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Electrically detected magnetic resonance (EDMR) is a sensitive spectroscopic technique,
which can be used to readout few to single electron spins in semiconductor and carbon
nanodevices for applications in solid state quantum information processing (QIP). Since
only electrically active defects contribute to the EDMR signal, this technique can be used
further to investigate defects and impurities in photovoltaic devices, in which they limit
the sunlight-to-energy conversion efficiency significantly. Here, I employ X-band EDMR
for semiconductor defect analysis and identify the most important recombination centres
in Czochralski silicon with oxide precipitates, which can be intentionally grown to con-
fine detrimental metallic impurities to inactive regions of the wafer in order to serve as
a defect-free substrate for modern silicon photovoltaic devices. Those experiments show
that oxide precipitation is accompanied by the formation of silicon dangling bonds. Fur-
thermore, I describe a very promising route towards the fabrication and readout of few to
single electron spins in carbon nanotube devices, which can be characterised structurally
via transmission electron microscopy in order to relate their electrical and spin proper-
ties with their structure. Finally, I employ EDMR to read out electron spin states in
donor-doped silicon field-effect transistors as a prerequisite for their application in QIP.
I report on a novel cryogenic probe head for EDMR, experiments in resonant microwave
cavities operating at 0.35 T (9.7 GHz, X-band) and 3.34 T (94 GHz, W-band). This ap-
proach overcomes the inherent limitations of conventional X-band EDMR and permits
the investigation of paramagnetic states with a higher spectroscopic resolution and signal
intensity. Both advantages are demonstrated and discussed. I further report on a novel
mechanism giving rise to the EDMR effect in donor-doped silicon field-effect transistors,
which is capable of explaining why the EDMR signal intensities of the conduction electrons
are enhanced by a factor of ~ 100, while the donor resonance signals increase by a factor
of ~ 20 from X- to W-band only. The spin-relaxation and dephasing times are extracted
from a series of pulsed-EDMR measurements and confirm this model. The author grate-
fully acknowledges funding from Trinity College Oxford, Department of Materials, EPSRC
DTA, and Konrad-Adenauer-Stiftung e.V. (Begabtenforderung).
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CHAPTER 1

Introduction

Contents
1.1. Spin-based quantum information processing . . . . . . . . .. 3
1.1.1. Semiconductor quantum dots . . . . . . .. .. ... 5
1.1.2. Nanoscale field-effect transistors . . . . . . . . .. .. 12
1.2. Defect engineering in silicon photovoltaics . . . . . . .. .. 16
1.2.1. Metallic impurities . . . . . . ... ... ... .. 16
1.2.2. Oxygen and its related defects . . . . . . .. ... .. 18
1.2.3. Impurity gettering in Czochralski silicon . . . . . . .. 20
1.3. Aim and outline of this thesis . . . . . ... ... ... ... 21

The detection, control, and manipulation of few to single electron spins have at-
tracted considerable interest in the past few years as quantum information processing
(QIP) [Nie00] and the related fields of spintronics' [Wol01, Zut04], molecular elec-

tronics [San06], and solotronics? [Koel1] have become realistic prospects. As a novel

I Abbreviation for spin transport electronics or spin-based electronics.
2 From solitary dopant optoelectronics.
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approach to information processing, QIP employs the discrete nature of quantum
mechanics to encode, process, and transmit quantum information. It holds promise
for device applications as diverse as quantum computers [Lad10], non-classical light
sources for quantum key distribution [Fun02, Chi05b], and quantum sensing [Gio04],
which demonstrate its great technological potential. Experimental challenges arise
due to interactions with the local environment comprising nuclear spins as well as
paramagnetic defects and impurities, which can lead to various unfavourable effects,

such as the decay of quantum information.

The control over paramagnetic defects and impurities has also become technolog-
ically important owing to the enduring miniaturisation of modern semiconductor
technology and recent advances in silicon photovoltaics, where they can lead to
detrimental leakage currents and act as recombination centres limiting the power

conversion efficiency, respectively.

A detailed understanding and exquisite control over electron spins as well as param-
agnetic defects and impurities through their microscopic and spectroscopic charac-
terisation on the nanoscale is therefore vital for refining and optimising both, QIP

nanodevices and modern silicon photovoltaic materials.
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1.1. Spin-based quantum information processing

QIP is a novel approach to information processing and utilises quantum effects, like
quantisation, superposition, and entanglement of different spin states, each repre-
senting one unit of quantum information, a so-called quantum bit or qubit [Sch95].
Non-classical information can principally be encoded in spin [Kan98, Vri00] or charge

qubits [Hol04]. Depending on the particular qubit architecture one differentiates

(i) single spin qubits formed by single conduction electron, hole, or donor

electron spins [Los98],

(ii) exchange-only qubits formed by two electron spins exchange coupled to a third

electron spin with the actual qubit being encoded in a spin doublet [DiV0Ob],

(iii) singlet-triplet qubits, where the ground and excited states of exchange coupled

electrons are used to encode quantum information [Lev02], and
(iv) hybrid qubits, which are a combination of (ii) and (iii) [Shil2].

The suitability of a particular approach for applications in QIP is conventionally
evaluated in terms of five major criteria [DiV00a]. Apart from the scalability, the
most important criterion is the stability of the qubit against decoherence, which
summarises all processes that contribute to the decay of quantum information en-
coded in the electron spin. These processes are quantitatively described by three

time constants, namely the (i) relazation time T; describing all energy relaxation
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processes into energetically more favourable spin states, the (ii) dephasing time
T, describing all energy conserving processes of a single electron spin, and the

(iii) ensemble dephasing time Ty . The relaxation times of the most important semi-

Material | T; (ms) | Ty (ms) | T3 (us)
GaAs || ~10°¢ [Cla76] | | 0.100 ¢ [Kik9s]
020 [Fuj02] |0.001q [Pet05] | 0.010q [JohO5al
0.85q [Elz04] 200 g [Blull] | 0.025q [Kop03]
1,000 [Ama0s] 0.037q [KopOS]
Silicon || ~107%¢ [Hon56] | 0.240¢ [Gor5g] |
n-Si 6,000 1q [Plall] 0.21q [Plall] | 0.055 9 [Plall]
10 [Xial0] 022, [Assll]
288 0.8q [Shal(] 600 [Tyrll] | 0.30q [Shal(]
Si/SiGe 2,800 q [Sim11] 0.5¢ [Yab03] | 0.36q [Maul2]
Carbon | ~10°¢ [Har06] | 24¢ [Nayll]| 30¢ [Miz07]
0.003g [Chu09b] 0.003q  [Chu09b]
> 107 [Bulos]

Table 1.1.: Electron spin coherence times in electrostatically defined semiconductor
quantum dots (subscript ‘Q’) and transistors (‘T’). Electron spins bound to donors
are subscripted with ‘d’, spins associated with defects and impurities with ‘i’. Exem-
plary values obtained from crystals without any gate structure are subscripted with
‘C’ and given for comparison or if no other values obtained from device structures
are available. The superscript ‘f’ denotes extrapolations of experimental data and
theoretical predictions, respectively.

conductor nanodevices fabricated on gallium arsenide/aluminum gallium arsenide
(GaAs/AlGaAs), natural-silicon (n-Si), isotopically purified 28Si, silicon germanium
(SiGe), and carbon are compiled in Table 1.1. These time constants will form
the basis for a comparison of the most important semiconductor nanostructures

for applications in QIP in the following. They broadly fall into two categories:

(i) semiconductor quantum dots and (ii) nanoscale field-effect transistors.
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1.1.1. Semiconductor quantum dots

Quantum dots (QDs) are quasi zero-dimensional systems confining charge carriers in
all spatial dimensions. The spatial confinement in QDs leads to energy quantisation
similar to atoms, which gave rise to their nickname ‘artificial atoms’ [Kas93, Ash96,
Kou98]. Among the various kinds of QDs, the best understood and technologically
most advanced systems are electrostatically defined QDs, in which Schottky top-
gates facilitate the electrostatic depletion of a two-dimensional electron gas (2DEG)
embedded in a heterostructure [And82]. Electrostatically defined QDs have been
reaslied in different material systems, such as Si [Morl11], epitaxially grown Si/SiGe
[Sim07, Liu08], and GaAs/AlGaAs heterostructures [Han07], as well as in carbon

nanotubes [Mas04] and nanostructured graphene [Sta08a, Sta08b, Mol09].

Quantum dots in traditional semiconductors

Owing to the tremendous experimental success, modulation-doped GaAs/AlGaAs
heterostructures [Din78] have become the model system for the investigation of QDs
and the underlying device physics. First time-resolved experiments on QDs in this
heterosystem were carried out by T. FUJISAWA et al. in 2001, who made use of
fast voltage pulses on gate electrodes to measure the timescale over which electron
spin qubits in GaAs/AlGaAs decohere [Fuj02]. The measured electron spin relax-
ation time 77, = 200 ps (see Table 1.1) was interpreted in terms of the emission

of phonons and ‘forbidden transitions’, which are mediated by spin-flip processes
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revealing much longer decay times than allowed transitions, which typically have
Tie ~ 10 ns. In a second experiment, they also demonstrated coherent oscillations
of a single electron spin between the orbitals in two coupled QDs, a so-called dou-
ble quantum dot (DQD) by applying coherent voltage pulses to the different gate
electrodes [Hay03]. Three years later and inspired by the experiments of M. FIELD
et al. [Fie93], L. M. VANDERSYPEN et al. combined this pulse scheme with a quan-
tum point contact (QPC) [vWe88], which was used as a fast charge sensor to deter-
mine when an electron was entering and leaving the QD [Van04]. By pulsing the QD
potential and employing the Pauli exclusion principle to make the tunnelling rate of
the electron from the QD into the leads dependent on its spin state, they could read-
out the spin state of the target qubit by measuring the charge on the QD as a function
of time. Two variations of this spin-to-charge conversion were later demonstrated
to work in the single-shot readout mode, too [Elz04, Han05]. The spin dephasing
time Ty, can be studied with a variety of techniques. The most common approach is
electron paramagnetic resonance (EPR), whereby a static magnetic field By is used
to split the spin states energetically through the Zeeman effect [Zee87] into spin-up
|1) parallel and spin-down || ) anti-parallel to Bg, and microwaves to excite resonant
transitions between them [Poo83]. Early attempts to study the dephasing time for
electron spins in QDs failed due to heating of the leads and photon-assisted tun-
nelling [Pla04], where electrons absorb one or more photons from the microwave field
and tunnel out of the QD before the end of the applied microwave pulse. The first
EPR experiment on QDs was performed by F. H. L. KOPPENS et al. in 2006 with a

weakly-coupled DQD [Kop06], where the magnetic microwave field was applied with
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a coplanar stripline, a technique, which is referred to as local-EPR in the following.
Their readout scheme is based on the idea of H. A. ENGEL and D. LOSS to tune a
single QD to Coloumb blockade! with the electrochemical potential aligned such that
this blockade is lifted when the electron spin is repeatedly flipped by EPR [Eng01].
The time-ensemble-averaged dephasing time 7%, was extracted from the exponential
damping of the Rabi oscillations between the two spin states, and found to be about
five orders of magnitude shorter than Ti., i.e. Ty, ~ 25ns (see Table 1.1). This
observation was attributed to the hyperfine coupling between the electron spin in
the QD and the nuclear spin carrying GaAs host nuclei in accord with the results of
J. R. PETTA et al. [Pet05]. The scalability of this approach was investigated in a se-
ries of slanting Zeeman field EPR experiments on triple QDs [Lai07, Pio08], in which
a spatially dependent Zeeman field was applied through an on-chip micromagnet in
order to address each spin selectively. Those and other experiments contributed to

a detailed understanding of the main decoherence mechanisms of electron spins in

GaAs/AlGaAs QDs, namely the

(i) hyperfine interaction with host nuclei, which has two effects on the electron
spin: First, the nuclear spin bath exerts an effective magnetic field, the so-
called Overhauser field, which fluctuates in time, and causes the electron spins
to dephase [Pet05]. The second effect is referred to as dynamical nuclear

polarisation, and involves electron and nuclear spin flip-flop processes,

1 Coulomb blockade refers to the transport regime, in which Coulomb repulsion between the
electrons on the QD and in the reservoirs leads to an energy cost for adding an extra electron to the
QD [vH092]. Electron tunnelling to or from the reservoirs is thus suppressed at low temperatures.
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(i) spectral diffusion at high magnetic fields due to the intrinsic dynamics of the

nuclear spin bath caused by dipolar flip-flops [Cyw09b],

(iii) co-tunnelling of a charge carrier with a spin from the QD to the reservoir,

where it is replaced by a charge carrier with the opposite spin [Ave90], and

(iv) charge noise due to fluctuations in the electrostatic environment of the QD,

which leads to changes in the barrier height and level alignment [Hu06].

Owing to the detrimental effect of nuclear spins, current experiments in the
GaAs/AlGaAs heterosystem focus on the suppression of the fluctuating Overhauser
field as the predominant decoherence mechanism to protect the coherence of elec-
tron spins [Gre07, Rei08, Xu09]. These approaches do, however, require a very
high polarisation of the nuclear spin bath [Cyw09a]. Hence, very complex laser or
electric pulse sequences have to be applied additionally, which are experimentally

challenging to implement and difficult to control.

The detrimental effect of the nuclear spin bath in GaAs/AlGaAs has spurred re-
search into other material systems, such as Si/SiGe, where the natural abundance
of isotopes with a non-zero nuclear spin amounts to 5 %, in contrast to 100 % in
GaAs/AlGaAs. Typical dephasing times in Si/SiGe amount to Tp. = 0.5 ms, and
can be enhanced further by using nuclear spin-free 2*Si/**Si"°Ge, which reveals de-
phasing times of up to Ty, = 600 ms (see Table 1.1) — the first 2DEG in an iso-
topically engineered 28Si/2Si™°Ge heterostructure has been realised by J. SAILER

et al. [Lan08a, Sai09]. In the presence of donors isotopic purification has, however,
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an intrinsic limit as background donors of the same species limit the spin coherence
time of a single target donor electron spin above a certain level of isotopic purifi-
cation. For a single 3P donor spin in 2®Si:P with a residual ?*Si concentration of
[29Si] < 50 ppm and [*'P] = 1.2 - 10!* cm™3, for instance, the spin dephasing time
was found to be limited to T5. = 600 ms [Wit10, Tyrl1l]. Nevertheless, Si/SiGe and
2851 /28Si0Ge, in particular, are very promising material systems for the implemen-
tation of QDs [Sim07, Sha08a]. The measurement of the spin coherence times and a
detailed understanding of the main decoherence channels in this heterosystem is less
understood than for GaAs/AlGaAs and requires further time-resolved experiments

with EPR and related techniques.

Quantum dots in carbon nanomaterials

Another material, which has attracted considerable attention recently, is carbon
(C) as the natural abundance of *C, the only carbon isotope with a non-zero nu-
clear spin, is even smaller than in isotopically purified 2Si/?®Si"%Ge and amounts
to ~ 1%. This leads to a very weak hyperfine interaction (see Table 1.2) and
together with the comparatively weak spin-orbit coupling to extremely long spin
coherence times as shown in Table 1.1. The most basic structural modification of
carbon is graphene, which refers to a flat monolayer of carbon atoms, tightly packed
into a two-dimensional honeycomb lattice with two atoms per unit cell, which give
rise to two equivalent sublattices [Slo58]. Quantum mechanical hopping between

the two sublattices leads to the formation of two energy bands, which intersect near
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the edges of the (first) Brillouin zone and yield a conical energy spectrum with no
bandgap. As a consequence, electrons in graphene remarkably exhibit a linear dis-

persion relation E = hkvg, as if they were massless relativistic particles traveling

Material H Ago (meV ‘ Agyr (neV)
GaAs || 340 [Mad02] | 92 [Assll]
Si | 45 [Mad02] | 0.2 [Assll]
C 0.37 [Kue08] [Fis09]
100 [Chu09a, Chu09b]

Table 1.2.: Spin-orbit Agp and hyperfine Ay coupling constants in different semi-
conductors, namely GaAs, Si, and C.

with the Fermi velocity vr and momentum Ak, where k denotes the wave vector,
and A Planck’s constant divided by 27. The formation of a two-dimensional gas
of Dirac fermions [Nov05a] gives rise to the Klein tunnelling phenomenon [Kle29],
the unimpeded penetration of relativistic particles through high and wide potential
barriers. Klein’s transmission probability depends weakly on the barrier height, and
approaches the perfect transparency for very high barriers, in contrast to conven-
tional non-relativistic tunnelling, where the transmission probability decreases with
an increasing barrier height exponentially. Whereas electron transport in graphene
has been investigated intensively [Nov0b5a, Zha05], experiments on graphene QDs
are still in their infancy [Bun05, Gei07]. The first graphene QD was realised by
C. STAMPFER et al. in 2007, and obtained by micromechanical cleavage of bulk
graphite [Nov04, Nov05b] and subsequent nanostructuring via reactive ion-etching

(RIE) [Sta08a, Sta08b]. Electron transport through graphene DQDs was investi-

10



1. Introduction

gated by F. MOLITOR et al. [Mol09] one year later, who used in-plane side gates
to tune the system to the Coulomb blockade regime. The electron spin coherence
and dephasing times have, however, not been measured in those systems so far.
Another very important carbon allotrope are carbon nanotubes (CN'Ts), which were
discovered in 1991 by S. IsimA [lij91], and are formed by rolling a single layer of
graphene at a specific angle to form a seamless cylinder — the combination of the
rolling angle and radius of the CN'T determines whether its shell is metallic or semi-
conducting [Ebb96].! CNTs can be synthesised by electric arc-discharge between two
graphite electrodes [1ij91], laser ablation of a graphite target [Guo95a, Guo95b], and
chemical vapour deposition (CVD) [Jos93], which is known to produce the clean-
est CNTs suffering from almost no defects. The first CNT DQD was realised by
N. MASON et al. [Mas04] and demonstrated to show the well-known honeycomb
charge stability diagram as a function of the two plunger gate voltages [Han07].
The device could be tuned from the weak to the strong tunnel-coupling regime, but
not to the single electron regime like in the technologically leading GaAs/AlGaAs
D@Ds. This limited tunability was not overcome until 2009, when G. STEELE et al.
demonstrated the successful capture of a single electron in a CNT DQD [Ste09a].
The actual role of the spin-orbit and hyperfine interaction and its effects on the
spin coherence times is still subject to intense research. The fragmentary under-

standing of those decoherence channels has recently caused some confusion, when

! The rolling angle (or chirality) is described by the two components (n,m) € N2 of the chiral
vector C = naj; + mas, where a; and as are the unit vectors of the graphene honeycomb lattice.
Depending on (n,m) one differentiates between an armchair (n,n), zigzag (n,0), and chiral (n, m)
(n # m) configuration. CNTs are metallic for (n —m) = 35 (j € N) and semiconducting otherwise.
A nice review about their physical properties is given in [Ter03], for instance.
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F. KUEMMETH et al. found a much stronger spin-orbit coupling than originally
expected — this was attributed to their curvature and cylindrical topology [Kue08].
The coupling strength was measured to Agpo = 0.37 meV, which is still lower than
340 meV in GaAs and 45 meV in Si (see Table 1.2). The values for the hyperfine
interaction in CNTs are controversial and differ between Ag; = 0.1 — 100 peV as
shown in Table 1.2. The resulting spin coherence times have not been measured
experimentally so far and the complex interplay of structural, electronic, and spin
properties of electrons and holes in CNTs need to be investigated further [Fis09] for

carbon-based QIP to become a realistic prospect.

1.1.2. Nanoscale field-effect transistors

A second approach to confine, manipulate, and readout electron spins for applica-
tions in QIP are metal-oxide-semiconductor (MOS) field-effect transistors (FETS),
the most important and fundamental building blocks of silicon integrated circuits
(ICs). FETs are planar three-terminal devices comprising a semiconducting channel
formed between a source and drain electrode, and a Schottky top-gate, which is
separated from the device channel by a thin oxide barrier. Their operation relies on
the control of the channel conductivity by the gate voltage, which is applied between
the gate and one of the electrodes. Applying a positive gate voltage at a finite bias

between source and drain induces a 2DEG and the FET is operated in the so-called
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1. Introduction

enhancement or accumulation-mode.! The miniaturisation of those devices has been
the main driving force for technical advances in the late 20*" century and the origin
for sustaining economic benefits and improvements in device performance. As a con-
sequence of this downward scaling, the entire device performance nowadays relies on
only a few donors in the channel anymore, and random fluctuations in the number
of donors have become a major issue in microelectronics [Kuh08]. This has led to
technical refinements of ion implantation techniques and to the development of sin-
gle ion implantation in particular [Mat97, Sch02, Bue02]. But reducing the length of
the device channel in order to increase both, the operation speed and packing den-
sity, causes the electrostatic field of the gate to no longer resemble that of a planar
capacitor. This gives rise to the emergence of unfavourable short-channel effects,
such as increased leakage currents and the lowering of the punch-through break-
down voltage. Historically, short channel effects have motivated the development of
novel FET architectures, such as finFETs [His98, Hua99, His00] and nanowire FETs
[Xia06, Sel06, Coh07, The08]. Unlike a conventional FET, a finFET is a nonpla-
nar, double-gate transistor, in which the conducting channel is wrapped by a thin
silicon ‘fin’ forming the gate of the device. Owing to the experimental advances
in single ion implantation techniques [Mit05, Shi05] and the increasing control over
few to single electron spins, those devices have been proposed for applications in
QIP [Cal06, Sar08, Stell] as they offer the unique opportunity to control and ma-

nipulate single donors implanted into the device channel, where they can interact

! The device channel of depletion-mode FETs is highly doped and controlled with a negative gate
voltage instead. The combination of n- and p-doped devices in modern silicon ICs is referred to as
complementary metal-ozide-semiconductor (CMOS) technology.
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with a 2DEG directly. In contrast to conventional electrostatically defined QDs, in-
dividual donors at low temperatures provide much sharper and more homogeneous
three-dimensional confinement potentials, which makes them ideal for applications
in QIP. The first observation of the effect of a single donor atom on electron trans-
port was through random telegraph noise in MOSFETs [Ral84], QPC structures
[Dek91], and later in bipolar transistors [Neu95]. Control over the wavefunction of a
single donor embedded in the corner of a commercial inFET was demonstrated by
G. P. LANSBERGEN et al. in 2008 for the first time [Lan08b], who controlled res-
onant tunnelling transitions of the neutral (D°) and charged state (D™) of a 3'P
donor through the Stark effect.! More recently, single electron transport through

single donor atoms has also been observed in dopant-rich environments [Tab10].

A similar device design, in which the donor atom is not directly implanted into the
device channel, has been used by K. Y. TAN et al. to study charge (D° D) and spin
states of individual phosphorus atoms in silicon [Tan10]. This design was adapted
from S. J. ANGUS et al. [Ang07, Ang08] and comprises a single-electron nanoscale-
FET (nanoFET), which is tunnel-coupled to a phosphorus [Mor09] or arsenic donor
nearby [Gonl2]. This hybrid DQD can be tuned such, that the shift of the elec-
trochemical potential arising from the tunnelling of a single electron from a donor
(or impurity) site (QD;) into the single-electron transistor (QDs) is large enough

to switch the current through the device on and off. In the presence of an external

! Discovered in 1913, the Stark effect refers to the shift and splitting of the energy levels due to the
presence of an electric field. Depending on whether the effect is linear or quadratic in the electric
field, one distinguishes the first- and second-order Stark effect [Stal4].
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magnetic field, this tunnelling transition becomes spin-dependent, and the spin state
of a single donor can be detected by pulsing the electrochemical potentials in both
QDs [Mor10]. Very recently, A. MORELLO et al. also demonstrated the coherent
control of a single 3'P donor electron and nucleus in a series of electrically detected
local-EPR experiments on n-Si nanoFETs for the first time, in which a coplanar
stripline was used to apply both, the microwave and radio-frequency excitation.
The associated spin relaxation and dephasing times were found to be significantly

longer than in comparable GaAs/AlGaAs nanodevices as shown in Table 1.1.

The particular interaction between conduction electrons and donors has been subject
of various past studies. R. MAXWELL and A. HONIG, for instance, performed an
experiment, in which they measured the spin-dependent conductivity of phosphorus-
doped silicon (Si:P) [Max66]. Their results were initially explained in terms of
spin-dependent neutral impurity scattering, but later shown to be due to electron
trapping and recombination instead [Tho73, Ste83]. The first direct observation of
spin-dependent scattering is reported by R. N. GHOSH and R. H. SILSBEE for a Si:P
MOSFET [Gho92|. The particular nature of this interaction has been controversially
discussed in literature [Mor74, Gra99, Mat06] and its potential applications for QIP
and feasibility for an electron spin readout, in particular, are largely unexplored.
A detailed understanding of the interaction between conduction electrons and donors
as well as the associated decoherence channels are, however, vital for finding an
ideal parameter regime with minimal decoherence and maximum qubit control for

the implementation of QIP.
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1.2. Defect engineering in silicon photovoltaics

The vast majority of silicon ICs as well as ~ 40 % of silicon solar cells are fabri-
cated on Czochralski silicon (Cz-Si), which is known to contain various defects and
impurities incorporated into the crystal during its growth and subsequent device
processing. They are particularly harmful for photovoltaic applications as they can
act as recombination centres providing paramagnetic traps in the silicon bandgap,
through which photoexcited charge carriers can recombine prior to their separation
and extraction through the leads. This causes the power conversion efficiency in
such solar cells to decrease owing to the drop in minority carrier diffusion length
and lifetime, two key parameters for describing the performance of any photovoltaic

device. The most important recombination centres in Cz-Si are introduced below.

