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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 carriers and limit the eciency of thin-lm 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 eect (Staebler Wronski eect - SWE). This eect 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 defect 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 hyperne 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 localized 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 precise determination of the g-values and the hyperne 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-eld (Q-Band). Due to the increased resolution of these
experiments, a new type of light-induced defect state could be observed, which exhibits
dierent 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 thinlm solar cells, electrically detected magnetic resonance (EDMR) is used with its superior
sensitivity. A novel EDMR microwave pulse sequence is presented and tested on
solar cells to detect weak hyperne interactions.
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Zusammenfassung
Die vorliegende Arbeit ist eine detailierte Studie von paramagnetischen Defekten in hydrogenisiertem amorphen Silizium (a-Si:H). Die Defektzustände sind Rekombinationszentren für Überschussladungsträger und limitieren die Ezienz von a-Si:H Solarzellen. Die
Defektdichte erhöht sich stark bei Bestrahlung der Solarzelle mit Licht durch einen bekannten Degradationseekt (Staebler-Wronski Eekt - SWE). Dieser Eekt schränkt 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 unerlässlich. In der
vorliegenden Arbeit werden die paramagnetischen Defekte nach der Materialdeposition
(native Defekte) und nach Lichtdegradation (lichtinduzierte Defekte) mittels ElektronenParamagnetischer 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 Defekte bei verschiedenen Mikrowellenfrequenzen präsentiert, welche es erlaubt die g-Werte
und Hyperfeinwechselwirkungen präzise zu bestimmen. Die experimentellen Werte wurden mit Dichtefunktionaltheorie Rechnungen von  dangling bond Defekten verglichen
um zu überprüfen ob die mikroskopische Struktur dieser Defekte tatsächlich  dangling
bond Defekten zugeordnet werden kann.

Lichtinduzierte Defekte des SWE wurden

mittels Hochfeld-EPR (Q-Band) untersucht. Durch die erhöhte Auösung dieser Experimente konnte gezeigt werden, dass lichtinduzierte Defekte andere g-Werte und einen
schnelleren Echozerfall als native Koordinationsdefekte aufweisen. Um die entwickelten
EPR Techniken auch auf Dünnschichtsolarzellen anzuwenden wurde elektrisch detektierte
Magnetresonanz (EDMR) eingesetzt um die Empndlichkeit zu steigern. Eine neuartige
EDMR Mikrowellenpulssequenz wurde entwickelt und getestet an
schwache Hyperfeinwechselwirkungen auszumessen.
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1 Introduction
Direct conversion of solar radiation into electricity by the photovoltaic eect 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 ssion 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 eciency 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 eciencies and/or a reduction of manufacturing
costs are mandatory.
The most important materials for current solar-cell mass production are various morphologies of silicon (among them:

crystalline and amorphous), cadmium-telluride and

copper indium selenide/sulde [4].

Traditionally silicon solar cell are fabricated from

mono- or multicrystalline materials and wafer-based crystalline silicon is still the dominating 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 lms of silicon, which have a larger
absorption coecient due to the lack of k-conservation rule in the optical transition. In
addition, thin silicon lms 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 lm silicon solar cells is their low eciency [7].
The disordered nature of thin silicon lms 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 eect of these centers to degrade the solar cell
eciency becomes even more pronounced upon irradiation of the cell with light. Staebler and Wronski were the rst to discover that the photoconductivity of hydrogenated
amorphous silicon (a-Si:H), which determines the eciency of a-Si:H based solar cells,
severely degrades by irradiation with intense light [8, 9]. This light-induced degradation
eect is now notoriously known as the Staebler-Wronski eect (SWE). When taking no
precautions in preventing the SWE, the magnitude of the light-induced degradation can

 20 - 30 % of the initial cell eciency) [10, 11].

be very large (

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 eciency. 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 limitation that the SWE imposes upon the development of thin lm silicon solar cells, a deeper
understanding of this eect is clearly desirable. It is well-known that the SWE is a collection of several reversible changes in the a-Si:H material and the light-induced degradation
of the solar cell eciency cannot be traced back to a single origin [13]. However, the
dominant eect of the degradation is a large increase in the concentration of paramagnetic 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
coordinated Si atoms, so called dangling-bonds (DBs).

g

= 2.0055 are three-fold

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 dierent 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 spectroscopy is not sucient. 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
developed pulse and c.w.

g

= 2.0055 [15]. Highly-

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 tting routines, implemented in

® (The Mathworks, Natick, MA, USA). The experimental studies are combined

MATLAB
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 calculations were performed by Christoph Freysoldt and Gernot Pfanner at the Max-Planck
Institut für Eisenforschung in Düsseldorf (Germany). The results of the calculations were
analyzed in detail in this thesis in order to compare them with experimental results. To
investigate the hyperne interactions of localized defect states in thin-lm solar cells, a
novel microwave pulse sequence was developed in this work to combine pulsed electrically 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 hyperne 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 tting 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-lm solar cells were fabricated at the Forschungszentrum Jülich and investigated by EDMR techniques. Since
the sensitivity of EPR is not sucient 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

dierent 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 applied to measure the unresolved hyperne 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 lightinduced defects rely upon the hypothesis that the defect centers are electronic states of
threefold-coordinated Si atoms, so-called dangling bonds (DBs) [1618]. This hypothesis
was conrmed by EPR measurements of the hyperne interaction of these centers with
surrounding

29 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 parameters of various atomistic DB models. While there is a quantitative agreement for the
g-tensor principal values between experiment and theory, the hyperne interaction values
deviate signicantly.

In the next chapter, the advanced EPR techniques, which were

successfully applied to native coordination defects, are used study light-induced defects.

Structural dierences 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 aSi:H are identical [14].

This hypothesis is based on the observation that there is no
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signicant 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 asdeposited 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 eld (Q-Band) is presented,
which shows that the EPR spectrum indeed changes upon light soaking, that is, the lightinduced defects exhibit a dierent EPR spectrum than native defects in as-deposited
a-Si:H. It is most important to apply high-eld EPR since the dierences 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 dierence in the relaxation times enables one to disentangle

the highly overlapping EPR spectra. A detailed analysis of the EPR spectrum of lightinduced defects shows that the defects exhibit a slightly smaller g-value compared to
native defects and a dierent, 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 nal 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 hyperne
interaction, an interaction which is conveniently determined by EPR techniques. Due to
strong inhomogeneous broadening of the EPR resonance line shape, the determination
of hyperne interactions with hydrogen atoms requires Electron-spin echo envelope modulation (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 is presented.
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Investigation of defects in thin-lm 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-lm silicon solar cells of device-grade, which commonly contain
only a few paramagnetic defects.

Hence, most EPR experiments are carried out on

thicker lms or on powder samples of the intrinsic absorber material.

It is, however,

unknown if the paramagnetic defects in lms or powders are identical to those present in
fully-processed solar cells. A convenient solution for this problem is the electrical detection of magnetic resonance (EDMR) by measuring changes in the dark- or photocurrent
upon exposure to microwave irradiation. The sensitivity of this technique (

104 spins/G) is

1012

orders of magnitudes larger than the sensitivity of conventional EPR (

spins/G) and

is therefore applicable to solar cells. An additional advantage of EDMR is the selection
of paramagnetic centers contributing the the nal 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 properties. 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 diculties 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 hyperne 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

µc-Si:H

Conclusion and future work

thin-lm solar cell.

