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Summary

This thesis presents a detailed study of paramagnetic defects in hydrogenated amorphous
silicon (a-Si:H). The defect states act as recombination centers for excess charge carri-
ers and limit the efficiency of thin-film solar cells based on a-Si:H materials. The defect
density drastically increases by light irradiation of the solar cell, which is a well-known
degradation effect (Staebler Wronski effect - SWE). This effect is the major limitation
of solar cells based on a-Si:H. In order to understand the process which leads to the
generation of the defects states, detailed knowledge of the microscopic origin of the de-
fect states is mandatory. In this work, the paramagnetic defects present after deposition
(native defects) and after degradation with light (light-induced defects) are investigated
with electron paramagnetic resonance (EPR). This technique measures the g-value of
the defects and hyperfine interaction with magnetic nuclei in their vicinity and therefore
allows to map out the wave function of the defects. Native defects in a-Si:H are local-
ized coordination defects, which were attributed to threefold-coordinated silicon atoms
(dangling bonds). A measurement of the EPR spectrum of native defects at various
microwave frequencies (multifrequency EPR) is presented in this work and allows a pre-
cise determination of the g-values and the hyperfine interactions. The values obtained
by the experiment are compared to theoretical density-functional theory calculations of
dangling bonds to test if the microscopic origin of native coordination defects can be
ascribed to dangling bonds. Defect states generated by light in the SWE are investigated
by EPR measurements at high-field (Q-Band). Due to the increased resolution of these
experiments, a new type of light-induced defect state could be observed, which exhibits
different g-values and a faster primary-echo decay as compared to native coordination
defects. In order to perform these advanced EPR experiments on fully-processed thin-
film solar cells, electrically detected magnetic resonance (EDMR) is used with its superior
sensitivity. A novel EDMR microwave pulse sequence is presented and tested on pc-Si:H
solar cells to detect weak hyperfine interactions.



Zusammenfassung

Die vorliegende Arbeit ist eine detailierte Studie von paramagnetischen Defekten in hy-
drogenisiertem amorphen Silizium (a-Si:H). Die Defektzustande sind Rekombinationszen-
tren fiir Uberschussladungstriger und limitieren die Effizienz von a-Si:H Solarzellen. Die
Defektdichte erhoht sich stark bei Bestrahlung der Solarzelle mit Licht durch einen bekan-
nten Degradationseffekt (Staebler-Wronski Effekt - SWE). Dieser Effekt schrankt das
Potential von a-Si:H Solarzellen stark ein. Um den Generationsprozess der Defekte besser
zu verstehen ist eine Studie der mikroskopischen Struktur der Defekte unerldsslich. In der
vorliegenden Arbeit werden die paramagnetischen Defekte nach der Materialdeposition
(native Defekte) und nach Lichtdegradation (lichtinduzierte Defekte) mittels Elektronen-
Paramagnetischer Resonanz (EPR) untersucht. Diese Technik misst den g-Wert und die
Hyperfeinwechselwirkung magnetischer Nuklide in der Defektumgebung und erlaubt es
die Defektwellenfunktion genau zu bestimmen. Native Defekte in a-Si:H sind lokalisierte
Koordinationsdefekte, welche dreifach-koordinierten Siliziumatomen zu geordnet wurden
(,dangling bonds"). In dieser Arbeit wird eine Messung des EPR Spektrums nativer De-
fekte bei verschiedenen Mikrowellenfrequenzen prasentiert, welche es erlaubt die g-Werte
und Hyperfeinwechselwirkungen prazise zu bestimmen. Die experimentellen Werte wur-
den mit Dichtefunktionaltheorie Rechnungen von ,dangling bond” Defekten verglichen
um zu Uberpriifen ob die mikroskopische Struktur dieser Defekte tatsachlich ,,dangling
bond“ Defekten zugeordnet werden kann. Lichtinduzierte Defekte des SWE wurden
mittels Hochfeld-EPR (Q-Band) untersucht. Durch die erhohte Auflésung dieser Exper-
imente konnte gezeigt werden, dass lichtinduzierte Defekte andere g-Werte und einen
schnelleren Echozerfall als native Koordinationsdefekte aufweisen. Um die entwickelten
EPR Techniken auch auf Diinnschichtsolarzellen anzuwenden wurde elektrisch detektierte
Magnetresonanz (EDMR) eingesetzt um die Empfindlichkeit zu steigern. Eine neuartige
EDMR Mikrowellenpulssequenz wurde entwickelt und getestet an pc-Si:H Solarzellen um

schwache Hyperfeinwechselwirkungen auszumessen.
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1 Introduction

Direct conversion of solar radiation into electricity by the photovoltaic effect is one of the
most promising technologies to maintain the energy supply of today’s civilization and to
contribute to the solution of global warming, air pollution and energy security problems
on a renewable basis [1,2]. Photovoltaic power generation is based on solar panels, which
are composed of a number of cells containing a semiconducting material. Although solar
cells are superior to traditional power generation based on nuclear fission or fossil fuels
in terms of environmental hazards and complexity [2], they constitute only a very minor
share of today’s global energy production (< 1 % in 2008) [3]. The main reason for
this are the production costs and the moderate efficiency of the present technology [4].
In order to further improve the competitiveness of solar cells versus traditional energy
sources, a further increase of the cell efficiencies and/or a reduction of manufacturing
costs are mandatory.

The most important materials for current solar-cell mass production are various mor-
phologies of silicon (among them: crystalline and amorphous), cadmium-telluride and
copper indium selenide/sulfide [4]. Traditionally silicon solar cell are fabricated from
mono- or multicrystalline materials and wafer-based crystalline silicon is still the domi-
nating material on the market [4]. Major problems of this technology are the rather high
fabrication costs and the energy required for the production of the wafers (about 50 %
of the costs for a crystalline silicon solar cell are ascribed to the wafer substrate) [5].
These problems can be solved by using thin disordered films of silicon, which have a larger
absorption coefficient due to the lack of k-conservation rule in the optical transition. In
addition, thin silicon films can be deposited on inexpensive substrates (glass, stainless
steel, etc.) to reduce fabrication costs below those of wafer-based silicon solar cells [6].
However, the major disadvantage of thin film silicon solar cells is their low efficiency [7].
The disordered nature of thin silicon films does not only improve the light absorption, but

also induces localized defect centers in the band gap which act as recombination centers
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or traps for excess charge-carriers. The effect of these centers to degrade the solar cell
efficiency becomes even more pronounced upon irradiation of the cell with light. Stae-
bler and Wronski were the first to discover that the photoconductivity of hydrogenated
amorphous silicon (a-Si:H), which determines the efficiency of a-Si:H based solar cells,
severely degrades by irradiation with intense light [8,9]. This light-induced degradation
effect is now notoriously known as the Staebler-Wronski effect (SWE). When taking no
precautions in preventing the SWE, the magnitude of the light-induced degradation can
be very large (=~ 20 - 30 % of the initial cell efficiency) [10, 11]. The magnitude of the
SWE can be reduced by using thinner absorption layer in a-Si:H pin solar cells (typically
300 nm) [12]. This, however, also reduces the amount of absorbed photons and limits
the ultimate cell efficiency. In order to avoid loosing part of the incident light and at the
same time limit the magnitude of the SWE, complicated tandem or even triple solar cells
with several homo- and hetero junctions were developed. In view of these severe limita-
tion that the SWE imposes upon the development of thin film silicon solar cells, a deeper
understanding of this effect is clearly desirable. It is well-known that the SWE is a collec-
tion of several reversible changes in the a-Si:H material and the light-induced degradation
of the solar cell efficiency cannot be traced back to a single origin [13]. However, the
dominant effect of the degradation is a large increase in the concentration of paramag-
netic localized gap states as discovered by electron-paramagnetic resonance (EPR) [14].
These states reduce the lifetime of excess charge carriers and thereby degrade the cell
characteristics. There is considerable agreement in the research community that the
atomistic structure of these paramagnetic defect states with g = 2.0055 are three-fold
coordinated Si atoms, so called dangling-bonds (DBs). There is, however, no consen-
sus in the community as far as the mechanism behind the generation of DBs by light
is concerned. A number of well-developed theories are available in the literature, which
propose different microscopic defect reactions leading to the reversible increase of the
DB concentration. In order to test these theories experimentally, a mere measurement
of the defect quantity and its energetic location in the band gap by, for example, sub-gap
absorption measurements, photoconductivity spectroscopy or deep-level transient spec-
troscopy is not sufficient. More information on the microscopic nature of defects can be
obtained by EPR. Important details that can be addressed by this technique are the de-
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fect density, spatial defect distribution, defect wave function and correlations to impurity
atoms such as hydrogen, phosphorous or boron.

This thesis presents a detailed experimental and theoretical study of the microscopic
structure of the native and light-induced paramagnetic defect states in a-Si:H, which
exhibit a well-known EPR spectrum centered at a g-value of g = 2.0055 [15]. Highly-
developed pulse and c.w. EPR measurements were carried out to study details of the
defect states to reveal their microscopic origin and to test available theories accounting
for the generation of the defect states during the deposition process or by light soaking.
The obtained EPR spectra were analyzed by advanced fitting routines, implemented in
MATLAB® (The Mathworks, Natick, MA, USA). The experimental studies are combined
with ab-initio density-functional theory (DFT) calculations to translate the experimentally
obtained EPR parameters into a structural picture on the atomic level. The DFT cal-
culations were performed by Christoph Freysoldt and Gernot Pfanner at the Max-Planck
Institut fiir Eisenforschung in Diisseldorf (Germany). The results of the calculations were
analyzed in detail in this thesis in order to compare them with experimental results. To
investigate the hyperfine interactions of localized defect states in thin-film solar cells, a
novel microwave pulse sequence was developed in this work to combine pulsed electri-
cally detected magnetic resonance (EDMR) with electron-spin echo envelope modulation
(ESEEM) techniques.

In the following a brief overview of the thesis structure and the content of the individual
chapters is given:

Theory of EPR and EDMR The basics of EPR and EDMR which are necessary for
an understanding of the experiments applied in this thesis are provided in chapter 2.
The fundamentals of how the electronic structure of paramagnetic defects is linked to
the observable EPR parameters, that is, the g-tensor and the hyperfine interactions, is
presented. In addition, we give a detailed introduction on how the EPR parameters can
be extracted from the measured EPR spectra by eye or by complicated fitting procedures.
The fundamental theory of spin-dependent conductivity in semiconductors is discussed
and theoretical expressions for pulse EDMR measurements are derived. In addition, a
detailed theoretical treatment of the EDMR-ESEEM pulse sequence within the density
matrix formalism is presented to provide the basis for a correct interpretation of the
experimental results presented in chapter 6.
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Materials and Methods Chapter 3 provides a short overview of the samples and the
experimental methods applied in this thesis. Device-grade thin-film solar cells were fab-
ricated at the Forschungszentrum Jiilich and investigated by EDMR techniques. Since
the sensitivity of EPR is not sufficient to directly probe defects in fully-processed solar
cells, the a-Si:H layer were deposited on Al-foil which was subsequently etched away to
obtain powder samples with a larger mass. The powder samples were investigated in
different material states (as-deposited state, light-soaked state and thermally annealed
state) to determine the microscopic properties of native and light-induced defect states.
The samples are investigated by c.w. and pulse EPR techniques. The primary-echo pulse
sequence was used to study the EPR spectrum and transversal relaxation properties of
native and light-induced defects. ESEEM and Davies ENDOR pulse sequences were ap-
plied to measure the unresolved hyperfine interactions of the paramagnetic defects with

magnetic nuclei in their environment.

The microscopic nature of native coordination defects in a-Si:H The microscopic
nature of the dominant localized defect center in a-Si:H is of importance for a detailed
understanding of the origin of these defects in the deposition process and during light
soaking. Various theoretical models of the generation process of both native and light-
induced defects rely upon the hypothesis that the defect centers are electronic states of
threefold-coordinated Si atoms, so-called dangling bonds (DBs) [16—18]. This hypothesis
was confirmed by EPR measurements of the hyperfine interaction of these centers with
surrounding 2°Si nuclei in the host lattice [19]. In chapter 4, a detailed measurement of
the EPR spectra at various microwave frequencies is presented, which allows a reliable
determination of the EPR parameters of coordination defects in a-Si:H. The experimental
results for the EPR parameters are then compared with DFT calculations of the param-
eters of various atomistic DB models. While there is a quantitative agreement for the
g-tensor principal values between experiment and theory, the hyperfine interaction values
deviate significantly. In the next chapter, the advanced EPR techniques, which were
successfully applied to native coordination defects, are used study light-induced defects.

Structural differences between light-induced and native defects in a-Si:H It is

commonly believed that the defect centers in as-deposited a-Si:H and light-soaked a-
Si:H are identical [14]. This hypothesis is based on the observation that there is no

10
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significant change of the EPR spectrum after light soaking. However, the present study
revealed a variety of new results about the microscopic nature of defect centers in as-
deposited a-Si:H. It is therefore mandatory to extend the investigations to light-induced
defects to see if the newly employed experimental techniques are able to resolve yet
undiscovered features of light-induced defects. In chapter 5, a detailed study of the EPR
spectrum as determined by pulse EPR techniques at high field (Q-Band) is presented,
which shows that the EPR spectrum indeed changes upon light soaking, that is, the light-
induced defects exhibit a different EPR spectrum than native defects in as-deposited
a-Si:H. It is most important to apply high-field EPR since the differences in the EPR
spectra are small and not resolvable at lower microwave frequencies. In addition to a
change in the EPR spectra a much more pronounced change in the transversal spin
relaxation properties, as determined by a primary-echo pulse sequence, is observed. It is
shown that light-induced defects exhibit a faster primary-echo decay at low temperature
than native defects. The difference in the relaxation times enables one to disentangle
the highly overlapping EPR spectra. A detailed analysis of the EPR spectrum of light-
induced defects shows that the defects exhibit a slightly smaller g-value compared to
native defects and a different, more symmetric, EPR line shape. In addition to the EPR
spectrum, the anomalous primary-echo decay of light-induced defects is analyzed and
possible microscopic processes inducing the echo decay are discussed.

Several models of the microscopic mechanism behind the light-induced generation of
defects in a-Si:H rely on a hydrogen-mediated defect reaction [20]. The final metastable
state of this defect reaction is a DB defect intimately correlated with a hydrogen atom
(for a detailed discussion of the various SWE models refer to chapter 5). The nuclear
spin of the hydrogen atom and the paramagnetic DB defect interact via the hyperfine
interaction, an interaction which is conveniently determined by EPR techniques. Due to
strong inhomogeneous broadening of the EPR resonance line shape, the determination
of hyperfine interactions with hydrogen atoms requires Electron-spin echo envelope mod-
ulation (ESEEM) or Electron-nuclear double resonance (ENDOR) techniques [21]. A
measurement of the hydrogen distribution around light-induced defects by ESEEM was
attempted earlier [22]. In section 5.3, a detailed investigation of the hydrogen distribution
around native and light-induced defects using ESEEM and ENDOR s presented.

11
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Investigation of defects in thin-film silicon solar cells Despite the analytic power of
EPR techniques to obtain microscopic information about paramagnetic defect centers
in solar cell materials, the low sensitivity of the EPR technique makes it impossible to
directly investigate thin-film silicon solar cells of device-grade, which commonly contain
only a few paramagnetic defects. Hence, most EPR experiments are carried out on
thicker films or on powder samples of the intrinsic absorber material. It is, however,
unknown if the paramagnetic defects in films or powders are identical to those present in
fully-processed solar cells. A convenient solution for this problem is the electrical detec-
tion of magnetic resonance (EDMR) by measuring changes in the dark- or photocurrent
upon exposure to microwave irradiation. The sensitivity of this technique (10* spins/G) is
orders of magnitudes larger than the sensitivity of conventional EPR (102 spins/G) and
is therefore applicable to solar cells. An additional advantage of EDMR is the selection
of paramagnetic centers contributing the the final EDMR signal. In conventional EPR all
paramagnetic centers contribute to the signal in an equal manner, while EDMR shows only
those centers which are involved in charge-carrier transport or recombination pathways
and therefore automatically selects those centers important for the electrical cell proper-
ties. However, the analytic power of EPR relies on the application of pulse techniques.
In adapting pulse EPR experiments for the application in pulse EDMR experiments a
number of experimental difficulties have to be overcome. Pulse EDMR techniques are
therefore much less developed. It is especially desirable to develop a reliable pulse EDMR
experiment similar to ESEEM or ENDOR techniques capable of detecting unresolved hy-
perfine interactions of defect states in solar cells. Chapter 6 presents a proof-of-principle
implementation of a pulsed EDMR-ESEEM experiment applied to various defect states
in a device-grade p-i-n puc-Si:H thin-film solar cell.

Conclusion and future work The final chapter of this thesis provides a detailed sum-
mary of the experimental and theoretical results about native and light-induced defects
in a-Si:H as well as localized defect states in puc-Si:H thin-film solar cells and gives a
conclusion about the obtained results in the light of the established theories of the SWE.
Finally future experiments are discussed which can help to further investigate and clarify
problems encountered in this work.

12



2 Theory of EPR and EDMR

The central point in this thesis is the analysis of the structure of paramagnetic defect
states on a microscopic level. The microscopic structure includes the electronic structure,
that is the spin-density or wave function of the electron occupying the defect state, and
it includes the atomic structure, that is the arrangement of atoms (for example Si or H)
of the defect and in its vicinity. The electronic and the atomic structure are tightly linked
by the fundamentals of quantum mechanics. The electronic and atomic structure of the
paramagnetic defect states are encoded in the gyromagnetic ratio - the g-value - and
the hyperfine interactions of the unpaired electron. EPR is one of the few techniques
capable of determining these values experimentally and can therefore provide a detailed
picture of the defect state on a microscopic level. This chapter provides the theoretical
basis to link the electronic and atomic structure of the defect to its EPR parameters
and gives a detailed introduction on how these parameters can be determined from the
experimental EPR spectra. The theoretical expressions are a necessary basis for the
upcoming analysis of native and light-induced defects in a-Si:H described in chapter 4
and 5. In addition, the theoretical principles described here provide the basis for the
understanding and interpretation of EDMR-ESEEM experiments, presented in chapter 6.

2.1 EPR of paramagnetic defects in a-Si:H

The unpaired electrons of paramagnetic defect centers studied in this thesis are S =
1/2 spin systems which are in most cases sufficiently dilute (defect density Ny < 10'8

—3, average distance between two spins is > 100 A) to treat each electron spin as

cm
isolated, that is, the different electron spins do not interact with each other. The spin
of the electron will interact with an externally applied magnetic field By via the Zeeman

interaction, which splits the degenerated ground state doublet into two (ms = +1/2)

13



2 Theory of EPR and EDMR

levels (cf. Fig. 2.1). Considering the entire spin ensemble (typically > 102 defect cen-
ters) the populations of the two levels in thermal equilibrium is not equal and transitions
can be induced by irradiation of the sample with electromagnetic radiation of the right
frequency. EPR is therefore basically an absorption technique, which measures transition
energies between different levels of a paramagnetic center. In addition to the external
magnetic field, the presence of magnetic nuclei induces a shift of energy levels of the
spin system by hyperfine interaction. In general, the energy states of the ground state
of a paramagnetic center with an effective spin S = 1/2 and m nuclei with nuclear spins
| = 1/2 are described by the static spin Hamiltonian [23]

Ho = Hez + Hur + Hiz (2.1)

where Hez denotes the electron Zeeman interaction, Hyg denotes the hyperfine inter-

action between electron spin S and nuclear spins / and Hyz denotes the nuclear Zeeman

interaction.
m = +%2
()]
£
% e VAYA
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® \ hv = const.
£
[0}
(9]
N
m = Yo
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D
%]
x
o j‘
L

magnetic field B,

Figure 2.1: Splitting of the energy levels by the Zeeman interaction of the electron spin
and the external magnetic field. upper part: Energy level diagram; lower part:
Corresponding pulse (absorption) and c.w. (derivative) EPR spectra.
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2 Theory of EPR and EDMR

2.1.1 Electron Zeeman interaction

The interaction between electron spin and external magnetic field Bg expressed in an
arbitrary coordinate system is given by the electron Zeeman term in the spin Hamiltonian

HEZ == /,LBBogS/h (22)

where wup is the Bohr magneton, the electron spin vector operator § and the
orientation-dependent gyromagnetic ratio given by a 3x3 matrix, g. Please note that
a direct detection of the entries of this matrix is usually not possible and requires a spe-
cial experimental setup [24]. What one rather observes in conventional EPR experiments
is a symmetric second-rank tensor, the g-tensor, given by \/ﬁ In order to avoid con-
fusion, we will in the following only make use of the g-tensor for an interpretation of EPR
spectra and denote this quantity by g. The symmetric g-tensor can be characterized by
three (real) tensor eigenvalues (gx, g, and g,) and three Euler angles setting the orienta-
tion of the g-tensor principal axes in a molecular coordinate system. For cubic symmetry
we find an isotropic g-tensor with g, = g, = ¢,, for axial symmetry g, = g, = g and
9. = g, and for rhombic symmetry g« # g, # g,. Examples of EPR spectra for these
three cases averaged over all possible orientations (powder pattern) are shown in Fig.
2.2.

For paramagnetic centers embedded in solids or organic systems, the orbital momentum
of the unpaired electron is quenched (L = 0). In this case, both the anisotropy of the
g-tensor and shifts from the free-electron g-value g. = 2.0023... arise from a mixture of

the ground state and other excited states by the spin-orbit coupling

H =ALS (2.3)

where X is the spin-orbit coupling constant. Second-order perturbation treatment of
the spin-orbit coupling and the external magnetic field gives [26]

Gop = Gedop +23 (Yol ALalWn) (Wal Lpltp) o)

€, — €
n#p po=n

where 9, is the wave function of the ground state and %, are the wave functions of
the n*" excited state, with the corresponding energies €, and €.

15
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Figure 2.2: Simulation of EPR powder spectra for g-tensors of different symmetry. The
EPR spectra are plotted as absorption lines (upper curves) and derivative
spectra (lower curves) for (a) isotropic, (b) axial (using data obtained for
DBs in a-Si:H, cf. chapter 4) and (c) rhombic symmetry. The principle val-
ues of the g-tensor for orientations of the magnetic field along the canonical
directions are indicated. Simulations are carried out with the numerical sim-
ulation package easyspin [25] using the following parameters vp, = 9.7 GHz,
Jiso = 2.0055, g; = 2.0065, g = 2.0040, g, = 2.0150, g, = 2.0081, g, =
2.0011, Gaussian line broadening AB,, = 0.1 mT.

2.1.2 Nuclear Zeeman interaction

The nuclear spin | couples to the external magnetic field By by the nuclear Zeeman
interaction given by
%NZ = ,U,NgnBol/h (2.5)

where wy is the nuclear magneton, g, is the nuclear g-value and [ is the nuclear spin
vector operator. The magnetic moment of nuclei is about three orders of magnitude
smaller than the magnetic moment of a free electron.

2.1.3 Hyperfine interaction

The hyperfine interaction between the electron spin S and the nuclear spin / given by

Hur = SAI (2.6)

16



2 Theory of EPR and EDMR

is one of the most important sources of information in EPR spectroscopy. Here the
hyperfine interaction tensor is denoted by A. The hyperfine interaction term in the
Hamiltonian can be written as a sum of the isotropic Fermi contact interaction and the
anisotropic electron-nuclear dipole-dipole interaction

Hup = SAl = AisoS1 + SAqip! (2.7)

where the isotropic hyperfine interaction is given by

24
Aiso = g?O.U'Bge.U'Ngn|¢O (O) ’2 (28)

where |1, (0) |? is the electron spin density at the nucleus. The electron-nuclear dipole-
dipole interaction is given by
3rirj —

2
/LY (2.9)

m
Adip = = Hegelingn (Yo =

4mh
where r is the vector between the electron spin and the nuclear spin. Hyperfine inter-
action between electron spin and nuclear spin induces a further splitting of the energy
level as depicted in Fig. 2.3. In case of a nuclear spin with / = 1/2, each mg = +£1/2
energy level is split into two m; = £1/2 levels. The selection rules for transitions in-
duced by microwave irradiation demand that only the electron spin quantum number can
be changed (Ams = +1), while the nuclear spin quantum number remains unchanged
(Am; = 0). Fig. 2.3 shows that in this case two allowed transitions arise, which are split
by the hyperfine interaction.

In case of an isotropic hyperfine interaction tensor A and a vanishing electron-nuclear
dipole interaction, the EPR spectrum is given by a doublet structure (cf. Fig. 2.4a). If
the anisotropic part of the hyperfine interaction exhibits axial symmetry, the hyperfine
interaction tensor can be expressed as

A= Al (2.10)

17
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A m=+ 7%
A \ m=+ %
2 o m,= - 7%
E "
1 - £
2 i : NN
C ~
@ g f hv = const.
€ &
9 5V e
N v H——m=-%
m,=-"%

v m=+"%
T |
c :
ke !
g ,AM
o 3
o :
L '

magnetic field B,

Figure 2.3: Splitting of the energy levels by the Zeeman interaction and hyperfine in-
teraction (/ = 1/2) for a specific orientation. Microwave irradiation induces
only spin flip transition of electron spins (selection rules are indicated in the
figure). upper part: Energy level diagram; lower part: Corresponding pulse

(absorption) and c.w. (derivative) EPR spectra.
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where

AL = Aiso_Adip (211)
AH = Aiso—l—zAdip (212)

and the EPR spectrum averaged over all possible orientations (powder pattern) is given
by a so-called Pake-pattern (cf. Fig. 2.4b).

a _ b

[ ) Aiso [ )

0

'c

S L

£

5,

©

c

2

(2]

o }\/

o

[

340 342 344 346 348 350 352 340 342 344 346 348 350 352
magnetic field [mT] magnetic field [mT]

Figure 2.4: Simulations of X-Band EPR powder spectra of a paramagnetic center with
g = 2.0055 and isotropic or anisotropic hyperfine interactions. upper traces:
pulse (absorption) EPR spectra; lower trace: c.w. (derivative) EPR spectra.
a) isotropic hyperfine interaction with A, = 117.7 MHz; b) anisotropic hy-
perfine interaction with A, = 117.7 MHz and A4, = 60 MHz (A = 237.7
MHz and A, = 57.7 MHz).

If the electron spin density is sufficiently concentrated at a specific site and the distance
to the nucleus of interest is large one can approximate the electron spin as a point
dipole. In the principal coordinate system of the hyperfine tensor, Eq. 2.9 then takes the

simplified form

-1
Ho UBJdelbtNYn
4mh  RY

Agiy = —1 , (2.13)

2

where Ry is the distance between the two point dipoles.
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2.2 The resonance phenomenon

The various interactions of the electron spin as discussed in the above section generate
a multi-level quantum system. Transitions between the different energy levels can be
induced by electromagnetic radiation. If the frequency of the incident radiation matches
the difference in energy between the levels, the system starts to absorb radiation and is
said to be in resonance. One can therefore map all allowed transitions (Ams = £1 or
Am; = £1) by sweeping the frequency of the electromagnetic radiation over a certain
range at a fixed magnetic field monitoring the absorption of the sample. However,
most EPR measurements are performed in the exact reverse way due to instrumental
limitations. The frequency is held at a fixed value while the external magnetic field is
swept. Since the magnetic moment of the electron is much larger than the moment of
nuclei, the energy needed for a transition involving an electron spin is much higher than
in the case of transitions involving nuclear spins (nuclear magnetic resonance - NMR).
While NMR is typically performed using electromagnetic radiation in the radiofrequency
range, EPR operates in the microwave range. EPR experiments can be carried out at
various microwave frequencies, which are divided into frequency bands. An overview of

the most commonly applied microwave frequencies is given in Table 2.1.

Band | band range | typical EPR frequency | Typical magnetic field @ g = 2
[GHZ] [GHZ] [mT]
S 26-4 3.0 110
X 8.2-12.4 9.5 340
Q 33-50 36 1300
% 75 - 100 95 3400
263 263 9400

Table 2.1: Overview of microwave frequency bands and typical magnetic field for param-
agnetic states with g = 2.

The time-dependent perturbation of the microwave radiation which induces transitions

between the energy levels can be expressed as an oscillatory Hamiltonian

Hi = ug2B; cos(wt)gS/h (2.14)
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with B; denoting the vector of the linearly polarized oscillating magnetic field of the
microwave radiation. After transformation of Eq. 2.14 into the rotating frame, H; is
time-independent and only the right-hand polarized magnetic field with amplitude B; can
be resonant with the precession of the electron spins [21]. In cases where the magnetic
quantum numbers of the electron spin (ms) and nuclear spin (m;) are good quantum
numbers only transitions flipping the electron spin Ams = £1 are allowed. As for elec-
tron spins, transitions flipping nuclear spins Am;, = +1 are allowed by electromagnetic
radiation in the radiofrequency range. Due to state mixing by anisotropic HFI, the mag-
netic quantum numbers ms and m; may no longer be good quantum numbers, in which
case forbidden transitions of the type (Ams = +£1; Am; = £1) become partially allowed.
These transitions are still referred to as forbidden, since their transition amplitude is usu-
ally much smaller than in case of allowed transitions. Excitation of forbidden transitions
is the basis for many advanced pulse EPR experiments. Especially experiments which
exploit the modulation of the echo-envelope by anisotropic HFI are based on non-zero
transition amplitudes of forbidden transitions.

2.3 Broadening of EPR resonance lines

The resonance lines observed in an EPR experiment can be broadened in the frequency
domain by homogeneous broadening and inhomogeneous broadening. Line width and
broadening mechanisms are tightly linked to spin relaxation processes, which are discussed

in more detail in sec. 2.6.