1.2.1. Metallic impurities

The first group is formed by metallic impurities, which broadly fall into two cate-
gories, namely (i) interstitial diffusing metals, such as the transition metals iron, cop-
per, chromium, and nickel [Web83], and (ii) substitutional diffusing metals like zinc,
arsenic, antimony, and tin. Among those impurities, transition metals are known to
provide particularly deep levels in the silicon bandgap E, = 1.11 eV [Kit96] and act
as very strong recombination centres [Dav80, Piz86, Ist00]. The energy levels of the
most important dopants and impurities in silicon are depicted in Figure 1.1. The

Fermi energy of undoped silicon lies in the middle of the bandgap and can be shifted
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Figure 1.1.: Energy levels of the most important dopants and impurities rela-
tive to the conduction (E¢) and valence band (Ey). Relative positions are not to
scale for clarity. The occupation probability of the different states is described by a
Fermi-Dirac distribution, which depends on the Fermi energy ep (dotted line) and
temperature as shown on the right hand side for undoped silicon at three differ-
ent temperatures exemplarily. The ionisation energies of the different dopants and
impurities are taken from [Mul86, Ist99, Rei05].

upwards and downwards by introducing donor and acceptor states, respectively. The
ionisation level of phosphorus in silicon, for instance, amounts to Ep = Ec—0.044 eV
[Mul86] and the Fermi level of Si:P is given by e ~ Ey+(E,—3Ep) = Ey+1.078 ¢V

at low temperatures in a first order approximation.

Metallic impurities like iron, for instance, introduce particularly deep levels in the
silicon bandgap, namely at Er, = Ey+0.38 eV [Ist99]. Interstitial iron is paired with
substitutional boron at room temperature to form the well-known metastable iron-
boron pair (FeB). This complex dissociates into its constituents upon illumination
with white light and introduces a donor and acceptor state into the silicon bandgap
at Fy+0.10 eV and Ec—0.26 eV [Ist99], respectively, and dominates recombination

at room temperature.
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1.2.2. Oxygen and its related defects

Oxygen and its related defects form the second very important group of recombi-
nation centres in Cz-Si. One of the best studied oxygen related defects are silicon
dangling bonds (DBs) formed by trivalent silicon atoms at the interface between
silicon and (native) silicon-dioxide (Si/SiOs) [Stu00].! Depending on their particu-
lar atomic configuration and orientation relative to the interface, one differentiates
between Py, centres forming at the (111) Si/SiO, interface, as well as Py and Py,

centres forming at the (100) Si/SiO, interface [Poi81].

Particularly high densities of silicon DBs of up to 10*® cm ™ are found in amorphous
silicon (a-Si) as a consequence of the very high disorder in this material caused by
variations in bond lengths and angles [Bra92]. Beside Cz-Si, a-Si is another very in-
teresting source material for photovoltaic devices as it can be deposited as thin-films
with plasma-deposition techniques, which allow us to reduce the material consump-
tion and fabrication costs — two very important arguments for terrestrial power
applications — significantly and to fabricate more efficient multi-junction solar cells
with multiple absorber layers with different bandgaps. Historically, a-Si has been a
particularly important model system for defect engineering as its structural charac-

terisation by EPR and related techniques has led to the development of hydrogen

I The first EPR signal attributed to silicon DBs is reported by M. H. BRODSKY and
R. S. TITLE for amorphous silicon and reveals a Landé g-factor of g = 2.0055 [Bro69]. There
are various arguments for associating this resonance with silicon DBs. The most convincing is
probably the investigation of the hyperfine interaction between a paramagnetic spin and 2°Si nu-
clei in an isotopically enriched 2Si sample. The wavefunction deduced for this resonance reveals
an sp3 symmetry [Bie86] as one would expect for silicon DBs [Wat64].
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passivation techniques, whereby hydrogen is incorporated during thin-film growth
in order to saturate the DBs [Chi69]. This passivation process is nowadays used
in photovoltaic thin-film technology [Sha04] to reduce the concentration of DBs
from [DB] ~ 10" em™ in a-Si to ~ 10 em™ in hydrogenated amorphous silicon
(a-Si:H) [Der83].! Furthermore, the incorporation of hydrogen enables doping of
a-Si by boron and phosphorus as the Fermi level is not pinned by the huge defect

density in the middle of the bandgap anymore [Spe75].2

A second very common oxygen related defect in silicon is interstitial oxygen (O),

which is found in Cz-Si at concentrations of up to [O] ~ 10'® cm™3. Slightly smaller

3

but still significant concentrations of [O] ~ 10" cm™ are found in microcrystalline

silicon (pc-Si) [Stu00], which has a smaller bandgap than a-Si:H and is employed
as an absorber layer for low-energy photons in state-of-the-art a-Si:H/pe-Si:H two-
junction (tandem) solar cells [Sch07], for instance. Interstitial oxygen has vari-
ous guises, such as thermal donor defects [Ful57], boron-oxygen complexes [Fis73,

Bot06], and (unstrained and strained) oxide precipitates (OPs) [Van95, Murlla).

! The downside of this passivation process arises from the Staebler-Wronski effect (SWE)
[Sta77, Sta80], the light-induced degradation of undoped a-Si:H, which has been the main limiting
factor for the performance of a-Si:H based photovoltaic devices ever since. Current understanding
of this effect is based on the work of H. DERSCH et al., who reaslised that the observed degradation
is caused by a reversible increase of [DB] upon the absorption of light [Der81]. Other degradation
mechanisms associated with the SWE are (i) Si—H bond dissociation involving the collision of two
mobile hydrogen atoms [Bra99] and (ii) weak Si—Si bond breaking after trapping and bimolecular
recombination of excess charge carriers at the same bond site [Stu85]. In contrast to the hydrogen
collision model, the weak Si—Si bond breaking model predicts the presence of spatially correlated
DB—H pairs, which were investigated in a series of studies involving multifrequency EPR and
related techniques [Is093, Bra9d8, Feh10, Fehll]. There is, however, still no consensus on the role
of hydrogen and the particular mechanisms involved in the SWE [Stu86, dWa95, Bra99, Pow02].
2 Boron doping shifts the Fermi energy ¢ towards the mobility edge of the valence band, whereas
phosphorus doping allows us to shift e in the opposite direction as a prerequisite for a detailed
investigation of the density of states in a-Si:H [Stu83].
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1.2.3. Impurity gettering in Czochralski silicon

The detrimental effects of those defects and impurities motivated the development
of internal gettering, whereby impurities are confined to inactive regions of the
wafer. Although OPs can act as recombination centres [Chell], they play a crucial
role in internal gettering as they can be grown intentionally to act as sinks for
detrimental metallic impurities [Tan77, Gil90, Mye00]. OPs undergo a morphological
transformation during growth [Ber89], which is known to have implications for both,
internal gettering [Fal04] and recombination of minority carriers [Murlla]. The
precipitates initially exist in an unstrained state, but after a certain threshold growth
time — dependent on the density of nucleation sites — they change morphology into a
strained state, which coincides with the transition from ineffective to totally effective

impurity gettering [Fal04].

J. D. MURPHY et al. have recently shown that the recombination rate at OPs
depends (i) upon their strain state, and (ii) interestingly upon the precipitate den-
sity rather than size [Murllal. As the number of corners of the strained platelets
is invariant with size, these discontinuities have been suggested to play a central
role in the recombination process. The question about their particular microscopic
and spectroscopic nature does, however, remain to be answered as the photocon-
ductance methods [Sin96] used in this study do not easily allow their structure to

be determined.
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1.3. Aim and outline of this thesis

Our previous discussion has shown that there has been tremendous progress over
the past several years towards the characterisation and control of electron spins
for applications in QIP as well as defects and impurities for applications in silicon

photovoltaics. Open questions regard

(i) the microscopic nature of defects associated with (strained) OPs in Cz-Si,

(ii) the interplay between structural, spin, and electronic properties of CNTs, and

(iii) the interaction between conduction and donor electrons in Si-FETs.

The aim of this thesis is to address those questions by using a comparatively new and
very sensitive spectroscopic technique called electrically detected magnetic resonance

(EDMR), which is introduced in Chapter 2.

In Chapter 3 we employ this EPR related technique to identify and characterise
the most important recombination centres in Cz-Si with strained OPs. We study
strained OPs with a wide range of densities and relate them to the electronic re-
combination times measured via EDMR. A refinement of our spectrometer enabling
time-resolved EDMR measurements at X-band is discussed in the last section of

Chapter 3 for an a-Si:H test structure.

Chapter 4 is about the fabrication and electrical characterisation of a novel CNT

device architecture. Its design principally allows us to investigate the interplay of
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spin, structural, and electronic properties of CN'Ts through its compatibility with
EDMR and conventional materials characterisation techniques, such as transmission

electron microscopy (TEM) and low-temperature transport measurements.

In Chapter 5 we employ EDMR to investigate the interaction between conduction
electrons and channel implanted donors in Si-FETs. This involves the demonstration
of high-field EDMR in a resonant microwave cavity with a higher sensitivity and
spectral resolution, and a comparison to conventional low-field experiments. Chap-
ter 5 concludes with the measurement of the relevant spin coherence and dephasing
times via high-field pulsed-EDMR experiments. A final conclusion of the results

presented in this work is given in Chapter 6.
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Principles of electrically detected magnetic resonance
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EDMR builds on EPR and is a very powerful and sensitive experimental technique
used throughout this work to control, manipulate, and characterise electron spins in
semiconductor and carbon nanodevices. This technique has been particularly suc-

cessful in the characterisation of low dimensional systems as (i) the EDMR signal
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2. Principles of electrically detected magnetic resonance

does not scale with the size of the device! and (ii) only electrically active defects con-
tribute to the formation of the signal if bolometric effects are avoided. This chapter
introduces the underlying principles of EPR and EDMR and develops the theoretical

framework to understand the EDMR effect in semiconductor nanodevices.

2.1. Electron paramagnetic resonance

Discovered by Y. ZAVOISKY in 1945 [Zav45, Zav46], EPR is primarily a spectro-
scopic technique used to study chemical species with unpaired electrons and based
on the manipulation of the net magnetisation M associated with their spin degree

of freedom. For an ensemble of N € N electron spins, M is given by

N

N
M=) p,=-> guSn (2.1)
n=1 1

n=

where p, and S,, denote the magnetic moment and spin angular momentum of the
n'™ electron, respectively, g the Landé g-factor, and up the Bohr magneton. In
the presence of an external magnetic field Bg = Bz, the spin angular momentum
S as described by its eigenvalue, the spin orientation quantum number my, aligns
itself either parallel (ms; = +1/2) or antiparallel (ms; = —1/2) to By, which causes
the associated energy levels to split due to the Zeeman effect [Zee87]. The parallel

alignment of the spin relative to Bg corresponds to the lower energy state |} ), the

! Due to Ohm’s law, the absolute value of the sample resistivity pg in thermal equilibrium depends

on the size of the device. Hence, the relative resonant change of the sample resistivity % = %

is size independent, which is why the EDMR effect does not scale with the device size.
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antiparallel configuration to the higher energy state |1), and the separation energy
is AE = gupBy. Transitions between |}) and |1) with Am, = +1 are excited by
illumination with microwaves whenever their angular frequency w,,, matches the
spin resonance condition hwp,, = gupBy. Due to the limited lifetime of the excited
spin state, the electron spins relax after a certain time to the ground state, which
causes the magnetisation M in Equation (2.1) to decay towards the equilibrium

M, = Myz. The dynamics of this process are described by the Bloch equations

oM M, M, M,— M,

" — ~(M x B) — ith — (== v 72 ) 2.2

5 YMx B)—r wi r (T2 T, T (2.2)
where r describes the relaxation and v := gupg/h denotes the gyromagnetic ratio

[Blo46]. T and T3 are the relaxation and dephasing time, respectively, and describe
the exponential decay of the longitudinal and transversal component of M. The
Bloch equations can be solved for an ensemble of paramagnetic spins in an oscillating
magnetic field B = Byz + B1(t) = By(0,0,1) + Bi(cos wpuwt, sin wy,t, 0) with the
Larmor frequency wo = vBy [Lev01]. For their solution it is convenient to transform
Equation (2.2) into a coordinate system, which rotates about the z-axis at the

angular frequency wy,,,. In this so-called rotating frame, the Bloch equations read

OMFE M, M, My — M
= (—QM, + 5, —QM, — w M. + =2, w M, ) 2.3
ot < vty et ety g (23)
where € = wy — W and wy; = yB; denotes the Rabi frequency describing the

precession of M about B; in the rotating frame. In the case of slow-adiabatic passage
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[Weg60], i.e. a fast spin relaxation and low oscillation frequency of the applied
microwave field, Equation (2.3) is solved by the magnetisation M* = (M}, M, M)

with the components

w1 (wo — Wi ) T2
1+ (wo — Wi ) 2T + Wi (TVTh)
—w1Ts
L (Wo — Winw) T3 + W TV T)
1+ (wWo — Wi ) T3

ME = M,
2T 14 (wo — Wi )2 T2 + W2(TVT) 0

0

M, (2.4)

In conventional EPR, the experimentally measured quantity is the magnetic suscep-

tibility x, which is defined through M = yB/p and given by

, 1
x=x’+2x”zuo<

xT Y

2.5
B "B, (2.5)

R
ME o M!
2

where p,, denotes the magnetic permeability of the sample, g the vacuum perme-
ability, and x’ and x” the real and imaginary part of the magnetic susceptibility,

respectively. If By is small, i.e. v?Bi(T1T) < 1, Equation (2.5) simplifies to

!

X = (wo — wmw)T2X”

" 1 7T2

X = 5#01 + (Wo — Wi ) 2T

(2.6)
My

The real part of the magnetic susceptibility ¥’ causes a shift of the resonance fre-
quency of the microwave resonator, whereas the imaginary part y” causes the quality
factor @) of the microwave cavity to change. () is defined as the ratio between the en-

ergy stored in the resonator and the energy loss due to microwave absorption by the
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sample, or equivalently, the ratio of the cavity bandwidth and resonance frequency.

This energy loss is described by the absorbed microwave power [Pak73]

Pow= —;(M x B) = WX B? (2.7)

and directly detected in a conventional EPR experiment. The imaginary part of

"

the magnetic susceptibility, x”, is a Lorentzian line arising from a homogeneous
spin ensemble. Inhomogeneous broadening of a resonance line arises due to a set of
overlapping lines of different spin ensembles and leads to a Gaussian lineshape. Since
a standard EPR (and EDMR) experiment conventionally measures the derivative of

the absorption line with respect to magnetic field, a more practical expression for a

Lorentzian absorption line is given by

2a/(AB,,)?
B) = bp 2.8
fL( ) 3(ABpp)2 + 4<B _ BO)2 ( )
and a Gaussian absorption line is described by
1 1 2(B - By)?
B) = ~d AB e 2.
folB) = 1 ABes [ - 200D, 29)

where B, denotes the resonance field, o’ the amplitude, and AB,, the peak-to-peak
linewidth of the Lorentzian and Gaussian derivative line, respectively. The relation
between the absorption and its derivative line is depicted in Figure 2.1. A numerical
integration of the derivative line is not very practical and accurate as it requires the

correction of the baseline of the recorded signal. This is why the signal amplitudes ay,
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Figure 2.1.: Typical absorption line (top) and its first derivative (bottom) centred
around the resonance field By. o’ denotes the amplitude and AB,,, the peak-to-peak
linewidth of the first derivative line. The amplitude of the absorption line is ar, ¢
and Ap ¢ its area (shaded). Please refer to the text for further details.

and ag of a Lorentzian and Gaussian absorption line, respectively, are conventionally

defined through o' and AB,, of the respective derivative line and calculated via

2
ap, = fL(BO> = ga’ABpp

; (2.10)
ac = fc;(Bo) = ZalABpp
Integration of Equations (2.8) and (2.9) with respect to B results in
T 7r
A= [ aB fu(B) = V(BB
- (2.11)
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for the area A, and Ag under a Lorentzian and Gaussian absorption line, respec-
tively. This analysis will be important when comparing EDMR signal intensities at

different magnetic fields in subsequent chapters.

Another very important quantity of an EPR spectrometer is its sensitivity, i.e.
the minimum number of detectable spins per Gauss linewidth per square root of
seconds measuring time. The sensitivity of conventional X-band EPR is limited
to ~ 8 - 10° spins/G+v/Hz [Sch99] owing to the small Zeeman splitting of about
ez ~ 40 peV at typical magnetic fields By ~ 0.35 T [Bra04]. In order to achieve
higher sensitivities, EPR has been combined with different measurement techniques,
such as magnetic resonance force microscopy [Rug04] as well as optical [Bro59,
Gesb9, Wra93, Jel04] and electrical detection techniques [Elz04, Xia04, Ste06]. Among
those methods, EDMR has been reported to provide the highest sensitivity, which
is more than 10° times higher than for conventional EPR, [Boe(6b], and currently

approaches the few to single electron regime [McC06].

2.2. Electrically detected magnetic resonance

Originally proposed by J. SCHMIDT and I. SOLOMON in 1966 [Sch66] and demon-
strated for the first time by D. J. LEPINE six years later [Lep72], EDMR refers
to a spectroscopic technique, in which the sample is placed in an external static
magnetic field Bg, while the sample conductivity is measured under the irradiation

with resonant microwaves. The EPR induced change in the population of the two
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Figure 2.2.: Schematic representation of the main spin-to-charge conversion mech-
anisms. The spin dynamics depend on the mutual spin orientation of the free con-
duction electron (red) and the localised defect or impurity (blue), and give rise to

spin-dependent scattering (a), spin-dependent tunnelling (b) and spin-dependent
recombination (c). Please refer to the text for further details.

Zeeman states causes the electrical resistivity to vary due to so-called spin-to-charge
conversion mechanisms, which involve the formation of a spin-pair. Depending on
the mutual orientation of the two spins, the spin-pair can either be in a singlet state
described by the vector |xs) = a|1)) — 8 [{1), where both spins are aligned antipar-
allel to each other, or a triplet state |x;) = a|11) + 8 [{{) referring to the parallel
configuration of the two spins (o, 8 € C with |a|* + |3]|* = 1). Owing to the Pauli
exclusion principle, a particular transport channel is blocked if the spin-pair is in
a triplet state. This Pauli blockade can be lifted by illumination with microwaves,
which repeatedly flip either of the two electron spins on resonance and thus alter
the total resistivity of the sample. The most important spin-to-charge conversion
mechanisms are shown in Figure 2.2 schematically and discussed in the following

three sections in more detail.
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2.2.1. Spin-dependent scattering

If the spin-pair is formed by a free electron with coordinates ry and a paramagnetic
donor or defect with coordinates rs, the Pauli exclusion principle forces the spatial
component of the overall wavefunction ¥ (rq,ra, xs¢) : (R* x R*) ® C? - C ® C? to

be symmetric for spin singlets and antisymmetric for spin triplets, i.e

1

Vs(re,1r2) = NG [¥1(11)0a(r2) £ Y1 (r2)ha(r1)] @ |Xs ) (2.12)

where the upper sign is for the singlet |x) and the lower sign for the triplet spin state
Ixt), and 115 : R® — C denote the wavefunctions of the two scattering partners.
The scattering matrix (¢ | H [st) € C?*? describes the interaction between the
two scattering partners with the interaction Hamiltonian A and depends strongly
on the spatial overlap of (.| and |¢,,), which is larger for singlet than triplet pairs
from symmetry considerations of Equation (2.12). One therefore expects the scatter-
ing cross-section for singlet pairs X, to be larger than for triplet pairs, i.e. ¥ > 3.
This difference leads to a spin-dependent contribution to neutral impurity scattering
(see Figure 2.2 (a)), which has been described within the effective mass approxima-
tion as the scattering of an electron off a hydrogen atom by G. L. PEARSON and
J. BARDEEN in 1949 for the first time [Pea49]. A. HONIG proposed a direct demon-
stration of neutral impurity scattering by exploiting the difference in singlet and
triplet cross sections for the scattering of conduction electrons off neutral impurities

[Hon66]. Early measurements of a spin-dependent photoconductivity signal in sili-
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con were interpreted as spin-dependent scattering [Max66], but later shown [Tho73]
to be due to the polarisation dependence of electron trapping and recombination
instead [Ste83]. The first direct measurement of spin-dependent scattering of con-
duction electrons off neutral impurities was observed in a 2DEG and reported by
R. N. GuosH and R. H. SILSBEE [Gho92], who measured the EDMR effect in Si:P
MOSFETs at T' = 4 K and a magnetic field of By = 0.32 T. By treating the impu-
rity electrons as a classical gas obeying Boltzmann statistics and the 2DEG electrons
as a two-dimensional degenerate Fermi gas, they describe the relative change of the

device resistivity Ap/po in a first-order approximation by

AP Tt <Es Et)
_— i0Pc0— whe = .13
. X APioPco re [0 < . t> (2 )

denotes the difference in scattering cross sections ¥, and ¥; when the 2DEG and
donor electrons form singlet and triplet pairs, Ap := p — py the difference between
the device resistivity on and off resonance, p;y and p.o the impurity and conduction
electron spin polarisations in thermal equilibrium, and 7; and 7,, the total and neutral
impurity scattering rate, respectively. Their results were, however, complicated by
the overlap between the donor and 2DEG resonance signals due to the use of a highly
doped substrate. More recently, similar measurements have been carried out to in-
vestigate charge carrier scattering in 2DEGs embedded in Si/SiOy [Gho92, Xia04],
Si/SiGe [Gra99], and GaAs/AlGaAs heterostructures [Dob88, Jia01]. Furthermore,
C. C. Lo et al. report on the electrical detection of the nuclear spin states of 12!Sb

antimony donors, which have been implanted into the device channel of 2%Si-FETs
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[Lo07, dSo09]. Their resonance spectra show well resolved signals from the conduc-
tion electrons in the 2DEG (Ap/py ~ 107°%) as well as hyperfine-split resonances
from bound ?'Sb donor electrons (Ap/py ~ 1077). Although those results were
attributed to spin-dependent-scattering, the subsequent experiments described in
Chapter 5 show that the EDMR effect in Si-FETs arises due to the polarisation

dependent resistivity of the 2DEG instead.

2.2.2. Spin-dependent tunnelling

Tunnelling through a potential barrier as shown in Figure 2.2 (b) becomes spin-
dependent if the tunnelling transition of an electron through a singly occupied into
an unoccupied state depends on the mutual spin orientation of the two participating
spins. It was first mentioned by N. KISHIMOTO et al. in their investigation of vari-
able range hopping in amorphous silicon-gold alloys (Ap/py ~ 1073 [Kis81]) and also
observed as a consequence of the Pauli blockade in GaAs/AlGaAs [Ono02, Joh05b],
Si/SiGe [Sha08a], Si-MOS [Liu08], and CNT DQDs [Bui08]. This mechanism is also
the central idea behind B. E. KANE’s original spin readout proposal [Kan98], where
a spin-dependent tunnelling transition between a control donor and a nearby target
qubit is employed to readout the spin state of the latter. Similar readout schemes
involve spin-dependent tunnelling from paramagnetic trap states [Xia04] or donors

to adjacent QDs [Mor09].
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A conceptual extension of spin-dependent tunnelling is reaction-yield detected mag-
netic resonance (RYDMR) [Ani79, Tri80], where the spin-dependence of chemical
reactions involving paramagnetic radicals is used to investigate the kinetics and rate-
limiting educts. A similar method has been used to study charge pumping of gate

oxides in Si-MOSFETs [Mas99].

2.2.3. Spin-dependent recombination

Charge carrier recombination in semiconductors with an indirect band gap is gen-
erally described in terms of the Shockley-Read-Hall model, where deep levels in the
band gap capture pairs of electrons and holes from the conduction and valence band,

respectively, and subsequently recombine prior to their re-emission [Sho52, Hal52].

In an external magnetic field, this process can become spin-dependent and charge
carriers recombine through paramagnetic centres in the band gap. This process is
commonly referred to as spin-dependent recombination and has been observed in
crystalline silicon (¢-Si) by D. J. LEPINE for the first time [Lep72]. In his model,
any electron in the conduction band can recombine with a hole in the valence band
through a paramagnetic centre in the band gap. The associated recombination rate
is determined by the mutual orientation of the two spins, which can only recombine
if they form a spin singlet owing to the Pauli exclusion principle. Hence, the sin-
glet recombination rate r, is much larger than the recombination rate r; associated

with the triplet states. In the absence of an external magnetic field, the observed
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recombination rate is therefore given by

1 3 1
r= s + UL (2.14)

since the probability of the two spins forming a singlet and triplet state is i and

%, respectively. In the presence of a finite magnetic field the spin ensembles are

polarised, i.e. the population of singlet states is decreased and the population of

spin triplets increased. The recombination rate is then described by

ro = (1 )Ts —ebo  gupBo

— — DroPe ith 0 N Pp = 1 — T = 2.15
ProPco w1 DPro = Pco € "B kT ( )

4

where p,o and p.y denote the thermal polarisations of the recombination centres and
conduction electrons, respectively, kg the Boltzmann constant, and T the tempera-
ture. As transitions between the Zeeman levels of either of the two spin ensembles
are excited through the application of microwaves, the respective thermal polar-
isation is altered and r = irs on resonance. The relative change of the sample

resistivity is therefore given by

Ap Ar gisBo\?

