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Abstract

Electrically detected magnetic resonance (EDMR) is a sensitive and powerful technique for
the determination of fundamental intrinsic properties of semiconductive solid-state mate-
rials. This work describes the fundamental theory of electron paramagnetic resonance and
EDMR spectroscopy, in particular, several models of spin-dependent recombination are
reviewed. The instrumental and software parts are presented, as well as the development
of a new sample holder specific for EDMR. We intend to bring EDMR investigations to
a new level, by developing a setup, which will operate at frequencies up to 1.1 THz and ex-
ternal magnetic field up to 16 T. Taking into account the possibilities of a home-built THz
Frequency-Domain Rapid Scan (THz FraScan) spectrometer located in CEITEC BUT,
samples will be characterized using both magnetic field and frequency sweeps. Thus, com-
pared to the conventional continuous wave (CW) EDMR, this will allow obtaining not only
the dependence of the voltage change on the external magnetic field at a given microwave
frequency but also measuring frequency-field maps.

Abstrakt

Elektricky detekovand magnetickd resonance (EDMR) je citlivd a uzite¢na technika pro
vyzkum zakladnich vlastnosti polovodici a pevnych latek. Tato prace popisuje teorii elek-
tronové paramagnetické resonance a spektroskopie EDMR v jejimz rdmci je nastinéno
nékolik modeld spinové zavislé rekombinace. Instrumentacni a softwarové ¢asti jsou pred-
staveny spolu s vyvojem nového drzédku vzorku primo pro EDMR. Planujeme pozvednout
vyzkum na poli EDMR na vyssi iroven pomoci vyvoje zarizeni, které bude pracovat pri
frekvencich az do 1.1 THz a externim magnetickém poli do 16 T. Vezmeme-li v potaz moz-
nosti ndmi postaveného THz Frequency-Domain Rapid Scan (THz FraScan) spektrometru
nachazejictho se na CEITEC VUT, vzorky budeme charakterizovat pomoci obou méfticich
modu, tedy zvySovani magnetického pole nebo frekvence. V porovnani s konvené¢ni konti-
nudlni vinou (CW) EDMR nédm tato méfeni umozni ziskat nejen zavislost zmény napéti na
externim magnetické poli pri dané frekvenci, ale také akvizici map znézornujici zavislost
frekvence na magnetickém poli.
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1. Introduction

We cannot imagine our lives without electronic devices in the present day. Everything that
surrounds us is merely the result of generations of technological advancement. Since Hertz
experimentally confirmed the possibility of transmitting electromagnetic waves through
the air, confirming Maxwell’s theory of electromagnetism [1], there has been a ‘base’ for the
development of what we now refer to as radio [2]. Concerning the impact of development,
television [3], radar [4], mobile communications [5], Wi-Fi [6], etc. follow the invention of
radio broadcasting [Fig. 1.1]. Since the establishment of the term ‘electron’ [7] and the
invention of the first vacuum tube [8], a new branch of physics known as ‘electronics’ has
emerged to study the emission of electrons, their behavior, and their effects. Since the
invention of the transistor in the 1940s [9], solid-state electronics have nearly overtaken
‘vacuum electronics’ as the dominant form of electronics [10]. The volume of transistors was
decreased, resulting in the creation of integrated circuit models, replacing the enormous,
initially ‘first generation’ vacuum tube computers with printed circuit boards [11]. To
date, the smallest transistor has been created based on silicon nanotubes and molybdenum
disulfide, where the gate length is only 1nm [12].

The study of defects and impurities is an important aspect of solid state physics.
Doping one material with another allows to change its properties such as color, mechanical,
electrical, optical, and others characteristics [15, 16]. Thus, scientists have been able to
improve solid state materials over time by changing their properties to produce more
advanced devices and changing their composition to improve performance in a specific
area of their application. In solar cells, for instance, the most important parameter is the
energy conversion factor, which depends on the device’s total current management [17].
In the simplest case, a Si-based p-i-n solar cell with an a-Si:H layer in between pc-Si:H
p-type and n-type layers functions as a ‘charge carrier relaxation relay’ [18]. Due to its
abundance of dangling bond defects, the a-Si:H layer ‘controls’ the recombination rate,
so the charge carrier does not relax to the lower energy level instantly, but rather by
utilizing ‘defect islands’ in the bandgap. In this situation, the control and oversight of
the defects in a-Si:H layer play a crucial role, with the outcome dependent on the device’s
overall current management.

Some defects may be introduced on intent, while others may result from a poorly pre-
pared growth process or accidental material contamination. Crystallographic defect is any
stable interruption of the translational periodicity of the crystal lattice [Fig. 1.2]. Defects

can be classified as planar, bulk, linear, or point, depending on their multidimensionality
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Figure 1.1: The timeline of the development of electromagnetic waves progress from
Maxwell’s theory on electromagnetic (EM) waves [1] to the 5G standard for broadband
cellular networks [13]. (*) - First cellular phone which is commercially available.

[19] (per the number of dimensions in which the defect dimensions exceed the interatomic
distance by a significant margin). On one hand, the presence of these defects can dramat-
ically alter the properties of a device, enhancing its performance, while on the other hand,
it can lead to its disintegration. Determining the amount of defects after the sample has
been prepared or the cause from which the defects originated is, therefore, essential knowl-
edge. Additionally, it should be noted that as the area of active devices continues to shrink,
the number of defects in this area is also decreasing. There are numerous techniques and
research methods for determining defects and electrical properties of semiconductors, but
few of them are able to deal with such minute quantities of defects on the atomic scale
as the electrically detected magnetic resonance (EDMR).

The EDMR is a powerful and effective spectroscopic technique for investigating the
atomic-level characterization of charge carriers, defect structures, and impurities in semi-
conductive solid state materials. One of the earliest implementations of this technique
dates back to 1966, when Schmidt and Solomon described spin-dependent recombination
of free carriers in phosphorus-doped silicon [20]. Electron paramagnetic resonance (EPR),
a well-known non-invasive method for determining the structures of defects, serves as the
foundation for this technique. EPR is a widely-used, powerful technique with numerous
applications in physics, chemistry, biology, medicine, and other fields. The most influ-
ential applications of EPR are the identification of free radicals in gaseous, liquid, and
solid state materials [21]; the research of proteins using spin labels [22]; the determination

of food quality [23-25]; the characterization of materials in geology and archeology [26,
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Figure 1.2: Various types of crystal defects are depicted in a primitive cubic lattice. (a) —
substitutional impurity atom (red), (b) — vacancy, (c) — interstitial impurity atom, (d) —
edge dislocation, (e) — interstitial type dislocation loop. Partially adapted from [14].

27]; and the study of qubits in the quantum computing field [28-30], among others. The
essential distinction between EPR and EDMR stands in the detection scheme. In EPR,
the spectrum is obtained as a result of the sample’s microwave absorption under resonance
conditions; in EDMR, the spectrum is acquired under the resonance same conditions, but
as a result of a change in the sample’s current or voltage. This enables the investigation
of the behavior of the current in certain semiconductive devices' under the resonance con-
ditions in order to study the essential spin-dependent mechanisms. In comparision, EPR
is insensitive to these processes, whereas EDMR can investigate these transport mecha-
nisms, considering that they are based on spin selection rules. The importance of point
defects and impurities in semiconductive devices, the concentration of which is decreas-
ing in modern devices, is the motivation for employing detection of electrical conductivity
rather than microwave absorption. The important part here is the spin sensitivity. EDMR
is 107 times more sensitive than EPR [31]. While in EPR the minimum requirement for
the defect amount is 10! [32], in EDMR in can be even down to 1000 [31], or even, in
some cases, to a single electron [33]. Among the numerous EDMR research applications,

we can highlight:

Lwhich possess a system with unpaired electrons
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solar cells research [18, 34, 35];

MOSFET, nano-scale transistors, device reliability research (irradiation damage,
high electric field stressing) [36-40];

quantum computing, electronic spin storage, write / readout [33, 41-43];

organic LEDs [44, 45].

Therefore, taking into account the described above regarding this spectroscopic tech-
nique, research in the field of detecting defects and impurities in the nanoscale is of great
importance in the development of nowadays electronics and directly contributes to the
improvement of the electrical and magneto-optical characteristics of the materials and
devices under study.

To summarize the studied phenomena at various frequencies and length scales, we
can refer to Fig. 1.3, upper part of which depicts the electromagnetic spectrum. It also
shows physical phenomena being studied in addition to magnetic resonance applications,
from the longest radio waves to gamma-rays electromagnetic region [46]. Well-known
spectroscopic techniques, such as NMR and MRI, operate in the region of short radio
waves (v < 800 MHz), whereas EPR and EDMR operate in the region of microwaves (v =
= 10—1100 GHz and v < 500 MHz). Note that the magnetic resonance application regions
for some techniques are given for common, widely used applications.

As depicted in Fig. 1.3, the specialized frequency ranges of EDMR are essentially equal
to those of EPR despite the low-frequency range solutions. Matching EPR and EDMR
frequencies can be explained by the fact that the majority of EDMR research is undertaken
with EPR spectrometers modified for EDMR detection. As indicated previously, the
EDMR is directly dependent on EPR, but the detection approach is distinct. With the
development of homemade solutions, in contrast to commercially standardized ones (X-,
Q-, and W-band spectrometers), it became possible to push the boundaries of different
research areas [47]. For instance, the frequency sweep option is not available in any
commercial EPR solution, and the deployment of this method (where the magnetic field
remains constant and the frequency is swept) opens up new paths for magnetic resonance
study. Perhaps, rapid scan EPR is the most suitable example here. It is a quasi continuous
wave mode technique that partially covers the pulse-based method. At the present state,
rapid scan EPR is able to determine the spin-spin relaxation time 75 [48, 49]. Pulse
mode spectrometers use a different approach than continuous wave (CW) spectrometers,
and the pricing can be significantly higher due to the use of more complicated electronics
[50]. The benefits of frequency scanning are not exclusive to rapid scan EPR alone. For
instance, the frequency domain (FD) measurement mode provides the acquisition of the
zero-field splitting (ZFS). In the combination of fast FD and slow magnetic domain (MD),
we can acquire the frequency-field map [51] as shown in Fig. 1.4. These maps can be used

to track a frequency-dependent sample behavior, uniquely define the spin Hamiltonian
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Figure 1.3: The electromagnetic spectrum. It incorporates the longest radio waves
(A > 1km), medium and short radio waves (A > 1m), microwaves (A ~ Imm - 1m),
the infrared region (A ~ 750 nm — 1 mm), the visible spectrum (A ~ 400 — 750 nm), ultra-
violet (A ~ 10nm — 400nm) as well as x-rays (A ~ 0.0lnm — 10nm), and gamma rays
(A < 0.01nm). The wavelength (\) is written in meters (and sub-units: angstrom (A)
and X-units, where 1 XU = 1072 A), the frequency (v) is written in Hz, the wavenum-
ber (o) is written in reversed centimeters (cm~!), and the energy difference between two
stationary states (AE = hv, where h is Planck’s constant), is written in eV [46]. The
THz FraScan spectrometer is located in CEITEC Brno University of Technology (Czech
Republic) [see chapter 5].

parameters [52], or qualitatively visualize the recorded data in the designated frequency-
field range. As depicted in Fig. 1.3, the frequency range of the THz FraScan spectrometer
is significantly greater than the frequency range of the majority of dedicated EPR bands
combined, and it covers the sweepable frequencies from 80 GHz to 1.1 THz with a magnetic
field of 0-16T. The urge to perform magnetic resonance research at higher frequencies
and magnetic fields is manifold. The acquisition of higher spin polarization, higher g-
factor resolution, larger zero-field splitting, and other benefits, including more precise
and high-resolution data became possible [18, 51-53]. As stated previously, in general,
EDMR is 107 times more sensitive than EPR and can analyze spin-dependent processes

as hopping, tunneling, charge-pumping, etc., for which EPR is insensitive. The majority
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of this field’s research has relied on commercial EPR spectrometers, which have significant
limits regarding the sample size, metallic sample connections (cavity tuning issues), and
other drawbacks. Thus, we have the capability to build an EDMR setup based on the
parameters of the THz FraScan spectrometer and advance EDMR research.

This dissertation describes the effective implementation of the EDMR approach in
the THz FraScan spectrometer, as well as the proof-of-concept results obtained on highly
N-doped 15R SiC monocrystals, and also the first frequency-field EDMR map acquired.

The first chapter named ‘Theoretical background’ (3) describes the fundamental prin-
ciples of magnetic resonance phenomena as well as the magnetic moment of an electron
and its interaction with an external magnetic field and microwaves, in addition to electron
paramagnetic resonance and electrically detected magnetic resonance. A brief overview of
a few models that are essential for determining the origin of the spin-dependent mechanism
is provided.

The ‘Instrumentation’ chapter (4) provides an introduction to EDMR instrumenta-
tion, an explanation of the EDMR measurement principle, an analysis of existing EDMR
solutions, and a comparison of the parameters of existing EDMR research instrumenta-
tion. Identifying the limitations of existing EDMR configurations based on sample size
and frequency range expansion.

The ‘THz EDMR Setup’ chapter (5) describes the THz FraScan setup in general and
provides a detailed description of the development of the THz EDMR, setup based on the
THz FraScan spectrometer as a first objective of the thesis, as well as the fabrication of
the THz EDMR sample holder, detection scheme, and additional solutions required to
conduct the EDMR experiment. Advantages and limitations of such homebuilt setups are
highlighted and discussed.

The ‘Results obtained’ chapter (6) describes the results acquired using the EDMR
setup as a proof-of-concept measurements utilizing every possible at that moment ap-
proaches to expand the EDMR research in general as a second objective of the thesis.
The multifrequency measurements were done on highly nitrogen-doped 15R polytype SiC
monocrystal, which revealed the EPR and EDMR single line at < 15K due to nitrogen
donors exchange interactions. The ability to perform the frequency domain EDMR is pre-
sented and demonstrated the first frequency-field EDMR map.

The last chapter ‘Conclusions’ (7) presents the summary of the thesis, including a de-
tailed description of the fulfilled tasks and projects as well as an outlook for the future
development of the THz EDMR setup.
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Figure 1.4: (a) — the frequency-field EPR map of "N-TEMPOL (S = 1,Iy = 1) dissolved
in polystyrene, with an outcome of 2.5 mg film with ~ 10'6 spins. The resolution of the
map is 10000 (frequency) x 1000 (magnetic field) points. (b) — The extracted data of
a frequency (FD EPR) and magnetic field sweep (MD EPR) point indicated via dashed
line in (a). (c) — Hlustration of the MD EPR and (d) — FD EPR experiments at fixed
frequency (MD) and fixed magnetic field (FD) respectively. Taken from [52].
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2. Aims of thesis

In this doctoral thesis, the outcomes of two main deliverables are presented:

e A. To implement the EDMR technique in the THz FraScan Spectrometer by devel-
oping the specific sample holder, creating the circuitry for EDMR detection, and

adjusting the software for the signal acquisition.

e B. To perform the multifrequency investigation on a test sample in order to cre-
ate a proof-of-concept of a functioning THz EDMR setup making use of nearly all

possible capabilities of the system.

