𝑁 is the nuclear magneton, 𝑔𝑁 is the nuclear 𝑔 value
coupled nucleus, and |𝜓0 (0)|2 is the electron spin density. For electrons in p, d, and f
orbitals, there is no isotropic term because of the nodes at the nucleus. The interaction is
therefore dipolar. The interaction between the two magnetic moments are given by [1,2]:
ℋ𝐷𝐷 = −𝑔𝑒 𝑔𝑁 𝜇𝐵 𝜇𝑁 (

𝑰 ∙ 𝑺 3(𝑰 ∙ 𝒓)(𝑺 ∙ 𝒓)
−
).
𝑟3
𝑟5

(2.22)

Here, 𝑟 is the distance between the electron and nucleus. Equation (2.22) must be averaged
over the electron wave function. Since the combined interaction depends upon orientation,
𝑨 is expressed as a tensor:
𝐴𝑥𝑥
𝑨𝑖 = (𝐴𝑦𝑥
𝐴𝑧𝑥

𝐴𝑥𝑦
𝐴𝑦𝑦
𝐴𝑧𝑦

𝐴𝑥𝑧
𝐴𝑦𝑧 ).
𝐴𝑧𝑧

(2.23)

Figure 2.2 illustrates the effect of the electron Zeeman, nuclear Zeeman, and hyperfine
interactions for an I = 1/2 nucleus on the electron energy levels for high magnetic fields.
Hyperfine interactions are arguably the most important characteristic of resonance spectra.
They are often called the defect “fingerprint” and are often necessary to provide definitive
identification of defect structure.
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Figure 2.2. Cartoon illustration of the effect of the electron Zeeman (EZ),
nuclear Zeeman (NZ), and hyperfine (HF) interactions on the energies of the
electron. Red arrows indicate EPR transitions. The interaction energies are not

shown to scale.

21

2.1.6 Approximate Spin Hamiltonian
For the defects and experiments involved in this study, only the electron Zeeman
and hyperfine interactions significantly contribute to the EPR spectra. The spin
Hamiltonian for such as case is given by:
ℋ = ℋ𝐸𝑍 + ℋ𝐻𝐹 = 𝜇𝐵 𝑩 · 𝒈 · 𝐒 + ∑ 𝐒 ∙ 𝑨𝑖 ∙ 𝐈𝑖 .

(2.24)

𝑖

For this case, the energy levels for a 𝑆 = 1/2 and 𝐼 = 1/2 system are given by:
𝐸𝑆=1 =

1
𝐴
(𝑔𝜇𝐵 𝐵) + ,
2
4

(2.25a)

1
𝐴
𝐸𝑆=−1 = − (𝑔𝜇𝐵 𝐵) + ,
2
4

(2.25b)

1
1
𝐴
+
𝐸𝑆=0
= [(𝑔𝜇𝐵 𝐵)2 + 𝐴2 ]2 − ,
2
4

(2.25c)

1
1
𝐴
−
𝐸𝑆=0
= − [(𝑔𝜇𝐵 𝐵)2 + 𝐴2 ]2 − .
2
4

(2.25d)

The electron energy levels as a function of magnetic field for a 𝑆 = 1/2 and 𝐼 = 1/2
system is illustrated for ultra-low resonance frequencies in figure 2.3(a) and X band in
figure 2.3(b). For the case when B is large, the two expected resonance transitions occur at
magnetic fields essentially centered about the electron 𝑔 value. When the magnetic field is
small enough that the Zeeman interaction is on the order of the hyperfine interaction, the
hyperfine peaks are “shifted” from the high field case. This shift is called the Breit-Rabi
shift and can be analytically calculated for an 𝑆 = 1/2 and 𝐼 = 1/2 system. Figure 2.4(a)
illustrates simulated EPR spectra for a high field measurement and Fig. 2.4(b) illustrates
the effect of the Breit-Rabi shift on the same spectra at much lower field.

22

Figure 2.3. Illustration of the energy levels of a g = 2.0, and A = 50
Gauss S =1/2 and I =1/2 system at (a) low and (b) high magnetic fields.
The top (blue), second from top (red), second from bottom (green), and
bottom lines (cyan) represent the energies given by equations (2.25a),
(2.25c), (2.25b), (2.25d), respectively.
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Figure 2.4.

Illustration

of

the effect

of

ultra-low resonance

frequencies/magnetic fields on hyperfine spectra. (a) is a simulation of a
defect with hyperfine interactions with a 50% abundant I = 1/2 nuclei at
resonance frequency 9.5 GHz. The hyperfine side peaks are symmetric
about the center peak. (b) is the same simulation at a resonance frequency
of 85 MHz. The hyperfine side peaks are asymmetric about the center
peak. This shift of the hyperfine peaks is referred to as the Rabi shift.
Simulations made with Easyspin [41].
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2.1.7 Continuous Wave EPR
There are many different EPR techniques which can provide different kinds of
information about paramagnetic species. Some EPR techniques include: continuous wave
EPR, frequency-swept EPR, rapid scan EPR, pulsed EPR, electron nuclear double
resonance (ENDOR), and double electron-electron resonance (DEER). Since the work in
this thesis utilize a derivative of continuous wave EPR, we will only discuss this technique.
Continuous wave EPR involves the appliation of a constant frequency electromagnetic
radiaion, usually microwaves, to a sample while the large applied magnetic field is slowly
and linearly swept. We use a continuous wave technique because sweeping magnetic field
is much less complicated than sweeping frequency (frequency-swept EPR requires
constant power throughout a wide range of frequencies which can be difficult) and we are
less interested in the spin dynamics as we are the physiochemical nature of the
paramagentic species.
In a typical EPR measurement, a sample (typically about 1 cm3) is placed in a TE102
or TE104 microwave cavity which is in a large magnetic field (typically taken to be the zdirection) produced by an electromagnet. The sample is exposed to constant frequency
radiation (typically around ν = 9.5 GHz) via a waveguide, and the cavity and waveguide
system is tuned to produce a standing wave. The magnetic field is linearly swept and when
at resonance, the sample will absorb the radiation and disrupt the standing wave. When this
happens, some power will be reflected back up the waveguide and measured via a diode.
Thus, the microwave absorption as a function of the magnetic field consitutes the EPR
response.
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In order to increase the sensitivity of the measurement, a frequency and phase
sensitive detection method called lock-in detection is utilized. This means that a small
alternating magnetic field is added to the large quasi-static magnetic field in order to
modulate resonance. Lock-in detection typically increases signal-to-noise ratio by a factor
of 1000. As a consequence of this detection method [2], the measured spectrum is an
approximation of the derivative of the EDMR response. Figures 2.1(a) and 2.1(b) illustrates
the absorption and approximate derivative of a simple EPR spectra, respectively.

2.2 Continuous Wave Electrically Detected Magnetic Resonance
The largest difference between EPR and EDMR is the method with which the
electron resonance is detected: EPR detects a change in microwave absorption while
EDMR detects a change in spin-dependent current. More about this will be discussed in
section 2.24. The EDMR spectrometers utilized for this thesis were home-built. A typical
EDMR spectrometer is made of an electromagnet and power supply, a microwave cavity
(high frequency) or resonance coil (low frequency), a microwave source (high frequency)
or RF source (low frequency), a lock-in amplifier, modulation coils, a modulation signal
amplifier, a frequency counter (high frequency), a Gauss meter and Hall probe, a
preamplifier, a DAQ, and a computer. The computer handles magnetic field control and
data acquisition. The computer may also be used to provide lock-in detection. Figure 2.5
schematically illustrates a typical continuous wave EDMR spectrometer.
In a typical EDMR measurement, an electronic device is placed in a TE102 or TE104
microwave cavity and biased in such a way as to produce a spin dependent current. A large
magnetic field is applied via the electromagnet. The sample is exposed to constant
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Figure 2.5. Schematic of a typical X band EDMR spectrometer.
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frequency radiation (usually around ν = 9.5 GHz) matching the cavity’s resonance
frequency thereby producing a standing wave. The magnetic field is linearly swept through
a range about the EPR resonance condition. The EPR is detected as a resonance-induced
change in the current. Our EDMR spectrometers employ lock-in detection, thus the EDMR
spectra presented in this work represent an approximate derivative of the EDMR response.
Although EDMR can be detected via different processes (spin dependent scattering
[3-4], spin dependent recombination [5-8], spin dependent charge pumping [9-10], and spin
dependent trap-assisted tunneling [11]), this work utilizes spin dependent recombination
and spin dependent charge pumping as they are both best suited for EDMR sensitive to the
MOSFET channel/dielectric interface.

2.2.1 Spin Dependent Recombination
SDR is a know process which allows for EDMR detection of deep level traps. In
fact, most EDMR literature on MOSFETs utilizes SDR [7,12-23]. Since this technique is
also utilized in this work, a few words about the SDR process are necessary. SDR occurs
when a charge carrier in either the valence or conduction band transitions to a deep level
defect and recombines through the subsequent capture of a charge carrier of the opposite
charge. Before the charge carrier can transition, it forms an intermediate spin state with the
deep level defect [5-8]. The charge carrier-defect pair may form two types of intermediate
states: singlets and triplets. The singlet state allows recombination because charge capture
conserves angular momentum (total spin = 0 before and after charge capture). Conversely,
the triplet state does not allow conservation of angular momentum (total spin = 1 before
charge capture), and it therefore does not lead to recombination [5-8]. Since recombination
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happens almost instantaneously, there is a deficit of singlet states. Inducing EPR increases
the number singlet states and thus increases recombination current.

2.2.2 Bipolar Amplification Effect
Our SDR measurements utilize the bipolar amplification effect (BAE) technique
[23] in order to greatly increase our sensitivity to defects at/very near to the semiconductor
dielectric interface. This technique detects EPR in a lateral channel current, from source to
drain. In the BAE measurement, the source-body diode is forward biased. The gate is
biased as to attract the charge carriers injected by the source, however, the gate bias is not
sufficient to create an inversion layer. Current is measured at the drain (drain is at virtual
ground) and is strongly influenced by interface/near interface recombination events. The
BAE EDMR signal is optimized by selecting a gate voltage which maximizes the change
in recombination. This change in recombination current as a function of magnetic field is
the BAE signal. Since it utilizes SDR, the BAE is only sensitive to deep levels near mid
gap. Figure 2.6 illustrates the BAE basing scheme.

2.2.3 Spin Dependent Charge Pumping
SDCP detects EPR in the current produced by charge pumping (CP) [24-26], a
powerful MOSFET interface trap characterization technique. CP is extremely sensitive to
the semiconductor/dielectric interface traps. The CP process, in the most straightforward
approach, involves application of a continuous trapezoidal waveform to the MOSFET gate
in order to alternately invert and accumulate the interface, filling and emptying traps at the
interface region. The trapezoidal gate waveform has a high time (𝑡𝐻 ), defined as the time
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Figure 2.6. Cartoon illustration of the bipolar amplification effect biasing
scheme. The source is forward biased and a gate voltage is applied to allow
some charge carriers to reach the drain. The drain current is heavily
influenced by interface traps.
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at which the gate waveform is at the high gate waveform level (𝑉𝐻 ), a low time (𝑡𝐿 ), defined
as the time at which the gate waveform is at the low gate waveform level (𝑉𝐿 ), a rise time
(𝑡𝑟 ), defined as the time of the ramp from 𝑉𝐿 to 𝑉𝐻 , a fall time (𝑡𝑓 ), defined as the time of
the ramp from 𝑉𝐻 to 𝑉𝐿 . The waveform repeats at some frequency called the charge
pumping frequency (𝑓𝐶𝑃 ). The continuous process produces a recombination current
dominated by interface traps called the charge pumping current (𝐼𝐶𝑃 ) [24-26]. It is
measured at the body contact. Figure 2.7 schematically illustrates the SDCP process. 𝑡𝑟
and 𝑡𝑓 are chosen such that the minority charge carriers in the channel have enough time
to diffuse back to the source and drain. Otherwise, 𝐼𝐶𝑃 will include recombination due to
interface traps as well as those free carriers. The EPR induced change in 𝐼𝐶𝑃 as a function
on magnetic field constitutes the SDCP signal. The maximum charge pumping current
𝑚𝑎𝑥
(𝐼𝐶𝑃
) is given by [24-26]:
𝑚𝑎𝑥
𝐼𝐶𝑃
= 𝑞𝑓𝐶𝑃 𝐴𝑒𝑓𝑓 𝐷𝑖𝑡 𝛥𝐸𝐶𝑃 ,