2.3.1 Homogeneous broadening

An ensemble of spin systems where each individual spin system composed of electron
and nuclear spins is identical to the others, meaning that, they exhibit the same spin
Hamiltonian and experience the same local fields, is called a spin packet. The EPR
resonance line of such a spin packet is given by a homogeneous line and its shape is
described by a Lorentzian function (cf. Fig. 2.5a). The width of the homogeneous line
is given by Mom = 2/Tm, where T, is the phase-memory time. Homogeneous broadening
can be induced by fluctuations of local fields or by spin-lattice relaxation limiting the
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lifetime of the excited state of the spin system. Please refer to sec. 2.6 for further

information about the important relaxation mechanisms, which determine T,,.

a)

hom

Figure 2.5: Broadening of EPR resonance lines. a) Homogeneous broadening with line
width Myom. b) Inhomogeneous broadening of the EPR resonance line by
a distribution of homogeneously broadening lines with different resonance
frequencies (total inhomogeneous line width [Mhom)-

2.3.2 Inhomogeneous broadening

Inhomogeneously broadened EPR resonance lines are a superposition of spin packets,
where each spin packet has a different resonance frequency (cf. Fig. 2.5b). The inho-
mogeneously broadened line shape is often a Gaussian function since the frequencies of
the spin packets are usually normally distributed. In solid-state systems, inhomogeneous
broadening is often much stronger than homogeneous broadening and the line width can
be as large as 1 mT.

In the following we will discuss the various inhomogeneous broadening mechanisms
in detail since they are important for understanding the EPR spectra of paramagnetic
defects (DBs) in a-Si:H (cf. chapter 4 and 5). Due to the disordered nature of amorphous
materials the defect wave function and environment varies from site to site. This variation
can induce a change of the principal values of the g-tensor or a modulation of the
HFI. Each defect site therefore exhibits a different resonance frequency which leads to
inhomogeneous broadening of the EPR line. Fig. 2.6 shows an illustrative example of how
a distribution of g-values (denoted by g-strain) can lead to a loss of spectral resolution.
If g-strain is absent and the g-value is exactly defined (g = 2.0055), the HFI between
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the electron spin of a paramagnetic center with a nearby nuclear spin will be completely
resolved in the EPR spectrum. Considering the same spin system in a disordered solid,
we have to take into account that the g-value is distributed (g-strain). In that case (cf.
right hand side of Fig. 2.6) the EPR spectrum is excessively broadened and the HFl is no
longer resolved. In addition to broadening by a distribution of g-values and HFls (g- and
A-strain) the EPR line can also be broadened by orientational disorder and unresolved
HFIs.

Orientational disorder broadens the EPR resonance lines in case where Zeeman inter-
action or HFI are anisotropic. Then, the different spins in a larger spin ensemble exhibit
different resonance frequencies due to a different orientation in the sample. In case all

orientations are equally probable the arising resonance line is called a powder pattern.

| |
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Figure 2.6: Inhomogeneous broadening induced by a distribution of g-values (g-strain).
left: EPR spectrum of a paramagnetic center (g = 2.0055) with a resolved
HFIl of Ao = 30 MHz. right: adding g-strain (Gaussian distribution with
FWHM of 0.008) completely disguises the resolved HFI pattern.

Another case of inhomogeneous broadening are unresolved HFIs. If the HFIs of a
spin system are sufficiently small the hyperfine multiplet may contain a large number of
overlapping resonance lines. In that case the HFIs are no longer resolved in the EPR
spectrum and contribute to inhomogeneous line broadening.

We have seen that the resolution of EPR spectra is limited and thus EPR parameters
(g-tensor principal values or HFIs) of interest are not always accessible. To increase the
resolution of inhomogeneously broadened EPR spectra, multifrequency EPR techniques

(cf. chapter 4) or advanced techniques such as ESEEM or ENDOR (cf. sec. 5.3) can
be applied.
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24 S=1/2 and | = 1/2 model system

The spin systems investigated in this thesis are in most cases composed of one electron
spin S = 1/2 and a single nuclear spin / = 1/2. The spin Hamiltonian of this model
system is given by

Ho = Q2sS, +wil, + SAI (2.15)

and can be diagonalized analytically. This model system will be discussed in more detail
since it provides the basis for an understanding of coherent spin dynamics of advanced
EPR and EDMR techniques like the primary-echo pulse sequence, two-pulse ESEEM and
pulse Davies ENDOR. The spin Hamiltonian can be simplified by neglecting non-secular

terms in Sy and S, and is given by [21]

Honssz—f—w,/z—f—ASZ/Z—f—BSZ/X (216)

where Qs = gugBo/h is the resonance frequency of spin S, A = A,, and B =
/A2, + AZ, are the secular and the pseudo-secular HF| between S and / while w; is the
free-nuclear precession frequency of spin /. For an axially symmetric hyperfine tensor the
coefficients A and B are related to the principal values A and A, of the hyperfine tensor
and the isotropic and dipolar hyperfine interaction A, and Agj, by [21]

A= Ajcos’0+ Asin®0 = Ag, + Agpp (3c0s” 6 — 1) (2.17)

and

B = (A — AL)sin6cosd = 3Aq,sin 0 cosd (2.18)

where 6 is the angle between the vector of the external magnetic field and the electron-
nuclear axis.

Ho can be diagonalized with the unitary transformation

&ly+n2S;1y
=5

Ho H (2.19)

with the angles n = (1o —1p) /2, £ = (s +np) /2 and
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_ -B
7o = arctan <A+2w,)

Mp = arctan <A:fw,)

The diagonal form of the spin Hamiltonian then takes the following form

He = stz+%/z+“’2—‘zszlz

with wy = wis + w34 and w_ = wis — wsq, Where

w2 = (w; + %) cosng — £sinng
wi = (w, — %) cosng + Esinng

(2.20)

(2.21)

By wy = |w12|, ws = |was| we denote the absolute values of the ENDOR frequencies

A\®> B2
Wa = \/(“”*5) T
A\ B2
W = \/(“’"5) oy

1) e, = %+%
Q w

2) 16y = é—%
w

13) €5 = —gs-l-%,
w

|4) 1eq = —75—%,

For the four eigenstates in the Cartesian product basis we find
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cos () I 1st) —sin () | Tsh).
sin ( > > | 1s1) + cos (772—0‘) | tsdi).
cos (2) 14t} = sin () [ 4sho).
sin (772—’3) | sT1) + cos (%) | dsdr).

(2.24)

In Fig. 2.7a) and b) the theoretically obtained results are illustrated in an energy level

diagram and a schematic EPR spectrum.

3>
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21 2-4 1-3
a 1-4
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Figure 2.7: Energy level diagram (a) and corresponding transition frequencies in a

2.5 Pulse EPR

schematic EPR spectrum (b) fora S =1/2, | = 1/2 spin system with w; < 0
and A, B > 0 in case of weak-coupling |A| < |2w,|.
denoted by a, forbidden transitions by f. The transition probabilities for al-
lowed and forbidden transitions are sketched by the length of the columns in

Allowed transitions are

This section provides a short overview of the EPR microwave pulse sequences applied in

this thesis.

Two-pulse electron spin echo Exciting the spin system with a short microwave pulse

to generate transversal magnetization from longitudinal polarization is the most simple
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EPR pulse sequence. The decay of the transversal magnetization is, however, quite
fast due to a dephasing of the different spin-packets of an inhomogeneously broadened
EPR resonance line. The signal decay is most often too fast to be observed due to
finite spectrometer dead time, inherent to every EPR experiment. However, dephasing
of spin packets can be reversed by applying an additional microwave pulse after time 7
flipping the electron spins by an angle w. As a consequence the spin packets refocus
to form an electron spin echo. The complete pulse sequence generating this so-called
primary echo is shown in Fig. 2.8. The two-pulse sequence can be used for various
purposes. The echo intensity is a direct measure of the longitudinal magnetization and
by recording echo intensity versus external magnetic field, the EPR spectrum of the
spin system can be obtained. However, in contrast to the EPR spectrum obtained by
c.w. EPR techniques the EPR spectrum determined by the field-swept echo (FSE)
detected technique is subject to transversal relaxation effects and can depend on the
pulse delay time 7 [21]. The transversal relaxation can be investigated in more detail by
recording the echo intensity as a function of the pulse delay time 7. The time constant
and the function of the decay of the primary echo contain important information about
the relaxation mechanism. A detailed overview of transversal relaxation mechanisms is

presented in sec. 2.6.

T Samm— T e

2-pulse ESE o T T
(primary echo) mw | 2 j\

Figure 2.8: Two-pulse ESE sequence to generate a primary echo. This sequence is used to
measure the field-swept echo detected EPR spectrum (fixed 7), the transver-
sal relaxation properties by the primary-echo decay (incrementing 7) and ES-
EEM modulations on the primary-echo decay (incrementing 7).

Electron-spin-echo envelope modulations The two-pulse sequence and the decay
of the primary echo can also be used to measure HFIs by electron-spin-echo envelope
modulations (ESEEM). If the HF is anisotropic, the echo decay is modulated with nuclear

frequencies. In case of the above discussed model system of a single electron spin S =
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1/2 coupled to a nuclear spin / = 1/2, it can be shown that the echo modulation function

is given by

k
Ly(T) = 1-— 7 (2 —2COSwWeT —2COSWpT + COSWLT +cosw_T)  (2.25)

where k = sin?27 is the modulation amplitude. The oscillation frequencies wy, wg,
wy, and w_ can be obtained from the time domain echo decay by Fourier transformation.
This result is applied in sec. 5.3 to investigate the distribution of H atoms in the vicinity

of paramagnetic defects in a-Si:H.

Pulse Davies-ENDOR A different technique to measure HFls is given by electron-
nuclear double resonance (ENDOR), a combination of a nuclear magnetic resonance and
EPR experiment. The pulse version of the ENDOR technique applied in this work is the
Davies ENDOR sequence m — RF — /2 — 7 — m — 7 — echo, where the radiofrequency
pulse inducing nuclear transitions is indicated by RF [27]. The pulse sequence and the
spin dynamics in case of the S = 1/2, | = 1/2 model system are illustrated in more
detail in Fig. 2.9. It is assumed that the HFI is isotropic in which case the eigenstates
(11), 12), |3) and |4)) are given by the Cartesian product basis. The initial m-pulse is
applied selectively on transition 1-3 and inverts populations of the spin transition. The
population difference on this transition can be detected by a two-pulse ESE sequence. If
the frequency of the rf-pulse is non-resonant v,s # v, With the nuclear spin transition 1-2
(case b in Fig. 2.9) the populations are unchanged and remain inverted. The detected
echo signal is then fully inverted. If the rf-pulse is resonant v, = ves with 1-2 (case a in
Fig. 2.9) spin populations are transferred from |1) to |2). In this case the detected echo
signal is less inverted or, in the ideal case, equal to zero. The difference between the non-
resonant case and the resonant case then constitutes the measured ENDOR signal. It is
important to note that in case of a non-selective initial EPR m-pulse both transitions (1-3
and 2-4) are inverted and no ENDOR signal can arise. The Davies ENDOR sequence
therefore has a natural blind spot (Davies hole) for nuclei with a very weak HFI since the
transitions of such a spin system are easily inverted. The excitation bandwidth of the
initial inversion pulse has to be chosen with great care.
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Figure 2.9: Pulse Davies-ENDOR sequence to measure the ENDOR spectrum (varying rf
frequency). There is no ENDOR response in case of non-selective inversion
pulse. For details see text.
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2.6 Spin relaxation

In the preceding section we discussed static interactions within the spin system described
by the spin Hamiltonian. However, the spin system cannot be treated as an isolated
quantum system since it interacts with its environment. Dynamic changes in the envi-
ronment, for example lattice vibrations or particle diffusion, lead to a time-dependent
perturbation of the spin system and cause a relaxation of excited spin populations (lon-
gitudinal relaxation) or a relaxation of spin coherence (transversal or phase relaxation).

2.6.1 Longitudinal relaxation

Relaxation of the macroscopic magnetization oriented in parallel to the quantization
axis is denoted by longitudinal relaxation and is generally connected to a transfer of
energy from the spin system to the environment changing the magnetic quantum number
ms or m; of the spin system. The mechanism of longitudinal relaxation is thermal
motion of atoms surrounding the spin system. In solids, thermal motion is described by
lattice vibrations, such as phonons in crystals or low-energy excitations in glasses. In this
particular case, the energy transfer between the spin system and the lattice is referred
to as spin-lattice relaxation. The dominant microscopic mechanism behind this energy
transfer is a modulation of the Zeeman or hyperfine interactions by the lattice vibrations
[28]. Longitudinal relaxation is strongly temperature dependent, since motional degrees
of freedom are frozen out at lower temperatures and therefore no longer contribute to
the relaxation. The characteristics of the temperature dependence can often be exploited
to identify the microscopic mechanism behind the longitudinal relaxation.

In the following we briefly discuss the most relevant processes for spin-lattice relaxation
in solids. The simplest process which leads to a spin-flip is a direct process where one
phonon is absorbed or emitted by the spin system. The density of states of lattice

vibrations in the Debye approximation is given by

p(w) ox w? (2.26)

and is in general quite small at the usually employed EPR microwave frequencies. A
more efficient process is the Raman process, where one phonon of energy w; is absorbed
to excite the spin system to a virtual level and a second phonon of frequency w, is
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emitted with |w, — w;| equal to the EPR microwave frequency. This process is much
more efficient in the high-temperature limit (T > 100 K) and often dominates the spin-
lattice relaxation since it makes use of the complete phonon spectrum. If the virtual level
happens to be an excited state of the spin system, the process is called an Orbach process
[29]. There are several theoretical and experimental studies of spin-lattice relaxation of
ions, defects or impurities in crystalline solids or semiconductors which predict distinct
temperature dependencies for the direct, Raman and Orbach spin-relaxation processes
[28-30]. The different processes may also exist simultaneously and dominate the spin-
lattice relaxation in different temperature regimes. In that case a very complicated overall
temperature dependence can arise, e.g. for phosphorous donors in crystalline silicon [31].
We will, however, not discuss these temperature dependencies in detail, since all of these
studies make use of the Debye model, an approximation which is grossly incorrect in the
case of low-temperature glasses or non-crystalline substances such as a-Si:H [32]. The
anomalous low-temperature behavior of the heat capacity and thermal conductivity of
these substances suggest the presence of additional low-energy modes. Since the origin
of these modes is mostly unknown it becomes difficult to predict theoretically spin-lattice
relaxation times for non-crystalline systems like a-Si:H.

2.6.2 Transversal relaxation

In contrast to longitudinal relaxation, transversal relaxation does not rely on a transfer
of energy from the spin system to the environment. Transversal relaxation arises due to
loss of the phase relation between electron spins which are prepared in a coherent super-
position of eigenstates. The perturbation of the environment induces a fluctuating local
magnetic field, which leads to a random change of precession frequency and phase rela-
tion between the individual electron spins. As a consequence, the coherent superposition
is destroyed although the spin system has not yet returned back to thermal equilibrium.
This process is referred to as decoherence. In solids, the decay of the transversal mag-
netization is often not universal and depends very much on the employed EPR pulse
sequence measuring the transversal relaxation. The most important microwave pulse
sequence is the primary-echo sequence (w/2 — T — m — echo) refocusing the transversal
magnetization. An empirical parameter which is often used to analyze the decay of the

primary-echo is the phase-memory time constant 7,,. However, the decay is not always
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mono-exponential and complicated decay functions may arise. There are many mecha-
nisms causing transversal relaxation, which we will briefly describe in the following. To
summarize the most important contributions for transversal relaxation, the decay of the
primary echo (pulse delay 7) can be written in the following form

n;

le (T) = I (0) exp [-27/ Tl exp[— > (27/T4p)

J

] (2.27)

where the first term includes the phase-memory time T,, and the second term accounts
for spectral diffusion processes. WithT{, we denote the characteristic time and with n;
the exponent describing the spectral diffusion process j. Here we have explicitly separated
the T,, processes from spectral diffusion processes since T, represents an intrinsic limit
for the transversal relaxation, while spectral diffusion processes can often be avoided by

using appropriate microwave pulse sequences [33].

Phase-memory time 7,, The intrinsic phase-memory time T,, is a summary of expo-
nential decay time constants

1 1 1

T 2 T
where 277 is life-time broadening time constant and T, is the spin-spin relaxation time

(2.28)

constant. We see that longitudinal relaxation also induces transversal relaxation since
the coherence is lost upon a spin flip of the electron. The spin-lattice relaxation time
constant Ty or the life-time of a longitudinal excitation is therefore the ultimate limit
for T,,. However, in most cases the life-time contribution is outweighed by an energy
conserving flip-flop process involving two electron spins, where the energy of the first
spin is transferred to the second. This process is more efficient in relaxing the phase of
the electron spins and is denoted by spin-spin relaxation T5.

Spectral diffusion resulting from electron-electron spin-spin dipolar interactions
The most important processes limiting the decay of the primary echo in solids is spec-
tral diffusion due to electron-electron or electron-nuclear dipole-dipole interactions [34].
These processes also majorly influence the primary-echo decay of defects in a-Si:H (cf.

sec. 5.2). The spectral diffusion mechanism is active if only a part of the EPR spectrum
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is excited in a microwave pulse sequence. The spin populations are divided into two
parts: the excited electron spins are referred to as A-spins (observer position) and the
unexcited (electron or nuclear) spins are denoted by B-spins. Unexcited B-spins cause
a phase relaxation of A-spins by the spectral diffusion mechanism, which works in the
following way. The dipolar interaction between B-spins and A-spins shifts the resonance
frequency of A-spins. These shifts fluctuate in time when B-spins carry out random spin
flips by either spin-lattice relaxation or spin diffusion (flip-flops). A-spins therefore start
to diffuse through the EPR spectrum. Since this is a random process, the phase relation
between different A-spins is destroyed, and spectral diffusion cannot be refocused in a
primary echo experiment. If spin-flip frequency of the B-spins W5 is high compared to
inverse pulse delay time 7 of the microwave pulse sequence (WgT > 1), the primary echo
decay is given by [34]

I (2T) = exp —%:gAgB,UJZBCB (1/Ws)"? (2.29)
where Cg is the concentration of B-spins and ga and gg are the g-values of A- and B-
spins. We see that the decay is not mono-exponential and the characteristic exponent
for this spectral diffusion process is n = 1/2. It is important to point out that B-spins can
either be electron spins of the same sort as A-spins, for example a different population in a
strongly inhomogeneously broadened line, or of different kind with a completely different
EPR spectrum. The latter case was observed for H atoms (A-spins) in glassy matrices
of sulfuric acid containing transition metal ions acting as B-spins [35]. The transition
metal ions are in some cases not visible in the EPR spectrum due to their short spin-
lattice relaxation time T7 but strongly influence the primary-echo decay of the H-atoms
(A-spins).

Spectral diffusion resulting from electron-nuclear dipole-dipole interactions In
most solid-state systems which contain a large percentage of magnetic nuclei the primary-
echo decay is limited by spectral diffusion resulting from electron-nuclear dipole-dipole
interactions. This also applies to defects in a-Si:H (cf. sec. 5.2). Nuclear spins such
as H or 2°Si act as B-spins and modulate the resonance frequency of A-spins (electron
spins) by electron-nuclear dipole-dipole hyperfine interaction. The reorientation of nu-
clear spins is induced by nuclear spin-spin relaxation (spin diffusion) [36]. A theoretical
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description of the resulting primary-echo decay is complex and depends on the specific
spin system [37]. However, in most cases the decay can be approximated by a stretched

exponential function

le (21) = exp[— (27/Tsp)"] (2.30)

with 2 < n < 3 and Tsp denoting the spectral diffusion characteristic time [36]. The
process is temperature independent since the reorientation of the nuclear spins is induced
by spin-spin relaxation and not by spin-lattice relaxation [36]. A well-studied spin system
where the nuclear-spin induced spectral diffusion dominates the primary-echo decay is
given by phosphorous impurities in crystalline silicon [38]. Here n and Tsp vary strongly
in dependence of the 2°Si concentration of the samples and are found to be anisotropic,
that is, the values depend on the relative orientation between the external magnetic field
and the crystallographic axes.

Instantaneous diffusion The transversal magnetization in a primary-echo experiment
can also decay by dipolar spin-spin interactions between pairs of A-spins [34, 35]. If
one of the electron spins is excited by the microwave pulse and flipped by a certain
angle, the other electron spin will experience a change in the local magnetic field which
changes the spin resonance frequency leading to spectral diffusion. This effect is known
as instantaneous diffusion and manifests itself by a flip-angle dependence of the primary
echo decay. The echo decay function including these dipolar interactions is given by [34]

e =en B e (w0 B) o] s
g(w

where B is the flip angle by which the A spins with resonance frequency w are turned, Ca
is the concentration of A-spins and (...>g(w) indicates averaging over the EPR spectrum.
Eq. 2.31 predicts that if the concentration Cy is sufficiently high, the spins will interact
via strong spin dipolar interaction and the echo decay is well described by an exponential
decay with a strong flip-angle dependence. This dependence can be tested experimentally
by decreasing the microwave power but keeping the pulse length constant to obtain a

smaller flip angle.
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Spectral diffusion by frequent A-spin flips Eq. 2.31 and 2.29 are valid if A-spins
flip only infrequently, that is, their spin-flip frequency Wy is small (WaT < 1). If their
spin-flip frequency is high (WaT > 1) A-spins start to contribute to their own primary-
echo decay via spectral diffusion due to dipolar coupling between them. The expressions
for the primary-echo decay are lengthy and shall not be discussed here in detail [34]. It
is, however, important to note that frequent spin flips of A-spins tend to disquise the
instantaneous diffusion, since the additional spin flip due to microwave pulses is no longer
significant on a background of many spin flips. This is important when analyzing the flip-
angle dependence of the primary-echo decay of defects in a-Si:H (cf. sec. 5.2). Again
the random spin flips are either induced by spin-lattice relaxation or spin diffusion (flip-
flops). If the process is induced by spin-lattice relaxation, W, and the primary-echo decay
will exhibit a strong temperature dependence [34]. In case reorientation of the A-spins
is induced by spin-spin relaxation (flip-flops), the primary-echo decay time constants are

temperature independent.

2.7 EDMR of paramagnetic states in pc-Si:H solar cells

In the above section we showed that EPR spectroscopy is a powerful tool to investigate
the electronic and microscopic structure of paramagnetic defect centers in solar cell
materials. However, EPR is not directly applicable to fully-processed solar cells due to its
low sensitivity. In contrast to EPR, electrical detection of magnetic resonance (EDMR)
exhibits a superior sensitivity down to single spin level [39]. The basic principle of EDMR
relies on the observation that transport and recombination processes of charge carriers in
solar cells depend on the spin state of paramagnetic defects or impurities participating in
these processes. Microwave irradiation of the solar cell changes spin states and therefore
influences the (photo-) conductivity, which then constitutes the measured observable.
Despite the superior sensitivity of EDMR, pulse EDMR experiments which allow to exploit
the full potential of the technique are poorly developed due to a number of experimental
difficulties in the current detection. This section together with chapter 6 give a detailed
introduction to a novel pulse EDMR-ESEEM (ED-ESEEM) technique, which allows to
determine small HFIs of paramagnetic defects or impurities in thin-film solar cells which

are otherwise not resolvable in the EDMR spectrum. The purpose of this theoretical

35



2 Theory of EPR and EDMR

section is twofold. First a detailed introduction to spin-dependent conductivity in pc-
Si:H solar cells on the basis of the well-established spin pair theory of Kaplan, Solomon
and Mott (KSM) is presented [40]. Secondly, a detailed theoretical treatment of spin
dynamics of the novel ED-ESEEM sequence is given, which was developed in the present
thesis. A thorough treatment of this problem is necessary to correctly interpret the
experimental ED-ESEEM spectra presented in chapter 6.

2.7.1 Spin-dependent hopping transport in pc-Si:H p-i-n solar cells

In order to investigate the microscopic structure of paramagnetic defects in pc-Si:H p-i-n
solar cells, we first need a detailed understanding of the working principle and charge-
carrier transport processes of the solar cell. The working principle relying on a separation
of e-h pairs by internal electric fields is shortly described in Fig. 2.10.

Spin-dependent processes involving paramagnetic defects of interest are described
within the framework of the KSM spin pair model [40]. Transport of charge carriers
in doped and undoped a-Si:H or pc-Si:H at low temperature (T = 10 K) can occur by
charge-carrier hopping between localized states in the band tails of disordered materi-
als [41-43]. In phosphorus doped a-Si:H, the involved localized states are conduction
band tail states (denoted by e-centers in the following) and neutral fourfold coordinated
phosphorus donors P (cf. Fig. 2.10). Both of these states are paramagnetic in n-type
a-Si:H [44]. In intrinsic pc-Si:H, charge-carrier hopping between shallow paramagnetic
states below the conduction band edge (CE-centers) can contribute to the conductiv-
ity [45].

In contrast to extended state conduction, hopping relies on tunneling transitions be-
tween localized states. However, only those localized states which are part of a per-
colation path through the sample contribute to the current [42]. Let us assume that
there is one part of such a percolation path where an electron has to transfer from an
e-center (state A) to a P9 donor (state B) where the latter is already occupied by an
electron (cf. Fig. 2.11). In that case an exclusive spin pair in an intermediate state is
formed, since the transition probability for electron A tunneling onto state B forming a
doubly-occupied state is higher than tunneling onto any other state. The two electrons
of the spin pair can either occupy the same state or dissociate. The tunneling transition

is spin conserving due to the low spin-orbit coupling of Si [46]. If the two electron spins
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n-a-Si:H: i-yc-Si:H | p-pc-Si:H

Figure 2.10: Schematic band diagram and working principle of a pc-Si:H p-i-n thin film
solar cell. The solar cell is illuminated through the p-layer and light is ab-
sorbed in the intrinsic pc-Si:H layer generating excess charge carriers (e~
and h™ ). The separation of e-h pairs occurs by the internal electric field
generated by the doped a-Si:H and pc-Si:H layers. At low temperatures (T
= 10 K) charge-transport pathways through the solar cell are among oth-
ers hopping transport between paramagnetic states close to the conduction
band. In the n-type a-Si:H layer these are conduction-band tail states (e-
centers) and neutral phosphorus donors P§. In the intrinsic pc-Si:H absorber
layer, charge-carrier hopping occurs under the participation of CE-centers.
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in the intermediate state exhibit the same spin state (ms = +1/2 ) the final state will
be a spin triplet (S = 1). The Pauli principle, however, requires that the doubly occupied
state is a spin singlet (S = 0 ) and blocks the transport (cf. upper case in Fig. 2.11).
Using microwave irradiation resonant with electron spin of state B (vnw = vg) flips
the spin (cf. lower case in Fig. 2.11) and induces a transition from the triplet spin state
to a mixed state with higher singlet content. For spin pairs in the singlet state tunneling
transition of the electron A onto state B is allowed and state B will be doubly occupied. In
a further spin-independent step the electrons dissociate by hopping of one charge carrier
onto a neighboring unoccupied state. The overall effect of microwave irradiation is to

enhance the conductivity of the sample.

mw LT .
‘ 4
A S
V

Figure 2.11: Spin-dependent hopping conductivity in the KSM spin-pair model. Two
electron spins occupying two localized states A and B form a spin pair. The
spin state (ms = =+1/2) is indicated by grey or black arrows. Without
microwave irradiation the charge carrier transport remains blocked while in
the case of microwave irradiation resonant to spin B (v = vg) charge
carrier transport becomes allowed.

The spin pair consisting of two electron spins with Sy, = 1/2 gives rise to four energy
eigenstates sketched in Fig. 2.12. There are two triplet states with parallel alignment
of the electron spins |[T+) = | 1) and |T—) = | {4) . The two other states |2) and
|3) are mixed states of singlet \% (| 14y =1 41)) and triplet states [47]. Initially the four
eigenstates in the intermediate state are equally populated since the generation rate is
spin-independent. However, the transition rate from the intermediate state to the final
doubly-occupied singlet state is highly spin-dependent. The rate coefficients from the
triplet states rr (cf. Fig. 2.12) are much smaller than from states |2) and |3). In
the steady-state when there is a continuous generation and dissociation of spin pairs,
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2 Theory of EPR and EDMR

a highly non-equilibrium state is formed. In case r,3 > rr, the |2) and |3) states are
completely depopulated due to their small lifetime and a surplus of triplet states re-
mains. The non-equilibrium state of the spin pair is therefore a spin-correlated state. By
inducing transitions between eigenstates of the intermediate state by microwave irradia-
tion the overall transition rate to the final doubly-occupied singlet state increases. As a
consequence the total photocurrent flowing through the thin-film solar cell changes and
constitutes the observable in c.w. EDMR and pulse EDMR measurements.

|T+>

AN
\"

©)
)

s>

Figure 2.12: Energy level diagram of an electron spin pair. The final doubly-occupied
state is denoted by the singlet state at the bottom (S = 0). Rate coefficients
of transitions from intermediate to final state are indicated by rp 3 7.

Quantitatively, spin pair populations in steady state within the product operator-
formalism are well-described by a triplet precursor density matrix
1/1

1
03 =5 (5755 +57S) = (5 + 2512522) . (2.32)

The product operator-formalism provides a convenient way to calculate the evolution
of the spin system, which is equivalent to an explicit calculation of the matrix entries
in the established density-matrix formalism [21,48]. If we now apply a microwave pulse
(flip-angle ¢) to electron spin S; a transition from triplet to singlet states is induced.
The evolution of the density matrix under application of the S;, operator describing a
rotation of S; can be calculated using the Liouville equation

oo i
e = pltol
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and is given by [21]
0ds POy (2.33)

where we abbreviated unitary transformations V = UXU' with the unitary operator
U= e 0 py X #9, /. We have already seen that microwave manipulation of spin
systems leads to an observable change of the photocurrent. It was shown by Boehme and
Lips [49] that the transient change of the photocurrent is determined by the deviation of
the triplet population from its steady-state value

Aln(t) o asTg —o™ = Tr[odsS¥SS] — Tr[o*S¥SY]
1/1 1 1 1
= Tr {5 (§ + 25~1252z> (Z + 5512 + 5522 + S12522):|
T 0" 4 250, 4 =S5, + S1.55,) (2.34)
rio 4 2 1z 2 2z 1292z .