:%prC§< ) 2.16

Po To Ore0 kT (2.16)
where Ar := r — ry denotes the difference between the recombination rates on

and off resonance. This very strong temperature dependence was contradicted by
various experiments on different materials [Bra9lb, Sti95, Kaw97, Bra9d8, Eic98,

Hir99, Stu00] including ¢-Si (Ap/po ~ 107° [Lep72]), a-Si:H (Ap/po ~ 1072 [Der83)),
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Figure 2.3.: Spin-dependent recombination in Si:P through P, DBs formed at
the Si/SiO, interface. Recombination through the Py, centre is only allowed if the

3IP-Py, pair (dashed line) is in a singlet state. The spin-pair is generated at the rate
g, dissociates at the rate d, and recombines at the rate r.

and Cgo fullerene thin-films (Ap/py ~ 1072 [Bra92]). A model which can account
for those results and the nearly constant temperature dependence of Ap/pg, in
particular, was proposed by D. KAPLAN, I. SOLOMON, and N. F. MOTT in 1978
[Kap78]. In contrast to Lepine’s model, this so-called Kaplan-Solomon-Mott or
KSM model assumes that electrons and holes are captured by two recombination
centres independently of their mutual spin orientation. The spin-dependence of
the recombination rate rather arises due to the formation of an intermediate spin-
pair, which is formed prior to the actual recombination process. A typical example
is provided by Si:P, in which the respective spin-pair formed by a paramagnetic
3P donor and a P, DB [Ste06] as depicted in Figure 2.3. The dynamics of this
process can be described by the rate equation din = g — r — nd, where n denotes

the total number of electron spins in the conduction band, g the generation, r the
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recombination, and d the dissociation rate of the spin-pair. Thermal polarisations of
the spin system play a minor role in this model since the recombination is governed
by the spin state of the pair alone and not by the ensemble of spins. The change of
the resistivity is therefore given by the relative rates r and d and does not explicitly
depend on the temperature or the magnetic field. While the KSM model assumes
that triplet states cannot recombine, B. MOVAGHAR et al. developed a similar

model including a finite triplet recombination rate [Mov80)].

The different spin-to-charge conversion mechanisms discussed above can principally
be investigated with continuous-wave (cwEDMR) and pulsed-EDMR (pEDMR)
[Boe03]. CwEDMR is mainly used to access the spectroscopic information, whereas
pEDMR is used to access the dynamics of a particular spin-to-charge conversion

mechanism. The principles of both techniques are described below.

2.3. Continuous-wave EDMR

CwEDMR is a well established spectroscopic technique, which has been employed for
semiconductor defect analysis in various materials. It has been applied successfully
to study e.g. 3'P donors in silicon [Sch66] at high [Hon78] and low magnetic fields
[Sti95] and contributed to the understanding of the effect of phosphorus doping in
a-Si [Stu00, Bra9lb] and pec-Si [Kan00] for photovoltaic applications as introduced

in the previous chapter.
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2. Principles of electrically detected magnetic resonance

2.3.1. Signal formation

CwEDMR is conventionally performed as an adiabatic field-sweep experiment, where
the sample is exposed to a continuous microwave field and the resonant change of
the electrical resistivity of the sample detected as a function of magnetic field. On
resonance this leads to a change in the steady-state spin configuration, which trans-
lates into a change of the sample resistivity through the spin-to-charge conversion
mechanisms discussed above. The resulting signal allows us to access the spectro-
scopic information through the spin-resonance condition. In contrast to pEDMR,
where the transient change of the electrical resistivity is recorded as a function of
the time after a coherent microwave excitation or pulse length, the signal ampli-
tude observed in a cwEDMR experiment is proportional to the spin-flip rate of the
excited spin-pair, which is — according to the Bloch Equations (2.2) — itself propor-
tional to the magnetisation and the strength of the exciting microwave field. For
cwEDMR, the microwave resonator is therefore tuned to a high quality factor of
typically @Q ~ 5,000 to obtain a high magnetic microwave field B;, which induces
high spin-flip rates and increases the signal intensity. Conductive parts of the sam-
ple, which are indispensable in any EDMR sample, are generally detrimental for
achieving high quality factors due to surface currents induced by the microwave
field. Lithographically defined contacts with a length exceeding the geometrical size
of the resonator, however, do allow to overcome this limitation by contacting the
active area of the device with thin metallic layers below the skin depth of microwaves

of typically § ~ 1 um at w,,,, = 10 GHz [Poo83].
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2.3.2. Phase-sensitive detection

CwEDMR is conventionally carried out by using a lock-in detection technique, where
the magnetic field By is modulated at a certain frequency and the resulting cwEDMR
signal demodulated prior to its detection. In this case, the modulation frequency
needs to be slow compared to T} and T of the excited electron spin in order to comply
with the slow-adiabatic passage condition [Weg60]. Furthermore, it is desirable to set
the modulation frequency to a fractional multiple of the mains frequency w ~ 50 Hz
in order to minimise any mains noise. The lock-in technique enables a phase-sensitive
detection, reduces the detection bandwidth and noise level, and causes the signal
to become the first derivative of the absorption line with respect to the magnetic
field. The Landé g-factor can thus be measured more accurately as the zero-crossing
of the first derivative is easier to determine than the position of the maximum of
the absorption line. E. A. SCHIFF demonstrated that field modulation can be
used further to separate different contributions to the cwEDMR signal by varying
the lock-in phase between the excited and detected photocurrent in a-Si:H [Sch81].
In his model, the photocurrent is determined by the density of photo-excited elec-

trons n(t), which can be described by the rate equation

d A
d%;b =g —nr=g—nro(l+ ae“md) (2.17)

where g is the excitation, and r = ry(1+ ae™med') the recombination rate modulated

around its average value ry with the amplitude ae™mod® and the angular modulation
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frequency wpeq. Equation (2.17) can be solved with the ansatz n = ngy + nye@modt
[Mov80]. Comparing the coefficients in the ansatz with Equation (2.17) and neglect-

ing the second order term O(e?®meit) = qn,e*“modt results in

arop W t a w t
n=nyg—ng————e ™md =pny(l - ————"med
70 + 1Wmod 1+ 1WpneaT (2.18)
1 — tWmedT , '
=n, 1 _ aimelwnwdt =:n 1 _ Aelwmodt
" < 1+ w?node ) 0( )
where 7 := 1/ry denotes the lifetime of the particular recombination process. In
other words, field modulation induces a phase shift
Im(A
A¢ = — arctan (4) = arctan (WpedT) (2.19)

Re(A)

between the exciting and detected photocurrent, which depends on the lifetime 7 of
the particular recombination process. A superposition between different recombina-
tion processes can thus be decomposed by varying the phase of the lock-in amplifier.
The lifetime 7 can be determined by measuring the absolute value of the EDMR

signal |Ap| as a function of the modulation frequency wy,,q and fitting it to

R |Apo
Apl = | —Apy| = ———— 2.20
) | L+ winoa™ O| V1 @2t .

with |Apg| and 7 being the fit parameters. This technique has been successfully
applied previously to study spin-dependent recombination at the silicon surface
[Lep72], Pyo DBs [Len84], spin-dependent recombination in a-Si and a-Si:H [Bra92]

as well as spin-dependent trapping at trivalent silicon centres in silicon bicrystals
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[Len90]. We note, however, that the measurement error of this technique has to be
evaluated carefully as the EDMR spectrum is distorted when w,,,q approaches the
reciprocal lifetime of the spin-pair involved in the particular recombination process.
In this case, the spins do not have enough time to relax between two successive
modulation cycles and passage effects have to be considered [Weg60]. Neverthe-
less, this analysis can provide valuable insights into the dynamics of a particular

recombination process if applied within the limits described above.

2.4. Pulsed-EDMR

CwEDMR provides valuable insights into incoherent processes, such as electron spin
relaxation and recombination times. Coherent spin dynamics on the other side can
be studied with pEDMR on a nanoseconds timescale. In pEDMR, the transient
change of the electrical resistivity of the sample is either recorded as a function of
the time after a coherent microwave excitation (single pulse or pulse train), which
is referred to as free induction decay (FID), or as a function of the pulse length
tp. Together with the absolute value of the microwave field B, t, determines the
so-called tip angle 8 = vBit,, i.e. the angle by which the magnetisation is rotated
around the z-, y- or z-axis of the Bloch sphere' [Sch01], which is conventionally

used to visualise any coherent spin motion in the eigenspace {|1),|})} of any two-

I The north and south pole of the Bloch sphere correspond to the parallel and anti-parallel align-
ment of the magnetisation relative to the applied magnetic field |}) and |1), respectively. The
tip angle 6 can then be viewed as the angle between the magnetisation and quantisation axis z.
A microwave pulse with § = 7 (7/2) is referred to as 7- (7/2-) pulse in the following for convenience.
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Figure 2.4.: Transition rate during and after a microwave pulse with length ¢,.
Please refer to the text for further details. Redrawn from [BoeO6b].

level spin system. A conceptual sketch of a typical pEDMR experiment is shown
in Figure 2.4. Before the application of a microwave pulse, the spin-pair ensemble
remains in a steady state and precesses about the external magnetic field Bg with
the Larmor frequency wy = vBy (Figure 2.4 (a)). During the pulse (Figure 2.4
(b)), the spins start to precess about the net magnetic field B = By + By with the

effective Rabi frequency

Q= /(1B + (Aw)? (2.:21)

where Aw := wy — Wy denotes the detuning between the Larmor and microwave
frequency wg and wy,,,, respectively. This Rabi oscillation then stops at the end of
the microwave pulse and the spin-pair carries out Larmor oscillations only. Slightly
different Larmor frequencies of the spin-pairs in the ensemble give rise to Larmor-
beat oscillations before the ensemble relaxes back into its steady state as depicted

in Figure 2.4 (c¢). This relaxation typically follows a multi-exponential transient and
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can even lead to temporary quenching of the transition rate (Figure 2.4 (d)), before
the spin ensemble returns into its steady state as depicted in Figure 2.4 (e). The

time integral over the transition rate Q(t,, B1,wWmw) is proportional to the singlet

Pulse sequence ‘ Variable ‘ Measured quantity

T1IL |+ |7 version recovery

JIL ‘ T ‘ T, Hahn echo [Hah50]
LIl | 7 | Ty Ramsey fringe [Ram50, Vio03]

JLIL | ¢ | Rabioscillations [Rab37, Vio03)

Table 2.1.: Standard pEPR pulse sequences for measuring 71, 75, and 7% by varying
the delay 7 between the 7- (JL) and 7/2-pulses (L), respectively. Rabi oscillations
are induced by varying the pulse length ¢, of the first microwave pulse.

content of the ensemble state at the end of the pulse [Boe03]. A direct detection
of the relative resistivity change during the spin manipulation is generally not pos-
sible as the RC time constant of the sample and detection electronics is usually
larger than typical pEDMR relaxation times. Hence, the minimisation of the ab-
solute sample resistance, by using an interdigital contact geometry for instance,
is quintessential for a fast current amplification in any pEDMR experiment. Due
to the specific relaxation process back to the steady state configuration, the ampli-
tude of the transient contains information about the transition rate at the end of
the microwave pulse, and different pulse lengths lead to different transient ampli-
tudes, which makes the detection of coherent spin motion experimentally accessible.
The most important pulse sequences used to study coherent spin dynamics via con-

ventional pEPR are compiled in Table 2.1. In order to employ those pulse sequences
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for EDMR, an additional m/2-readout pulse needs to be added at the end of each
sequence as EDMR only probes the longitudinal component of the magnetisation.?
The reconstruction of coherent spin motion by measuring the signal in a fixed in-
terval of time as a function of the pulse length was originally used to study spin
nutation in radical pairs in transient RYDMR [Tad98, Ara00]. Later on, a similar

concept was applied to study Rabi oscillations in Si:P with pEDMR, [Ste06].

2.5. Conclusions

The EDMR effect has been shown to arise due to scattering, tunnelling, or recombi-
nation, which become spin-dependent in the presence of an external magnetic field
due to the Pauli exclusion principle. EDMR has been used to study electron spins in
various materials and can be performed as a continuous-wave or pulsed experiment.
CwEDMR establishes a new steady state of the spin system, which alters the sample
resistivity on resonance and allows us to access the spectroscopic information of the
excited transition. PEDMR can be used to perform coherent spectroscopy through
the measurement of the spin relaxation after the application of a coherent microwave
pulse. The detection bandwidth and noise level of both techniques can be reduced
by the application of a lock-in detection technique provided the RC time constant

of the experimental setup is small enough.

! Please note that an EDMR-detected Ramsey experiment can be carried out without adding an
additional w/2-pulse at the end of the sequence shown in Table 2.1 as the second 7 /2-pulse projects
the nutating spins on either the singlet or triplet state already.
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The electrical performance of modern photovoltaic devices is determined by vari-
ous material properties. The crystal quality of the intrinsic and doped layers, for

instance, plays a particularly important role as it directly affects current-limiting
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3. Spin-dependent recombination in Czochralski silicon

processes through the generation of space charges, internal electric fields, Schottky
barriers at the contacts, and recombination centres. The complex interplay between
those defect structures makes it difficult to study individual aspects of the material
properties so that highly selective and very sensitive measurement techniques are
required for device optimisation and quality control. The most common technique
used to gain information about these defect structures and their complex interac-
tions are standard I'V- and photoconductance measurements [Sin96] under different

illumination conditions.

Those conventional characterisation techniques do, however, not allow a simple and
straightforward interpretation of the data as the current through the device does not
tell us directly where and how charge carriers recombine in the device — a discrimi-
nation between signals from the contact layers, background from the substrate, and
cell structure is therefore often very difficult. This is why EDMR has become a very
useful and important characterisation technique in silicon photovoltaics [Beh09] as
it probes individual recombination centres selectively and under ambient solar cell

operating conditions.

The dynamics of a particular recombination process can either be studied by chang-
ing the modulation frequency in cwEDMR (see Section 2.3) or by employing coherent
microwave pulses in pEDMR experiments (see Section 2.4). An analysis of the time
evolution obtained from a two-dimensional pEDMR experiment (Ap/po as a func-
tion of By and time) allows us to deconvolute spectrally overlapping signals [Beh09].

Such experiments do allow us further to identify pairs of recombination centres con-
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Figure 3.1.: Schematic drawing (a) and [V-characteristic of a semiconductor
pn-junction without (I,, = 0) and with illumination (I, # 0) (b). The concen-
tration of electrons and holes in the space charge region decays exponentially. The
maximum power P, delivered by such a device is the absolute value of the area of
the largest rectangle under the I'V-curve as indicated by the shaded region (blue).
Please refer to the text for further details.

tributing to the same spin-dependent process, such as the 3'P-P}, pair in Si:P [Ste06],
as they reveal the same dynamic behaviour. EDMR is also sensitive enough to deal

with the low defect and dopant concentrations in modern photovoltaic devices, which

is another advantage of EDMR over conventional characterisation techniques.

The elementary building block of most electronic semiconductor devices, such as
solar cells, light-emitting diodes, and bipolar transistors is the so-called pn-junction
formed at the boundary between a p- and n-doped semiconductor of the same ma-
terial. A schematic drawing of such a device is shown in Figure 3.1 (a). If a p-
and n-doped semiconductor are brought together, electrons from the n-doped region
will diffuse across the boundary into the p-doped region, where they recombine with

holes. This leads to the formation of the so-called depletion layer or space charge
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region, the active area of any pn-junction solar cell. Uncompensated charges on both
sides create an internal electric field opposite to the diffusion current, which sup-
presses the continued exchange of charge carriers — the depletion layer has reached
its thermal equilibrium. Impeding photons will now excite electron-hole pairs, which
can be separated by applying an external voltage V = ¢, — ¢, > 0 (forward bias),
where ¢, and ¢, denote the electric potential of the p- and n-doped region out-
side the depletion layer, respectively. The diode current I is then described by the

Shockley equation [Mul86]

V) =1y (envvm - 1) ~ L, with Vo= kBeT (3.1)
where [, denotes the reverse bias saturation current, n the quality factor, I, the
photocurrent, and V};, the thermal voltage depending on the Boltzmann constant
kg, temperature T, and elementary charge e. The IV-characteristic of an ideal
solar cell is schematically shown in Figure 3.1 (b). The maximum voltage supplied
by a pn-junction solar cell is the open circuit voltage Ve, which is defined by the

condition /(Vpe) = 0 and according to Equation (3.1) given by

ksT . /1
Voo = B2 1y (”h + 1) . (3.2)
(& [0

In other words, Vo and thus the maximum power delivered by such a photovoltaic
device increases with increasing quality factor, as expected. One of the most impor-

tant parameters limiting the quality factor is the charge carrier extraction efficiency,
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i.e. the efficiency with which electrons and holes can be extracted from the device
prior to their recombination in order to drive a current through an external load.
This efficiency is quantitatively described by the recombination time of photoexcited
electron hole pairs, which can be captured by trapping and recombination centres in

the bandgap of the respective material formed by crystal defects and impurities.

Cz-Si is the most common type of silicon and used for the vast majority of silicon
ICs and ~ 40 % solar cells. Beside metallic impurities, one of the most important
impurities in Cz-Si with concentrations of up to [O] ~ 10'® cm™3 is interstitial oxygen
(see Section 1.2). Oxygen has substantial beneficial as well as detrimental effects
on silicon’s material properties. It namely provides recombination centres through
the formation of e.g. thermal donor defects [Ful57], boron-oxygen complexes [Fis73,

Bot06], and unstrained OPs [Van95, Murlla].

Strained OPs on the other side are very beneficial and play a particularly important
role in modern defect engineering of Cz-Si as they can be intentionally created in
inactive regions of the wafer by high temperature treatments to act as sinks for
detrimental metallic impurities in a process known as internal gettering (see Sec-
tion 1.2.2). Bright-field TEM micrographs of typical strained OPs are shown in
Figure 3.2. They are shaped like square platelets (Figure 3.2 (a)) and can be sur-
rounded by complex dislocation structures and stacking faults [Fal04] as shown in
Figure 3.2 (b), (c¢), and (d). As the number of corners of the strained platelets
is invariant in size and the rate of recombination associated with them dependent

upon the precipitate density (rather than size), J. D. MURPHY et al. speculated
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Figure 3.2.: Bright-field TEM micrographs of typical OPs. The strain contrast in
(a) reveals their square platelet-like shape. (b) and (c) show a platelet surrounded
by dislocation loops, the platelet shown in (d) is surrounded by stacking faults.

recently that the discontinuities associated with the corners play a crucial role in
the recombination process [Murlla]. Owing to the inherent limitations of the pho-
toconductance methods [Sin96] used in this study, the spectroscopic nature of these

defects has not been identified so far.

A detailed understanding and characterisation of the recombination centres asso-
ciated with strained OPs is, however, technologically very important and vital for
the optimisation of the gettering process, which is frequently employed for the fab-

rication of modern photovoltaic devices on Cz-Si wafers. This is why we employ
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cwEDMR in this work to study defects and impurities in Cz-Si with strained OPs.
We study a wide range of strained precipitate densities and relate these to spin-

dependent recombination times extracted from our measurements.

Furthermore, we investigate intentionally iron-contaminated samples to improve un-
derstanding of the role of interstitial iron in the recombination process, which is one
of the most detrimental metallic impurities in Cz-Si as it provides particularly deep
levels in the silicon bandgap. Our results allow us to identify the most important
recombination centres in Cz-Si as an important prerequisite for device optimisation
in this expanding industry. In the second part of this chapter we present an exten-
sion of our cwEDMR spectrometer and present room temperature pEDMR spectra

obtained from an a-Si:H test structure.

Selected results of this chapter are published in

[Lan12] V. Lang, J. D. Murphy, R. J. Falster, and J. J. L. Morton, Spin-
dependent recombination in Czochralski silicon containing oxide precipi-
tates, J. Appl. Phys. 111, 013710 (2012). doi:10.1063/1.3675449.
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3. Spin-dependent recombination in Czochralski silicon

3.1. Sample preparation and experimental setup

All samples were prepared from 150 mm diameter (100)-oriented high-purity p-type
Cz-Si wafers doped with boron (B). The carbon content of all wafers was below the

detection limit of ~ 5 - 10" em™ of the Fourier transform infrared (FTIR) spec-

Nucleation | Growth
Initial [O] | time (h) | time (h) | [OP] (10'° cm™3)
low 6 8 0.08 £ 0.002
low 8 8 0.15£0.031
low 6 8 0.22 £ 0.017
low 8 16 0.28 £0.033
low 16 8 0.64 £+ 0.033
low 16 8 1.29 £ 0.217
low 16 16 2.27£0.359
low 32 8 4.55 £0.768
low 32 16 6.98 £0.133
high 8 16 7.04£0.789

Table 3.1.: Conditions for the growth of strained OPs with different concentrations.
Please refer to the text for further details.

trometer used.! The oxygen and boron concentrations of ‘low’ oxygen concentration
wafers amounted to [O] = 7.8 - 10'” em ™3 and [B] = (1.3 +0.2) - 10 cm ™3, respec-
tively, whereas ‘high’ oxygen concentration wafers had [O] = 9.3 - 107 cm™ and
[B] = (1.14+0.1) - 10" em™3. All oxygen concentrations were measured by FTIR
and are stated to the DIN50438/1 (1995) standard. OPs were created by carefully

controlled heat treatments, which are described in detail elsewhere [Kel99, Murllal.

L In FTIR spectroscopy, the sample is irradiated with infrared (IR) light, which is partly absorbed
by and transmitted through the sample. The resulting absorption and transmission spectra repre-
sent a molecular fingerprint and can be used to determine the boron, carbon, and oxygen content
in the sample. More details can be found in [Gri07], for instance.
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In summary, the precipitation treatment used has four stages comprising a ho-
mogenisation (15 min at 1,000 °C), nucleation (8 —32 h at 650 °C), drift (4 h at
800 °C), and growth anneal (8 — 16 h at 1,000 °C). The concentration of OPs was
varied in the investigated samples by changing the duration of the nucleation and
growth anneal. Precipitate densities were measured by using a standard Schimmel
etch on cross-sections of pieces from the wafer from which the samples were taken.
The measured OP densities are compiled in Table 3.1. A precipitate-free sample

3 was used for control

of Cz-Si with a boron concentration of [B] = 8.0 - 10" cm™
purposes. Bulk iron concentrations were measured in wafers subjected to identi-
cal annealing conditions with quasi-steady-state photoconductance methods [Sin96],
which measure the change in lifetime that occurs due to photodissociation of FeB

pairs [Murlla, Murllb]. The iron concentration amounted to [Fe] < 3 - 10! cm™®

in each sample.

A sample with a strained precipitate density of [OP] = 0.15 - 10!% cm™3 was in-
tentionally contaminated with iron by rubbing the backside of the sample with a
piece of iron (99.9 % purity) followed by subsequent annealing at 775 °C for 23 h.
The bulk iron concentration was then measured in an identically-processed sam-
ple from the same precipitate-containing wafer to be [Fe] = 1.2 - 102 cm™. The
iron concentration in an identically-processed precipitate-free sample amounted to
[Fe] = 2.5 - 10" cm™3. The difference between the two concentrations indicates that
AlFe] = 1.3 - 10" cm™ of the bulk iron is gettered by the OPs in this specimen,

as expected. Interdigitated chromium/gold (10/30 nm) thin-films were defined by
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Figure 3.3.: OM and SEM micrographs of the overall sample arrangement. The
sample is connected to a PCB through a miniature vespel clamp (bottom), which
facilitates the electrical connection between the sample and the probe head through
a 4-pin LEMO 00-series connector. SEM micrographs (top) show the interdigitated
contact geometry at two different magnifications.

electron-beam lithography (EBL) on a JEOL JBX-5500-FS system. For this pur-
pose an A8 polymethyl-methacrylate (PMMA, (C50,Hg),,) polymer! was spun onto
the substrate with a Cee™ 200CB Coat-Bake System and baked for 90 s at 180 °C
prior to the exposure in the EBL system with a beam current of 10 nA and a dose
of 800 uC/cm?. A solution of 4-methyl-2-pentanone (MIBK, C¢H;5,0) and isopropyl
alcohol (IPA, C3HgO) with [MIBK]/[IPA] = 1/3 (volume percent) was used to de-
velop the resist for 10 s at 25 °C prior to cleaning in IPA and metal deposition.
The subsequent lift-off was carried out in acetone (C3HgO) at 90 °C. The result-
ing interdigitated thin-film was used to electrically contact the active area of the
device with a minimised resistivity and without perturbing the microwave field in
the cavity. The samples were diced into small chips of 2 x 20 mm? in size with a

Loadpoint MicroAce Series 3 wafer saw and connected to a printed circuit board

1 A8 refers to a solution of eight weight percent PMMA in anisole (C7HgO).
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3. Spin-dependent recombination in Czochralski silicon
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Figure 3.4.: Electrical detection unit used for cwEDMR on Cz-Si. A battery
powered variable resistor network (blue) is used to drive a constant current through
the sample (red). The modulated voltage drop across the device is preamplified with
a differential voltage amplifier, filtered, and detected with a lock-in amplifier.

(PCB) with the miniature vespel clamp as shown in the optical microscopy (OM)
images in Figure 3.3. The maximum diameter of the overall arrangement was chosen
such that it can be inserted into a glass tube with an outer diameter of @ ~ 5 mm
to protect the sample against mechanical damage during its insertion into the cavity

and against vibration during the measurement.

All experiments were carried out on a modified Bruker E380 X-band EPR spec-
trometer and an Oxford Instruments CF-935 helium-gas flow cryostat controlled
by an Oxford Instruments I'TC-503S temperature controller. The microwave ex-
citation was generated with an Agilent Technologies E8267D PSG vector signal
generator and applied with a Bruker Flexline ER4118X-MD5-W1 X-band dielectric
ring resonator operating at a DC magnetic field By ~ 0.35 T, which was aligned per-
pendicular to the growth direction of the sample, i.e. Bg || [100], unless otherwise
indicated. Magnetic field modulation (see Section 2.3.2) was applied with a Hewlett-

Packard 33120A function generator and used to enhance the signal-to-noise ratio,
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3. Spin-dependent recombination in Czochralski silicon

which results in the EDMR signal appearing as the first derivative of the relative
change of the sample resistivity with respect to magnetic field d(Ap/py)/0B. The
modulation amplitude was calibrated with a Bruker 2,2-diphenyl-1-picrylhydrazyl
(DPPH, C;3H12N50¢) reference sample and set to 0.1 mT with a modulation fre-
quency Wpeq = 5.02 kHz unless otherwise indicated. A battery powered variable
resistor network was used to apply a constant current to the sample of typically

I =20 — 100 pA as shown in Figure 3.4.

The resonant change of the voltage drop across the sample was detected under
constant illumination with a Schott KLL1500 150 W halogen cold light source via a
FEMTO DLPVA-100-FD variable gain low-noise voltage amplifier and a software

controlled Stanford Research Systems SR830 lock-in amplifier.