(2.26)

where 𝑞 is the electronic charge, 𝑓𝐶𝑃 is the frequency of the trapezoidal gate waveform,
𝐴𝑒𝑓𝑓 is the effective channel area, and 𝐷𝑖𝑡 is the mean density of states within the measured
band gap energy window (𝛥𝐸𝐶𝑃 ). 𝛥𝐸𝐶𝑃 = 𝐸𝑒𝑛 − 𝐸𝑒𝑝 , where 𝐸𝑒𝑛 is the upper bound of the
measured band gap energy window and 𝐸𝑒𝑝 is the lower bound. They are given by [24-26]:
𝐶𝑃
𝐶𝑃 )
(𝑉𝑇𝐻
− 𝑉𝐹𝐵
𝑡𝑓 ) ,
𝛥𝑉𝐺

(2.27a)

𝐶𝑃
𝐶𝑃
(𝑉𝑇𝐻
− 𝑉𝐹𝐵
)
= 𝐸𝑉 + 𝑘𝐵 𝑇 𝑙𝑛 (𝑣𝑡ℎ𝑝 𝜎𝑝 𝑛𝑖
𝑡𝑟 ) .
𝛥𝑉𝐺

(2.27b)

𝐸𝑒𝑛 = 𝐸𝐶 − 𝑘𝐵 𝑇 𝑙𝑛 (𝑣𝑡ℎ𝑛 𝜎𝑛 𝑛𝑖

𝐸𝑒𝑝
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Figure 2.7. (a) Schematic illustration of the SDCP measurement and (b) the
movement of the Fermi level at the low and high gate pulses.
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Here, 𝐸𝐶 and 𝐸𝑉 are the conduction and valence band edges, respectively, 𝑘𝐵 is
Boltzmann’s constant, 𝑇 is the temperature, 𝑣𝑡ℎ𝑛 = (3𝑘𝑇/𝑚𝑛∗ )1/2 and 𝑣𝑡ℎ𝑝 = (3𝑘𝑇/
𝑚𝑝∗ )1/2 are the electron and hole thermal velocity where 𝑚𝑛∗ and 𝑚𝑝∗ are the electron and
hole density of states effective masses, 𝜎𝑛 and 𝜎𝑝 are the electron and hole capture cross
𝐶𝑃
𝐶𝑃
sections, respectively, 𝑛𝑖 is the intrinsic carrier concentration, 𝑉𝑇𝐻
and 𝑉𝐹𝐵
are the charge

pumping threshold and flat band voltage, respectively, 𝛥𝑉𝐺 = 𝑉𝐻 − 𝑉𝐿 is the gate
waveform amplitude, and 𝑡𝑓 and 𝑡𝑟 are the gate waveform rise and fall times, respectively.
𝛥𝐸𝐶𝑃 can be approximated by [24-26]:
𝛥𝐸𝐶𝑃 = 2𝑘𝐵 𝑇 ln (

𝛥𝑉𝐺
𝑣𝑡ℎ 𝜎

𝐶𝑃
𝑛𝑖 (𝑉𝑇𝐻

𝐶𝑃 )
− 𝑉𝐹𝐵
√𝑡𝑟 𝑡𝑓

),

(2.28)

where, 𝑣𝑡ℎ is the average of the electron and hole thermal velocity, and 𝜎 is the average of
the electron and hole capture cross sections. Equations (2.27a) and (2.27b) directly link the
observed defects to the range of energy levels at which they reside, thus providing a direct
link between defect structure and a range of energy levels at which they exist.
Although we use the most basic form of CP for our SDCP measurements, more
complex CP techniques can measure important trap characteristics such as capture cross
section [27] and density of states [28-30]. They can profile traps across the channel from
source to drain [31-33] and have been used to study MOSFET reliability problems such as
bias temperature instability [34], hot carrier injection [29,32-34], and irradiation effects
[32]. It can also characterize near-interface oxide traps [35,36]. The high sensitivity of CP
can even detect a single interface trap in Si MOSFETs [37]. Adapting these CP techniques
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to SDCP may be able to bridge the gap between defect structures and other important trap
characteristics.

2.2.4 Exploiting Ultra-Low Resonance Frequency/ Field EDMR Measurements
Because the EDMR response depends upon recombination, scattering, or tunneling
mechanisms, the strength of the EDMR response, unlike strength the EPR response is, to
first order, independent of the polarization, and thus the applied magnetic field. This means
that EDMR measurements can be made at ultra-low resonance frequencies (in our case
down to ν = 85 MHz) with high sensitivity. These measurements can greatly enhance the
information available to us in EDMR studies.
First, at ultra-low resonance frequencies, the contribution of spin-orbit coupling to
EDMR line widths are effectively quenched in many cases. We can see from equation
(2.24) that the electron Zeeman interaction energy scales with the product of 𝑔 and the
magnetic field, thus the spin-orbit coupling contribution to the line width is proportional to
the magnetic field at resonance. The hyperfine interaction, however, is to first order
independent of the magnetic field. Thus, the 𝑔-contribution to line widths can be very small
at ultra-low resonance frequencies, and even quite small hyperfine interactions can
dominate the EDMR spectrum. Hyperfine interactions which cannot be resolved at high
magnetic fields may be resolved at ultra-low magnetic fields.
Second, observation of forbidden “half-field” transitions, at least in principle,
provide a straight forward approach to measure defect density via EDMR, thus linking
defect structure with defect density [38]. The “half-field” response is proportional to the
inverse of the square of the resonance frequency and the inverse of defect separation to the
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6th power. Therefore, the response is typically only observable at ultra-low resonance
frequency. The forbidden “half-field” transitions are discussed further in section 2.2.5.
Third, ultra-low resonance frequency measurements in conjunction with high
frequency measurements can provide a measure of disorder. (This EDMR approach is
utilized in chapter 4.) Contributions to the shape of the spectrum due to 𝑔 at ultra-low
frequency are negligible but can be substantial at high frequencies. The relative sensitivity
to hyperfine interactions are enhanced at low frequencies because the contribution due to
𝑔 is minimized. This difference can be exploited to great advantage for spectrum in which
broadening results from a range of 𝒈 and 𝑨 tensor components. If the measurement
involves defects in a crystalline matrix, the range of g should be a measure of disorder. In
such cases, for measurements made at ultra-low resonance frequency, the line width is
almost entirely dominated by hyperfine interactions, and for measurements made at high
resonance frequency, both hyperfine and 𝒈 tensor contributions to the line shape are
present. By comparing the difference between ultra-low and high frequency line widths,
we can determine the line broadening due to the range in 𝒈 tensor components, thus
disorder. Ultra-low/high resonance frequency measurements are discussed further in
section 2.2.6.

2.2.5 Forbidden “half-field” Transitions
So called “forbidden transitions” have been observed with EPR for liquid solutions
with very high concentrations of spins [39], but has only recently been observed and used
for spin counting in EDMR [38]. The forbidden transitions come about from state mixing
by the dipolar coupling of defects [40]. Since these transitions occur at half of the
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conventional resonance, we will simply refer to the forbidden transition EDMR response
as the “half-field” response. The ratio of the half-field and conventional responses for an
amorphous material is given by [38]:
𝑅≈

4𝜋 𝜇0 2 (𝑔𝜇𝐵 )4
(
)
.
5 4𝜋ℎ 𝜈 2 𝑎03 𝑟𝑑3

(2.29)

Here, 𝜇0 is the vacuum permeability, ℎ is Planck’s constant, 𝑔 is the defect g value, 𝜇𝐵 is
the Bohr magneton, 𝜈 is the resonance frequency, 𝑎0 is the minimum distance between
defects, and 𝑟𝑑−3 is the defect density. Using equation (2.29) or an appropriate modification
of the expression, it is, at least in principle, possible to calculate a precise quantitative
measurement of the defect density via EDMR. Equation (2.29) assumes a spatially uniform
distribution of sites and that all sites are paramagnetic during the measurement. The
circumstances are not quite the same in the case of crystalline 4H-SiC and SDCP, but the
expression should still be useful and the logic can be used to estimate the defect separation.

2.2.6 Ultra-low/High Resonance Frequency Measurements
From section 2.2.4, we know that at ultra-low resonance frequencies and fields the
spin-orbit coupling contribution to the line shape is effectively quenched so long as the
range of 𝒈 components are fairly close to that of the free electron 𝑔𝑒 (2.0023…). For the
defects observed in this work, this is the case. This means that, for defects in which the
major contributions to the line shape are spin-orbit coupling and electron-nuclear hyperfine
interactions, the contribution due to electron-nuclear hyperfine interactions will dominate
the low frequency line shape because these interactions are essentially resonance frequency
independent. So, by comparing the line widths of spectra from the sample at ultra-low and
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high frequency, the contribution of 𝒈 can be measured. In a perfect crystalline
environment, the contributions to the resonance from 𝒈 could not contribute to line
broadening. Yet, we observed broadening in our measurements. How could this be? In a
significantly disordered environment, a frequency dependent broadening is anticipated.
One can understand this by considering a sample with a simple axially symmetric 𝒈 tensor:
𝑔𝑥𝑥 = 𝑔∥ , 𝑔𝑦𝑦 = 𝑔𝑧𝑧 = 𝑔⊥ . If only a single defect orientation were to be present in a
sample, only a single resonance field would appear. However, in a polycrystalline or
amorphous sample, with the full range of defect field orientations present, one would
anticipate line width given by:
∆𝐵 =

ℎ 1
1
( − ) 𝜈.
𝜇𝐵 𝑔⊥ 𝑔∥

(2.30)

Here, ∆𝐵 is the line broadening, ℎ is Planck’s constant, 𝜇𝐵 is the Bohr magneton, 𝜈 is the
EM radiation frequency, 𝑔⊥ and 𝑔∥ are the 𝑔 values of defects aligned perpendicular and
parallel to the magnetic field, respectively [1,2]. A range of 𝑔 values cannot exist for singly
orientated defects in a perfectly crystalline environment; however, with significant
disorder, one would expect a site to site variation in 𝒈 which would inevitably yield a
frequency dependent broadening component with broadening proportional to the field and
frequency at which the measurement takes place. Therefore, by measuring line broadening
at ultra-low frequency and significantly higher frequency, a change in line width is a direct
measurement of disorder of the defects under measurement.
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Chapter 3
Charge Pumping and Spin Dependent Charge Pumping Response
in 4H-SiC MOSFETs
3.1 Introduction
In order to better understand the mechanisms behind the SDCP response, we
compare the CP and SDCP responses. These measurements compare 𝐼𝐶𝑃 to the SDCP
𝑚𝑎𝑥
response amplitude (𝛥𝐼𝐶𝑃
). We made two sets of measurements exploring details of the

response. The results from the first set is discussed in section 3.3 and the results of the
second are discussed in section 3.4. In conventional CP, the first set of measurements is
typically called the constant base/constant high level or constant low/constant high level
𝑚𝑎𝑥
CP technique [1-3]. It explores 𝐼𝐶𝑃 and 𝛥𝐼𝐶𝑃
as a function of gate waveform amplitude.
𝑚𝑎𝑥
The second set explores 𝐼𝐶𝑃 and 𝛥𝐼𝐶𝑃
as a function of 𝑓𝐶𝑃 .