Since the single electron spin polarization Si, or S,, is negligible in our case (Byp=
0.35 T, T = 10 K), the observable transient current response is solely determined by
longitudinal two-spin order 51,55, in the final state

A/ph(t) x1—Tr [0'*5125221 . (235)

It is therefore possible to read out the spin state of the system after the microwave pulse
as shown by Rabi oscillation measurements on the above discussed pc-Si:H thin-film solar
cells [50].

2.7.2 ED-ESEEM of paramagnetic defects in thin-film solar cells

In the following we present an analytical treatment of the novel ED-ESEEM pulse se-
quence. The calculation is carried out for a correlated electron-spin pair coupled to one
or two nuclear spins. It is shown that the anisotropic HFI between the selectively excited
electron spin and a nuclear spin can cause an oscillation of the primary spin echo response
as observed by pulse EDMR. The characteristic oscillation frequencies are linked to HFIs.

The above presented concept to read out the electron spin state can be generalized
to determine the density matrix after a series of microwave pulses and delay times, as
for example in case of a two-pulse ESE sequence, which can also be applied to measure
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ESEEM. The two-pulse ESE sequence consists of two microwave pulses with a flip angle
of /2 and m, separated delays 7; and 7. The microwave pulse sequence generates a
primary echo at time 7, = 7y (cf. Fig. 2.13). In order to determine the spin state at the
time of echo formation with pulse EDMR an additional 7/2 read-out pulse to project the
transversal magnetization to longitudinal magnetization has to be added. The following
current transient then serves as the observable in a pulse EDMR experiment (cf. Fig.
2.13).

microwave on .
Al current transient

. . boxcar
off @ Ly on « > % ir?tegrationAQ

» time

Figure 2.13: Primary spin-echo microwave pulse sequence. The primary echo is generated
at time 7, = 1y and is projected to longitudinal polarization by an additional
7/2 - pulse for detection via the following current transient, whose amplitude
depends on the spin-density matrix.

The evolution of the density matrix during the two-pulse ESE sequence can be calcu-
lated by a series of transformations where we assume that S; is excited selectively

551 U MYT —U mSy U HYT —U 35S

y 2y T, U, o U, T, UL 2P 6% (27) (2.36)

-
Oss

with U describing the transformation from the Cartesian product basis to the eigenbasis
of the spin system and H3 denoting the diagonal spin Hamiltonian. With Eq. 2.35 we
obtain the following result for the change of the photocurrent at time of echo formation

(11 =T72)

AIP(27) oc 1 — Tr [0%(27)S12522] = 1+ I (7) (2.37)

where I, (T) denotes the intensity of the primary echo as observed by the pulse EDMR
sequence. The intensity of the echo is subject to electron-spin echo envelope modulations
(ESEEM) as a function of the pulse delay 7, if the electron spin S; exhibits anisotropic
HFI with a nearby magnetic nucleus. In the following, a detailed theoretical treatment of
the echo intensity is given to derive a quantitative expression for /,, (7) as a function of
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the HFIs. This is important for a quantitative analysis of the experimental ED-ESEEM
spectra presented in chapter 6.

We have seen that the paramagnetic states in pc-Si:H thin-film solar cells form spin
pairs which influence the photocurrent. The paramagnetic states of the spin pairs inter-
act with various magnetic nuclei present in the solar cell layers by HFI. Highly abundant
nuclei are 2°Si, 3P and 'H introduced by intentional doping. A measurement of the
HFIs of these nuclei yields a detailed picture of the microscopic structure of the para-
magnetic defects. One of the main contribution to the spin-dependent conductivity in
pc-Si:H thin-film solar cells is given by correlated spin pairs consisting of e-centers and
P9 donors. This spin pair will serve as a model system in the following to analyze the
energy eigenvalues and eigenstates. The theoretical treatment is, however, quite general
and can also be applied to CE-centers and other paramagnetic states forming spin pairs
in semiconductors. In chapter 6 we will see that a measurement of the two-pulse EDMR
ESE decay on the e-center/P$ spin pair transitions shows oscillations due to HFI with
magnetic nuclei. In the following we will discuss how the frequencies of the oscillations
are linked to the HFIs and, in the case of phosphorus, decide which kind of 3P nuclei give
rise to the observed ESEEM pattern. Before we analyze the microwave pulse sequence
and the evolution of the density matrix, it is necessary to discuss the spin Hamiltonian
of the e-center/PY spin pair coupled to nuclear spins. In general there is a multitude of
nuclei in the vicinity of the spin pair. However, the complex problem can be reduced to

two simpler cases:

1. There is one additional nucleus in the vicinity of the spin pair (cf. Fig. 2.14a),

2. There are no additional nuclei in the vicinity of the spin pair. In that case both

electron spins are coupled to the nuclear spin of the P$ donor (cf. Fig. 2.14b).

Both cases are shown schematically in Fig. 2.14. In the following we will investigate the
eigenstates and spin transitions in these two cases and denote the electron spin of the
e-center by S; , the electron spin of the P} donor by S,. Similarly, the nuclear spin of
the P donor is denoted by /, and nuclear spins of other atoms in the vicinity of S; (e.g.
29Sj, 31P or 'H) are denoted by /;. In the first case it is assumed that the electron spin
of the e-center is not coupled to the nuclear spin of the P9 donor since this is already
covered by the second case. Please note that the HFI between S, and /5, denoted by
AP is very large (A7~ 800 MHz) [44].

ISO ISO
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$ l,: ®Si, '"H or
“P of P

Figure 2.14: Schematic HFIs of e-center/P} spin pair. Electrons are denoted by full
circles and nuclei by open circles. The electron spin of the e-center (grey)
is denoted by S; and the electron spin of the P$ donor (black) is denoted
by S,. The nuclear spin of the P$ donor is denoted by /, and nuclear spins
of other atoms (e.g. 3'P of a diamagnetic P state) are denoted by /;. a)
e-center/P$ spin pair with S; coupled to an additional nucleus (e.g. °Si, *H
or 31P). b) Isolated e-center/P? spin pair. Both electron spins are coupled
to the nuclear spin of the P9 donor.

2.7.2.1 Energy levels and transitions of an e-center/P? spin pair coupled to an

additional nuclear spin

The spin Hamiltonian of a correlated e-center (electron spin S;) and P§ (electron spin
S5) spin pair with one nuclear spin /; = 1/2 coupled to S; = 1/2 via an anisotropic
hyperfine interaction tensor A and one nuclear spin /[, = 1/2 coupled to S, = 1/2 via an
isotropic hyperfine interaction AR is given by [21]

ISO

Ho = 5,512 + Qs,52; + (Wag — J) 251252, — (J + waa/2) (STSQ + 5f52+)
+AS1 1, + BS1, i Fwili, + AL Soylo, + Wi, loz (2.38)

ISO

where Qs = giugBo/h is the resonance frequency of spin S;, wqq and J denote
dipolar and exchange electron-electron coupling while w;, denotes the free nuclear Larmor
precession frequency of nuclear spin /. A= A, and B = /A2, + AZ, are the secular
and the pseudo-secular hyperfine interaction between S; and /; as defined in section 2.4.
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For a weakly coupled spin pair
AQ = [Qs, — Qs,| > |J + waa/2] (2.39)

the flip-flop term (5755 4+ S7S57) ineq. 2.38 can be neglected and we obtain a simplified
form of the spin Hamiltonian [21]

%\6\/ = 951512+Q52522+ (U.Idd _J) 2512522
+AS12, + BSy i+ W 2+ Ail:s)oS2Z/2Z + w’2/2z' (2'40)

At first sight the assumption of a weakly coupled spin pair seems to be unjustified,
due to the rather small difference of Zeeman energies of the investigated paramagnetic
centers. This difference is typically below 20 MHz for X-Band frequencies (9 GHz, 0.35
T, g =~ 2), hence intermediate electron-electron couplings render the weak-coupling
condition (cf. Eq. 2.39) invalid. Nevertheless we give two reasons why the assumption

of a weakly coupled spin pair is valid in most cases considered in this work.

1. In correlated spin pairs the transition probability from any state to states with
a certain singlet content is strongly suppressed as the electron-electron coupling
exceeds the difference in resonance frequencies of the individual spins [47]. Since
the EDMR signal is proportional to this transition probability, only weakly-coupled
spin-pairs are visible in EDMR. This is also in accordance with coherent Rabi-
oscillations measured by pulsed EDMR [50, 51].

2. If the individual spins of a spin pair exhibit similar g-values and one of the spins
is strongly coupled to a nuclear spin via isotropic hyperfine interaction (e.g.: e-
centers and P$-donors in n-type a-Si:H) its resonance frequency is shifted. In this
case we can restrict the discussion to one nuclear sublevel of I, (e.g. m,, = +%)
and combine the AEOSQZIQZ term with the electron spin Zeeman term in Eq. 2.40

to introduce a new effective spin Hamiltonian
HET = Qs,S1, + Q5,50 + (Wag — J) 251250, + ASi2l + BS1hx +wi i, (2.41)

where Qs, = gopsBo/h+AE /2. If AL s sufficiently large, the weak-coupling condition

ISO ISO

(cf. Eq. 2.39) will be fulfilled.
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‘Hy can be diagonalized with the unitary transformation

£I1y+772512/1y d
w
Ho Ho

with the angles n = (1o, — 1) /2, £ = (Na +np) /2 and

= _—B
Ne = arctan <A+2w/1>

-B
Mp = arctan (A*2wll)

The diagonal form of the spin Hamiltonian then takes the following form

HS = Qslslz+QSQS2Z+(wdd_J) 2512522

w w_
+?+/12 + 72512/12 + AEOSQZIQZ + wy, lo,

with wy = w12 + w34 and w_ = wis — ws4, Where

A B .:
wip = (W, + %) Ccosn, — Zsinm,

wi = (wy, — %) cosmg + Esinng

(2.42)

(2.43)

(2.44)

(2.45)

By wy = |wiz|, wp = |wss| we denote the absolute values of the ENDOR frequencies

A\®> B2
Wg = w,l—E +T

For the 16 energy eigenvalues we obtain
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101 ey, = et e W), ;o £y 2

| 24),12—) €20 = s, —;QSQ + (wddQ_ J) + :° + w2,2 - %
3003 ey = m e e ;o Y L

40 4) ey = o ) ;o T
|54),|5-) : esy5- = _951; s, (wddQ_ /) 4 + “’2’ + %

6101 6-) ey = oot e (o)), ;o § Y s

| 7+>: | 7_> CETH - = —9512— s, (wddQ_ J) + IO + % %
|8+),18=) s o = —9512— s, (wddz_ )+ f + %’ - % (2.47)

where the plus and minus signs refer to the orientation of /, (m,, = £1/2). For the
eigenstates in the Cartesian product basis we find

3

(o4

14) = cos (%) [tsTs ) [} — sin
[24) = sin () [ts, 5,4 [) + cos
34) = cos (") Msibs,t) 1) — sin
[4+) = sin (3) Hsibs, ) [1) + cos

)
) Vs, Ts,Tn) [T1,) — sin
)

s tsodn) 1)
s tsodn) 1)
[tsidsodn) 1)
[tsidsodn) ITh)

(o4

N N N N~ —
SIS SN ST IS AN TSN

~— N N N

54) = cos (2 st bn) 1)
64) = sin (2) Wsits,tu) 1) +cos (2 s, Tsibn) 1)
74) = cos (2) Wsibs,) 1) = sin (2 [bs, bssdu) 1)
184) = sin ("2) HsidsTu) 1) +cos (2) sidbsadn) 1) (2:48)
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To obtain the | —) eigenfunctions replace |1,) by ||,,). The energy level diagram is
shown in Fig. 2.15. Transition frequencies are shown in Fig. 2.17 and will be discussed
in sec. 2.7.2.3.
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Figure 2.15: Energy level diagram of e-center/P$ spin pair coupled to an additional nu-
clear spin. Allowed and forbidden transitions of S; are shown by solid and
dashed arrows, respectively. Transitions of S, are not shown for better
overview. Energy levels are shown for |1.,), energy levels with ||,,) can be
derived in an analogous way.

2.7.2.2 Energy levels and transitions of an isolated e-center/PS spin pair

In the following we evaluate eigenenergies and eigenstates of a correlated electron-spin
pair where both electron spins are coupled to one and the same 3'P nuclear spin of the
P2 donor state, that is /; = /,. The spin Hamiltonian for such a spin system can be
derived from Eq. 2.40 and is given by

Hy = Q5,512+ Q5,52; + (Waa — J) 251,52,
+AS 1, 4+ BSi 4wl + AR S, 1, (2.49)

I1SO

‘HE can be diagonalized with the unitary transformation
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£ly+n2S12ly+$451,52,1y+6257, 1y

HY > HY (2.50)

with the anglesn = (Nq — M) /2, € = (Mo + 1) /2,0 = (N — Ma) /2,0 = (Mp +Me) /2
where

_ 1 B -B
Nop = 5 [arctan <A+A_P +2w,) + arctan <A_AP +2w/>}

1so Iso

[arctan (W’%) + arctan (MA;—B—M” . (2.51)

1so 1so

N

Nse =

The diagonal form of the spin Hamiltonian then takes the following form

Hg = 951512 + Q52522 + (wdd - J) 2512522

w Wi_ w Wo_
+ 2, 4+ B8, + 2505, 1, + ——451,5,,1, (2.52)
2 2 2 2
with the nuclear frequencies wi», Ws4, Wse and wg, and
1
Wi+ = 5 (w12 + w3s + wse + wrs)
Wi- = 5 (w12 + W3s — Wse — Wrsg)
1
Woy = 5 (w12 — W3s + Wse — Wrsg)
1
W2 =5 (W12 — W34 — Wse + Wrg) . (2.53)

The eight energy eigenvalues are
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e — Qsl—QI—QSQ N (wdd2_ J) %

e — Qs, + Qs N (Waa —J) w2

3 e = QSEQS? - (“’ddi‘ 2 +%

4) ey = QSI;QSQ _ (wddz_ J) _ %

5): e = —Qs, +Qs,  (Wag — J) 4 Wse

6): e — —QSE— Qs, (wddi_ J) _%

7)ier = _9512_ 2y (wddz_ N e

18) : €g = —9512— s, + (wddz_ ) _ %

with the eigenfunctions

1) = cos (na ; 77¢> | 5,75, 77) — sin <”7a _21_ %) NENEN
2) = sin (ﬂa ;L %) | Ts,1s,11) + cos (na ;L %) | Ts, 150 )
3) = cos (”“ ”¢> [ Ts,bs, i) = sin (”a . ”¢) [ s, bsbi)
[4) = sin <71a 5 %) | ts,4s,T1) + cos <7)a 5 %) | Tsidsod)
5) = cos (77 ;L 9) | s, Ts,T1) — sin <”7 ;L 9) | s, Ts,41)
o) = s () et + cos () g
[7) = cos (775 779) | ds;ds,71) —sin (nﬁ ?79) | dsids, )
o) = s (5 ) st +cos (5™ bk

where
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w = (w+ A%A‘Z") cos(Ng + M) — gsin(na + M)
w = (ot AL cos(e —my) — sin(ra
wss = (e~ ) cosmy + )+ sinrmy + )
wrg = (w — A+TAE°) cos(ng — Mg) + gsin(nﬁ — Mg). (2.56)

The energy levels are shown in Fig. 2.16. The transition frequencies are shown in Fig.

2.17 and will be discussed in the next section.
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Figure 2.16: Energy level diagram of an isolated e-center/P? spin pair. Only allowed (a)
and forbidden (f) transitions of S; are shown. The energy level diagram is
drawn for |A| < [2w| and 0 < wyq, J, A, B< AL, g1 ~ ¢o, w) < 0, as it is
expected for isolated e-center/PY spin pairs.
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2.7.2.3 ESEEM detected by pulse EDMR

In the preceding section we discussed eigenstates and spin transitions of an e-center/P$
spin pair in a thin-film solar cell. The two electron spins are coupled to magnetic nuclei
in their vicinity and a measurement of these HFls yields a detailed microscopic picture
of the spin density distribution of the paramagnetic defects or impurities. The HFls
can be determined since they induce oscillations of the primary-echo intensity generated
by a modified two-pulse ESE sequence /2 — T — m — 7 — echo(w/2). In order to
determine a relation between oscillation frequencies and HFls, the observable change of
the photocurrent at the time of echo formation has to be evaluated. This can be done
by using Eq. 2.36 and Eq. 2.37 derived in sec. 2.7.2.

Before we discuss the result of this calculation, the spin transitions of an isolated e-
center/P? spin pair and an e-center/PY spin pair coupled to an additional nuclear spin
have to be compared. The transition frequencies in the form of a schematic EDMR

spectrum are shown in Fig. 2.17. In both cases the large AR between S, and /5 is

iso
much larger than the difference in g-value of both spin partners and the allowed spin flip
transitions of S; are well separated from those of S, and can be excited selectively. Fig.
2.17 a) shows the transition frequencies of an e-center/PY spin pair where Sy is coupled to
an additional nuclear spin. In that case the forbidden transitions of S; and the additional
nuclear spin are close to the allowed transitions of S;. Using a strong microwave pulse it
is possible to excite forbidden and allowed transitions of S; without selecting transitions
of S,. The simultaneous excitation of forbidden and allowed transitions is a prerequisite
for ESEEM [21]. By solving Eq. 2.36 and Eq. 2.37 we obtain for this particular case the

following echo modulation formula /5, (T)

k
L (T) = 1-— 7 (2 —2COSW,T —2COSWET + COSW4T +Ccosw_T)  (2.57)

with the modulation amplitude k = sin® 2. This result is identical to the well-known
two-pulse echo-modulation function in conventional EPR-ESEEM [21]. Since the in-
volved nuclear frequencies w, and wg contain the HFIs between S; and /;, the spin
density distribution of the excited spin S; can be determined.
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Figure 2.17: Schematic EDMR spectrum with allowed and forbidden transitions of a cor-
related spin pair. Transition amplitudes of allowed and forbidden transitions
are indicated by the length of the vertical lines. Spin-flip transitions of S;
are shown in red, transitions of S, are shown in black. Transitions between
eigenstates |/) and |j) are denoted by / — j and the brackets are omitted for
better readability. Parameters: By = 0.35 T wyq = 0 MHz, J = 50 MHz,
AEO =800 MHz, A = 20 MHz. a) spin pair coupled to an additional nuclear
spin. Parameters of the spin system: , g1 = 2.0044, g, = 2.02, B = 15
MHz, w;, = 15 MHz, w;, = 6 MHz. b) Isolated spin pair with one nuclear
spin coupled to both electron spins. Forbidden transitions of S, are not
shown. Parameters of the spin system: g; = g, = 2.0044, B = 3 MHz, w;
= 15 MHz.
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In case of an isolated e-center/P$ spin pair with one nuclear spin coupled to both
electron spins the situation is much more complex. The forbidden transitions of S; are
now well separated from allowed S; transitions, since flip of a nuclear spin requires a large
amount of energy (AR)) (cf. Fig. 2.17b). It is therefore impossible to excite S; and
S, selectively and the theoretical treatment of the pulse sequence becomes complicated.
However, in the particular case of an e-center/PY spin pair with a large AiF;o between S,
and /, a simultaneous excitation of allowed and forbidden transitions is impossible due
to the limited experimental excitation bandwidth of conventional microwave pulses (10
ns~! &~ 100 MHz) and ESEEM does not arise. These findings can be generalized to any
situation where the nucleus of interest exhibits an anisotropic HFI to the excited electron
spin but is also strongly coupled to another non-excited electron spin. In other words,
nuclear spins which are part of a non-excited paramagnetic center (strong HFI) do not
give rise to ESEEM.
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3 Materials and Methods

In the following chapter, details of the sample preparation protocols, the EPR measure-
ment routines and the applied DFT methods are summarized.

3.1 Materials

Application of EPR and EDMR techniques to investigate defect states in thin-film silicon
solar cells requires special sample preparation protocols since thin-film silicon solar mod-
ules and even lab-scale cells are too large in size to be placed in EPR resonators. The area
of the cell has to be reduced to 1x1 mm? by laser scribing or by photolithography due to
the small size of the resonators. For EDMR a special contacting scheme was developed
to connect the small cell with the external current detection circuit. Solar cells with an
area of 1x1 mm? and a thickness of the layer of about 1 um do not contain enough
defect states to meet the sensitivity requirements of EPR. To investigate the different
layers (e.g. the absorber layer, i-layer in p-i-n solar cells) of the solar cell structure by
EPR, it is mandatory to isolated the layers from the cell and to prepare separate films of
these layers on adopted substrates. This is usually done by depositing only the layer of
interest on a large (10 x 10 cm?) area and then collecting the material in powder form.
By this technique the sample mass can be increased by four orders of magnitude. To
investigate degradation effects of the solar cell materials by light, the samples have to

be illuminated by a standardized degradation protocol.

3.1.1 a-Si:H powder samples

Undoped a-Si:H samples were deposited at Forschungszentrum Jiilich with Plasma-
enhanced Chemical Vapor Deposition (PECVD) at 185 °C from gas mixture of silane
and hydrogen on a 10 cm x 10 cm Al foil substrate [52,53]. The silane concentration
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Figure 3.1: Sample preparation: The a-Si:H thin film were deposited on Al-foil. After
etching with diluted hydrochloric acid, the a-Si:H powder samples were col-
lected and sealed in EPR quartz tubes. Photo courtesy of Forschungszentrum
Jiilich.

defined by the ratio of the process gas flow SC = SiH4/(SiH4 + H,) was varied from
10 to 100% to obtain material of different electronic quality [54]. A selection of a-Si:H
samples investigated in this thesis is given in Table 3.1. The different initial defect den-
sity of the samples in the as-deposited state reflects the fact that the samples exhibit
different electronic quality. However, as will be analyzed in detail in chapter 4 and 5, the
EPR parameters of the different a-Si:H samples are only minor affected by a variation of
the deposition conditions.

It is known that a-Si:H typically contains 10 at. % hydrogen [10,55]. The films were
removed from the substrate by diluted hydrochloric acid and the flakes were collected in
EPR quartz tubes. To provide thermal contact of the sample with the coolant during
low-temperature measurements and to avoid oxidation, the EPR quartz tubes are filled
with 0.5 bar He gas and sealed afterwards.

3.1.2 Light soaking and thermal annealing

Light soaking was performed while the films were still on the Al-foil substrate to guarantee
a homogeneous degradation of the a-Si:H sample. After light soaking the samples were

removed from the substrate as described above. Degradation was performed with a
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a-Si:H sample | SiH4/(SiH4 + H,) as-deposited N, light soaked N
[em=3] [cm~=3]

A (08B455) 100 % 3.2-10% -

B (08B191) 10 % ~ 1015 4.6-10'

C (09C345) 100 % 4.3 - 10 (annealed) 5.3-10%

Table 3.1: Undoped a-Si:H powder samples studied in this thesis. SiH4/(SiH4 + H>)
indicates the precursor gas dilution with H,. Typical errors for the defect
density are 30 % [56]. For completeness, the laboratory name of the samples
is listed in parenthesis.

conventional sun simulator under AM1.5 and 50°C substrate temperature for 400h -
1000h at Forschungszentrum Jiilich.

In order to reverse the SWE, the powder samples were thermally annealed at 200 °C
for 2h in a furnace. The powder samples are annealed inside sealed EPR quartz tubes,
which are filled with 0.5 bar He gas. In the case of device-grade samples prepared with a
silane concentration of SC = 10 %, the defect density decreases by about a factor of 10.
In case of sample C (non-device grade sample - high deposition rate) the defect density
decreases only by 1-10'cm ™2 during annealing. H effusion from the samples at 200 °C

is therefore negligible since annealing decreases the defect density for all samples.

3.1.3 pc-Si:H thin-film silicon solar cells

Thin-film silicon p-i-n solar cells were deposited at the Forschungszentrum Jiilich using
PECVD on Corning glass [52,57,58]. The cells consist of a layer stack with 150 nm
ZnO:Al TCO, boron-doped p-pc-Si:H, 1 pm intrinsic pc-Si:H absorber, phosphorus-doped
n-a-Si:H emitter, ZnO and silver as a back contact. The phosphorus and boron dopant
concentration is estimated to be 1.5 at. % and 0.2 at. %, respectively. The solid-phase
hydrogen concentration in pc-Si:H and a-Si:H is known to be about 10 at. % [10,55].

The deposited solar cells and the metallic contact are patterned by laser scribing to
achieve a solar cell area of about 1x1 mm? (cf. Fig. 3.2). The contact leads are prepared
in long stripes to contact the solar cell outside of the EPR resonator.
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Figure 3.2: Contact geometries of pc-Si:H thin-film silicon solar cells used for pulse
EDMR measurements. Contact lines and pads consisting of 100 to 200
nm silver are indicated by the black areas. The active area of the solar cell is
shown by the grey area. Optical micrograph from this part of the sample is
shown in the enlarged section on the right side of the figure. All dimensions
are in mm.

3.2 Methods

3.2.1 EPR measurements

Pulse and continuous wave (c.w.) EPR spectroscopy were carried out on commercial
Bruker BioSpin ElexSys spectrometers at various frequencies:

e S-Band: Pulse EPR spectroscopy at S-band was performed on a Bruker BioSpin
ElexSys E580 spectrometer equipped with a Super-S FT upgrade and a 41185-MS5
probe head. The spectrometer is located at the Freie Universitat Berlin.

e X-Band: The pulse and c.w. experiments at X-band were done using a Bruker
BioSpin ElexSys E580 spectrometer. For pulse EPR measurements the ER4118X-
MD?5 probe head is used. c.w. EPR spin-counting measurements were done in a
Super High-Q cavity resonator (Q = 8000) and the Bruker spin-counting routine.
The spectrometer is located at the Helmholtz-Zentrum Berlin in Adlershof.

e Q-Band: The EPR spectra at Q-band were acquired with an ElexSys E580 spec-
trometer and had a Super-Q FT upgrade and a probe head home built by FU Berlin
(Friedhelm Lendzian and Christian Teutloff). The spectrometer is located at the

Freie Universitat Berlin.

e W-Band: The pulse EPR measurements at W-band were performed on an ElexSys
E680 with a Teraflex EN600-1021H resonator. Temperature control was realized
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with CF935 helium bath cryostats and I'TC503 temperature controllers from Oxford
Instruments. The spectrometer is located at the Freie Universitat Berlin.

A determination of the defect density in a-Si:H powder samples was carried out by
counting the spins in a X-Band c.w. EPR experiment [56]. The amplitude of the
absorption signal was calibrated with a highly diluted (2,2,6,6-tetramethylpiperidin-1-
yl)oxidanyl (TEMPOL) in toluol solution [56]. All spectrometers are equipped with a
microwave-pulse forming unit (MPFU) producing the low power microwave pulses, which
are amplified before they interact with the sample. The MPFU provides at least four pulse
channels, where each channel produces microwave pulses with different phases relative
to the reference arm. The phase settings are denoted by +x, -x, +y and -y [21].

Fig. 3.3 shows the EPR pulse sequences applied in this thesis. The following pro-
vides short overview of the various pulse sequences and their purpose. For some pulse
sequences, the application of phase-cycling steps is mandatory in order to filter out un-

wanted signal contributions [59].

1. The 2-pulse ESE sequence, generating a primary echo, is used to measure the
field-swept echo detected EPR spectrum (fixed T), the transversal relaxation prop-
erties by the primary-echo decay (incrementing 7) and ESEEM modulations on the
primary-echo decay (incrementing 7). For a correct determination of the primary-
echo decay, the phase of the initial /2 pulse has to cycled (+x, -x), otherwise

resonator ring-down can interfere with the signal.

2. The Inversion recovery sequence is used to measure the longitudinal relaxation of
the electron spin after the initial inversion pulse (w-pulse). The signal recovery as
delay time T increases is monitored by a 2-pulse ESE sequence. Very often the
excitation band width of the initial microwave pulse is not sufficient to excite the
complete EPR resonance line, and additional echoes can occur. To remove these
signals a four-step phase cycling sequence was applied (cf. Table 3.2).

3. The 3-pulse ESE sequence generates a stimulated echo after the last microwave
pulse [21]. The pulse sequence can be used to measure longitudinal relaxation
(incrementing T at fixed 7) and transversal relaxation (increasing 7 at fixed T).
When incrementing T at fixed 7, the decay of the stimulated echo can be used
to measure ESEEM (3-pulse ESEEM). Several echoes besides the stimulated echo
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Inversion 3-pulse ESE

Recovery
1.7 2: mw/2 Im 1. /2 2: /2 3. 7/2
+X +X +X +X +X +X
+X -X +X -X +X +X
-X +X +X +x -X +X
-X -X +X -X -X +x

Table 3.2: Phase-cycling steps of inversion recovery and 3-pulse ESE sequence.

can occur in a 3-pulse ESE sequence. To remove these signals a four-step phase
cycling sequence was applied (cf. Table 3.2).

4. The Davies ENDOR sequence is similar to the inversion recovery sequence, but
has an additional intense RF-pulse applied during the delay time T. The RF pulse
flips the nuclear spin by 7 and therefore redistributes spin populations among the
eigenstates of the spin systems. Please refer to sec. 2.5 for details about the
physics of the ENDOR mechanism. Experimental details are described in the next

section.