3.2. Recombination centres in Czochralski silicon

The I'V-characteristics were measured for each sample prior to the respective EDMR
experiment in order to identify the optimal bias conditions. Figure 3.5 (a) shows
the IV -characteristics of a typical Cz-Si sample with strained OPs, which can be
separated into a linear and a saturation regime for V' < 0.15 Vand V > 0.15 V| re-
spectively. The photocurrent in Figure 3.5 (a) reveals a similar saturation behaviour
than the bias dependence of the EDMR signal intensity in Figure 3.5 (b). The signal-
to-noise ratio was observed to decrease with increasing bias voltage in most of the

investigated samples. EDMR was therefore carried out in the linear (ohmic) bias
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EDMR bias EDMR bias

L 6.61
40 window window
20r
< & 63
et S
g ° <
3 Q
&} < 6.0
-20¢
—40} 5.7}
-02 -0.1 0 0.1 0.2 0.0 0.1 0.2 0.3 0.4
Bias Voltage (V) Bias Voltage (V)
(a) IV-characterisation (b) Bias dependence of EDMR signal

Figure 3.5.: (a) IV-characteristics of a typical Cz-Si sample with OPs for five
different illumination conditions at 7" = 60 K. (b) shows the dependence of the
EDMR signal intensity on the bias voltage. The line is a guide for the eye only and
the bias window used for EDMR is highlighted by a shading in both figures.

regime V = [0.1 V,0.2 V] close to saturation. The power dependence of the main
EDMR signal is shown in Figure 3.6 (a) for three representative Cz-Si samples. Each
sample reveals the typical saturation behaviour expected for the EDMR signal ampli-
tude. Microwave power saturation typically occurred at ~ 50 mW, when the incident
microwave power is high enough to populate the excited spin state faster than it can
relax to its equilibrium population through intrinsic spin-lattice relaxation processes.
All EDMR measurements discussed below were carried out under this condition be-
fore the onset of power broadening of the resonance line in order to maximise the
EDMR signal intensity and detect the real width of the resonance line.
If not otherwise indicated, the temperature was set to T = 60 K in all measure-
ments, which was found to be the optimum in the signal-to-noise ratio as shown in

Figure 3.6 (b). Typical EDMR spectra obtained from a (i) precipitate-free, a (ii) not
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Figure 3.6.: (a) Microwave power dependence of the EDMR signal intensity ob-
tained from a precipitate-free sample (top, blue), a not intentionally contaminated
(middle, red), and iron-contaminated sample (bottom, green) revealing the same
concentration of strained OPs at 7' = 60 K on a semilogarithmic scale. (b) shows

the temperature dependence of the EDMR signal amplitude (O, blue) and the re-
spective S/N ratio (A, red). Solid lines in (a) and (b) are guides for the eye only.

intentionally contaminated sample with OPs, and a (iii) iron-contaminated sample
with OPs ([OP] = 0.15 - 10 cm™?) are shown in Figure 3.7 (a). In each case, the
main resonance is a superposition of multiple resonance lines. The Landé g-factor
of each resonance is indicated and numbered from the left to the right according to

the order, in which the different lines are discussed in the following.

3.2.1. Interstitial iron and the iron-boron pair

A comparison of the lower-field features is shown in Figure 3.7 (b). Each spectrum
reveals a resonance at g; = 2.1350 £ 0.0006 with the signal intensity being weakest

in the precipitate-free and strongest in the iron-contaminated sample. Interstitial
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Figure 3.7.: (a) Comparison of normalised EDMR spectra obtained from the same
selection of samples as in Figure 3.6 (a). Zooms are shown and vertical lines indicate
the magnetic field values of the Landé g-factors g1 2. (b) shows a comparison of
the low-field resonances g; and go. All spectra are offset for clarity.

Fe is well known to bind to substitutional B to form FeB pairs, so we assign ¢,
to the FeB pair in accordance with the respective Landé g-factor reported in the
literature [Ist99]. Another weak signal is observed in the iron-contaminated sample
at go = 2.0640 = 0.0008 only. It is interpreted in terms of interstitial Fe in good

agreement with previous EPR and EDMR experiments [Geh83, Geh95].

The co-existence of the FeB and Fe defects is to be expected as the FeB pair dis-
sociates under illumination with white light [Zot90, Murllb] and the intensity of
the illumination used in our experiments is unlikely to be sufficient for a complete

dissociation into interstitial Fe and substitutional B.
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Figure 3.8.: Comparison of the main resonances for the same samples as in
Figure 3.6 (a). Solid lines represent numerical best fits of the data (O) to a super-
position of four and three Lorentzian derivative lines (dashed, black), respectively.
All traces are offset for clarity and solid points () indicate the magnetic field values
of the Landé g-factors g3 .45.

3.2.2. Oxide precipitates

A detailed comparison of the higher-field features of the spectra (close to g = 2.0)
is shown in Figure 3.8. The spectra of the samples containing OPs are fit best by
a superposition of three Lorentzian derivative lines with the Landé g-factors g3 45,
whereas the spectrum obtained from the precipitate-free sample is fit best by a
superposition of four Lorentzian derivative lines with g3 456. In other words, g3

were observed in all samples with and without OPs, whereas g was only observed
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in the precipitate-free sample. It is therefore possible that the paramagnetic centre
associated with gg = 1.9994 is annealed out during the high temperature growth

of the OPs. g3 = 2.0088 and g5 = 2.0038 correspond to the two crystallographic

Our experiment H Literature Nature of defect

g1 = 2.1350 2.1345 FeB pair
[Ist99]

g2 = 2.0640 2.0690 interstitial Fe
[Wo060, Lee77, Poi81, Geh83, Geh95]

g3 = 2.0088 2.0086 Pwo DB
[Car87, Bro87, Sted8b, Koi00]

g4 = 2.0057 2.0056 Py1 DB
[Ste98b, Koi00]

g5 = 2.0038 2.0037 Pyo DB
[Car87, Bro87, Ste98b, Koi00]

Table 3.2.: Comparison between the main Landé g-factors observed in our ex-
periments with their corresponding values reported in literature. The microscopic
nature of each resonance is indicated in the last column.

orientations of Py DBs at the (100) Si/SiO, interface between the strained OPs and
the surrounding silicon matrix. Both Landé g-factors are in good agreement with
literature [Car87, Bro87, Ste98b, Koi00] (see Table 3.2). g4 = 2.0057 is interpreted

in terms of P; DBs [Ste98b].

In order to verify this interpretation we investigate the angular dependence of g3 45,
which allows us to identify the nature of these defects unambiguously owing to their
inherent crystallographic symmetry. The crystallographic nature of both defects is

shown schematically in Figure 3.9. The P}y centre e Si = Si3 is formed by a trivalent
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(b) Crystallographic nature of Pyo and Py centres

Figure 3.9.: (a) Chemical nature of Pyg and Py,; DBs. Each DB defect consists
of three components: a central Si atom (green) with a dangling orbital (yellow,
dashed line) and an O atom (red). The Si atom of the Pyy (Pp1) DB is back-
bonded to three (two) other Si atoms of the surrounding matrix (blue). (b) shows
the crystallographic nature of Pyy (1,2) and Pp; DBs (3) in an exemplary section
of the (100) Si/SiOq interface. The Pyg centre has two different crystallographic
orientations (1,2) relative to the (100) interface plane (red, shaded), which gives rise
to two different Landé g-factors.

silicon atom back-bonded to three other silicon atoms, whereas the Py, centre is
associated with e Si = Siy0, i.e. a partially oxidised silicon atom with a dangling
orbital (e). Figure 3.10 shows the EDMR spectrum of the iron-contaminated sample
with strained OPs for three different orientations of the sample surface with respect
to the external magnetic field Bg. The different spectra are numerically best fit to a
superposition of three, four, and two Lorentzian derivative lines for Bg || [011], [111],
and [100], respectively. The Landé g-factors extracted from those decompositions

are compiled in Table 3.3.
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Figure 3.10.: Angular dependence of the main resonances observed in the iron-
contaminated sample with strained OPs for By || [011] (top, blue), [111] (middle,
red), and [100] (bottom, green). Solid lines represent numerical best fits of the
data (O) to a superposition of three, four, and two Lorentzian derivative lines,
respectively. All spectra are normalised and offset for clarity.

For an axial (trigonal) symmetry, the shift as well as the disappearance and reap-
pearance of the different resonances as a function of the rotation angle 6 between

By and the [100] sample normal is described by

g(0) = \/(gH cos0)? + (g, sin 0)? (3.3)

where ¢, and g, denote the principal g-values of the Py and Py,; DBs, respectively.
A comparison between the experimentally observed and theoretically predicted val-
ues is shown in Table 3.3. The good agreement of the experimental and theoretical
values obtained from Equation (3.3) supports our interpretation of g3 5 in terms of
Pypo, and g4 in terms of Py,; DBs. Both defects have been associated with oxygen pre-

cipitation in a series of EPR experiments by M. KOIZUKA et al. before [Koi00] with-
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out ruling out the possibility of recombination through DBs at the sample surface.
T. MCHEDLIDZE et al. carried out a similar study but did not observe any EDMR

signal in Cz-Si with OPs [Mch98]. This led them to propose that only iron-decorated

Direction of By ‘ g-value of Py ‘ g-value of Py,

[011] 2.0088 (2.0086) | 2.0054 (2.0056)
2.0034 (2.0037)

[111] 2.0078 (2.0078) | 2.0046 (2.0045)
2.0013 (2.0013) | 2.0022 (2.0021)

[100] | 2.0063 (2.0063) | 2.0031 (2.0031)

Table 3.3.: Angular dependence of the Landé g-factors associated with Py and
Pp1 DBs. Theoretical values obtained from Equation (3.3) with the principal values
from [Ste98b] are parenthesised.

OPs can act as recombination centres, which is in contrast to the experiments of

M. KoOI1zUKA et al. as well as our observations.

3.2.3. Influence of OP density on recombination time

In order to identify and better understand the underlying process giving rise to the
EDMR effect in Cz-Si with strained OPs, the electronic recombination times asso-
ciated with recombination through Py and Py; DBs have been measured in a series
of samples with different concentrations of OPs [OP]= (0.15 — 7.04) - 10! cm™®
(see Table 3.1 for growth conditions) by measuring the EDMR signal amplitude as
a function of modulation frequency and fitting it to Equation (2.20) as described in

Section 2.3.2. For this purpose we define the EDMR signal amplitude |Ap| as the
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Figure 3.11.: Absolute EDMR signal amplitude |Ap| as a function of modula-
tion frequency wy,.q for the precipitate-free sample (O, black) and three exemplary
samples with a low (O, red), medium (O, green), and high concentration of OPs
(O, blue). Numerical best fits of the data to Equation (2.20) are shown (solid lines).
The recombination times are indicated and decrease with an increasing concentra-
tion of OPs. All traces are offset for clarity.

difference between the absolute maximum and minimum of the DB resonance. The
electronic recombination time 7 thus corresponds to the total recombination time
of charge carriers through Py and Py, DBs.! The results are shown in Figure 3.11
for a set of four exemplary samples and were recorded with a modulation frequency
Wimod < 50 kHz, well below the expected cutoff frequency of our experimental setup
wgre ~ 350 kHz. The extracted electronic recombination times decrease with an
increasing concentration of OPs and approach the maximum value 7 = (94 £+ 6) us

in the precipitate-free sample. Similar values have been observed for Py centres at

1 The recombination times of the Pyy and P}, centres were also measured separately by fitting
the DB resonance to a superposition of three Lorentzian derivative lines with the Landé g-factors
93,45 and the resulting signal amplitudes to Equation (2.20). This analysis did, however, reveal
the same recombination time for both, Py and Py; DBs, which is why we do not differentiate
between Ppy and Py; DBs in our recombination time measurements in the following.
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Figure 3.12.: Reciprocal carrier recombination time 1/7 as a function of strained

OP concentration [OP]. The linear fit (solid line, red) to the data (O) reveals a slope
of v =7.72 - 107® cm3s™! and a y-axis intercept of 6 = 1.09 - 10* s7! (dashed line).

the (100) Si/SiOq surface with this technique before [Len90]. Previous photocon-
ductance measurements on surface passivated Cz-Si samples with strained OPs have
shown that the reciprocal of the recombination time 1/7 increases with increasing
OP concentration [OP] linearly according to [Murlla]

1 8kgT
— = ~[OP] with Vi=0ovy =0 b

T Tm*

(3.4)

where v and o > 0 denote the capture coefficient and cross-section of OPs, respec-
tively, vy, the average thermal velocity of the charge carrier distribution within the
effective mass approximation [Kit96], kg the Boltzmann constant, and m* = 0.19m,
the effective mass of an electron in Si [And82]. Our measurements reveal a similar
relationship but with a non-zero y-axis intercept as shown in Figure 3.12. The data

are best fit to 1/7 = y[OP]+4 with v = 7.72 - 1078 ecm?®s~! and 6 = 1.09 - 10% s71,
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which corresponds to a lifetime 75 := 1/§ = 92 us. The electronic recombination
time of the DBs in the iron-contaminated sample was 7(Pyg) = 7(Pp1) = 92 ps and
the lifetime of the FeB pair 7(FeB) = 64 us, which is significantly shorter than most

of the recombination times observed in our samples.

3.2.4. Discussion

The sign of each EDMR signal discussed above was determined by measuring the DC
change in sample resistivity on and off resonance. Those measurements confirm that
the sample resistivity increases upon resonance, i.e. Ap/py > 0, which corresponds to
a resonant decrease of the photocurrent. At the same time, the sample resistivity has
been observed to decrease with increasing temperature for all samples in the relevant
temperature range, i.e. dpg/0T < 0 as shown in Figure 3.13 for two representative
samples exemplarily. Hence, bolometric heating can be ruled out as the predominant
EDMR mechanism as that would produce an EDMR signal, which follows the sign of
Opo/IT. Furthermore, a resonance line associated with conduction band electrons
has not been observed in our experiments. We therefore interpret our results in
terms of spin-dependent recombination [Lep72] of photo-excited electron-hole pairs
from the Urbach tails of the conduction band [Urb53] through the recombination

centres compiled in Table 3.2.

The two lower-field features of the EDMR spectra g; » shown in Figure 3.7 (b) have

been explained in terms of the FeB pair and interstitial Fe, respectively. The obser-
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Figure 3.13.: Temperature dependence of the sample resistivity py for a precipitate-
free sample (blue) and an iron-contaminated sample with strained OPs (green,
[OP] = 0.15 - 10'° em™3). Solid lines are guides for the eye only.

vation of the FeB pair is particularly interesting as this impurity has — to our best
knowledge — not been observed in EDMR before. Owing to its comparatively short
electronic recombination time 7 = 64 ps, our results demonstrate that the FeB pair
is a very active recombination centre and contributes to spin-dependent recombina-
tion in Cz-Si with strained OPs. The resonance line associated with interstitial Fe
was only observed in the iron-contaminated sample and seems to be detectable in
our experimental setup only if the concentration of dissolved iron exceeds a certain
threshold. Neither of the interstitial Fe nor FeB pair were observed in any sam-
ple in standard EPR measurements carried out prior to each EDMR experiment.
This is consistent with the fact that the maximum bulk iron concentration in our
samples ([Fe] = 1.2 - 10" cm™3, measured by photodissociation of FeB pairs) is

an order of magnitude lower than the sensitivity of our EPR spectrometer. The
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higher-field features of the EMDR spectra g3 45 ~ 2.0 have been explained in terms
of Pyg and Py; DBs. While P,y DBs have been observed in EDMR before, there is
no consensus in the literature over whether or not the Py, defect is electrically ac-
tive [Ger86, Ste98a, Mis00]. Our results shown in Figure 3.8 demonstrate, however,
that Py, is an electrically active defect and contributes to spin-dependent recom-
bination. The recombination time associated with Py and Py; DBs is 7 = 94 us
in the precipitate-free sample (see Figure 3.11), which coincides well with the life-
time 75 = 1/§ = 92 ps extracted from the y-axis intercept § of the measurement
in Figure 3.12. This concurrence suggests that photo-excited electron-hole pairs re-
combine through DBs at the surface as well as through DBs at the strained OPs.
The first recombination channel gives rise to the finite y-axis intercept, the latter to

the finite capture coefficient v = 7.72 - 1078 cm3s~! in Figure 3.12.

The capture coefficient associated with strained OPs was measured by photocon-
ductance measurements for a similar set of samples in a previous study [Murlla]

L at room temperature, which is about

and found to amount to v ~ 1 - 107¢ cm?s~
two orders of magnitude higher than the results obtained in our EDMR experiments
carried out at T' = 60 K. The smaller « derived from the latter cannot be explained
in terms of the lower measurement temperature as the capture cross-section ¢ in

Equation (3.4) is weakly dependent on 7' [Gog91] and the average thermal velocity

vy, at T'= 60 K only by a factor of ~ 2 smaller than at room temperature.

The different capture coefficients rather arise from the inherent differences between

photoconductance and EDMR measurements. EDMR probes an individual recombi-
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nation channel and measures the electronic recombination time for a specific recom-
bination centre, whereas the recombination time obtained from photoconductance

measurements is an effective recombination time

1 1 1 1
=—+—+..+— (3.5)
Teff 1 T2 TN

where 7; (i < N € N) denote the recombination times of the different recombination
channels in the sample, such as DBs, interstitial Fe, and the FeB pair. The higher
capture coefficient obtained from photoconductance measurements may therefore be
explained in terms of additional recombination channels, which do not contribute
to charge transport in Cz-Si with strained OPs and are therefore not observed in
EDMR. 7.5¢ can generally be derived from the continuity equation for the excess

density of charge carriers (also called injection level) An and is given by [Nag99]

1 1 d
Teff = ﬂ (g — thn) (36)

where g denotes the generation rate. As a direct consequence of Equation (3.6),
Tes¢ critically depends on the particular injection level, which can be controlled
through the light intensity in a photoconductance measurement very accurately. The
light intensity in our cwEDMR experiments on the other side is, however, unknown
as the halogen light could only be directed onto the sample unfocused and through a
window in the cryostat and grid at the microwave resonator. A measurement of the

recombination time for different (calibrated) light intensities may therefore enable a
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more quantitative comparison between photoconductance and EDMR, experiments.
Both techniques do, however, reveal 1/7 o< [OP] and are therefore consistent with
each other. Further to the linear correlation between 1/7 and [OP], J. D. MURPHY
et al. observed that the y-axis intercept of the plot analogous to Figure 3.12 was very
close to the origin in their photoconductance experiments [Murlla]. The difference
can be explained by the high quality surface passivation, which substantially reduces
recombination at surface-related Ppg and Py centres. It is interesting to note that
the size of the precipitate, as governed mainly by the growth time, does not seem
to make a substantial contribution to the rate of recombination. This is why the
previous study tentatively suggested that the size independence could be explained
by recombination at the precipitate corners [Murlla]. The EDMR experiments
presented above show a linear dependence of the recombination rate associated with
Pyo and Py DBs on [OP], similarly to [Murlla]. This is why we speculate that Py

and Py; DBs form at the corners of the strained OPs.

3.3. Pulsed-EDMR in a-Si:H

In the previous section we have characterised Cz-Si with strained OPs by cwEDMR
and identified the most important recombination centres in this material. The most
common technique to access the dynamics of a particular recombination process as
described by the spin relaxation and dephasing times 77 and 75 is, however, pEDMR,

which was introduced in Section 2.4. In order to test and optimise our experimental
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setup for the coherent characterisation of recombination centres in photovoltaic and
other materials, we set up a pEDMR experiment on an a-Si:H test structure, which

is known to reveal a very strong EDMR effect due to its large disorder.

3.3.1. Spin-dependent recombination in a-Si:H

Owing to its great technological importance, a-Si:H has become a model system for
disordered materials, in which charge carrier transport and recombination is domi-
nated by localised states in the bandgap. A-Si:H has been subject to intense research
since the fabrication of the first a-Si solar cell in 1976 [Car76] and the pioneering
work of D. L. STAEBLER and C. R. WRONSKI [Sta77], who demonstrated that
silicon DBs are the most important trapping and recombination centres in this ma-
terial at room temperature. Further mechanisms and recombination centres have
been identified since then and contribute to the current understanding of the EDMR

effect in a-Si:H, which is reviewed in [Stu00], for instance.

The most important recombination centres in a-Si:H are compiled in Table 3.4. DBs
are the most efficient and predominant recombination centres in a-Si:H at room tem-
perature (see Section 1.2.2) and associated with the Landé g-factor g = 2.0055. The
DBs in a-Si:H are similar to P, DBs at the (111) Si/SiO, interface but less localised
compared to the latter [Bro83]. The sp hybridisation of the DB in a-Si:H has ~ 10 %
s- and ~ 90 % p-character and its unpaired electron is localised on the threefold co-

ordinated silicon atom with more than 50 % [Lip11]. Details of the spin-dependent
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recombination mechanism through DBs in a-Si:H are depicted in Figure 3.14. Pho-
toexcitation creates excess electrons in the conduction band, which can be trapped

by so-called band-tail states, shallow localised states close to the conduction band

g-Value ‘ Interpretation
2.0055 e-DB transition (undoped)

[Sol77, Sch81, Str82, Der83, Bra9la, Bra9lb, Lip92]
2.0050 [Der83, Bra9la, Bra9lb, Lip92]

2.0090 — 2.0100 | hopping of h in VB tail (doped)
[Sch81, Der84, Bra9la, Bra91b, Lip92]

2.0040 — 2.0044 | hopping of e in CB tail (undoped, doped)
[Bra9la, Bra91b, Lip92]

2.0070 — 2.0080 | e-h transition (undoped, doped)
[Bra9la, Bra91b, Lip92]

Table 3.4.: Spin-dependent transitions in undoped and doped a-Si:H. The abbre-
viation ‘e’ denotes an electron in the conduction band (CB) and ‘h’ a hole in the
valence band (VB).

edge originating from strained (weak) bonding and antibonding Si—Si bonds [Stu85].
Those electrons can either dissociate back into the conduction band with the rate d
(Figure 3.14 (a)) or recombine via DBs at the rate r (Figure 3.14 (b)) as described
by the KSM model, which was introduced in Section 2.2.3. Dissociation causes the

photocurrent to rise, recombination of excitons causes the photocurrent to drop.

A second mechanism related to spin-dependent recombination is spin-dependent hop-
ping [Boe06a] of electrons in the conduction band tail, which gives rise to the Landé
g-factor g = 2.0044. This resonance is, however, lifetime-broadened at room tem-

perature due to the thermal excitation of delocalised conduction band states and
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Figure 3.14.: Spin-dependent recombination through DBs in a-Si:H. Recombina-
tion through the intermediate (doubly-occupied) spin state DB~ is only allowed if
the spin-pair formed by two electrons trapped in a band-tail and DB state (dashed
line) is a spin singlet.

reveals a linewidth of typically AB,, ~ 200 G, compared to and AB,, ~ 7 G at

low temperatures. A more detailed review about spin-dependent recombination and

hopping in undoped and doped a-Si:H is given in [Stu00].

3.3.2. Device geometry and experimental setup

The a-Si:H test structure used in this work comprises a 500 nm thick undoped
a-Si:H thin-film deposited on a corning glass substrate via very high frequency (VHF)
glow discharge at 90 MHz in a siliane-hydrogen (SiH; + Hjy) atmosphere [Cur87].
An interdigitated gold thin-film was used to contact the active area of the device
in order to avoid the disturbance of the microwave field in the cavity. Due to the

small amount of material available, the sample was attached to a quartz substrate
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4-pin LEMO quartz slice a-Si:H sample

Figure 3.15.: Sample arrangement used for X-band EDMR on a-Si:H. The a-Si:H
sample is attached and wire-bonded to a quartz slice equipped with a 4-pin LEMO
connector (bottom) facilitating the electrical connection between the sample and
the probe head. SEM micrographs show the interdigitated Cr/Au contacts at two
different magnifications at 100x (right) and 1850x (left).

equipped with lithographically defined Cr/Au (10/50 nm) contacts. Gold wirebonds
facilitated the electrical connection between the sample and a 4-pin LEMO 00-series
connector at the top end of the quartz slice as shown in Figure 3.15. A standard
# = 4 mm EPR quartz tube was used to encapsulate the device and to protect it
against mechanical damage during its insertion into the microwave cavity similar to
the contacts used for Cz-Si with strained OPs. In order to test the experimental
setup and to identify optimal measurement conditions for our pEDMR experiments,

the sample was first tested in the cwEDMR mode.

All experiments were carried out with a modified Bruker E380 X-band EPR spec-
trometer similar to the one described in Section 3.1. Since the resistivity of the
a-Si:H structure amounted to R; ~ 18 k{2 and was much larger than in Cz-Si, EDMR

was carried out (under constant illumination) with a constant voltage rather than a
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Figure 3.16.: Electrical detection setup used for cwEDMR on a-Si:H. A battery
powered variable resistor network (blue) is used to bias the sample (red) with a
constant voltage. The modulated photocurrent through the device is filtered (green),
preamplified with a current amplifier, and detected with a lock-in amplifier.

constant current as depicted in Figure 3.16. A battery powered variable resistor net-
work was used to bias the device with a constant voltage of typically Uy = 500 mV.
The resonant change of the photocurrent through the device was detected via an
RC high-pass filter with the time constant 7 = 330 pus and a FEMTO DLPCA-200
low-noise current amplifier with a Stanford Research Systems SR830 lock-in am-
plifier. The modulation amplitude was calibrated and amounted to 0.2 mT with a
modulation frequency of wy,,q = 1.02 kHz. The experimental setup used for pEDMR
differs only slightly from the setup used for conventional cwEDMR. Instead of being
directly connected to the microwave resonator, the output of the microwave bridge
containing the pulse shaping unit is connected to a traveling wave tube (TWT) am-
plifier (Applied Systems Engineering, model 117) with a maximum output of 2 kW
in order to generate a microwave field By of several Gauss at the sample. The output
of the TWT amplifier was fed into a Bruker ER4118X-MD5-W1 X-band dielectric

ring resonator. As pEDMR was carried out without using a lock-in technique, the
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Figure 3.17.: EDMR spectra obtained from an a-Si:H sample at room temperature
(a) and T' = 125 K (b) for different lock-in phases ¢ = 0° (blue, top), —80° (red,
middle), and —100° (green, centre). The observed Landé g-factors are indicated by
dashed lines and solid points (e). All traces are offset for clarity.

lock-in amplifier shown in Figure 3.16 was substituted by a digital LeCroy Wa-
veRunner 6100A oscilloscope to integrate and average the transient current change

associated with the spin echo.