3.2 Experimental Details
The constant low/constant high voltage measurements are made such that, for the
case of an nMOSFET: at first, 𝑉𝐿 is held constant at a voltage which accumulates the
interface. 𝑉𝐻 is then incrementally increased from the 𝑉𝐿 value toward threshold voltage.
SDCP and CP measurements are made for each increment. Next, 𝑉𝐻 is held constant at a
voltage which inverts the interface while 𝑉𝐿 is incrementally increased from the 𝑉𝐻 value
towards accumulation. Figure 3.1 illustrates the constant low and high voltage
measurements for an nMOSFET. The constant 𝑉𝐻 and 𝑉𝐿 values are VH = 13.5 V and 𝑉𝐿 =
−16 𝑉 for sample A, 𝑉𝐻 = 3.5 𝑉 and VL = −11V for sample B, VH = 3.8 V and 𝑉𝐿 =
−11.2 𝑉 for sample C, and VH = 12.5 V and VL = −12.5 for sample D. Typically, the
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Figure 3.1. Cartoon illustration of the constant low voltage (A-D) and constant high voltage
(E-H) CP and SDCP measurements for nMOSFETs. For constant low voltage
measurements, the low gate waveform voltage is held constant below flat bands voltage
while the high voltage is swept from flat bands to threshold voltage. For the constant high
voltage measurements, the high gate waveform voltage is held constant above threshold
voltage while the low voltage is swept from threshold to inversion.
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gate waveform slopes (𝛥𝑉𝐺 /𝑡𝑟 and 𝛥𝑉𝐺 /𝑡𝑓 ) are held constant by adjusting 𝑡𝑟 , 𝑡𝑓 , 𝑡𝐻 , and 𝑡𝐿
to keep 𝛥𝐸𝐶𝑃 constant [3]. However, the difference between 𝛥𝐸𝐶𝑃 of the largest and
𝑚𝑎𝑥
smallest 𝛥𝑉𝐺 is very small for measurements which produce a significant 𝐼𝐶𝑃 and 𝛥𝐼𝐶𝑃
.

Therefre, in order to eliminate the effects of changing 𝑓𝐶𝑃 for each 𝑉𝐻 and 𝑉𝐿 increment,
the gate waveform slopes were not kept constant. Instead, all measurements utilized a 50
ns 𝑡𝑟 and 𝑡𝑓 and were made with 𝑓𝐶𝑃 = 100, 200, 400 and 600 kHz at 50% duty cycle. The
𝑚𝑎𝑥
second set of measurements measure 𝐼𝐶𝑃 and 𝛥𝐼𝐶𝑃
at various 𝑓𝐶𝑃 from 50 kHz to 2 MHz.

Our CP measurements were made with a Tabor Electronics WW2572A waveform
generator, a Stanford Research Instruments SR570 current preamplifier, and a Keithly 614
electrometer. The gate waveforms were chosen such that 𝑉𝐻 >> 𝑉𝑇𝐻 and 𝑉𝐿 << 𝑉𝐹𝐵 voltage
for the nMOSFETs (samples A, B, and C), and 𝑉𝐻 << 𝑉𝑇𝐻 and 𝑉𝐿 >> 𝑉𝐹𝐵 for the pMOSFET
(sample D). 𝑉𝑇𝐻 and 𝑉𝐹𝐵 were extracted from C-V measurements on capacitor structures
which received the same processing as the MOSFETs discussed. We utilized a 50% duty
cycle, and a 100 ns 𝑡𝑟 and 𝑡𝑓 .
Our SDCP measurements were made on a homemade EDMR spectrometer
operating at 360 MHz. It consists of a custom-made 6-Helmholtz coil electromagnet, a
Kepco power supply, a Lake Shore Cryotronics 450 DSP temperature-compensated Gauss
meter and Hall probe, a Stanford Research Instruments SG382 microwave generator, a
Stanford Research Instruments SR570 current preamplifier, a Doty Scientific surface coil,
and a computer which provides lock-in detection, magnetic field control, and data
acquisition. The gate waveform was also applied with a Tabor Electronics WW2572A
waveform generator. All measurements were made at room temperature, and the gate
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waveform parameters for all respective SDCP measurements mirrored their respective CP
measurements.
Four MOSFETs, called samples A, B, C, and D were used in this study. Sample A
was fabricated by manufacturer 1 and samples B, C, and D were fabricated by manufacturer
2. All MOSFETs are planar MOSFET geometry and have epitaxial channels. Sample A
was an nMOSFET with an as-grown gate oxide which had an area (L x W) of 1 x 424 μm2.
Samples B and C were nMOSFETs which received post-oxidation NO anneals with gate
oxides which had an area (L x W) of 1 x 1000 μm2. Sample D was a pMOSFET which
received a post-oxidation NO anneal and had a gate area (L x W) of 1 x 1000 μm2. Table
3.1 summarizes sample parameters and extracted mean defect density for the short channel
MOSFETs.

TABLE 3.1 Summary of samples and sample parameters.
Sample
Name

Type

Oxide Process

Channel Doping
[cm-3] x 1016

Channel Mobility
[cm2/Vs]

A

nMOSFET

N2O growth at 1175 °C

6.0

1

B

nMOSFET

N2O growth + NO anneal 1175 °C
for 2 hours

7.0

19

C

nMOSFET

N2O growth + NO anneal 1250 °C
for 2 hours

7.7

17

D

pMOSFET

N2O growth + NO anneal 1175 °C
for 2 hours

8.6

6

3.3 CP and SDCP Response vs. Gate Waveform Amplitude
Figures 3.2, 3.3, 3.4, and 3.5 illustrate the results for the constant low/constant high
level measurements for samples A, B, C, and D, respectively. The dashed lines correspond
to the approximate flat band and threshold voltage values for each sample. The CP
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measurements show results unexpected from classical CP theory. Consider the case of a
normally-off nMOSFET with a uniform distribution of traps throughout the band gap. For
the constant low voltage measurements, as 𝑉𝐻 is moved from accumulation to inversion,
one would expect 𝐼𝐶𝑃 to steeply rise around VTH and then essentially saturate. The response
would not completely saturate because 𝛥𝐸𝐶𝑃 slightly increases with increasing waveform
amplitude as evident in equation 2.28. Figure 3.6 illustrates the expected CP response. We
expect almost no 𝐼𝐶𝑃 when 𝑉𝐻 is below VTH, a sharp increase near VTH, then saturation,
because the Fermi energy does not move much beyond threshold voltage. The same
behavior is expected for the constant high voltage measurements. As 𝑉𝐿 is moved from
inversion to accumulation, 𝐼𝐶𝑃 is expected to steeply rise around VFB and then essentially
saturate. However, as evident from Figs. 3.2, 3.3, 3.4, and 3.5, in most cases, 𝐼𝐶𝑃 does not
appear to saturate. Additionally, the expected 𝐼𝐶𝑃 increase is not steep: there is significant
𝐼𝐶𝑃 before 𝑉𝐻 and 𝑉𝐿 reach VTH and VFB, respectively. The curves appear “stretched”. This
anomalous CP phenomenon has been reported by other groups [4,5]. The “stretch out” has
been qualitatively explained by large densities of traps near the band edges which, when
𝐶𝑃
𝐶𝑃
charged, shift 𝑉𝑇𝐻
and 𝑉𝐹𝐵
causing the “stretch out” of the CP curves [4,5]. Doping non-

uniformity in the channel (for example, the areas near the source and drain can be doped
higher than the channel due to implant creep) may also play a much smaller role [5].
Additionally, the interface may be so disordered that the band gap may be varied across
the surface. Unfortunately, to the best of our knowledge, no quantitative explanation
currently appears in literature.
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Figure 3.2. Constant high/constant low (a),(b) CP and (c),(d) SDCP for sample A. Closed
symbols represent the constant high level data, and the open symbols represent the constant
low level date. Measurements were made at charge pumping frequencies of 100 kHz
(diamonds), 200 kHz (squares), 400 kHz (triangles), and 600 kHz (circles). Threshold
voltage (VTH) and flat bands voltage (VFB) are marked by the dotted lines. For this sample,
the constant high and low voltage levels are 𝑉𝐻 = 13.5 𝑉 and 𝑉𝐿 = −16 𝑉, respectively.
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Figure 3.3. Constant high/constant low (a),(b) CP and (c),(d) SDCP for sample B. Closed
symbols represent the constant high level data, and the open symbols represent the constant
low level date. Measurements were made at charge pumping frequencies of 100 kHz
(diamonds), 200 kHz (squares), 400 kHz (triangles), and 600 kHz (circles). Threshold
voltage (VTH) and flat bands voltage (VFB) are marked by the dotted lines. For this sample,
the constant high and low voltage levels are 𝑉𝐻 = 3.5 𝑉 and 𝑉𝐿 = −11𝑉, respectively.
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Figure 3.4. Constant high/constant low (a),(b) CP and (c),(d) SDCP for sample C. Closed
symbols represent the constant high level data, and the open symbols represent the constant
low level date. Measurements were made at charge pumping frequencies of 100 kHz
(diamonds), 200 kHz (squares), 400 kHz (triangles), and 600 kHz (circles). Threshold
voltage (VTH) and flat bands voltage (VFB) are marked by the dotted lines. For this sample,
the constant high and low voltage levels are 𝑉𝐻 = 3.8 𝑉 and 𝑉𝐿 = −11.2 𝑉 respectively.

49

Figure 3.5. Constant high/constant low (a),(b) CP and (c),(d) SDCP for sample D. Closed
symbols represent the constant high level data, and the open symbols represent the constant
low level date. Measurements were made at charge pumping frequencies of 100 kHz
(diamonds), 200 kHz (squares), 400 kHz (triangles), and 600 kHz (circles). Threshold
voltage (VTH) and flat bands voltage (VFB) are marked by the dotted lines. For this sample,
the constant high and low voltage levels are 𝑉𝐻 = 12.5 𝑉 and 𝑉𝐿 = −9.5 𝑉 respectively.
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Figure 3.6. Cartoon illustration of the expected CP current for constant low voltage
measurements for an nMOSFET. Between A and B, there should be almost no
measured current. The current starts to increase at B as the high gate pulse approaches
threshold voltage. At C, the high voltage is at threshold, and between C and D, the CP
current saturates. There should be very little current increase after C. The slight
increase is due to the probed energy window increasing slightly.
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As is the case for 𝐼𝐶𝑃 , there is a significant SDCP response before 𝑉𝐻 and 𝑉𝐿 reach
VTH or VFB. In fact, for most cases, the maximum SDCP response amplitude occurs at a
much lower 𝑉𝐻 than VTH and much higher 𝑉𝐿 than VFB (for the nMOSFETs). One would
naively expect the SDCP response to be significant only for 𝑉𝐻 near to or higher than VTH
and for 𝑉𝐿 near to or lower than VFB. For most cases, we observe that the maximum SDCP
response occurs roughly when the 𝐼𝐶𝑃 appears to begin to saturate. This is the same place
we would expect VTH or VFB to be located. The two effects may be related. Not only does
the maximum SDCP response occur before VTH or VFB, but the response decreases as the
waveform amplitude is increased further. In fact, for most cases, the SDCP response is
decreasing by the point that 𝑉𝐻 or 𝑉𝐿 is reached. Since 𝑉𝐻 and 𝑉𝐿 also have a large effect
on the free carrier density at the interface, the strong dependence of the SDCP response on
these parameters suggests that the SDCP response may be affected by large numbers of
charge carriers present at the interface.
This result may be qualitatively explained by the transfer of energy from one spin
to another. This idea was first discussed by Bloembergen [6] for nuclear spins and
impurities. He considered the transfer of energy between protons and nearby electrons in
paramagnetic sites. In order to understand this concept, one must understand the idea of
spin temperature. Consider a spin ensemble weakly coupled to a lattice. In this case, the
spin-lattice relaxation time, T1, is long. Because the spin ensemble is weakly coupled, they
are thermally well-insulated from the lattice, and spin temperature of the system can be
increased by applying EM radiation at the resonance condition. The spin ensemble is then
at a higher temperature than its surroundings. Bloembergen found that the T1 of protons
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decreased with increasing concentrations of impurities in a lattice. The Hamiltonian for
such a system can be written as [6]:
ℋ = ℋ𝑂 + ℋ𝐿 − 𝑯𝑂 ⋅ 𝑴𝑂 + ℋ𝐿𝑂 + ℋ𝑆𝑂 + ℋ𝑆𝑆 + ℋ𝑆𝐼 − 𝑯𝑂 ⋅ 𝑴𝐼 + ℋ𝐼𝐼 .