3.2.2 Pulsed Davies ENDOR

To determine the hyperfine coupling between paramagnetic defects and magnetic nu-
clei experimentally, pulsed ENDOR experiments have been performed at a microwave
frequency of 34 GHz (Q-band) and a temperature of 80 K. The measurements were
carried out on a Bruker Elexsys E580 spectrometer at FU Berlin equipped with a
Amplifier Research 250A250A RF amplifier and a home-built Q-band ENDOR res-
onator. The ENDOR spectra were recorded with the Davies ENDOR pulse sequence
m—T —m/2—7—7— T — echo with delay times T = 22 us and 7 = 400 ns. The ex-
citation bandwidth of the initial microwave preparation pulse can be varied by increasing
its length while decreasing its power to keep the flip-angle constant at w. The RF-pulse
during the delay time T was applied for 19 us. All ENDOR spectra were recorded in
stochastic mode [60], where the RF is varied randomly with a shot repetition time of 2
ms. The random RF pattern resulted in an excellent baseline stability by avoiding heat-

59



3 Materials and Methods
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Figure 3.3: Electron-spin echo (ESE) microwave pulse sequences applied in this thesis.
(i) 2-pulse ESE sequence, (ii) inversion recovery, (iii) 3-pulse ESE sequence
and (iv) Pulse Davies-ENDOR sequence.

ing artifacts and prevented asymmetric ENDOR intensities due to nuclear spin relaxation
effects [61].

3.2.3 EDMR measurements

Pulse EDMR measurements were carried out on a modified EPR spectrometer based
on a commercial Bruker E580 spectrometer operating at 9.5 GHz. The commercially
available spectrometer was augmented with a homebuilt current detection circuit (cf. Fig.
3.4). The EDMR solar cell sample was placed inside a standard dielectric ring resonator
(Bruker ER 4118X-MD5) and cooled to a temperature of 10 K by a He-flow cryostat.
The solar cell sample is electrically connected to an external voltage source and a transient
current amplifier manufactured by the Elektronik-Manufaktur Mahlsdorf. The solar cell
was illuminated with a halogen lamp (50 mW/cm?) and biased in reverse direction (Us
=- 1.0 V) by applying a constant voltage generating a steady-state photocurrent /,, =
17 pA. The static external magnetic field is generated by an electromagnet. Changes of
the photocurrent induced by resonant microwave pulses (Vmy = 9.5 MHz) are amplified
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by the transient current amplifier (cf. enlarged view in the lower part of Fig. 3.4). The
microwave pulses were amplified by a 1kW TWT amplifier to achieve a w/2 - pulse length
(S = 1/2) of 16 ns. The transient changes of the photocurrent are subject to low-pass
filtering by the RC-time constant of the sample. In addition, the transient current change
is processed by an analog bandpass filter after current amplification. Finally the amplified
and filtered signal is read into the spectrometer software by a transient recorder (8 bit

analog-to-digital converter).

mw source @ magnet light
9.5 GHz \%j /;‘/
4 . ~_ He-cryostat

current detection

sample -
SRR fransimpedance transient
] amplifier bandpass amplifier recorder
@ I [N N
1
| S|

Figure 3.4: Pulse EDMR setup based on a commercial EPR spectrometer. The sample
can be illuminated with a light source through an optical window of the
resonator. For details see text.

Due to the fact that the described current detection setup has a rather large band-
width of about 1 MHz, the transient signals are strongly affected by electromagnetic
interference (EMI). Weak disturbances from the environment coupling to the electri-
cal circuit can be avoided by using a symmetric current detection implemented in the
above described current amplifier. Strong electromagnetic disturbances originate from
the TWT amplifier, which could only be avoided by moving the TWT device away from

the detection circuit with a distance larger than 2 m.

3.2.4 Density-functional theory calculations

The DFT calculations were performed by Christoph Freysoldt and Gernot Pfanner at

the Max-Planck-Institut fiir Eisenforschung in Diisseldorf. DFT calculations were carried
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out with a plane-wave pseudopotential formalism implemented in the Quantum Espresso
package [62]. We used norm-conserving, scalar-relativistic Troullier-Martins pseudopo-
tentials and the PBE exchange-correlation functional. A plane-wave energy cutoff of 30
Ry ensures convergence with respect to the basis set. The Brillouin zone integration is
done on a 6x6x6 Monkhorst-Pack mesh. The HFIs of all atoms in the supercell are de-
termined from a PAW-like post processing step from the self-consistent calculation [63]
using two projectors per 1-channel. Please note that the HFIs of 2°Si nuclear spins are
mostly negative, since the nuclear g-value of 2°Si (g, = -1.1106) is negative. The g-tensor
is computed by the GI-PAW formalism [64]. We consider 27 a-Si:H models consisting of
64 silicon and 8 hydrogen atoms. The defect-free a-Si:H models were created either by
releasing hydrogen into WWW-models of a-Si [65] or by heating and gradually annealing
of ¢-Si:H models [66]. DBs were generated from these models by removing one of the
hydrogen atoms, followed by structural relaxation.
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4 The microscopic nature of native
coordination defects in a-Si:H

A determination of the microscopic structure of paramagnetic coordination defects in a-
Si:H is mandatory for a deeper understanding of the electronic properties of the material
since the defects form deep traps for excess charge carriers in the mobility gap. The de-
fects therefore degrade the photoconductivity and efficiency of solar cell devices based on
this material. Theoretical models which account for the generation of these defect during
the deposition process explicitly assume that the dominant defect center is a threefold-
coordinated Si atom, a dangling-bond (DB) [17, 18]. In this chapter the microscopic
nature of paramagnetic coordination defects in a-Si:H is investigated by multifrequency
EPR. The improved spectral resolution at high magnetic field reveals a rhombic splitting
of the g-tensor with the following principal values: g, = 2.0080, g, = 2.0060 and g, =
2.0033 and shows pronounced g-strain, i.e. the principal values are widely distributed.
The multi-frequency approach furthermore yields precise 2°Si hyperfine data. In order to
translate the experimental EPR parameters into a structural model on the atomic level,
DFT calculations on 27 computer generated a-Si:H DB models were carried out. These
yielded g-values close to the experimental data but deviating hyperfine interaction values.
It is shown that paramagnetic coordination defects in a-Si:H are more delocalized than
computer-generated DB defects and models to explain this discrepancy will be discussed.

4.1 Introduction

The performance of thin-film solar cells and other devices based on hydrogenated amor-
phous silicon (a-Si:H) is limited by localized defect states in the mobility gap, which act as
recombination centers for excess charge carriers. In undoped a-Si:H, the defect centers
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are paramagnetic and give rise to an inhomogeneously broadened asymmetric EPR line
at around g = 2.0050 - 2.0055 [19]. The intensity of this signal is routinely used as a
measure for the electronic quality of a-Si:H [67]. The impact of these defect centers on
the efficiency of solar cells is even aggravated by the fact that the defect concentration
significantly increases upon light exposure [14] (light-induced degradation - SWE [8,9]).
In order to reduce the a-Si:H defect density in the initial and stabilized state after light
soaking, optimized deposition protocols have been developed [10]. Despite these im-
provements, a nanoscopic understanding of the processes leading to the creation of
light-induced defects is still missing [13]. A detailed knowledge about the microscopic
origin of these defect centers is therefore mandatory for a deeper understanding of the
electronic properties of a-Si:H. There has been a controversial debate in the literature
as to whether the dominating defects in a-Si:H originate from threefold-coordinated Si
atoms, giving rise to dangling-bond (DB) defects, or from fivefold-coordinated Si atoms,
giving rise to floating-bond (FB) defects [19,68]. To decide between the two alternative
defect models, EPR techniques are most valuable, since the EPR spectrum reflects the
electronic structure of the paramagnetic defect. In the present case, the EPR spectrum
is determined by two interactions, the Zeeman interaction given by the g-tensor, and
the hyperfine interaction (HFI) between the unpaired electron spin and nuclear spins of
close-by H and Si atoms. While the g-tensor reflects the global electronic structure of
the paramagnetic defect, HFIs probe the defect wave function locally. Combining these
two pieces of information detailed spin-density maps of the unpaired electron spin may
be obtained, which constitute highly desired information to identify the microscopic ori-
gin of the defect centers. A detailed analysis of the EPR spectrum of the coordination
defects was first carried out by Stutzmann et al. at X-band frequency [19]. They deter-
mined the g-tensor of the unpaired electron spin to be axially symmetric with principal
values similar to the P, center observed at the Si/SiO, interface [69, 70] (cf. Table
4.1). In a subsequent study, Umeda et al. [71] revised the g-tensor values by studying
the EPR spectrum at different resonance frequencies (S-, X- and Q-band) with increased
spectral resolution (cf. Table 4.1). However, in both studies the symmetry of the the
g-tensor was already assumed as axially symmetric in their fitting models and never sys-
tematically tested against rhombic symmetry. In addition to the g-tensor, Stutzmann
et al. [19] determined the HFI with the nuclear spin of the Si atom where most of the
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defect spin density is concentrated. The HFI of this particular atom is characterized by
an anisotropic tensor, which will be denoted by A, in the following, i.e. the A-tensor
with the largest isotropic HFI. By analyzing the principal values of this tensor within
an analytical linear combination of atomic orbitals (LCAO) model [72], Stutzmann et
al. [19] determined the wave function of the defect. Since their analysis of the HFI
suggests that the sp*-hybridized defect wave function is of strong p-character, the au-
thors concluded that the electronic structure of the given center resembles a DB similar
to the P, center. However, the isotropic HFI (Aso) of coordination defects in a-Si:H,
as evaluated by Stutzmann and Biegelsen [19, 73], is given by A, = 200 MHz and is
therefore much smaller than the isotropic HFI of the P, center (Aso = 315 MHz) [74].
This discrepancy was attributed to a relaxation of the atomic structure of the DB from
a tetrahedral configuration to a more planar geometry, induced by the amorphous envi-
ronment. |t was argued that in the latter configuration the p-character of the DB wave
function is enhanced over the s-character, which leads to a smaller isotropic HFI. It is
however not a priori clear whether such a relaxation actually takes place when a DB is
created in a-Si:H. This question can only be clarified by a detailed quantitative theo-
retical treatment of the atomic DB structure and the resulting EPR parameters, which
is still missing up to now. The possibility to compare experimental g- and A-tensors in
amorphous semiconductor materials with theoretical calculations came into reach only
recently. This was mainly due to two reasons. Firstly, precise g-tensor data is usually only
available for crystalline materials and secondly, a lack of ab-initio approaches capable of
calculating g-tensors from complex material structures. This situation changed with the
advent of advanced density functional theory (DFT) methods, which proved to be able to
reproduce experimentally determined g-tensors even in complex Si materials [64,75]. Up
to now such studies have been restricted to crystalline Si materials. One of the purposes
of this study is to extend this powerful approach to a-Si:H. Here, we present a detailed
experimental and theoretical analysis of the g-tensor and the HFIs of the dominant de-
fect center in a-Si:H. We employ high resolution EPR measurements and complement
them by density functional theory (DFT) calculations capable of relating the measured
g- and A-tensors to the spin-density distribution, binding geometry and the electrostatic
surrounding of the paramagnetic site. The defects in a-Si:H are studied experimentally
by multi-frequency EPR (S-band: 3.6 GHz/0.13 T, X-band: 9.7 GHz/0.34 T, Q-band:
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34 GHz/1.2 T and W-band: 94 GHz/3.35 T). In the absence of field-dependent line
broadening mechanisms and at high signal to noise ratio (S/N), a high frequency spec-
trum is in principle enough to determine the principal values of the g- and A-tensors as
well as their relative orientation. In the present case however, pronounced site-to-site
variations of the principal g-values (g-strain) restrict the determination of the principal
A-values at high resonance frequencies. This limitation can be circumvented by the multi-
frequency approach, which allows to separate field-independent (A) and field-dependent
(g) spectral contributions. The HFIs are thereby best resolved at low magnetic fields
and corresponding frequencies (S-band and X-band), while the principal values of the
g-tensor can be best determined at high frequencies (Q-band and W-band). Further-
more we applied field-swept echo-detected EPR (FSE) instead of the previously used
continuous wave (c.w.) EPR. FSE-EPR resolves broad, tailing spectral features better
than c.w. EPR techniques. g- and A-values are extracted from the experimental FSE
spectra by a robust simultaneous fitting procedure. As a result we show that the g-tensor
symmetry of the localized defect is rhombic and therefore lower than axial symmetry as
claimed in earlier studies [19, 71]. This result is important to improve the reliability and
precision of g-tensor values and provides the basis for detailed studies of the correlation
between the material properties and g [54, 76]. Improved g-tensor values may also help
to determine structural differences between light-induced and native defects and thereby
shed new light on the physical processes underlying the SWE. In order to see whether
or not the experimentally determined g- and A-values are adequately described by the
atomistic DB model, we employed 27 a-Si:H models, each containing a single DB defect.
The g- and A-values of each DB model were then calculated by DFT methods.

4.2 Experimental details

The material investigated in this chapter is an undoped a-Si:H sample in the as-deposited
state (sample A) (cf. sec. 3.1.1). The experiments were carried out at different mi-
crowave frequencies (S-band, X-band, Q-band and W-band, respectively) at a tempera-
ture of 80 K. To measure the EPR spectrum a typical field-swept ESE pulse sequence
(FSE) (w/2 — 7 — ™ — T — echo) is utilized with a 7 - pulse of 52 ns, 32 ns, 80 ns,
128 ns and an interpulse delay 7 of 400 ns, 250 ns, 400 ns, 300 ns at S-, X-, Q- and
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W-band, respectively. FSE spectra were independent of 7 (data not shown) and the
shot-repetition time was set long enough to avoid a saturation of the spin system ( >
2ms). Details about the DFT calculations are given in sec. 3.2.4.

4.3 Results and Discussion

Fig. 4.1 depicts FSE spectra of a-Si:H powder samples taken at different microwave
frequencies (S-band, X-band, Q-band and W-band, respectively) at a temperature of 80
K. In the left column (Fig. 4.1 a-d) experimental spectra taken at the indicated frequency
bands are shown (crosses) together with simulations obtained with the parameters given
in Table 4.1 (red solid lines) and the difference between experiment and fit (black solid
line at the bottom).

In the right column (Fig. 4.1 e-h) simulated FSE spectra in the absence of g-, A-strain
and broadening due to unresolved HFIs are shown, to make the impact of g and A on
the line shape at different resonance frequencies more obvious. In the following we will
first qualitatively assign the frequency dependent line shapes to the dominating magnetic
interactions. Secondly we describe the fitting routine applied to quantitatively extract
the principal g- and A-values. Finally we compare these parameters with values derived
from DFT calculations on computed a-Si:H DB models.

4.3.1 Analysis of experimental spectrum

The S- and X-band spectra (cf. Fig. 4.1 a,b) consist of an intense central line and two less
intense satellite peaks (cf. enlarged spectral regions in Fig. 4.1). Si enrichment studies
showed that the EPR spectrum is subject to isotope effects, since naturally abundant
Si is composed of stable non-magnetic isotopes (?8/3°Si) with a total abundance of
95.32 %, and one stable magnetic isotope (?°Si) with an abundance of 4.68 % [73].
If the immediate vicinity of the defect is depleted from magnetic isotopes (?°Si and
'H) large HFIs are absent, resulting in the narrow central line, which is broadened by
unresolved HFI to 'H and 2°Si nuclear spins [71,77]. This broadening of the resonance
line is well-described by a Lorentzian in the central part of the line (cf. Fig. 4.1 S-band
spectrum) and its width is proportional to the abundance of 2°Si, p, for p < 10 % [71].

In cases, however, where the unpaired electron spin is mainly located on 2°Si atoms
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Figure 4.1: S-/X-/Q- and W-Band field-swept echo EPR spectra of defects in a-Si:H
(g = 2.0055) at a temperature of 80 K. Each spectrum was recorded by
integrating the primary echo of a (m/2 — T — ™ — T — echo) pulse sequence.
Left column (a-d): experimental spectra (crosses) and the fitted spectra (red
solid line) obtained with the model described in the text. In addition to the
coordination defects, another EPR signal with g = 1.9975 is observed, marked
by (*). The residual between the experimental spectra and the fit is shown
by the black solid line at the bottom. Spectra are offset vertically for clarity.
Right column (e-h): fitted spectra without g-strain, A-strain and isotropic
magnetic field broadening. Principal values of the A -tensor and the g-tensor
are indicated by horizontal and vertical lines in €) and h), respectively.
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the EPR spectrum is dominated by strong HFI (> 150 MHz, equivalent to > 7 mT)
giving rise to satellite formation in the EPR spectrum. These satellites are symmetrically
centered about the narrow central line (cf. Fig. 4.1 a and e). However, the satellites are
already at S-band frequencies significantly broadened by site-to-site disorder resulting in a
distribution of 2°Si HFIs (A-strain), which hampers the precise determination of the 2°Si
HFIs. Upon increasing the resonance frequency, the central line and the satellites exhibit
increasing asymmetric line broadening, which may be attributed to g-anisotropy and -
strain. Therefore, the satellites, which are still resolved at X-band frequencies, overlap
with the central line at Q- and W-band. Two points regarding the spectral evolution with
increasing frequency are important to note. First, there is no resolution of the principal
g-values, i.e. the g-tensor, due to the fact that g-strain proportional to the resonance
frequency limits the resolution, even at very high frequencies (cf. Fig. 4.1 d and h).
Second, the fact that the satellites are not observable at higher frequencies makes it

impossible to extract the magnetic parameters at one single frequency.

4.3.2 EPR signal from paramagnetic impurity

Overlapping the previously observed coordination defects (g = 2.0055), we found an
additional spectral contribution in the S- and X-Band EPR spectra (marked by (*) in
Fig. 4.1 a, b) which, to the best of the authors knowledge, was not observed before due
to limited S/N of previous measurements. At S-Band frequencies, this signal is split in
two narrow HFI components, which are symmetrically centered around a g-value of g, =
1.9975. This deviation from the g-value of the coordination defects clearly shows that
the signal centered around g, must be assigned to an additional paramagnetic site and
cannot be ascribed to additional HFl components of the coordination defects. The large
HFI indicates that the paramagnetic center is located on an impurity atom, like H or N.
The center cannot be located on a Si atom, since non-magnetic Si isotopes would give
rise to an intense central line at g, which is not observed. The most abundant magnetic
nuclei of H or N are *H with a nuclear spin of / = 1/2 and N with a nuclear spin of | =
1, giving rise to either two or three EPR lines, respectively. At present it is impossible to
distinguish between these two cases since the central **N-HFI line would overlap with the
much more intense central line of the coordination defects. However, for both isotopes

the HFIs and the g-value can be directly extracted from the EPR spectrum. In case the
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center is associated with 'H the HFI is &~ 320 MHz and in case of N half this value,
l.e. ~ 160 MHz. At X-Band the impurity signal is still observable but shifted to higher
magnetic field relative to the central line, due to the lower g-value. In addition, the
signal starts to broaden due to the growing influence of g-strain. At Q- and W-Band

frequencies the impurity signal is completely buried under the main spectral contribution.

4.3.3 Fitting model

The EPR signal may be described by the following spin Hamiltonian (#) of a single
electron spin (S = 1/2) coupled to j surrounding nuclei:

H:,LLBBogS/h—I—Z/,LNanBolJ/h—f—ZSAJIJ (41)

J J

g and A are 3x3 matrices with the principal values (gx, g,, g-) and (As, A,, A),
respectively. Their respective principal axes systems are not necessarily collinear.

Due to the presence of strong g- and A-strain, the dominating A- and g-values cannot
be extracted from the EPR spectra directly. Instead simultaneous simulations of the EPR
spectra based on Eq. 4.1 have to be performed. Since the spin system is sufficiently
dilute only one electron spin needs to be included in the calculations. In that case the
Zeeman term in Eq. 4.1 can be solved exactly with the three principal values of the
g-tensor as fit parameters. The magnetic-field dependent broadening induced by g-strain
is explicitly included in the simulation as an uncorrelated gaussian distribution of the
principal values. This procedure has the advantage that the distribution parameters can
be extracted directly from the fitting routine and are therefore separated from magnetic-
field independent broadening. In contrast to the Zeeman term, the treatment of the HF|
term in Eq. 4.1 is more complicated, because an exact simulation including all nuclei is
impossible. We therefore introduce a fitting model with certain approximations. The HFI

term in Eq. 4.1 is usually divided into two terms

Hur = Z SA I+ Z SAJ'IJ' (4.2)

k=1 Jj#k
where the first term describes the resolved HFI, for which the EPR resonance positions

are calculated explicitly in the simulation. The second term describes the unresolved
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HFIl which leads to a broadening of the magnetic resonance line and is described by
an empirical broadening function. This is a very convenient procedure, since the first
term usually involves only a few nuclei, while the second term runs over a very large
number of nuclei. The shape of the broadening function is usually well-described by
one or two-parameter functions like a Gaussian, Lorentzian or Voigtian line shapes [78—
80] which can be fitted to the resonance line by parameter adjustment. In addition
to unresolved HFls, paramagnetic centers in the solid-state experience additional line
broadening due to electron-electron spin-spin interaction and life-time broadening due
to T; and T, mechanisms. However, for the low defect concentrations and the low
temperatures used in this study both of these mechanisms contribute less than 1 uT to
the line width and are therefore negligible [81, 82]. This approximation is furthermore
supported by the experimental observation that the line width of the broadening function
is directly proportional to the 2°Si content of a-Si:H [71]. We can therefore conclude that
the broadening function is dominated by unresolved HFls. It is important to note that
due to the low natural abundance of 2°Si (p < 100 %) the central line portion of the
broadening function has approximately a Lorentzian and not a Gaussian shape [71, 80].
As in earlier studies we use a fitting model, where only one 2°Si nuclear spin is treated
explicitly (n = 1in Eq. 4.2, A; = AL). The broadening function due to unresolved HFI by
the residual nuclei is modeled by a Voigtian line broadening function [19,71]. In addition,
we limit the number of fitting parameters by introducing several prior assumptions for
the symmetry of the A_-tensor and the orientation between the g- and A_-tensor. Since
the satellites are strongly affected by inhomogeneous broadening it is difficult to test
the symmetry of the A -tensor against rhombicity. Furthermore the relative orientation
between the A_- and g-tensor and its distribution cannot be determined independently, so
we simply assume that both tensors are collinear with g, and A, being parallel. In addition,
we simulated the observed impurity-related signal and added its EPR spectrum linearly
to the main contribution in the EPR spectrum. In the simulations we assumed that the
impurity spectrum originates from 'H. This assumption leads to additional uncertainty in
the central region of the spectra. However, due to the fact that the integrated intensity
of this contribution would be less than 1 %, the presence of the impurity in the EPR
spectra has only minor influence on the determination of the EPR parameters of the

coordination defects, which are the main subject of the present publication.
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4.3.4 Multifrequency Fit

To extract the A and g-values we applied the following step-wise fitting routine. In a
first step, the Q- and W-band spectra were fitted simultaneously by adjusting the distri-
bution parameters of the three principal g-values (mean value and standard deviation).
In a second step, the S- and X-band spectra were fitted by adjusting the distribution pa-
rameters of the A_-tensor principal values, where we again assumed independent normal
distributions. In a third step, the S-band spectrum was fitted by adjusting a convolu-
tional Voigtian line broadening function accounting for inhomogeneous broadening by
unresolved HFI. In a fourth step, the S- and X-band spectra were fitted by adjusting
the g-tensor, g-strain, A, and the integral intensity of the 'H impurity. The four steps
were repeated in a loop until convergence is reached. The simulations of the individual
solid-state EPR spectra were performed with EasySpin, a MATLAB® (The Mathworks,
Natick, MA, USA) toolbox [25]. The toolbox calculates the resonance field positions
by matrix diagonalization or second-order perturbation theory, transition intensities are
computed by first-order perturbation theory. The powder spectra are evaluated by con-
sidering a large set of different orientations uniformly distributed over the unit sphere.
The simulated spectra are fitted to the experimental spectra by non-linear least-squares
fitting based on the Levenberg-Marquardt algorithm.

4.3.5 Fit results

The fit results for a rhombic g-tensor are shown as solid lines in Fig. 4.1 a-d. |In
earlier publications it was explicitly assumed that the g-tensor is axially symmetric, i.e.
9« = g, = giand g, = gj. In order to test this, we performed two separate multi-
frequency fits. In the first fit the symmetry of the g-tensor is forced to axial symmetry
and in the second fit (Fig. 4.1 a-d) no assumptions about the symmetry were made.
In the first case the principal values of the g-tensor are g, = g, = 2.0065 and g, =
2.0042, in very good agreement with earlier studies [71]. In the second case we obtained
a rhombic g-tensor with three different principal values (g, = 2.0080, g, = 2.0060 and
g, = 2.0033). However, the quality of the fit, measured by the norm of the difference
between the fitted and the experimental spectrum (x?), is significantly worse in the case

of an axially symmetric g-tensor compared to a rhombic g-tensor (cf. Table 4.1). We
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therefore conclude that coordination defects in a-Si:H exhibit a rhombic g-tensor. For
the A -tensor we obtained A, = A, = 151 MHz and A, = 257 MHz, which corresponds
to Ao = 186 MHz and Ag, = -35 MHz. These values are slightly smaller than the
previously reported ones (cf. Table 4.1). The Voigtian broadening function, accounting
for unresolved HFI, deviates only slightly from a pure Lorentzian function (cf. Table
4.1). For the paramagnetic impurity associated with a 'H atom we obtained an isotropic
g-value of g = 1.9975 with a large g-strain and an isotropic HFI of A, = 326 MHz. The
concentration of this paramagnetic impurity center is about 1.8-10 cm™3 or 0.45 % of
the coordination (DB) defect density. A complete overview of the various fit parameter

sets including literature values is given in Table 4.1.

4.3.6 DFT investigations

In the following we compare the experimentally obtained g- and A-values of coordination
defects to corresponding values obtained from DFT calculations on computer generated
a-Si:H model structures, where each model exhibits a single DB defect. Theoretical
modeling of DB defects in a-Si:H is a demanding task, since a large variety of atomic
configurations are present in the amorphous material. In order to account for this variety
we modeled a large number of different defect structures (27) and calculated the resulting
g- and A-values. The aim of this approach is to link the observed g- and A-values with
a particular model structure. Surprisingly we found that quite different spin density
distributions result in very similar g-values.

To illustrate this finding we show the ground-state spin-densities of two computer-
generated DB models together with the calculated g- and A_-tensors in Fig. 4.2.

The first DB model (DB1) is displayed in Fig. 4.2a (g, = 2.0091, g, = 2.0057, g, =
2.0024, and A, = -291 MHz, A, = -288 MHz, A, = -427 MHz for the *°Si A_ - tensor)
and the second DB model (DB2) is shown in Fig. 4.2b) (g, = 2.0095, g, = 2.0065, g,
=2.0034, and A, =-176 MHz, A, =-180 MHz, A, = -236 MHz for the 2°Si A -tensor).
The g-tensor symmetry of both models is clearly rhombic, while the A_-tensor is very
close to axial symmetry. Already from a superficial inspection of the two structures it
becomes apparent that the wave function of DB1 is mainly localized on a single Si atom,
while the wave function of DB2 is more delocalized. Despite the apparent discrepancy of

the electronic structure, the g-tensor principal values of both models are almost identical.
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Figure 4.2: Two selected computer generated atomistic models of a DB in a-Si:H (for
details see text). Principal values of g and A, for the two models are a) g, =
2.0091, g, = 2.0057, g, = 2.0024, and A, =-291 MHz, A, =-288 MHz, A,
=-427 MHz, b) g, = 2.0095, g, = 2.0065, g, = 2.0034, and A, =-176 MHz,
A, =-180 MHz, A, =-236 MHz . Atoms are indicated by light-grey (Si) and
dark-grey (H) shaded spheres. Isosurface plot of the electron spin density
(isosurface at 10 % of maximum spin-density value) of the trivalent silicon
atom is show in yellow. Eigenvectors of the g-tensor are indicated by blue
arrows and the eigenvectors of the A_-tensor of the threefold-coordinated Si
atom are indicated by red arrows.
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Hence, widely different configurations can yield almost identical g-tensors. This effect will
be discussed in more detail below. In contrast to the almost identical g-tensor, the HFI
and the relative orientation between the g- and A -tensor vary drastically. The isotropic
HFIl of DB2 (Ao = -197 MHz) is much smaller than the isotropic HFI of DB1 (A
= -335 MHz), which can be attributed to the delocalization of the DB wave function.
The axes of the g, and A, principal values are nearly parallel in case of DB1 but differ
significantly in case of DB2 (cf. Fig. 4.2 a,b).

Comparing the computed values for the DB1 and DB2 models with the experimental
EPR data sets, we find that both the experimental and the computed principal g-values
show pronounced rhombicity and that the calculated values fall within the distribution
functions of the experimental g-values (within 10 % accuracy, cf. Table 4.1). In addition,
the DFT results support the previously made assumption of an axially symmetric A -
tensor for the fits of the EPR spectra in Fig. 4.1 .

We have observed that the various computer generated defect structures show a strong
variation in terms of the spin-density distribution. This site-to-site disorder leads to a wide
distribution of the g- and A-values (g- and A-strain). It is therefore mandatory to model
a larger pool of defect structures in order to estimate the mean values and variances of
the full distributions. To model this variety of defect structures, the electronic structure

of a representative number of models has to be evaluated.

4.4 Defects in a-Si:H: comparing experimental values to

theoretical results

4.4.1 g-tensor

In Fig. 4.3 the principal values of the g-tensor derived from the computer models are
plotted together with the experimental distribution functions. The calculated values
reproduce the mean experimental values, however the spread of the computed principal
g-values clearly exceeds the experimental distributions. By fitting a normal distribution
to the g-values, we see that the distributions for gx, g, and g, peak at different values,
although parts of the distributions overlap. By analyzing Fig. 4.3, it becomes clear
that the g, distribution peaks close to the free-electron g-value (g. = 2.0023) and is
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well separated from the g, and g, distribution. However, since there is a large overlap
between the g, and g, distributions, it is not immediately clear whether the g, and g,
distributions are independent or if they actually exhibit the same distribution as it would
be the case for an axially symmetric g-tensor. In that case the distribution would be
much wider, but still most of the g-tensors would exhibit a slight rhombic symmetry.
It is therefore necessary to determine the rhombicity of each calculated g-tensor (g -
9y)/(9x - 9.) separately. By doing so we found that each individual g-tensor is clearly
rhombic and the distribution of (gx - 9,)/(9x - g.) peaks at 0.5 which fits well to the
experimentally obtained symmetry.