The first deliverable required research towards the instrumentation of both commercial
EPR/EDMR solutions and custom-built systems, as well as understanding the EDMR
detection, comparing its capabilities to those of the existing setup, and preparing for its
implementation within our newly built THz FraScan spectrometer. The development of
a specific sample holder was required to overcome the issues of sample contact, sample
illumination, magnetic field modulation, and proper m.w. propagation, as well as the
problems associated with this process (such as optical fiber feedthrough, printed circuit
boards, shielded signal extension boxes, etc.).

For the second goal, the entire EDMR system must be calibrated. It requires measure-
ments of m.w. losses, light beam alignment calibration, cryogenic temperature withstand
of materials used in development and experiments, and EDMR signal amplification and
acquisition, among others.

As the initial sample for the complex EDMR measurements in our system, a highly N-
doped ((Np—N4) ~ 5-10'® cm™3) 15R polytype SiC monocrystal was used. The following
measurements of this sample were conducted in parallel and perpendicular (to the c-axis)
orientations: frequency dependence (85 — 120 GHz, 328 GHz); temperature dependence
(7.5 K — 12K); m.w. power dependence (5 — 125 mW); light dependence (403 — 636.7 nm
diode lasers); acquisition of the frequency domain EDMR (102 — 104 GHz at 3.5768 T);
and recording of the first frequency-field EDMR map (on frequency of 100.2 — 102 GHz;
magnetic field of 3.58 — 3.65 T; at the 7.5 K).
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3. Theoretical background

This chapter offers a concise theoretical introduction to the fundamentals of magnetic
resonance and describes multiple models of EDMR. This chapter’s material was adapted

in accordance with the material from [32, 54-56].

3.1. Electron Paramagnetic Resonance

In general, the magnetic resonance is a phenomenon of resonant absorption of the energy
of oscillating electromagnetic field by a system that has a non-zero magnetic moment. If
a magnetic field is applied to such a system, then the magnetic moment will precess about
the field with a certain angular velocity absorbing the electromagnetic waves with the same
frequency. When the magnetic moment is created by protons and neutrons in a nucleus,
the resonance absorption is called nuclear magnetic resonance (NMR) [57], and if by the
electrons - the electron paramagnetic resonance (EPR) [54]. It was discovered in 1944
by E. Zavoisky [58] and it has become popular spectroscopy technique nowadays. EPR
is a widely-used, powerful technique with numerous applications in physics, chemistry,

biology, medicine, and other fields [59-62].

3.1.1. Fundamentals

The basis of magnetism is found in electron orbital and spin motions, as well as how elec-
trons interact with one another [63, 64]. The best method to explain the several types of
magnetism is to refer to Fig. 3.1. The primary distinction is that some materials have
no group interaction of atomic magnetic moments, whereas others have a very strong in-
teraction between atomic moments. Ferromagnetism (a) can occur only when atoms are
organized in a lattice and their magnetic moments interact to align parallel to each other.
Antiferromagnetic (b) materials are very similar to ferromagnetic materials, but the ex-
change contact between neighboring atoms causes anti-parallel alignment of the atomic
magnetic moments. Within ferrimagnetic (c) materials, exchange interactions cause atoms
to align parallel in some crystal sites and anti-parallel in others. When there is no applied
field, the atoms in a diamagnetic (e) substance have no net magnetic moment. EPR is deal-
ing with paramagnetic materials (c¢) in which magnetic moments are randomly oriented.
A substance can be called paramagnetic if it does not have a macroscopic resultant mag-

netic moment, but acquires one in an external magnetic field B [Fig. 3.2]. There is a class

11
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Figure 3.1: The behavior of the magnetic moments of the electron in different materials.
The alignment of (a) represents ferromagnetism, where the substance’s magnetic moments
are aligned in parallel. The orientation of (b) exhibits antiferromagnetism with antiparal-
lel magnetic moments. (c) represents ferrimagnetism, where magnetic moment alignment
is both parallel and antiparallel. Case (d) represents paramagnetism, in which the orienta-
tion of magnetic moments is random. The final (¢) indicates diamagnetism, which occurs
when a substance has no magnetic moment.

of paramagnetic substances, whose atoms or ions have permanent magnetic moments of

electronic origin.

(a) (b)

Figure 3.2: The alignment of the magnetic moments of the electron in the absence (a) and
presence (b) of an external magnetic field B.

When the external field is absent, their magnetic dipoles are arranged randomly. How-
ever, a magnetic field can distribute their orientation in such a way that a substance can

acquire a net magnetic moment. An atom has a permanent magnetic moment g, only

12



3.1. ELECTRON PARAMAGNETIC RESONANCE

possessing a resultant angular moment L. These two quantities are connected by the

formula:

p =1L, (3.1)

where v is the gyromagnetic ratio and L is the angular momentum (an integral or the
half-integral multiple of h/2n = h, where h is Plank’s constant). The equation of motion

for a dipole on which acts a magnetic field B can be written as:

If the magnetic field B is directed along the z axis of the Cartesian coordinate system,

then the solution of this equation can be written as:

L, = Lsinacos(wrt + ¢), (3.3a)
L, = Lsinasin(wrt +¢), (3.3b)
L, = Lcosa. (3.3c)

where « defines an angle between L and B, ¢ is a phase, wy, is the Larmor frequency (3.4).

B

(L, p)cosa

(L, p)sin

Figure 3.3: Precession of the magnetic moment g or angular momentum L around the
external magnetic field B

Similar solutions can be obtained for the vector component p. The motion of the

vectors L and p is a uniform precession in the field B with an angular velocity
wr, = —vB. (3.4)

The minus sign in this case says that the precession occurs in the direction of the
left screw moving along B, if the value ~y is positive, and in the opposite direction, if
~ is negative. The components of L and p along the magnetic field B are constant in

magnitude, so the dipole energy (Zeeman energy)
W=—-u-B (3.5)

13
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is an integral of motion.

If the electronic structure of a free atom or ion has a resultant angular moment, it will

have a permanent magnetic dipole moment. A gyromagnetic ratio in this case will be:

e

- g 3.6
¥ S (3.6)

where e and m are charge and mass of electron respectively, ¢ is the speed of light (written
in the centimetre—gram-second (CGS) system). Value g is a number of the order of unity,
the value of which depends on the relative contributions of the orbital and spin moments

to the total angular momentum. For most experiments g ~ 2.

3.1.2. Magnetic resonance phenomenon

We considered that a magnetic dipole u = L (3.1) placed in a magnetic field B precesses
around it with an angular velocity wy, = —yB (3.4). This precession creates an oscillating
magnetic moment in any direction perpendicular to the field B, which can interact with
an oscillating magnetic field B coswt, also perpendicular to B. Interaction affects the
motion of the dipole only when the frequency w is close to the Larmor frequency wry.
Thus, we are dealing with a resonant phenomenon. When the resonance condition w =
= wy, is satisfied, component of the dipole pcosa, directed along the constant field B,
can change significantly even under the action of an oscillating field whose amplitude

is By < B. This effect is called magnetic resonance.

Corresponding to the equation (3.5) a change in the p cos & component means a change

in the energy of the dipole W = —uB cos a, which can be rewritten as:
W = —yLB cos «, (3.7)

According to quantum mechanics, the stationary values of the component L cosa of an
angular moment are limited to the values of AM, h(M — 1) ... —h(M — 1), —hM, where
the magnetic quantum number M takes a number of integer or half-integer values. There
is a selection rule AM = +1 for allowed transitions, and therefore, for their excitation,
a radiation with energy

hw =Wy — Wy—1 = —~hB, (3.8)

or with a frequency
w=—yB=uwr, (3.9)

is required. It is simple to determine the numerical value of the resonance frequency. For
the electronic dipole in CGS electromagnetic units (e.m.u.) v = —g(55.), therefore using
the value < = 1.758796(17) - 107 e.m.u. /g we get:

g(e/2m)B

v =y == —— = 1.399 105(¢gB). (3.10)
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3.1. ELECTRON PARAMAGNETIC RESONANCE

The value of g may thus be simply calculated from field and frequency measurements,
since
g = 0.71557 x 10—6(%), (3.11)

where v is in Hz and B is in G. If the measurements were carried out in the centimeter
wave range, the value of g can be expressed in terms of the wavenumber 7 = }(cm™!) or

the wavelength A (cm) and B (here, in kG):
g= 21.4198(%) — 21.4198(AB) . (3.12)

In the case of ¢ = 2 and B = 10.7kG (in CGS, or 1.07T in SI units, further B no-
tation is in T), resonance requires radiation with a wavelength of 1cm. X-band range
(v = 10GHz, B ~ 357mT) radiation has a wavelength of approximately 3 cm, and for
Q-band (v ~ 40 GHz, B ~ 1428 mT) range wavelength is around 0.8 cm.

If a free atom possesses both orbital and spin angular magnetic moments, the value of g
is determined by the coupling between these moments. In the case of LS-coupling (where
L represents the total orbital moment quantum number, and S represents the total spin
magnetic moment quantum number), the resultant angular momentum can be described

by the quantum number J = L + S and the corresponding g value:

3 L(+1)—-S(S+1)
= - — ) 3.13
9=5 2J(J + 1) (3:.13)
For a free atom with an electron dipole moment uy = —g;5.J, the Hamiltonian of the
Zeeman interaction in the field B has the form
H=—(hs B)=g,8(B-J), (3.14)

where § = Qfgc is the Bohr’s magneton. The energy of the stationary state characterized

by the quantum number M and the corresponding component of the angular momentum
AM in the direction of the field B is equal to

Wy = g;8BM. (3.15)

Thus, for the excitation of transitions allowed by the selection rule AM = =41, requires
quanta with the energy
hv = g;8B. (3.16)

This simple form of the Zeeman interaction is valid when the level J is (2J + 1)-times
degenerated at B = 0, is well separated from other levels, that is, the Zeeman energy
g78B < A, where A is the levels separation [Fig. 3.4].

In electron paramagnetic resonance, we deal with transitions between levels, the dis-
tance between which is only a few inverse centimeters. Therefore, only groups of levels

that are degenerate in a zero magnetic field are of interest. Consequently, a convenient
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1
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Figure 3.4: Energy levels splitting of a system with J = % Zeeman effect in the magnetic
field B.

method is needed to describe a group of levels when a magnetic field is applied to the
system. This method is well developed. It uses the concept of an effective spin S, which
is a fictitious angular momentum, such that the degeneration of the group of interest
is equal to (25 +1).

The spectrum of electron paramagnetic resonance consists of lines caused by different
electronic transitions, each of which, in turn, can be divided into a number of lines, e.g.
due to interaction with nuclear magnetic moment. Measuring the spectrum at different
frequencies and orientations of the magnetic field and crystal fields gives a huge amount of
data that does not make much sense until a simple interpretation is found. The solution
to this problem is to use a spin Hamiltonian, the form of which can be guessed based
on the consideration of the crystal’s symmetry, if it cannot be obtained from the theory.
According to equation (3.14), we considered the spin Hamiltonian only in term of the
Zeeman interaction for a free atom in the field B. The most common form of the spin

Hamiltonian contains a large number of terms and can be written as:
H=Hpz+Hrs +Hur +Hnz + 7:lQ, (3.17)
where:
o Hpy= BS - §- B - electron Zeeman interaction,

. 7:[1:5 =S-D- S - fine structure interaction,

Hpyp=I-A-S - hyperfine interaction,
.« H Nz = gnpnd - B - nuclear Zeeman interaction,
. 7:[Q =TI-Q - I - nuclear quadrupole interaction,
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3.1. ELECTRON PARAMAGNETIC RESONANCE

where §, D and A are symmetrical tensors in three-dimensional space. They can be
transformed into their principal axes systems, and are then diagonal.

For instance, one possible way to write the electronic Zeeman interaction is

BB ‘g S = ﬁ(g;mBarS;c + gyyBySy + gmyBacSy + gwaySa: + gyszSz + gszzS;r + gzzBmSz)a
(3.18)
however if we decide for a system in which the (x, y, and z) axes serve as the primary axes,

this simplifies to the following form:
/B(ngxSx + gyBySy + ngzSz)u (3'19)

where the g,, and others can be written in the form of g, for the brevity.

It is necessary to note that EPR experiments are carried out not only in the centimeter
wavelength range. Today the measurements are carried out both in the millimeter and
submillimeter wavelengths. Usually, the intensity increases with increasing the frequency.
The power absorbed by the spin system during the transition between levels o and

is determined by the formula
e We(hv)(ng — ng), (3.20)

where w, is the rate of electronic transitions per one ion induced by an oscillating field,
hv is the quantum involved and n,, ng are the instantaneous lower and upper state
populations. If hv < kT, then the approximate equality no, —ng ~ no(hv/kT) is fulfilled
and it follows from the equation (3.20) that dW/dt increases in proportion to the square

of the frequency, since w. does not depend on frequency.

3.1.3. Hyperfine structure

An electron moves not only in an external field B, but also in local magnetic fields created

by atomic nuclei’s magnetic moments. As a result, the total energy is directed to:

E =gB8BS — giB1BI +alS. (3.21)
The underlying Hamiltonian is

H = gBBS — g;8;BI + al8. (3.22)

Here, a, I , S , g1, Br are the isotropic hyperfine coupling constants, the nuclei and an
electron spin operator, the nuclei g-factor, and the nuclear magneton. The hyperfine struc-
ture (HFS) interaction for resonance field strength is in the 1-10mT range, whereas the
range of resonance field strength of conventional spectrometers in the X-band with a fre-

quency of roughly 9.5 GHz is often much smaller than the Zeeman interaction. As a result,
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3. THEORETICAL BACKGROUND

perturbation theories may be used to account for the splitting of energy levels. Following

rules apply in the undistorted case:
HO = gBB4S8; — 9181 Bz1z. (3.23)
For hyperfine coupling, the operator H is

H = a1 = (SI, + 8,1, + S.1.). (3.24)
The following eigenvalues of energy are given as solutions for the general case:

Emgm; = 9B8Bzms — g1B1Bzmy + amgsm,, (3.25)

where mg, my are the magnetic electron and nuclear spin quantum numbers. For the case

of the spin system, S = %, I = %, shown in Fig. 3.5, four eigenvalues are obtained:

1 1
e1=FEip 1= igﬁBZ + 5915132 —a/4, (3.26)
1 1
g2 =FEyi51/2 = 59532 - 5915132 +a/4, (3.27)
1 1
es=FE_1/5_1/2= —59532 + 5915132 +a/4, (3.28)
1 1
ea=FE_1)3410= —59532 - 5915132 —a/4. (3.29)

The selection rules for EPR transitions are Amg = +1 and Am; = 0. As a result, for
the case of a spin system S = %, I = % shown in Fig. 3.5, the energy differences of the

two transitions are given

1

AFEy, =¢e5—¢e1 =gBBz + 5(1, (3.30)
1

AE34 = &4 —E3 = gﬁBZ — ia. (3.31)

When only the two Zeeman interactions are considered, two distinct transitions occur,
but because Am; = 0, they are energetically equivalent [Fig. 3.5 (c¢)]. Thus, only one
line is produced. Only the addition of the hyperfine interaction results in the predicted
splitting to the two EPR resonances [Fig. 3.5 (c)]. Usually there are several nuclei in
a radical that can interact with the electron. The EPR spectra can thus be very rich in

lines.
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Figure 3.5: The scheme of energy levels, according to the (b) — electron Zeeman, (¢) —
nuclear Zeeman and (d) interaction of the hyperfine structure.