(3.1)

Here, ℋ𝑂 is the orbital energy of the impurity in the crystalline field, ℋ𝐿 is the
energy of the lattice vibrations, −𝑯𝑂 ⋅ 𝑴𝑂 is the total magnetic energy of the electron
paramagnetic impurity in the external magnetic field, ℋ𝐿𝑂 is the interaction between lattice
vibrations and orbits, ℋ𝑆𝑂 is the spin-orbit interaction, ℋ𝑆𝑆 is the spin-spin interaction
between impurities which, besides the magnetic dipole-dipole coupling, may contain
exchange energy, −𝑯𝑂 ⋅ 𝑴𝐼 is the total magnetic energy of the nuclear spins in the external
magnetic field, ℋ𝑆𝐼 is the nuclear-impurity dipolar interaction, and ℋ𝐼𝐼 is the nuclear
magnetic spin-spin interaction and is conveniently given in spherical coordinates by [7]:
ℋ𝐼𝐼 = ∑

𝛾1 𝛾2
(𝐴 + 𝐵 + 𝐶 + 𝐷 + 𝐸 + 𝐹)
𝑟3

(3.2)

where
𝐴 = 𝐼1𝑧 𝐼2𝑧 (1 − 3 cos 2 𝜃)

(3.3a)

𝐵 = −1/4 (𝐼1+ 𝐼2− + 𝐼2+ 𝐼1− )(1 − 3 cos2 𝜃)

(3.3b)

𝐶 = −3/2 (𝐼1+ 𝐼2𝑧 + 𝐼1𝑧 𝐼2+ ) sin 𝜃 cos 𝜃𝑒 −𝑖∅

(3.3c)

𝐷 = −3/2 (𝐼1− 𝐼2𝑧 + 𝐼1𝑧 𝐼2− ) sin 𝜃 cos 𝜃𝑒 𝑖∅

(3.3d)

𝐸 = −3/4 𝐼1+ 𝐼2+ sin2 𝜃𝑒 −2𝑖∅

(3.3e)

𝐹 = −3/4 𝐼1− 𝐼2− sin2 𝜃𝑒 2𝑖∅

(3.3f)
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Here, 𝐼1𝑧 and 𝐼2𝑧 are the quantum spin operators of spin 1 and spin 2, respectively, 𝐼1+ and
𝐼2+ are the raising operators for spin 1 and spin 2, respectively, and 𝐼1− and 𝐼2− are the
lowering operators for spin 1 and spin 2, respectively.
He showed that the protons couple to an impurity which is strongly coupled to the
lattice, acting as an energy sink. By increasing the temperature of the spin system with EM
radiation, energy transfer from the proton to the impurity is allowed by simultaneous
transitions of antiparallel spins which are represented by equation (3.3b). This process is
called spin diffusion. Our results likely involve a similar process: the temperature of the
defect spin system is increased by the RF radiation and the energy may be transferred to
the free carrier electrons or holes. The free electrons or holes are assumed to be at the lattice
temperature. Others have discussed alternate mechanisms for energy transfer among spins.
For example, Kavokin has treated this transfer from bound electrons in an impurity band
to free electrons [8] via exchange interactions. For this case, Kavokin states that the spin
transfer is related to two processes: the transfer of spin from the bound electron to the free
electron and the spin transfer from the free electron to the lattice.
In order to determine if the free carriers are affecting the energy transfer of the
defects, we made SDCP measurements as a function of RF power (measurements were
made at ultra-low frequency, 𝜈 = 375.6 𝑀𝐻𝑧) at various 𝑉𝐻 and 𝑉𝐿 for constant low and
constant high voltage measurements, respectively. The saturation dependence of the SDCP
response gives an indication of T1. Since T1 is related to how fast the defect transfers its
energy to the lattice, spin systems with longer T1 times are easier to saturate. Three different
𝑉𝐻 and 𝑉𝐿 values were chosen. The first value is at the largest signal amplitude (subthreshold or sub-flat bands voltage), the second is at threshold or flat bands voltage, and
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the third is at the largest voltage used in the constant low/constant high voltage
measurements (beyond threshold or flat bands voltage). Figure 3.7 illustrates the results of
these measurements. There is a clear difference in the saturation of the spin system with
increasing 𝑉𝐻 and 𝑉𝐿 : the values that were chosen to be below VTH and VFB clearly saturate
at lower power. These measurements indicate that the relaxation time for the measurements
which have the largest free carrier concentrations are shortest. Thus, the defects lose their
energy more rapidly with larger free carrier concentrations. This result provides evidence
that energy is being transferred from the defects involved in the SDCP spectrum to the free
charge carriers at the 4H-SiC/SiO2 interface. Such a process could, at least qualitatively,
explain the reduction of the SDCP amplitudes observed when the interface carrier density
is high.
𝑚𝑎𝑥
For all samples, the ratio of the SDCP response to the CP current (𝛥𝐼𝐶𝑃
/𝐼𝐶𝑃 ) vs

𝑉𝐻 and 𝑉𝐿 , as shown in Fig. 3.8, have the same general shape. The constant low voltage
measurements all have a large sharp peak while the constant high voltage measurements
have a much smaller peak, about 3-5 times smaller than the constant low voltage
measurements. The maximum 𝛥𝐼𝐶𝑃 /𝐼𝐶𝑃 values are 82 x 10-4, 4.2 x 10-4, 4.4 x 10-4, and 2.9
x 10-4 for samples A, B, C and Ds, respectively. Lower 𝑓𝐶𝑃 gives higher 𝛥𝐼𝐶𝑃 /𝐼𝐶𝑃 in all
cases. Sample A has about a 20 times larger response than the other samples. This makes
sense in terms of defect density. Sample A also has about a 7 times greater defect density
than samples B and C, and about a 4.5 times greater defect density than sample Ds.
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Figure 3.7. Representative saturation curves for (a) constant 𝑉𝐿 = −13 𝑉 (fixed
accumulation) and (b) constant 𝑉𝐻 = 5 𝑉 (fixed inversion) for sample B. The results
indicate effectively shorter spin-lattice relaxation times with increasing charge carrier
densities at the SiC/SiO2 interface.
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Figure 3.8. ΔICP/ICP plots for samples A (top left), B (top right), C (bottom left), and
D (bottom right). Measurements were made at charge pumping frequencies of 100 kHz
(diamonds), 200 kHz (squares), 400 kHz (triangles), and 600 kHz (circles). Threshold
voltage (VTH) and flat bands voltage (VFB) are marked by the dotted lines. Solid
symbols represent constant high voltage measurements, and open symbols represent
constant low voltage measurements.
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3.4 Anomalous SDCP Response vs. Charge Pumping Frequency
Figure 3.9 illustrates CP and SDCP measurements made as a function of 𝑓𝐶𝑃 . The
SDCP response does not follow 𝐼𝐶𝑃 . Our CP measurements show a classic response: 𝐼𝐶𝑃
increases linearly with 𝑓𝐶𝑃 . However, we find a peak in the SDCP response. At low 𝑓𝐶𝑃 ,
the SDCP is small, and as 𝑓𝐶𝑃 increases, the SDCP response peaks around 0.5 MHz to 1
MHz, then decreases. The slopes of the decreasing portion of the curve (with increasing
𝑓𝐶𝑃 ) are similar for samples As and Ds, and similar for samples Bs and Cs. Samples Bs and
Cs are very similar devices, but samples As and Ds are not. Samples Bs and Cs are
nMOSFETs which received a post oxidation NO anneal and are dominated by VSi (as
explained later in chapter 4). Sample As is an nMOSFET which did not receive an NO
anneal and is dominated by VSi, and sample Ds is a pMOSFET which did receive an NO
anneal and is dominated by a Sidb or Sidb-like defect (as explained later in chapter 5).
There is little connection between samples As and Ds, so it is difficult to draw conclusions
about this observation. The 𝛥𝐼𝐶𝑃 /𝐼𝐶𝑃 curve is similarly shaped for all samples. The largest
values are realized at the lowest charge pumping frequencies. With increasing 𝑓𝐶𝑃 , the
values sharply decrease from the maximum. Although we cannot comment on the nature
of the behavior at this time, we present this data for future works.
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Figure 3.9. Anomalous (a) SDCP response amplitude, (b) charge pumping current, and
their (c) ratio versus charge pumping frequency for sample A (top row), sample B (2nd row
from top), sample C (2nd row from bottom), and sample D (bottom row).
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Chapter 4
Multiple Resonance Frequency Spin Dependent Charge Pumping and
the Effect of Nitrogen on the SiC/SiO2 interface
4.1 Introduction
In this chapter, we incorporate SDCP into our EDMR “tool set” to develop a new
magnetic resonance approach and apply it to the SiC/SiO2 interface in 4H-SiC MOSFETs.
This novel approach utilizes SDCP (section 2.2.3), the BAE (section 2.2.2), and ultralow/high frequency resonance measurements (section 2.2.6). The approach allows us to
gain information which was previously unavailable using these techniques seperately.
First, a comparison of BAE and SDCP allows for comparison of deep level defects and
deep level defects in addition to defects which have a wider range of levels throughout
most of the band gap. Second, a comparison of high frequency (K band, ~16 GHz) and
ultra-low frequency measurements allows for: (1) partial separation of spin-orbit coupling
and hyperfine effects on magnetic resonance spectra, (2) observation of otherwise
forbidden half-field effects which make EDMR, at least in principle, quantitative, and (3)
observation of Breit-Rabi shifts in superhyperfine measurements. (We argue that
observation of the Breit-Rabi shift helps in both the assignment and measurement of
superhyperfine parameters.) In this work, we investigate the effects of post-oxidation NO
anneals on the semiconductor/dielectric (4H-SiC/SiO2) interface in 4H-SiC MOSFETs.
As mentioned in Chapter 1, the introduction of large quantities of N (on the order
of 1014 cm-2 [1,2]) into the SiC/SiO2 interface via a post oxidation anneal in NO
significantly enhances nMOSFET mobilities. The mobility enhancement is typically
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attributed to N passivation of interface traps [3-8] and an increase of interfacial charge
carriers from the N counter doping effect [6-9].
Regardless, many studies have found that modifying the SiC/SiO2 interface with
species other than N (such as sodium [10], boron [11], barium [12], strontium [12],
phosphorus [13], phosphosilicate glass [14], and antimony [15]) can significantly improve
channel mobility. Unfortunately, this can also degrade reliability [10,14]. Nevertheless,
these studies suggest that further improvements to channel mobility are at least, in
principle, possible. Thus, developing a deeper atomic scale understanding of the effect of
N on the interface may provide some insight into its limitations. It may also aid in
understanding the role of other interface modifiers and become a starting point to
understand how these modifiers increase mobility. For these reasons, we explore the atomic
scale role of N in 4H-SiC MOSFETs utilizing our new EDMR approach.