The nal 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

µc-Si:H

thin-lm 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.
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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 hyperne 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 suciently dilute (defect density
cm

3,

N s < 1018

average distance between two spins is > 100 Å) to treat each electron spin as

isolated, that is, the dierent electron spins do not interact with each other. The spin

B0 via the Zeeman
interaction, which splits the degenerated ground state doublet into two (mS = 1=2)
of the electron will interact with an externally applied magnetic eld

13

2 Theory of EPR and EDMR
levels (cf. Fig. 2.1). Considering the entire spin ensemble (typically

> 1012 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 dierent levels of a paramagnetic center.

In addition to the external

magnetic eld, the presence of magnetic nuclei induces a shift of energy levels of the
spin system by hyperne interaction. In general, the energy states of the ground state
of a paramagnetic center with an eective spin

S = 1/2 and m nuclei with nuclear spins

I = 1/2 are described by the static spin Hamiltonian [23]

H0 = HEZ + HHFI + HNZ
(2.1)
where HEZ denotes the electron Zeeman interaction, HHFI denotes the hyperne interaction between electron spin S and nuclear spins I and HNZ denotes the nuclear Zeeman

EPR signal

Zeeman splitting

interaction.

magnetic field B0
Figure 2.1: Splitting of the energy levels by the Zeeman interaction of the electron spin
and the external magnetic eld. upper part: Energy level diagram; lower part:
Corresponding pulse (absorption) and c.w. (derivative) EPR spectra.
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2.1.1 Electron Zeeman interaction
The interaction between electron spin and external magnetic eld

B0

expressed in an

arbitrary coordinate system is given by the electron Zeeman term in the spin Hamiltonian

HEZ = BB0gS=~:
where

B

is the Bohr magneton,

(2.2)

the electron spin vector operator

g.

orientation-dependent gyromagnetic ratio given by a 3x3 matrix,

S

and the

Please note that

a direct detection of the entries of this matrix is usually not possible and requires a special experimental setup [24]. What one rather observes in conventional EPR experiments
is a symmetric second-rank tensor, the g-tensor, given by

gg T .

p

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.

gx ; gy

three (real) tensor eigenvalues (

The symmetric g-tensor can be characterized by

and

gz ) and three Euler angles setting the orienta-

tion of the g-tensor principal axes in a molecular coordinate system. For cubic symmetry

gx = gy = gz , for axial symmetry gx = gy = gjj and
gz = g? and for rhombic symmetry gx 6= gy 6= gz Examples of EPR spectra for these

we nd an isotropic g-tensor with

.

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

ge = 2:0023::: arise from a mixture of

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

H = LS
where

 is the spin-orbit coupling constant.

(2.3)

Second-order perturbation treatment of

the spin-orbit coupling and the external magnetic eld gives [26]

g
where
the

n

th

p

; = ge 

+2

X h p jL
n6=p

j n ih n jL j p i
p n

is the wave function of the ground state and

excited state, with the corresponding energies
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n

(2.4)

are the wave functions of

p and n .
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giso

(a)

(b)

(c)

g^

345

344.5

345.5

magnetic field B0 [mT]

345

gz

gx

g||

344.5

gy

345.5

343.5

magnetic field B0 [mT]

344.5

345.5

magnetic field B0 [mT]

Figure 2.2: Simulation of EPR powder spectra for g-tensors of dierent 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 values of the g-tensor for orientations of the magnetic eld along the canonical
directions are indicated. Simulations are carried out with the numerical sim-

mw = 9.7 GHz,
giso = 2.0055, g? = 2.0065, gjj = 2.0040, gx = 2.0150, gy = 2.0081, gz =
2.0011, Gaussian line broadening Bpp = 0.1 mT.
ulation package easyspin [25] using the following parameters

2.1.2 Nuclear Zeeman interaction
The nuclear spin I couples to the external magnetic eld
interaction given by

where

B0

by the nuclear Zeeman

HNZ = NgnB0I =~

N is the nuclear magneton, gn is the nuclear g-value and I

vector operator.

(2.5)

is the nuclear spin

The magnetic moment of nuclei is about three orders of magnitude

smaller than the magnetic moment of a free electron.

2.1.3 Hyperne interaction
The hyperne interaction between the electron spin

HHFI = SAI
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S and the nuclear spin I given by
(2.6)
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is one of the most important sources of information in EPR spectroscopy. Here the
hyperne interaction tensor is denoted by

A.

The hyperne interaction term in the

Fermi contact interaction and the

Hamiltonian can be written as a sum of the isotropic
anisotropic electron-nuclear dipole-dipole interaction

HHFI = SAI = AisoSI + SAdipI

(2.7)

where the isotropic hyperne interaction is given by

2
Aiso = 3 ~0 B ge N gn j 0 (0) j2
where

j

2
0 (0) j

(2.8)

is the electron spin density at the nucleus. The electron-nuclear dipole-

dipole interaction is given by

where

r

2
Adip = 40~ BgeNgnh 0j 3ri rj r 5 ij r j 0i:

(2.9)

is the vector between the electron spin and the nuclear spin. Hyperne 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
energy level is split into two

mI = 1=2

levels.

I

= 1/2, each

mS = 1=2

The selection rules for transitions in-

duced by microwave irradiation demand that only the electron spin quantum number can
be changed

(mI = 0).

(mS = 1),

while the nuclear spin quantum number remains unchanged

Fig. 2.3 shows that in this case two allowed transitions arise, which are split

by the hyperne interaction.
In case of an isotropic hyperne 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 hyperne interaction exhibits axial symmetry, the hyperne
interaction tensor can be expressed as



A=



A?



A?
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DmS= 1 / DmI = 0

Dms = 1

Zeeman splitting

mI = + ½
mI = - ½

ms = + ½

mI = - ½
ms = - ½

EPR signal

mI = + ½

magnetic field B0
Figure 2.3: Splitting of the energy levels by the Zeeman interaction and hyperne interaction (

I

= 1/2) for a specic orientation. Microwave irradiation induces

only spin ip transition of electron spins (selection rules are indicated in the
gure). upper part: Energy level diagram; lower part: Corresponding pulse
(absorption) and c.w. (derivative) EPR spectra.
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where

A? = Aiso Adip
Ak = Aiso + 2Adip

(2.11)
(2.12)

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)

A^

EPR signal [arb. units]

Aiso

A||

340

342

344 346 348
magnetic field [mT]

350

352

340

342

344 346 348
magnetic field [mT]

350

352

Figure 2.4: Simulations of X-Band EPR powder spectra of a paramagnetic center with

g = 2.0055 and isotropic or anisotropic hyperne interactions.

upper traces:

pulse (absorption) EPR spectra; lower trace: c.w. (derivative) EPR spectra.