It appears to be surprising that the g-tensors of DB defects with a very symmetric
spin-density distribution (cf. Fig. 4.2a) exhibit rhombic symmetry and not axial sym-
metry. This effect can be rationalized as follows. The anisotropy of the g-tensor and
isotropic shifts from g, result from an indirect coupling of the electron spin to the ex-
ternal magnetic field mediated by the orbital momentum. In the picture of second order
perturbation theory, the most important contribution arises from the interplay of the
singly-occupied DB orbital 9, with all the unoccupied or occupied orbitals 1, other than
1, weighted by their inverse energetic separation (cf. Eq. 2.4). Even in case of a DB
orbital completely localized at the threefold coordinated Si atom the g-tensor is obviously
sensitive to changes in the orientation and energies of the other orbitals. For a simplified
discussion of the g-tensor anisotropy, let us assume that the singly-occupied DB orbital
1, is given by a perfect |p,) orbital and the other orbitals |py,) are also of atomic type.
Defining the Cartesian coordinate system such that the z-axis coincides with the axis of
the DB orbital, it is straightforward to show that the paramagnetic contribution vanishes
for af = zz, since L,|p,) = 0. Significant deviations from g, are therefore only expected

for g« = gxx and g, = g,, given by

| AL L|ps A
Agy, — o (Pl ALx|py ) (pylLxlpz)
€Pz - epy epz EPy
z >\L X X L z )\
6pz - €Px 6pz - 6px
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Figure 4.3: Comparison between experimentally and theoretically (DFT) obtained princi-
pal values of the g-tensor of coordination defects in a-Si:H. Values for different
computer-generated models of a DB in a-Si:H are shown by the histogram.
Principal values are sorted by size and assigned to g4, g, and g,. The his-
togram was fitted by a normal distribution function shown by the dashed line.
The experimental data for coordination defects obtained by a fitting model

is shown by the solid line.
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where we assumed that the spin-orbit coupling A is a constant. We see that if the
degeneracy of the p, and p, orbitals is lifted, the g., and g, values will not be degenerate.
In a most disordered environment like a-Si:H one expects that the degeneracy is lifted
due to fluctuations of the bond-angles and bond-length. As a result a rhombic g-tensor
instead of an axially symmetric one arises. This analysis is also valid for the more realistic
case of 1, , being molecular orbitals. We have seen that there is a quantitatively good
agreement of the calculated g-tensors of DB models and the experimentally determined
g-tensor of coordination defects in a-Si:H. However, we have shown that the g-tensor
principal values are rather insensitive to the local electronic structure of the DBs. Widely
different wave functions give rise to almost identical g-tensors. We now extend our
analysis to the principal values of A_, which are a more precise probe of the local spin

density distribution of the defect center.

4.4.2 Hyperfine interactions

The histogram in Fig. 4.4a compares the principal A_-values derived from the different
computer generated DB models with experimentally obtained A -distribution functions.
The distribution functions were again approximated by a normal probability density func-
tion. We found that the values derived from the calculated structures deviate from the
values determined in the multifrequency fit. The calculations also lead to a larger dis-
tribution of the principal A_-values and at the same time show larger A,, A, and A, as
compared to the experiment. The A, and A, distributions in the computer models are
clearly degenerate and strongly differ from A,. This hints towards an A-tensor close to
axial symmetry. To check whether the A, and A, distributions of the computer models
are independent or not, we determined the rhombicity (Ax - A, )/(Ax - A;) of each set
of principal values and found that the A -tensors for all models investigated are indeed
very close to axial symmetry. The calculations revealed a rather peculiar deviation of
the symmetry properties of g and A_, where g exhibits rhombic symmetry and A_ axial
symmetry. The apparent discrepancy in the symmetry properties can be rationalized as
follows. The A_-tensor depends directly on the ground state spin density and is strongly
dominated by the local-orbital character (sp* hybrid) of the DB state at the site of the
trivalent Si atom. Structural variations due to the amorphous matrix affect its orienta-

tion and possibly the degree of s-p hybridization, but do not alter the fundamental sp*
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character of the DB orbital. Its axial symmetry properties are therefore maintained even
in the presence of large disorder-induced fluctuations of the bond-length and bond-angles
in a-Si:H. This does also hold in good approximation for the HFIs between the electron
spin and nuclear spins of Si-atoms in the first and second coordination shell. We have
seen that some of our defect models are actually quite delocalized. However, analyzing
our defect models in more detail we see that the localized as well as the delocalized
structures exhibit the typical DB characteristics of a spin-density which is mainly local-
ized on a single atom, while the spin density on the other atoms is significantly smaller
than on the central Si atom. This is reflected by the fact that the Si atoms with the
second-largest HFI exhibit a smaller HFI, on average A, = -80 MHz and Ay, = -7 MHz
(cf. Fig. 4.4b).

4.4.3 Resolved and unresolved hyperfine interactions

The most puzzling fact comparing computed and experimentally obtained magnetic inter-
action values is the discrepancy between the A -tensor obtained from DFT calculations
and the multifrequency fit to the experimental data. This discrepancy is even aggravated
by the fact that the experimentally obtained signal intensities in the satellite region de-
viate from the theoretically predicted values. In order to shed additional light on these
important points we will in the following further inspect the spectral contributions arising
from large 2°Si HFIs.

We have shown (cf. e.g. Fig. 4.1) that the low frequency EPR spectra (S-and X-band)
are composed of two contributions: a central line (A), which is broadened by unresolved
HFIs (second term in Eq. 4.2) and two satellite peaks (B), which are mainly due to
resolved 2°Si HFIs (first term in Eq. 4.2; see also Fig. 4.1a and b). The number of
resolved 2°Si HFls is proportional to the integral of line B and will be denoted by N in
the following. When we express the spectral intensity of line B (/g) in terms of the total
spectral intensity, the following equation holds

N=1Ig/p (4.4)

where we assumed that p < 100 %. For one 2°Si HFI (N = 1) one would expect /g
= 4.7 %, for two 2°Si HFI (N = 2) Iz = 9.4 %, etc. The spectral intensity of line B
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Figure 4.4. Comparison between experimentally and theoretically (DFT) obtained prin-
cipal values of the largest and second-largest HFI of coordination defects
in a-Si:H. A-tensor of the 2°Si nucleus with the largest As, (a) and second
largest Ais, (b). Values for different computer-generated models of a DB in
a-Si:H are shown by the histogram. Principal values are sorted by size and
assigned to Ay, A, and A,. The histogram was fitted by a normal distribution
function shown by the dashed line. The experimental data for coordination
defects obtained by a fitting model is shown by the solid line.
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Figure 4.5: Decomposition of S-Band EPR spectrum into line A (unresolved HFls) and
line B (resolved HFIs) by two different methods. a) Dividing the lines by a
demarcation HFI (Ap = 100 MHz) leads to a larger spectral intensity of line
B, /g = 10-12 % b) Assuming that the shape of line A is described by a
Voigtian function leads to a smaller spectral intensity of line B, /g = 4-5 %.

can be best analyzed at S-band frequencies where the satellite region is resolved. Proper
evaluation of this spectrum is therefore a prerequisite for a precise determination of the
underlying 2°Si HFls. Fig. 4.5a) depicts an enlarged view of the satellite region in the S-
band spectrum. In order to quantify the contribution of line A and B, we divide the EPR
resonance into a central line and a satellite region by introducing a demarcation HFI of
Ap = 100 MHz (dashed vertical line in Fig. 4.5a). If we now integrate over the spectral
regions attributed to the respective contributions we see that line B constitutes ~ 11 +
1 % of the total spectral intensity. This estimation for line B clearly deviates from the
previously reported ~ 4 4+ 2 % [73]. The reason for this deviation is that Stutzmann
et al. [19] used a continuous and simplified broadening function for the line shape of
line A, which strongly overlaps with line B (cf. Fig. 4.5b). Their estimate therefore
redistributes spectral intensity from line B to line A. At first sight, the assumption of a
simplified broadening function with a Lorentzian or Voigtian line shape is justified since
it reproduces the central part of line A very well. However, the real line shape function
may deviate from this simplified function in the satellite region. This may lead to a
situation where spectral intensity belonging to line B is falsely attributed to line A and
thereby lead to incorrect values for /g and N. We have shown that the use of a step-
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function (with demarcation HF| of Ap) leads to a larger spectral intensity of line B. It is
therefore clear that the spectral intensity of line B strongly depends on the choice of the
broadening function of line A and on the choice of Ap. Using a step-function for the line
shape is without doubt a rather crude estimate since this approach does not take into
account the real line shapes of signal A and B in the overlap region. The obtained signal
intensity is very surprising since it does not match the value, which one assumes for a
single HFI tensor. It rather suggests that the satellite spectrum consists of two large
HFI tensors (N = 2) with a HFl > Ap. In that case the defect spin-density is distributed
over two Si atoms. It is clear that this is not compatible with the DB model, where the
wave function of the electron is strongly localized on a single threefold-coordinated Si
atom. One intuitively expects that the spin-density on the next-nearest neighbors is much
smaller, which is confirmed by the presented DFT calculations of computer generated
DB models. The calculations clearly show that there is only one large 2°Si HFI, while the
second-largest 2°Si HF| is on average smaller by a factor of three and therefore smaller
than Ap (cf. Fig. 4.4a and b). In summary, we find that the random DB models
predict one dominant hyperfine interaction centered around A, = - 250 MHz, whereas
the experimental spectra would be compatible with two dominant hyperfine interactions
of similar magnitude centered around A, = 180 MHz.

In order to validate this assignment and provide more accurate values for the relative
signal intensities it is mandatory to model the line shapes of signal A and B in the overlap
region. This is, however, only possible with additional assumptions, which may add even
larger errors. In order to present a more realistic simulation, the approximate model
which divides the EPR spectrum into two lines A and B has to be abandoned. The exact
way to model the EPR spectrum is a simulation of the EPR spectrum on the basis of Eq.
4.1, including HFI to all nuclei surrounding the electron spin. However, such an explicit
calculation is not possible since we do not know the HFI of each nucleus.

It is evident that the structural models employed for the theoretical analysis miss an
important aspect of the experimentally observed defect ensemble. An obvious weakness of
the theoretical modeling is that the DBs were created at random points in the amorphous
network and were subject only to local relaxation. More complex, but slow ( > 10 ns)
relaxation mechanisms possibly occurring in the real material are therefore not captured
at all. If present, such relaxations might select a subset of the present defect models,
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or even other configurations. For instance, the floating-bond type defect exhibits states
delocalized over several Si atoms [83,84]. However, the floating-bond model has long
been rejected, being in conflict with a number of other experimental observations [83-86].
In particular, increasing the 2°Si content of the samples to 93% was found to give rise
to a doublet structure in the spectrum [73], which is incompatible with any model where
the electron spin is delocalized over two Si atoms simultaneously. To resolve these
contradictory results for the number of Si atoms nearby the electron spin will require
additional experiments modulating the isotopic concentration of 2°Si. However, at present
we can only speculate over plausible microscopic defect models since the available data
does not allow us to discriminate them.

4.5 Summary

Using a multifrequency approach, we have determined the principal values of the g-tensor
of coordination defects in a-Si:H: g, = 2.0080, g, = 2.0060 and g, = 2.0033 with improved
accuracy (cf. Table 4.1). In contrast to earlier studies [19,71], we found that the g-tensor
shows pronounced rhombicity. In addition, we carried out a first systematic study where
experimental g-, A -values and unresolved A-values are compared to theoretical values
obtained by DFT calculations of 27 different a-Si:H DB models. As main conclusions we
found that the computer models of DB defects reproduce the experimentally observed
principal values and the rhombicity of the g-tensor, but do not exhibit HFIs in agreement
with the experiment. The apparent discrepancy between the symmetry properties of the
g-tensor and the HFIs is attributed to the fact that the g-tensor reflects the global and
not the local electronic structure. Indeed, we showed that DBs with a localized and a
delocalized electronic structure can give rise to almost identical g-tensors. The principal
values of the A -tensor for the computer generated DB models disagree with the values
obtained by the multifrequency fit. The isotropic HFI of the DB models is on average
Aiso = - 252 MHz which is much larger than the fit result, Asc = 186 MHz. Our DFT
calculations do not support the hypothesis formulated in earlier studies that the structure
of DB defects relaxes towards a more planar geometry and thereby reduces the isotropic
HFI. In addition to the discrepancies of the A_-tensor, we observe severe deviations of

the second-largest HFI between theory and experiment. We showed that the average
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4 The microscopic nature of native coordination defects in a-Si:H

principal values of g-tensor principal values of 29Si A -tensor broadening
function
gx OF g1 gy or g3 gz or g Ax or Al Ay or Ap Az or A Aiso/Adip Voigtian %2
(9x - {9y - (9z - (Ax- (Ay- (Az- function
strain)** strain)** strain)** strain) strain) strain) (Gauss/
Lorentz)
ABpp
[MHZz]* [MHz]* [MHz]* [MHZz]* [mT]
fit with 2.0080 2.0060 2.0033 151 (63) 151 (63) 257 (90) 186/35 | 0.11/0.25 | 0.09
rhombic g/ (0.0052)  (0.0021)  (0.0017)
axial A,
fit with 2.0065 2.0065 2.0042 146 (98) 146 (98) 244 (75) 178/33 | 0.11/0.25 | 0.24
axial g/ (0.0047)  (0.0047)  (0.0019)
axial AL
Umeda et 2.0065 2.0065 2.0039 143 (56) 143 (56) 333 (73)  206/63 | (N/A***)
al. [71] (N/A™™)  (N/A™™)  (N/A ™)
Stutzmann et | 2.0080 2.0080 2.0040 154 (28) 154 (28) 305 (56)  205/50 Not
al. [19] (0.0029)  (0.0029)  (0.0022) specified
Present 2.0094 2.0064 2.0035 -213 -215 -326 -252/-37 cf. text
theory (DFT) | (0.0084)  (0.0059)  (0.0035) (162) (163) (200)

Table 4.1: Summary of experimental (multifrequency fit) and theoretical g-tensor and
A_-tensor principal values for coordination defects in a-Si:H. Full-width half
maximum (FWHM) of gaussian distributions of the g- and A_-tensor principal
values (g- and A-strain) are given in brackets.

(*) - values given in mT converted to MHz using v = g.ugB/h, with g, the
free electron g-value

(**) - AB value given in mT converted to Ag (dimensionless) using Ag =
(GZus/h) - (DB/Y)

(***) - In the fitting model of Ref. [71] g-strain and magnetic-field indepen-
dent broadening are entangled and could not be separated.
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4 The microscopic nature of native coordination defects in a-Si:H

number of Si atoms per coordination defect with a HFI larger than 100 MHz is N = 2.
These observations strongly suggest that coordination defects in a-Si:H are much more
delocalized than the investigated DB models. We therefore conclude that coordination
defects in a-Si:H are not well-described within the random DB model. However, a definite
conclusion requires to develop plausible alternative models, additional DFT studies and
comparative multifrequency EPR studies on a-Si:H materials with modulated Si and H
isotope compositions. Such studies are on the way within the research network EPR-

Solar.
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5 Structural differences between
light-induced and native defects in

a-Si:H

It is a common believe that the electronic structure and atomistic origin of native co-
ordination defects generated during the deposition process of a-Si:H and light-induced
defects generated by light soaking are identical. In fact, most of the theoretical models
explaining the microscopic details of the SWE are based on the explicit assumption that
native and light-induced defects are DB defects. An experimental investigation of this
hypothesis by EPR can therefore provide a serious test of the available models explaining
the SWE.

In this chapter we provide a detailed high-field (Q-Band) pulse EPR measurement of
light-induced defects in light-soaked a-Si:H. Primary-echo decay measurements in de-
pendence of the magnetic field position show a strong anisotropic transversal relaxation.
The origin of this effect is traced back to a difference in the EPR spectra and transversal
relaxation properties of native and light-induced defects. The difference in the primary-
echo decay of both defect species is applied to disentangle the highly overlapping EPR
spectra. In addition, ENDOR measurements are presented to determine the H distribu-
tion around native and light-induced defects since a correlation of defects and H atoms is
believed to be an important detail for the generation of defect states in the SWE. Before
the experimental details and results are presented, a detailed overview of the history of
the SWE, the most important experimental facts and theoretical models explaining the

microscopic details of the SWE is presented.
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5 Structural differences between light-induced and native defects in a-Si:H

5.1 The Staebler-Wronski effect

In 1977, Staebler and Wronski observed that illumination of undoped a-Si:H with intense
light decreases both the dark- and photoconductivity (Staebler-Wronski effect - SWE) [8,
9]. They found that annealing of the samples to temperatures of about 150°C completely
reverses the effect. Subsequent investigations discovered that the observed conductivity
decrease is due to a shift of the Fermi level towards midgap and a severe decrease of
the excess charge carrier lifetime, while the mobility is essentially unchanged. It was not
until 1980 that Dersch et al. [14] investigated a-Si:H by c.w. EPR methods realizing
that the observed degradation is caused by an increase of the EPR absorption signal at
g = 2.0055, i.e. the defect density increases. They also found that the additional light-
induced defects are metastable and can be removed by annealing to about 150°C. Today it
is clear that the light-induced increase of the defect concentration is the most important,
but not the only degradation mechanism of a-Si:H [13]. Defect centers contribute most
to the decrease of the excess charge carrier lifetime, since the carrier lifetime is strongly
correlated to the defect-density Ny [15].
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Figure 5.1: Number of light-induced defects vs. illumination time measured by EPR at
various light intensities. Please note that the ordinate displays the total
number of defects minus the number of defects in the initial state. Sample
and illumination details are displayed in the upper left corner. The horizontal
dotted line indicates the number of DBs Ng(0) prior to illumination. Figure
reproduced from Ref. [15].
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5 Structural differences between light-induced and native defects in a-Si:H

It was found experimentally that the number of metastable defects increases as Ng
t1/3/96 under continuous light illumination for a time t and light intensity / (cf. Fig.
5.1). The increase of the defect density does not depend on the impurity concentration
in the material if the amount of impurities is kept at a low or moderate level [15].
The fact that the SWE also appears in highly-purified (UHV) a-Si:H samples suggests
that the microscopic defect reactions are intrinsic to a-Si:H, that is, they only involve
a redistribution of Si and H atoms [87]. In order to explain the SWE, several authors
proposed intrinsic microscopic models. In this section the main theories available in the
literature are briefly explained and the possibilities how these theories can be tested by

EPR methods are discussed.

EPR facts of light-induced paramagnetic defects Before we discuss the SWE models
in detail, a short review of the most important facts about light-induced defects obtained
by EPR is given. These are important details about the microscopic structure of light-
induced defects which lead to a consistent disprove of some theories and also stimulated
a variety of new model explanations of the SWE.

Investigation of light-induced and native defects by c.w. EPR showed that there is no
significant difference between the X-Band EPR spectrum of the two defect species [88].
The g-value and the line shape are unchanged and it was concluded that the microscopic
origin of both native and light-induced defects are DBs [14,88] . There is clear evidence
that the defects are isolated from each other on the length scale of the Si-Si bond
length (2-3 A) since the quantum number of the electron spin system is S = 1/2 and
no exchange narrowing is observed [14,89] . If the spins were arranged in pairs with a
distance of 2-3 A, a spin singlet or triplet would arise and S would deviate from S = 1/2.
It is known that high defect concentrations, as observed e.g. in unhydrogenated a-Si,
narrow the EPR resonance line due to exchange interaction. Since the shape of the EPR
line in the light-soaked state is identical to the EPR line of native defects at X-Band,
strong clustering of defects on a small length scale can be excluded. This observation
triggered a variety of SWE models which proposed that initially two strongly correlated
defects are generated by breaking of a weak Si-Si bond which are then separated on a
fast time scale. The corresponding models are discussed in detail below.

Another important fact of light-induced defects in a-Si:H is that the defects do not
show an obvious splitting of the EPR resonance due to a large HFI to H atoms [73,90].
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5 Structural differences between light-induced and native defects in a-Si:H

That means that there is no direct evidence for light-induced defects involving H atoms
(e.g. three-center bond Si-H-Si) or defects being spatially correlated to H atoms at very
short distances (1-2 A). In fact, two experimental studies of light-induced defects by
EDMR [77] and ESEEM [22] measured only contributions from distant H atoms with
a distance r > 4 A between the defect center and the H atom. They conclude that
there is no significant amount of H in the vicinity of the defect. Isoya et al. [22] even
explicitly state that there are no H atoms closer than 4 A to the defect center (depletion
zone). This observation triggered a variety of SWE models which predict metastable
states, where the paramagnetic defect is not spatially correlated to H atoms (e.g. the H

collision model).

Excess charge-carrier recombination and weak Si-Si bond breaking In a series of
experiments, Staebler and Wronski showed that a metastable increase of the defect
concentration can also be generated by injecting excess charge carriers in a-Si:H pin
diodes and can be prevented when light-illumination is combined with a strong reverse
bias to remove light-generated charge carriers from the i-layer. It is therefore clear that
the degradation is induced by excess charge carrier trapping or recombination and not
by the initial light absorption event itself [20]. From these experiments Stutzmann et
al. [15] concluded that bimolecular recombination of excess charge carriers is the cause

of defect creation and derived a differential equation for the defect concentration N

dNs
dt

= Cow 1P (5.1)

where n, p are the electron and hole concentrations, respectively and ¢, denotes an
empirical proportionality factor depending on microscopic details of the defect creation
mechanism. If there is already a certain amount of defects available Eq. 5.1 can be easily
solved by assuming that most of the recombination is taking place at defect sites. In this
monomolecular recombination limit the charge carrier densities n and p are proportional
to G/Ns, where G is the photocarrier generation rate. Together with Eq. 5.1 we then
obtain the experimentally observed defect creation dynamics Nyox tY/3G?/3. This result
also reproduces the intensity dependence (Ngoc /9°), if we assume that G is proportional
to the light intensity /.
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5 Structural differences between light-induced and native defects in a-Si:H

For the microscopic process leading to the creation of defects, Stutzmann et al. [15]
explicitly assumed that the generated defects are DB defects. They proposed the follow-
ing process leading to the generation of light-induced DB defects (for an example of the
spin-density distribution of a DB, cf. Fig. 4.2 a). Excess electrons and holes are trapped
or recombine non-radiatively (bimolecular recombination) at a weak Si-Si bond site of
the valence band tail. The energy of the recombination is released into the lattice and
leads to breaking of the weak Si-Si bond. In their model, the weak bond enters an excited
state after trapping an electron-hole pair, which leads to the formation of two adjacent
DB defects (cf. Fig. 5.2 a). Since such a configuration is unlikely to be stable with an
annealing energy barrier of 1.1 eV, the DBs must be separated on a short timescale after
their creation.

One possibility for a separation of the generated DBs is motion of H atoms. The
following defect reactions, illustrated in Fig. 5.2b), describe how this can occur:

1. Si-H + Si-Si —Si-DB* + (Si-H/DB*-Si), Ref. [15,91]
2. Si-H/Si-H + Si-Si —2(Si-H/DB*-Si), Ref. [92, 93]
3. Si-H/H-Si + Si-Si —2{Si-H/DB*-Si} Ref. [94].

Here Si-H denote isolated Si-H bonds and Si-DB* indicate isolated metastable light-
induced DBs. Native and light-induced DBs are distinguished by adding (*) for the light-
induced DBs. Weak Si-Si bonds are denoted by Si-Si. By short-range diffusion of one or
two H atoms, the Si-Si bonds are transformed into a three center bond (Si-H/DB*-Si)
or a local dihydride cluster (Si-H/H-Si) or a dissociation of H3-complexes (Si-H/Si-H) as
in case of (2). Please note that (Si-H/DB*-Si) and {Si-H/DB*-Si} denote two different
spatially correlated DB-H pairs:

e For (Si-H/DB*-Si) the H atom is located on a bond centered site and the distance
between the DB and the H atom is about 1-2 A. This is the original model proposed
in Ref. [15].

e For {Si-H/DB*-Si} the distance between the DB and the H atom is about 4-5 A
since the H atom is located in a tetrahedral like site (T,4) [94].

Defect reaction (1) after H bond switching (cf. Fig. 5.2b-1) yields two DBs which
are located within one lattice constant to the H atom [15]. In this case one expects a
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5 Structural differences between light-induced and native defects in a-Si:H

weak Si-Si bond breaking

(b)
) Wd&
(1) —> 1 bond switcl ling

H diffusionL ﬁ%

dissociation of

x
S
&
%
Ty

Figure 5.2: Microscopic defect reactions proposed for the creation of metastable DBs
in the SWE. Gray objects denote Si atoms, open objects denote H atoms,
dashed lines indicate weak Si-Si bonds, DBs are indicated by a schematic wave
function and the spins of the unpaired electrons are indicated by arrows. (a)
breaking of weak Si-Si bond by an excess charge carrier recombination event;
(b) weak Si-Si bond breaking involving motion of H atoms: (1) stabilization
of broken bond by H bond switching - by H diffusion the DBs can be sepa-
rated even further, (2) dissociation of H3-complex yields two DBs spatially
correlated to H atoms, and (3) H atoms located in a tetrahedral site switch
to neighboring Si atoms. Distance between DBs and H atoms is larger than
in model (2).
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5 Structural differences between light-induced and native defects in a-Si:H

significant spin-spin coupling between the two paramagnetic defects which is in conflict
with experimental facts known from EPR, discussed above. Morigaki [91] showed that
the DB defects are further separated by H diffusion which consequently reduces the
spin-spin coupling as the distance increases.

The H diffusion is also included in the model of a dissociation of a H3-complex (defect
reaction 2) and yields two separated metastable DBs as shown in Fig. 5.2b-2 [92,93]. In
contrast to defect reaction (1) this model predicts that all metastable defects are spatially
correlated to H atoms and not only half of them. The difference between the two defect
reactions has serious consequences for the interpretation of EPR measurements in a-Si:H.
As will be outlined in sec. 5.3, the spatially correlated defects might not be observable
in the EPR spectrum due to a large HFI with the H atoms in their vicinity. If this is true,
the real metastable defect density is twice as large as determined by conventional c.w.
EPR measurements.

Defect reaction (3) is an example of a state where DB defects are spatially correlated
to H atoms but do not exhibit a large HFI between [94]. The H atoms are located in
a tetrahedral like site and not on a bond centered site as for defect reaction (1). This
increases the distance between the DB defects and the H atoms and therefore decreases
the HFI.

We have already seen that EPR experiments do not show any evidence for DBs spatially
correlated to H atoms, at least if the distance is large enough and the HFI small. This
experimental observation stimulated a variety of alternative microscopic models for the
SWE.

Si-H bond dissociation and Hydrogen collision model A simple model of the SWE
would be the direct emission of H atoms from Si-H bonds, leading to the formation of
DBs. However, in order to avoid recombination with the created defect the H atoms have
to diffuse away from the broken bond and the process quickly becomes irreversible [95].
This model was excluded as a source of the SWE.

Branz extended the Si-H bond dissociation model by proposing a collision step between
mobile H atoms, originally emitted from Si-H bonds [96]. The two mobile H atoms form
a metastable H-complex denoted by M(Si-H), in a strongly exothermic reaction as shown
in Fig.5.3. The defect reaction of this process is given by 2(Si-H) + Si-Si —2(Si-DB*)
+ M(Si-H),. By annealing at 150 °C for several hours, the process is reversed and the
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5 Structural differences between light-induced and native defects in a-Si:H

metastable complexes dissociate and saturate the DBs. The predicted time evolution
of the DB concentration is again Nsox t/3G?/3, as in the case of the weak Si-Si bond

breaking model, but derived from different physical processes.

Figure 5.3: Schematic representation of the microscopic processes within the framework
of the H collision model. Figure reproduced from Ref. [96].

Transformation of existing non-paramagnetic charged dangling-bond defects An-
other model accounting for the light-induced increase of paramagnetic DBs was intro-
duced by Adler and proposes a charge transfer between originally charged DBs (DB,
DB™) with an effective negative correlation energy [97] (cf. Fig.5.4). This process does
not create new DBs, but transforms non-paramagnetic centers into paramagnetic DBs,
which are then observable by EPR. However, charged DB densities appear to be too low
in undoped a-Si:H to support this model and the experimentally determined time evo-
lution of the DB density is not compatible with the one-carrier capture mechanism (cf.
Ref. [96] and references therein).