3.3.3. Phase-sensitive detection of EDMR

Typical cwEDMR spectra obtained from the a-Si:H sample are shown in Figure 3.17
for two measurement temperatures 7" = 300 K and 125 K. The lock-in phase ¢

between the applied magnetic field modulation and the detected photocurrent was
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varied by changing the phase of the lock-in amplifier in order to separate different
contributions to the EDMR effect with respect to their electronic recombination time
based on Equation (2.19). The room temperature spectrum reveals a symmetric
resonance line centred around g = 2.0055 independently of the lock-in phase, which
coincides well with the Landé g-factor reported for spin-dependent recombination

through DBs in a-Si:H (see Table 3.4).

The low temperature spectrum in Figure 3.17 (b) reveals an asymmetric line for
¢ = 0° centred around the same Landé g-factor. This asymmetry indicates a
superposition of two resonance lines, which can be decomposed by varying the
lock-in phase provided the two resonances reveal different recombination times as
described in Section 2.3.2. For ¢ = —80° and —100° we indeed observe two sym-
metric resonance lines centred around g; = 2.0100 and g, = 2.0052, respectively,
which add up to the asymmetric line observed for ¢ = 0°. The Landé g-factor ¢;
is interpreted in terms of spin-dependent hopping of holes in the valence band tail
in good agreement with the literature (see Table 3.4). The resonance line centred
around g, = 2.0052 arises due to a combination of two processes with very similar
recombination times, namely spin-dependent hopping of electrons in the conduction
band tail (g = 2.0044) and spin-dependent recombination through DBs (g = 2.0055)
resulting in a resonance line at g = 2.0052. Our observations are consistent with
literature [Sch81, Der83, Bra92| and demonstrate that the lock-in technique can be

used to resolve different contributions to the EDMR effect in a-Si:H.
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Figure 3.18.: Colour plot of an FID-detected field sweep on a-Si:H at room tem-
perature (left). Red regions correspond to a low, blue regions to a high photocon-
ductivity. The positions of the main Landé g-factors g; and g, are highlighted by
dashed lines. Every time slice has the shape of a cwEDMR absorption spectrum as
shown for 1.1 ps after the microwave excitation exemplarily (right).

3.3.4. Coherent spectroscopy of a-Si:H at room temperature

In order to test and optimise our EPR spectrometer for coherent spectroscopy we
conducted a series of pEDMR experiments on the a-Si:H test structure described
above. In a first experiment we recorded an FID-detected magnetic field sweep
(see Section 2.4), in which a coherent 7/2-pulse of length ¢/, = 12 ns is applied to
the sample and the integrated transient change of the photocurrent detected as a
function of magnetic field. In order to remove any microwave artefact transients we
subtracted the off-resonant current transient from each measurement.! The results

are shown in Figure 3.18 and reveal a broad quenching contribution centred around

I Please note that this procedure can only be applied if the sample conductivity is sufficiently
independent of the magnetic field. This contribution would otherwise interfere with the resonant
spin contribution, which is strongly dependent on the magnetic field.
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Figure 3.19.: Rabi oscillations of DBs in a-Si:H at room temperature. The oscil-
lation frequency increases with decreasing attenuation 5 — 23 dB.

By ~ 0.3434 T, which corresponds to the Landé g-factor g; = 2.0040. This value
coincides well with the g-factor associated with spin-dependent hopping of electrons
in the conduction band tail (see Table 3.4). This resonance is known to reveal a
characteristic lifetime broadening (AB,, ~ 200 G at T' = 300 K) from previous ex-
periments due to thermal excitation of delocalised conduction band states, which
may also explain the large width of the overall resonance feature. go = 2.0055 is the
most prominent resonance and interpreted in terms of spin-dependent recombina-
tion through DBs in good agreement with our cwEDMR experiments and literature
(see Table 3.4). In order to demonstrate a coherent spin manipulation with our
spectrometer we induced Rabi oscillations of the DB resonance at By = 0.3431 T in
a second pEDMR experiment. For this purpose the length of the microwave pulse
was varied between ¢, = 0 — 300 ns. Figure 3.19 shows the integrated charge () as

a function of pulse length ¢, for different attenuation levels and reveals pronounced
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Figure 3.20.: Fast Fourier transform of the integrated charge FFT[Q] (a) and plot

of the observed Rabi frequency (O) versus microwave power (b). The linear fit (solid
line) confirms the observation of Rabi oscillations.

oscillations.! To identify the observed oscillations as Rabi oscillations, it is vital to
demonstrate that their oscillation frequency is proportional to the microwave power
P o Bj according to Equation (2.21). The fast Fourier transform (FFT) of the

integrated charge FFT[Q] is shown in Figure 3.20 (a).

In order to enhance the frequency resolution of FFT[Q], @ was extended by a pe-
riod of zero amplitude, which is known as zero-filling and can be disregarded in the
practical evaluation of the FET [Bar73]. FFT[Q)] reveals three main frequency com-
ponents Q = {3.2,6.3,11.5} MHz. 2 increases linearly with increasing microwave
power in accord with Equation (2.21) as shown in Figure 3.20 (b). Hence, our FFT

analysis confirms the observation of Rabi oscillations.

! The attenuation level A (dB) determines the applied microwave power P, = 10~4/20 and
thus the microwave field By in the cavity. The calibration factor k := P,,,,/B; for a particular
experiment can be measured by measuring the power broadening of the resonance line [Kaw97], for
instance. This calibration has, however, not been performed for the purpose of this experiment.
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3.4. Conclusions

The most important recombination centres in Cz-Si with strained OPs have been
identified via cwEDMR in the first half of this chapter. The recombination rate
1/7 associated with Py and Py,; DBs was extracted from our cwEDMR spectra and
found to increase linearly with an increasing concentration of strained OPs. The
finite y-axis intercept of this linear relation has been interpreted in terms of Py
and Py; DBs forming at the sample surface, while the slope has been attributed to
Pyo and Py; DBs at the corners of the OPs. Furthermore, interstitial Fe and the
FeB pair were observed in cwEDMR and demonstrated to reveal very short recom-
bination times, which indicates that both impurities are very active recombination
centres. In the second half of this chapter we modified our EPR spectrometer to
perform pEDMR experiments. The setup was tested with an a-Si:H test structure
revealing a particularly strong EDMR signal. The good agreement between our
results and the literature demonstrates that our experimental setup is suitable for
both, the investigation of photovoltaic materials by cwEDMR and pEDMR. Future
experiments may involve pEDMR measurements of Cz-Si with OPs and focus on
the comparison between electronic recombination times measured via cwEDMR and
spin relaxation and coherence times measured via pEDMR. Such experiments are
particularly interesting as they will allow us to identify any pairs of iron- and oxygen-
related recombination centres that give rise to the same recombination channel. Our
experiments provide an important step towards this goal and are a prerequisite for

the optimisation of internal gettering in Cz-Si with strained OPs.
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Owing to their exceptional mechanical, electrical, and spin properties, CNTs have
attracted considerable interest over the past few years (see Section 1.1) and tremen-

dous progress has been made towards their integration into carbon nanodevices,
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such as QDs and DQDs, for applications in QIP. Beside their long spin coherence
times (see Table 1.1), their main advantage upon conventional semiconductor QDs
is due to their one-dimensional structure. Spatial confinement of charge carriers,
for instance, is principally easier to achieve in one-dimensional CN'T QDs than in
QDs defined electrostatically in two-dimensional electron gases. Furthermore CNTs
can be filled with molecules, such as fullerenes, to form so-called peapod structures,
which have been proposed for applications in QIP [Ben06] as they interface single

molecule properties with nanodevices.

In this chapter we design and fabricate a CNT-based nanostructure on a semi-
conductor-on-insulator (SOI) substrate, which principally allows us to (i) manip-
ulate and readout individual electron spins with EDMR through spin-dependent
tunnelling, and to (ii) access the microscopic structure of the CNT with TEM in
order to investigate the complex interplay between electrical and spin properties.
Furthermore, we develop an experimental setup, which enables a high-throughput
electrical characterisation of such nanodevices as well as EDMR experiments at room

and low temperatures.

In the following few sections, I only describe the different fabrication steps and tech-
nical challenges involved in making TEM-compatible CN'T devices on SOI substrates
and discuss initial electron transport experiments at room temperature. Those pre-
liminary results will serve as a basis for other researchers studying few to single

electron spins and their dynamics in TEM-compatible and suspended CNT QDs.
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4.1. Proposed device architecture

CNTs have been studied by material scientists since 1952 [Rad52] and became a
worldwide research focus after the discovery of single-walled CN'Ts by S. I1jimMmA
et al. in 1993 [1ij93] and the fabrication of the first CNT FET [Tan98, Mar98|. Their
technological importance for molecular electronics [Avo02] and QIP [Ben06] has trig-
gered research towards the understanding of their electronic and structural proper-
ties. The latter has been investigated mainly with Raman spectroscopy [Dre04] and
TEM, both providing valuable insights into structural parameters, such as diam-
eter, chirality, and curvature of the CNT. TEM microscopy can be used further
to support process development and device optimisation including the structural
characterisation of electrodes, parasitic layers in the device structure (as a poten-
tial source for high leakage currents), interface defects and impurities, as well as
adatoms on the CNT shell or molecules inside the CNT, each of which are known
to critically affect its electrical and mechanical properties. This is why the corre-
lation of electronic, spin, and structural properties is of great importance for both,

fundamental materials research and applied physics.

Different FET architectures have been explored previously in order to combine TEM
compatibility with electron transport measurements on individual CNTs [Mey04,
Kim05] and peapod structures [Chi05a]. Owing to their architecture and fabrication,
each approach requires lithographical steps after the growth of the CNT, which can

degrade its electrical properties significantly owing to organic residues. Furthermore,
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Source

Figure 4.1.: TEM compatible CNT device for applications in QIP. Buried gate
electrodes (red) are used to control electron transport through a CNT (black) grown
between a source and drain electrode (blue). The silicon substrate (grey) and the
silicon dioxide layer (yellow) can be etched away to suspend the gate electrodes and
allow the structural characterisation of the CNT with TEM.

these approaches utilise large global gates to control electron transport through the
CNT rather than local gate structures. Additional gates for the realisation of multi-
gate devices, such as QDs and DQDs, are therefore difficult to add, which makes
them incompatible with current device designs for applications in QIP and leaves

the correlations between the electronic, spin, and structural properties of carbon

nanotubes widely unexplored.

An alternative approach to a CNT nanodevice enabling the characterisation of the
CNT in terms of its (i) electrical properties through electron and magneto-transport
measurements, (ii) spin properties through EDMR, and (iii) structural properties
through TEM is shown in Figure 4.1. It consists of a suspended single-walled CNT
on an SOI substrate, which is grown in the very last step of the overall device
fabrication process. This device architecture minimises the disorder and defects

induced by organic residues and the exposure to an electron beam during EBL
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[Smi01], which has been reported to lead to the formation of multiple unintentional
QDs at low carrier densities [McE99]. Buried gate electrodes etched into boron-
doped silicon (Si:B) facilitate the electrostatic control of electron transport from
the source to the drain electrode of the device. By shorting all gates together or
controlling them individually, the device can either be operated as a simple FET
or as a QD, which allows us to characterise the electrical properties of the CNT
via electron transport in a first step and to access its spin properties through spin-
dependent tunnelling via EDMR thereafter. Furthermore, the SOI substrate can
be chemically etched beneath the gate structure (and prior to the CNT growth) to

expose a window for TEM microscopy.

4.1.1. Merits of suspension

The suspension of the CNT and its CVD growth in the very last step of the overall de-
vice fabrication process adds further advantages to the device architecture proposed
above: Beside circumventing disorder from the substrate and organic residues from
device fabrication, suspension enables transport studies on ultra-clean CNTs. Ini-
tial attempts to remove the disorder induced by the substrate involved wet-chemical
etching of the device structure after its fabrication and CNT growth [Min04, Jar04].
The yield of these devices was very low and could be increased significantly with
a new fabrication method, in which all chemical processing is performed prior to
the CNT growth [Cao05, Ste09a] similar to the fabrication process developed and

employed in this work.
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Electron transport measurements on non-suspended CNTs have revealed the four-
fold shell structure of CNTs [Cob02, Kue08, Mor05] arising from the two doubly-
degenerated electronic subbands associated with the spin and orbital degrees of
freedom, which give rise to the eigenspaces {|1),[{)} and {|O),|O)}, respectively,
where |©O) denotes the clockwise and |©) the anti-clockwise orbital motion of an
electron within the CNT [Nyg08]. The four-fold spin and valley degeneracy gives
rise to an enhanced SU(4) Kondo effect in CNT QDs!, where the spin and orbital

degrees of freedom are fully entangled [Nyg00].

Other very interesting and more exotic transport phenomena, such as the electron-
hole symmetry? [Jar04], Mott insulation® [Des09, Des10], and Wigner crystallisation
of electrons at low density* [Des08], have, however, only been observed in ultra-clean
and suspended CNT devices. Furthermore, suspension of the CNT allows us to em-
ploy its exceptional mechanical properties [Tra96] for nanoscale radio-frequency sig-
nal processing, ultra-sensitive mass detection [Las08], as well as for high-@Q [Hue09b]

non-linear [Ste09b] resonators [Saz04].

I The Kondo effect describes the spin-flip scattering of conduction electrons at magnetic impurities
[And61, Kon64]. The most basic Kondo system is realised by an unpaired electron on a QD, which
is exchange-coupled to delocalised electrons in the leads (Fermi sea). In an external magnetic field,
co-tunnelling between the spin states leads to two additional resonances in the transport spectrum,
which is called SU(2) Kondo effect. The coherent superposition of co-tunnelling processes between
the spin and orbital states in a CNT QD results in a SU(2) ® SU(2) = SU(4) Kondo effect revealing
the four-fold spin and valley degeneracy.

2 FElectron-hole symmetry refers to the observation of the same confinement energy for electrons
and holes in semiconducting CNT QDs.

3 A Mott insulator is an insulating material, which should be conductive from conventional band
theory. This theory, however, breaks down in metals with half-filled energy bands as the very
strong Coulomb repulsion makes the localisation of electrons at an atomic site energetically more
favourable, which in turn leads to Mott insulation.

4 Wigner crystallisation refers to a solid phase of electrons in an uniform, inert, and neutralising
background. In a CNT, the conduction electrons were observed to form an evenly spaced lattice
to minimise their potential energy. Wigner crystallisation in three dimensions is associated with a
body-centred cubic lattice, whereas it reveals a triangular lattice in two-dimensional systems.
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4.1.2. Merits of accessibility via TEM

Although being a very powerful analytical tool and having provided valuable insights
into structural, electronic, and phonon properties of CNTs [Dre04], Raman spec-
troscopy is not a direct imaging technique. Its spectra arise from photo-excitation
with laser spots with a diameter of @ = 300 — 500 nm, which complicates their
interpretation [Drel0]. This is why low-voltage high-resolution transmission elec-
tron microscopy (HRTEM) has become the foremost characterisation technique for
directly imaging CN'Ts, and measuring their diameter, number of sidewalls, and chi-
rality [1ij91, Tij93]. Owing to the recent advances in low-voltage aberration-corrected
HRTEM [Borl11], the structure of CNTs can nowadays be studied with atomic reso-
lution revealing atomic scale defects [Has04, Has05, Zhu05, Sat08, War09] and their
dynamic behaviour [Warl0, Warll]. A TEM compatible single-walled, and CVD-
grown CNT QD device can thus be expected to provide very valuable insights into

the correlations between electrical, mechanical, spin, and structural properties.

4.2. Device fabrication

The overall fabrication process of our proposed CNT device architecture is sketched
in Figure 4.2. It involves five main steps, namely (i) patterning and RIE of source,
drain, and gate electrodes, (ii) metallic thin-film deposition of source and drain

contacts, (iii) metallisation of gate electrodes, (iv) wet-chemical etching of the TEM
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Figure 4.2.: Sample preparation of a TEM compatible multi-gate CNT device.
Starting with the SOI source material (a), the process is organised into five main
steps: Patterning and RIE of source, drain, and gate electrodes (b, red), metalli-
sation of source and drain (c, blue), metallisation of gate electrodes (d, green),
wet-chemical etching of a TEM window (e), and CNT growth via CVD (f).
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(a) EBL system (b) FIB-SEM system

Figure 4.3.: Photographs of the JEOL JBX-5500FS EBL (a) and the ZEISS NVi-
sion40 FIB-SEM system (b) used to prepare and image CNT devices, respectively.

window, and (v) the CVD growth of a single CNT across the buried gate structure.
The device is fabricated on an (100) Si/SiOy/Si:B (5,000/145/70 nm) substrate with
the top-layer being implanted with boron at 10 keV and the dose 5 - 10* cm™2.
The SOI substrate was diced into chips of 10 x 10 mm? with a Loadpoint MicroAce
Series 3 wafer saw for convenient device handling. The most important process

parameters are discussed in the following.

4.2.1. Electron beam lithography

All electrodes were defined by EBL, in which an electron beam is used to pattern
a PMMA polymer spun onto the semiconductor surface. EBL was carried out on

the JEOL JBX-5500FS EBL system shown in Figure 4.3 (a) with an acceleration
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voltage of 25 kV, field size of 500 x 500 pm?, and minimum step size of 1.0 nm — the
minimum resolution of our EBL system is specified to 9.79 nm. The critical step
during the exposure of the resist with the electron beam is the adjustment of the
area dose, which determines the aspect ratio of the patterned structures through the
proximity effect. The dose was optimised for each EBL step in a series of dose tests
and subsequent imaging in the ZEISS NVision40 focused ion-beam (FIB) scanning

electron microscope (SEM) shown in Figure 4.3 (b).

The different electrodes were either defined in A8 PMMA for structures larger than
10 um with a dose of 600 uC/cm? and a beam current of 20 nA, or A5 PMMA for

2 and a beam current of 1 nA.! Both

smaller structures with a dose of 500 uC/cm
resists were spun onto the substrate with a Cee™ 200CB Coat-Bake System and
baked for 90 s at 180 °C prior to the exposure in the EBL. A solution of MIBK and
IPA with [MIBK]/[IPA] = 1/3 volume percent was used to develop the resist for
10 s at 25 °C in ultrasound. The lift off was performed after the deposition of the

metallic thin-film in 1-methyl-2-pyrrolidinone (NMP, CsHgNO) at a temperature

T = 130 °C for 30 min.

4.2.2. Etching of silicon nanostructures

The first fabrication step (see Figure 4.2 (a)) involves patterning of the Si:B layer.

To this purpose, all nanostructures were patterned in PMMA with EBL first and

L' A5 and A8 refer to a solution of five and eight weight percent PMMA in anisole, respectively.
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= 40 mtorr
Cr etch mask for RIE = 100 W
‘ i ; = 0.28 nm/s
. ' af : : ' = 17 nm
n-Si ‘
Sio,
Si 200 nm
p = 20 mtorr = 40 mtorr
HF = 100 W = 200 W
y = 0.27nm/s = 0.61 nm/s
0 = 32nm = 15nm

Figure 4.4.: Cross-sectional SEM micrographs of gate electrodes etched into
Si:B by using chromium etch masks and RIE. (a) shows the influence of increas-
ing plasma pressure p, (b) the influence of increasing HF-power on the etching rate
~ and anisotropy ¢, respectively. The latter is mainly determined by the pressure,
whereas the etching rate v predominantly depends on the HF-power.

subsequently etched in a plasma of carbon tetrafluoride (CF;) and oxygen (O;)
(50 scem and 10 scem, respectively) formed in an Oxford Plasmalab 80Plus RIE
system by using a 30 nm thick chromium (Cr) etch mask [Lee83]. The etch parame-
ters, such as pressure p and high frequency power HF', have been checked carefully
and the etching rate v and anisotropy 0 optimised in a series of samples etched
under different conditions and imaged in cross-section via FIB-SEM as shown in
Figure 4.4. § measures the deviation of the resulting trapezoidal from an ideal rect-
angular cross-section of the etched gate structure and is defined as the difference
between the width of the Cr etch mask and the width of the etched nanostructure.
The cross-sectional SEM micrographs in Figure 4.4 reveal the effect of increasing
pressure and HF-power on the etch parameters v and §. The HF-power is found to

mainly affect the etching rate v, whereas the anisotropy 4 is mainly determined by
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i i

(a) 0 min (b) 2 min (c) 5 min

Figure 4.5.: Series of OM images showing the removal of the Cr etch mask (a)
after 2 min (b) and 5 min (c) in the etchant.

the plasma pressure p. For the SOI substrate used in this work, optimal parameters
are p = 40 mtorr and HF = 200 W. The chromium etch mask was removed after
the RIE etch in a bath of ceric ammonium nitrate (HgNgCeO15) and perchloric acid
(HCIOy4) for ~ 5 min at 80 °C as shown in Figure 4.5 for two different etching times.

The Cr etching rate amounted to ~ 6 nm/min at this temperature.

4.2.3. Metallisation of source and drain

The second fabrication step (see Figure 4.2 (b)) involves the metallisation of the
source and drain electrode. Its main technical challenge arises from the particular
choice of the metal or alloy, which has to persist the high temperature during CNT
growth, while maintaining a low contact resistance and good surface quality to act
as a smooth and continuous substrate for CNT growth. Metals like chromium and
cobalt, for instance, indeed have very high melting points above 7" = 1,000 °C, but

very thin-films of those metals can partially melt and form disconnected islands.
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The best results are reported for sputtered tungsten/platinum (W/Pt) contacts
[Ste09a, Got10]. A 5/30 nm thin-film of those elements was therefore employed for
our devices and deposited in an Edwards Auto 306 magnetron sputtering system

after the respective EBL step.

4.2.4. Metallisation of gate electrodes

The choice of the metallic thin-film used for the bond pads of the gate electrodes
(see Figure 4.2 (c)) is equally important. It has to survive the high temperature
during CNT growth while providing a good ohmic contact to the Si:B layer in order
to enable the application of high frequency pulses for coherent spin manipulation
via pEDMR. Its surface quality is less important as long as it permits conventional

gold or aluminum wire-bonding.

Owing to the very high melting point and good adhesion to silicon, we have deposited
a Cr/Pt (30/30 nm) bilayer to serve as an ohmic contact to Si:B. Its suitability was
evaluated in terms of the resulting contact and Si:B sheet resistance measured in
a series of transmission lines (TLs), which were annealed at different temperatures
T = 800 — 1,000 °C to simulate the CNT growth. TLs allow us to measure the
contact and sheet resistance separately and were successfully employed previously
to optimise ohmic gold /antimony contacts to n-type Si [Wer94] as well as to Si/SiGe

and isotopically engineered 28Si/?®Si"°Ge heterostructures [Lan08a], for instance.
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(b) Typical TL device
Figure 4.6.: Device geometry for a TL measurement. (a) shows a sketch of a
typical TL used for the optimisation of ohmic Cr/Pt contacts (green) to Si:B (red)

on an SOI substrate. (b) shows OM images of an SOI chip with two TLs mounted
and connected to an LCC (left) with Al wirebonds (right).

Their basic geometry is sketched in Figure 4.6 (a). A typical TL comprises an etched
Si:B mesa and a series of square-shaped Cr/Pt contacts with different separations

[. The total resistance R; of a TL is therefore given by [Ber72]

I I
R =-"19R = "R, +2R, (4.1)
w it w

where w denotes the contact width, p the specific resistivity of the mesa mate-
rial, t = 70 nm the thickness of the Si:B sheet, R. the contact and R, the sheet
resistance. An OM micrograph of a typical TL mounted and wire-bonded into a

commercial 44-pin leadless chip carrier (LCC) is shown in Figure 4.6 (b). The LCC
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(a) (b)
Figure 4.7.: Results of a typical TL measurement. (a) shows the total resistance R;
as a function of the contact separation [ for an unannealed (blue) and annealed sam-
ple (red). Solid lines represent numerical best fits of the data (O) to Equation (4.1).

(b) shows the resulting contact and sheet resistance R. and Ry, respectively, for
different annealing temperatures. Solid lines are guides for the eye only.

facilitates the electrical connection between the device and our room-temperature
measurement setup and can also be inserted into a cryogenic sample probe for low-
temperature characterisation. The results of our TL measurements employed for
the optimisation of Cr/Pt contacts are shown in Figure 4.7 (a). The total resistance
R; increases with an increasing separation length [ between the contacts in accord
with Equation (4.1). The temperature dependence of R, and R, is shown in Fig-
ure 4.7 (b), where T = 0 °C denotes an entirely unannealed contact. The contact
resistance decreases from initially R, = 120 k€2 by three orders of magnitude down
to R. = 328 Q) when annealed at 7' = 800 °C. The steep decrease of the sheet
resistance from R, = 3.68 M(2/0 down to R, = 485 €2/0J with increasing annealing

temperature is associated with the activation of the boron implants. Similar values
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Figure 4.8.: Temperature dependence of the contact (red) and sheet resistance
(blue) for a representative TL. Solid lines are guides for the eye only.

have been observed in boron activation anneals before [Col98]. For T' > 950 °C,
R. and R, are observed to increase significantly. This temperature therefore sets
the upper bound of the temperature window within which CNTs can be grown and

Cr/Pt contacts employed for our suspended CNT devices.