Aiso = 117.7 MHz; b) anisotropic hyperne interaction with Aiso = 117.7 MHz and Adip = 60 MHz ( Ajj = 237.7
MHz and A? = 57.7 MHz).

a) isotropic hyperne interaction with

If the electron spin density is suciently concentrated at a specic 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 hyperne tensor, Eq. 2.9 then takes the
simplied form



Adip = 40~ BgRe3 Ngn 




1
1

M

where

RM is the distance between the two point dipoles.
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(2.13)

2 Theory of EPR and EDMR

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 dierent energy levels can be

induced by electromagnetic radiation. If the frequency of the incident radiation matches
the dierence 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 (

 mI =

 mS =

1 or

1) by sweeping the frequency of the electromagnetic radiation over a certain

range at a xed magnetic eld 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 xed value while the external magnetic eld 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 eld @

[GHz]

[GHz]

[mT]

S

2.6 - 4

3.0

110

X

8.2 - 12.4

9.5

340

Q

33 - 50

36

1300

W

75 - 100

95

3400

263

263

9400

g=2

Table 2.1: Overview of microwave frequency bands and typical magnetic eld for paramagnetic 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

H1 = B2B1 cos (!t ) gS=~

20

(2.14)

2 Theory of EPR and EDMR
with

B1 denoting the vector of the linearly polarized oscillating magnetic eld of the

microwave radiation.

After transformation of Eq.

2.14 into the rotating frame,

time-independent and only the right-hand polarized magnetic eld with amplitude

H1 is

B1 can

be resonant with the precession of the electron spins [21]. In cases where the magnetic
quantum numbers of the electron spin (

mS )

mI )

and nuclear spin (

are good quantum

mS = 1 are allowed. As for elecmI = 1 are allowed by electromagnetic

numbers only transitions ipping the electron spin
tron spins, transitions ipping nuclear spins

radiation in the radiofrequency range. Due to state mixing by anisotropic HFI, the magnetic quantum numbers

mS

and

mI

may no longer be good quantum numbers, in which

mS = 1; mI = 1) become partially allowed.

case forbidden transitions of the type (

These transitions are still referred to as forbidden, since their transition amplitude is usually 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 elds, 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

hom

= 2=Tm , where Tm is the phase-memory time.

Homogeneous broadening

can be induced by uctuations of local elds 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

a)

Tm .

b)
Ghom
Ghom

Ginhom

Figure 2.5: Broadening of EPR resonance lines. a) Homogeneous broadening with line
width

hom .

b) Inhomogeneous broadening of the EPR resonance line by

a distribution of homogeneously broadening lines with dierent resonance

inhom ).

frequencies (total inhomogeneous line width

2.3.2 Inhomogeneous broadening
Inhomogeneously broadened EPR resonance lines are a superposition of spin packets,
where each spin packet has a dierent resonance frequency (cf. Fig. 2.5b). The inhomogeneously 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 dierent 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.

g

If g-strain is absent and the g-value is exactly dened (

22

= 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 HFI is no
longer resolved. In addition to broadening by a distribution of g-values and HFIs (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 interaction or HFI are anisotropic. Then, the dierent spins in a larger spin ensemble exhibit
dierent resonance frequencies due to a dierent orientation in the sample. In case all

EPR signal [arb. units]

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

340

g-strain

342

344
346
348
magnetic field B0 [mT]

350

340

342

344
346
348
magnetic field B0 [mT]

350

Figure 2.6: Inhomogeneous broadening induced by a distribution of g-values (g-strain).

g

left: EPR spectrum of a paramagnetic center (
HFI of

Aiso

= 30 MHz.

right:

= 2.0055) with a resolved

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 suciently small the hyperne 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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2.4 S = 1/2 and I = 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

system is given by

I

= 1/2.

The spin Hamiltonian of this model

H0 = S Sz + !IIz + 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 simplied by neglecting non-secular
terms in

Sx

and

Sy

and is given by [21]

H0  S Sz + !I Iz + ASz Iz + BSz Ix
S = gB B0 =~ is the resonance frequency of spin S ,
A2zx + A2zy are the secular and the pseudo-secular HFI between S

where

p

free-nuclear precession frequency of spin

I.

(2.16)

A = Azz and B =
and I while !I is the

For an axially symmetric hyperne tensor the

A and B are related to the principal values Ajj and A? of the hyperne tensor
and the isotropic and dipolar hyperne interaction Aiso and Adip by [21]

coecients

A = Ajj cos2  + A? sin2  = Aiso + Adip 3 cos2  1



(2.17)

and

B = Ajj A? sin  cos  = 3Adip sin  cos 


where

(2.18)

 is the angle between the vector of the external magnetic eld and the electron-

nuclear axis.

H0 can be diagonalized with the unitary transformation
H0

with the angles

 = (

Iy +2Sz Iy

! H0d

 ) =2 ,  = ( +  ) =2 and
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B
A+2!I


B
= arctan A 2!I

 = arctan




(2.20)

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

H0d
with

=

S Sz +

!+

!
I
2S I
z+
2
2 zz

!+ = !12 + !34 and ! = !12 !34 , where
!12 = !I + A2 cos  B2 sin 

!34 = !I A2 cos  + B2 sin  :


By

(2.21)

! = j!12 j; ! = j!34 j we denote the absolute values of the ENDOR frequencies
! =
! =

s

A

2

A

2

!I + 2

s

!I

2

+
+

B2
4

B2
4

(2.22)

For the four energy eigenvalues we obtain

j1i : 1

=

j2i : 2

=

j3i : 3

=

j4i : 4

=

!
+ 12 ;
2
2
S

!12

S

2

2

;

!
+ 34 ;
2
2
S
S

2

!34
2

;

For the four eigenstates in the Cartesian product basis we nd
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j1i
j2i
j3i
j4i


j
"
j "S #I i;
S "I i sin
 2 
 2 
sin
j " " i + cos 2 j "S #I i;
2  S I

 
cos
j
#
"
i
sin
j #S #I i;
S I
 2 
 2 
sin
j #S "I i + cos 2 j #S #I i:
2

= cos
=
=
=

 





(2.24)

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

a)

b)
|2>

|1>

2-4

w12
f
a

a

1-4

2-3

f
|4>

WS

w34

|3>

1-3

frequency

Figure 2.7: Energy level diagram (a) and corresponding transition frequencies in a

S = 1/2, I = 1/2 spin system with !I < 0
and A; B > 0 in case of weak-coupling jAj < j2!I j. Allowed transitions are

schematic EPR spectrum (b) for a

denoted by a, forbidden transitions by f. The transition probabilities for allowed and forbidden transitions are sketched by the length of the columns in
b).

2.5 Pulse EPR
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

26

2 Theory of EPR and EDMR
EPR pulse sequence.

The decay of the transversal magnetization is, however, quite

fast due to a dephasing of the dierent spin-packets of an inhomogeneously broadened
EPR resonance line.

The signal decay is most often too fast to be observed due to

nite spectrometer dead time, inherent to every EPR experiment. However, dephasing
of spin packets can be reversed by applying an additional microwave pulse after time
ipping the electron spins by an angle

.



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 eld, the EPR spectrum of the
spin system can be obtained.
c.w.