3.1.4. g-factor anisotropy

To explain the behavior of a resonance spectrum when anisotropy is present, we must first
analyze the scenario of an ion with an anisotropic g-factor and no initial splitting of the
energy levels or hyperfine structure. Consequently, the spin Hamiltonian consists just of
the elements provided in equation (3.19). If the field B is oriented so that it possesses
direction cosines (I,m,n) relative to the primary axes (z,y,z) of the g-tensor, then the

Hamiltonian is:

H = BB(lgsSs +mgySy + 1nguSs). (3.32)

If g were isotropic, we could use a new set of axes (Z¢,Ye,2e) With the z, parallel to B, and

the Hamiltonian would simplify (primes are used to relate S to the new axes) to:
H = gBB(S, +mS, +nS,) = g8BS’. (3.33)

where g = g, = g, = g». Clearly, the energy levels are a set of (25 + 1) levels that are
evenly separated in energy by g8B, and the transitions that are allowed are those in which

the component S’, changes by one unit, which means that they need a quantum
hv = gBB. (3.34)
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3. THEORETICAL BACKGROUND

When anisotropy is present, the components off-diagonal in the energy matrix cannot be
eliminated by switching to axis where z. is parallel to B. Nevertheless, it is clear that our

Hamiltonian may be represented in the form
H=gBB(I'S, +m'S, +n'S.), (3.35)

where gl' = gl and so on. If we now establish (I'* + m'?> + n’?) = 1, the Hamiltonian
is identical to the ion one with g-factor, in the field B with the direction cosines (I’,m’,n’).
Consequently, the energy levels will be the same as previously described, and the resonance
condition will be provided by equation (3.34), where, from the normalizing of the apparent

direction cosines (I';m/,n’), we have:

¢ =1¢, + m2g2y +n%g?,. (3.36)

We have essentially diagonalized the energy matrix by adopting a new set of axes in
which the z-axis has direction cosines (I';m’,n’) with respect to the major axes (z,y,z) of

the g-tensor.

7 A

v

X

Figure 3.6: The magnetic field’s orientation in relation to the X, Y, and Z primary axis
system of the g-tensor.

The frequency necessary for the EPR transition, according to the fundamental EPR
resonance eq. (3.34), entirely depends on B and f since the g value in this equation
is isotropic. To account for this angular dependency, equation (3.34) must be adjusted.
The EPR spectrum in the solid state will rely on the relative direction of the applied B

with regard to the paramagnetic particles in the powder:

hv = Bg(9,¢)B, (3.37)
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3.1. ELECTRON PARAMAGNETIC RESONANCE

where 9 and ¢ are the polar angles of the applied B inside the molecular g tensor

primary axis system [Fig. 3.6].

It is enough to remark here that the effective g value may eventually be represented

in a way that includes the angular terms from equation (3.37), as follows:

g(9,p) = \/sin2 V- cos? - g? +sin?J - sin? ¢ - g3 + cos? ¢ - g3. (3.38)

Different g values can be seen in the EPR spectrum as a result of these angular variability.

c

2

g

S (a)

e

g (b)

o

c /

L gII g_l_
90 | 1 | 1 | 1 | 1

()

& 60}

>

[}

i)

S 30t
0

2700 2800 2900 3000 3100 3200 3300 3400 3500
Magnetic field strength (G)

Figure 3.7: Absorption and first derivative EPR lineshape for an axially symmetric S =

= 1 spin system (randomly oriented) are shown in (a) and (b), respectively. The angular
dependence curve is depicted in (c). Taken from [56].

Lower than isotropic symmetry, including such axial (gz» = gyy # ¢-- and Azy =
= Ayy # A..), thombic (gee # gyy # 9-» and Azy # Ayy # A..), monoclinic, or triclinic
symmetry, is more frequently observed in the paramagnetic centers examined in metal
oxides. Consider a fundamental paramagnetic component (S = %), for instance, which
has uniaxial symmetry without hyperfine interaction. This system may be described by
the two primary axis g values g and g, , respectively. The variation in the g value will
simply rely on the angle 9 between B and the z, y, or z axis, as was highlighted in equation
(3.38) for the general case when x = y = z. Equation (3.38) may be simplified for uniaxial

symmetry, where x = y # z:
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3. THEORETICAL BACKGROUND

h
BW) = Fy(\/gﬁ‘ cos2 9 + g2 sin?9) 1. (3.39)

The range of B over which absorption occurs is thus determined by the values of g| and
g1, and two peaks will arise at the field coordinates B|| and B, . For those paramagnets
whose field is oriented along the symmetry axis, which corresponds to an angle of ¥ = 0°,
absorption occurs when the field is aligned along the special axis (B)|). Only a few spins
contribute to the pattern at this orientation, and the spectrum intensity has a minimum
at 2800G [Fig. 3.7]. More spins enter resonance as the field progresses from B to B,
increasing the strength of the absorption line as a result. Since there is now a significant
plane of orientations with the field perpendicular to the symmetry axis, the absorption
peaks at B . Although the first derivative of the absorption is always recorded in the
continuous wave (CW) EPR spectra [Fig. 3.7 (b)], it is still feasible to determine the
values of g and g, from the powder spectrum. Fig. 3.7 (c) depicts the variation in the
resonance absorption (equivalent to the variation in g) as a function of angle ¥ as a smooth
curve with two distinct resonances at B)(g) and By (g1 ). It is crucial to understand that
because the total signal strength is distributed between the field points B) and B, it can
occasionally be challenging to precisely identify g and g, in powder spectra with several

sites or various paramagnetic species.
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3.2. ELECTRICALLY DETECTED MAGNETIC RESONANCE (EDMR)

3.2. Electrically Detected Magnetic Resonance (EDMR)

3.2.1. Fundamentals

The magnetic resonance technique — electrically detected magnetic resonance (EDMR)
has been proven a sensitive (about 107 times greater than electron paramagnetic reso-
nance (EPR) [31]) and powerful method for characterization of charge carriers, defects
and impurities in a variety of semiconductive solids by providing insights into fundamen-
tal physical phenomena of magnetic resonance and aid in-situ studies for further reliable
devices development [65-67]. EDMR is derived from EPR, but its detection scheme is dis-
tinct: spin-dependent processes are monitored via the change in the device’s current or
voltage under microwave excitation. In EPR, the transitions between electron spin energy
levels [see Fig. 3.8 (a), (b)] are measured as a microwave absorption, when the following

resonance condition is fulfilled (for the simplest case of a system with the spin S = %)
hv = g5 B, (3.40)

where h is the Planck constant, v — microwave frequency, § — Bohr magneton, g — g-factor
and B — magnetic field. The splitting of these energy levels in the presence of the magnetic
field is called Zeeman effect [see Fig. 3.8 (a)].

(a) (b)

hv
ANNP

1
+—gpB
Zgﬂ

hu = gfiB
v (c)

1
——gfB
zgﬂ

An increase of B

By B

Figure 3.8: (a) — a diagram of the Zeeman effect for a system with spin S = % placed in the
magnetic field B; h is the Planck constant, v — microwave frequency, 8 — Bohr magneton,
g — g-factor. (b) — The basic principle of EPR detection. The EPR transition in the
sample due to the resonance condition (3.40) is observed as the microwave absorption of
the sample. (c¢) — The principle of EDMR detection. Microwave irradiation flips the spin of
the unpaired electron in the defect center (recombination center) and the spin-dependent
process happens. As a result, one observes a change in the sample current under the
resonance condition (3.40). Note, that a common Zeeman energy splitting is in a range of
peV, whereas the bandgap in semiconductor is in eV.
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In EDMR, these transitions are observed as a change in the electrical conductivity of
the sample [Fig. 3.8 (a)—(c)]. The reasons for causing this change are spin-dependent
processes such as recombination, tunneling, or hopping [68, 69]. In contrast to the EPR,
which is insensitive to these processes, the EDMR can examine these transport mecha-
nisms, as they are based on spin selection rules. As a result of the significance of point
defects and impurities in semiconductor devices, detection of electrical conductivity is pre-
ferred over detection of microwave absorption. Defects concentration in modern devices
is insufficient for conventional EPR, which requires a minimum of 10'! paramagnetic cen-
ters, but EDMR can detect defects, in general, as small as 10° [32, 70], or even a single
electron [33].

This method’s history begins in 1960’s. One of the first EDMR observations was in
1966, where Schmidt and Solomon [20] described spin-dependent recombination of free
carriers, investigated in phosphorus-doped silicon. In 1972, Lepine proposed that the
capture of the conduction electron by the recombination center depends on their relative
spin orientation [71]. Problems developed when this model was unable to account for the
signals observed in later measurements made by other researchers. There were several
prior theoretical attempts to explain the EDMR signal before Kaplan, Solomon, and Mott
[72] turned to Pauli’s permutation-symmetry model based on the Pauli blockade in 1978.
According to the description, charge carriers in localized electronic states first form an
‘exceptional pair’ during a ‘readjustment time’ before a recombination transition happens.
A more thorough explanation of EDMR, as well as a detailed description of several spin-

dependent models, can be found elsewhere [68, 69].

3.2.2. The Lepine Model

In accordance with the Pauli’s exclusion principle (two or more identical particles with
half-integer spins cannot simultaneously occupy the same quantum state within a quantum
system), if the recombination center is paramagnetic (has an unpaired spin), then it can
capture an electron from the conduction band only if the two spins are antiparallel to each
other. In other words, the capture cross section is much higher if the spin of an electron of
the recombination center is antiparallel to the spin of an electron in the conduction band.

Since the spins tend to orient themselves parallel in a magnetic field B, the capture
cross section is small. However, if we apply microwaves with the resonance frequency, it
will start to flip the spins of the recombination centers resulting in the increase of the
recombination rate. The magnitude of this effect is proportional to the microwave power,
and reaches its maximum value when the EPR transition becomes saturated, i.e when the
number of parallel spins is equal to the number of antiparallel spins within the ensemble
of recombination centers. Dependence of the conductivity’s change on the polarization of
the conduction electrons p, and the polarization of the paramagnetic recombination center

P, can be characterized as:
Ao X pePr. (3.41)
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Figure 3.9: Spin-dependent recombination mechanism after Lepine.

Here, according to equation (3.41) was expected a temperature and a field dependence
of the change of conductivity % to be proportional to (%)2. However, it was not verified

in experiment [73] where the low (X-band) frequency EDMR experiments are described.

3.2.3. The model of Kaplan, Solomon and Mott
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Figure 3.10: Mechanism of spin-dependent recombination according to the KSM model.
Recombination probability depends on the spins orientations of the charge carriers within
electron-hole pairs.

Compared to the Lepine model, Kaplan, Solomon and Mott (KSM model) assume
that electrons and holes are captured by recombination centers irrespective of their spin
orientation, and that they form electron-hole pairs [72]. In this model, the electron-hole
pairs can form at some defect, which will then lead to the recombination of excitons. Spin-
dependence of the recombination rate arises due to the formation of an intermediate spin
pair, which is formed before the actual recombination process. In this model only the spin

correlation effect of electrons and holes influences the rate of recombination. Consequently,

25



3. THEORETICAL BACKGROUND

there is no influence of an external magnetic field or the polarization of electrons or holes

on the rate of recombination, which is exactly what was observed in the experiment.
Also, if there is no correlation between the recombination mechanism and the magnetic

properties of the recombination center, electron-hole pairs must be formed at separate but

weakly (or more strongly) coupled donors and acceptors.

3.2.4. The Shockley-Read-Hall Model

@) » O Conduction band
|
4 v hv .
hv A AT
A donor-
i S acceptor
exciton ¢ pair
"4 eh
T recombination
1 =
O » O » (O Valence band

Figure 3.11: Mechanism of spin-dependent recombination after [74]. An electron is cap-
tured into excited state of the paramagnetic recombination center, according to which the
readjustment time depends on the spin orientation of both carriers.

This spin-dependent SRH model was originally proposed by Rong [74]. The key idea
of this model is so-called ‘readjustment time’, during which the charge carriers form an
exclusive pair before an actual recombination happens. Rong assumed that the electron
which was captured from the conduction band goes to an excited state in the recombination
center before it relaxes to the ground state of the recombination center (see Fig. 3.11). The
readjustment time leads to the fact that the captured electron with a spin parallel to the
electron in a paramagnetic center cannot relax to the ground state of the recombination

center, thus the recombination cannot happen and it goes back to the conduction band.

The EPR transition in the paramagnetic recombination center forces the spin to flip,
and the captured electron relaxes from the excited state to the ground state of the recom-

bination center. After this process, it can finally recombine with a hole.

Numerous models have been proposed by researchers associated with electrically de-
tected magnetic resonance in different types of samples, investigating wide range of defects
and impurities. However, each of the models could help in the analysis of the EDMR spec-
trum only in certain cases created for it. There are no ‘versatile’ models for describing
most of effects, but there are parameters by which one can determine which of the models

fall under a certain mechanism [3.12] of spin-dependent processes [32, 68].
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Figure 3.12: EDMR mechanisms described in [32]. Adapted from [32].

3.2.5. Other EDMR Models

As shown by reference [32], the EPR-induced hopping process, including EPR-energy
transfer and spin-flip hops models, is the primary mechanism responsible for the low-
temperature EDMR signal in highly-doped n-type SiC monocrystals with N donor con-
centrations close to but below N..;; for Mott metal-insulator transition.

Based on the EPR-energy transfer model [75], the localized electron at site « is first
excited to the upper Zeeman level by absorption of m.w. energy, then the localized electron
at the Fermi level moves from site 3 to site k via exchange interaction with the electron at
site o [Fig. 3.13]. In this condition, the spin-orbit interaction must be considered because

the exchange interaction conserves the total spin of two electrons.
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Figure 3.13: EPR-energy transfer model. ep — Fermi level. Adapted from [32].