4.2 Experimental Details
Our SDCP and BAE measurements were made on two homemade EDMR
spectrometers operating at K band (ν ~ 16 GHz) and ultra-low frequency (85 MHz and 360
MHz). The K band spectrometer consists of a 4-inch Resonance Instruments electromagnet
and Hewlett-Packard power supply, a Lake Shore Cryotronics 475 DSP temperaturecompensated Gaussmeter and Hall probe, a TE102 microwave cavity, a Resonance
Instruments K band microwave bridge, a Stanford Research SR830 lock-in amplifier, and
a computer for magnetic field control and data acquisition. The ultra-low frequency (low
field) spectrometer consists of a custom-made 6-Helmholtz coil electromagnet, a Kepco
power supply, a Lake Shore Cryotronics 450 DSP temperature-compensated Gauss meter
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and Hall probe, and a computer which provides lock-in detection, magnetic field control,
and data acquisition system. The RF magnetic field is provided by two different Doty
Scientific surface coils and resonance circuits. The RLC circuits maximize the RF fields at
85 and 360 MHz. Because the spectrometers utilize lock-in detection, a small audio
frequency alternating magnetic field is added to the large quasi-static magnetic field in
order to modulate resonance. As a consequence of this detection method [16,17], the
measured spectrum is an approximation of the derivative of the EDMR response. For
SDCP, the gate waveform was applied with a Tabor Electronics WW2572A waveform
generator. All measurements were made at room temperature.
Eight types of MOSFETs were used in this study. Pairs of “long channel” and “short
channel” devices with otherwise identical processing parameters were compared for four
types of device processing. The processes are called A, B, C, and D. The A samples were
fabricated by manufacturer 1. All others were fabricated by manufacturer 2. The A, B, and
C samples are n-channel and the D samples are p-channel. All MOSFETs are standard
planar geometry and have epitaxial channels. BAE measurements utilized the “long
channel” MOSFETs which had gate areas (L x W) of 5 x 100 μm2 (sample Al) or 100 x
100 μm2 (samples Bl, Cl, Dl), as longer channels are better suited for this technique. SDCP
utilized the “short channel” MOSFETs which had gate areas (L x W) of 1 x 424 μm 2
(sample As) or 1 x 1000 μm2 (samples Bs, Cs, Ds), as shorter channels are much better suited
for this technique. Threshold voltage and flat bands voltage were extracted via C-V
measurements.
For all SDCP data shown, 𝑓𝐶𝑃 is 600 kHz with 50% duty cycle and a 50 ns 𝑡𝑟 and
𝑡𝑓 . For the SDCP spectra, the gate waveform levels strongly accumulate and strongly invert
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the interface, meaning 𝑉𝐻 >> 𝑉𝑇𝐻 and 𝑉𝐿 << 𝑉𝐹𝐵 for the nMOSFETs, and 𝑉𝐻 << 𝑉𝑇𝐻 and
𝑉𝐿 >> 𝑉𝐹𝐵 for the pMOSFET. The waveform levels were chosen such that 𝐸𝑒𝑛 and 𝐸𝑒𝑝 are
𝐸𝐶 – 0.20 eV and 𝐸𝑉 + 0.19 eV for each sample, respectively. CP measurements mirrored
their respective SDCP measurements for each sample. Table 4.1 summarizes sample
parameters and extracted mean density of states for the “short channel” MOSFETs. (“Short
channel” MOSFET data is shown because the mean density of states was extracted via CP
in those MOSFETs. The “long channel” MOSFETs are assumed to be the same.)

TABLE 4.1 Summary of samples and sample parameters.
Sample
Name

Type

Oxide Process

Channel
Doping [cm-3]
x 1016

Dit *[cm-2 eV-1]
x 1011

Channel
Mobility
[cm2/Vs]

A

nMOSFET

N2O growth at 1175 °C

6.0

3.1

1

B

nMOSFET

N2O growth + NO anneal
1175 °C for 2 hours

7.0

0.44

19

C

nMOSFET

N2O growth + NO anneal
1250 °C for 2 hours

7.7

0.55

17

D

pMOSFET

N2O growth + NO anneal
1175 °C for 2 hours

8.6

0.72

6

* Dit measured with charge pumping

4.3 Ultra-Low Frequency EDMR Measurements
As mentioned previously, broadening due to modest variations in g is nearly
eliminated at ultra-low resonance frequencies/fields. Eliminating this source of broadening
can help resolve hyperfine interactions which are otherwise unresolvable at high frequency.
Our BAE and SDCP measurements at ultra-low frequency (ν = 360 MHz) are illustrated in
Fig. 4.1(a) and Fig. 4.1(b), respectively. In all spectra, we observe a dominating single line.
We also observe a strong two line spectrum with isotropic separation of about 11-12 Gauss
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in all of the BAE spectra and the SDCP spectra for sample A. This spectrum is unresolvable
in most samples at high resonance frequency. It is consistent with a SiO2 defect called the
10.4 Gauss doublet [18], a hydrogen complexed oxygen vacancy in which the Si is back
bonded to three oxygens, and one of those oxygens is back bonded to a hydrogen. The 10.4
Gauss doublet has previously been observed in Si/SiO2 MOS devices [19] and in SiC/SiO2
[20-22] MOSFETs with EPR and SDR EDMR, respectively. We note that its splitting is
slightly more than 10.4 Gauss [19,23]. The two lines are due to superhyperfine interactions
between the unpaired electron on the Si and the hydrogen, a 100% abundant spin ½ nucleus.
In fact, at lower frequency (ν = 85 MHz), we observe a significant shift of the two line
spectrum towards 0 Gauss as illustrated in Fig. 4.2. The shift is due to the Breit-Rabi effect
[24], a phenomenon difficult to observe except at ultra-low resonance frequency for small
hyperfine interactions such as these. The shift can be calculated for systems with one
unpaired electron coupled to a spin ½ nucleus, in our case, a proton. The energies for such
a system are given by equation (2.25a-2.25d).
The calculated shift for the 10.4 Gauss doublet at 85 MHz is 0.95 Gauss; we
measure 1.0 Gauss. The result provides further evidence that this spectrum is in fact due to
hyperfine interactions; almost certainly the 10.4 Gauss doublet. This is, to the best of our
knowledge, the first observation of the Breit-Rabi shift on superhyperfine interactions in
solids. The SiO2 oxygen vacancy (E’ center) likely plays an important role in the bias
temperature instabilities in SiC MOSFETs [25,26]. In fact, a previous study has observed,
with on-the-fly elevated temperature stress EDMR measurements, that an E’ center-like
spectrum amplitude increases during elevated stress [26]. The 10.4 Gauss doublet, a
“modified” E’ center, may play an important role in these instabilities [25].
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Figure 4.1. 360 MHz (top) BAE and (bottom) SDCP spectra from all samples. Arrows
indicate the 10.4 Gauss doublet spectrum. Signal amplitudes are normalized for easier
comparison of line shape.
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Figure 4.2. 85 MHz SDCP spectra from sample As. The arrows indicate the asymmetric
superhyperfine side peaks due to the Breit-Rabi shift.
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Comparing the SDCP spectra of the sample which has not received N processing
(sample As) to those that have (samples Bs, Cs, and Ds), we see that the center line is much
broader in the samples which have received N processing. Figure 4.3 shows a comparison
of samples As and Bs. The difference in line widths between samples As and Bs, As and Cs,
and As and Ds are about 1.7 Gauss, 1.2 Gauss, and 1.5 Gauss, respectively. This broadening
is almost entirely due to unresolved hyperfine interactions, apparently from N introduced
by the oxide processing steps. N has been reported to be in very high concentrations at the
interface, on the order of 1014 cm-2 [1,2]; it has a 100% abundant spin 1 nucleus. The
significant hyperfine broadening indicates that N is very close to the observed defects. If
the interaction was purely the classical dipolar interaction, the broadening would yield
𝐵𝑙𝑜𝑐𝑎𝑙 ≈ 𝜇0 𝜇𝑁 /4𝜋𝑟 3 where 𝜇0 is the vacuum permeability, 𝜇𝑁 is the magnetic moment of
nitrogen, and 𝑟 is the average distance of N from the VSi. For our case, 𝐵𝑙𝑜𝑐𝑎𝑙 is 1.7, 1.2,
and 1.5 Gauss in samples Bs, Cs, and Ds, respectively. The average distance required to
generate a purely dipolar broadening by the N nuclei and defect would be about one
Angstrom from the paramagnetic site. These distances are impossibly close, indicating
some electron wavefunction overlap with the N. Since the electron wave function decreases
rapidly with increasing distance, the N must be extremely close to the defect, almost
certainly at the first or second nearest neighbor locations.
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Figure 4.3. 360 MHz SDCP spectra comparing samples As and Bs. Sample Bs, which
received N oxide processing, has a much wider line width which is attributed to hyperfine
interactions with N.
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4.4 Linking Defect Density to Defect Structure
Due to the enhanced sensitivity of SDCP over SDR, we observe half-field
interactions in our ultra-low resonance frequency SDCP measurements in sample As as
illustrated in Fig. 4.4. This is the only sample with a large enough defect density to observe
the half-field interactions. We can use equation (2.29) to estimate the defect density in this
sample. As mentioned previously, equation (2.29) assumes a random distribution of defects
within the 4H-SiC, which is not the case here. However, it should still provide an estimate
of the defect density. Our high field SDCP measurements show a spectrum with a single
dominating line with an isotropic g = 2.0029±0.0002 as illustrated in Fig. 4.5(a). This
spectrum is consistent with a VSi, a defect observed in many SiC MOSFETs [20-22,27-29].
As discussed previously, we observe defects very close to N nuclei. Significant densities
of N are reported to extend about 1.2 nm from the interface into the SiC [30,31]. Since the
half-field calculation provides a volumetric defect density, we use 1.2 nm as an estimate of
the distance that the VSi extends into the SiC. Using this method, our half-field calculation
corresponds to an areal defect density of 11 x 1012 cm-2. (Note that, among other things,
our calculation is based upon the premise of a uniform defect distribution which is likely
not correct.) Since the VSi has 3 or 4 levels in the band gap [32,33] we calculate an interface
state density Nit = 33 x 1012 cm-2 or Nit = 44 x 1012 cm-2 for 3 and 4 levels, respectively.
Our charge pumping measurements give an Nit = 8.9 x 1012 cm-2. Our measurements and
calculations match well, within an order of magnitude. Considering the limits of our
calculations, the results are consistent with that conclusion that the VSi are the dominating
defect in 4H-SiC MOSFETs with as-grown oxides. Additionally, we conclude that that N
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significantly reduces the populations of VSi at the interface, which has been suggested in
previous experiments [29] and density functional theory calculations [8].

Figure 4.4. Illustration of (a) the derivative of the 85 MHz SDCP spectra from sample As.
(b) is the half-field resonance spectra increased by a gain of 40.
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4.5 Comparing BAE and SDCP Measurements: Effect of N on VSi
Comparing BAE and SDCP spectra allows one to distinguish between defects that
dominate at deep levels and defects that are present throughout most of the interface band
gap. The BAE measurement are only sensitive to deep levels, whereas the SDCP
measurements are sensitive to deep levels as well as other levels extending throughout
nearly the entire SiC band gap at the interface. Figure 4.5(a) compares high frequency BAE
and SDCP spectra from the A samples. Both spectra are dominated by a single line with
isotropic g = 2.0029±0.0002. As mentioned previously, these spectra are consistent with
that of the VSi, a defect observed in many SiC MOSFETs via SDR EDMR [20-22,27-29].
The sample A BAE and SDCP spectra are almost identical which suggests that the VSi deep
levels are the only observed defect levels in the probed band gap energy window which, as
mentioned previously, is 𝐸𝑒𝑛 = 𝐸𝐶 – 0.20 eV and 𝐸𝑒𝑝 = 𝐸𝑉 – 0.19 eV. Figure 4.5(b) shows
a comparison of BAE and SDCP spectra from B samples. The C samples shows similar
results. Both spectra are dominated by a single line with an isotropic g = 2.0028±0.0002,
but, in these cases, the SDCP spectra are significantly broader. The BAE spectrum is almost
certainly due to the VSi, but why is the SDCP spectrum so different in these cases? This
effect must be caused by the presence of N, as the A samples shows almost identical BAE
and SDCP spectra. Since N quite significantly reduces the population of VSi at the interface
[29], the SDCP spectra can be explained by one of the following: (1) N reduces the
population of VSi so that different defects (that happen have the same g tensor as the VSi)
now dominate, (2) N creates new defects (that happen to have the same g tensor as VSi)
and now dominate, or (3) N changing the energy levels of part of the population of VSi, and
altering their surroundings in such a way that their spectra are significantly broader at high
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Figure 4.5. Comparison of high frequency (K band) SDCP and BAE spectra for (a) the A
samples and (b) the B samples.
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frequency. The N must only be near part of the population of VSi because the BAE
measurements show that at least some of them apparently have unaltered energy levels and
line shapes. High frequency broadening, as mentioned previously, includes an increase in
the range of g tensor components of the defect.
We compare the g tensor components, 𝐴 tensor components, and zero field splitting
parameters (zero field splitting arises from the interaction from more than one unpaired
electron and its effect on EPR spectra depends upon the defect symmetry) of our spectra to
a wide range of intrinsic and extrinsic SiC defect spectra [6,20,22,26,28,34-42] and find
that only the VSi spectrum [28,36] reasonably agrees with the measurements of the spectra
reported herein as well as others made by our group. (Previous measurements by Cochrane
et al. provide quite strong evidence the isotropic g = 2.0030±0.0002 spectrum in 4H-SiC
MOSFETs as the VSi by measuring the

13

C hyperfine interactions.) Therefore, we

tentatively ascribe our results to interpretation (3). Since we know N is very close to the
observed defects (as mentioned in previous sections), N atoms are almost certainly altering
the energy levels of the VSi away from mid-gap. Thus, we interpret our results as the N
changing the VSi energy levels and physically altering its local environment. One way in
which the N is altering the interface will be discussed in the following section.
Although most of the current SiC technology involves only nMOSFETs,
pMOSFETs must also be better understood and improved to advance SiC CMOS
technology. Our BAE measurements on sample Dl show spectra similar to that of the
nMOSFETs. The spectrum is dominated by a single line with isotropic g = 2.0027±0.0002,
likely due to the VSi. Our SDCP measurements on sample Ds show very different spectra
when compared to the nMOSFET samples. Its spectrum, as shown in Fig. 4.6, is dominated
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Figure 4.6. High frequency (K band) SDCP spectra from sample Ds when (a) the

large external magnetic field is nearly parallel and (b) perpendicular to the 4HSiC crystalline c-axis.
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by one distinguishable line with g∥ = 2.0026 and g⊥ = 2.0012. A similar spectrum has been
observed in very early (low quality) n-MOSFETs utilizing X band SDR EDMR
measurements by Meyer et al. [42]. This spectrum is discussed further in section 5.3. For
the pMOSFET sample, the results suggest that the VSi dominates the defect population at
deep levels, but a different defect, possibly a Sidb like defect, dominates the population in
other areas of the band gap.