How to test the theoretical descriptions of the Staebler-Wronski effect? In the
preceding discussion we have seen that different models, based on completely different
microscopic processes, do actually result in the same unusual sublinear time-dependence.
It is therefore most difficult to distinguish between the available theories by merely con-
sidering the time evolution of the DB concentration. Another approach to deduce the
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Figure 5.4: Schematic representation of the charge-transfer model proposed by Adler
[97]. Grey objects denote Si atoms and DBs are indicated by a schematic
wave function and an arrow indicating the electron spin.

microscopic origin and dynamics of the SWE is a microscopic investigation of the final
metastable state by EPR methods. Here different models do actually predict quite differ-
ent microscopic centers for the metastable state and its environment offering a possibility

to test the available theoretical models:

e The presented SWE models altogether describe defect reactions which explicitly
generate DB defects. In addition, the H collision model [96] and the defect recharg-
ing model by Adler [97] explicitly state that the metastable defects are isolated DBs
and are therefore by definition identical to native defects. The theoretical predic-
tion that the light-induced defects are identical to native defects can be tested
experimentally by a comparison of the EPR spectrum of native and light-induced
defects. This relation will be investigated in detail in the following section.

e The weak Si-Si bond breaking model demands a separation of the light-induced
DB defects by a redistribution and/or diffusion of H atoms. If the H atoms are
redistributed locally, that is, the H motion is restricted to a small length scale,
the DB defects are not well separated. Although the distance between the defects
should be large enough for exchange narrowing to be absent, a small residual dipo-
lar coupling between the electron spins could prevail. In order to determine the
dipolar coupling between the electron spins and their spatial distribution an investi-
gation of the primary-echo decay of light-induced defects is mandatory, since small
dipolar couplings between the electron spin influence the transversal spin relaxation

properties (cf. section 2.6.2).
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5 Structural differences between light-induced and native defects in a-Si:H

e The weak Si-Si bond breaking model predicts the presence of spatially correlated
light-induced DB-H pairs in the light-soaked state B. In the annealed state A,
the DBs are not correlated to H atoms. Due to their magnetic moment, close
H atoms with a large HFI induce a characteristic splitting of the EPR spectrum.
The predicted splitting is obviously not present in the EPR spectra. However, if
the HFI of the H atom of a spatially correlated light-induced DB-H pair is smaller
than 30 MHz and widely distributed, the EPR spectrum will not be affected due to
strong inhomogeneous broadening by unresolved HFI and g-strain. The application
of advanced EPR techniques like ESEEM or ENDOR is necessary in this case. A
comparison of ESEEM and ENDOR spectra of light-induced and native defects can
provide conclusive evidence whether or not correlated DB-H pairs are present.

5.2 Pulse EPR investigation of light-induced defects

In order to perform the discussed experimental test of the SWE models and to determine
the EPR parameters (g-tensor and HFIs) of light-induced defects, pulsed EPR measure-
ments are carried out. Multifrequency EPR investigation of native coordination defects
presented in chapter 4 showed that this approach is capable of providing a precise mea-
surement of the g-tensor principal values and large HFIs. The techniques developed in
chapter 4 are now applied to investigate light-induced defects.

In order to investigate light-induced defects, a-Si:H samples are degraded by light
soaking. After EPR measurements in the light-soaked state, the samples are thermally
annealed and investigated again by EPR. In this section results from device-grade (sample
B) and non-device grade (sample C) a-Si:H samples are presented. The following EPR
investigation shows that the EPR parameters of native and light-induced defects in both
sample types do not significantly deviate and the observed effects can be considered as
universal for the sample set presented in this thesis. Since it is difficult to investigate
device-grade sample B in the annealed state due to the low defect density, comparisons
between the annealed and light-soaked state are carried out for the non-device grade
sample C which exhibits a higher initial defect density. A more detailed pulse EPR
investigation in the light-soaked state is carried out on the device-grade sample B.
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5 Structural differences between light-induced and native defects in a-Si:H

Fig. 5.5 shows the comparison of light-soaked and annealed FSE spectra of sample
C. It is important to realize that Fig. 5.5 shows the normalized EPR spectra. The
absolute EPR intensity as well as the total defect density Ns is of course larger in the
light-soaked state. The FSE spectrum in the light-soaked state obviously deviates from
the FSE spectrum in the annealed state. Please note that the difference is rather small
and is only resolved here due to the fact that the experiment was carried out at high-field
(Q-Band). At lower microwave frequencies the difference is negligible and was therefore
overseen in the past since most EPR experiments published in the literature were carried
out at X-Band.

1.2F —— annealed
l - - - light-soaked

EPR signal [arb. units]

1212 1214 1216 1218
magnetic field B0 [mT]

Figure 5.5: Normalized FSE spectra of sample C in the annealed and light-soaked state
measured with a pulse delay 7 = 300 ns and at a temperature of 80 K. Arrows
indicate magnetic-field positions where primary-echo decays were recorded
(cf. Fig. 5.14). EPR spectra are normalized to a microwave frequency of
34.10 GHz.

There are several possibilities for the origin of the observed deviation:

1. The EPR spectrum and the interaction parameters of the two defect species are
different (different g-tensor or HFIs)

2. The presented measurements are pulse EPR experiments, hence different transver-
sal relaxation properties can lead to a difference in the observed FSE spectra
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5 Structural differences between light-induced and native defects in a-Si:H

In order to find out if (1), (2) or maybe both mechanisms are the origin for the observed
deviation of the FSE spectra, the FSE spectrum and the corresponding primary-echo
decay are investigated in more detail.

As noted earlier, the more detailed pulse EPR investigation is carried out on sample
B and the results are shown in Fig. 5.6. The transversal spin relaxation is evaluated
using a conventional primary-echo pulse sequence (for details about the pulse sequence
cf. sec. 3.2.1). The primary-echo decay is recorded at a temperature of T = 60 K and
for different magnetic field positions. To ensure that only the on-resonance spin packets
selected by the magnetic field contribute to the echo decay, the echo is fully integrated.
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Figure 5.6: Pulse EPR investigation of of sample B in the light-soaked state. a) FSE
spectrum measured with a pulse delay 7 = 300 ns at a temperature of 60 K.
b) Corresponding primary-echo decay at magnetic field values indicated by
arrows in a). The echo decays are normalized to the echo amplitude at the
pulse delay value indicated by the solid arrow in b).

From 5.6b), we see that the primary-echo decay shows a strong dependence on the
magnetic field position. Please note that this was not the case for native coordination
defects (cf. chapter 4). Since an anisotropic transversal spin relaxation can seriously
distort the EPR spectrum, a straight-forward determination of the g-tensor and the HFls
as in the case for native coordination defects is no longer possible and great care has to
be taken to extract the correct values.
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5 Structural differences between light-induced and native defects in a-Si:H

On the high-field side of the spectrum the primary echo decays much faster for small
pulse delays 7 than on the low-field side. To clarify the origin of this unusual behavior,
the primary-echo decay is studied as a function of temperature.

The resulting primary-echo decays of sample B (light-soaked) measured at the peak of
the resonance are shown in Fig. 5.7a) and b) for temperatures ranging from 293 K to 40
K. At room temperature the echo decay is mono-exponential with a decay time constant
of Trn= 4.3 us. The mono-exponential nature of the echo-decay and the fact that the
spin-lattice relaxation time T1= 6 us [98] is approximately equal to T, indicates that
the primary-echo decay is limited by spin-lattice relaxation. Upon decreasing temperature
the primary-echo decay becomes slower, due to an increase of T; [98]. However, already
at temperatures lower than 200 K the echo decay is no longer mono-exponential and
develops a complicated functional behavior. The echo decays taken at 60 K and 40 K
differ only slightly, which suggests that the decay saturates at low temperatures. At the
lowest temperature, T = 40 K, the decay is composed of two components, a fast decay
at short 7 - delays and a rather slow decay with a exp[—72] dependence at long T -
delays (cf. Fig. 5.8).
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Figure 5.7: Temperature dependence of the primary-echo decay in sample B (light-
soaked) recorded in the center of the absorption line (g = 2.0055). The
echo is fully integrated and the decays are normalized. a) Linear plot, b)
Semi-logarithmic plot.
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The slow decay is attributed to spectral diffusion initiated by flip-flop processes of
nuclear spins of H atoms [99]. The functional dependence of the primary-echo decay by

this process is given by (cf. sec. 2.6.2)

le=loexp [~ (T/Tsp)’] (5.2)

where Tsp is the temperature independent spectral diffusion time constant [99]. This
mechanism dominates the transversal spin relaxation at low temperatures, where the spin-
lattice relaxation has become sufficiently slow (around T = 40 K). The spectral diffusion
time constant Tsp can be extracted by fitting Eq. 5.2 to the echo decay in the long T
range (5 us — 33 us). The fit result is shown in Fig. 5.8b) and yields Tsp = 11.4 us.
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Figure 5.8: Temperature dependence of the primary-echo decay in sample B (light-
soaked) recorded in the center of the absorption line (g = 2.0055). a)
Semi-logarithmic plot versus 72. b) Fit (green curve) of Eq. 5.2 to the
long 7 range (5 us —33 us). Subtracting the fit from the primary-echo decay
(blue curve) results in the residual red curve.

It is important to note that T sp strongly depends on the concentration and distribution
of H atoms in the material and therefore depends on the sample properties and deposition
conditions [99]. Various Tsp values for samples in this study and values taken from
literature are summarized in Tab. 5.1. Sample A and C were prepared under identical
conditions and therefore exhibit the same H concentration and nearly identical T sp values.
The larger Tsp value of device-grade sample B suggests that it exhibits a smaller H

concentration.
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5 Structural differences between light-induced and native defects in a-Si:H

a-Si:H sample | mw-band state Ns [em™3] | Tsp [us] | H conc. [at. %]
A Q as-dep. 3.2-10% | 79+£05 -
B Q light soaked | 4.6-10%° | 11.44+0.5 -
C Q light soaked | 5.3-10° | 7.6 0.5 -
a-Si:H X as-dep. 8-107 | 6.6+05 | 33 (NMR)
(Ref. [99])

Table 5.1: Spectral diffusion characteristic time T gp of defects in a-Si:H for various sam-
ples and comparison with values reported in the literature. Typical errors for
the defect density are 30 % [56].

Besides the analyzed nuclear-spin induced spectral diffusion component, the primary-
echo decay exhibits an additional fast decay, which can be analyzed by subtracting the
slowly decaying spectral diffusion function from the echo decay (cf. Fig. 5.8b). The
residual of the primary-echo after subtraction corresponds to the fast relaxing echo decay
which is now isolated and can be analyzed separately from the slow primary-echo decay
discussed above. In Fig. 5.9 the residual primary-echo decays are plotted versus the
magnetic field position. The residual echo decays follow a mono-exponential function
with a decay time constant Tp = 2.1 us which does not depend on the magnetic field
position. It is important to realize that by the presented subtraction procedure the
primary-echo decay, which shows initially a strong dependence on the magnetic-field
position, can be decomposed into two components whose decay functions do not depend
on the magnetic-field position.

This analysis shows that the transversal relaxation pattern initially observed in Fig.
5.6b) is not caused by an orientation dependence of the transversal spin relaxation, since
in that case the involved time constants Tsp and 7p would change as a function of the
position in the EPR resonance [100-102]. Instead, the EPR spectrum is a superposi-
tion of two paramagnetic defect centers, which exhibit different transversal relaxation

mechanisms and time constants.
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Figure 5.9: Residual primary-echo decay after subtraction of the slow spectral diffusion
component at different field values indicated by arrows in Fig. 5.6. Measured
at Q-Band and T = 60 K. The dashed line indicates a mono-exponential
decay with a time constant Tp= 2.1 us.

5.2.1 Decomposition of EPR spectrum

We have seen that the EPR spectrum is composed of two spin species, which exhibit
different spin relaxation properties. The primary-echo decay time constant of both spin
species is isotropic and does not depend on the magnetic-field position. However, the
initially observed primary-echo decay (cf. Fig. 5.6 b) does depend on the magnetic field
position. The reason for this observation is that the EPR spectra of the two spin species
differ from each other. Hence, the two defect centers exhibit different g-tensor principal
values, g-strain and/or HFIs. In order to obtain the individual EPR spectra of the two
defect centers, the difference in spin relaxation properties can be utilized to decompose
the total EPR spectrum. The individual components can then be analyzed separately.
The EPR spectra are decomposed by the following procedure which essentially relies on
the fact that the relaxation of each spin species is isotropic.

The EPR spectrum of the slowly decaying spin species is directly obtained by fitting
Eq. 5.2 to the primary-echo decays. The EPR spectrum, obtained by plotting /o versus
the magnetic field, is shown by the black open circles in Fig. 5.10 a). This procedure is
justified by the fact that the relaxation of the slowly decaying spin species is isotropic.

The EPR spectrum of the fast decaying spin ensemble is obtained by the initial value
of the residual echo decay at 7 = 300 ns (red open circles in Fig. 5.10 a). It is important

to note that due to the rapid spin relaxation the primary echo has already decayed from
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5 Structural differences between light-induced and native defects in a-Si:H

its initial value within the spectrometer deadtime. While this effect is negligible for the
slowly decaying spin ensemble, the fast relaxing spin ensemble already decayed by about
25 % (1 — e ?"/7> x5 0.25) at 7 = 300 ns. However, this is of minor importance for
a quantitative discussion of the spectral shape. In case the absolute amplitudes are of
interest, one has to correct for this decay.

—6— slow echo decay 2.0055 a —6— slow echo decay b)
—o— fast echo decay ,K 2.0054 O fast echo decay
17 native dbs spectrum ANN

primary echo intensity [arb. units]
o
D

norm. echo intensity [arb. units]
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Figure 5.10: Decomposed spectra of the slowly and fast decaying spin subensembles. T
= 60 K. a) Amplitude of the slowly decaying spin subensemble (black open
circles) following Eq. 5.2 and fast exponentially decaying spin subensemble
(red open circles). The blue solid line indicates the EPR spectrum of native
defects in as-deposited samples (cf. chapter 4). Spectra are normalized
to a microwave frequency of 34.42 GHz. b) Spectra normalized to their
maximum amplitude and fit of the EPR spectrum of the fast decaying spin
subensemble (green dashed line). For details on the fit model and results
see text.

The spectrum of the slowly decaying spin ensemble is shown in Fig. 5.10 a). The shape
of the spectrum is slightly asymmetric as observed for native defects in as-deposited
a-Si:H (blue line). However, the spectrum is shifted to slightly lower magnetic field
values, which indicates that the g-value slightly increases from 2.0054(3) to 2.0055(3).
The absolute error of these values is given in brackets and is rather large since the
shift corresponds to a magnetic field difference of 60 u T which is difficult to calibrate.
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However, relative errors are smaller and the shift is therefore significant. In Fig. 5.10 b)
the spectrum of the fast decaying component is compared to the normalized spectrum
of the slowly decaying spin ensemble. Its spectral shape is much more symmetric and
is close to a Gaussian line shape. The line can be fitted by an isotropic g-tensor with
a center-of mass of 2.0053 and a g-value distribution with a FWHM of 0.0040 and a
Lorentzian magnetic field broadening with a FWHM of 0.24 mT (dashed line in Fig. 5.10
b).

It is clear that the g-tensor of the light-induced defects also exhibits rhombic symmetry,
as observed for native coordination defects in as-deposited a-Si:H (cf. chapter 4). It is,
however, difficult to obtain the exact principal values from a measurement of the EPR
spectrum at only a single microwave frequency. Nevertheless, the fact that the EPR
spectrum is narrower suggests that the g-tensor anisotropy is reduced. One possibility
for this is a defect with a more symmetric atomic structure. In the limit of an isotropic
wave function the g-tensor anisotropy is zero. It is therefore likely that wave function of
light-induced defects is more symmetric than the wave function of native defects.

5.2.2 Defect clusters - instantaneous diffusion

At this point, the question remains why the different spin populations exhibit a different
primary-echo decay and EPR spectrum. Especially the origin of the mono-exponential
decay of the fast relaxing spin ensemble is unknown. One possibility for the cause of this
decay is a clustering of light-induced defects. The dipolar spin-spin interactions between
the electron spins of the defect states induce a dephasing of the transversal magneti-
zation by the spectral diffusion mechanism [34, 35]. This can be tested experimentally
by decreasing the microwave power of a pulse with constant length to obtain a smaller
flip angle. Fig. 5.11 shows that decreasing the flip angle from 180° to about 63°, the
primary-echo intensity decreases (decreasing signal-to-noise ratio). However, the decay
function qualitatively remains the same. Although the echo decay is unchanged at short
and long 7 values, the echo signal in the range 5us < 27 < 10 us is slightly reduced.
However, the echo decay is not majorly influenced by decreasing the flip angle and we
can conclude that instantaneous diffusion plays only a very minor role for the decay of

the primary echo.
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The absence of instantaneous diffusion does, however, not mean that the light-induced
defects with a fast primary-echo decay do not interact with each other by spin-spin
interaction. The instantaneous diffusion effect is rather weak in comparison with the
relaxation mechanisms which dominate the primary-echo decay of defects in a-Si:H. It
was shown that instantaneous diffusion can be active over a wide range of average
defect concentrations. Instantaneous diffusion can be observed at very low concentrations
C = 10% cm~3 [103] up to very high concentrations C = 10'® cm~3 [104,105]. One can
therefore measure dipolar interaction energies from about 1 kHz to 50 kHz. At a defect
concentration of C = 10'® cm~3 the time constant of the instantaneous diffusion effect
is about 1.2 us for g = 2 [21] if the pulse excites the entire resonance line. The time
constant of the fast echo decay (cf. Fig. 5.9) is Tp = 2.1 us. The intrinsic transversal
relaxation in the limit of a small flip angle is therefore already so fast that additional
instantaneous diffusion will not affect the echo decay. It is therefore possible that the
local defect concentration is higher than the average defect concentration measured with
cw. EPRC =2—4-10' cm 2 and a clustering of the light-induced defects occurs. As
we will discuss later, it is indeed very probable that the clustering of defects is the cause

for the fast primary-echo decay.

5.2.3 Overall description of temperature dependence of the

primary-echo decay

Up to now the echo decay of the fast relaxing spin ensemble was analyzed only at a
single temperature (T = 60 K). In order to conclude on the origin of the fast transversal
relaxation mechanism the temperature dependence of T needs to be investigated in more
detail. The temperature dependence can reveal which spectral diffusion mechanism is
active (cf. sec. 2.6). In addition, the time constant Tp of the exponential echo decay of
the fast relaxing spin ensemble was determined in a rather unreliable way by subtracting
the slowly decaying contribution. Both, the temperature dependence and the correct
value of T can be obtained by using a fitting model which correctly describes the whole
echo decay including both spin ensembles at the same time. We introduce the following

model for the overall primary-echo decay
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Figure 5.11: Flip angle dependence of primary-echo decay (normalized) in the center of
the EPR spectrum (g = 2.0055), T = 80 K. The length of the first pulse (20
ns) and the length of the second pulse (40 ns) of the primary-echo sequence
are kept constant. The microwave power is decreased in steps of 3 db
relative to the maximum power available (0 db - 20 mW). The corresponding
flip angles of the second pulse are calculated by B = 7 - 10~ (P~Feldbl/20.
db - 180°, 3 db - 127°, 6 db - 90°, 9 db - 63°.

le(T,T,w) = C(T)-exp {_Tzz—T)} X

(%)

where the two spin subensembles are denoted by S; (slowly relaxing spins) and S, (fast

Y {/ () exp + 0 (w) - exp H—T} } (5.3)

relaxing spins) and their spectral intensities as a function of the resonance frequency w
are given by /s, s,0 (w). The echo decay of the S; spins follows the nuclear-spin induced
spectral diffusion decay (Eq. 5.2) with the temperature independent characteristic time
Tsp. The fast relaxing S, spins exhibit a mono-exponential decay with a time constant
Tp. It is furthermore assumed that the spin populations S; and S, are subject to
the same temperature-dependent T, processes, where T, is an exponential decay time
constant. For a detailed discussion of the primary-echo decay and the various relaxation

processes please refer to sec. 2.6.2. The temperature dependent parameter C accounts
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for Curie’s law and the pulse excitation profiles which depend on the pulse length and the
cavity Q-factor. Instantaneous diffusion is neglected (cf. sec. 5.2.2). Eq. 5.3 is fitted
to the echo decays by non-linear least-squares fitting based on a Levenberg-Marquardt
algorithm implemented in MATLAB®. Fit results for the center of the EPR spectrum (g
= 2.0055) are shown in Fig. 5.12 a). For the time constants we obtain Tsp = 11.8 us
and Tp = 1.9us. Since all echo decays are well-described by a single 7T value, we
conclude that T is temperature-independent.

The amplitudes /s, s,0 (w) are now handled correctly and the ratio /s,0//s,0 at g =
2.0055 is 2T5 and therefore slightly higher than before. The EPR spectra obtained by the
fit (data not shown) are very similar to those obtained by subtracting the slow echo decay
(cf. Fig. 5.10). The fit results for the temperature-dependent C parameter are shown
in Fig. 5.12 b). It increases with decreasing temperature following a 1/T dependence,
which is attributed to the increase of the equilibrium magnetization described by Curie’s

law.
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Figure 5.12: a) Temperature dependence of primary-echo decay at g = 2.0055 (black
line) fitted by Eq. 5.3(red line). b) Corresponding temperature dependence
of fit parameter C scaled with the microwave pulse length to account for
the excitation bandwidth.

Fig. 5.13 shows the fit results for T, in comparison to the spin-lattice relaxation time

constant T1. The latter was determined by inversion recovery (for details about the pulse
sequences cf. sec. 3.2.1) and stimulated echo pulse sequences (data not shown). Values
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obtained for T in this work agree very well with values obtained in earlier studies [98]. At
high temperatures (T > 80 K) both T; and T, follow the T=23 temperature dependence
also observed in the case of native defects in a-Si:H [82]. At lower temperatures (T < 80
K) deviations from this behavior occur and the spin-lattice relaxation time is larger than
predicted by the T—23 law. If the phase memory time T,, also deviates from this relation
is difficult to say because at these low temperatures T,, is too long to be measured by
a two-pulse sequence. The fact that T, shows the same temperature dependence as
T, indicates that the spin relaxation of both spin populations, S; and S, , is limited by
lifetime broadening induced by spin-lattice relaxation. It is important to realize that this
process is a global property of both defect ensembles, while the spectral diffusion process
described by Tp only affects S, not S;.

T1 ,Tm [us]

40 60 80 100120 200 300
TIK]

Figure 5.13: Temperature dependence of T, and T; at g = 2.0055 determined by the
fitting model described by Eq. 5.3.

5.2.4 Reversible changes of the primary-echo decay

In this section it is shown that the observed changes in the primary-echo decay are
indeed connected to the SWE. The SWE can be reversed by moderate thermal annealing
to restore the original state and defect density of the material. In order to show that the
observed changes of the transversal spin relaxation properties are reversible, the primary-
echo decay in the light-soaked state has to be compared to the annealed state. However,
device-grade samples (sample B) exhibit a very low defect density in the annealed state.
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It is therefore difficult to investigate this type of sample due to the low signal intensity.
The non-device grade samples investigated in this thesis (sample B) exhibit a larger initial
defect density and one can conveniently compare the primary-echo decay in both states.

The FSE spectra of sample C in the light-soaked and annealed state were already
presented in Fig. 5.5. Fig. 5.14 b) shows that sample C exhibits an anisotropic primary-
echo decay in the light-soaked state very similar to the one observed for sample B.
Upon annealing of sample C, the defect density decreases and the primary-echo decay
becomes approximately isotropic (Fig. 5.14 a). The changes in the primary-echo decay
are therefore reversible.
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Figure 5.14: Primary-echo decay of sample C at magnetic-field positions indicated by
arrows in Fig. 5.5: a) annealed state, b) light-soaked state. The echo decays
are normalized to the echo amplitude at 7 = 300 ns and to a microwave
frequency of 34.10 GHz.

The anisotropy of the primary-echo decay as shown in Fig. 5.14b) is similar to the
anisotropy observed for sample B. The decomposition of the spectrum taken in the light-
soaked state by the procedure described before is shown in Fig. 5.15. In sample C less
defects with a fast spin relaxation are created by light soaking than in sample B. However,
the line shape of the spectra is within error the same as the line shape observed for sample
B. The amplitude ratio /s,0//s,0 at g = 2.0055 of the two spectral components is % (cf.
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Fig. 5.15) and is approximately equal to the ratio of the defect density in the light-soaked
and annealed state as determined by c.w. EPR (ratio is equal to 4—f). It is therefore clear
that most of the defects created by light soaking can be attributed to the fast-relaxing
spins. It is, however, important to note that the ratio of % observed for sample C is not
a universal value. For sample B we observed a different ratio of %2 (cf. Fig. 5.10). It
is possible that not only fast-relaxing spins are generated by light soaking, but also the
number of slowly relaxing spins is increased. Up to now it is unclear which parameter
actually determines the amount of the two different defect species. However, there is
no doubt that light degradation of a-Si:H generates defects which are distinctly different
in their microscopic structure compared to native defects and that these defects can be
removed again by thermal annealing.
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Figure 5.15: Decomposed spectra of sample C of the slowly and fast decaying spin
subensembles. T = 80 K. Amplitude of the slowly decaying spin subensem-
ble (black open circles - solid line) following Eq. 5.2 and fast exponentially
decaying spin subensembles (red open circles - dashed line).

5.2.5 Discussion

We have shown that the spin relaxation properties of defects in a-Si:H are sensitive
to the material state. Transversal spin relaxation properties change rather drastically
upon light soaking. It is also known that the longitudinal spin-lattice relaxation time
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constant increases upon light soaking [98]. However, in that case T; of native and
light-induced defects is the same, that is, the spin-lattice relaxation is a global process
which is identical for both defect species [98]. This homogeneous increase in T; was
ascribed to a decrease of the density or coupling to vibrational modes in a-Si:H which
are believed to be the cause for the anomalous spin-lattice relaxation [98]. The change
of the vibrational mode structure is not surprising in view of macroscopic changes in the
mass density of a-Si:H upon light soaking [106]. It is, however, rather difficult to deduce
microscopic details about the defect structure from the observed increase of T since
quantitative theoretical models of spin-lattice relaxation in these non-crystalline systems
are only poorly developed [32].

ratio /s,0//s,0 at

sample annealed state light-soaked state inglig;h‘f—.gfaffed
state
isotropic echo decay . .
A . not investigated N/A
(as-deposited)
anisotropic echo decay:
B not investigated superposition of slow and %
fast echo decay
anisotropic echo decay: s

C isotropic echo decay superposition of slow and
fast echo decay

._.|.

Table 5.2: Primary-echo decay dependence on the magnetic field position for device-
grade (sample B) and non-device grade samples (sample A, C) in the as-
deposited, annealed and light-soaked state. S; (slowly relaxing spins) and S,
(fast relaxing spins). Data for sample A is not shown.

This is different for the observed changes in the transversal relaxation upon light soak-
ing. We have shown that at low temperatures most of the native and light-induced
defects exhibit different primary-echo decays and are therefore subject to different re-
laxation processes. The two defect species give rise to an anisotropic relaxation of the
primary echo which can be observed in device-grade and non-device grade a-Si:H samples
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(for overview of samples studied in this thesis cf. Table 5.2). The relaxation processes
can be utilized to decompose the EPR spectra into the two underlying components. The
two components, defects with a slow and fast primary-echo decay, are analyzed in the

following.

Defects with slow primary-echo decay The transversal spin relaxation of defects with
a slow primary-echo decay is dominated by nuclear-spin induced spectral diffusion at low
temperatures and remains unchanged upon light soaking. The EPR spectrum of these
defects peaks at a center-of-mass g-value of 2.0055, is asymmetric and exhibits strong
g- and A-strain and is therefore very similar to the EPR spectrum of native coordination
defects present in as-deposited a-Si:H (cf. chapter 4). Although there are slight differ-
ences in the EPR spectra of both defect species, one can conclude that both belong to

the same defect population.

Defects with fast primary-echo decay Defects with a fast primary-echo decay (time
constant Tp = 2.1 us ) are generated by light soaking and are therefore clearly linked to
the SWE. The EPR spectrum of these light-induced defects is distinctly different from
the EPR spectrum of native coordination defects. The EPR spectrum peaks at a different
center-of-mass g-value of 2.0053 and is more symmetric, which suggests that the g-tensor
anisotropy of the defects with a fast primary-echo decay is smaller compared to the g-
tensor anisotropy of native coordination defects. It is therefore clear that the microscopic
defect structure of these defects is different. More information about the microscopic
nature of these defects is contained in their transversal spin relaxation properties. The
primary-echo decay of these defects is mono-exponential with a time constant much
faster than in case of native defects. The faster time constant could be explained by the
creation of these defects in H rich regions of a-Si:H. However, the fact that the primary-
echo decay of this process follows a mono-exponential function and not a stretched-
exponential suggests that the mechanism is different from nuclear-spin induced spectral
diffusion.

Another explanation for the observed primary-echo decay could be a formation of
defect clusters. Here, light-induced defects are not isolated from each other and can
be close enough to interact with each other by spin-spin dipolar interaction. Such a
formation would induce a strong instantaneous diffusion effect of the excited electron
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spins (A-spins), which is not observed. However, the decay time constant Tp = 2.1 us is
already so fast that instantaneous diffusion might be negligible, although the defects are
arranged in clusters. In that case the spin flip rate of the A-spins could be rather large due
to correlated spin flip-flops (spin-spin relaxation) and the instantaneous diffusion effect
will be disquised [34]. A further evidence for defect clusters in which the electrons relax
via correlated spin flip-flops is the fact that the decay time constant Tp is temperature
independent. However, it is important to realize that the average distance r,, between
the electron spins within a cluster cannot be too small (1nm < r,, < 10 nm), otherwise a
stronger narrowing of the EPR resonance line due to exchange interaction as in the case
of unhydrogenated a-Si should occur [89, 107].