The spin-flip hops model [76] explains hopping between occupied states, which is spin-
dependent, as an electron can only hop to sites occupied by an electron with antiparallel
spin orientation. The probability of discovering sites with antiparallel spin orientations

increases as a result of spin flips enhancing the hopping process. In this situation, the
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hopping time must be significantly shorter than the spin-lattice relaxation time. First,
the electron at site o absorbs a m.w. phonon, which excites it to the upper Zeeman level
[Fig. 3.14]. There are two contributing processes to spin relaxation. The first corresponds
to normal spin-lattice relaxation, in which the electron returns to the lower Zeeman level
and emits a phonon with the energy hvphonon = AV ... The second process occurs when
an electron hops to a nearby ionized donor, reverses its spin, and emits an energetic
phonon hvy, ., — Ae (Ae — difference in the potential energy of the donors o and f).
Further mechanism can make a non-negligible contribution to conductivity: the electron
at site « is excited to the upper Zeeman level, followed by a hop to site 3’ accompanied by
a spin-flip as the required energy decreases (occurs when the potential energy difference

between a and ' (Ag’) is comparable to the EPR energy hvp,..).

Figure 3.14: The spin-flip hops model. (1) — the normal spin-lattice relaxation process,
(2) — the process of electron hops to a neighboring ionized donor reversing its spin and
emitting a phonon of energy hv,, ., — Ae. (2’) — the electron at site « is excited to the
upper Zeeman level and then the hop to site 5’ accompanied by a spin-flip since the energy
needed has diminished. Adapted from [32].

One more mechanism that results in additional hopping has been described for 6H SiC
[32] — resonant m.w. absorption at very low temperatures in the variable-range hopping
(VRH) mode [Fig. 3.15]. In this model, an electron at site a can jump to the vacant site
8 by absorbing a m.w. photon, resulting in an energy separation between the two sites

equal to the energy of the photon. For this ¢,3 value, there exists a definite number of N
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donor pairs consisting of one ionized donor and one neutral donor with an approximate

energy difference of m.w..

Figure 3.15: The resonant m.w. absorption process.
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Figure 3.16: EPR-induced temperature increase mechanism responsible for appearance of
low-temperature EDMR signal in VRH regime in 6H SiC [32].

The appearance of the EDMR signal in the VRH regime in highly N-doped 6H SiC
monocrystals is attributed to the EPR-induced temperature increase mechanism, accord-
ing to [32]. This process’s corresponding model is depicted in Fig. 3.16. First, the spin
system absorbs the photon energy and then loses it via diffusion to the lattice (spin-lattice
relaxation), allowing photon absorption to continue. The m.w. source transfers energy to
the investigated sample, which then transfers energy to the environment. Conductivity in-
creases with sample temperature in the absence of heat removal mechanisms. In addition,
spins can lose m.w. energy directly at the Fermi level (hopping), resulting in an increase

in conductivity.

29



3. THEORETICAL BACKGROUND

3.3. Summary

This chapter reviewed the fundamental concepts of the phenomenon of paramagnetic res-
onance, explaining the determination of the magnetic moment of the electron and its
behavior in the presence of an external magnetic field and microwaves. In addition, we
demonstrated that electrically detected magnetic resonance depends directly on electron
paramagnetic resonance. Furthermore, we investigated the spin-dependent recombination
mechanisms that are integral to electrically detected magnetic resonance. Several models
were considered in order to characterize the spin-dependence mechanisms. The future
chapter presents a review of existing instrumentation for EDMR, as well as a comparison

of existing setups and methodologies.
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This chapter provides an introduction to EDMR instrumentation, an explanation of the
EDMR measurement principle, an examination of existing EDMR solutions, and a com-
parison of the parameters of existing EDMR research instrumentation. Determining the

constraints of existing EDMR setups based on sample size and frequency increase.

4.1. Review

(a) m.w. (b) m.w.
source source
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Magnetic ®
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Figure 4.1: Simplified scheme of difference between (a) EPR experiment — detection of
absorbed energy by the sample and (b) EDMR — detection of change of a current I, by
applying voltage Ug.

Standard continuous wave (CW) EPR utilizes microwave sources to irradiate the sam-
ple inside the m.w. resonator, which is located in an external magnetic field B. A common
way to significantly improve the signal-to-noise ratio is to modulate the external field and
to use the phase sensitive detection. As a rule of thumb, the modulation amplitude should

not exceed the width of the EPR line in order not to distort the line shape. While sweep-
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ing the B value over the resonance range with matching m.w. absorption, the spectrum
is recorded. The change in m.w. power is recorded at the frequency of the field modulation.

An EPR spectrometer must meet five key technical requirements:

(1) A powerful, uniform, and steady magnetic field is required;
(2) There must be low-noise microwave sources;

(3) Low-loss m.w. transmission line should be configured;

(4) The resonator must have as high Q-factor as possible;

(5) The noise floor of the m.w. detector should be less than EPR~caused changes in

m.w. power reflected in the resonator.

As previously stated, EDMR is engaged in the detection of changes in a material’s
conductivity under the resonance condition in the paramagnetic centers, which are at-
tributable to spin-dependent processes. As a result, we are not interested in m.w. ab-
sorption in EDMR, and the aforementioned key requirement (5) can be ignored; however,
condition (4) must be partially met in terms of resonator coupling to ensure the proper
m.w. power transfer from waveguide to the cavity. The crucial difference between EPR
and EDMR is the detection system [Fig. 4.1]. In the case of EPR, we observe the polariza-
tion of the spin ensemble, and in EDMR, we measure the change of the current or voltage
in the sample. As a result, we can add three additional key requirements for the EDMR
spectrometer: (1) a stable voltage source, (2) a low-noise current preamplifier, and (3)
reliable sample connectivity. The first two can be combined in one device (e.g., Stanford
Research Systems SR570). The reliable current preamplifier is necessary since, in EDMR,
the current change under the resonance condition is usually in the pA range, making often
it challenging to discern the EDMR signal over the background noise brought on by simple
interference with lab equipment.

Measurement results in EPR and EDMR match only by the Landé factor of detected
spins. In this thesis, the dynamics of spin systems and pulse methods for their determina-
tion will not be addressed. However, the pulsed EDMR technique as well as a description
of the setups can be found elsewhere [18, 77-81] Instead, we will focus on CW EDMR,
which means that the sample is exposed to a continuous wave m.w. irradiation at a fixed
m.w. frequency while the magnetic field is swept and vice versa - frequency domain EDMR
(FD EDMR).

Before 2000’s, there were no commercial solutions for EDMR. In general, the EDMR
method was implemented directly on the EPR spectrometer with the modification and
refinement of some modules. Quite recently, commercial systems were manufactured for
EDMR as well, which are shown in [Fig. 4.2]: a Blue Spin (Blue Spin LLC, USA) low-
frequency EDMR spectrometer and a JEOL EDMR (JEOL, Japan) control unit [82].

Blue Spin LLC is an industry leader in the development and manufacture of zero-field

and low-field EDMR spectrometers. These spectrometers make it possible to identify
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Figure 4.2: (a) — The photo of the Blue Spin low-frequency EDMR setup (Blue Spin LLC,
USA) and (b) — JEOL EDMR controller (JEOL, Japan).

atomic-scale defects in nano- and microelectronics that have been fully processed. The
company was founded in 2013. Spectrometers from BlueSpin are used extensively to im-
prove the reliability of studied devices and for the research of spin-dependent mechanisms
in electronics. Also, they are roughly 107 times more sensitive than conventional EPR
spectrometers. In addition, they are significantly less expensive, require less power to op-
erate, and occupy a much smaller space. Also, they are able to detect defects in a variety
of devices, including MOSFETs, bipolar transistors, diodes, solar cells, and thin-film di-
electrics. Defect detection is also possible in numerous material systems, including silicon,
silicon dioxide, silicon carbide, gallium nitride, organic semiconductors, etc [83-86]. Most
of other setups are based on bench-top or stationary X-band EPR spectrometers, which
are limited in the magnetic field range, frequency and / or temperature control. In bench-
top spectrometers, pumping of liquid nitrogen is mainly used, which allows (at best) to
cool the sample to ~ 80 K, which in principle limits the range of research. The maximum
magnetic field in these spectrometers is around 0.5 T, obviously limited to the dedicated
spectrometer’s band range. Refer to Table 4.1 for a comparison of typical microwave bands
and their corresponding frequency ranges.

In a truly diverse EDMR setup [Fig. 4.3], the magnetic resonance technique is incor-

porated into the wafer probing station. The magnetic field B is implemented by mounting
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Table 4.1: Common microwave bands and their corresponding frequency ranges given by
Bruker Corporation with the magnetic field values for a sample with g = 2.

Waveband | Frequency range | EPR frequency | Resonance field
designator (GHz2) (GHz2) (mT)
L 1-2 1 35
S 2-4 4 142
X 8-12 9.6 349
Q 33-50 34 1213
W 75-110 94 3354
mm 110-300 263 9400

an axially magnetised annular neodymium permanent magnet (grade = N52) on a vertical
translation stage above the wafer chuck. The non-resonant probe has the ability to gener-
ate B field (microwave magnetic-field component) in a small region that is at least several
orders of magnitude higher than a typical TEqgo cavity. In light of this, the non-resonant
microwave probe ought to have a higher degree of sensitivity in comparison to a conven-
tional EDMR resonator in terms of these relatively inconspicuous regions of excitation.
In spite of the fact that the Bj field is not uniform in larger devices, modern ones have
an active area that is less than 2 microns, and as a result, it is uniform under the kind
of dimensions that are being considered here. Astounding as it may sound, the probing
station itself is able to perform Bj field spatial profiling on a device that is continually
operating. In this configuration, the spectra are obtained by varying the frequency of the

microwave source [36].
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Figure 4.3: An illustration of the key components for the wafer-level EDMR spectrometer.
Taken from [36].

Numerous EDMR studies employed commercial EPR spectrometers with minor mod-
ifications to the detection method [18, 87, 88]. Consequently, the microwave frequency

and the magnetic field range are defined by the vendor in EPR spectrometers for their
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particular application (e.g., commercially standardized X-band in CW and pulse modes,
see Table 4.2). Thereby, the EDMR capabilities directly depend on the EPR setup itself.
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Figure 4.4: (a) — The photo of the Bruker ELEXSYS E780 spectrometer, (b) — Bruker
ELEXSYS-II E580 (Bruker Corporation, USA) and (¢) — Magnettech ESR5000 (Bruker
Corporation, USA).

In the most basic form of approximation (not taking into account transistors and func-
tioning electronic devices), one of the various methods for contacting the sample for EDMR,
measurements consists of two connections coming from the sample to which a specified

voltage (depending on the sample itself) is applied and the current is being read. The
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Table 4.2: A short comparison of existing EDMR research setups. MD — magnetic field
domain (magnetic field sweep, constant frequency), FD — frequency domain (frequency
sweep, constant magnetic field), CW — continuous wave.

Re- Frequency range | Ref-

search ﬁzghods Setup type (GHz) / Magnetic | er-

field field max (T) ences
Conventional

Solar ] Commercial X-, Q-band and )

colls CW and pulse 963 GHz 10, 35,263 / 1.2, 9 [18]
modes

Wafer- . Homebuilt low frequency ( [36,

based CW and Rapid | 500 M), X-Band wafer- | < 0.5,10 /0.1, 1 38, 89,

. Scan . :

devices probing station 90]

Quan-

tum . [33,

comptt- CW and pulse Commercial X-band 10/1 41-43)

ing

. CW MD and | Homebuilt THz FraScan spec- [52,
Hybrid FD Rapid Scan | trometer 80-1100 /16 91]

stability of the voltage source here plays an important role for measurement accuracy. For
such measurements, current changes occur in the range of nano and microamps. Fig. 4.5
shows one of the possible current detection schemes, which may differ depending on cer-
tain spectrometer [92]. In [93], the current-to-voltage converter includes a constant voltage
source for applying a constant voltage to the sample. In the transimpedance amplifier, the
current signal is transformed to a voltage, which is then filtered by a bandpass with a lower
cutoff frequency of 1 Hz in order to eliminate the DC-component of the current. Adjusting
the upper cut-off frequency one controls the time resolution of the detection configuration.
The signal is subsequently amplified to an appropriate level for the transient recorder of

the Bruker spectrometer (Bruker SpecJet).
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Figure 4.5: One of possible EDMR current detection scheme, (Ug) — voltage applied, (1)
— measured current, (Uc) — converted voltage, (T'/A) — transimpedance amplifier, (fr)-
bandpass filter, (Amp) - amplifier, (A/D) — digitizer. Adapted from [92].

Nowadays, there are a sufficient number of companies manufacturing EPR spectrom-
eters. The world’s leaders are Magnettech (Magnettech GmbH, Berlin, Germany)!, Jeol
(JEOL Ltd., Tokyo, Japan) and Bruker (Bruker Corporation, Massachusetts, U.S.) [Fig.
4.4]. The latter one is the most popular among EPR spectroscopy. The three main models
which can be highlighted are X-Band Elexsys-II E500, Q-Band /W-band E580 and mm-

wave Elexsys E780. For many decades, spectrometers of this company were held in high

'Magnettech’s EPR business acquisition by Bruker Corporation was announced in 2019.
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esteem because of their stability and reliability. All of them are designed for a wide range
of studies of different materials. In our case, we will focus on semiconductor solid state
materials. One of the main criteria, in addition to the value of frequency and a magnetic
field in EPR spectrometers, is also the dedicated space for the sample. It depends on the
size of the resonator, e.g., for the X-band — this is a tolerance of about 5 mm in diameter
for the sample loading space, the Q-band is no more than 2mm, the W-band has about
half a millimeter. Consequently, it becomes highly difficult to place a device or a sample
of working dimensions as frequency increases. To solve this problem at higher frequencies
(> W-band), scientists developed another method — a non-resonant cavity-free probe using

quasi-optics for m.w. propagation [94-97].
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Figure 4.6: An example of contact-pad with IDE-contacts for solar cell measurements in
X-band resonator. Taken from [93].

Important to consider is the method of sample contact. All further justification is con-
tingent on the specific sample. As stated previously, the sample size is constrained by the
size of the resonator, which is dependent on the spectrometer’s operating frequency. Tak-
ing into account only X, Q, and W-band standardized resonators, modern systems have
standard quartz tubes for sample loading, thereby reducing sample size. Under conven-
tional measurement conditions, the quartz tube must be sealed (or closed), and there must
be a certain amount of pressure and refrigerant vapor between the tube and the resonator.
As shown in Fig. 4.6, for instance, the grey rectangle on the right side determines the
position of the sample, assuming it is in the aforementioned quartz tube, which is located
in the center of the resonator. The most suitable dimension for X-band is a 2.5 x 2.0 x
1.0 mm, taking into account the mounting of the sample on a specialized holder. However,
with the increasing of m.w. frequency, it is possible to enlarge the space for placing the
sample as, for example, this is done in [18] using non-resonant probehead, which is de-
picted in Fig. 4.7. This sample holder provides the space maximum of 5 mm in diameter
for the sample. But also, in addition to the non-resonant probehead, the Elexsys E780
mm-wave EPR spectrometer can use a TEg;; m.w. resonator [18].