4.6 Multiple Frequency SDCP and BAE Measurements: Disorder at the Interface
Comparing high and low frequency EDMR line widths reveals the contribution of
g broadening to the spectra. The difference in high and ultra-low resonance frequency line
width (ΔB) is a measure of disorder since, in a perfect crystal, the g tensor components
would all be the same for singularly oriented defects (each defect’s surroundings would be
identical). In this case, the line width would be nearly frequency independent. In an
imperfect crystal, small variations in the g values of individual defects (slightly varying
defect surroundings) would introduce frequency-dependent broadening.
Figure 7 shows the comparison between high and ultra-low resonance frequency
BAE measurements for all samples. We see that ΔB is about 2 Gauss for each case which
indicates disorder present at the interface. Our results are consistent with previous
high/ultra-low resonance frequency EDMR work which has explored disorder at this
interface [22]. The high/ultra-low frequency SDCP measurements, as illustrated in Fig. 4.8,
show that ΔB is 2.2, 5.6, 5.3 and 4.8 for samples As, Bs, Cs, and Ds, respectively. The
broadening is about a factor of 2 larger in samples which have received N processing which
suggests that the N processing introduces significantly more disorder at the interface. Why
76

then did the BAE measurements show identical ΔB for all samples? Our result make sense
if the N has altered the energy levels of a part of the population of V Si, as previously
discussed. The BAE measurements most effectively measure VSi which have deep levels.
In this case, the N atoms are not close enough to the VSi defects to significantly change
their energy levels and spectra. However, the VSi defects which are near to N atoms have
altered (broadened) spectra and altered energy levels. The SDCP measurements are
sensitive to those levels as well as the deep ones. Our results suggest that N is introducing
disorder and changing the energy levels of the defects at the interface. The additional Ninduced disorder may be consistent with anisotropic strain introduced into the interface by
the N as reported by Dycus et al. [43]. Disorder may limit device performance in both nand p-MOSFETs and may contribute to the overall very low channel mobilities in
pMOSFETs. This quite significant N-induced disorder may provide at least a partial
explanation for why the addition of N quite substantially reduces Dit while only moderately
improving the effective channel mobilities of nMOSFETs.
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Figure 4.7. Comparison of (a) high frequency (K band) and (b) ultra-low frequency (ν =
360 MHz) BAE measurements for sample Al (top left), sample Bl (top right), sample Cl
(bottom left), and sample Dl (bottom right). Spectrum amplitudes are normalized for better
comparison of the salient feature, the variation in broadening.
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Figure 4.8. Comparison of (a) high frequency (K band) and (b) ultra-low frequency (ν =
360 MHz) SDCP measurements for sample As (top left), sample Bs (top right), sample Cs
(bottom left), and sample Ds (bottom right). Spectrum amplitudes are normalized for better
comparison of the salient feature, the variation in broadening.
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Chapter 5
The Role of Dangling Bonds at the 4H-SiC/SiO2 Interface
5.1 Introduction
For Si MOSFETs, the literature overwhelmingly states that the dominating defects
at the Si/SiO2 interface are silicon dangling bonds (Sidbs) [1-6]. It would be sensible, then,
to expect that the dominating defects at the SiC/SiO2 interface are Sidbs and carbon
dangling bonds (Cdbs). In fact, numerous investigators have invoked the presence of Cdbs
[7-18] and to a lesser extent silicon dangling bonds Sidbs [12] as the primary source of
these interface traps. We note that others propose that dangling bonds along with other
defects play important roles at the interface [19,20] while several authors do not consider
dangling bonds to play an important role [21-25]. This work tests whether or not the widely
accepted assumptions about dominating, or at least important, roles for Cdb centers are
correct.
Since the magnetic resonance response of “dangling bond” defects are generally
well understood and Cantin et al. [7] has previously reported the 4H-SiC/SiO2 Cdb
resonance response in oxidized porous SiC, we use SDCP [26] to search for the presence
of the Cdb and Sidb spectra. Previous EDMR studies on SiC MOSFETs [22-32] indicate
that, in nearly all but the oldest vintage (and low quality) MOSFETs [28], the SiC Si
vacancy (VSi) is the dominating deep level defect at the SiC/SiO2 interface in many devices
[22-25,30]. However, several other contributors, specifically a hydrogen complexed E’
center called the 10.4 Gauss doublet clearly plays an important role [30]. In some devices
nitrogen complexed defects are also detected [27,29]. However, these earlier EDMR
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studies primarily explore only recombination centers at deep levels as nearly all involved
spin dependent recombination (SDR). Our SDCP measurements explore the great majority
of the 4H-SiC band gap (about 88%).

5.2 Experimental Details
The SDCP measurements were made with a custom-built K band (~16 GHz)
EDMR spectrometer. It consists of a 4-inch Resonance Instruments electromagnet and
Hewlett-Packard power supply, a Lake Shore 475 DSP temperature-compensated
Gaussmeter and Hall probe, a TE102 microwave cavity, a Resonance Instruments K band
microwave bridge, a computer for magnetic field control and data acquisition, and a
Stanford Research SR830 for lock-in detection. Since the spectrometer utilizes lock-in
detection, a small alternating magnetic field is added to a large quasi-static magnetic field
in order to modulate resonance. As a consequence of this detection method [35], the
measured spectrum is an approximation of the derivative of the EDMR response. The
modulation sets an approximate resolution limit on detectable features within the observed
signal. Features that are narrower than the modulation amplitude will be broadened, and,
if overlapping spectrum are present, may be smeared to such an extent that they may be
irresolvable. Cantin et al. [7] observed approximately a 2 Gauss linewidth at X band for a
Cdb with conventional electron paramagnetic resonance (EPR). Our measurements at K
band would produce a spectrum at least as broad. In order to assure that such a response is
resolved, a conservative 0.5 Gauss modulation amplitude is utilized. The trapezoidal gate
waveform used for SDCP measurements was generated by a Tabor Electronics WW2572A
arbitrary waveform generator.
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Almost all of the currently utilized SiC MOSFET technology involves n-MOSFETs
which is, at least in part, due to their higher effective channel mobility. (~30 cm2/Vs for nMOSFETs and ~6 cm2/Vs for p-MOSFETs.) However, both n- and p-channel devices were
measured in this work. Two types of 4H-SiC lateral n-MOSFETs were utilized; one older
vintage MOSFET fabricated by supplier 1 (sample A) and one newer vintage MOSFET
fabricated by supplier 2 (sample B). Both were fabricated on a p-type epi layer.
Additionally, one type of 4H-SiC lateral p-MOSFET was utilized; a newer vintage
MOSFET fabricated by supplier 2 (sample C) which was fabricated on an n-type epi layer.
Sample A’s oxide was thermally grown in N2O at 1175 °C. The oxides of sample B and
sample C were also thermally grown in N2O at 1175 °C but received a post oxidation NO
anneal at 1175 °C for 2 hours. Sample A had a channel area (L x W) of 1 x 424 µm 2, and
sample B and C had channel areas (L x W) of 2 x 1000 µm 2. Charge pumping
measurements show average interface defect densities of 2.6 x 1012 cm-2 eV-1, 4.6 x 1011
cm-2 eV-1, 6.2 x 1011 cm-2 eV-1 for Sample A, B, and C, respectively. A summary of
MOSFET parameters used in this study can be found in Table 5.1.

TABLE 5.1 Summary of samples and sample parameters utilized in this work.
Sample
Name

Type

Oxide Process

Channel
Doping (cm-3)

Dit (cm-2 eV-1)

Channel
Mobility
(cm2/Vs)

A

n-MOSFET

N2O growth at 1175 °C

6.0 x 1016

2.6 x 1012

1

B

n-MOSFET

N2O growth + NO anneal
1175 °C for 2 hours

7.0 x 1016

4.6 x 1011

17

D

p-MOSFET

N2O growth + NO anneal
1175 °C for 2 hours

8.6 x 1016

6.2 x 1011

6
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Our SDCP and CP experiments utilized a 50 ns 𝑡𝑓 and 𝑡𝑟 , a 50% ducty cycle, and a
400 kHz gate waveform frequency. The probed energy window is 𝐸𝑒𝑛 = 𝐸𝐶 − 0.20 eV and
𝐸𝑒𝑝 = 𝐸𝑉 + 0.19. Thus, our SDCP measurements probe about 88% of the 4H-SiC band
gap at the semiconductor/dielectric interface.

5.3 Search for Carbon and Silicon Dangling Bonds
In measurements of relatively simple dangling bond defect centers, the magnetic
resonance response is dominated by two phenomena: spin-orbit coupling and electronnuclear hyperfine interactions. The spin Hamiltonian for such a case is given by (2.24).
Only 1.1% of C nuclei and 4.7% of Si nuclei exhibit magnetic moments, so the majority of
either Cdb or Sidb spectra will be unaffected by a magnetic moment at the central atom
site. Therefore, in a search for a small contribution to an overall EPR response, the focus
will necessarily be on the 𝒈 tensor. The resolution of the 𝒈 tensor scales with the resonance
frequency, so we utilize K band (~16 GHz) measurements which gives roughly a 1.7x
increase in 𝒈 tensor resolution over the more common X band (~9.5 GHz) measurements.
A reasonable approximation for the 𝒈 tensor of dangling bond defects can be obtained from
an elementary second order perturbation theory calculation [34,35]:
𝑔𝑖𝑗 = 𝑔𝑒 + Δ𝑔𝑖𝑗 ,

(5.1)

where
Δ𝑔𝑖𝑗 = −2𝜆 ∑
𝑖,𝑗,𝑛≠0

⟨0|𝐿𝑖 |𝑛⟩⟨𝑛|𝐿𝑗 |0⟩
.
𝐸𝑛 − 𝐸0
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(5.2)

In equations (5.1) and (5.2), 𝑔𝑒 is the free electron 𝑔𝑒 = 2.00232 …, Δ𝑔𝑖𝑗 is the
deviation in the g tensor due to spin-orbit coupling, 𝜆 is the spin-orbit coupling constant
and i and j correspond to the principle axes. One principal axis corresponds to the defect
axis of symmetry, the (0001)SiC surface normal. 𝜆 depends upon the charge within the
nucleus and the electron wave function. Since the denominator takes into account energy
level differences of other possible states and the observed paramagnetic state energy, the
denominator terms are not directly available for calculation; the 𝐸𝑛 − 𝐸0 values are
unknown. However, the elementary calculation indicates that the 𝒈 tensor component
corresponding to the case in which the applied magnetic field is parallel to the dangling
bond symmetry axis (g∥) is the free electron value (2.00232…). The calculation also
indicates that the largest deviation from this value corresponds to the case in which the
field is perpendicular to the symmetry axis (g⊥). We would expect reasonable first order
agreement between experiment and this calculation. In fact, for Cdbs, Cantin et al.
measured a g∥ value of 2.0023 and a g⊥ value of 2.0032. If all of the paramagnetic defects
under orientation are singly oriented (as would be the case for dangling bonds at the
(0001)SiC/SiO2 interface) and the small fraction of sites involving a magnetic nucleus are
viewed as below our detection limit, the magnetic resonance condition resulting from
equations (2.4), (5.1), and (5.2) becomes:
ℎ𝜈 = 𝒈𝜇𝐵 𝐵0 .