However, in contrast to the EPR spectrum obtained by

EPR techniques the EPR spectrum determined by the eld-swept echo (FSE)

detected technique is subject to transversal relaxation eects and can depend on the
pulse delay time



[21]. The transversal relaxation can be investigated in more detail by

recording the echo intensity as a function of the pulse delay time

.

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.

2-pulse ESE
(primary echo)

mw

p
2

t

p

t

Figure 2.8: Two-pulse ESE sequence to generate a primary echo. This sequence is used to

 ), the transversal relaxation properties by the primary-echo decay (incrementing  ) and ESEEM modulations on the primary-echo decay (incrementing  ).
measure the eld-swept echo detected EPR spectrum (xed

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 HFI is anisotropic, the echo decay is modulated with nuclear
frequencies. In case of the above discussed model system of a single electron spin
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1/2 coupled to a nuclear spin

I = 1/2, it can be shown that the echo modulation function

is given by

k
I2p ( ) = 1 4 (2 2 cos !  2 cos !  + cos !+  + cos !  )

(2.25)

k = sin 2 2 is the modulation amplitude. The oscillation frequencies ! , ! ,
!+ , and ! can be obtained from the time domain echo decay by Fourier transformation.
where

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 dierent technique to measure HFIs 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



RF

=2   

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,

I

= 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
(

j1i, j2i, j3i and j4i) are given by the Cartesian product basis.

The initial

-pulse

is

applied selectively on transition 1-3 and inverts populations of the spin transition. The
population dierence on this transition can be detected by a two-pulse ESE sequence. If
the frequency of the rf-pulse is non-resonant

rf 6= res 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
Fig. 2.9) spin populations are transferred from

rf = res with 1-2 (case a in

j1i to j2i. In this case the detected echo

signal is less inverted or, in the ideal case, equal to zero. The dierence between the nonresonant 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
and 2-4) are inverted and no ENDOR signal can arise.

-pulse both transitions (1-3

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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inversion

manipulation

T

p

mw

detection

p
2

p

rf

p

a
b
nrf = nres

a

ñ
1

2

ñ

mw
4
ñ

3
ñ

b

nrf ¹ nres

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 environment, for example lattice vibrations or particle diusion, lead to a time-dependent
perturbation of the spin system and cause a relaxation of excited spin populations (longitudinal 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

mI

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 hyperne 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 briey discuss the most relevant processes for spin-lattice relaxation
in solids. The simplest process which leads to a spin-ip is a
phonon is absorbed or emitted by the spin system.

direct process

where one

The density of states of lattice

vibrations in the Debye approximation is given by

 (! ) / ! 2

(2.26)

and is in general quite small at the usually employed EPR microwave frequencies. A
more ecient process is the

Raman process, where one phonon of energy !1 is absorbed

to excite the spin system to a virtual level and a second phonon of frequency
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emitted with

j!2 !1j equal to the EPR microwave frequency.

This process is much

more ecient in the high-temperature limit (T > 100 K) and often dominates the spinlattice 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
[2830]. The dierent processes may also exist simultaneously and dominate the spinlattice relaxation in dierent 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 dicult 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 superposition of eigenstates. The perturbation of the environment induces a uctuating local
magnetic eld, which leads to a random change of precession frequency and phase relation 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 magnetization is often not universal and depends very much on the employed EPR pulse
sequence measuring the transversal relaxation.

The most important microwave pulse

=2  

sequence is the primary-echo sequence (

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
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mono-exponential and complicated decay functions may arise. There are many mechanisms causing transversal relaxation, which we will briey describe in the following. To
summarize the most important contributions for transversal relaxation, the decay of the
primary echo (pulse delay

 ) can be written in the following form

Ie ( ) = Ie (0) exp [ 2=Tm ] exp[

X
j

n

j
j
]
2=TSD

(2.27)

Tm and the second term accounts
for spectral diusion processes.
SD we denote the characteristic time and with nj
the exponent describing the spectral diusion process j . Here we have explicitly separated
the Tm processes from spectral diusion processes since Tm represents an intrinsic limit
where the rst term includes the phase-memory time

j
WithT

for the transversal relaxation, while spectral diusion processes can often be avoided by
using appropriate microwave pulse sequences [33].

Phase-memory time Tm

The intrinsic phase-memory time

Tm is a summary of expo-

nential decay time constants

1

Tm

where

=

1
1
+
2T1 T2

2T1 is life-time broadening time constant and T2 is the spin-spin relaxation time

constant.

We see that longitudinal relaxation also induces transversal relaxation since

the coherence is lost upon a spin ip of the electron.
constant
for

Tm .

(2.28)

T1

The spin-lattice relaxation time

or the life-time of a longitudinal excitation is therefore the ultimate limit

However, in most cases the life-time contribution is outweighed by an energy

conserving ip-op process involving two electron spins, where the energy of the rst
spin is transferred to the second. This process is more ecient in relaxing the phase of
the electron spins and is denoted by spin-spin relaxation

T2 .

Spectral diusion resulting from electron-electron spin-spin dipolar interactions
The most important processes limiting the decay of the primary echo in solids is spectral diusion due to electron-electron or electron-nuclear dipole-dipole interactions [34].
These processes also majorly inuence the primary-echo decay of defects in a-Si:H (cf.
sec. 5.2). The spectral diusion 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 diusion 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 uctuate in time when B-spins carry out random spin
ips by either spin-lattice relaxation or spin diusion (ip-ops). A-spins therefore start
to diuse through the EPR spectrum. Since this is a random process, the phase relation
between dierent A-spins is destroyed, and spectral diusion cannot be refocused in a

WB is high compared to
inverse pulse delay time  of the microwave pulse sequence (WB  > 1), the primary echo
primary echo experiment. If spin-ip frequency of the B-spins

decay is given by [34]

I e (2 ) = exp
where

CB



p

0p2 
9 3~

gA gB 2B CB (=WB )1=2

is the concentration of B-spins and

gA

and

gB


(2.29)

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 diusion 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 dierent population in a
strongly inhomogeneously broadened line, or of dierent kind with a completely dierent
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 spinlattice relaxation time

T1 but strongly inuence the primary-echo decay of the H-atoms

(A-spins).

Spectral diusion resulting from electron-nuclear dipole-dipole interactions

In

most solid-state systems which contain a large percentage of magnetic nuclei the primaryecho decay is limited by spectral diusion resulting from electron-nuclear dipole-dipole
interactions.
as

1H

or

29 Si

This also applies to defects in a-Si:H (cf.

sec.

5.2).

Nuclear spins such

act as B-spins and modulate the resonance frequency of A-spins (electron

spins) by electron-nuclear dipole-dipole hyperne interaction.

The reorientation of nu-

clear spins is induced by nuclear spin-spin relaxation (spin diusion) [36]. A theoretical

33

2 Theory of EPR and EDMR
description of the resulting primary-echo decay is complex and depends on the specic
spin system [37]. However, in most cases the decay can be approximated by a stretched
exponential function

Ie (2 ) = exp[ (2=TSD )n ]
with

2n3

and

(2.30)

TSD denoting the spectral diusion 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 diusion dominates the primary-echo decay is
given by phosphorous impurities in crystalline silicon [38]. Here
in dependence of the

29 Si

n and TSD vary strongly

concentration of the samples and are found to be anisotropic,

that is, the values depend on the relative orientation between the external magnetic eld
and the crystallographic axes.