The Cr/Pt contacts fabricated in this work reveal a weak temperature dependence
only as shown in Figure 4.8 exemplarily for a TL, which was annealed at T" = 800 °C.
R. and R, both decrease from room temperature down to 7' = 1.4 K by ~ 25 %,
which demonstrates the compatibility of our recipe with the high-temperature CVD
growth of suspended CNTs. The overall chip layout and an OM image of a typical
CNT device processed until the fabrication step described in this section, i.e. prior

to the etching of a TEM window and CNT growth, is shown in Figure 4.9.
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:'3 E4 0XFORD-SBAGAL E® EI]

(a) Chip layout (b) Device structure
Figure 4.9.: AutoCAD drawing of the chip layout (a). Each chip accommodates 20

nanodevices. An OM micrograph of an individual device prior to the CNT growth
is shown in (b). Please refer to the text for further details.

4.2.5. Etching of TEM window

The overall device architecture was designed such, that it allows us to optionally
remove the substrate under the nanometer-sized gate structures prior to the CNT
growth in a fifth fabrication step for TEM analyses (see Figure 4.2 (e)). The pro-
cess proposed for the etching of a TEM window involves the EBL patterning of
an array of alignment marks outside the device area on the polished backside of
the chip and the subsequent removal of the bulk-Si in those areas by wet-chemical
etching with tetramethylammonium hydroxide (TMAH, C4H;3NO). The remaining
SiO5/Si:B (145/70 nm) membrane (outside the device area) can then either be punc-
tured with a fine needle under a microscope or milled in a FIB system to generate a
set of alignment marks, which can be used to align the back- to the frontside of the

chip. A ~ 5 x5 um? TEM window aligned to the gate structures on the frontside
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can then be patterned on the polished backside of the chip in a second EBL step.
The TEM window can be etched finally by a combination of TMAH and hydrofluo-
ric acid (HF), which selectively etches bulk-Si and SiO,, respectively. The Si:B gate
structure is expected to remain intact during this procedure as HF does not etch

any p-doped Si.

4.2.6. Carbon nanotube growth

CNTs were grown from the source across the buried gate structure to the drain
electrode via CVD [Kon98] in the last step of the sample fabrication process (see
Figure 4.2 (f)). For this purpose, a 2 x 10 mm? window was defined on the source
and drain contact in A5 PMMA via EBL first. We then developed the resist with our
standard recipe and carefully deposited small droplets of iron(III) chloride (FeCls)
catalyst nanoparticles diluted in 2.5 pmol/1 ethanol (CoH50H) onto the W /Pt elec-
trodes with a 1 ul nanopipette. After baking the substrate at T'= 170 °C for 5 min,
the PMMA was lift-off in 1,2-dichloroethane (CyH,4Cly) prior to cleaning the sub-
strate with ethanol and nitrogen. The substrate was then transferred into a quartz

tube inside a Thermo Scientific Lindberg/Blue M tube furnace.

The high temperature during CVD growth was found to critically determine various
properties of the CNT devices, namely the (i) structural integrity of the SiOy and
Si:B layers, (ii) structural integrity of the nanostructures etched into Si:B, (iii) yield

of the CNT growth as well as the (iv) surface quality of the metallic Cr/Pt and
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(a) Ty = 1,000 °C

(b) Ty = 1,000 °C (¢) Ty = 950 °C

Figure 4.10.: Planar view SEM (a) and OM micrographs (b,c) of the Si:B and
SiOy layer after annealing for ~ 10 min at 77 = 1,000 °C (a,b) and T = 950 °C (c),
respectively. The comparison between the two temperatures reveals the formation
of a distinct defect structure in both layers for annealing temperatures 1" > T5.

W /Pt thin-films. The effect of the growth temperature on the structural integrity
of the SiOy and Si:B layers is shown in Figure 4.10 for two samples, which were an-
nealed in an argon (Ar) atmosphere at 77 = 1,000 °C and T, = 950 °C, respectively,
to simulate the CVD growth. A comparison between the micrographs reveals the
formation of severe cracks in the SiO, layer along two crystallographic orientations.
The Si:B layer sustains the same defect structure as evidenced by the SEM micro-

graph in Figure 4.10 (a). The cracks in the SiOy layer form owing to the rapid cool
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down of the sample after the heat treatment as a consequence of the difference in lin-
ear thermal expansion coefficients o between bulk-Si and SiOs, which amounts to
Aap = ar(Si) — ap(Si0;) = 2.55°C~! [Linl0]. For T > Ty, the Si:B layer re-
crystallises along the same crystallographic orientations than the cracks in the SiO,
during the heat treatment in order to minimise the inbuilt strain induced by the
cracks in the SiOy layer. This temperature coincides well with the sharp increase
of the sheet resistance observed for 7" > 950 °C in our TL measurements (see Fig-
ure 4.7 (b)). Since the RIE etching rate is determined by, i.a., the crystallographic
orientation of the material to be etched, we expect different RIE etching rates for
the samples annealed at 77 = 1,000 °C and T, = 950 °C, respectively. This dif-
ference has indeed been observed in a series of RIE etch tests after the different
heat treatments, which supports the interpretation of the Si:B defect structure as a

consequence of a recrystallisation process.

A high temperature treatment does also have severe consequences on the nanostruc-
tures defined in the Si:B layer. The sample shown in Figure 4.11 (a,b), for instance,
was annealed in an Ar atmosphere at T, = 950 °C. It does not reveal any cracks,
which indicates that their formation is suppressed for 7" < T;. The Si:B nanos-
tructures do, however, reveal structural holes, which presumably formed by blasting
out small fragments of Si:B during the heat treatment or the subsequent cool down.
Reducing the temperature of the CVD growth further to 75 = 900 °C results in in-
tact SiO5 and Si:B layers as evidenced by Figure 4.11 (¢,d). Those annealing studies

demonstrate that the temperature during the CVD growth as well as the rate of the
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(a) Ty = 950 °C (b) Ty = 950 °C

20 um

(c) T3 = 900 °C (d) T3 = 900 °C
Figure 4.11.: OM micrographs showing the effect of two different annealing tem-
peratures on the structural integrity of Si:B nanostructures at two different mag-
nifications. High temperatures T' > T5 = 950 °C lead to the formation of struc-

tural holes in the Si:B layer (a,b). A reduction of the annealing temperature to
T3 =900 °C precludes the formation of any defect structure (c,d).

subsequent cool down have to be controlled carefully in order to avoid the forma-
tion of unfavourable cracks in the SiOs and the disintegration of buried Si:B gate
structures. The yield of the CNT growth has been observed to be determined by the
particular growth temperature as well as the gas mixture and pressure during the
CVD growth. The best results were obtained for a growth temperature 7" = 850 °C

and a continuous unidirectional flow of 170 sccm H, and 80 sccm Ar for 20 min,
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which was used to vaporise the ethanol precursor gas. Heating up and cooling down
was done under a continuous flow of Ar in order to protect the CNTs from oxidation.
The cool down rate was set to ~ 8 °C/min. The yield was measured by low-voltage
SEM microscopy after the CVD growth and typically amounted to ~ 40 % under
those conditions, i.e. 8 out of 20 devices on one chip comprised a single CNT across

the buried gate structure.

SEM micrographs of a representative CNT device fabricated with the optimised
parameters described above are shown in Figure 4.12 at two different magnifications.
Both images show a triple-gate device with a single CVD-grown CNT from the source
to the drain electrode. Both micrographs were recorded with a beam current of
1.0 kV to minimise any damage induced by the incident electron beam. The metallic
thin-films of the source and drain electrode are partially molten as a consequence
of the high-temperature CVD growth. The electrical properties of those devices are

discussed below after the introduction of our measurement setup in the following.

4.3. Experimental setup for transport measurements

Since the cool down of a device to cryogenic temperatures is very time consum-
ing, we have developed a special 31-pin sample probe for the high-throughput low-
temperature characterisation of semiconductor nanodevices at cryogenic tempera-
tures. Our sample probe fits into a custom made 1.4 K cryostat inside an Ox-

ford Instruments superconducting split-coil magnet with a maximum magnetic field

104



4. A TEM compatible carbon nanotube device for QIP

(a) 35,000x magnification

(b) 150,000x magnification

Figure 4.12.: SEM micrographs of a representative nanodevice comprising a single
CNT (white arrow) grown from the source (S) to the drain electrode (D) across
three buried Si:B gates (G1, Ga, and G3) at two different magnifications (a,b).
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exchangeable

. PCB module shorting plug
31-pin connector

socket for 44-pin LCC ST——

Figure 4.13.: Sample probe used for the characterisation of CNT devices at low
temperatures. The device is mounted and wire-bonded into an LCC, which can
be plugged into an LCC socket on a PCB module. A shorting plug protects de-
vices against electrostatic discharge during wire-bonding and assembly, and 31-pin
connectors facilitate the electrical connection between the module and probe head.

By = 6 T and an inner diameter of @ = 36 mm. The lower end of this probe is shown
in Figure 4.13. The 10 x 10 mm? silicon sample can be mounted and wire-bonded
into a commercial 44-pin LCC. This assembly can then be connected to an LCC
socket, which facilitates the electrical connection between the sample and a double-
sided PCB equipped with two modified Glenair Micro-D 31-pin MWDM-31PCBR
connectors at each end. The first connector facilitates the connection between the
PCB and the sample probe, whereas the second connector can be used to short
all pins together with a shorting plug in order to protect the device against electro-
static discharge during wire-bonding and probe assembly. Since most of the electron
transport and spin resonance experiments on CNT QDs and DQDs are performed
in the limit where the Zeeman energy €, = gupBy is much larger than the thermal
energy er = kgT', i.e. gupBy > kT, we have designed a special X-band dielectric

ring resonator operating in this regime in collaboration with Bruker BioSpin GmbH.
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Figure 4.14.: Optical images of the probe head (a) and tip (b) of the microwave

resonator designed for X-band EPR and EDMR at T' < 1.4 K. Please refer to the
text for further details.

This sample probe is compatible with our 6 T superconducting magnet and shown
in Figure 4.14. The probe head and tip have been adapted from a Bruker ER4118
X-MD-4-WT1 electron-nuclear double resonance (ENDOR) cavity. A Lakeshore CX-
1030 cernox resistor connected to a LEMO EBC-15-304-CLL connector can be used
to measure the temperature close to the sample. The modulation coils are con-
nected through Huber+Suhner 23-BNO-0-0-2/133-NE, the ENDOR coils through
two Elspec JS50141 R20-M coaxial stainless steel cables attached to Huber+Suhner
25-N-50-2-14/133-NE jacks on the backside of the probe head. Its frequency spec-
trum is shown in Figure 4.15 for two different temperatures. The quality factor @)

is given by @ = fiw/FWHM [Poo83|, where f,,, denotes the eigenfrequency of
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Figure 4.15.: Eigenmode spectra of our X-band microwave cavity at room temper-
ature (red, top) and T'= 1.4 K (blue, bottom). The resonance frequency f,,, and
FWHM (black arrows) of each trace are indicated and correspond to a @Q-factor of
@ ~ 1,600 and ~ 3,100, respectively. Both traces were normalised and their z-axes
offset by f,.. for a better comparison.

the cavity and F'W HM the full-width-at-half-maximum of the resonance dip. For
an empty microwave cavity, it typically amounts to ) ~ 1,600 at room tempera-
ture and increases to () ~ 3,100 at T' = 1.4 K, which demonstrates its suitability
for low-temperature X-band EPR and EDMR experiments in our superconducting

split-coil magnet.

4.4. Room temperature characterisation

Since not every device is suited for low-temperature measurements and wire-bonding
into LCCs and both procedures are comparatively time consuming, it is desirable

to characterise the devices on a probe station at room temperature for preselection
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Figure 4.16.: Gate transfer characteristics of a representative CNT device showing
the hysteresis of two different gate electrodes (red, blue) for an up- (O) and down-

sweep (O). Only every second data point is shown and the two traces at the bottom
(blue) offset by Aly; = —2 nA for clarity.

first. Measuring the source-drain current I,4 through the sample as a function of gate
voltage V; allows us to determine, which device is worth cooling down and whether
the respective CN'T is semiconducting or metallic. The gate transfer characteristics
of a representative device at room temperature biased under ambient conditions
with Viq = 1.0 V are shown in Figure 4.16 for two different gate electrodes and two
sweep directions. Both measurements reveal a field-effect and a pinch off of the
source-drain current Iy4 for V;, > 3.5 V. The leakage current of both gate electrodes

amounted to less than 30 pA and was below the noise level.

Both gate electrodes reveal a hysteresis between the up- and down-sweep, which has
been observed by other groups before and attributed to charge trapping by water

molecules around the CNT and SiO, surface-bound water proximal to the device
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structure [Nyg01, Kim03, Lee07]. The hysteresis-free operation of a suspended CNT
FET under ambient conditions in a cleanroom has been demonstrated recently and
achieved by a tapered, suspended contact geometry, which avoids the occurrence of
hysteresis-inducing oxides [Muol0]. An important measure for the performance of
an FET device is its carrier mobility x4, which measures how fast the charge carriers
respond to an external electric field. It is generally defined as p = vg/E, where vy

denotes the drift velocity of the charge carriers, and E the applied electric field.

The mobility of a semiconductor can generally be measured by two methods: The
first one utilises the Hall effect and is called Hall mobility, whereas the second method
is based on the analysis of the transfer characteristics and referred to as field-effect
mobility. A Hall measurement is only applicable to two-dimensional systems and
is conventionally performed in van der Pauw geometry, where four contacts are
placed at the circumference of an arbitrarily shaped sample [vdP58]. The mobility
of an one-dimensional CN'T FETs is accessed through its transfer characteristics and

referred to as field-effect mobility, which is given by

L|oG| L 1 |0y . 2meq
HrE = lov,| ~ C Vi |0V, | 97 Tn(4t/d) (42)

where G denotes the conductance, C, the gate capacitance per unit length, ¢, the
vacuum permittivity, ¢ ~ 10 nm the distance between the gate electrode and CNT,
L = 2 pm the length and d ~ 2 nm the diameter of the CN'T — the gate capacitance

per unit length amounts to C; = 18 aF /um under those conditions, which is com-
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Figure 4.17.: Transfer characteristic (blue) and field-effect mobility ppg (red) for
a representative CN'T device. Please refer to the text for further details.

parable to other CNT devices [Bie08]. The transconductance can be derived from
Figure 4.16 through differentiation of ;4 with respect to V; and is shown in Fig-
ure 4.17 as a function of gate voltage. For Cy = 18 aF/pum, the field-effect mobility
amounts to pP% ~ 1.69 cm?/Vs, which is much lower than the highest field-effect
mobility upp ~ 79,000 cm?/Vs reported for a back-gated CVD-grown CNT FET
on an SOI substrate at room temperature [Diir04]. This may indicate the formation

of amorphous carbon along the circumference of the CNT.

Future experiments may therefore involve the optimisation of the CVD growth con-
ditions through changing the growth temperature and Hy flow, for instance, as well
as the low-temperature characterisation of such devices with the cryogenic sample

probe developed within this work.

111



4. A TEM compatible carbon nanotube device for QIP

4.5. Conclusions

Our previous discussion has shown that the correlation of electronic, spin, and struc-
tural properties is an important prerequisite for CNT-based QIP to become a real-
istic prospect. The device design proposed in this chapter allows us to control few
to single electrons in TEM-compatible and suspended CNT QDs via local gates and
to manipulate and detect their spin state via EDMR. The resulting spin relaxation
and coherence times can then be correlated to the structural properties of the CNT

obtained from TEM analyses.

The transport measurements discussed above demonstrate the practicability of our
approach and provide a very promising pathway towards the correlation of electronic,

spin, and structural properties as a prerequisite for CNT-based QIP.
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Electron spin readout in silicon field-effect transistors
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Chapter 3 has shown that EDMR is a spectroscopic technique, which can be em-

ployed as a materials characterisation technique to study defects and impurities in
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the solid state. Owing to its high sensitivity, EDMR can also be employed to readout
few to single electron spins in semiconductor nanodevices for applications in QIP. In
this chapter we employ cwEDMR and pEDMR for the spin readout in 28Si-FETs,
in which channel implanted donor electrons can interact with conduction electrons
directly. We further demonstrate that EDMR serves as a quantum non-demolition

readout of nuclear spins in such devices.

In order to enhance the sensitivity and spectral resolution of this readout scheme,
a novel cryogenic sample probe has been developed, which allows us to perform
EDMR experiments at high magnetic fields By ~ 3.36 T in a resonant microwave
cavity with a microwave frequency of wy,, ~ 94 GHz (W-band). Spin resonance
signals from the conduction electrons of the 2DEG interacting with neutral donors
embedded into the device channel are observed. High-field EDMR is shown to
have several experimental advantages over conventional low-field approaches and
demonstrated to result in an enhanced EDMR signal intensity, spectral resolution,

and signal-to-noise ratio.

A comparison of low- and high-field EDMR experiments on the same device allows
us further to identify the underlying mechanism giving rise to the EDMR effect in
donor-doped 28Si-FETs. Our observations are in conflict with the models proposed
in literature and interpreted in terms of a new EDMR mechanism originating from

the polarisation dependent resistivity of the 2DEG.
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tected magnetic resonance of neutral donors interacting with a two-
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doi:10.1103/PhysRevLett.106.207601.

5.1. Experimental setup

EDMR and EPR are conventionally carried out at low magnetic fields By ~ 0.35 T
and low microwave frequencies w,,, ~ 9.7 GHz, which is historically referred to as
X-band. For a material system with a gyroscopic ratio of g ~ 2, this corresponds to
a Zeeman splitting of €5 ~ 40 peV. Hence, the sensitivity of conventional X-band
EPR is limited and typically requires at least 10*° paramagnetic sites in the sample
[Mai97]. Higher sensitivities and spectral resolutions can be achieved by using higher
magnetic fields and higher microwave frequencies, as the EPR signal intensity scales
with the spin polarisation, and the g-factor resolution with the microwave frequency,
linearly. M. W. BAYERL et al., for instance, could resolve two resonance lines in
gallium-nitride/manganese (GaN:Mg) films at 34 GHz (Q-band), which could not
be separated with conventional X-band EPR spectroscopy [Bay98]. The gain in
sensitivity has been demonstrated by D. SCHMALBEIN et al., for instance, who

report on the detection of EPR at W-band with a sensitivity of 2 - 107 spins/G+v/Hz,
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Figure 5.1.: Schematic drawing showing the sample placement inside a W-band
EPR microwave cavity. Black arrows indicate the orientations of the static magnetic
Zeeman and microwave fields By and By, respectively.

which is about 400 times higher than for conventional X-band EPR spectroscopy
[Sch99]. High sensitivities and high spectral resolutions are also very desirable for
EDMR experiments as they offer the opportunity to selectively address and readout

single electron spins electrically in the emerging fields of spintronics and QIP.

5.1.1. High-field EDMR (W-band)

So far, high-field EDMR has been carried out at 7.2 T [Hon78] and 8.5 T on Si:P
[Mor08a, Mor08b, McCO08] with multi-mode (Fabry-Pérot) cavities only, which re-
quire comparatively long pulse duration times of the order of a few hundred nanosec-
onds for a m-pulse [Mor08b, McC08, McC10]. The sensitivity in those experiments
was limited to ~ 5 - 107 spins in the sample [Mor0O8b]. The implementation of fast
microwave pulses with large excitation bandwidths for the coherent control of elec-
tron spins by pEDMR [Boe03] thus remains technologically challenging and has not

been achieved at high magnetic fields so far. Single-mode cavities allow us to over-
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come those instrumental limitations as they offer fast microwave pulses (7 ~ 32 ns
in our system) to achieve large excitation bandwidths. In addition, the distribution
of the microwave field in a single-mode cavity is well defined. Hence, the sam-
ple can be placed at the position where the magnetic field component is maximal
and the electrical field component minimal, which is much more difficult to achieve
in multi-mode resonators but essential for the minimisation of microwave-induced
rectification noise. Since the half-wavelength of free space microwaves at 94 GHz
amounts to A\, ~ 1.6 mm, the size of a W-band microwave resonator typically
lies within the range of a millimetre as shown in Figure 5.1 schematically. Hence,
W-band EDMR experiments require (i) a small sample size, (ii) an optimised ge-
ometry and metallisation for reduced microwave absorption, and (iii) an accurate
sample placement inside the resonator. The sample probe wiring has to enable the

detection of small voltages and currents with a low noise level.

The cryogenic sample probe developed within this work meets those requirements
and was designed for use in a commercial Bruker Teraflex EN 600-1021H TEg;
mode pulsed-ENDOR resonator, which has an inner diameter of @ = 0.87 mm and
a length of £ =1 — 1.5 mm depending on the particular tuning condition (see Fig-
ure 5.1). Our sample probe facilitates a safe and accurate sample placement inside
the microwave cavity and is shown in Figure 5.2. A micrometre screw equipped with
a vacuum seal at the probe head (Figure 5.2 (a)) is used to withdraw the fragile
sample within the collet (Figure 5.2 (b)) in order to protect it while the probe is

inserted into the cryostat. Once the sample probe is aligned against the resonator
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Figure 5.2.: Optical images of the probe head (a) and tip (b) of the sample probe
developed for W-band EDMR. (a) A micrometre screw is used to withdraw, insert,
and position the sample inside the cavity accurately, and coaxial SMA wiring inside
and outside the sample probe provides isolation against electronic noise. (b) shows
a series of optical images of an FET (top-left) being inserted into the brass collet
(bottom) used to guide the device into the cylindrical microwave cavity. Aluminum
wirebonds connect the device with a PCB and are visible through the window in
the sample collet (top-right).

window, the micromanipulator can be used to push the sample out of the collet and
to position it inside the resonator with ~ 100 wum precision. The eigenfrequency
of the microwave cavity shifts during the sample insertion by typically ~ 200 MHz
non-linearly as shown in Figure 5.3 (a). The non-linearity of the frequency shift
as a function of insertion length reveals the particular device geometry, such as
metallised and doped regions. After the complete insertion of the device into the
microwave cavity — typical insertion lengths amount to ~ 1.4 mm — the tuning was
optimised by changing the eigenfrequency and coupling arm with two respective mi-
crometre screws at the probe head of the microwave resonator. An optimum tuning
condition for cwEDMR is achieved when almost no microwaves are reflected but

the energy completely stored in the cavity. The quality factor typically amounts to
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Figure 5.3.: Tuning conditions of the W-band microwave cavity during sample
insertion. (a) shows the shift of the resonator dip (e and dashed vertical lines) for
different insertions lengths 0 — 1.4 mm of a typical FET device inside the microwave
cavity (blue). The intensity of the dip is optimised by changing the microwave fre-
quency and coupling upon the complete insertion of the sample (red). (b) compares
the cavity dips without (blue) and with the sample (red) after adjusting the cavity
volume and coupling. Black arrows indicate the FWHM as a measure for the cavity

@-factor, which decreases upon sample insertion from typically Q.. ~ 7,000 to
Qin ~ 3,000 at T =5 K.

Qout = 7,000 for an empty cavity and decreases to ;, = 3,000 after the insertion
of an FET as shown in Figure 5.3 (b). Once the experiment is finished, the sample
was withdrawn from the cavity back into the collet, to protect the device from me-
chanical damage during the extraction of the sample probe from the cryostat. An
alternative sample collet machined out of G1040 glass epoxy was used to measure
the same sample in a commercial X-band cavity without changing the sample probe
and disturbing the microwave field. The dimensions of those two collets are shown in
Appendix A. All samples were diced into small chips of 15.0 x 0.5 x 0.3 mm? in size,

and connected to a double-sided PCB via aluminum wirebonds, which are visible
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module 35 x 5.5 mm? PCB

Figure 5.4.: OM images of the PCB used to contact our devices (top). An addi-
tional (e.g. filter) module built with surface mount components can be attached to
the device if necessary (bottom).

through the window in the brass tip shown in the top-right image of Figure 5.2 (b).
This arrangement allows us to contact the active area of the device by metallic layers
with a thickness of ~ 0.1 um below the skin depth of microwaves at w,,,, = 94 GHz
[Poo83] and to minimise the disturbance of the microwave field in the resonator.
The PCB is equipped with a 6-pin Omnetics PZN-06-DD miniature connector at
its top end, and its overall length was chosen such that an additional module built
with surface mount components can be attached to the device if necessary as shown
in Figure 5.4. A thin layer of gold was deposited electrochemically onto the cop-
per tracks at the lower end of the PCBs in order to support wire-bonding. The
6-pin connector facilitates the connection between the PCB and stainless steel coax-
ial cables (LakeShore CC-SS). The coaxial lines terminate in female vacuum-tight
SMA connectors at the probe head. From the capacitance of the coaxial cables used
in the probe stick (C, ~ 200 pF), a measurement bandwidth of 10 kHz is expected
to be possible with the current set-up for a sample resistance of R, ~ 100 k2. All W-
band cwEDMR experiments discussed below were performed with a Bruker ElexSys

E680 W-band EPR spectrometer and an Oxford Instruments CF-1200 helium-gas
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Figure 5.5.: Circuit diagram of the electrical measurement setup used to detect
cwEDMR on ?8Si-FETs. The device (red) is biased with variable resistor networks
(blue) and the modulated voltage drop across the device detected with a voltage

amplifier. This signal is fed into a voltage follower through a filter and detected
with a lock-in amplifier.

flow cryostat in combination with an Oxford Instruments ITC-503S temperature
controller. The DC magnetic field By ~ 3.36 T was generated with a Bruker EPR 6T
SC superconducting magnet. The measurement temperature was set to 7' = 5.0 K,
and the Zeeman field aligned in the plane of the 2DEG, perpendicular to the di-
rection of current flow, i.e. By || 2DEG, unless otherwise indicated. Magnetic field
modulation was employed at X- and W-band to enhance the signal-to-noise ratio
(see Section 2.3.2). The field modulation amplitude was calibrated with a manganese

reference sample and amounted 0.2 mT throughout.