To summarise the limitations of EDMR setups based on a common EPR spectrometer,

we can note:

o Frequency range and magnetic field are typically set to the specified band (X-, Q-,
W-, etc.).
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Figure 4.7: Photograph (a) and schematic section (b) of the 263GHz EDMR non-resonant
probe head. Taken from [18].

o The sample size is determined by the dimensions of a particular resonator (and

sample space decreases at higher frequencies).

e To achieve high sensitivity in CW EDMR, without the need for high m.w. power, the
resonator should have Q-factor as high as possible and it must be critically coupled
to the m.w. transmission line. Conductive components and metallic contacts of
the sample, which are unavoidable in EDMR samples, are typically a hindrance
to achieving high Q values. While this is a small issue for some low-temperature

experiments at X-band, it becomes a significant one at higher m.w. frequencies
(Q-band and higher).

Consequently, an increasing number of custom-built solutions are being developed for

a variety of particular samples and detection methods in EDMR, described in this chapter.

4.2. Summary

To understand why different frequencies and magnetic fields are required, consider the
theory stated in the previous chapter. We would want to obtain an EPR spectrum in
which the components of the spin Hamiltonian are visible even from a cursory look of the
spectrum’s properties. Each component of the spin Hamiltonian is responsible for essen-
tial sample-specific information. The Landé factor value can provide information about
paramagnetic particles, such as their electronic state and symmetry. Nuclear superhy-
perfine interactions provide us with the number and distance to the nuclei surrounding.
Some characteristics, such as line width and anisotropy, may cover some of the features
we want to understand. Higher magnetic fields, for example, make the Zeeman splitting
component more dominant, overcoming second-order effects. However, by using different

frequencies for EPR measurements, we can operate with different magnetic fields to fulfill
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the resonance condition, emphasizing the influence of the spin Hamiltonian components
that are dependent or independent of the magnetic field, and we can obtain precise values
of the spin Hamiltonian parameters.

High Field / High Frequency EPR has been shown to be effective for studying high-
spin ions, spin clusters, and single molecule magnets (SMMs) with magnetic interactions
and anisotropy in the THz frequency range [51, 98—-100]. The electrical characteristics,
flaws, and structure of carbon-related nanomaterials have been studied using high-field
/ high-frequency EPR [101, 102]. Performing EDMR at higher (mm range) frequencies
and fields can yield more accurate data with high resolution [53], and it can also allow
examination of materials for which conventional setups cannot supply enough information
for various technical reasons.

As we mentioned earlier, the EDMR technique can be used for the spectroscopic char-
acterization of renewable energy elements, such as a photovoltaic devices on a nanoscale
[18], study of the important recombination centers [103], silicon field-effect transistors [104],
MEH-PPV-based diodes [105], organic light-emitting diodes (OLED) [44] and others.

Regarding the development of differentiated hardware approaches, for example, with
the development of EDMR wafer probing stations [36], it becomes possible to analyze
semiconductor devices in-situ on top of the wafer and spatially distribute the application
of the B; field.

For a more conventional method, we may refer to the Bruker E-780 spectrometer,
which operates at 263 GHz with a magnetic field of 12T. This configuration employs
a non-resonant probe system with a quasi-optical front-end. The sample diameter can be
as large as 5 mm.

In conclusion, taking into account the above described limitations of the modern
EDMR spectroscopy, we developed THz EDMR setup based on the THz FraScan spec-
trometer. The following section contains the general description of the THz FraScan

spectrometer, its possibilities and limitations, as well as its EDMR, implementation.
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5. THz EDMR Setup

This chapter describes the development of an EDMR setup based on the THz FraScan
EPR spectrometer (located in CEITEC, Brno, Czech Republic) which works within the
frequency range of 80-1100 GHz and in magnetic fields up to 16 T [91] along with the
detailed description on the EDMR sample holder, EDMR detection scheme and sample

preparation.

5.1. General overview of THz FraScan Spectrometer

Figure 5.1: The photo of THz FraScan spectrometer located in CEITEC, Brno University
of Technology, Czech Republic. The photo was taken with ‘open’ moving table (1). (2) —
QO components under the protecting shield. (3) — Home-built airlock system as a part of
variable temperature insert (VTI) of the superconductive cryogen-free magnet (5). (4) —
The EPR probe loaded into VTI. (9) — The VTI pump. The spectrometer’s rack on the
right side of the photo is consist of temperature control unit (6), spectrometer’s PC (7)
and the magnet power supply (8).
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Fig. 5.1 provides a general overview of the THz FraScan spectrometer located in
the research group ‘Magneto-optical and THz Spectroscopy’ at the Central European
Institute of Technology (CEITEC), Brno University of Technology, Brno, Czech Republic.
The spectrometer consist of moving table (1), which slides into operational mode via the
magnet frame rails. (Note, that the photo was taken when the spectrometer is in the
‘open state’). On top of the table the quasi-optical (QO) components along with the m.w.
sources and the m.w. detectors are hidden under the Plexiglas protection cover. The
magnet frame for the operational mode moves (according to the photo — on the right side)
to the certain point until the EPR probe (4) with the m.w. window is coupled with the
QO table. The EPR probe is inserted in the variable temperature insert (VTI) of the
superconductive cryogen-free magnet (5) through the home-built airlock system (3) which
prevents the air contamination of the pure He environment. A dry scroll pump (9) creates
a constant He flow in the close-cycle VTT with the pressure of ~ 10 mbar in the sample
space. To the right of the magnet frame is the spectrometer’s rack, which contains a PC
(7) that controls the spectrometer as a whole, the temperature control unit (6), the magnet

power supply (8), and other equipment.

Fig. 5.2 depicts a schematic illustration of the EPR probe. The probe consists of either
a 430 GHz or 100 GHz corrugated waveguide (Thomas Keating Ltd., UK) and is made of
German silver. It is approximately 1 meter in length. The probe head is equipped with
three separate signal connectors (Fischer Connectors SA, Saint-Prex, Switzerland) and
a home-built optical fiber feedthrough (described in the next sections). Each of the signal
connectors serves a particular function; with one, the signal from the sample is measured,
with another, the temperature and magnetic field, and with the third, the modulation coil
is being powered. The m.w. window is made of 70 microns thick of Mylar foil. The probe
is positioned in the center of the non-magnetic stainless steel shield tube and surrounded
by thermal shields. During the measurement mode, the EPR, probe is loaded into the VTI
space of the cryogen-free superconductive magnet until a certain point (when the sample
is in the center of the magnetic field) and the necessary connectors are attached. After
the EPR probe has been loaded, the moving table [Fig. 5.1 (1)] will be moved to a specific
position so that the m.w. window of the EPR probe can be coupled with the m.w. output
of the QO table. Depending on the dedicated frequency range, the spectrometer can be
finely tuned to specific requirements (in the available frequency of 80 GHz to 1.1 THz).
The sets of m.w. sources, m.w. detectors and QO compomnents (e.g. Faraday rotators)

must be changed to the dedicated frequency range as well as EPR probes.

This setup works in various modes for different specific techniques, which involve EPR.
However, in this thesis only the EDMR side will be highlighted. Development of the THz
FraScan spectrometer began in cc. 2017 and on the photo it is fully operational (June
2020). However, a more complete version of the spectrometer in terms of EPR, RapidScan,

and other techniques is available in [91].
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Figure 5.2: The detailed schematic illustration of the EPR probe with attached EDMR
sample holder and the optical fiber.

5.2. Experimental Setup

We demonstrate the deployment of the EDMR, approach in high magnetic fields and high

frequencies using our THz FraScan spectrometer to extend the technique’s current research
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possibilities. EDMR measurements on strongly nitrogen-doped 15R SiC monocrystals are
used to illustrate the setup’s functionality in the following chapter. This section discusses

the experimental setup and the EDMR detection scheme.
As previously stated, aiming for higher frequencies in EDMR using standard EPR

spectrometers is already problematic at Q-band due to the limited volume for the sample
in the cavity, which is 2mm (in diameter) and half a millimeter at W-band. As a result,
placing a functioning device or a sample of working dimensions becomes exceedingly chal-
lenging with increasing frequency. The non-resonant cavity-free configuration of the THz
FraScan spectrometer, on the other hand, eliminates this issue. Apart from the setups
that use microwave (m.w.) cavities, higher frequency (> W-band) solutions use quasi-
optics (QO) for m.w. propagation. Quasi-optics, in our case, is a set of instrumentation
such as elliptical mirrors, absorbers, Faraday rotators, etc. for the free-space propagation
of THz-range Gaussian beam [106, 107]. Because the QO supports broadband operation,
the frequency sweep option becomes possible. Fig. 5.3 depicts the general layout of the
EDMR setup. The quasi-optical m.w. bridge has two operating modes: EPR and EDMR.
A series of active and passive multipliers (Virginia Diodes Inc., Charlottesville, USA) al-
low the gap-less generation of microwaves with the frequencies ranging from 80 GHz to
1.1 THz. The EPR experiment requires both m.w. sources and m.w. detectors, whereas
the EDMR measurement simply requires one m.w. source. Microwaves from the QO
bridge propagate through the EPR probe’s oversized corrugated waveguide and irradiate
the sample put in the holder, which is connected to the EPR probe’s end. A cryogen-free
superconducting magnet system (16T, Cryogenic Ltd.) houses the EPR probe, so that
the sample is located in the middle of the magnetic field. A home-built airlock prevents
the system’s contamination by air during inserting/extracting of the probe. The magni-
tude of the magnetic field is read from the magnet’s power source for the majority of the
experiments. A reference sample with a known g-factor should be used to precisely deter-
mine the magnetic field (in this work we used Cr3* : MgO (g = 1.9797) standard sample).
In the variable temperature insert (VTI) space (5) the temperature can be varied from
300K to 1.8K and can be measured precisely via a temperature sensor (3). The EPR
probe head has three signal connectors and one optical fiber feedthrough (2), which allows
to use different light sources (in this work we used diode lasers with the wavelengths of
403-636.7nm and the broadband SLS201L lamp (Thorlabs, Inc., Newton, NJ, USA) for
the EDMR experiment. Also, it contains a m.w. window made of Mylar foil (thickness of
~ 70 um), which isolates the VTT highly pure He atmosphere from the ambient air.

A common EDMR experiment requires the detection of extremely small changes of
electric current in pA range, and for this reason we use SR570 (Stanford Research Sys-
tems Inc., Sunnyvale, CA, United States) current preamplifier. Depending on the sample’s
required bias voltage, the different biasing source can be used. However, to avoid addi-
tional noise pickups, we used the SR570’s internal circuitry, which provides the biasing
voltage of -5..4+5V. Additionally, we use a phase-sensitive detection (PSD) approach to
substantially improve the signal-to-noise ratio (SNR) [108]. For the PSD method we use
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Figure 5.3: General scheme of THz EDMR setup. (1) — Microwave window, (2) — optical
fiber feedthrough, (3) — temperature and magnetic field sensors, (4) — EPR probe, (5)
— variable temperature insert (VTI) space, (6) — EDMR sample holder, (7) — Lock-in
amplifier communication. QO — quasi-optics, MM — multimodal, m.w. — microwave. Data
cables are indicated in violet color, signal cables — black, power — red color.

the magnetic field modulation, created by a small coil around the sample, as shown in
the following section. The amplified signal from the sample is demodulated via an MFLI-
500KHz (Zurich Instruments Ltd., Zurich, Switzerland) lock-in amplifier, a home-written
LabView program [see Appendix (9)] controls spectrometer’s equipment and acquires the
EDMR signal from the lock-in amplifier. To the end of the EPR probe we attach the
EDMR sample holder, which is described in the next section.

5.3. THz EDMR Sample Holder

The materials for the sample holder [see Fig. 5.4] were chosen based on the given condi-
tions for a high magnetic field and low-temperature environment. The body of the sample
holder and the inner base were made of polyether ether ketone (PEEK), which is a col-
orless organic thermoplastic polymer in the polyaryletherketone (PAEK) family, widely
used in engineering applications. This material is able to withstand such extreme condi-
tions. A commercial optical fiber collimator 300051 (World Precision Instruments Inc.,
Sarasota, FL, USA) uses a non-magnetic stainless steel shell; the mirror holders were man-
ufactured from a phosphor-bronze sheet (thickness of 0.2mm). Broadband 5mm square
UV enhanced aluminum coated, A/10 mirrors (Edmund Optics Inc., Barrington, NJ, USA)
(250-700nm) (c) in Fig. 5.4 direct a light beam from the collimator to the sample. Dur-
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Figure 5.4: (a) — Schematic illustration of the EDMR sample holder. (1) — Collimated
light beam. (b) — The sample holder is attached to the corrugated waveguide. (c¢) — The
printed circuit board with mirrors and the sample. The allowed sample dimensions in this
configuration are 10mm x 10mm x 7mm (L x W x H), the microwave aperture is 5mm
in diameter.

ing cooldown and warmup of the VTI space the light reflected from the mirrors has no
significant sight of deviation [see following subsection]. The sample is placed on a custom
printed circuit board (PCB) with gold-plated copper electrical connections and FR-4 in-
sulation (woven glass and epoxy). Using a PCB as a sample plate has the advantage of
having reliable electrical connections and also providing mechanical and thermal stability.
For instance, in the ‘ambient’ mode, when the microwave source and the current to the
modulation coil are off, the difference in the temperature of VTI space and the sample can
be less than 2 K, in the measurement mode m.w. source and the modulation coil produce
additional heat and the temperature difference can be up to 5-6 K. In the case of EPR
measurements, the end of the smooth-wall waveguide [Fig. 5.4] must be as closest as pos-
sible to the sample to avoid losses of scattered reflected waves. Since we are not interested
in detecting the EPR signal, and, consequently, in the reflected microwaves, the waveguide
is located about 7mm above the sample, to allow for additional tolerance for the sample
height and proper light beam alignment using the mirrors. Nonetheless, the sample holder
has the ability to measure EPR with measured losses (-17.8 dB, Fig. 5.10), but enough to
locate the EPR signal while calibrating the magnetic field sweep window. The whole space
for the sample can be adjusted by manufacturing a PCB (the diameter of PCB is 36 mm),
while now the space is limited to 10mm x 10mm x 7mm due to mirrors, temperature
sensor and the signal terminal alignment. The height of 7mm is considered when the light

excitation is not used, otherwise the sample height of 2-3 mm is recommended because
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of the required space for the light beam propagation. The microwave aperture is 5 mm
in diameter. Depending on the sample’s size it can be arranged spatially on PCB in the
way that the m.w. aperture and the light (spot of which is 2x3 mm) covers the dedicated

area.