Instantaneous diusion

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 ipped by a certain
angle, the other electron spin will experience a change in the local magnetic eld which
changes the spin resonance frequency leading to spectral diusion. This eect is known
as instantaneous diusion and manifests itself by a ip-angle dependence of the primary
echo decay. The echo decay function including these dipolar interactions is given by [34]

I e (2 ) = exp
where

"

p0 

9 3~

gA2 2B CA

(! )
 2
sin2
2
g (!)





#

is the ip angle by which the A spins with resonance frequency

is the concentration of A-spins and

(2.31)

! are turned, CA

h:::ig(!) indicates averaging over the EPR spectrum.

Eq. 2.31 predicts that if the concentration

CA is suciently high, the spins will interact

via strong spin dipolar interaction and the echo decay is well described by an exponential
decay with a strong ip-angle dependence. This dependence can be tested experimentally
by decreasing the microwave power but keeping the pulse length constant to obtain a
smaller ip angle.

34

2 Theory of EPR and EDMR

Spectral diusion by frequent A-spin ips

Eq.

2.31 and 2.29 are valid if A-spins

ip only infrequently, that is, their spin-ip frequency
spin-ip frequency is high (

WA

WA  < 1).

is small (

If their

WA  > 1) A-spins start to contribute to their own primary-

echo decay via spectral diusion 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 ips of A-spins tend to disguise the
instantaneous diusion, since the additional spin ip due to microwave pulses is no longer
signicant on a background of many spin ips. This is important when analyzing the ipangle dependence of the primary-echo decay of defects in a-Si:H (cf. sec. 5.2). Again
the random spin ips are either induced by spin-lattice relaxation or spin diusion (ipops). If the process is induced by spin-lattice relaxation,

WA 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 (ip-ops), the primary-echo decay time constants are
temperature independent.

2.7 EDMR of paramagnetic states in µc-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
inuences 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
diculties 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-lm solar cells which
are otherwise not resolvable in the EDMR spectrum.
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section is twofold.

First a detailed introduction to spin-dependent conductivity in

µc-

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 µc-Si:H p-i-n solar cells
In order to investigate the microscopic structure of paramagnetic defects in

µc-Si:H p-i-n

solar cells, we rst need a detailed understanding of the working principle and chargecarrier transport processes of the solar cell. The working principle relying on a separation
of e-h pairs by internal electric elds 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].
in doped and undoped a-Si:H or

µc-Si:H

Transport of charge carriers

at low temperature (T = 10 K) can occur by

charge-carrier hopping between localized states in the band tails of disordered materials [4143].

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

0

phosphorus donors P4 (cf. Fig. 2.10). Both of these states are paramagnetic in n-type
a-Si:H [44].

In intrinsic

µc-Si:H,

charge-carrier hopping between shallow paramagnetic

states below the conduction band edge (CE-centers) can contribute to the conductivity [45].
In contrast to extended state conduction, hopping relies on tunneling transitions between 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

0

e-center (state A) to a P4 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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e

-

hn
CE

EC
0

e,P4

h

+

EV

n-a-Si:H

i-µc-Si:H

p-µc-Si:H

Figure 2.10: Schematic band diagram and working principle of a

µc-Si:H

p-i-n thin lm

solar cell. The solar cell is illuminated through the p-layer and light is absorbed in the intrinsic
and

h+

).

µc-Si:H

layer generating excess charge carriers (

e

The separation of e-h pairs occurs by the internal electric eld

generated by the doped a-Si:H and

µc-Si:H

T

layers. At low temperatures (

= 10 K) charge-transport pathways through the solar cell are among others 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-

0

centers) and neutral phosphorus donors P4 . In the intrinsic

µc-Si:H absorber

layer, charge-carrier hopping occurs under the participation of CE-centers.
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mS = 1=2 ) the nal state will

in the intermediate state exhibit the same spin state (

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 (mw = B ) ips

be a spin triplet (

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 eect of microwave irradiation is to

enhance the conductivity of the sample.

A

A

B

x

B

A

B

no mw

mw

nB
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

mS = 1=2)

spin state (

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 (

mw = B )

charge

carrier transport becomes allowed.

The spin pair consisting of two electron spins with

S1;2 = 1/2 gives rise to four energy

eigenstates sketched in Fig. 2.12. There are two triplet states with parallel alignment

jT+i = j ""i and jT i = j ##i The two other states j2i and
j3i are mixed states of singlet p12 (j "#i j #"i) and triplet states [47]. Initially the four

of the electron spins

.

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 nal
doubly-occupied singlet state is highly spin-dependent.
triplet states

rT

(cf.

Fig.

The rate coecients from the

2.12) are much smaller than from states

j2i and j3i.

In

the steady-state when there is a continuous generation and dissociation of spin pairs,

38

2 Theory of EPR and EDMR
a highly non-equilibrium state is formed.

In case

r2;3  rT ,

the

j2i and j3i states are

completely depopulated due to their small lifetime and a surplus of triplet states remains. 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 irradiation the overall transition rate to the nal doubly-occupied singlet state increases. As a
consequence the total photocurrent owing through the thin-lm solar cell changes and
constitutes the observable in c.w. EDMR and pulse EDMR measurements.

|T+>
|2>

|3>
|T->

rT

r3

rT

r2

|S>
Figure 2.12: Energy level diagram of an electron spin pair.

The nal doubly-occupied

state is denoted by the singlet state at the bottom (

S = 0).

Rate coecients

of transitions from intermediate to nal state are indicated by

r2;3;T .

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

 1 1
1
 = 2 S1 S2 + S1 S2 = 2 2 + 2S1z S2z :


T
SS



(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
(ip-angle

)

to electron spin

S1

a transition from triplet to singlet states is induced.

The evolution of the density matrix under application of the
rotation of

S1 can be calculated using the Liouville equation
@
i
=
[H ;  ]
@t
~
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and is given by [21]

T S1x
SS
! 

where we abbreviated unitary transformations

U=e

iO^

by

O^

X !V

.

(2.33)

V = UXU y

with the unitary operator

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

T+
Iph (t ) / SS

T S S ] Tr[  S S ]
T = Tr[SS
1 2
1 2

1 1
1 1
1
= Tr
+ 2S1z S2z ( + S1z + S2z + S1z S2z )
2 2
4 2
2


1
1 1

(2.34)
Tr  ( + S1z + S2z + S1z S2z )
4 2
2

Since the single electron spin polarization
0.35 T,

T

S1z

or

S2z



is negligible in our case (

B0 =

= 10 K), the observable transient current response is solely determined by

longitudinal two-spin order

S1z S2z

in the nal state

Iph (t ) / 1

Tr [ S1z S2z ] :

(2.35)

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

µc-Si:H thin-lm solar

cells [50].