(5.3)

Here, ℎ is Planck’s constant, 𝜈 is the electromagnetic radiation frequency, 𝜇𝐵 is the
Bohr magneton, 𝐵0 is the magnetic field at resonance, and 𝒈 is an orientation dependent
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value related to the components of the 𝒈 tensor and the angle 𝜃 between the defect
symmetry axis and the large quasi-static magnetic field [34,35]:
𝑔 = √𝑔∥2 𝑐𝑜𝑠(𝜃)2 + 𝑔⊥2 𝑠𝑖𝑛(𝜃)2 .

(5.4)

As mentioned previously, the study of Cantin et al. links an EPR spectrum with g∥
= 2.0023 and g⊥ = 2.0032 to interface Cdbs [7], values fully consistent with expressions (2)
and (3). They also detected the very weak side peaks caused by the hyperfine interactions
with center atoms at which 13C magnetic nuclei are present, providing strong evidence that
their observed spectrum is in fact due to the Cdb defect. From equations (5.1) and (5.2), a
qualitatively similar response for Sidbs should be expected. One would anticipate a g∥ fairly
close to that of the free electron 𝑔 value and a g⊥ as the largest deviation from it. (The
(111)Si/SiO2 interface Si dangling bond, the Pb center, in Si MOSFETs have 𝒈 tensor
components also reasonably consistent with expressions (5.1) and (5.2): g∥ = 2.0013 and
g⊥ = 2.0081 [36].) Thus, we search for the Cdb resonance with quantitative knowledge of
its EDMR spectrum, and additionally, we search for the Sidb resonance, albeit with a less
precise knowledge of its spectrum.
Figure 5.1 illustrates SDCP measurements made on sample A. When the magnetic
field is nearly parallel to the (0001)SiC surface normal, the spectrum is dominated by a
single line with, within experimental error (±0.0002), g∥ = 2.0029. When the field is
perpendicular to the magnetic field, the spectrum is dominated by a single line with g⊥ =
2.0027±0.0002. Additionally, there are two weak “side peaks” present about the center
line. Since the “side peaks” are not visible in X band measurements (not shown here), they
are due to splitting or broadening from the breadth of 𝒈 tensor components, and are thus
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Figure 5.1 illustrates SDCP measurements made on sample A at K band (16
GHz) with (a) the magnetic field parallel to the (0001)SiC surface normal and (b) the
magnetic field perpendicular to the normal. The arrows indicate the positions at which
the Cdb and Si/SiO2 Si dangling bond (Pb center) spectrum would appear in both cases.
(The SiC Sidb resonance would not likely appear exactly at the Pb center values, but
would have a semi-quantitatively similar response.) Measurements were made at
slightly different resonant frequencies, so spectra with identical g values are slightly
offset in magnetic field at different MOSFET orientations. [40]
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likely due to a much weaker broad line superimposed onto the dominating sharper line.
Neither spectrum is consistent with a Cdb or Sidb, but the dominating sharper line is
consistent with the SiC VSi, a defect with an isotropic g = 2.0030±0.0003 previously
detected at the SiC/SiO2 interface via X band EDMR measurements in many 4H-SiC
MOSFETs [22-25]. Figure 5.2 illustrates measurements made on sample B. Sample B’s
spectrum is similar to that of sample A; it is dominated by a single line with an isotropic g
= 2.0029±0.0002 which, as previously mentioned, is due to the VSi. Notice that the
spectrum from sample B has significantly broader “shoulders” than that from sample A.
The broad shoulders are likely due to hyperfine interactions with N introduced by the post
oxidation anneal at the SiC/SiO2 interface (N has a 100% abundant spin 1 nucleus). In fact,
comparing the line widths of sample A and sample B using very low frequency (85 MHz)
SDCP measurements (not shown), which are particularly sensitive to hyperfine
interactions, we observe that sample B’s center line is about 1.5 Gauss broader, almost
certainly due to N. For this to be so, the N must be close; almost certainly within 1 or 2
lattice parameters from the observed defect. Since we detect these defects using charge
pumping, they must be at or very near to the interface; thus, the N must also be very close
to the interface. Our result is consistent with studies that show N is present at the SiC/SiO2
interface [37-39]. Additionally, notice in Fig. 5.1(a) and Fig. 5.2(a) that the center line of
sample B is significantly broader than that of sample A. This is mostly due to a larger range
of g tensor components in the Si vacancies observed in the sample which received an NO
anneal. Since, in a perfect crystal, the g-values would all be the same (each defect’s
surroundings would be identical), this result suggests that the NO anneal creates disorder
(slightly varying defect surroundings) at the interface [30] which may be related to strain
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Figure 5.2 illustrates SDCP measurements made on sample B at K band (16
GHz) with (a) the magnetic field parallel to the (0001)SiC surface normal and (b) the
magnetic field perpendicular to the normal. The arrows indicate the positions at which
the Cdb and Si/SiO2 Si dangling bond (Pb center) spectrum would appear in both cases.
(The SiC Sidb resonance would not likely appear exactly at the Pb center values, but
would have a semi-quantitatively similar response.) Measurements were made at
slightly different resonant frequencies, so spectra with identical g values are slightly
offset in magnetic field at different MOSFET orientations. [40]
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caused by N incorporation [39]. From the results shown in Fig. 5.1 and Fig. 5.2, we
conclude that, with high resolution (due to K band and low modulation frequency), a
spectrum consistent with Cdbs or Sidbs does not dominate the spectrum in either of the nMOSFETs. Furthermore, although a strong SDCP response is detected, there is no obvious
contribution at all from a dangling bond defect. The results indicate that neither Cdbs nor
Sidbs play a major role in charge trapping at the SiC/SiO2 interface.
N-channel MOSFETs make up nearly all of current SiC MOSFET technology.
However, we extend our study to include p-MOSFETs in order to investigate possible
performance limiting defects in these devices. Figure 5.3 summarizes EDMR
measurements on sample C. The measurements show spectra which are significantly
different from that of n-MOSFET samples A and B. The spectrum is dominated by one
distinguishable line with g∥ = 2.0026 and g⊥ = 2.0012; a spectrum inconsistent with a Cdb,
which we recall has g∥ = 2.0023 and g⊥ = 2.0032 [7]. The observed spectrum is, however,
possibly consistent with another dangling bond type defect. In fact, a similar spectrum has
been observed in very early (low quality) n-MOSFETs utilizing X band SDR EDMR
measurements [28]. That spectrum was tentatively attributed to a dangling bond defect,
either a C or Si dangling bond. Assuming Cantin et al. have correctly identified the Cdb
spectrum, their work rules out the possibility that this g∥ = 2.0026 and g⊥ = 2.0012 spectrum
is due to a Cdb; thus, our observed spectrum may be due to a Sidb or Sidb related defect.
In summary, our SDCP EDMR measurements, which explore about 88% of the 4HSiC band gap, do not show the spectra expected for Cdbs at the SiC/SiO2 interface in our
n- and p-channel MOSFETs. In the technically relevant n-MOSFETs, we do not observe a
spectrum consistent with a Sidb either. The dominating spectra in these devices is
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Figure 5.3 illustrates SDCP measurements made on sample C at K band (16
GHz) with (a) the magnetic field parallel to the (0001)SiC surface normal and (b) the
magnetic field perpendicular to the normal. The arrows indicate the positions at which
the Cdb and Si/SiO2 Si dangling bond (Pb center) spectrum would appear in both cases.
(The SiC Sidb resonance would not likely appear exactly at the P b values, but would
have a semi-quantitatively similar response.) Measurements were made at slightly
different resonant frequencies, so spectra with identical g values are slightly offset in
magnetic field at different MOSFET orientations. [40]
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consistent with the VSi [22-25]. We do, however, observe a spectrum consistent with a
dangling bond type defect, possibly a Sidb type defect, in our measurements of the pMOSFETs. Therefore, we conclude that Cdbs and Sidbs are not important interface defects
within the explored band gap in the n-MOSFET samples, but Sidbs may be important
interface traps in the p-MOSFET devices. We note that although we do not observe the
Cdb EPR spectrum, our results do not rule out the possibility of “correlated” Cdbs as
proposed by Wang et al. which they suggest would have such a broad spectrum that they
would be undetectable via EPR [18]. We also conclude that the SiC/SiO2 interface is
fundamentally different than the Si/SiO2 interface. While one type of defect, the Pb center
family [36], dominates the Si/SiO2 interface, several types of defects appear to play an
important role in the SiC/SiO2 interface. Previous resonance-based studies have found a
consistently dominating EDMR spectrum for the VSi and, frequently, for the 10.4 Gauss
doublet response [23,30] In some cases, nitrogen related defects [27,29] play an important
role at the interface.
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Chapter 6
Zero-Field Spin Dependent Charge Pumping
6.1 Introduction
The previous chapters have discussed SDCP which utilizes an oscillating magnetic
field to induce resonance. This EPR-induced current change in SDCP is expected as it was
previously reported by Bittel et al. [1]. However, we observe a quite strong response at
near-zero magnetic field with and without an oscillating magnetic field present. This
chapter briefly discusses some observations about this phenomenon.
Although this response is not necessarily expected, other near-zero magnetic field
changes in current have been observed without the use of an oscillating magnetic field. The
most well-known example is the giant magnetoresistance (GMR) [2]. The GMR has since
been used in computing as hard drive read heads and as spintronic devices for magnetic
random access memory in the form of spin-valves [3,4]. Its discovery has also sparked the
study of organic and inorganic semiconductor spintronic devices. Semiconductor
spintronic devices provide a novel approach to quantum computing and magnetic field
sensing. While GMR depends on a ferromagnetic material to polarize spins, many
inorganic and organic semiconductors and insulators show magnetoresistive properties
without the use of magnetic materials. These devices exhibit magnetoresistive phenomena
such as organic magnetoresistance (OMAR) [5,6], spin dependent trap assisted tunneling
(SDTAT) [7], and spin dependent recombination (SDR) [8]. While the exact physical
mechanisms responsible for these phenomena are not fully understood, all of these
phenomena involve measuring a spin dependent change in current at near-zero magnetic
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fields without an oscillating magnetic field. In this work, we discuss a novel technique
called zero-field spin dependent charge pumping (ZF SDCP) which, like the other
magnetoresistive phenomena mentioned, also involves spin dependent phenomena of
charge transport at near-zero magnetic fields without the use of resonance or magnetic
materials. ZF SDCP, however, is a unique approach in that it allows control of the
interaction time between free change carrier and paramagnetic traps. These properties may
allow experimental exploration of the effects of charge carrier/trap interaction times which
may be useful for processes involved in OMAR [5,6,9], SDTAT [7], and SDR [8]. Other
unique features of CP, as discussed in chapter 2.2.3, in principle, could also make ZF SDCP
a very useful device characterization tool.
In this chapter, we compare our ZF SDCP measurements with SDCP measurements
from two differently processed 4H-SiC MOSFETs and discuss our observations. This
chapter should not be considered to be a comprehensive development of ZF SDCP, but
rather a first step in the development of this technique.