5.3.1. Sample preparation

Au contact “rails”

Ag-based paint

GE low temperature
varnish

15R SiC sample

Glass substrate

Au-coated PCB
contact pads

Figure 5.5: The photo of the top view of the prepared sample on the PCB. The width of
the glass substrate is 2mm. The dimensions of the 15R SiC sample is 3.5 mm x 0.8 mm x
0.4 mm.

In our setup we can place the sample directly onto the PCB board or replace it with
the custom PCB with exact diameter of 36 mm. In the case of using our PCB board, we
can place the sample on the surface with certain kinds of non-conductive adhesives [Fig.
5.5]. Depending on the sample’s dimensions, the vacuum grease can be used to hold the
light-weight samples on the PCB’s surface. If the sample is flat (thin film, etc.) - we can
use either the Kapton ® Tape (DuPont de Nemours, Inc., Kapton ® Tapes, Torrance, CA,
U.S.) or the GE Low Temperature Varnish (Von Roll USA, Inc., NY, U.S.).

Concerning the EDMR signal and its stability, it is directly dependent on proper
sample contacting when exposed to cryogenic temperatures and high magnetic fields. The
choice of contact type must be approached carefully depending on the sample itself, taking
into account mentioned above conditions. The best way to contact the sample is wire
bonding with Au or Al wire which are ‘EPR-silent’ materials. When the sample does
not have deposited contact pads, one of the best solutions is to use conductive adhesive.
We experimented with various conductive adhesives, and some of the carbon-based ones

may introduce an unwanted EPR signal. As a result, we used the Ag-based paint, which
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demonstrated that it can be used even at liquid helium temperatures and provides excellent
contact. In this work the 15R SiC monocrystal was attached via Ag-based paint to the
glass plate with spattered gold contact pads, which, in turn, were connected to the PCB
board!. All signal wires connect to the signal terminal, which also houses contacts for

dedicated sensors.

5.3.2. Light beam alignment determination

(a) (b)
Ag-based paint
Au wires
Sensitive area &= Y
Anode ~= . =

o

provoly

ot 202

R :

‘ a7 ‘1-"3“"3 \ —d—y B
Cathode -

Solderable
Planar Photodiode

Figure 5.6: (a) — The photo of the attachable PCB board with the sample and the mirrors.
Red circles are indicating the bronze mirror holders. (b) — Printed circuit board with
attached planar photodiodes as a beam calibration sensor.

To propagate the light beam inside the sample holder, we use a multimodal optical fiber
FT400EMT (Thorlabs, Inc., Newton, NJ, USA) that is connected to a collimator 300051
(World Precision Instruments Inc., Sarasota, FL, USA) as it was mentioned earlier. The
beam of light from the collimator goes to the 5 mm square UV enhanced aluminum coated,
A/10 mirrors (Edmund Optics Inc., Barrington, NJ, USA), which, in turn, direct this beam
to the sample. The mirror holders [Fig. 5.6 (a)] were made from 200 gm phosphor-bronze
sheet and manually adjusted to the point of light reaching the sample. This configuration
allows to manually adjust the location of the light spot on the sample based on its height
or to illuminate a specific part of the sample.

To make sure the beam does not deviate under extreme conditions (up to 7' = 3K and
B = 16T) after the calibration was done, we have created a specific sensor [Fig. 5.6
(b)] that can allow us to determine the exact position of the beam spot in the working

conditions.

! As the glass substrate was a part of the sample holder for the X-Band, when EDMR was measured
on this sample, it was contacted in this particular manner to ensure the most precise sample position and
position of the Ag paint contacts for THz EDMR measurements.
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Figure 5.7: Image plots represent the position of the beam shone on photodiode array at
different temperatures. White color shows the maximum light intensity. The red circle
represents the approximate position of the light spot. The size of the spot is approximately
2 x 3mm.

Collimator

Smooth-wall
waveguide
feedthrough

PCB with the
photodiode array

Inner base of the
sample holder

Optical fiber

Figure 5.8: The photo of the inner base of the THz EDMR sample holder during the
optical system calibration. The first prototype of the planar photodiode array is on the
PCB.

The sensor consists of the printed circuit board (PCB) that repeats exact dimensions
for a PCB of the sample holder. In the sensor we used SLCD-61N8 soldareble planar
photodiodes (Advanced Photonix, Camarillo, CA, USA) arranged in the 6x2 array. The
cathode side is attached to the PCB via Ag-based paint and the anodes were wirebonded
with Au wire.

We created a program in LabView that reads out the current value of each of the
photodiodes. In this program, we reproduced the location of the photodiodes in the

array, assigning white color as the maximum light intensity and black as the absence of
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light. During the cool down and warm up process of the VTI sapce we recorded the
representation of the maximum light intensity position on each photodiode, shown on the

Fig. 5.7 for four different temperatures.

As we can see from the Fig. 5.7, there is no significant sight of light beam deviation

was found. Thus, this configuration can be used down to 3 K.

5.3.3. Microwave losses

VNA with frequency
4 extender

EDMR sample holder

= Off-axis elliptical mirror

E / EPR probe head

e

Figure 5.9: Microwave losses measurement scheme layout for the THz EDMR sample
holder using 26.5 GHz VNA (R&S®ZNA26, Rohde&Schwarz, Germany) and a 325-500
GHz frequency extender (R&S®ZC500, Rohde&Schwarz, Germany). The dashed line

indicates the m.w. beam.

A vector network analyzer (VNA) is a testing tool that characterizes the radio-
frequency (RF) performance of microwave devices using network scattering characteris-
tics, also known as S-parameters [109]. We performed the VNA measurements of the
reflection parameter Si; using a 26.5 GHz Vector Network Analyzer (R&S®ZNA26, Ro-
hde&Schwarz, Germany) with a 325-500 GHz frequency extender (R&S®ZC500, Ro-
hde&Schwarz, Germany) [Fig. 5.9]. The experiment consist of two steps: (1) — measure-
ment of the reference m.w. reflection from the EPR probe terminated with the mirror at
the end of the corrugated waveguide, and (2) — measurement of the m.w. reflection from
the THz EDMR sample holder attached to the EPR probe. Fig. 5.10 depicts the Si;
parameter in dB of the THz EDMR sample holder (2) normalized by the reference m.w.

reflection.
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Figure 5.10: Microwave losses in the THz EDMR sample holder measured via 26.5 GHz
Vector Network Analyzer (R&S®ZNA26, Rohde&Schwarz, Germany).

5.3.4. Homebuilt optical fiber feedthrough

Exclusively for the EPR probe, that we use in our THz FraScan setup we needed to
develop a custom optical fiber feedthrough, that, by required parameters, was not available
commercially.

The reason for developing the custom solution is due to the particular design of the
EPR probe head. The distance between the corrugated waveguide and the inner wall of
the EPR probe head is less than 1cm, which is less than a common optical fiber ‘bent
radius’ (without armed coating) of 2.5cm. We came up with the solution to place the
optical fiber through the EPR probe head pocket with the tilt of 45° diagonally [Fig. 5.11
(c)], where the optical fiber can helix around the corrugated waveguide without significant
bending. The body of the feedthrough was made of bronze. The mechanism of this device
is next: the optical fiber is being put through the external screw [Fig. 5.11 - (b)], PTFE
sleeve, and the internal screw and the whole system is being attached to the EPR probe.
As we mentioned earlier, inside the magnet must remain the low vacuum environment
(about 10 mbar) and, thus, all the connections going from the EPR probe must be sealed.
Tightening the external screw, the mechanical pressure goes to the PTFE sleeve, which, in
turn, squeezes the optical fiber (with the Silica shield, the diameter is around 0.7 mm) and
the internal screw remains in the same position. Thereby, the tightened enough external

screw provides compressed PTFE sleeve along with the optical fiber and such system
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Figure 5.11: A homebuilt optical fiber feedthrough. (a) picture represents the feedthrough
attached to the EPR probe. (d) represents the bottom side of the feedthrough.

can support vacuum of at least 10~% mbars, which is more than sufficient for our vacuum
environment. Before testing this system with actual EDMR, experiment, we performed
a leakage test, where the optical fiber was placed inside the optical fiber feedthrough and
the external screw is tightened, the EPR probe is loaded inside the airlock. By monitoring
the pressure indicator of the pump, which is pumping the air out of the airlock, we found

that no trace of the air leakage or the pressure dropping were present.

5.4. EDMR Experiment

In this section, the detailed EDMR experiment using our THz FraScan spectrometer is de-
scribed. Depending on the sample, we bare in mind the most efficient contacting method
in order it to have a robust metal contact pad or a wire, which have to be connected to
the PCB board. When the EPR probe is out of the magnet for the attaching sample
holder procedure, we check the IV curve of the sample within the dedicated voltage range
and make sure that the current corresponds to proper device working conditions. When

the sample is placed onto PCB and contacted, the sensors (temperature and magnetic
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field) are being attached. Using the attaching PCB screws [see Fig. 5.4], we fix the sam-
ple holder from the bottom. If the experiment requires the light excitation, the optical
fiber has to be attached to the collimator’s SMA thread. In order to be sure that the
light covers the dedicated spot, we can power on any light source connected to another
side of the optical fiber and monitor the light spot through the top center of the sample
holder via smooth-wall waveguide (or prepare it when the inner base of the sample holder
is disassembled [Fig. 5.8]). Adjusting the light spot spatially can be done by manual
tilting the mirror holders. Once the sample is placed onto the PCB and all the wiring
is connected, the sample holder is attached to the EPR probe. The EPR probe is placed
inside the home-built airlock system, and to the magnet. In the LabView program we set
the dedicated temperature and the magnetic field value.

From the signal terminals on the top of the EPR probe, we take a dedicated signal
channel as a double-shielded BNC cable, which has to be connected to SR570 current
preamplifier. Depending on the sample itself, the biasing option from the preamplifier can
be chosen. The filtering option is used for cutting off unwanted frequency range from our
channel and set around the modulation frequency for our signal. It should be noted, that
the gain on SR570 is also set to the dedicated frequency region.

The signal output we connect to the MFLI-500 lock-in amplifier. It has an ability to
acquire real-time fast Fourier transform (FFT) spectra of the input signal. It is recom-
mended to check it, in order to be sure that the preferred modulation frequency range
does not interfere with other equipment. In this work we used f,,,q = 771 Hz with an
amplitude of 2.5 G.

The magnetic field sweeping region we set in the LabView program as well as the m.w.
frequency value [see Appendix (9)]. In the case of FD EDMR, we set the magnet to the

persistent mode at the certain value and choose the dedicated frequency range.

5.5. Summary

As can be inferred from the preceding section, homemade systems can broaden the limits
of the electrically detected magnetic resonance research technique. To summarize the
EDMR setup parameters that have been demonstrated here and those that are, in principle,
achievable in our spectrometer, we can refer to the Table 5.1.

The main advantages are:

e Scanned frequencies. Studies such as zero-field splitting and near-zero field magne-
toresistance can be performed. The spectrum accumulation and averaging provides
twice higher signal-to-noise ratio compared to measurements in the magnetic field

domain for the same total acquisition time [see chapter ‘Results obtained’ 6] .

o High magnetic fields. With our system, it is possible to observe magnetic resonance

at g = 2 up to 445 GHz, when the magnetic field maximum is 16 T.
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Table 5.1: The comparison of demonstrated and possible specifications of developed THz

EDMR setup.
Specification Demonstrated Possible
m.w. frequency range B B
(GHz) 80 — 328 80 — 1100
Magnetic field 0115 0- 16
range (T)
Sample diameter 35 36
(mm)
Sample height (mm) 2 7
Temperature range 3300 1.8 — 300
(K) . . . .
Optical illumination 403 — 636.7 400 — 700
(nm)
Bias voltage (V) 5 0.01 — 200
Magnetic field modulation 95 0-10

amplitude (G)

Magnetic field modulation
source

Signal modulation

type
Sample type

Measurement mode

Single coil
Magnetic field
SiC monocrystals

CW (MD, FD, FFM)

Helmholtz coils, planar coil
(on PCB)

Magnetic field, m.w. frequency

Monocrystals, solar cells,
MOSFETs, etc.
CW (MD, FD, FFM),

rapid scan

Frequency-field maps. The potential to record spectra with magnetic field sweeps
up to 16 T and frequencies between 80 and 1100 GHz is possible. Such research
aids in the investigation of the frequency-dependent behavior of the sample and
provides a comprehensive picture that can be utilized to determine the spin Hamil-
tonian parameters of high spin systems. Additionally, zero-field splitting acquisition

is achievable in frequency domain mode.

Optical illumination of the sample. In the approach described, light can be delivered
on a sample via multimodal optical fiber using either broad-spectrum light sources

or lasers with wavelengths ranging from 400 to 700 nm.

Adjustable sample size up to 36 mm in diameter. By fabricating a dedicated printed
circuit board as a sample plate with contact pads, we may place the entire 1 inch

wafer with the functioning device on top.

Temperature range between 1.8 K and 300 K. The advantage of our superconducting
magnet system is that it can reach temperatures as low as 1.8 K, which enhances the

study of the vital effects occurring at cryogenic temperatures.

Despite the numerous advantages of THz EDMR setup over the conventional existing

ones, there are a few challenges remaining. The m.w. power for the source of 80-120 GHz



5.5. SUMMARY

is 120 mW and the source of 325-330 GHz has an output m.w. power of 70 mW. The other
set of m.w. sources range from 350 to 500 GHz and higher have power of several mW.
The importance of the m.w. power in terms of EDMR systems using non-resonant probe

approach will be discussed in the following chapter (‘Results obtained’ 6).

95



5. THZ EDMR SETUP

56



6. Results obtained

This chapter presents work based on already submitted article combining EPR and EDMR
techniques applied in studies of 15R polytype of SiC highly nitrogen-doped monocrystal
and the development of hardware instrumentation of novel THz EDMR setup based on the
THz FraScan spectrometer, located in CEITEC BUT. The results herein presented as an
extraction from submitted to IEEE Transactions on Instrumentation and Measurement
manuscript titled ‘Multifrequency Electrically Detected Magnetic Resonance Setup based
on a sub-THz FraScan Spectrometer’. Additional insights from forthcoming publications
are added.

6.1. Silicon Carbide

Natural occurrences of silicon carbide are exceptionally rare. However, the mineral
moissanite [110], which contains silicon carbide, has been discovered in certain types of
meteorites as well as corundum deposits. Thus, almost all of the silicon carbide on the
market is artificially produced. The Lely method stands out among the various types of
growth techniques as the one that can result in the production of single crystals of a high

quality [111, 112]. Silicon carbide is subject to polytypism, in which the various crystal
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Figure 6.1: Diagram of the primitive cells of significant silicon carbide polytypes. Taken
from [113].
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structures are distinguished by varying stacking sequences of identical planes along the
c-axis [114]. More than 250 distinct types of SiC materials have been discovered so far,
however the crystal structures are only three: cubic (C), hexagonal (H) and rhombohe-
dral (R) symmetry. The number 4 in 4H-SiC refers to the four double layers stacking in
the primitive unit cell (ABACABAC) as shown in Fig. 6.1. The stacking sequences for

different crystal symmetries are:
» 3C-SiC: ABC;
e 4H-SiC: ABAC;
e 6H-SiC: ABCACB;
e 15R-SiC: ABCACBCABACABCB.