2.7.2 ED-ESEEM of paramagnetic defects in thin-lm solar cells
In the following we present an analytical treatment of the novel ED-ESEEM pulse sequence. 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 ip angle

=2 and , separated delays 1 and 2 . The microwave pulse sequence generates a
primary echo at time 2 = 1 (cf. Fig. 2.13). In order to determine the spin state at the
time of echo formation with pulse EDMR an additional =2 read-out pulse to project the
of

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

off

t1

p

p

2

DI current transient
boxcar
p
integration DQ

t2

2

time
Figure 2.13: Primary spin-echo microwave pulse sequence. The primary echo is generated
at time

2 = 1 and is projected to longitudinal polarization by an additional

=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 calculated by a series of transformations where we assume that

T
SS

with

S1 is excited selectively

U S1x U H0  U 2 S1x 
! ! H0! !
! ! ! ! !  (2 )

S

2 1x U

d

d



(2.36)

U describing the transformation from the Cartesian product basis to the eigenbasis

of the spin system and

H0d 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
(

1 = 2 )
echo
Iph
(2 ) / 1

where

Tr [ (2 )S1z S2z ] = 1 + I2p ( )

(2.37)

I2p ( ) 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

 , if the electron spin S1 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
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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

µc-Si:H

thin-lm solar cells form spin

pairs which inuence the photocurrent. The paramagnetic states of the spin pairs interact with various magnetic nuclei present in the solar cell layers by HFI. Highly abundant
nuclei are

29 Si, 31 P

and

1H

introduced by intentional doping.

A measurement of the

HFIs of these nuclei yields a detailed picture of the microscopic structure of the paramagnetic defects. One of the main contribution to the spin-dependent conductivity in

µc-Si:H

thin-lm solar cells is given by correlated spin pairs consisting of e-centers and

0

P4 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

0

ESE decay on the e-center/P4 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

31 P 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

0

of the e-center/P4 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

0

electron spins are coupled to the nuclear spin of the P4 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

S1

0

S2 . Similarly, the nuclear spin of
0
the P4 donor is denoted by I2 and nuclear spins of other atoms in the vicinity of S1 (e.g.
29 Si, 31 P or 1 H) are denoted by I . In the rst case it is assumed that the electron spin
1
0
of the e-center is not coupled to the nuclear spin of the P4 donor since this is already
covered by the second case. Please note that the HFI between S2 and I2 , denoted by

e-center by

, the electron spin of the P4 donor by

APiso is very large (APiso  800 MHz) [44].
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a)

b)
0

S1 : e

0

S1 : e

S2: P4

S2: P4

I2: 31P

I2: 31P
I1: 29Si, 1H or
31

P of P30
0

Figure 2.14: Schematic HFIs of e-center/P4 spin pair.

Electrons are denoted by full

circles and nuclei by open circles. The electron spin of the e-center (grey)
is denoted by

S2 .

by

S1

0

The nuclear spin of the P4 donor is denoted by

of other atoms (e.g.

0

31 P

e-center/P4 spin pair with
or

0

and the electron spin of the P4 donor (black) is denoted

31 P).

0

I2 and nuclear spins
I1 . a)

of a diamagnetic P3 state) are denoted by

S1 coupled to an additional nucleus (e.g.
0

29 Si, 1 H

b) Isolated e-center/P4 spin pair. Both electron spins are coupled

0

to the nuclear spin of the P4 donor.

2.7.2.1 Energy levels and transitions of an e-center/P04 spin pair coupled to an
additional nuclear spin

S1 ) and P04 (electron spin
S2 ) spin pair with one nuclear spin I1 = 1=2 coupled to S1 = 1=2 via an anisotropic
hyperne interaction tensor A and one nuclear spin I2 = 1=2 coupled to S2 = 1=2 via an
P
isotropic hyperne interaction Aiso is given by [21]
The spin Hamiltonian of a correlated e-center (electron spin

H0
where

=

J ) 2S1z S2z (J + !dd =2) S1+ S2 + S1 S2+
+AS1z I1z + BS1z I1x + !I1 I1z + APiso S2z I2z + !I2 I2z
(2.38)
S1 S1z +

Si =

S2 S2z + (!dd

gi B B0 =~



is the resonance frequency of spin

Si , !dd

and

J

denote

!Ii denotes the free nuclear Larmor
p
precession frequency of nuclear spin Ii . A = Azz and B =
A2zx + A2zy are the secular
and the pseudo-secular hyperne interaction between S1 and I1 as dened in section 2.4.
dipolar and exchange electron-electron coupling while
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For a weakly coupled spin pair

 = j S1
the ip-op term

S1+ S2 + S1 S2+



S2

j  jJ + !dd=2j

(2.39)

in eq. 2.38 can be neglected and we obtain a simplied

form of the spin Hamiltonian [21]

H0w

S1 S1z +

J ) 2S1z S2z
+AS1z I1z + BS1z I1x + !I1 I1z + APiso S2z I2z + !I2 I2z :

=

S2 S2z + (!dd

(2.40)

At rst sight the assumption of a weakly coupled spin pair seems to be unjustied,
due to the rather small dierence of Zeeman energies of the investigated paramagnetic
centers. This dierence 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 dierence 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 Rabioscillations 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 hyperne interaction (e.g.:

e-

0

centers and P4 -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
and combine the

APiso S2z I2z

I2

(e.g.

mI2 = + 12 )

term with the electron spin Zeeman term in Eq. 2.40

to introduce a new eective spin Hamiltonian

H0eff =
where

S1 S1z +

S2 S2z + (!dd

P
S2 = g2 B B0 =~ +Aiso =2.

J ) 2S1z S2z + AS1z I1z + BS1z I1x + !I1 I1z
If

(2.41)

APiso is suciently large, the weak-coupling condition

(cf. Eq. 2.39) will be fullled.
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H0w can be diagonalized with the unitary transformation
H0w
with the angles

 = (

I1y +2S1z I1y

! H0d

(2.42)

 ) =2 ,  = ( +  ) =2 and

B
A+2!I1


= arctan A 2B!I
1

 = arctan




:

(2.43)

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

H0d

=

S1 S1z + S2 S2z + (!dd J ) 2S1z S2z
!
!
+ + I1z + 2S1z I1z + APiso S2z I2z + !I2 I2z

2

with

2

(2.44)

!+ = !12 + !34 and ! = !12 !34 , where
!12 = !I1 + A2 cos  B2 sin 

!34 = !I1 A2 cos  + B2 sin  :


By

(2.45)

! = j!12 j; ! = j!34 j we denote the absolute values of the ENDOR frequencies
! =
! =

s
s

A

2

A

2

!I1 + 2
!I1

For the 16 energy eigenvalues we obtain

45

2

+
+

B2
4

B2
4

(2.46)
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j 1+i; j 1 i : 1+;1

=

j 2+i; j 2 i : 2+;2

=

j 3+i; j 3 i : 3+;3

=

j 4+i; j 4 i : 4+;4

=

j 5+i; j 5 i : 5+;5

=

j 6+i; j 6 i : 6+;6

=

j 7+i; j 7 i : 7+;7

=

j 8+i; j 8 i : 8+;8

=

(!dd J ) APiso !I2 !12
 4  2 + 2
2
2
(!
J ) APiso !I2 !12
S1 + S2
+ dd
 4  2 2
2
2
(!dd J ) APiso !I2 !12
S1
S2
 4  2 + 2
2
2
(!dd J ) APiso !I2 !12
S1
S2
 4  2 2
2
2
(!dd J ) APiso !I2 !34
S1 + S2
 4  2 + 2
2
2
(!dd J ) APiso !I2 !34
S1 + S2
 4  2 2
2
2
(!dd J ) APiso !I2 !34
S1
S2
+
 4  2 + 2
2
2
(!
J ) APiso !I2 !34
S1
S2
+ dd
 4  2 2
2
2
S1 +

S2

+

where the plus and minus signs refer to the orientation of

I2 (mI2 = 1=2).