5.3 Investigation of the hydrogen distribution in the

vicinity of native and light-induced defects

In sec. 5.1 we have seen that various models explaining the microscopic mechanism of
the SWE predict the generation of light-induced DB-H defect pairs by light illumination
of a-Si:H. Especially the weak Si-Si bond breaking model predicts the presence of spatially
correlated light-induced DB-H pairs in the light-soaked state B. It is generally assumed
that DBs are not correlated to H atoms in the annealed state A. The presence of proposed
correlated DB-H defect pairs can be resolved by EPR techniques via the HFI between the
DB electron spin (S = 1/2) and the nuclear spin of the H atom (/ = 1/2). In principle,
the technique allows to measure the magnitude of the HFI with high precision. From the
value of the HFI one can determine the distance between the DB defect and the H atom.
Since a-Si:H contains a large amount of H (typically 10 at. %), each defect is encircled
by several H atoms at different distances. However, if the distances are exactly the same
for all defects in the material, the EPR techniques can still unambiguously identify all of
them with high precision. The critical problem in the case of defects and H atoms in
an amorphous solid, like a-Si:H, is that the environment of the individual defects in the
material is not always the same (site-to-site variation). The bond-length, bond-angles
and also the distances between the defects and H atoms are widely distributed due to
the large disorder present in a-Si:H and a measurement of the H distribution becomes

non-trivial.
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5.3.1 Hydrogen distribution in the vicinity of native coordination

defects

To determine the H distribution experimentally, a variety of EPR investigations were
performed in the past. An important result from EPR experiments carried out at X-band
is that the replacement of H with deuterium (/ = 1) during the growth process does
not change the EPR absorption line shape of the DB resonance line (g = 2.0055) [73].
The hyperfine interaction to nearby nuclei is therefore completely hidden underneath the
inhomogeneously broadened EPR resonance and sophisticated techniques like electron
spin echo envelope modulation (ESEEM) or electron nuclear double resonance (ENDOR)
have to be applied instead of conventional EPR. Isoya and coworkers [22] showed in 1993
by ESEEM experiments that no H atoms are located within a radius of about 3 A around
DBs. In this thesis, the ESEEM experiments of Isoya et al. were reproduced and the
result for a two-pulse ESEEM spectrum of native coordination defects in as-deposited
a-Si:H is shown in Fig. 5.16. Besides the fact that most of the samples studied in
Ref. [22] were deuterated, the ESEEM spectra presented here and those in Ref. [22]
are very similar. Resonances are only observed at the free nuclear precession frequencies
v (and 2u) of 29Si and H nuclei and the width of the resonance lines is narrow in all
cases, hence the nuclei which dominate the ESEEM spectra are remote matrix nuclei
with a very small HFI. The largest HFI which are present in the spectrum are about 5
MHz and the ESEEM spectrum therefore suggests that larger HFIs of both 2°Si and 'H
nuclei are not present for coordination defects in a-Si:H. However, it is well known that
standard two-pulse and three-pulse ESEEM experiments exhibit a number of experimental
difficulties.

ESEEM is a time-domain technique, which impedes the observation of broad spectral
features in disordered solids [108]. Already from a quick inspection of Fig. 5.16 it
becomes clear that the ESEEM spectrum is not free from artifacts. The v contribution
for 2?Si nuclei is small but the 2u, contribution is very intense. A broad distribution of
resonance frequencies of 2°Si nuclei due to a distribution of HFIs leads to a distribution
of the v, g contribution. The broad distribution induces a quick decay of the ESEEM
oscillations in the time-domain. If the decay time constant (or the width of the vy
distribution) is smaller than 100 ns ( = 10 MHz ), the resonances will decay within the

dead-time of the spectrometer and will not be observable. The 2y, contribution is in first-
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Figure 5.16: Two-pulse ESEEM spectra (X-Band, T = 60 K) of native coordination de-
fects in as-deposited a-Si:H (sample A). a) Modulations of the primary-echo
decay after subtraction of a 9™ order polynomial. b) Magnitude Fast-Fourier
Transformation (FFT) of modulations shown in a). The free nuclear pre-
cession frequencies of 2°Si and 'H nuclei are indicated.

order approximation not susceptible to such a distribution and therefore remains narrow
enough to be observed. With these observations, it is clear that two-pulse (as well as
three-pulse) ESEEM is a very unreliable technique to detect HFIs of paramagnetic centers
which exhibit a distribution of HFIs. In principle, the full inhomogeneously broadened
ESEEM powder pattern can be restored by advanced ESEEM experiments like four-
pulse ESEEM and hyperfine sublevel correlation spectroscopy (HYSCORE) [109]. It
is, however, difficult to obtain the necessary sensitivity to detect small ensembles of
strongly coupled H atoms (cf. Fig. 5.17). In contrast to ESEEM, ENDOR is an ideal
tool for detecting strongly coupled nuclei in disordered systems as is illustrated in Fig.
5.17. Davies ENDOR is superior to ESEEM in disordered systems since it is not a time
domain technique but a static pulse sequence. As illustrated in sec. 3.2.1 and 2.5,
Davies ENDOR is based on an inversion pulse sequence generating an inverted echo.
A radiofrequency pulse redistributes populations within the spin system and therefore
leads to a reduction of the inversion of the selected spin transition. The spin system is
therefore actively manipulated, while ESEEM relies on a free transient evolution of the
spin system under the spin Hamiltonian. Davies ENDOR is therefore suited to detect
intermediate HFIs as illustrated in Fig. 5.17. Very large resolved HFIs in disordered
system, however, cannot be addressed by ENDOR due to inhomogeneous broadening
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of the ENDOR resonance lines. In that case one better resorts to the EPR spectrum
where large HFIs are usually resolved. However, in order to exploit the full potential of
Davies ENDOR, optimal conditions have to be chosen since the technique has a very low
sensitivity. The experiment has to be carried out at high-field (Q-Band) to increase the
polarization of the spin system, stochastic excitation has to be applied to avoid heating
effects of the baseline and asymmetric ENDOR intensities due to nuclear spin relaxation
and the optimal pulse length for the initial inversion pulse has to be used. Only by
these extensive optimizations of the Davies ENDOR technique, the current sensitivity
and resolution could be obtained.

electron nuclear dipole-dipole coupling A,, [MHz]

5020 10 5 3 2 1 0.5
___ EPR
ESEEM -
ENDOR e
1 2 3 4 5 6
A

Figure 5.17: lllustrative overview of the applicability of various electron spin resonance
techniques to determine hyperfine couplings and therefore the distance be-
tween H and DBs for the special case of DBs in disordered amorphous silicon
(g = 2.0055). The optimum sensitivity is gained in the dark shaded area.
The anisotropic electron-nuclear dipole-dipole coupling Ay, is calculated
within the point-dipole approximation.

Fig. 5.18 shows the measured ENDOR response of native defects in sample A for
different microwave inversion pulse length scaled to the ENDOR efficiency Fenpor

FENDOR = ]-/2 [/echo(RFofF) - /echo(RFon)] //echo(RFofF) (54)

where /eho 1S the intensity of the inverted echo in the Davies-ENDOR pulse sequence
(cf. sec. 3.2.1). For an inversion pulse length of 600 ns, an intense ENDOR response
centered at the 'H free nuclear precession frequency vy = 52 MHz is observed (Fig.
5.18).

The spectral position of the observed ENDOR resonances can be explained by the
effective spin Hamiltonian of an electron spin S = 1/2 coupled to a nuclear spin | =

1/2 [21]. For an axially symmetric hyperfine tensor, the resonance frequencies of the
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Figure 5.18: ENDOR spectra of native defects in sample A taken at g = 2.0055 with
different length of the initial microwave inversion pulse. Davies ENDOR
pulse sequence: m — RF — /2 — 7 — m — echo (for details cf. sec. 2.5).
A total of 3000 averages were recorded for each pulse length. Decreasing
the length of the inversion pulse results in a suppression of the central line
(matrix line) (a) and an enhanced signal-to-noise ratio for strongly coupled
H nuclei (b). The upper data trace in (b) is offset for clarity.
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nuclear spin transitions in the two electron spin manifolds a and B excited by the RF

pulse are given by
Aiso

2

Ag
Wa(p) = W) £ + %(3 cos’f — 1) (5.5)

if the anisotropic electron-nuclear dipole-dipole coupling Agi, is small (Agip < w;). The
ENDOR spectra are then symmetric about w, = 2mry. Agip can be approximated by
the point-dipole approximation (cf. Eq. 2.13) in which case Ay, is proportional to r—3
and increases if the nuclei are located closer to the electron spin (cf. Fig. 5.17). The
random distribution of paramagnetic centers in the disordered solid and the sample powder
distribute the resonance frequencies wqyg). ENDOR powder spectra were obtained by
averaging wq(gy over the unit sphere (in this case over 6 - the relative orientation of
the electron-nucleus axis and the external magnetic field vector) where we assumed
that the relative orientation between the paramagnetic center and nuclei in its vicinity
are uncorrelated (full orientational disorder). The central ENDOR signal, in literature
generally referred to as the matrix line [110], is ascribed to a large number of purely
dipolar coupled H nuclei far away from the defect center (r > 4 A) (distant nuclei).
Close lying H atoms (r < 3 A) exhibit a larger dipolar hyperfine interaction Agip and a
non-zero isotropic hyperfine interaction Ai,. Compared to the ENDOR response from
the distant nuclei, the close lying nuclei give only rise to a small ENDOR signal intensity
and were therefore not observed in earlier ENDOR experiments which were performed
in a continuous mode (c.w. ENDOR) [111, 112] instead of pulsed mode as reported
here. The ENDOR signal from these nuclei can be enhanced by increasing the excitation
bandwidth of the initial microwave inversion pulse, i.e. decreasing its length [113]. This
manifests itself in an enhanced signal-to-noise ratio in the spectra in Fig. 5.18. At
the same time the ENDOR response from distant nuclei with a small hyperfine coupling
is suppressed due to a complete inversion of both electron spin manifolds by the non-
selective inversion pulse [114]. As a result a hole is burnt into the central part of the
ENDOR signal, often referred to as the Davies hole. Since the width of the spectral hole
scales linearly with the reciprocal inversion pulse length, it is obvious that the resulting
doublet structure (vgrp — o = +1 MHz in Fig. 5.18) is not caused by a predominant
species of H nuclei with an isotropic hyperfine interaction similar to the width of the
spectral hole. Instead it represents an experimental artifact due to the suppression of
the matrix line. The signal-to-noise ratio for the low ENDOR signal intensity originating
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from strongly coupled H nuclei is optimized by decreasing the length of the microwave

inversion pulse to 40 ns (cf. Fig. 5.19).
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Figure 5.19: (a) Radial distribution function J(r) for a continuous (dashed line) and
discreet (dotted line) distribution of H atoms around DBs. The position
of H atoms in free SiH% radicals is shown by the dash-dotted line. (b)
Corresponding ENDOR spectra for distributions in (a) and comparison with
the experimental spectrum with an inversion pulse length of 40 ns. In (b)
the dashed, the dotted and dash-dotted spectra are offset vertically with
respect to the experimental spectrum for better overview.

The unstructured shape of the ENDOR spectrum proves that a broad distribution of
hyperfine coupling constants exists. The broad distribution shows that the location of H
atoms is not limited to discreet positions, which would result in distinct powder spectra
(Pake-pattern) (dotted line in Fig. 5.19). Instead H atoms are continuously distributed
around DBs and the distribution is characterized by a radial distribution function (RDF)
J(r). The RDF is an isotropic correlation function and is proportional to the number
of nuclei on a sphere with radius r. In the case of a homogeneous H density, the RDF
is given by J(r) = 4mr?ny and is proportional to r?, since the surface area is simply
proportional to r2. For illustrative purposes the ENDOR spectrum can be simulated
from J(r) by a summation of the ENDOR powder patterns calculated for the individual
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distances weighted with J(r) (dashed line in Fig.5.19). The simulation is normalized
to the experimental spectrum. The central part (matrix line), which is of no further
interest for our study, is neglected, since a simulation of the matrix line or its suppression
generally requires complex numerical calculations [115]. The simulation is in qualitative
agreement with the experimental data (cf. Fig. 5.19) which shows that the H atom
distribution is indeed in good approximation homogeneous. No evidence for a preferred
microscopic structure with a definite hyperfine coupling or a spatial correlation is found,
since it would lead to a deviation from the monotone shape of the ENDOR spectrum. It
is important to realize that the homogeneous distribution of H atoms indicates that the
number of H atoms in the vicinity of the defect is not fixed but varies from site to site.

As depicted in Fig. 5.17, we can translate the hyperfine coupling into a value for the
distance between H atoms and DBs with the point-dipole approximation for Ag;, (cf. Eq.
2.13). For H atoms at distances larger than 3 A, A is much smaller than Adip and can
be neglected, since the localization radius of the DB wave function is rpg ~ 3 A [73].
For a distance of 3 A, the hyperfine coupling then amounts to 2A4ip= 5.8 MHz, which
is significantly lower than the hyperfine couplings observed in the ENDOR spectrum in
Fig. 5.19. If no H atoms are located at distances closer than 3 A from the DB, the
ENDOR signal intensity will be exactly zero for hyperfine couplings larger than 2Ag,=
5.8 MHz (dotted line in Fig. 5.19). This proves that some H atoms are situated at
distances smaller than 3 A from the DB. For these strongly coupled H atoms the point-
dipole approximation is not applicable and A, is no longer negligible. In this regime,
a reasonable structural assignment can only be established by the comparison of the
experiment with model systems or quantum chemical calculations. A prominent model
system for the DB in a-Si:H is given by the free SiH$ radical. The expected ENDOR
resonance positions for the coupling between the DB electron spin and the nuclear spin
of the H atoms in this molecule are shown in Fig. 5.19 (dash-dotted line) (A, = 25
MHz, A4, = 4 MHz [116]). The experimental ENDOR spectrum of a-Si:H clearly shows
a non-zero intensity at these spectral positions which proves that H atoms can also occur
at the back-bonds of DBs. The reduced spectral intensity at large hyperfine couplings
compared to the central ENDOR resonance indicates that DBs with H atoms in a back-
bonded position are a minority in a-Si:H while the majority of DBs is only remotely
connected to H atoms. This, however, does not imply that the probability of finding H
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atoms at a certain point of space is smaller or different in the vicinity of DBs than it is
in a region without DBs. Instead the above discussion of the experimental ENDOR data
suggests that this probability is a constant for every point in the sample (homogeneous
distribution). In other words, there is no anti-correlation of H atoms and DBs, i.e. H
atoms avoid bonding to DB Si atoms, as was proposed in an earlier model [73,117]. The
basic assumption of this model is that the release of local strain in the network is the
driving force for DB formation. The authors of Ref. [73,117] argue that the probability
of finding a H atom back bonded to DB Si atoms is very small, since the H bonding
would have already decreased the bond coordination. Hence the formation of a DB is
no longer necessary to approach a local free energy minimum during the growth of the
material. With the experimental findings of this work in mind, it is unlikely that such
a simple model can explain the defect reactions during growth of the material and a
revision of the model seems necessary. It is interesting to note that this model, which
accounts for the creation of native DBs, is different compared to models dealing with the
formation of light-induced DBs. While Si-Si bonds connected to Si-H bonds are excluded
as precursors for the formation of native DBs in the above mentioned model, they are
explicitly included in the weak Si-Si bond breaking model proposed to explain the SWE
(cf. sec. 5.1 and Ref. [15]). Additional insight concerning this issue can be gained by
comparing the H distribution around native and light-induced defects. The results of this

study will be discussed in the next section.

5.3.2 Hydrogen distribution in the vicinity of light-induced defects

The preceding analysis of the H distribution around native coordination defects in a-
Si:H revealed that the H atoms are homogeneously distributed. Theoretical models of
the SWE predict that this should not be the case for light-induced defects. According to
specific SWE models the defect density is increased upon light soaking by a generation of
intimately correlated DB-H pairs. For such a defect configuration one expects a rather
large Agip due to the small distance between the DB defect and the H atom. Values
for A, are difficult to predict due to the importance of spin-polarization effects. The
magnitude of A, can be large > 50 MHz or small < 1 MHz depending on the sign and
size of the exchange coupling between the unpaired electron spin and the paired electron

spins in the Si-H bond. The HFI of intimately correlated DB-H pairs should majorly
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change the ENDOR spectrum upon light soaking of the a-Si:H sample. Fig. 5.20 a)
shows a comparison of ENDOR spectra of sample C in the light-soaked and annealed

state.
a) — light-soaked b) —light-soaked (sample B)
——annealed 1 L ——as-dep. (sample A)
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Figure 5.20: Pulse Davies 'H-ENDOR recorded at Q-Band microwave frequency and at
a temperature of T = 80 K. The length of the inversion pulse length was
Tinv = 64 ns. Free Larmor precession frequency of nuclear spins of H atoms
at a magnetic field of 1.2 T: vy & 52 MHz. Accumulation time for ENDOR
spectra 1 - 2 days. a) Comparison of 'H-ENDOR spectra of sample C in the
light-soaked and annealed state. b) Comparison of the 'H-ENDOR spectra
of sample B in the light-soaked state and sample A in the as-deposited state.

The ENDOR spectra are identical within the signal-to-noise ratio and do not show any
evidence for the presence of intimately correlated DB-H pairs. However, the difference
in the defect density between the light-soaked and annealed state of sample C is rather
small (N; = 4.3-10%cm™2—5.3-10%°cm™3), hence the ENDOR spectra presented in
Fig. 5.20 a) still contain a large contribution arising from native coordination defects.
In case of device grade samples (sample B), the defect density increases by as much
as a factor of 10, hence the ENDOR spectrum is dominated by light-induced defects
and contributions from native defects are negligible. However, the small defect density
makes it impossible to determine the ENDOR spectrum of sample B in the annealed
state. Hence, the ENDOR spectrum in the light-soaked and annealed state cannot be
compared in the case of sample B. Instead, the light-soaked state is compared with the
ENDOR spectrum of native defects in as-deposited a-Si:H (cf. Fig. 5.20 b). Again,
the ENDOR spectra are identical within the signal-to-noise ratio and do not show any
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evidence for the presence of intimately correlated DB-H pairs. In fact, considering the
complete set of ENDOR spectra for all samples as shown in Fig. 5.20, one realizes that
within the signal-to-noise ratio all samples exhibit the same ENDOR spectrum. Hence,
the ENDOR spectrum of native as well as light-induced defects in a-Si:H is universal and
does not depend on the material state and the deposition conditions. It is therefore very

likely that there are no major changes in the H distribution of light-induced defects.

5.3.3 Spatial correlation between light-induced defects and H atoms

In summary, pulse 'H-ENDOR experiments show that H atoms are continuously dis-
tributed around native coordination defects in as-deposited a-Si:H. No correlation between
the defects and H atoms is observed and the H atoms are presumably homogeneously
distributed in the network. However, the ENDOR spectra show contributions from H
atoms with HFIs up to 30 MHz. This indicates that H atoms can be located very close
(r < 3 A) to the coordination defects. If the coordination defects are seen as DB defects,
one can conclude that the spectral contributions at large HFIs (25 - 30 MHz) indicate
that a minority of DBs carry H atoms at their backbonds.

IH-ENDOR measurements of light-induced defects show very similar results as ob-
tained for native defects. No evidence for a spatial correlation between light-induced
defects and H atoms, as predicted by the weak Si-Si bond breaking model, is found.
However, the implications of the ENDOR results for the various SWE models are com-
plex. Each defect reaction (cf. sec. 5.1) has to be discussed in detail since each slightly
different structures of the final metastable state are predicted. In addition, the presented
ENDOR spectra are subject to certain experimental limitations. In the following, the
experimental limitations of ENDOR are described and a detailed discussion of each SWE
defect reaction is presented. This discussion will decide which model can be confirmed,
discarded or which models cannot be tested by the present ENDOR measurements.

In sec. 5.1 we have seen that several defect reactions can yield a metastable increase
of the defect density. The basic microscopic processes of the weak Si-Si bond breaking

model are
1. Si-H + Si-Si —Si-DB* + (Si-H/DB*-Si), Ref. [15,91]

2. Si-H/Si-H + Si-Si —2(Si-H/DB*-Si), Ref. [92, 93]
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3. Si-H/H-Si + Si-Si —2{Si-H/DB*-Si} Ref. [94].

The defect reactions predict either one or two spatially correlated defect states with the H
atom on the bond centered (BC) site (Si-H/DB*-Si), or two spatially correlated defects
states 2{Si-H/DB*-Si} with the H atom on a tetrahedral like site (T4). The distance
between the H atom and the DB is about 2 A for the BC site and 4-5 A for the Ty site.
The dipolar HFI A4, between the DB electron spin and the nuclear spin of the H atom
is large in the first case and small in the second case. Let us assume that the H atoms
spatially correlated with light-induced defects exhibit a normal distribution of isotropic
and dipolar HFIs A, and Agp. In the following, the mean values of the distributions of
Aiso and Ag;, are denoted by (Ais) and (Aqip) and the standard deviations by ois, and og;p.

In case of defect reaction (2) each DB is spatially correlated to a H-atom and (Ai)
of (Si-H/DB*-Si) states can take very high values due to a significant spin density of
the unpaired electron at the site of the H atom. If (Ag,) of these H atoms is larger
than the line width of the EPR spectrum (about 1 mT for S- or X-Band), a splitting
of the resonance line will occur. Please note that in case of a large o, and in case
of a finite Agi, and ogi, the splitting may not be resolved, instead a strong broadening
of the EPR spectrum occurs. Since this is not observed one can conclude that (Ais)
and (Agip) are presumably smaller than 1 mT (=~ 30 MHz). The experimental ENDOR
spectra show that H atoms with a HFI between 0 and 30 MHz indeed exist. However,
there are major problems in this range of HFIs. Resonance lines of intermediate HFls
(10 MHz < (Aiso),(Adip) < 30 MHz) can be excessively broadened by A-strain (0iso,0dip>
10 MHz). It is therefore not possible to definitely exclude the presence of light-induced
(Si-H/DB*-Si) states. One can, however, conclude that the mean HFI (A,) and (Aqgip)
of such defect configurations has to be smaller than 30 MHz.

Defect reaction (1) predicts that only half of the defects are spatially correlated to H
atoms and the other half are isolated DB defects. Stutzmann et al. [46] argued that (Ai)
and (Agip) is larger than 100 MHz and the HFIs are widely distributed (large ois, and og;p).
As discussed above, this would lead to a strong broadening of the EPR resonance line
of the light-soaked a-Si:H samples. In this model the correlated defects (Si-H/DB*-Si)
exhibit a large HFI and are therefore not observable in the EPR spectrum due to excessive
broadening (hidden HFI line). The uncorrelated defects Si-DB* exhibit a homogeneous

H distribution as in the case of native defects and their EPR resonance line remains
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narrow. This would imply that not all singly-occupied defects present in the mobility
gap of a-Si:H contribute to the EPR spectrum with a g-value of g = 2.0055. The EPR
measurements presented in this thesis do not show the presence of a hidden HFI line. An
equal light-induced increase of correlated (Si-H/DB*-Si) and isolated DB defects Si-DB*
remains to be either confirmed or ruled out by further experimental investigations.

Defect reaction (3) predicts the generation of two spatially correlated {Si-H/DB*-Si}
states, where the distance between the H atom and the DB is about 4-5 A. At such
a large distance (Agpp) can be estimated within the point-dipole approximation (cf. Eq.
2.13), (Agip(4 =5 A)) = 0.6 - 1.2 MHz. (A, is also small due to the negligible spin
density of the electron spin at the site of the H-atom. Unfortunately, such a small HFI (
(Aiso) and (Agip) < 2 MHz) cannot be detected by ENDOR since the technique exhibits
a blind spot in this region (Davies hole). The width of this blind spot can be decreased
by increasing the length of the microwave inversion pulse. However, the large abundance
of matrix nuclei (H content of a-Si:H is about 10 at. %) makes it impossible to detect a
redistribution of H-atoms with a small HFI. Although the small HFI predicted by defect
reaction (3) is in principle in agreement with the ENDOR experiments, the model cannot
be tested with this technique.

The above discussed defect reactions all result in a generation of metastable spatially
correlated Si-H/DB*-Si. The H collision model does not rely on the generation of these
metastable states. The defect reaction of the H collision model is given by 2(Si-H) +
Si-Si — 2(Si-DB*) + Si-H/H-Si [96]. The DB defects generated within the H collision
model exhibit no spatial correlation to H atoms. This does, however, not mean that the
vicinity of each DB is depleted from H. As we have shown for native coordination defects,
a small minority of defects exhibits H atoms in their direct vicinity. The H distribution
around light-induced defects is again homogeneous as in the case of native coordination
defects since the experimental ENDOR spectra do not change by light-soaking (cf. Fig.
5.20). The ENDOR spectra indicate that the distributions of metastable defects and H
atoms are not correlated, that is, not very defect has a H atom in its vicinity. Only a
very small minority of defects exhibits this correlation.
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5.4 Conclusion

In this section the obtained results are discussed in the context of theoretical SWE mod-
els. It was shown, for the first time, that the common believe of native and light-induced
defects exhibiting the same EPR spectrum is incorrect. This observation suggests that
the microscopic origin of light-induced defects cannot be attributed to DB defects. This
is a drastic issue since theoretical models explaining the SWE on a microscopic level ex-
plicitly assume that native and light-induced defects are DB defects. The only difference
between the models is the spatial defect distribution and the defect environment. In
addition, the investigation of the spatial correlation between H-atoms and light-induced
defects by 'H-ENDOR showed no evidence in favor for models which propose the gen-
eration of DB-H pairs. However, it is important to say that on the present experimental
ground the weak Si-Si bond breaking model cannot be disproved conclusively.

It is clear that the observation of a change in the EPR spectra between native and light-
induced defects cannot be intuitively explained within any of the SWE models discussed in
this thesis. At this point one can only speculate about the microscopic structure of light-
induced defects. It was shown that the EPR spectrum of these defects is narrower than
the EPR spectrum of native coordination defects which can only be caused by a reduction
of the g-tensor anisotropy. The experimental observation that the transversal relaxation
properties of light-induced defects are distinctly different from native coordination defects
is a further prove that the defects are of different origin. Spins of light-induced defects
relax much faster than spins of native defects. One possibility for this fast echo decay is
a clustering of light-induced defects. This is in principle predicted by the weak Si-Si bond
breaking models (defect reaction 1,2 and 3) which do not propose a further separation
of the metastable defects by H diffusion. In these models the DBs in the metastable
state exhibit a distance between them of about 4 - 10 A, which would result in a very
large dipolar spin-spin coupling of about 50 - 800 MHz. However, at such small distances
exchange interaction is significant, which could lead to the formation of a singlet or triplet
state, which is clearly not observed. It is therefore unclear whether a cluster of only one
spin pair is enough to explain the observed behavior.

Another important issue is the observation that the HFI values for native coordination
defects do not match those obtained for computer generated DBs, as outlined in chapter
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4. In view of this result and the investigation of light-induced defects, significant doubt
arises whether the defect structures are at all close to the atomic configuration of a DB.
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6 ED-ESEEM a new technique for the
investigation of defects in thin-film

silicon solar cells

The previous chapters brought new insight into the microscopic origin of defects in a-Si:H
powder samples by the application of advanced EPR techniques. These powerful methods
should now be applied to investigate defects in fully-processed thin-film solar cells. The
presented EPR techniques are, however, by far not sensitive enough to be applied to
thin-film solar cells of device grade, which exhibit only a small number of defects. This
problem will be solved by using EDMR. This chapter presents the implementation of
a novel spectroscopic EDMR technique to determine unresolved HFIs of paramagnetic
defects or impurities in thin-film solar cells. The developed technique is a combination
of high-sensitivity pulse EDMR methods and ESEEM, a routinely applied pulse sequence
in conventional EPR to detect small HFIs. A proof-of-principle implementation of the
novel ED-ESEEM method is presented and the technique is applied to e- and CE-centers
in pc-Si:H thin film silicon solar cells. The measurements show that electron spins of
e-centers are weakly coupled to 2°Si, 3P and 'H nuclei. ED-ESEEM measurements of
CE-centers show that the immediate vicinity of the defect is depleted from 3!P and 'H
nuclei. The CE-centers are therefore attributed to shallow defect states in the crystalline
grains of the pc-Si:H absorber layer and not to interface defect states at the boundary
between amorphous and crystalline phases of pc-Si:H.
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6.1 Introduction

Spectroscopic techniques to detect small HFIs masked by inhomogeneous line broadening
are important to investigate the microscopic structure of paramagnetic defects or im-
purities in thin-film solar cells. Conventional EPR provides high resolution spectroscopic
tools, such as ENDOR or ESEEM to solve this problem. However, these techniques are
usually inapplicable in materials containing less than 10%° paramagnetic centers, which
is frequently the case in device grade thin film silicon solar cells. For charge transport
determining paramagnetic defects this limit can be lifted by detecting resonant changes in
the (photo-) current instead of EPR induced changes of the microwave absorption [118].
Electrically detected magnetic resonance (EDMR) actively manipulates spin pair recom-
bination or hopping rates and probes the resulting conductivity changes with a detection
sensitivity down to &~ 100 spins [39]. Thereby EDMR is capable of combing ultra-high
sensitivity with nanoscopic identification of electronic states involved in spin-dependent
charge transport and loss mechanisms in semiconductors. The introduction of pulse
(p)EDMR methods [119] lead to recent progress in semiconductor devices by identifying
the contributing paramagnetic sites by their g- and HFI-tensors [50], discriminating be-
tween alternative spin-dependent transport pathways exhibiting different dynamics [50]
and determining electron spin-spin interactions [120] as well as electron-spin coherence
properties [121-123]. Large resolved HFIs of phosphorus donors in crystalline silicon were
recently probed by electrically-detected ENDOR experiments [124, 125]. Despite these
breakthroughs, pEDMR up to now was not capable of providing small unresolved HFls
(typically smaller than 20 MHz) in disordered materials where inhomogeneous broadening
due to a distribution of g- and HFI-values prevails. In order to overcome this limitations,
we developed a novel pEDMR detection scheme for electrically detected (ED)-ESEEM.
By employing this method to a multi-layer thin-film a-Si:H/pc-Si:H solar cell with few
electron spins (number of spins &~ 10*), we observed first electrically detected spin echo

modulations.
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6.2 Experimental results

The transient current response of the sample was recorded by a current amplifier and
integrated from 3-8 ps for spin echo measurements to obtain a charge AQ. A detailed

description of the experimental setup can be found in sec. 3.2.3 and Ref. [50].
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Figure 6.1: Field-swept pEDMR spectrum are recorded by monitoring the transient cur-
rent change (A/) 3 ps after a 100 ns m-pulse. The spectrum shows narrow
resonances attributed to e and CE centers in addition to a broad resonance of
P9-donor states split by a large isotropic HFI. Deconvoluted pEDMR spectra
are shown by the dotted lines. The excitation profile of the microwave pulse
sequence is shown by the red solid line. ESEEM measurements are carried
out at magnetic field positions indicated by g. and gcg.