More substantial theory on crystallography of SiC structures can be found elsewhere [115].

The properties of different silicon carbide polytypes vary, despite the fact that all of
the polytypes have identical atomic composition. The monocrystal of pure silicon carbide
is colorless; however, the strong doping with nitrogen (e.g., (Np—N4) ~ 5-10'® cm™3) gives
it a semi-transparent green-yellowish color. The darker it is, the greater the number of
impurities (whether intentionally added or not) that are present. Concerning the electrical
properties, in 3C-SiC the bandgap is about 2.3 €V, whereas the 4H-SiC has 3.2 eV. In terms
of its mechanical characteristics, SiC has a Mohs hardness of approximately 9-9.5 points
out of 10, whereas diamond gets 10. SiC does not melt at any achievable temperature. It
cannot be dissolved by most of the acids, but can be etched via alkaline hydroxy bases at
certain temperatures (higher than 600° C).

Regarding the applications of SiC, it is widely used and covers a substantial amount

of purposes, such as the following;:

o electric systems (as a high voltage application in the lightning arresters, preventing
the lightning strike hitting the power line)[116—118];

o heating elements (the high temperature application; e.g., melting the glass; heat

treatment of metals; production of ceramic components) [119, 120];

o electronic components (high power devices, high voltage MOSFETs (more than
1700 V), Schottky diodes, LEDs, etc.) [121-124].

SiC is also well-known for its employment in the graphene synthesis process, serving
as a substrate on which epitaxial graphene can be grown. Moreover, the point defects
in SiC can be utilized as a source of a single photons. Thus, this material has an applica-

tion for the quantum technology [125-127].
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6.2. Multifrequency EDMR studies on 15R SiC

In this section the results of 85 —328.84 GHz EDMR, experiments performed with the setup
described in the previous chapter are presented. We have performed the low-temperature
multi-frequency EPR and EDMR spectroscopy of 15R SiC monocrystal with donor con-
centration (Np — N4) ~ 5-10® cm~3. The monocrystal was grown by the modified Lely

method [128]. Approximate sample dimensions are 3.5mm x 0.8 mm x 0.4 mm.

v = 100 GHz

v = 120 GHz

v = 328.84 GHz

Normalized EDMR signal intensity, a.u.
L

2.001 2.002 2.003 2.004 2.005 2.006 2.007

g-factor

Figure 6.2: The EDMR spectra measured in 15R SiC monocrystal with
(Np — Na) ~ 5-108cm™ at v = 85 — 328.84 GHz, B|lc. The EDMR spectra were

normalized to their maximum intensities.

The results of 85-328.84 GHz EDMR measurements of 15R SiC monocrystal are pre-
sented in Fig. 6.2. In this monocrystal with (Np — N4) ~ 5-10® cm ™3 the single line
(S-line) of the spin system with S = % is present. The multifrequency measurements
were made with a single spectrometer and two different m.w. sources. The extracted
data of the signal-to-noise ratio from the spectra in Fig. 6.2 measured with the m.w.
source of 85—-120 GHz is about 42, whereas the 328.84 GHz source have 29. We assume,
that this noticeable SNR difference is caused by m.w. sources power variation and the
EDMR spectra broadening. The output power to frequency dependence varies between
m.w. sources. For example, an 80-120 GHz m.w. source has the output power of 120 mW,

whereas a 328.84 GHz source has only 70 mW at the measured frequency.
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Figure 6.3: The frequency domain EDMR (FD EDMR) spectra measured in 15R SiC
monocrystal with (Np — Ng) ~5-10% cm ™2 at v = 100.28 — 100.4 GHz, B = 3.576891 T
at T'= 7.5 K, 250 averages, 2.048 seconds per sweep. The inner plot depicts the SNR to
the number of averaged signals dependence. Acquisition of a single MD sweep takes about
the same time as an accumulation of 250 FD sweeps.

In terms of frequency domain measurements, the THz FraScan setup can perform fre-
quency sweeps while the magnetic field remains constant. The advantage of this technique
is that it has a higher signal-to-noise ratio and requires less measurement time than the
magnetic field sweep. Fig. 6.3 depicts the FD EDMR spectrum averaged 250 times with
2.048 seconds per sweep. The spectrum of 250 averages was recorded in t ~ 8.5 minutes,
while the magnetic field domain measurement takes about the same amount of time with
the single sweep and twice lower SNR. Performing the signal averaging of the magnetic
field sweep EDMR spectra using superconducting magnets has certain disadvantages, such
as the magnetic field shift and noticeable magnet inertia. To suppress the latest one, the
stabilization delay time must be set before recording a new spectra and the magnetic field
ramping rate (to sweep the magnetic field up and down) has to be the same. In the case of
the frequency domain measurements the magnet is set to persistent mode on the desired
magnetic field value.

Fig. 6.4 shows the m.w. power dependence of the EDMR signal intensity measured in
15R SiC monocrystal showing saturation above 40 mW. This power saturation effect takes

place only when the incident m.w. power level is sufficient for populating the excited spin
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Figure 6.4: The m.w. power dependence of the EDMR signal intensity measured in 15R
SiC monocrystal with (Np — Na) ~ 510 ecm™3. v = 100GHz, T = 7.5K.

state of the spin system much faster than the system relaxes to its equilibrium population
state due to the spin-lattice relaxation effects [129]. We can assume that the optimal
minimum m.w. power required in such setups with non-resonant probe configuration to
measure the magnetic field sweep EDMR begins at 20 mW. It should be noted that the
output power of the the higher frequency m.w. sources (above 330 GHz) in our setup
is below few mW.

Fig. 6.5 demonstrates the temperature dependence of EDMR spectra measured in
15R SiC monocrystal at ¥ = 100 GHz, showing that the EDMR spectra were observed
at T' < 12K only. In general, the temperature dependence of an EDMR signal can give
an information about the sample’s recombination mechanisms and durability. We can
assume that signal disappears at T' > 12K because the hopping exchange interaction
between nitrogen donors decreases.

The EDMR measurements under light illumination with laser diodes of the 403-
636.7 nm wavelength did not show any enhancement in the EDMR signal intensity.

It is well known that in 15R SiC nitrogen N donors substitute five non-equivalent
positions: three quasi-cubic k1, ko and ks (Nk1, Ngo, Ni3) and two hexagonal hy and he
(Nh1, Nh2) with donor energy levels in the band gap at ~ 99meV for Ny k2 k3 and ~ 52
meV for Njy, ha. As a result, the 15R SiC monocrystals with (Np — N4) ~ 5-106cm™3
reveal five triplet lines in the EPR spectra due to hyperfine interaction with 4N nuclei
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Figure 6.5: The temperature dependence of EDMR spectra measured in 15R SiC monocrys-
tal with (Np — Na) =~ 5- 108 cm~2 at v = 100 GHz.

(I = 1,nat.ab.99.6%) related to the center with S = 1 [130-132]. The isolated N donors
in 15R SiC have the following spin Hamiltonian parameters [131, 132]:

e Npi:gi =2.0026(2), g = 2.0040(2), Aiso = A = A| = 33.6 MHz;
e« Nz : g1 =2.0030(2), g = 2.0037(2), Aiso = 33.32 MHz;
e Niz:gi = 2.0030(2), g = 2.0038(2), Ajso = 30.36 MHz;
e Nui:gi =2.0028(2), gy = 2.0035(2), A| ~ 1.1 MHz, A ~ 2.1 MHz;
e Npz:gi =2.0023(2), gy = 2.0031(2), A| ~ 1.4MHz, Aj ~ 2.2 MHz.

At (Np — N4) =~ 5-10'® cm ™3 the disappearance of Np1,p2 donors having more shallow
levels in the bandgap is expected along with the emergence of the single line due to
exchange interaction between N donors.

From the EPR measurements at v = 328.84 GHz in both orientations of the magnetic
field with respect to the crystal c-axis, it was found that at T" < 20K, the 15R SiC
samples reveal an intense line with g, = 2.0026(2), g;| = 2.0043(2) and a line triplet of low
intensity due to Npi k2 x3 donors. The EDMR spectra measured at v = 328.84 GHz and
T = 7.5K show a similar single line with g, = 2.0026(2), g = 2.0043(2), and no traces of

the N donors residing on the cubic sites were detected (see Fig. 6.6).
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Figure 6.6: The EPR (solid black line) and EDMR (solid red line) spectra measured in
15R SiC monocrystal with (Np — Na) ~ 5-10%cem™3. v = 328.84 GHz, T = 8K, B|c.
The EPR spectra were measured at f,,,q = 2.9 KHz and EDMR spectra at f,,,q = 771 Hz,
both at By,od = 2.5 G.

In [133], the N atoms in the SiO2-SiC interface regions of n-channel lateral 4H
SiC metal-oxide-semiconductor field-effect transistors (MOSFETs) were studied by low-
temperature EDMR. The authors reported an intense EDMR signal at T' < 20K with
Csy symmetry having g; = 2.0008, g = 2.0047 assigned to N donors residing hexagonal
site in 4H SiC (V},). However, from an earlier pulsed electron-nuclear double resonance
study of 4H SiC monocrystals with (Np —N4) ~ 5-1017 cm ™3 [134], it was unambiguously
proved that N donors in 4H SiC have g, = 2.0006(1), g = 2.0065(1). At the same time,
the high-field EPR study shows that no Ny, line is observed in 4H SiC monocrystals with
(Np — Na) ~5- 10" cm™, and the single line with g; = 2.0010(1), g = 2.0054(1) [135]
caused by the hopping exchange of a donor electron between N atoms at hexagonal and
cubic positions appears [136]. Therefore, the observed in [133] EDMR signal should be
attributed to the hopping exchange interaction of N donors residing at h and k positions
in 4H SiC.

We assume that the same hopping process between N donors is responsible for the ap-
pearance of the single line with g, = 2.0026(2), g; = 2.0043(2) in EPR and EDMR spectra
of 15R SiC monocrystal with (Np — N4) =~ 5-10'8 cm™3. Therefore, we may suppose that
the observed single line in EPR and EDMR spectra is caused by a spin-dependent hop-
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ping process due to the exchange interaction of Ni; and Np; in 15R SiC. Measuring the
EDMR spectra in the wide m.w. frequency range from 85 GHz to 328.84 GHz allowed
us to determine that no overlapping lines were hidden in the spectrum [see Fig. 6.2].

At T < 20K, a single EDMR signal associated with the S-line was detected [see
Fig. 6.6], which was attributed to a spin-dependent hopping process generated by the
exchange interaction between N donors lying in cubic and hexagonal locations in 15R, SiC.
Considering the g-factor value of this S-line, it could be the result of exchange interactions
between Ny and Nj; donors or Ni; and Ny donors in 15R SiC.

This EDMR signal’s intensity diminishes as the temperature rises. Fig. 6.7 depicts

the influence of EDMR signal intensity on reciprocal temperature.
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Figure 6.7: Temperature dependence of EDMR spectra intensity of S-line measured at
v =100 GHz, B || ¢. The solid line is the result of the fitting with equation (6.4).

Following [75], the EPR-energy transfer mechanism corresponds to the presence of
both singly occupied and doubly occupied states. In addition, a transition to an occupied
state is only possible if the electron spins are antiparallel. In our 15R SiC samples, hopping
occurs between N states that may be vacant or singly occupied.

On the opposite side of the spin-flip hopping mechanism, the relative decrease in
resistivity is anticipated to be: |Apgpgr/o| < 1072, whereas for the EPR energy transfer
process, the relative decrease in resistivity should be: |Apgpr/o| < —10%. The measured
spectra (not shown in the thesis) at v = 9.702 GHz at T'= 7K and applied voltage Us =
=3V gives:
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Aoppr  (AUs)epPr _3
= =—-41-10""°. 6.1
0 U. (6.1)

Hence, the EPR energy transfer process cannot be used to explain the EDMR signal found

at low temperatures in 15R SiC samples.

Considering the m.w. absorption process that can occur at extremely low temperatures
in the VRH regime that can lead to extra hopping in 6H SiC [32], the resulting energy
separation between the occupied « site and the empty 3 site is equal to the energy of the
photon: 45 = hv(eap ~ 3.89 - 1075V for v = 9.4 GHz). The hopping probability of an
electron jumping from a position « to a nearby position 8 can be expressed as a function
of the distance between these positions (R.s3) and their potential energy difference €443
[32, 137]:

€
Wap(Rag) = Vprhexp[—27Rap5 — ab ], (6.2)

kgT
where vp;, is the phonon distribution, v = 1/yp is the radius of the wavefunction of

localization states. The case when e,3/kpT << —2vR,s3 corresponds to the nearest
neighbour hopping (a carrier hops from one site to the next nearest, acquiring the necessary
energy from a phonon along the way), when the case of e,3/kpT > —27R,3 corresponds

to the VRH process occurred at the low temperatures.

In the VRH regime, it is known that the average energy distance £,5 can be represented
as [138]:

eap ~ (N(Ep) - Rig-4m/3)7", (6.3)

where utilizing the estimated N(Er) value as 5.9 - 1022eV~lem™2 (for v = 13.9A) one
can obtain the corresponding hopping distance as: R,g ~ 47 A~ 3 45.

Utilizing eq. (6.2), Fig. 6.8 depicts the theoretical dependency of the hopping proba-
bility Wyos on Ryp at T'= 20K, 5K and 1 K. At a hopping distance of ~ 30 A, the curve at
T = 1K corresponds to the highest value of W,3. We can therefore conclude that photon-
induced hopping only contributes to the EDMR signal in our samples at temperatures
below 1K.

According to [32], the occurrence of EDMR spectra in the hopping regime may be
due to the heating of the N donor electrons under EPR resonance conditions: the spin
system absorbs m.w. energy, which is then transferred to the surroundings via spin-lattice
relaxation, and the temperature of the crystal rises under resonance conditions. Therefore,
if the m.w. energy is absorbed by the crystalline sample, it is transformed into heat,
causing the sample’s temperature to rise. In addition to the m.w. power absorbed, the

specific heat must also be taken into account.

By applying the same method as in [32] for 6H SiC and assuming that the temperature
dependence of the specific heat capacity for 15R SiC at low temperatures exposes the 73
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Figure 6.8: Theoretical estimation of hopping probability W,z versus distance between
donors R, at different temperatures (7" = 20K, 5K, and 1K) for 15R SiC monocrystal
with (Np — Na) 2~ 5- 10 cm™3. The curves were normalized to their maximum value.

behavior [139], we can explain the observed temperature dependency of EDMR signal
intensity in the VRH regime as [32]:

IEpMER T*”/%xp((%)l/‘*). (6.4)

Using eq. (6.4) and the Ty value of 1.7meV, we got a good agreement between the
experimental results depicted in Fig. 6.7.