6.2 Experimental Details
Our SDCP measurements were made on two homemade EDMR spectrometers.
One operates at X band (ν ≈ 9.5 GHz) and another operates at ultra-low frequency. The X
band spectrometer consists of a Lakeshore magnet and power supply, a Resonance
Instruments X band microwave bridge, a Lakeshore 475 Gaussmeter and Hall probe, and
a computer which provides lock-in detection, magnetic field control, and data acquisition..
The ultra-low frequency spectrometer consists of a custom-made 6-Helmholtz coil
electromagnet, a Kepco power supply, a Lake Shore Cryotronics 450 DSP temperature101

compensated Gauss meter and Hall probe, a Stanford Research Instruments SG382
microwave generator, a Stanford Research Instruments SR570 current preamplifier, a Doty
Scientific surface coil, and a computer which provides lock-in detection, magnetic field
control, and data acquisition. The gate waveform was applied with a Tabor Electronics
WW2572A waveform generator. The gate waveforms were chosen such that 𝑉𝐻 >> 𝑉𝑇𝐻
and 𝑉𝐿 << 𝑉𝐹𝐵 voltage for all samples. We utilized a 50% duty cycle, and a 100 ns 𝑡𝑟 and
𝑡𝑓 . All measurements were made at room temperature.
Some of the ZF SDCP measurements were made simultaneously with the SDCP
measurements. The magnetic field was swept from the SDCP magnetic field resonance
condition through and beyond 0 Gauss. Other measurements were made with no RF field
present.
Two differently processed planar n-channel 4H-SiC MOSFETs called sample A
and sample B were used in these measurements. Sample A had an as-grown oxide with
area (L x W) 1 x 424 um2 and sample B received a post oxidation anneal in NO at 1175 oC
for 2 hours and had a gate area of (L x W) 1 x 1000 um2. Both were grown on p-type
epilayers. The samples were fabricated by different manufactures.

6.3 Discussion
Figure 6.1(a) and 6.2(a) are SDCP spectra made for samples A and B, respectively
at 𝑓𝐶𝑃 = 1 MHz. The resonance frequency of the RF coil is 372 MHz for 6.1(a) and 375
MHz for 6.2(a). The magnetic field is swept from 200 Gauss to -200 Gauss. The response
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Figure 6.1. SDCP measurement on sample A (a) with and (b) without an oscillating
magnetic field. The insets are the integrals of the patterns. For this measurement, VH = 14
V, VL = -16 V, and fCP = 1 MHz.
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Figure 6.2. SDCP measurement on sample B (a) with and (b) without an oscillating
magnetic field. The insets are the integrals of the patterns. For this measurement, VH = 3
V, VL = -10 V, and fCP = 1 MHz.
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around 136 and –136 Gauss are expected; they are the resonance responses. The strong
response at near-zero magnetic fields, however, is not expected. Figures 6.1(b) and 6.2(b)
are the same exact SDCP measurements but without RF. The insets of Figs. 6.1 and 6.2 are
the integral of the responses. In Figs. 6.1(b) and 6.2(b), the resonance responses are not
present (as expected), but the large response near zero magnetic field is present: its
presence is unaffected by the presence of the oscillating magnetic field. The response is
not due to resonance. This is the ZF SDCP response. The response amplitude is on the
order of the SDCP response.
Figures 6.1 and 6.2 show that the ZF SDCP patterns are very different for both
samples. The pattern for sample A shows two lines on both sides of a dominating center
line. Comparing the ZF pattern with ultra-low frequency and X band SDCP spectra show
that all three measurements yield qualitatively similar patterns, as illustrated in Fig. 6.3.
All measurements show a dominating center line with two smaller side peaks. In the SDCP
measurements, the side peaks are due to superhyperfine interactions with an unpaired
electron and hydrogen in a 10.4 Gauss doublet defect, a hydrogen complexed oxygen
vacancy (discussed in section 4.3). The asymmetry of these side peaks at ultra-low
frequency is due to the Breit-Rabi shift (discussed in section 2.1.5 and 4.3). The similar
patterns quite strongly suggest that the ZF and SDCP are due to the same or similar
mechanisms. If so, the very simple ZF SDCP approach may be able to identify defect
structure from contributions to the spectra from hyperfine interactions. Hyperfine
interactions are the most useful part of EPR and EDMR spectra for the identification of
defects, and are often called the defect “fingerprint”. This ability would make ZF SDCP a
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Figure 6.3. ZF SDCP, ultra-low frequency SDCP, and X band SDCP measurements on
sample A. For this measurement, VH = 14 V, VL = -16 V, and fCP = 1 MHz.
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low-cost, simple tool for defect identification in MOSFETs. Cochrane et al. has also
discussed a magnetoresistive technique, zero field spin dependent recombination, which
could be used for such a purpose [8]. He has also has applied this zero field recombination
technique to self-calibrating magnetometers for use in space missions [10].
For sample A, the ZF SDCP line width is a strong function of 𝑓𝐶𝑃 , as illustrated by
Fig. 6.4(a). It increases from 4.7 Gauss at 𝑓𝐶𝑃 = 50 kHz to 7.5 Gauss at 𝑓𝐶𝑃 = 2 MHz.
However, the SDCP line width does not change: it is 3.4 Gauss for all 𝑓𝐶𝑃 . This effect may
be due to the difference in the interaction times between the free charge carrier and the
trap. As 𝑓𝐶𝑃 is increased, the interaction time (in our case, about 𝑡𝐻 and 𝑡𝐿 ) decreases.
Similar physics such as those discussed by Harmon et al. for tunneling magnetoresistance
in disordered organic semiconductors [9] may play a role in this phenomenon. The theory
predicts line broadening with decreasing interaction time.
Figure 6.2(b) illustrates the ZF SDCP response for sample B. The pattern is very
different from that of sample A, apparently due to the introduction of N at the interface
from the post-oxidation NO anneal. While the ZF SDCP pattern for sample A looked
similar to the ultra-low field SDCP spectrum, this is not the case for sample B: the ZF
SDCP patterns looks very different from the SDCP, as evident in Fig. 6.2(a). The pattern
appears to consist of two overlapping patterns. One is a very broad pattern, and the other
is a sharp pattern in the center on the broad response. This is very clear when viewing the
integral of the response, as shown in the inset of Fig 6.2(b). This result suggests that there
are at least two important competing mechanisms. Additionally, the mechanisms have
opposite signs. That is to say, one mechanism increases (positive sign) the ZF SDCP
response and one mechanism suppresses it (negative sign). Because we utilize lock-in
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Figure 6.4. The (a) ZF SDCP line width for fCP = 50 kHz, 100 kHz, 500 kHz, 1 MHz, and
2 MHz, and the (b) SDCP line width for the same fCP in sample A. For this measurement,
VH = 14 V and VL = -16 V. The ZF SDCP line widths are 4.59, 4.79, 5.57, 6.45, and 7.32
Gauss for fCP = 50 kHz, 100 kHz, 500 kHz, 1 MHz, and 2 MHz, respectively. The SDCP
line width is 3.4 Gauss for all fCP.
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detection, the “sign” of the overall pattern can be arbitrarily set to positive or negative.
However, if we assume the SDCP is a positive response (it almost certainly is) then we
find that the broad pattern in the ZF SDCP is positive and the sharp pattern is negative. The
sharp negative response is likely be due to hyperfine interactions with N introduced by the
post-oxidation NO anneal. As mentioned previously, the anneal incorporates high densities
of N at the SiC/SiO2 interface [11,12]. This would suggest that the hyperfine interactions
are suppressing the ZF SDCP response. As is the case with sample A, the ZF SDCP
response line width increases with increasing 𝑓𝐶𝑃 . The sharp response line width increases
from 1.7 Gauss at 𝑓𝐶𝑃 = 100 kHz to 4.0 Gauss at 𝑓𝐶𝑃 = 2 MHz: the line width more than
doubles. Figure 6.5(a) shows the ZF SDCP sharp center line at various 𝑓𝐶𝑃 . The SDCP line
width appears to increase, although not dramatically. We find a line width of about 4.4
Gauss at 𝑓𝐶𝑃 = 100 kHz and 5 Gauss at 𝑓𝐶𝑃 = 2 MHz. The fact that we observe a strong ZF
SDCP line broadening in samples in which the SDCP line width does and does not increase
suggests that it may be a universal feature of ZF SDCP. If so, this technique may be a way
to experimentally investigate the effects of electron/trap interaction times and may be able
to expand on the theory of magnetoresistance in general.
The ZF SDCP response is almost certainly due to charge capture events at the
interface which are altered by the mixing of singlet and triplet states at near-zero magnetic
fields [13,14]. The e-h pair recombination theory of Prigodin et al. [13] which was later
expanded by Schellekens et al. [14] was developed for recombination in organic
semiconductors, but the general principles may be useful for understanding the ZF SDCP
in inorganics. A full theoretical treatment of the ZF SDCP response is beyond the scope of
this work but will be necessary to fully realize the utility of the ZF SDCP response.
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Figure 6.5. The (a) ZF SDCP line width for fCP = 100 kHz, 500 kHz, 1 MHz, and 2MHz,
and the (b) SDCP line width for the same fCP for sample B. For this measurement, VH = 3
V and VL = -10 V. The ZF SDCP line widths are 1.7, 2.5, 3.0, and 4.0 Gauss for fCP = 100
kHz, 500 kHz, 1 MHz, and 2 MHz, respectively. The SDCP line width is about 4.4, 4.4,
4.7, and 5.0 for fCP = 100 kHz, 500 kHz, 1 MHz, and 2 MHz, respectively.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
This is the first in-depth study to utilize the SDCP technique. In this work, we find
that the VSi is dominating in all devices at deep levels. We also find that the VSi dominates
in most of the band gap for the nMOSFET samples, and a Sidb or Sidb-like defect
dominates in the pMOSFET sample. Although we only report on only 4 specific
MOSFETs, about 12 total different MOSFETs have been investigated. In all of them, the
VSi dominates deep levels. In all but one, it also dominates in most of the bandgap. Table
7.1 summarizes the defects observed in the samples utilized in this work.

TABLE 7.1 Summary of defects observed in this work.
Sample
Name

Type

A

nMOS

B

10.4 Gauss
doublet

VSi

Oxide Processing
BAE

SDCP

BAE

SDCP

N2O growth at 1175 °C

X

X

X

X

nMOS

N2O growth + NO anneal
1175 °C for 2 hours

X

X

X

C

nMOS

N2O growth + NO anneal
1250 °C for 2 hours

X

X

X

D

pMOS

N2O growth + NO anneal
1175 °C for 2 hours

X

Possible Sidb
BAE

SDCP

X

We also provide strong evidence that post-oxidation anneals in NO introduce large
densities of N at the SiC/SiO2 interface, which agrees with the reports of others [1,2].
Additionally, we find that this N can be very close to some population of VSi and move
their relatively deep energy levels closer towards either the valence or conduction band
edge. We also find disorder at the SiC/SiO2 interface without N, but find significantly more
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disorder after N incorporation. This may be consistent with an isotropic strain as reported
by Dycus et al. [3]. We also address the widely-held assumption that Sidbs and Cdbs are
the dominating defects in 4H-SiC MOSFETs. We find that they are not dominating in
nMOSFET samples, but tentatively assign a Sidb or Sidb-like defect to the pMOSFET
sample. We discuss the constant low/constant high CP and SDCP measurements. The CP
response does not follow classic CP theory: this may be explained by large densities of
interface traps at the band edges. The SDCP response is likely heavily influenced by spin
diffusion from the defect centers to the free carrier electrons. Finally, we briefly discuss a
novel technique for spin dependent detection of current based on SDCP that does not utilize
resonance.

7.2 Suggestions for Future Work
This work could be expanded by future graduate students, using this dissertation as
a guideline. Some of the work discussed in this dissertation, especially the zero-field spin
dependent charge pumping, is preliminary and could be extended for further development.
This section details some suggestions to expand and extend this work.

7.2.1 Alkaline Earth Modified SiC MOSFETs
As mentioned previously, MOSFETs with oxides grown on top of a layer of Ba or
Sr have improved electrical properties over devices grown with the typical N processing
[4]. Applying the new approach discussed in this work can lead to a better atomic scale
understanding of the role of Ba and Sr at the interface and can serve as a basis of
information about atomic scale defects for MOSFETs with different interface modifiers.
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7.2.2 SDCP on Different Materials Systems
Our approach is applied to 4H-SiC MOSFETs, but can also be applied to other
materials systems such as SiGe/SiO2, SiGe/High-K, Si/High-K, FinFETs, etc. In order to
show the versatility of the approach, it should be applied to other materials systems. Si/SiO2
MOSFETs would be the simplest because the Si/SiO2 interface is well understood, and
FinFETs would be of the most technological interest.

7.2.3 Model for ZF SDCP
Our ZF SDCP results are the first ever of its kind. The discussion involved in this
work should be considered preliminary: more work must be done. Developing a physical
understanding of the ZF SDCP response will allow for a better grasp of its applications.
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