Fig. 6.1 shows the field swept pEDMR spectrum recorded as a transient current change
3 ps after a 100 ns microwave m-pulse. The spectrum exhibits two partly overlapping
narrow signals with g. = 2.0045(5) and gcg= 1.9975(5), respectively and a 25 mT broad
signal centered around gp = 2.003 (Fig. 6.1). In a previous study these signals have
been assigned to spin-dependent transport between conduction band tail states (e) (ge =
2.0045(5)) and neutral fourfold-coordinated P9-donor atoms (gp = 2.003) in the n-a-Si:H
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emitter layer [126]. The HFI between the P$-donor electron and its host 3P nucleus is
on average 25 mT [44] and therefore separates the e-center from the P9-donor transi-
tions. The remaining signal has been assigned to hopping transport among conduction
band tail states (referred to as CE centers, gcg = 1.9975(5)) in the pc-Si:H absorber
layer [50]. This spatial assignment of spin-dependent processes to individual layers of
multi-layer devices is usually done by comparing the g-values to those in literature stud-
ies of isolated a-Si:H and pc-Si:H layers obtained by either EDMR, optically-detected
magnetic resonance (ODMR), EPR or light-induced EPR. However, the assignment of
EDMR signals in multi-layer devices such as silicon thin-film p-i-n solar cells is compli-
cated by the fact that these devices exhibit complex charge-carrier transport processes,
which are not restricted to the bulk of the individual layer but can also take place at their
interfaces [127]. Another possibility to identify the spatial origin of the EDMR signals is a
subsequent alternation of the device layers [50], which however exhibits the severe disad-
vantage that in state-of-the art thin film solar cells a layer modification usually alters the
growth boundary conditions for other layers. A spectroscopic solution of this problem,
which is non-invasive and does not rely on a comparison with earlier studies on different
devices, exploits the HFI between the electron spin with its surrounding magnetic nuclei.
By this method the chemical composition of the layer material (e.g. dopants, impurities
and alloy composition) as well as the spin-density distribution of the paramagnetic defect
state in the lattice can be deduced [128]. Since the determination of small HFI in the
pEDMR spectrum is prevented by inhomogeneous broadening, ENDOR or ESEEM tech-
niques have to be applied [21]. The implementation of ENDOR in electrical detection
schemes is technically demanding, due to inductive coupling of RF-radiation to the de-
tection circuit and were realized only for the detection of large resolved HFls in crystalline
systems [124, 125] or in low-power continuous wave mode [129]. ESEEM techniques,
relying solely on microwave pulses, are therefore favored for electrical detection. ESEEM
is based on a two-pulse sequence /2 —T; — T — T, — echo where coherences are refocused
at 7> = 71 to generate a spin echo, whose amplitude is measured as a function of 7 = 7.
For electrical detection of the spin echo the standard two-pulse ESEEM sequence is
augmented with a 7/2 readout pulse at the time of echo formation to transfer electron
coherence to polarization [122] (cf. inset Fig. 6.2).
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Figure 6.2: Electron-spin echo decay of e-centers (g. = 2.0042) after subtraction of a
linear background. The echo decays approximately mono-exponentially with
a time constant Tp = 1.6 ps. The inset shows the applied microwave pulse
sequence together with a schematic current transient after the last read-out
pulse, which serves as the observable in an ED-ESEEM experiment.

Processes in EDMR involve correlated spin pairs, which consist of two S = 1/2 electron
spins S; and S, and can be described within the coupled radical pair model [130]. We
consider only e-centers (S;) and P9 donors (S,) spin pairs, transitions between CE states
are described in a similar way. In addition we assume that the spin pair is weakly coupled
(cf. sec. 2.7.2). Sy is coupled to an arbitrary nuclear spin /; = 1/2 and S, is coupled to
its 3P nuclear spin /; = 1/2. If the HFI between the excited electron spin (S1) and /; is
anisotropic, ESEEM is induced by the formation of coherence-transfer echoes [131,132].
In the following, we consider the coherence on the allowed S; transition (1,5) only, other
coherences behave in an analogous way (cf. sec. 2.7.2). The coherences on transition
(1,5) are generated by the initial w/2 pulse and accumulate a phase proportional to
their eigenfrequency wy during the first free evolution period (cf. Fig 6.3b-1/11). Due
to the pseudo-secular HFI, there is also a certain probability that the EPR 7 pulse also
flips /1. This induces a coherence transfer to other transitions (mn) with a different
eigenfrequency wn, (cf. Fig 6.3b-111). During the second evolution period a different
phase is acquired and the observable coherence-transfer echoes refocus along a different
axis than the original coherence on (1,5) (cf. Fig 6.3b-1V).
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Figure 6.3: a) Applied microwave pulse sequence together with a schematic current tran-
sient after the last read-out pulse. b) Evolution of polarization and coherence
on the allowed transition (1,5) of Sy in the laboratory frame during the pulse
sequence shown in a). 1) Sy and S, are ordered longitudinally before the pulse
sequence. Il) Longitudinal magnetization (M) on (1,5) is flipped to the x-y
plane by the /2-pulse and gains a phase Q®) 7 during the first free evolution
period. III) The m-pulse inverts the phase and redistributes the magnetization
between four allowed and forbidden electron spin transitions of S;. V) At
the time of echo formation the different coherences gained a certain phase
relative to the coherence on transition (1,5). V) The final /2 pulse converts
coherences back to polarization, which is now reduced as compared to the
initial polarization. The level scheme and transition frequencies of the spin
system are given in sec. 2.7.2 ¢) Spin-dependent hopping transition between
the e-center (S;) and the P§ center (S,). The triplet longitudinal spin order
in the initial state before the pulse sequence prohibits charge carrier hopping
due to the Pauli Exclusion Principle. In the presence of ESEEM, the reduced
polarization of S; after the pulse sequence can be visualized by a certain pop-
ulation of spins S; which are anti-parallel to S, and therefore allow carrier
hopping, increasing the overall photocurrent of the sample.
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Since all coherence-transfer echoes refocus at the same time, the echo envelope is
modulated with the difference frequencies wm, — wis , which are the nuclear frequencies
[21,133,134]. Quantitatively, the two-pulse ED-ESEEM echo intensity as a function of

T under selective excitation of Sy is given by (cf. sec. 2.7.2)

k
Ly(t) = 1-— 7 (2 —2C0SWaT — 2COSWET + COSW, T + COSW_T) (6.1)

with the nuclear frequencies of /1: Wi = Wo T Wwg, Wa/s = \/(w,1 + A/2)2 + B2/4, and

Bw,l

2
the modulation depth parameter k = ( > . For an axially symmetric HFI between

Waw
S: and /; the secular and the pseudo—secillar part can be expressed as A = A, +
Adip (3 cos?0 — 1)and B = 3Agipsinfcosf , where A, and Ay, denote the isotropic and
anisotropic HFI, respectively and @ indicates the angle between the external magnetic
field and the electron-nucleus axis [21]. Since the online monitoring of spin coherence
as in conventional EPR is not possible in EDMR, the echo decay is recorded in a two-
dimensional (2D) experiment, where the second delay 7, is varied for a fixed value of the
first delay 71 around the echo top occurring at 7, = 75 [122]. Fig. 6.2 shows AQ as a
function of 7, and 7, for e-centers after subtraction of a linear background. The echo
decays approximately mono-exponentially with a fast decay time constant Tp = 1.6 us.
To record ESEEM, we incremented the delay times simultaneously 7y = 7, = 7T and
eliminated the unmodulated part of the echo envelope through division by a polynomial
fit. The remaining modulated part of the echo envelope is shown in Fig. 6.4 a).

Before Fast Fourier Transformation (FFT) the time traces were apodized by a Kaiser
21 window to obtain a high side-band suppression and zero-filled up to 4096 points.
The upper curve in Fig. 6.4b shows the FFT of the e-center echo envelope. Several
pronounced resonance peaks are observed at frequencies matching calculated w, or 2w,
of 2Si, 3P and 'H nuclei, indicated by vertical lines in Fig. 6.4b. This proves that
the observed ESEEM pattern originates from a large number of distant matrix nuclei
with a weak anisotropic and negligible isotropic HFI, since only in this case the nuclear
frequencies reduce to w; or 2w, . Since the maximum electron-nuclear distance detectable
by ESEEM is about 8 A, the observation of 2°Si and *H ESEEM and the absence of 1B
(I = 3/2, 80.1% relative abundance) ESEEM leads to the immediate conclusion that
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Figure 6.4: a) Electron-spin-echo envelope measured by simultaneously incrementing 7;
and 7, and after division by a 9t"-order polynomial fit. Upper trace: e-states
(ge = 2.0042), lower trace: CE-states (gcg = 1.9983). b) Magnitude FFT

spectra of echo modulations in a) normalized to 2w, (*°Si) modulation. Ver-
tical lines indicate computed w;, and 2w, for given magnetic nuclear isotopes.
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the electronic processes are restricted to the n-a-Si:H or i-pc-Si:H layers of the solar cell.
The observation of 3P ESEEM shows that e-centers are located in the n-a-Si:H layer.
It is however not immediately clear, whether the 3P nuclei are part of the diamagnetic
(P9) or paramagnetic (P9) atomic configuration of P impurities. In both cases, the 3P
nuclear spin will interact with the e-center’s electron spin (S;) via HFI, also in case the
paramagnetic PY is the actual spin-pair partner of the e-center (special case /1 = /). In
the latter case, however, forbidden transitions involving a simultaneous flip of the electron
and nuclear spin are shifted in energy relative to allowed S; transitions due to the large HF|
between / and S, (cf. sec. 2.7.2). In this case the condition for a simultaneous excitation
of allowed and forbidden transitions, a prerequisite for the observation of ESEEM [135],
is not met due to a limitation of the experimental excitation bandwidth. We therefore
attribute the 31P nuclei to the P9 configuration. This assignment is also supported by the
fact that EDMR spin-pairs are weakly-coupled (cf. sec. 2.7.2) with a negligible electron-
electron coupling, which indicates that the electron spins are separated by more than
3 nm, a value well beyond the detection radius of ESEEM (=~ 8 A). Having identified
the nature and electronic configuration of the magnetic nuclei inducing ESEEM, we
can now discuss their spatial distribution and concentration which is reflected in the
ESEEM spectrum (cf. Fig. 6.4b). Using conventional ESEEM Yamasaki et al. [136]
have shown that the global alloy composition is reasonably well described by the intensity
ratio w, (*1P)/w, (?°Si) of weakly coupled matrix nuclei. Although our ESEEM spectra
are very similar to theirs, the w, (*'P) intensity clearly exceeds the w, (?°Si) intensity
in our case (cf. upper trace Fig. 6.4b) and does therefore not reflect the global solid-
phase concentration. This peculiarity constitutes the major difference between microwave
detected ESEEM spectra on n-a-Si:H powder samples [136] and the ED-ESEEM spectra
reported here. It is important to note that as long as the experiment is carried out at the
same magnetic field the w, (3'P)/w, (?°Si) intensity ratio shows only a minor dependence
on the experimental conditions, such as the microwave pulse length and intensity, and
is merely determined by the HFI of these nuclear isotopes and their distribution in the
solid. We therefore conclude that the distribution and local concentration of PJ or the
microscopic structure of e-centers selected in ED-ESEEM differs from that of e-centers
in n-a-Si:H powder samples (cf. Ref. [136]).
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CE-states were investigated under otherwise identical conditions by slightly tuning
the magnetic field to excite centers with gcg= 1.9983. The resulting ESEEM spectra
are similar to those of e-centers, but show a strong reduction of the w. (**P)/w, (*°Si)
intensity ratio (cf. lower curve Fig. 6.4b). Although the exact distribution of 3P
and 2°Si nuclei around e-centers is yet unknown, the reduction of the w. (*'P)/w, (*°Si)
intensity ratio is a strong indication that much less P nuclei are located around CE-
centers. Even the residual contribution of 3P ESEEM is attributed to an off-resonant
excitation of e-centers by the broad excitation profile of the microwave pulses and does
not arise due to HF| between CE-states and 3!P nuclear spins. This is verified by a
numerical simulation of the m-pulse excitation profile (cf. Fig. 6.1), which shows that the
employed microwave pulses still excite a rather large fraction of the e-center resonance. A
quantitative simulation shows that the off-resonant e-center contribution is only reduced
by a factor of two when tuning the magnetic field to gcg, in excellent agreement with
the experimental spectrum (cf. Fig. 6.4b). The residual 3*P ESEEM does therefore not
originate from CE-centers and we conclude that 3P nuclei are not significantly abundant
around CE-centers, hence they are located in the undoped pc-Si:H absorber.

The same argumentation is valid for 'H ESEEM observed in case of excitation of CE
centers. The signal contributions at w, (*H) or 2w, (*H) are reduced by about a factor of
two as compared to e-centers and can again be assigned to an off-resonant excitation of
e-centers. The CE centers alone do not show signal contributions at w; (*H) or 2w, (*H),
hence the centers are not coupled to distant H atoms. It is therefore very likely that
the vicinity (r < 6 A) of CE-centers is depleted from H atoms. This has important
consequences for the microscopic origin of CE centers. Due to the lack of H coupling,
observed before with conventional ESEEM in highly-crystalline pc-Si:H [43], the states
must be located within a H free region of the material, most likely within crystalline grains.
They cannot be located at the boundary between crystalline and amorphous phases of

pc-Si:H since H is very abundant in the amorphous phase.

6.3 Conclusion

We demonstrated the electrical detection of ESEEM of e- and CE-centers in a-Si:H/pc-
Si:H thin-film solar cells. Echo modulations arise due to highly-abundant matrix nuclei
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(?Si,3P,1H) which exhibit weak HFI to the paramagnetic sites. ESEEM of e-centers
show a pronounced contribution due to 3'P nuclei, which indicates that e-centers are
located in the n-a-Si:H layer. This contribution is strongly reduced in case of CE-centers
which we conclusively assign to the undoped pc-Si:H absorber. Our experimental results
therefore verify previous assignments of spin-dependent processes. It is argued that for
CE-centers ESEEM signals arising due to HFI to 3!P and 'H nuclei can be explained by an
off-resonant excitation of e-centers by the short microwave pulses employed. CE-centers
by themselves do not exhibit HFIs to distant 3'P and *H nuclei. It can be concluded that
due to the lack of H coupling, CE-centers are located within crystalline grains and not
at the boundary between amorphous and crystalline phases of pc-Si:H.

The presented ED-ESEEM pulse technique is by no means limited to the device in
this study, but can be applied to a large variety of materials exhibiting spin-dependent
charge transport processes. Even fully processed electronic devices can be investigated,
which renders ED-ESEEM the method of choice to study other high-end semiconductor
devices [137], organic light emitting diodes [138] and solar cells [139] as well as spintronic
devices [140]. Applied to these devices, future ED-ESEEM will be capable of providing
detailed information about the HFIs and superhyperfine interactions of paramagnetic
sites in crystalline or disordered solids. In both cases, the two-pulse ESEEM approach
presented in this study can be extended to more advanced ESEEM pulse sequences
like Hyperfine Sublevel Correlation Spectroscopy (HYSCORE) to obtain high-resolution
spectra to deduce HFI and nuclear quadrupole couplings with all relevant nuclei in the
vicinity of the addressed unpaired electron [108, 109].
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This thesis presents a detailed investigation of the microscopic nature of localized defect
states in a-Si:H. It is important to identify the microscopic nature and generation of these
defect states since they influence the performance of a-Si:H solar cell devices. Especially
a better understanding of the generation of light-induced defects, the SWE, a central
point in this thesis, is of high importance, since this effect seriously limits the potential
of a-Si:H based solar cells. In order to extent the in-depth study to paramagnetic defects
in thin-film solar cells, a novel ED-ESEEM pulse sequence was developed which was
applied to investigate unresolved HFls of defect states in pc-Si:H p-i-n solar cells. In the
following the main achievements and results of this thesis are summarized and an outlook

for future experiments is given.

7.1 The microscopic nature of native coordination
defects in a-Si:H

To provide a complete picture of defects in a-Si:H, a detailed study of native coordination
defects in as-deposited a-Si:H was presented in chapter 4. The EPR spectrum of these
defects is studied at various microwave frequencies (S-, X-, Q-, and W-Band) to provide a
complete resolution of their EPR parameters, the g-tensor and the hyperfine interactions.
In contrast to earlier studies, it is found that the coordination defects exhibit a rhombic
g-tensor with the following principal values, g, = 2.0080, g, = 2.0060 and g, = 2.0033
and not an axially symmetric g-tensor. The obtained experimental values are compared
to those obtained by ab-initio DFT calculations of EPR parameters of DB models. The
g-tensor principal values and its rhombic symmetry are reasonably well reproduced by
theory. However, the experimentally determined hyperfine interaction with 2°Si nuclei
(Aiso = 186 MHz) is significantly smaller than values predicted by theory (Ag = —252
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MHz). This indicates that the coordination defects in a-Si:H are more delocalized than
one would expect for the case of DB defects. This conclusion is corroborated by a detailed
analysis of the line shape of the EPR resonance. The broadening of the central portion
of the EPR resonance line at low microwave frequencies is dominated by unresolved
hyperfine interactions. This broadening also includes large hyperfine interactions and
it is shown that the number of Si atoms with a large hyperfine interaction is about
two in the experiment compared to one in case of theoretical models of DB defects.
The defect centers in a-Si:H are therefore delocalized over two Si atoms, a microscopic
picture which is not in agreement with the presented theoretical study and with an
intuitive picture of DB defects located primarily on a single Si atom. The major deviations
between experiment and theory of the largest HFI and the broadening function are strong
indications that the computer generated DB defects do not adequately represent the
coordination defects present in a-Si:H. The real coordination defects are presumably
more delocalized. Electronic states of fivefold coordinated Si atoms, so-called floating
bonds, were discussed in the literature as an alternative defect model for coordination
defects in a-Si:H. Floating bonds are electronic states delocalized over several Si atoms
and would be in closer agreement with the presented analysis of the EPR spectrum.
However, floating bonds were excluded as an alternative for dangling bonds, since the
electronic states are not located in the middle of the band gap but form shallow states
closer to the conduction band edge. In conclusion, the coordination defects in a-Si:H are

more delocalized than DB defects randomly generated from various a-Si:H models.

7.2 Structural differences between light-induced and

native defects in a-Si:H

Following the multifrequency EPR study of native coordination defects in as-deposited
a-Si:H, a detailed investigation of light-induced defects showed that the primary-echo
decay and the EPR spectrum change after light soaking. A former believe that light-
induced defects are identical to native defects with respect to their electronic structure
and EPR parameters can therefore be rejected. A detailed analysis of the primary-echo
decay of defects showed that the EPR spectrum is composed of two spin species with two

different transversal relaxation properties, a spin species with a slow and one with a fast

139



7 Conclusions and future work

primary-echo decay. The primary-echo of the slowly decaying electron spins is dominated
by nuclear-spin induced spectral diffusion. The origin of the primary-echo decay of the
fast decaying light-induced electron spins is yet unidentified.

The different primary-echo decays are utilized to disentangle the highly-overlapping
EPR spectra. The EPR spectrum of the slowly decaying electron spins suggests that
those defects are identical with native coordination defects. The EPR spectrum of the
fast decaying electron spins is narrower and more symmetric than the EPR spectrum of
native coordination defects and centered around a slightly smaller g-value. In addition,
EPR spectrum of light-induced defects indicates that the g-tensor anisotropy compared
to native coordination defects is reduced. Although the difference in the EPR spectra and
the primary-echo decay of native and light-induced defects suggests that the electronic
structure of the two spins species is different it is rather difficult to speculate about the
origin of this deviation. One possible explanation of the reduced g-tensor anisotropy could
be a reduction of the anisotropy of the defect wave function. It was discussed that not
electronic states of threefold coordinated Si atoms but floating bond states of fivefold
coordinated Si atoms are generated by light-soaking [141]. These centers exhibit a much
more isotropic wave function and could therefore give rise to the defects observed in the
pulse EPR study presented in this work.

Although a definite conclusion about the microscopic origin of the light-induced defects
can not be given at this point, the observed differences between the native and light-
induced defects provide a serious experimental test for the theoretical models explaining
the SWE on a microscopic level. It is obvious that all models which predict that the
metastable state is identical to native coordination defects (isolated defects) are in error.
A variety of SWE models, however, do not predict isolated defects but defects strongly
correlated to H atoms. Whether or not such a correlation could induce the observed
changes in the EPR spectrum and transversal relaxation times is difficult to answer at
this point. There are at least two ways to test if such a correlation between defects and
H atoms exists. One way is a theoretical study of the defects in the various SWE models.
If it is possible to produce realistic a-Si:H models with metastable defects as predicted by
the various SWE models, a detailed calculation of the EPR parameters by the presented
DFT methods could help to test the SWE models in more detail. The other way involves
a direct measurement of the H distribution around the defect centers by ENDOR.
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We provided a detailed investigation of the H distribution around defects by the EN-
DOR technique. It is shown by pulsed DaviessENDOR measurements at Q-Band mi-
crowave frequencies that the ENDOR spectra of native coordination defects centered at
vi(*H) are broad and unstructured and indicate the presence of H atoms with HFI up
to 30 MHz. This shows that H atoms can be located quite close to the defect center.
Earlier investigations of the H distribution around defects by ESEEM [22] indicated that
the immediate vicinity of the defect centers (r < 4 A) is depleted from H atoms. This
discrepancy of the results obtained by ESEEM and ENDOR is attributed to the fact that
two-pulse ESEEM techniques are subject to deadtime artifacts and are therefore blind
to H atoms with a larger HFl. The ENDOR spectra presented here suggest that the H
distribution is presumably homogeneous and the immediate vicinity of the defect center
is not depleted from H atoms. Applying the ENDOR technique to light soaked a-Si:H
sample does not result in substantially different ENDOR spectra. It is shown that various
samples in different material state give rise to the same ENDOR spectra. The results
obtained by ENDOR do not suggest a spatial correlation between light-induced defects
and H atoms. However, it is difficult to conclusively disprove any model accounting for
the microscopic mechanism of the SWE by the presented ENDOR measurements since
very weak contributions of HFIs due to correlated DB/H states as predicted by the weak
Si-Si bond breaking models (cf. sec. 5.1) cannot be observed in the ENDOR experiment
at present.

7.3 Development of ED-ESEEM technique for the

investigation of defects in thin-film silicon solar cells

The investigation of native and light-induced defects in a-Si:H powder samples by the
advanced EPR techniques gave new insight. It is, however, not possible to apply these
techniques to fully-processed thin-film solar cells due to the low sensitivity of this method.
It was shown that EDMR represents a much more sensitive spectroscopic technique and
can be applied to study defects in thin-film solar cells. Pulse EDMR techniques are,
however, much less developed compared to conventional pulse EPR due to a number
of experimental difficulties. In chapter 6, an implementation of a proof-of-principle ED-

ESEEM experiment is presented which is capable of determining small unresolved hyper-
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fine interactions of defects in device-grade thin film solar cells. The developed two-pulse
ED-ESEEM technique is applied to a device-grade pc-Si:H p-i-n thin film solar cell. The
obtained ESEEM spectra are very similar to ESEEM spectra measured with conventional
EPR on powder samples. Spectroscopy of e-centers in the phosphorus doped a-Si:H (n)
layer of the solar cell shows resonances due to 2°Si, 3P and *H nuclei in the vicinity of the
defect states. ESEEM spectra of CE-centers in the intrinsic pc-Si:H absorber layer of the
solar cell show only a small residual contribution of P and *H nuclei, which is attributed
to an off-resonant excitation of e-centers by the short microwave pulses employed. It
is therefore concluded that the CE-centers by themselves do not exhibit resonances in
the ESEEM spectrum due to H atoms. Their vicinity is therefore depleted from H. This
observation suggests that CE-centers in uc-Si:H are located at the inside of crystalline
grains and not at the boundary between the amorphous and the crystalline phases of
pc-Si:H.

7.4 Future work

This thesis presented several results which are not in agreement with the established
theoretical descriptions of native and light-induced defect states in a-Si:H. Especially the
assumption that the dominant defect center in a-Si:H is a DB and the hypothesis that
both native and light-induced defects are identical have to be revised. In view of the
obtained results, it seems to be mandatory to develop new theoretical approaches for
the origin of defects in a-Si:H and the SWE. The following section gives a brief overview
of future experiments which can contribute to the field of a-Si:H by obtaining additional
experimental facts about the origin of defects and the microscopic processes of the SWE.
These results will majorly contribute to a further development of theoretical descriptions
of defects in a-Si:H.

In chapter 4 a detailed experimental and theoretical study of coordination defects in
as-deposited a-Si:H was presented. This study revealed a rather peculiar discrepancy
between the experimentally determined EPR parameters of the present defects and the-
oretically obtained parameters of computer-generated DB models. There are essentially
two points in which theory deviates from the experiment:
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1. The largest HFI of the electron spins with nuclear spins of 2°Si atoms (experiment:
Aiso = 186 MHz; theory: A, = —252 MHz )

2. The intensity of the HFI satellites and the number of Si atoms with a resolved HFI
> 100 MHz (experiment N ~ 2, theory N ~ 1)

In view of these two important points one can conclude that there seems to be an essential
point which is missing in the theoretical DFT study. It is possible that the structural DB
models do not represent the real defect structures present in a-Si:H. Another possibility
is that the method by which these defects are generated within the a-Si:H computer
models is not correct. Clearly, a more extended theoretical DFT study of a wider defect
pool needs to be carried out in order to clarify these questions.

The deviation of the satellite intensity of the EPR resonance line can also be addressed
by an experimental study. The experimentally determined satellite intensity is larger than
the theoretically obtained value, which indicates that the coordination defects exhibit
significant spin-density on at least two Si atoms and not only on one Si atom. In order
to be sure that the satellite intensity is interpreted correctly, the EPR spectrum needs
to be studied in dependence of the ?°Si content and the defect concentration N, of the
a-Si:H sample to exclude additional field-independent broadening mechanisms. The 2°Si
content should be reduced as much as possible by 28Si enrichment. In this case the
satellites of the EPR resonance at S- or X-Band microwave frequencies should entirely
disappear and the central line should be much narrower. In the limit of zero 2°Si content,
the EPR resonance line should be determined by unresolved HFI of nearby H atoms. To
test if electron-electron spin-spin dipolar broadening contributes in a significant way to
the EPR line shape, the EPR spectrum has to be studied as a function of the defect
concentration Ns (Ns < 10 ¢cm™3 to avoid exchange narrowing). This needs to be
tested experimentally, since the dominant broadening mechanism of the EPR resonance
line is important for a correct interpretation of the number of Si atoms over which the
coordination defects are delocalized.

The EPR spectrum at a 2°Si content of 93 % exhibits a doublet structure [73]. Clearly,
the observed doublet structure is not in agreement with the presented analysis of the
satellite intensity. The doublet structure of the EPR spectrum with a high 2°Si content
suggests that the spin-density of the defects is concentrated on a single Si atom (one
large HF1), while the analysis of the experimental EPR spectrum of a-Si:H with a low 2°Si
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content indicates that the defect is delocalized over two Si atoms (two large HFIs). It is
therefore necessary to reproduce earlier EPR measurements of defects in a-Si:H samples
with a large 2°Si content. Such studies are on the way in our research groups (B. George,
HZB).

A thorough understanding of the microscopic details of native coordination defects in
a-Si:H is of course also important for a deeper understanding of the SWE, since it was
believed that the light-induced defects and the native defects are identical. Chapter 5
presented a detailed analysis, why this believe has to be rejected. Primary-echo decay
measurements of light-induced and native defects by high-field EPR (Q-Band) showed
that there are distinct differences in the relaxation properties and the EPR spectrum
between these defect species. In order to clarify the origin of the observed differences,
additional EPR studies are mandatory. Two experiments are proposed which are impor-
tant to collect further experimental facts about the observed changes in the relaxation

properties and the EPR spectrum

1. Multifrequency EPR study of light-induced defects by two-dimensional primary-echo

decay measurements versus external magnetic field

2. Investigation of deuterated a-Si(:D) samples to conclude about the dominating

relaxation mechanism of light-induced defects

The first experiment follows the multifrequency approach presented in chapter 4 for
native coordination defects, with the slight modification that each EPR spectrum has to
be decomposed via the primary-echo decay. It is therefore mandatory to record the full
primary-echo decay for each microwave frequency in a two-dimensional experiment. With
such a multifrequency study a full resolution of the g-tensor and the HFIs of light-induced
defects is possible like in the case of native coordination defects.

Up to now the origin of the fast primary-echo decay of the light-induced defects is
unknown. It was speculated that the dominant relaxation mechanism could be spectral
diffusion induced by dipolar coupled electron spins or nuclear-spin induced spectral diffu-
sion. In order to test if the latter is the responsible relaxation mechanism, an investigation
of deuterated a-Si(:D) samples is necessary. The nuclear-spin induced spectral diffusion
depends critically on the g-value of the nuclear spins involved. Hence the effect exhibits

a strong isotope dependence and its rate should be reduced in the case of D.
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7 Conclusions and future work

A deeper understanding of the electronic processes in a-Si:H during light illumination
will help to understand the microscopic origin of the SWE which is still a major limitation
for the potential of thin-film silicon solar cells. Unfortunately, a complete suppression of
the SWE seems to be impossible since the effect is an intrinsic property of the material.
However, it is possible to control the SWE on a highly sophisticated level since the
magnitude of effect of the light degradation depends on the deposition conditions and
the structural properties of the employed materials. The magnitude of the SWE and
the deposition conditions are related in a fairly complicated way and this is the point
where a deeper understanding of the electronic processes and structural changes can
help. The potential of thin-film silicon solar cells is therefore not yet fully exploited and
this technology can contribute to a sustainable solution of global warming and power

generation issues.
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