The circuitry used to provide isolation from mains noise and to detect the resonant
change of the sample resistivity is shown in Figure 5.5. Battery powered variable

resistor networks were used to apply a constant current to the device and to bias
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it with a constant gate voltage, typically V, = 0.3 V. The resonant change of the
source-drain voltage across the device was detected via a battery powered variable-
gain and low-noise voltage amplifier (Femto DLPVA-100-F-D) and a bandpass filter
(Princeton Applied Research 5210 lock-in amplifier) tuned to the modulation fre-
quency of wpmeq = 5.02 kHz. A voltage follower (OPA TL0O74CN) facilitated the
impedance matching between the circuitry and the lock-in amplifier of the Bruker

ElexSys E680 unit, which was used to demodulate and record the cwEDMR signal.

5.1.2. Low-field EDMR (X-band)

X-band EDMR was performed under the same conditions and with the same cir-
cuitry with a Bruker ElexSys E680 X-band EPR spectrometer and an Oxford Instru-
ments CF-935 helium-gas flow cryostat. The microwave excitation was applied using
a Bruker Flexline ER4118X-MD5-W1 X-band dielectric ring resonator operating at

a DC magnetic field By ~ 0.35 T and a microwave frequency of w,,,, ~ 9.7 GHz.

5.1.3. Device design and basic FET operation

A basic FET consists of a gate, a channel region connecting source and drain elec-
trodes, and an oxide barrier separating the gate from the channel. The FETs in-
vestigated in this work were fabricated on 1 pm thick 99.99 % isotopically purified
28Si, grown epitaxially on a high resistivity n-Si substrate. The epitaxial layer was

background doped with 3 - 106 cm™ phosphorus (3'P) donors. The channel was
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typically L = 160 pum long with a width of W = 40 um, and ¢,, = 20 nm gate
oxide thickness throughout. The centre region received an additional implantation
of arsenic ("As) donors — the implantation energy amounted to 50 keV with a dose
of 4 - 10" cm~2. The peak concentration is § = 15 — 30 nm away from the oxide
interface of the device channel, where they can directly interact with the 2DEG
electrons. The degenerately doped source and drain regions are formed by phospho-
rus diffusion, and aluminum was used for forming ohmic contacts. Finally, a silicon
dioxide/aluminum stack (1,000/130 nm), acting as a microwave shunt [Lol2], was
deposited over the sample in order to minimise any microwave-induced rectification

noise, which turned out to be crucial for our EDMR experiments.

Previous studies on similar devices at X-band have shown that the cwEDMR signal
intensity decreases with a decreasing channel length of the FET [Lollal. This
observation has been attributed to spin drift and spin diffusion of electrons from the
highly n-doped source-drain regions with a low electron spin polarisation into the
device channel with a higher spin polarisation. If the device channel is too short,
the injected electrons do not have enough time to thermalise and can therefore not
contribute to the EDMR effect, which causes the cwEDMR signal amplitude to
decrease. This is why most of the devices studied have a triple-gate geometry for
enhancing the spin polarisation of the injected conduction electrons by applying
suitable gate voltages to the two additional top-gates. This bias lowers their Fermi
energy £r and increases their polarisation p,, due to p,. = gupBy/2ep [Bur9o,

Kit96]. A schematic of such a triple-gate FET is shown in Figure 5.6 and details
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(a) Schematic drawing (b) OM micrograph

Figure 5.6.: Schematic drawing of a triple-gate FET (a). The electron density in
the device channel between the source (S) and drain (D) electrodes (blue) can be
tuned with three Schottky top-gates DG, CG, and SG (orange). *'P (red) and "As
donors (green) reside in the device channel. (b) shows a respective OM micrograph,
in which the different aluminum electrodes are labelled accordingly.

about their fabrication can be found in References [Lo09] and [Lolla]. For the
purpose of this work, all three gates were biased together and the whole device is
considered as a simple three-terminal FET. The operation of the device relies on the
control of the channel conductivity by the gate voltage V,, which is applied between
the gate and the source. Increasing the gate voltage at a finite source-drain bias
Via induces a 2DEG. This is why one also refers to such devices as accumulation-
mode FETs (aFETs). As a consequence, the channel becomes conductive above a
certain threshold voltage Vi, which is defined as the gate voltage where a continuous
inversion layer forms at the interface between the insulating oxide and the substrate,

the so-called body. An FET can generally be operated in three different regimes:

(i) Subthreshold regime, where V, < Vj;,. In this regime, the device is not turned

on and only thermally excited charge carriers contribute to transport.
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Figure 5.7.: Transfer characteristics of a representative aFET for two different
orientations of the external magnetic field Bg with respect to the plane of the 2DEG,
By || 2DEG (red) and By L 2DEG (blue), respectively. (a) shows I,4(V;) and was
used to extract the threshold voltage Vj;, through a linear extrapolation (dashed
line) of the asymptotic behaviour of the data (solid line). (b) shows I(Vse) for
different gate voltages V, = 0.2,0.3,...,0.8 V. All traces for By || 2DEG (red) are
offset by Al,; = 50 pA for clarity.

(ii) Linear (Ohmic) regime (or triode mode), where V, > Vi, and Viq <V, — Vi,

and the FET operates like a resistor, controlled by the gate voltage.

(ili) Saturation regime, where V, > Vi, and V4 > V; — Vjy,. Here, the drain voltage
is higher than the gate voltage and the 2DEG spreads out, which causes its

density to vary over the 2DEG area.

In order to avoid spatial fluctuations of the electron density, EDMR was always car-
ried out in the linear regime close to saturation. The different regimes are reflected
in the transfer characteristics of a typical aFET in Figure 5.7 (a), which shows the

source-drain current /54 as a function of gate voltage Vj, for two different orientations
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Figure 5.8.: Transconductance of a typical device for two different orientations

of the external magnetic field By with respect to the plane of the 2DEG, namely
By ||2DEG (red) and By L 2DEG (blue). Please refer to the text for further details.

of Bg with respect to the 2DEG plane. The threshold voltage can be derived from
the z-axis intercept of a linear extrapolation of the asymptotic behaviour of I,4(V}).
It amounts to Vi, = 247 mV and Vi, = 174 mV for By || 2DEG and By L 2DEG,
respectively. For V, < Vi, I,4 ~ 0 and the device operates in the subthreshold
regime, while /44 increases for V;, > Vj; and the device operates in the linear and
saturation regime, respectively, as shown in Figure 5.7 (b). The threshold voltage

Vi allows us to determine the electron density n in the device channel through

C
n= ?g (Vy — Vi) for Vg > Vi, (5.1)

where C; = egy/t,, denotes the gate insulator capacitance per unit area, ¢ = 3.9
the relative permittivity of the oxide, and e the elementary charge. Under stan-

dard EDMR operating conditions, typical values range from n = 1 - 10 cm™2
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to 6 - 10 cm~2. The field-effect mobility is determined by the transconductance
Gm = 01sq/0V} of the device shown in Figure 5.8 for By || 2DEG and By L 2DEG.
For the first orientation, the transconductance g,,(V;) increases for V, > Vj;, and
reaches its maximum value at V, ~ 0.5 V before it starts to decrease again." The re-
spective measurement for By L 2DEG resembles this overall trend, but interestingly
reveals an additional oscillatory behaviour for V;, > 0.3 V. Since the gate voltage
effectively sets the Fermi level of the 2DEG, we interpret these oscillations in terms
of degenerated Landau levels?, which are sequentially populated and depopulated as
the gate voltage is increased. The field-effect mobility ppg is an important measure

for the performance of an FET and can be derived from

L 1 |0y
= — 5.2
HFE WC, Vi | 0V, (5.2)
similar to Equation (4.2). For V,; = 10mV, typical values amount to

pre = 17,000 cm?/Vs and prp = 10,000 cm?/Vs for By || 2DEG and By L 2DEG,
respectively, under standard EDMR measurement conditions, which is much higher

than in the CNT FETs discussed in Chapter 4.

I The maximum is due to the mobility dependence on the electric field, which shifts the electron
confinement towards the (strained) surface of the aFET channel, where surface roughness scattering
causes the field-effect mobility to decrease.

2 Landau levels are quantised cyclotron orbits in a 2DEG L Bg with an energy &, = hw.(n +1/2),
where w. = eBy/m* denotes the cyclotron frequency, e the elementary charge, m* the electron’s
mass, and n € Ny the quantum number of the Landau level. Scattering into these states causes
localisation of electrons on cyclotron orbits and reduces the number of free carriers contributing
to electron transport — the sample resistivity therefore increases. Increasing the gate voltage shifts
the Fermi energy r, and £z occasionally coincides with the energy of the n'* Landau level, i.e.
ep =~ g. Owing to their thermal energy e = kT, electrons can now scatter out of these localised
states, which corresponds to a decrease of the sample resistivity. Hence the longitudinal resistivity
of the sample oscillates as a function of gate voltage as the Fermi level sequentially passes through
the different Landau levels. A more detailed and quantum mechanical description of this so-called
Quantum Hall effect [vKI80] can be found in [I1b03], for instance.
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5.2. EDMR effect in 2Si-FETs

The setup described in the previous section was used to readout donor nuclear spins
in 28Si-aFETs through their interaction with conduction electrons. The cwEDMR
spectra obtained are the first derivative of the relative change of the device resistiv-
ity with respect to magnetic field, i.e. d(Ap/po)/OB, owing to the use of a lock-in
detection technique (see Section 2.3.2). A comparison of typical X- and W-band
EDMR spectra is shown in Figure 5.9. They reveal three groups of resonance lines:
The intense centre line has a Landé g-factor of goprpg = 1.9999 and is assigned to the
2DEG [Gra99, Sha08b]. The two adjacent lines, split by 4.2 mT and with a centre-
of-gravity g-factor of gp = 1.9987 correspond to *'P donors (spin-1/2) [Feh59a]. The
low-field 3'P line coincides with the 2DEG resonance at W-band as the difference
in g-factors Ag = gapra — gp corresponds to a relative shift of the 2DEG resonance
field by AB = —2.1 mT at this microwave frequency. Four smaller satellite peaks
farther out on both sides are split by 7.1 mT and correspond to the four different
nuclear spin projections of As donors (spin-3/2) [Dir90]. Exchange-coupled donor
pairs and clusters give rise to a resonance signal at the centre of the hyperfine-split
lines [New84], which overlaps with the 2DEG resonance at X-band, and is well sepa-
rated from the 2DEG signal at W-band. With the spin transitions being saturated,
the cwEDMR signal intensity Ap/py as defined by Equation (2.10) increases from
X- to W-band by a factor of ~ 100 and ~ 20 for the 2DEG and donor lines, respec-
tively. The superior signal amplitudes at W- over X-band improve the signal-to-noise

ratio S/N from S/N =4:1 at X- to 8 : 1 at W-band for a single scan. The number
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Figure 5.9.: Comparison between W- (top) and X-band EDMR spectra (bottom).

The main resonance is due to the 2DEG, the weaker lines are due to *'P and ™As

donors, respectively. The resonance line associated with exchange-coupled donor

pairs and clusters S;S; is well separated from the 2DEG at W-band only. Tenfold
zooms are shown for the S;S; and ™ As lines and offset for clarity.

of arsenic spins detected in this experiment is smaller than ~ 105, and from the S/N
in our W-band measurements, a sensitivity of 2 - 10* spins per hyperfine line should
be achievable in a single scan. This is very encouraging as high-field cwEDMR, has
not been demonstrated for fewer than ~ 10° spins and a sensitivity better than
5 - 107 so far [Mor08b]. The origin of the EDMR effect in Si-FETSs is controversially
discussed in literature. Our measurements were carried out in the spin drift and
diffusion regime, in the absence of any photoexcited carriers. Hence, a contribution
of spin-dependent tunnelling (see Section 2.2.2) and spin-dependent recombination
(see Section 2.2.3) can be ruled out as possible spin-to-charge conversion mecha-
nisms. We will therefore only discuss our results in terms of (i) bolometric heating,

(ii) spin-dependent scattering, and (iii) a novel polarisation transfer model below.
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donors
Pd

Figure 5.10.: Bolometric heating of a 2DEG occurs through energy transfer from
the 2DEG to the donor spins and lattice, mediated by the spin-orbit interaction.

5.2.1. Bolometric heating

Bolometric heating refers to an incoherent response of the 2DEG resistivity due to
resonant heating upon microwave absorption. It occurs when the 2DEG orbital elec-
tron temperature 7T, rises as a result of an increase of the 2DEG spin temperature
and thus a resonant decrease of the 2DEG spin density polarisation via spin-orbit
coupling [Mor74]. The energy transfer from the 2DEG spins to the lattice occurs
through 77, relaxation processes, and from donor spins through 7T, flip-flop processes
via exchange scattering with the 2DEG as sketched in Figure 5.10. The expected
resistivity change Ap is proportional to the change of T, i.e. Ap o< AT,. In or-
der to access a possible contribution of bolometric heating to the EDMR effect in
Si-FETs, the device resistivity was measured over the temperature range
T =5 — 12 K, where acoustic phonon scattering does not contribute to the overall
carrier mobility significantly [Kaw82, And82]. Hence, any temperature dependence

of the resistivity is a result of changes in T, only and independent of the lattice
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Figure 5.11.: (a) Temperature dependence of device resistivity for different gate
voltages V;, = 0.20 — 0.45 V on a semilogarithmic scale. The colouring indicates two
transport regimes with different slopes dpo/0T < 0 (red) and > 0 (blue), respec-
tively. (b) shows the gate voltage dependence of the EDMR signal Ap/p,y for the
2DEG (O, green), phosphorus (O, blue), and arsenic (A, red) resonance line on a
semilogarithmic scale.

temperature. The results are shown in Figure 5.11 (a) for different gate voltages

Vy = 0.20 — 0.45 V. They reveal two different transport regimes:

(i) Opo/0T < 0 for V, < 0.3V, the activated transport regime, and

(ii) Opo/0T > 0 for V, > 0.3 V, the metallic regime.

For bolometric heating, one would expect the sign of Ap = p — pg to follow the
sign of dpo/IT. The sign of the EDMR signal Ap/pg should therefore change at
around V, = 0.3 V if bolometric heating predominantly contributes to the EDMR
effect. This sign was carefully checked for different gate voltages by tracing through
phase shifts in the measurements setup and by measuring the DC change in sample

resistivity directly on and off resonance as shown in Figure 5.11 (b). The sign of the
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Figure 5.12.: Spin-dependent elastic scattering (dashed line) of conduction off
donor electrons arises as a result of a difference in scattering cross sections ¥, and
>, for spin singlets and triplets, respectively.

EDMR signal is negative upon resonance and independent of the gate voltage, i.e.
Ap/po <0V V,. A predominant contribution of bolometric heating to the EDMR

effect in Si-FETs can thus be ruled out.

5.2.2. Spin-dependent scattering

The second mechanism proposed in literature is spin-dependent scattering. This
refers to the elastic scattering of conduction off donor electrons as depicted in Fig-
ure 5.12 and becomes spin-dependent owing to a difference in scattering cross sec-
tions for singlet and triplet pairs as described in Section 2.2.1. Our results cannot
be explained in terms of this spin-to-charge conversion mechanism because of the
following three reasons: First, according to Equation (2.13), the model proposed
for spin-dependent scattering predicts a positive sign for the EDMR signal, i.e.

Ap/po > 0 as X > %, [dSo09], which is in contrast to our observations presented
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1 Second, the model requires the 2DEG signal intensity to be equal to the

above.
sum of the hyperfine-split donor signal intensities. This can only be the case if
other paramagnetic centres, such as DBs (see Section 1.2), also contribute to the
2DEG signal. Such resonance signals were, however, not observed in our experi-
ments. The third reason is given by the scaling of the cwEDMR signal intensity
with magnetic field. From the increase in thermal equilibrium polarisations of the
2DEG and donors, p, < gupBy and pgy = tanh(gupBo/kpT), respectively, the spin-
dependent scattering signal Ap/py x p.pq is expected to be enhanced by a factor
of ~ 80 at T" =5 K from X- to W-band. The comparison in Figure 5.9, however,

reveals a stronger enhancement for the 2DEG line, while the enhancement of the

donor signals is substantially smaller.

5.2.3. Polarisation transfer model

The contradictions between our experimental data and the two models discussed
above motivated the proposal of a third EDMR mechanism, which originates from
the polarisation dependent resistivity of the 2DEG [Abr01, Pud02, Oka04] as ob-
served for high mobility 2DEGs in silicon [Gra99, Mat06], for instance. In this
picture, donor electrons can transfer their polarisation to 2DEG electrons via ex-
change scattering as depicted in Figure 5.13. For a more quantitative description we

assume that the 2DEG resistivity p can be approximated by p = p; + pop? [Gra99],

1 We note note, however, that a refined theoretical calculation taking the full anisotropy of the
silicon band structure into account might indeed lead to cases where Ap/py < 0 [Kwo91].
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donors
Pd

Figure 5.13.: Schematic of the polarisation transfer model proposed to explain the
resonant change of the 2DEG resistivity. Please refer to the text for further details.

where p; > 0 and p, denote the polarisation independent and polarisation dependent
components of the resistivity, respectively. With p.y denoting the polarisation of the

conduction electrons off resonance, the resonant change of the 2DEG resistivity is

Ap _ (pr+pop2) — (pr+ p2p%) _ P2 — Dl (5.3)
- (p1 + p2p2) p1/p2 + i
Under full saturation, i.e. p. = 0, this equation reads
Ap P 2 P2 2
— =5 R o (n/p2> 1) (5.4)
P0 |spEc p1/p2 + P * p1 :
and the donor EDMR signal is by analogy to Equation (5.3) given by
Ap Pi — Py 2 2\ P2
S I e 2 I (5.5)
P0 lqonoe  PL/ P2 D20 I " p1

where py denotes the polarisation of the donor electrons on resonance. The in-plane

magnetoresistance of a representative device is shown in Figure 5.14. Both traces
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Figure 5.14.: In-plane magnetoresistance of a representative 28Si-FET for two
different temperatures T = 4.5 K (blue) and 0.3 K (red). Both traces reveal a
positive magnetoresistance, i.e. dpy/0B > 0. The magnetic field values of typical
X- and W-band EDMR experiments are indicated by two dashed lines.

reveal a positive magnetoresistance dpy/0B > 0, and therefore a positive correla-
tion between the 2DEG resistivity and polarisation [Abr01, Pud02, Oka04], which
implies p; > 0. From Equations (5.4) and (5.5) we thus expect the 2DEG and
donor EDMR signal to be negative, i.e. Ap/py < 0, which was indeed observed
in our experiments. If we further estimate that p. = gupBy = 1 % at X-band, we
have p;/py = 10 as Ap/py ~ —107° (see Figure 5.9, X-band). Since p. ox By, the
2DEG signal should increase by a factor of 100 from X- to W-band in accord with
the spectra shown in Figure 5.9. The scaling of the donor signal intensities on the
other side depends on the effectiveness of the polarisation transfer from the donor
to the 2DEG spin system, which is determined by (i) the spin relaxation rate of

the 2DEG T,' and (ii) the spin exchange scattering rate 7.7'. The latter varies
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from donor to donor depending on its distance to the oxide interface [dSo09].! If
T:' < Ty}, the polarisation of the 2DEG electrons p, returns to its thermal equi-
librium rapidly, and the polarisation transfer from the donor to the 2DEG electrons
has little effect on p. and is not very effective. A donor resonance signal should con-
sequently not be observed in this case. In the opposite limit where 7! > T}, p,
and pg are strongly coupled and indistinguishable. One would therefore expect the
2DEG and donor signal intensities to be equal. Neither of those scaling behaviours
were, however, observed in our experiments. Since T, ! does not change much with
magnetic field in the temperature range of our experiments (see Equation (11) in
[dS009]), the different 2DEG and donor signal intensity ratios between W- and X-
band can be explained if 77,' becomes larger at higher magnetic fields as donors with
T > T..' at X-band will be less effective in changing p. than at W-band, where
T:! < Ty.'. This implies that only a reduced number of donors can contribute to
the donor resonance signal at W-band, which causes the respective signal intensity
to drop and explains the observed increase in the 2DEG-to-donor signal intensity
ratio. The microwave power dependence of the cwEDMR signals at X- and W-band
is shown in Figure 5.15. The data reveals a typical saturation behaviour for all
transitions. Power saturation only occurs if the incident microwave power is high
enough to populate the excited spin state of the particular spin system faster than
it can relax to its equilibrium population through intrinsic spin-lattice relaxation

processes [Poo83]. Hence, Figure 5.15 demonstrates that the microwave field By

! The spin relaxation rate of the donors is assumed to be much smaller than that of the 2DEG,
which is consistent with References [Tyr03, Sch06, Sha08b, Shal0].
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Figure 5.15.: Microwave power dependence of the 2DEG (O, blue), 3P (O, red),
and As (A, green) signal intensities measured at X- (dashed line) and W-band

(solid line). All lines represent numerical best fits to Equation (5.7).

in our X- and W-band cavity is high enough to induce power saturation of all

transitions, which is difficult to achieve in non-resonant microwave cavities. From

Equation (2.4) we expect
(5.6)

Do = DPco . Pco
¢ 1 + '72B12T16T26 ‘ 1 + ﬁpmw

where P,,,, o< B? denotes the absorbed microwave power. As a direct consequence

of Equation (5.3) the power dependence of the cwEDMR signal is described by

(5.7)

Ap 1 2
Loa|[————] -1
Po 1+Bpmw

with the fit parameters «, 5 € R. The good agreement between the experimentally

observed data and the numerical fits to Equation (5.7) (see Figure 5.15) support the

polarisation transfer model.
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5.3. Coherent spectroscopy of **Si-FETs at W-band

The magnetic field dependence of 77! has not been measured in the metallic limit
of a disordered 2DEG so far. This provides motivation for pEDMR experiments
at W-band to investigate the dynamics of the polarisation transfer model. These
experiments allow us to verify the polarisation transfer model and to gain further

insights into the spin relaxation mechanisms in donor-coupled 2DEGs.

5.3.1. Spin relaxation of 2DEG electrons

Spin relaxation in 2DEGs is due to the spin-orbit interaction and generally dis-
cussed in terms of two main mechanisms [Fab99, ZutOéH. The first one is referred to
as Flliott- Yafet mechanism and based on the observation that the momentum eigen-
states (Bloch states) are not spin eigenstates in real crystals anymore [Ell54, Yaf63].
The spin degeneracy is lifted by the spin-orbit interaction, which originates from
the local electric field induced by the lattice ions. As a consequence, spin relaxation
occurs through momentum scattering of electrons and the spin-relaxation rate is

directly proportional to the momentum scattering rate 1/7,,, i.e.

1 1

TE@,Y = OéEYa (58)

where the Elliott-Yafet coefficient agy is a measure for the strength of the spin-

orbit coupling. The momentum scattering time is determined by the mobility of the

138



5. Electron spin readout in silicon field-effect transistors

2DEG, which is — according to the Drude model [Dru00] — given by

(5.9)

where e denotes the elementary charge and m* = 0.19 m, [And82] the effective
mass of the electrons in the crystal. The Elliott-Yafet mechanism has been found
to describe the spin relaxation of conduction electrons in bulk-Si for 7' > 60 K very
well [Chel0] but a complete theoretical description for an MOS 2DEG is, however,
still lacking. The second mechanism arises from the lift of the spin degeneracy
due to the presence of either an external or in-built electric field and is referred to
as D’yakonov-Perel’ mechanism [Dya7l]. Depending on the physical origin of the
electric field, one differentiates between the (i) crystal field arising from the lack
of a bulk inversion symmetry and (ii) an external electric field, which induces a
structural asymmetry. The first one is referred to as Dresselhaus field [Dre55] and
gives rise to spin relaxation in the I1I-V heterosystem, for instance. The second one
is called Bychkov-Rashba field [Byc84] and induced in the plane of a 2DEG by the
electric field applied through the gate electrode. The D’yakonov-Perel’ mechanism
causes the spin-relaxation rate to be inversely proportional to 1/7,,, i.e.

1 um*
TDP = QppTm = App
le

(5.10)

with the D’yakonov-Perel’ coefficient app. In other words, a decrease of the car-

rier mobility leads to a longer TP, which is opposite to the Elliott-Yafet mech-
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anism (see Equation (5.8)) and allows us principally to discriminate the two. A
more detailed description of spin relaxation in 2DEGs can be found in [Wul0], for
instance. The effective fluctuating magnetic fields arising from the Elliott-Yafet
and D’yakonov-Perel’ mechanism do have interesting consequences for EPR and
EDMR experiments with 2DEGs. If the Zeeman field By is applied along the
Z-direction perpendicular to the plane of the 2DEG, fluctuations of the magnetic

field §B? in i = %-, §-, and 2-direction alter T}, and T, according to [Tyr05]

]. 2 - TC
=2 (382 +0B2) — =
7 =" (0B +9E}) 1+ war? (5.11)
1 9 =55
= 0B2 T,
T, PRt og,

where v denotes the electron gyromagnetic ratio, 7. ~ 7, the correlation time,

and wo the Larmor frequency.’ Isotropic fluctuations §B2 = §B2 = 0 B2 therefore
imply 17, > T5.. For a 2DEG confined in the Z-direction, the in-plane fluctuating
fields 0 B2 and @ are generally larger than the out-of plane component 6 B2 due to
Bychkov-Rashba fields and 15, = 2T}, for @ ~ (0. Hence, a rotation of the Zeeman
field into the plane of the 2DEG causes the Bychkov-Rashba field to contribute more
to the T5, relaxation process. As a consequence, T, decreases whereas T}, increases
upon the rotation of the Zeeman field from the z-direction into the (X, ¥)-plane if

the D’yakonov-Perel” mechanism dominates the spin relaxation in the system.