The EDMR signal amplitude increases linearly up to 25 mW and remains stable at
higher m.w. power levels, as seen in Fig. 6.4. This behavior is compatible with an
energy-transfer mechanism and a heating effect.

Similar to 6H SiC [32], it can be assumed that the EPR-induced temperature increase
mechanism is responsible for the development of the EDMR signal in the VRH regime in
15R SiC monocrystals [see Fig. 3.16].

6.3. Summary

In this chapter we showed the proof of concept of the EDMR setup based on the sub-THz
FraScan spectrometer, its capabilities and advantages. Despite the exceeding advantages

of performing EDMR on higher frequencies and magnetic fields, the non-resonant probe
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setups have certain limitations. The advantages of using FD EDMR over MD EDMR result
in higher SNR and lower measurement time. The setup expands the range of measurement
possibilities and paves the way for performing comprehensive EDMR studies. As the test
samples in this setup, we used the 15R SiC monocrystal with a relatively high donors
concentration (Np — N) ~ 5-10'® cm™3, which revealed a single EPR and EDMR line
at a low temperature with g; = 2.0026(2), g| = 2.0043(2). This signal is, most probably,
caused by a spin-dependent hopping process due to the exchange interaction of nitrogen
donors residing on cubic k; and hexagonal h; non-equivalent positions in the 15R SiC

lattice.
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Figure 6.9: The frequency-field map of EDMR spectra measured in 15R SiC monocrystal
with (Np — N4) = 5-10%cm =3 at v = 100.2 — 102 GHz, B = 3.58 —=3.65 T and T = 7.5 K.
Signal intensity values were omitted and shown in arbitrary units. The map resolution
is 30 000 per 219 points. Dashed lines correspond to a frequency and a magnetic field
value of (a) and (b) respectively. (a) — Single-frequency sweep spectra at B = 3.615T. (b)
— Single magnetic field sweep spectra at v = 101.14 GHz.

Regarding the prospects for the further EDMR technique development, we report
on the first frequency-field EDMR map (FFM EDMR) spectra of 15R SiC monocrystal
recorded at v = 100.2 — 102GHz, B = 3.58 — 3.65T and T = 7.5K [Fig. 6.9]. The
frequency sweep is 2.048 s long and the magnetic field sweep rate is 0.18 mT/s. The map
contains 30 000 frequency scan points for each of the 219 steps of the magnetic field sweep.

From Fig. 6.9 we can see the straight line across the map, the behavior of which can be

described by eq. 3.1. Depending on the sample’s defect complexity these two-dimensional
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plots can qualitatively visualize recorded data in a wide range, helping to uniquely define
the spin Hamiltonian parameters [52]. For instance, such plots can be useful when tracing
the data of a frequency-dependent behavior of the sample’s defect or evaluating the zero-
field splitting.

Concerning this chapter, EDMR research on 15R SiC monocrystals utilizing a THz
EDMR setup is proceeding and the results are being prepared for future publications.
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The EDMR technique was successfully implemented in the THz FraScan spectrometer
(located in CEITEC, Brno University of Technology, Czech Republic), to conclude the

first aim acquired. The implementation procedure included the following steps:

o Fabrication of a custom sample holder that can accommodate samples with a diame-
ter of up to 36 mm (10 mm x 10 mm x 3 mm, if the sample’s light excitation is required
with indicated in thesis working environment utilizing the signal terminal on top of
the printed circuit board). The EDMR sample holder was manufactured from PEEK,
a material commonly used in engineering. The sample holder was subjected to test-
ing at temperatures as low as 3 K and magnetic fields up to 16 T, demonstrating its
dependability in such harsh conditions. The sample holder is equipped with a 5 mm
inner diameter smooth-wall waveguide, leaving a 5 mm m.w. aperture for the sample.
The internal base of the sample holder consists of the optical fiber collimator holder,
which transmits light to the broadband mirrors and, consequently, to the sample.
The mirror holders are made of phosphorus-bronze sheet and can be angled and
rotated for precise control of the light spot on the sample. This system’s reliability
has been demonstrated by the absence of a light spot alignment deviation during

a 3K — 300K temperature change under the aforementioned extreme conditions.

e The problem with light propagation in the THz FraScan setup was resolved by utiliz-
ing multimodal optical fiber and designing custom optical fiber feedthrough (which
was tested for vacuum pressures down to 10~* mbar). The optical fiber feedthrough
is built of a bronze body, an internal and external screws, and a PTFE nut posi-
tioned between them. The development of the custom optical fiber feedthrough was
necessitated by the EPR probe head’s specifications and the limited placement space

for commercially available options.

e The detection scheme of the EDMR experiment on this setup was based on the
phase-sensitive detection method, using the magnetic field modulation (produced by
modulation coil of the THz EDMR sample holder). The biasing option (+5...-5V)
of the current preamplifier SR570 (Stanford Research Systems, CA, US) was used
to apply the voltage to the sample. The output signal from SR570 was demodulated
using the MLFI-500 (Zurich Instruments, Zurich, Switzerland) lock-in amplifier and

recorded with home-written LabView software.
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e Each essential component of the EDMR experiment was evaluated and calibrated

using known samples with predetermined values.

To conclude the second aim acquired: the multifrequency EDMR study was car-

ried out on a highly nitrogen-doped 15R SiC monocrystal with donor concentration

(Np — Na) =~ 5-10® cm™3 as a proof-of-concept for our THz EDMR setup and to inves-

tigate each of its possibilities for performing EDMR at higher frequencies and magnetic

fields. Particularly, the following measurements were done:
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e The EDMR temperature dependence of 15R SiC was measured between 7.5 K and

12K at 100 GHz, demonstrating that the single resonance line disappears at
T > 12K. Presumably, this may be caused by a decrease in the hopping exchange
interaction between nitrogen donors. In general, the temperature dependence of an

EDMR signal can reveal the recombination mechanisms occurring in the sample.

The results of multifrequency EDMR measurements were obtained in this highly-
doped monocrystal at the frequencies of 85-328.84 GHz. The resonance line origi-
nating from a spin S = % system was detected. Even at the highest magnetic field
of 11.7 T no splitting or shape distortion of the EDMR spectrum was observed. The
EPR measurements at 328.84 GHz and T' = 7.5 K in both orientations (parallel and
perpendicular to the c-axis of the monocrystal) revealed an intense single line with
g1 =2.0026(2) and g = 2.0043(2) and a triplet line of low intensity attributable to
Ni1 k2,3 donors. The EDMR measurements at the same frequency and orientations
revealed a similar single line with g, = 2.0026(2) and g; = 2.0043(2), with no signs

of N donors residing on the cubic sites.

We hypothesize that the single line with g, = 2.0026(2), g| = 2.0043(2) in the EPR
and EDMR spectra of 15R SiC monocrystals with (Np — N4) ~ 510 cm™3 is the
result of the hopping conduction process between N donors. The observed single
line in EPR and EDMR spectra may therefore be attributed to a spin-dependent

hopping mechanism resulting from the exchange contact between Ni; and Npp in

15R SiC.

The m.w. power dependence of the EDMR signal has been measured. Above 40 mW,
the dependence indicates signal saturation. We can suppose that the minimum
optimal power for such a non-resonant probe configuration to measure magnetic
field sweep EDMR begins at 20mW. It should be noted, that the 80 — 120GHz m.w.
source has a power output of approximately 125 mW, whereas the m.w. power at
the 328.84 GHz frequency is approximately 70 mW (due to different m.w. sources).
In addition, the multipliers for frequencies above 330 GHz have even lower efficiency

with the output power of several mW and lower.

We demonstrated the possibility of measuring EDMR, in the frequency domain. In

our experiment, the duration of a single MD EDMR sweep was roughly ~ 8.5 minutes.



We can perform FD EDMR with 250 averages in the same amount of time and with
twice higher signal-to-noise ratio compared to the single sweep in magnetic field
domain EDMR.

e We have obtained the first frequency-field EDMR map at v = 100.2 — 102 GHz, B =
=3.58 - 3.65T, and T = 7.5K as the most recent result. The magnetic field sweep
rate was 0.18 mT /s and the frequency sweep duration was 2.048 seconds. The map
includes 30 000 frequency scan points for each of the 219 magnetic field sweep steps.
Depending on the defect complexity of the sample, these two-dimensional plots can
qualitatively depict recorded data across a broad range, aiding in the definition of
the spin Hamiltonian parameters. For example, such plots might be helpful while
tracing the data of a frequency-dependent behavior of a sample’s defect or examining

the zero-field splitting.

To outline the future expansion of the THz EDMR system, we can list the advantages
and difficulties experienced during this research. The ability to sweep the frequency (80—
1100 GHz) over such a wide range is a significant advantage when tracing the frequency-
dependent sample’s behavior or performing rapid scan EPR. The capability to acquire
frequency-field maps in the aforementioned range with magnetic fields up to 16T offers
a unique approach to investigate the ‘big picture’ in terms of EDMR for both known and
unidentified samples in the temperature range of 300 K — 1.8 K.

In terms of obstacles and limitations, we can emphasize the magnetic field sweep’s
disadvantages, such as magnet inertia, sweep lag, and magnetic field shift, which also
are not unique to superconducting magnets. Using a sample with a well-known g-factor
as a magnetic field calibration reference can be useful in the EPR spectrum acquisition.
Thus, the magnetic field sweep can be acquired concurrently, and the magnetic field value
can be determined with high precision. In the case of EDMR, the magnetic field sensor can
be utilized in addition to the setting of the sweep rate (due to the magnet’s hysteresis, the
sweeping rate for recording the spectra and ramping the magnetic field up and down should
be the same). In addition, this brings up the issue of MD EDMR signal accumulation. Due
to the magnetic field shift, it is extremely difficult to obtain a suitable spectrum. However,
to completely eliminate this issue, frequency domain EDMR can be used. The magnetic
field value for the frequency sweep window calibration can be obtained by performing an
EPR measurement on the reference sample. The magnetic field is then set to persistent
mode, and the FD EDMR spectra can be obtained. The spectra are collected accurately in
this scenario, and the measurement time is reduced, resulting in a greater signal-to-noise
ratio.

Since EDMR is measured as a change in sample’s current, it is essential to maintain
a shielded, properly grounded, and consistent connection between the sample and other
circuitry in the spectrometer so that the signal transmission line does not pick up unwanted

noise or interference from other laboratory equipment.
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Regarding the future of THz EDMR setup, the crystal rotator might be beneficial for
EDMR measurements. With the crystal rotator the angular dependence can be acquired
to get the g-tensor parameters. In addition, equipping the sample holder with a heater
would improve the sample’s temperature stability and the precision of measurements of
temperature dependence. It can be readily installed on the underside of the PCB to
increase thermal contact with the sample.

For the further outlook regarding the devices that could be possibly studied within
THz EDMR setup, the most demanding devices under investigations are research solar
cells. Following the limitations of the X-, Q- and W-band resonators dimensions for
placing a working device can be challenging. However, the THz EDMR, setup, described
in this thesis, expands the volume for the sample due to non-resonant probe approach.
Usually, the dimensions of a working area for research devices is around 1 mm x 1 mm.
The expansion of the volume of an active research device under investigation would push
the limits not only for the photovoltaic devices, but as well for the crystals. Cutting
crystals of various materials for the dedicated space in the standardized resonator may be
costly and challenging at times, because after separation, some may lose potential integrity
and change intrinsic properties, particularly when subjected to high laser temperatures or
damaged by saw vibrations.

In conclusion, taking into account the global electronics market expansion, the EDMR
technique has many industrial applications, the details of which are obviously off-limits to

the academic community.
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Appendices

Appendix A: PCB for EDMR Sample Holder

The scheme of a printed circuit board is shown in Fig. 9.1.

_Prototype 002

Figure 9.1: The outlay of the printed circuit board for the EDMR sample holder.

The circuit board contains precise dimensions and can be modified according to dedi-
cated EDMR experiment. Taking into account the constrained dimensions, it is possible
to rearrange the contact pads and change the signal terminal type. Eagle software (Au-
todesk, Inc., USA) was used to create the PCB, which has the capability to work with the
components library. Consequently, when selecting the dedicated signal terminal from the
components shop, the component’s availability can be verified within the Eagle library or
directly on the website of the component manufacturer. PCB fabrication was ordered at
JLCPCB GmbH (Krefeld, Germany).
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APPENDICES

Appendix B: LabView program for the THz FraScan spec-

trometer operation for the MD measurements
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Figure 9.2: The printscreen of the main tab of the LabView program, developed by Ing.
Mats Sedivy. See the text for the description.

In Fig. 9.2, the primary ‘measurement’ tab is presented. The window has input fields
for the spectral data storage location and sample information (1). The second section (2)
contains the experiment’s controls. The timing of the experiment and additional real-time
indications are detailed in section (3). The acquired spectra are displayed in section (4),
where the signal channel (X, Y) can be selected. The script part (5) allows the experiment
to be compiled with changing parameters for each subsequent MD scan. Section (6)
depicts the temperature indications, which are read from the magnet, the VTI space, and
the sample holder. Section (7) depicts the condition of the magnetic field. In the final

part (8), the status of connected instrumentation is indicated.
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Figure 9.3: The printscreen of the settings tab of the LabView program. See the text for

the description.

Fig. 9.3 depicts the cropped to main features ’adjustments’ tab. The section (1)
contains the magnetic field configurations. The specifications of the microwave source are
depicted in section (2). The third section is responsible for adjusting the position of the
moving table. The acquisition parameters section (4) sets the parameters for the lock-in
amplifier and magnetic field modulation. The change in temperature of the VTI space
within the magnet is attributable to section (5).

95



	Contents
	Introduction
	Aims of thesis
	Theoretical background
	Electron Paramagnetic Resonance
	Fundamentals
	Magnetic resonance phenomenon
	Hyperfine structure
	g-factor anisotropy

	Electrically Detected Magnetic Resonance (EDMR)
	Fundamentals
	The Lepine Model
	The model of Kaplan, Solomon and Mott
	The Shockley-Read-Hall Model
	Other EDMR Models

	Summary

	Instrumentation
	Review
	Summary

	THz EDMR Setup
	General overview of THz FraScan Spectrometer
	Experimental Setup
	THz EDMR Sample Holder
	Sample preparation
	Light beam alignment determination
	Microwave losses
	Homebuilt optical fiber feedthrough

	EDMR Experiment
	Summary

	Results obtained
	Silicon Carbide
	Multifrequency EDMR studies on 15R SiC
	Summary

	Conclusions
	References
	Author publications and outputs
	List of abbreviations
	Appendices