(2.47)

For the

eigenstates in the Cartesian product basis we nd

j 1+i
j 2+i
j 3+i
j 4+i
j 5+i
j 6+i
j 7+i
j 8+i


j"
j"S1 "S2 #I1 i j"I2 i
S1 "S2 "I1 i j"I2 i sin
 2 
 2 
j" " " i j" i + cos 2 j"S1 "S2 #I1 i j"I2 i
sin
2  S1 S2 I1 I2

 
cos
j"
j"S1 #S2 #I1 i j"I2 i
S1 #S2 "I1 i j"I2 i sin
 2 
 2 
sin
j"S1 #S2 "I1 i j"I2 i + cos 2 j"S1 #S2 #I1 i j"I2 i
2
 
 
j#
j#S1 "S2 #I1 i j"I2 i
cos
S1 "S2 "I1 i j"I2 i sin
 2 
 2 
j#S1 "S2 "I1 i j"I2 i + cos 2 j#S1 "S2 #I1 i j"I2 i
sin
2
 
 
cos
j#
j#S1 #S2 #I1 i j"I2 i
S1 #S2 "I1 i j"I2 i sin
 2 
 2 
sin
j#S1 #S2 "I1 i j"I2 i + cos 2 j#S1 #S2 #I1 i j"I2 i
2

= cos
=
=
=
=
=
=
=
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To obtain the

j i eigenfunctions replace j"I2 i by j#I2 i

.

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.

|1+>
|2+>

wa
f
a

a

|3+>
|4+>

f

wa

|5+>
f

wb

|6+>

a

a
f
|7+>

wb

|8+>

0

Figure 2.15: Energy level diagram of e-center/P4 spin pair coupled to an additional nuclear spin. Allowed and forbidden transitions of
dashed arrows, respectively.

Transitions of

overview. Energy levels are shown for

j"I2 i

S2

S1

are shown by solid and

are not shown for better

, energy levels with

j#I2 i can be

derived in an analogous way.

2.7.2.2 Energy levels and transitions of an isolated e-center/P04 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

0

P4 donor state, that is

I 1 = I2 .

31 P

nuclear spin of the

The spin Hamiltonian for such a spin system can be

derived from Eq. 2.40 and is given by

H0w

=

S1 S1z +

S2 S2z + (!dd

J ) 2S1z S2z
+AS1z Iz + BS1z Ix + !I Iz + APiso S2z Iz

H0w can be diagonalized with the unitary transformation
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H0w
with the angles

 = (

Iy +2S1z Iy +4S1z S2z Iy +2S2z Iy

! H0d

(2.50)

 ) =2 ,  = ( +  ) =2, = (  ) =2  = ( +  ) =2
,

where





h

1
B
; = 2 arctan A+APiso +2!I

h

1 arctan
B
=
;
2
A APiso 2!I

 arctan A A B+2!I

i
 arctan A+A B 2!I :


i

P
iso

P
iso

(2.51)

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

H0d

=

S1 S1z + S2 S2z + (!dd J ) 2S1z S2z
!
!
!
!
+ 1+ Iz + 1 2S1z Iz + 2+ 2S2z Iz + 2 4S1z S2z Iz

2

with the nuclear frequencies

2

2

!12 ; !34 ; !56

and

!78

2

(2.52)

, and

1

!1+ = 2 (!12 + !34 + !56 + !78 )
1

!1 = 2 (!12 + !34 !56 !78 )
1
!2+ = 2 (!12 !34 + !56 !78 )
1

!2 = 2 (!12 !34 !56 + !78 ) :

The eight energy eigenvalues are
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j1i : 1

=

j2i : 2

=

j3i : 3

=

j4i : 4

=

j5i : 5

=

j6i : 6

=

j7i : 7

=

j8i : 8

=

(!dd J ) !12
+
2
2
2
(!
J ) !12
S1 + S2
+ dd
2
2
2
(!dd J ) !34
S1
S2
+
2
2
2
(
!
J
)
!
S1
S2
dd
34
2
2
2
(!dd J ) !56
S1 + S2
+
2
2
2
(!dd J ) !56
S1 + S2
2
2
2
(
!
J
)
!
S1
S2
+ dd
+ 78
2
2
2
(
!
J
)
!
S1
S2
78
+ dd
2
2
2
S1 +

S2

+

(2.54)

with the eigenfunctions
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S1 S2 I
2
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2
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!12 = (!I +
!34 = (!I +
!56 = (!I
!78 = (!I

A + APiso
2

A APiso
2

A APiso

) cos( +  )
) cos(

 )

B
2

B
2

sin( +  )
sin(

 )

B

) cos( +  ) + sin( +  )
2

2
A + APiso
) cos(
2

B
 ) + 2 sin(

 ):

(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.

|1>

|2>

w12
f

a

a
f

|5>

w34

|4>

w56

|3>

|6>
f

a

a
f

|7>

w78

|8>

0

Figure 2.16: Energy level diagram of an isolated e-center/P4 spin pair. Only allowed (a)
and forbidden (f ) transitions of
drawn for

S1 are shown.

The energy level diagram is

jAj < j2!I j and 0 < !dd, J; A; B < APiso, g1  g2, !I < 0, as it is
0

expected for isolated e-center/P4 spin pairs.
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2.7.2.3 ESEEM detected by pulse EDMR
0

In the preceding section we discussed eigenstates and spin transitions of an e-center/P4
spin pair in a thin-lm solar cell. The two electron spins are coupled to magnetic nuclei
in their vicinity and a measurement of these HFIs yields a detailed microscopic picture
of the spin density distribution of the paramagnetic defects or impurities.

The HFIs

can be determined since they induce oscillations of the primary-echo intensity generated
by a modied two-pulse ESE sequence

=2







(=2).

echo

In order to

determine a relation between oscillation frequencies and HFIs, 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-

0

0

center/P4 spin pair and an e-center/P4 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

APiso

S2

between

and

I2

is

much larger than the dierence in g-value of both spin partners and the allowed spin ip

S1 are well separated from those of S2 and can be excited selectively. Fig.
0
2.17 a) shows the transition frequencies of an e-center/P4 spin pair where S1 is coupled to
an additional nuclear spin. In that case the forbidden transitions of S1 and the additional
nuclear spin are close to the allowed transitions of S1 . Using a strong microwave pulse it
is possible to excite forbidden and allowed transitions of S1 without selecting transitions
of S2 . The simultaneous excitation of forbidden and allowed transitions is a prerequisite
transitions of

for ESEEM [21]. By solving Eq. 2.36 and Eq. 2.37 we obtain for this particular case the
following echo modulation formula

I2p ( )

k
I2p ( ) = 1 4 (2 2 cos !  2 cos !  + cos !+  + cos !  )
with the modulation amplitude

k = sin2 2.