! Please note that Equation (5.11) only holds in the Redfield limit, where 76 B7, < 1, and if the
fluctuations along the different axes are uncorrelated.
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5.3.2. Spin relaxation of donor electrons

Spin relaxation of isolated donor electrons in bulk crystals arises due to spin-orbit
coupling modulated by the electron-phonon interaction [Feh59b, Orb61]. The first
measurement of donor electron spin relaxation and dephasing times is reported by
A. HoniG and J. COMBRISSON for As donors in Si at 7' = 4 K [Hon56]. Their
results were first assigned to nuclear spin relaxation processes [Hon54] but later con-
firmed to be due to electron spin relaxation. Particularly long spin relaxation times
Tiq ~ 1 h were found for T' ~ 1 K, and attributed to single-phonon processes for
which T;' oc T [Feh59b]. At slightly higher temperatures, donor electron spins
relax owing to Raman processes, where phonons scatter inelastically off donor elec-
trons with 77;' oc T7 [Cas63]. Higher energy two-phonon Orbach processes with

YT can be observed for T' > 5 K and reduce Ti; by many orders of magni-

T o< e
tude down to T74 ~ 1 us [Cas62, Cas67]. The spin dephasing time of donor electrons
T54 in n-Si on the other side is limited by T34 for temperatures 7" > 10 K and by

spectral diffusion at lower temperatures [dSo03, Tyr03].

The situation for donor electrons interacting with a 2DEG is, however, very different
as T4 is now limited by electron scattering in the 2DEG instead. A theoretical model
describing the effect of electron scattering in a 2DEG on the spin relaxation time
T4 of channel-implanted donors is still lacking. The pEDMR experiments carried
out within this work in order to better understand spin-relaxation and dephasing in

donor-coupled 2DEGs are discussed below.
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5.3.3. Experimental setup and lock-in detection

The RC time constant of our experimental setup amounts to 7gc ~ 100 us, which
corresponds to a cutoff frequency of wre = 10 kHz. The timescales associated with
the spin dynamics are, however, expected to be much shorter and of the order of
100 ns or 10 MHz > wgrc. Hence, a direct detection of the current transient after a
single microwave pulse is not practical. This is why we employed a lock-in technique
for our pEDMR experiments, which allows us to detect the fractional change of the
current transient after a chain of microwave pulses below the above mentioned cutoff
frequency. Very recently, a similar technique has been developed independently and
employed to study spin-dependent recombination in Si:P epilayers with pEDMR
at X-band [Hoel2]. The underlying principle of our approach is depicted in Fig-
ure 5.16. The pulse sequence comprises two half periods @ and @ formed by a chain
of +m- and alternating 4+ /2-pulses, respectively.! Each inversion pulse in @ in-
duces an FID and their sum forms the first half of the lock-in cycle with length 7/2.
The second half @ is formed by a series of alternating 4 /2-pulses, which do not
induce any FID but do keep the net amount of any microwave heating constant
over the whole cycle. The sum of both periods @ and @ consequently oscillates
with the angular frequency wpeq = 27/7 and can be demodulated with a lock-in
amplifier tuned to w,,.¢. This modulation frequency was set to a value lower than
the cutoff frequency wgre in order to overcome the above mentioned limitation of

our experimental setup. The demodulated signal corresponds to the sum of current

L 47 (£7/2) denotes a m- (7/2-) pulse around the +z-axis, i.e. a pulse with By | £X.
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Pulse sequence:

I—I +7T |—| +7T |—| +7T |—| +7T I‘|+n/2 |-|+7c/2 |-|+n/2 |-| +7/2 -
lf I/ I/ I/ I_I 2 |_| -7/2 |_| —n2 ” 2 Time

; T/2 T/2
Lock-in signal: :

@ Time

Figure 5.16.: Schematic drawing of the lock-in technique employed for our pEDMR
experiments to overcome the limitation given by the RC time constant of our ex-
perimental setup. Please refer to the text for further details.

transients and contains the dynamic information about the coherent spin motion.
All experiments were carried out on a modified Bruker ElexSys E680 spectrome-
ter and in a Bruker TeraFlex EN 600-1021H pENDOR resonator at 7' = 5 K as
described in Section 5.1.1. The square wave reference signal used for the lock-in
detection was generated with a HP 33120A function generator (wpe.q = 5.02 kHz,
peak-to-peak voltage V,, = 100 mV) and used to trigger the pulse shaping unit
(Bruker PatternJet™) as well as a Princeton 5210 lock-in amplifier used to demod-
ulate the signal. The demodulated output of this lock-in amplifier was fed into the
DC input of the software-driven Bruker SpecJet2™ which was used to digitise and
process the signal. The 2DEG plane was oriented parallel to the external magnetic
field, i.e. 2DEG || By, in all experiments described below if not otherwise indicated.
The sample was biased with a Keithley 4200 Semiconductor Characterization Sys-
tem at a constant source-drain voltage of typically Vi; = 40 mV and a gate voltage

of V, = 300 mV, which corresponds to a source-drain current of I;q = 1.5 pA. The
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pulse sequences used to induce coherent spin motion and measure the relevant spin
relaxation and decoherence times are based on the pEPR sequences compiled in
Table 2.1 and depicted in Figure 5.17. Phase cycling of the readout and preparation
pulses generates the oscillating lock-in signal and removes any unwanted FIDs and

avoids any microwave heating.

5.3.4. Rabi oscillations and echo formation

In order to measure the length 2 of an ideal m-pulse, we induced Rabi oscillations
of the 2DEG conduction electrons with the pulse sequence depicted in Figure 5.17
(a) first. This sequence comprises a preparation pulse of length ¢y followed by two
phase cycled 7/2-readout pulses with a length of #7) = 52 ns each. The results
are shown in Figure 5.18 for three different microwave powers P, > P, > P3.! The
asymmetric shape of the Rabi oscillations is a consequence of the EDMR detection
technique, which only measures the z-component of the magnetisation. It was sim-
ulated by calculating the time evolution of the density matrix for an ensemble of
non-interacting 2DEG electrons subject to the pulse train described above. Details
of this simulation are given in Appendix B. The Rabi oscillations in Figure 5.18
show that the magnetisation is inverted after ¢y = 240 ns, which corresponds to the
length of an ideal m-pulse t2 := 240 ns. The optimum length for a m/2- (prepara-
tion or readout) pulse is therefore ¢) , = 2 /2 = 120 ns. This pulse length is by a

L A calibration of the respective microwave powers based on our measurements is not possible as
the microwave power can only be set on an unknown highly non-linear scale on our spectrometer.
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Figure 5.17.: Schematic drawings of the pulse sequences used to induce Rabi
oscillations (a), recording the formation of the echo in the time domain (b) as well

as for measuring T3 (c), Ty (d), and Ty (e). All readout pulses (red)

were phase

cycled (solid, dashed) in order to implement the lock-in detection as indicated by the
shaded regions (blue). The preparation pulses (blue) were phase cycled additionally
in order to remove any FIDs and unwanted echoes, and to avoid microwave heating.
All phases are indicated and labelled ‘+ x’, ‘ph1’, ‘ph2’, and ‘ph3’. The times varied
during the experiment (pulse length or delay) are highlighted with blue arrows. The
resulting echoes were multiplied with ‘sgl’ prior to their summation to correct for

the alternating sign of the echo in each phase cycle.
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Figure 5.18.: Rabi oscillations of conduction electrons as function of the length
of the preparation pulse ty for three different microwave powers P, > P, > Pj
(O, blue, red, and green). All traces were averaged over 10 scans and only one

third of the data points is shown for clarity. The solid and dashed lines represent

simulations of Rabi oscillations for the microwave power P; and with tfﬁ}g =0 /2

erp

dashed, blue) and 57 = ¢ solid, blue) long 7 /2 preparation pulses, respectively,
/2 w/2
and have been offset by + 1 uV for clarity.

factor of about two longer than 75 used in our experiments, which explains the

different amplitudes of the experimentally observed and simulated Rabi oscillations
with fr’/’g‘ =t J2- An unambiguous proof of their origin can generally be provided
by plotting the oscillation frequency as a function of microwave power and fitting
it to Equation (2.21). The very fast decay of the Rabi oscillations observed in our
experiments indicates a comparatively short 77, and does not allow us to reliably
extract the respective Rabi frequencies. The simulation with a nominal 7/2-pulse of
length tfr"/"zl = tf;’; <t /o does, however, agree very well with our experimental data,
which supports their interpretation in terms of Rabi oscillations. Furthermore, using

a pulse length tf:;’; <t /2 for the subsequent experiments is very desirable owing to
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Figure 5.19.: Echo detected field sweep after a microwave pulse with different
pulse lengths ¢, = 56,104,152 ns. The maximum signal intensity is observed for
t, = 104 ns (red). The respective area under the signal is by a factor of ~ /2 larger
than for the signal recorded with ¢, = 56 ns. The top and bottom trace were offset
by 4+ 0.5 uV for clarity.

the limited duty cycle of our TWT amplifier, which is defined as the ratio between
the average and maximum microwave power of a given pulse train and amounts
to ~ 1 %. Figure 5.19, for example, shows echo detected field sweeps for different
pulse lengths ¢,. The maximum signal intensity is observed for a pulse length of
t, = 104 ns, which is consistent with the length % o = 120 ns of an ideal 7/2-pulse
derived from the Rabi oscillations in Figure 5.18. Halving the pulse length results in
a decrease of the signal intensity by a factor of ~ v/2. On the other hand, the signal
intensity is expected to increase linearly with the number of lock-in cycles, which
can be doubled when halving the pulse length without changing the duty cycle of
the respective pulse train. This is why we intentionally shortened the pulse length

in the following experiments and employed tff/’; = 52 ns instead of 2 o = 120 ns
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Figure 5.20.: FEcho formation in the time domain averaged over 50 scans.
The echo forms at 7 = 100 ns (dashed line, black) after the inversion pulse. Its
decay is determined by the spin dephasing time 73, = 97 ns as indicated by the fit
of the data (O, black) to a simple mono-exponential (red).

long 7/2-pulses. This choice is a reasonable tradeoff between the reduced signal
intensity due to imperfect microwave pulses and the doubling of the total number
of pulses in one duty cycle as the signal intensity is expected to increase by a factor
of ~ 2/4/2 under those conditions. The formation of the echo in the time domain
was recorded with the pulse sequence depicted in Figure 5.17 (b) and is shown in
Figure 5.20. As expected, the echo forms at 7 = 100 ns after the readout pulse,
which corresponds to the delay between the two pulses at the end of the sequence.
The shape of the echo is distorted by the FID induced by the first preparation pulse.
An increase of the pulse length to tff;g = /o 18 therefore expected to result in an

entirely symmetric echo. Its decay is well described by a mono-exponential decay

with the decay constant 73, = 97 ns.
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Figure 5.21.: Measurement of the spin relaxation (a) and dephasing times (b).
Tie (red) and Ty, (blue) were averaged over 5 and 20 scans, respectively, normalised,
and offset for clarity. The Ty, and T3, measurements shown in (b) were averaged
over 5 scans. Solid lines represent numercial best fits to mono-exponentials.

5.3.5. Spin relaxation in donor-coupled 2DEGs

Further to the formation of the echo in the time domain we measured the spin
relaxation time of the 2DEG and donor electrons with the pulse sequence depicted
in Figure 5.17 (c) - the signal associated with the channel-implanted ™ As donors was
too small to be measured with a reasonable amount of averages and has therefore not
been investigated via pEDMR in this work. The resulting mono-exponential decays
for the 2DEG and 3'P donor electrons are shown in Figure 5.21 (a). Both traces are
well described by mono-exponential decays with the decay constants 711, = 0.77 us
for the 2DEG and Ty; = 1.36 us for the donor electron spin, respectively. Tiq4
is expected to increase with an increasing distance o between the 2DEG and the

interacting 3'P donors. The respective decay observed for AV in Figure 5.21 (a) is
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therefore expected to be described by a weighted sum of mono-exponential decays

with different time constants similar to the expression
AV (t) ~ / dd p(8)et/Ta®) (5.12)

where p(0) is a convolution of the donor distribution and an (exponential) function
describing how effective implanted donors at different depths ¢ do contribute to the
EDMR signal. We are, however, unaware of any theoretical model describing p(9)
and T14(6), which is why we fit our experimental data to a simple mono-exponential

decay with the decay constant Ty, = 1.36 us.

T4 > T, is consistent with the polarisation transfer model as the polarisation of the
donor electrons would otherwise decay away before being transferred to the 2DEG
electrons — cwEDMR spectra should therefore not reveal any donor resonances if
T1q < Tie, which is in contrast to our observations. The dephasing times Ty, 4
and Tj, ; were measured with the pulse sequences depicted in Figure 5.17 (d) and
(e), respectively. The results are shown in Figure 5.21 (b) for the 2DEG electrons
exemplarily and reveal T, = 41 ns and T3, = 80 ns, which is consistent with the
decay constant extracted from Figure 5.20. Analogous experiments for the 3'P donor
electrons reveal Th; = 80 ns and 75; = 28 ns. 71}, and 75, were further observed to
decrease upon the rotation of the plane of the 2DEG with respect to the external

magnetic field By and amount to 71, = 0.39 us and T, = 43 ns, respectively, for

2DEG L By, which is discussed in the following.
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5.4. Conclusions

The spin relaxation and dephasing times observed for 2DEG and 3!P donor electrons
in our pEDMR experiments are compiled in Table 5.1. For 2DEG || Bg, T1. was

found to amount to 77, = 0.77 us. The transconductance of this device is shown

| Ti(us) | Ta(ns) | T3 (ns)

2DEG || 0.77 (0.39) | 41 (43) 80
31p 1.36 80 28

Table 5.1.: Comparison of the spin relaxation and dephasing times of conduc-
tion and 3'P donor electrons in ?Si-FETs measured via pEDMR with 2DEG || Bo.
Parenthesised values were recorded with 2DEG L By.

in Figure 5.8 and corresponds to a field-effect mobility of ppg = 17,000 cm?/Vs,
which corresponds to a momentum scattering time of 7,, = 1.84 ps according to
Equation (5.9). Z. WILAMOWSKI and W. JANTSCH estimated the Elliott-Yafet
coefficient for a 2DEG confined in a Si/SiGe heterostructure with a similar mobility
to amount to apy < 2.4 - 1079 [Wil04]. From Equation (5.8) we therefore expect
a spin relaxation time of TEY = 0.76 us assuming that the spin-orbit coupling
strength in Si/SiGe is of the same order of magnitude than in **Si-FETs. This value
coincides very well with the spin relaxation time observed for the 2DEG electrons
in our pEDMR experiments. Since the momentum scattering time is expected to be
inversely proportional to the 2DEG density n — electrons will scatter less when their
density is reduced — Equation (5.8) further implies TEY oc n~!, which has indeed

been observed in the experiments shown in Figure 5.22. This analysis indicates
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T1e,2e (MS)

0.0 ‘ ‘ ‘ ‘ ‘
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Carrier Density n (1011/cm2)

Figure 5.22.: Carrier density dependence of the electron spin relaxation (red) and
dephasing time (blue). T}, decreases with increasing carrier density n, whereas Th,
remains nearly constant. n was derived from Equation (5.1), solid lines represent
linear fits to the data (O).

that the Elliott-Yafet mechanism is the predominant process giving rise to electron
spin relaxation in 2DEGs || Bg. The angular dependence of T}, and Ts. shown in
Table 5.1 can, however, not be explained by this process. Based on the two data
points recorded for 2DEG || Bg and 2DEG L Bg, an explanation in terms of the
D’yakonov-Perel’” mechanism is also unlikely to succeed as one would expect 77,
to increase and 75, to decrease upon the rotation of the Zeeman field, which is in

contradiction to our experimental observations.

A conclusive understanding of the electron and donor spin relaxation dynamics in
donor-doped Si-FETs does therefore require further W-band pEDMR experiments
based on the lock-in detection technique developed within this work. Those experi-
ments may involve detailed studies of the gate and angular dependence of 7T}, 4 and

The q as well as a comparison to analogous experiments at X-band.
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CHAPTER 0

Conclusions

Chapter 1 has shown that there has been tremendous progress towards the control
of few to single electron spins and the nanoscopic characterisation of paramagnetic
centres in the solid state over the past few years. This has been rendered possible
by (i) successive refinements of the experimental setups used for spin detection
and the (ii) development of novel device architectures, such as QDs and FETS,
which allow us to spatially confine individual electron spins. Particularly important
in the context of instrumental advances has been the combination of conventional
EPR with an electrical detection scheme. This technique became known as EDMR
and utilises spin-to-charge conversion mechanisms governed by spin-selection rules
rather than the direct detection of the sample’s microwave absorption. Hence, the

information about the spin state of an electron is no longer associated with the
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Zeeman energy £z ~ 40 peV but rather with the Coulomb energy ec ~ 1 eV, which
is much larger than £, and leads to an up to 107 times higher sensitivity of EDMR
than conventional EPR. The aim of this thesis was to utilise this gain in sensitivity
and to employ EDMR to study recombination centres in photovoltaic materials and

to readout electron spins in carbon and silicon nanodevices for applications in QIP.

After a brief introduction of EPR and EDMR in Chapter 2, I studied spin-dependent
recombination in Cz-Si with and without strained OPs as well as in amorphous hy-
drogenated silicon in Chapter 3. Strained OPs are square-shaped platelets and were
intentionally grown in inactive regions of Cz-Si wafers in a process called internal
gettering to act as sinks for detrimental metallic impurities. The angular dependence
of the EDMR spectra obtained from those materials in this work demonstrates that
OPs are associated with Py and Py, DBs. Our EDMR experiments further provide
evidence that interstitial iron and iron-boron, two of the most common and detrimen-
tal metallic impurities in Cz-Si, do also contribute to spin-dependent recombination
in this photovoltaic material. A detailed analysis of the electronic recombination
time on a series of samples containing different concentrations of OPs revealed fur-
ther that those recombination centres form at the Si/SiO, interfaces at the sample
surface and at the corners of strained OPs. An analogous analysis of the electronic
recombination time of the FeB pair demonstrates that this impurity is a particularly
active recombination centre. In the second half of Chapter 3, I presented a technical
extension of our EDMR spectrometer, which has allowed us to perform pEDMR ex-

periments on different materials. Its performance was demonstrated with an a-Si:H
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reference sample revealing a very large EDMR signal. The results were shown to
be consistent with literature, which demonstrates the suitability of our instrumental
refinement. Future experiments may involve pEDMR experiments on Cz-Si with
strained OPs and aim to relate the electronic recombination with spin relaxation
times associated with oxide- and iron-related defects and impurities. Our results are
a prerequisite for the optimisation of internal gettering in Cz-Si wafers used for ICs

and photovoltaic applications.

In Chapter 4, I proposed and fabricated a CNT device which was designed to per-
mit the relation of structural properties obtained from TEM with electrical and spin
properties obtained from electron transport and EDMR measurements. It comprises
a CVD-grown CNT suspended over a buried gate structure on an SOI substrate,
which facilitates the electrostatic definition of a QD and enables the readout of elec-
tron spin states through spin-dependent tunnelling. Initial transport measurements
revealed a gate effect and very low leakage currents as a prerequisite for the explo-
ration of the EDMR effect in suspended and TEM-compatible CNT QDs. I have
further developed an experimental apparatus for the high-throughput characteri-
sation of such (and other) nanodevices at low temperatures with and without any
microwave excitation. Future experiments may therefore focus on electron transport

measurements on such CNT devices in the few to single electron regime.

In Chapter 5, I investigated the spin-dependent polarisation transfer in donor-doped
2Si-FETs with cw- and pEDMR at X- (0.35 T, 9.7 GHz) and W-band (3.34 T,

94 GHz) in resonant microwave cavities. A novel cryogenic sample probe was pre-
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sented for low-noise EDMR measurements at both microwave frequencies. The sam-
ple probe allows us to centre and position the sample within the cavity accurately,
which is increasingly important at high microwave frequencies owing to the decreas-
ing cavity size. Based on the comparison of X- and W-band EDMR spectra obtained
from a 28Si-FETs with channel implanted As and 3'P donors, I demonstrated that
the EDMR effect in such devices arises from the polarisation dependent resistivity
of the 2DEG, which is modulated by a polarisation transfer between the donor and
conduction electrons. This novel spin-to-charge conversion mechanism is supported
by a series of cw- and pEDMR experiments both employing a lock-in detection
technique. Our pEDMR experiments indicated in particular, that the Elliott-Yafet
mechanism is the predominant electron spin relaxation process in 2DEGs embedded
in 28Si-FETs if the plane of the 2DEG is oriented parallel to the external magnetic
field. Future experiments may focus on the measurement of the gate and angular
dependence of the electron and donor spin relaxation and dephasing times in order

to better understand the polarisation transfer dynamics.

The results presented in this thesis demonstrate that EDMR is a very sensitive spec-
troscopic technique to manipulate and detect electron spins in the solid state. It can
be used to characterise and optimise a large number of entirely different materials
and devices ranging from photovoltaic materials to carbon and silicon nanostruc-
tures. EDMR therefore provides a promising pathway towards the realisation of
highly efficient and low-cost solar cells as well as a high-fidelity single-spin readout

for applications in solid-state based QIP.
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APPENDIX A

Sample collet for W-band EDMR
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Figure A.1.: AutoCAD drawing of the brass collet designed for W-Band
EDMR. The sample collet is compatible with a commercial Bruker Teraflex
EN 600-1021H pulsed-ENDOR resonator. All dimensions are in milimetre if not
otherwise indicated.
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APPENDIX B

Simulation of coherent spin motion for pEDMR

PEDMR is conventionally carried out without any phase cycling and lock-in de-
tection technique as the detection bandwidth of the experimental setup is usually
much larger than the bandwidth of the current transient owing to an optimised tank

detection circuitry [Hue09a] or sample geometry.

As outlined in Section 5.3.3 the detection bandwidth of our experimental setup
used for pEDMR measurements on 28Si-FETs at W-band is, however, limited to
wre ~ 10 kHz, which is too low to detect signals in the 10 MHz regime. Employing
a lock-in detection technique is therefore vital. In order to better understand the
formation of a phase cycled and lock-in detected pEDMR signal and to simulate
the signals arising from the pulse sequences depicted in Figure 5.17 in particular, we

calculated the time evolution of the density matrix for an ensemble of non-interacting
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B. Simulation of Coherent Spin Motion for pEDMR

2DEG electrons in an external magnetic field Bg = Byz and under the influence of

microwave pulses. The polarisation p of an ensemble of 14 4-n electrons with spin

1) = cC?* and |}):= eC? (B.1)

parallel and anti-parallel to By, respectively, is given by

TLT — n¢
= e — ——————— . B2
pi=pe= T (B.2)

For a 2DEG in thermal equilibrium, this polarisation is well described by [Gho92]

gusBo _ 1 Dyprg

B B.3
2(8F _ 80) 9 N, gup Do ( )

Po =

where g denotes the Landé g-factor, pup the Bohr magneton, e the Fermi energy,
go the bottom of the first subband, n. the electron density, and Dypgg the density
of states. At By ~ 3.35 T and T = 5 K, pg is typically in the range of 15 — 20 %

and is therefore set to pg = 0.2 in the following.

Hence, our ensemble of non-interacting 2DEG electrons can therefore be described

with the density matrix

1+2 0 1.1 0
Pt = 0) = 5(0) = - (B4)

in thermal equilibrium. The expectation value of its magnetisation M in
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B. Simulation of Coherent Spin Motion for pEDMR

1 = £z, £y, +2 direction is given by

[M;] = Tx(p6:) (B.5)

where &; denote the Pauli matrices

N =
N | =

Gip =+ Gy, =+ |, and 6., = + ., (B.6)

N[
)
N[

respectively. Under the influence of an external magnetic field By || z, M precesses
about the z-axis of the system at the Larmor frequency w; and with the rotation
angle 6, given by

@ww:%&:@_%yﬂ%& (B.7)

for a time interval 6t. Inhomogeneous broadening of the resonance lines is accounted
for by a Gaussian distribution gq in the g-factor. The tip angle of a microwave pulse
about the £z-axis with the microwave field B; ;, microwave frequency wy, and pulse
length dt is given by

guBB;

Based on this description, each pulse sequence was divided into N € N equidistant
intervals with length §t := ;.1 — t; and microwave field By ; (j =0,1,..,N —1) as
depicted in Figure B.1 and a period 6t of free evolution was associated with By ; = 0.

In the rotating frame, the time evolution of the density matrix p(t) can therefore be
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Figure B.1.: Tterative calculation of p(t). Each pulse sequence (blue, shaded) is
divided into N time intervals of length dt. A microwave pulse is described by a
finite microwave field B, ;, while a period of free evolution is associated with the
microwave field B; ; = 0.

simulated with the iteration

p(to) = p(0) (B.9)

ﬁ(tj+1) = exp [—zﬂz,j&Z — ieim,ja-im] ﬁ(tj) exp [—l—i@iw,j&ﬂ + ’l'(nga'Z}

since all pulses were applied about the £a-axis in our experiments.! Spin relaxation
during each time interval ¢¢; was also included into our model by considering the

additional time evolution of the density matrix

11(t;) — p11(to et/ 12(¢; e Ot/
5L = plto) + [p11(t5) — pra(to)] p1a(t;) (B.10)

pai(ty)e /T [p22(t5) — paa(to)] e~/

where T7 and T denote the longitudinal and transversal relaxation time, respec-

tively. The pEDMR signal AV arising from the positive (+¢) and negative half

L The rotating frame is a very convenient non-inertial reference frame, which rotates relative to
the laboratory frame and synchronously with one of the rotating components of the microwave
field By at the microwave frequency w;. As a consequence, one of the components of By as well
as the magnetisation M | Bj appear stationary, which simplifies the description of any coherent
spin motion. Further details can be found in e.g. [Poo83].
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period of the lock-in cycle (—¢) is proportional to the polarisation squared, i.e.

p? o< [M.]? = [Tr(pn6.)]%, and can be approximated by

AV:&(Zpi— > pl"n) : (B.11)
m=—¢

n=+¢

where ¢ € R describes the amplitude of the pEDMR spectra. AV contains the

dynamic information of the pEDMR signal and is plotted in Figure 5.18.
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