This result is identical to the well-known

two-pulse echo-modulation function in conventional EPR-ESEEM [21].
volved nuclear frequencies

!

and

!

density distribution of the excited spin

contain the HFIs between

S1 can be determined.
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(2.57)

S1

Since the in-

and

I1 ,

the spin
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a)

P

P

Aiso
2

S2

A
DW 2iso
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2(J-wdd)

5+-7+
6+-8+
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2(J-wdd)

2(J-wdd)

frequency

3-8
2-5
3-7
2-6 5--74-8
1-5
6 -8
4-7 1-6

1+-3+
2+-4+

b)

-

-

1 -3
2 -4

P

Aiso
S1

S2
2(J-wdd) - w2-/2

S2
2(J-wdd)

2(J-wdd) + w2-/2

3-8
(w34+w56)/2
(w34+w56)/2
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w34-w78
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frequency
5-7
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Figure 2.17: Schematic EDMR spectrum with allowed and forbidden transitions of a correlated spin pair. Transition amplitudes of allowed and forbidden transitions
are indicated by the length of the vertical lines. Spin-ip transitions of

S1

S2 are shown in black. Transitions between
eigenstates ji i and jj i are denoted by i
j and the brackets are omitted for
better readability. Parameters: B0 = 0.35 T !dd = 0 MHz, J = 50 MHz,
APiso =800 MHz, A = 20 MHz. a) spin pair coupled to an additional nuclear
spin. Parameters of the spin system: , g1 = 2:0044, g2 = 2:02, B = 15
MHz, !I1 = 15 MHz, !I2 = 6 MHz. b) Isolated spin pair with one nuclear
spin coupled to both electron spins. Forbidden transitions of S2 are not
shown. Parameters of the spin system: g1 = g2 = 2.0044, B = 3 MHz, !I

are shown in red, transitions of

= 15 MHz.
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0

In case of an isolated e-center/P4 spin pair with one nuclear spin coupled to both
electron spins the situation is much more complex. The forbidden transitions of

S1 are

S1 transitions, since ip of a nuclear spin requires a large
Fig. 2.17b). It is therefore impossible to excite S1 and

now well separated from allowed
amount of energy (

APiso )

(cf.

S2 selectively and the theoretical treatment of the pulse sequence becomes complicated.
0
P
However, in the particular case of an e-center/P4 spin pair with a large Aiso between S2
and I2 a simultaneous excitation of allowed and forbidden transitions is impossible due
to the limited experimental excitation bandwidth of conventional microwave pulses (10
ns

1

 100 MHz) and ESEEM does not arise. These ndings 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.

53

3 Materials and Methods
In the following chapter, details of the sample preparation protocols, the EPR measurement routines and the applied DFT methods are summarized.

3.1 Materials
Application of EPR and EDMR techniques to investigate defect states in thin-lm silicon
solar cells requires special sample preparation protocols since thin-lm silicon solar modules 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

2

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

2

area of 1x1 mm

and a thickness of the layer of about 1

m

do not contain enough

defect states to meet the sensitivity requirements of EPR. To investigate the dierent
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 lms of
these layers on adopted substrates. This is usually done by depositing only the layer of

2

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 eects 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 Jülich with Plasmaenhanced 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 lm were deposited on Al-foil.

After

etching with diluted hydrochloric acid, the a-Si:H powder samples were collected and sealed in EPR quartz tubes. Photo courtesy of Forschungszentrum
Jülich.

dened by the ratio of the process gas ow

SC =

SiH4

=(SiH4 + H2 )

was varied from

10 to 100% to obtain material of dierent electronic quality [54]. A selection of a-Si:H
samples investigated in this thesis is given in Table 3.1. The dierent initial defect density of the samples in the as-deposited state reects the fact that the samples exhibit
dierent electronic quality. However, as will be analyzed in detail in chapter 4 and 5, the
EPR parameters of the dierent a-Si:H samples are only minor aected by a variation of
the deposition conditions.
It is known that a-Si:H typically contains 10 at. % hydrogen [10, 55]. The lms were
removed from the substrate by diluted hydrochloric acid and the akes 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 lled
with 0.5 bar He gas and sealed afterwards.

3.1.2 Light soaking and thermal annealing
Light soaking was performed while the lms 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.
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Degradation was performed with a
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a-Si:H sample

SiH4

=(SiH4 + H2 )

as-deposited

Ns

3]
3:2  1016
 1015
4:3  1016 (annealed)

light soaked

[cm

A (08B455)

100 %

B (08B191)

10 %

C (09C345)

100 %

[cm

Ns

-

4:6  1016
5:3  1016

Table 3.1: Undoped a-Si:H powder samples studied in this thesis.
indicates the precursor gas dilution with H2 .

3]

SiH4

=(SiH4 + H2 )

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 Jülich.
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 lled 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  1016 cm 3

during annealing. H eusion from the samples at 200

°C

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

3.1.3 µc-Si:H thin-lm silicon solar cells
Thin-lm silicon p-i-n solar cells were deposited at the Forschungszentrum Jülich using
PECVD on Corning glass [52, 57, 58].

µ

ZnO:Al TCO, boron-doped p- c-Si:H, 1

The cells consist of a layer stack with 150 nm

µm intrinsic µc-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

µc-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

2

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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0.1
1.0
1.5
0.1

0.1

4.0

1.0

3.0

Figure 3.2: Contact geometries of
EDMR measurements.

49.0

µc-Si:H

1.0 1.2

thin-lm silicon solar cells used for pulse

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 gure. 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:



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 4118S-MS5
probe head. The spectrometer is located at the Freie Universität Berlin.



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 ER4118XMD5 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.



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



W-Band: The pulse EPR measurements at W-band were performed on an ElexSys
E680 with a Teraex EN600-1021H resonator. Temperature control was realized
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with CF935 helium bath cryostats and ITC503 temperature controllers from Oxford
Instruments. The spectrometer is located at the Freie Universität 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-1yl)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 amplied before they interact with the sample. The MPFU provides at least four pulse
channels, where each channel produces microwave pulses with dierent 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 lter out unwanted signal contributions [59].
1. The 2-pulse ESE sequence, generating a primary echo, is used to measure the

 ), the transversal relaxation properties by the primary-echo decay (incrementing  ) and ESEEM modulations on the
primary-echo decay (incrementing  ). For a correct determination of the primaryecho decay, the phase of the initial =2 pulse has to cycled (+x, -x), otherwise
eld-swept echo detected EPR spectrum (xed

resonator ring-down can interfere with the signal.
2. The Inversion recovery sequence is used to measure the longitudinal relaxation of

-pulse).

the electron spin after the initial inversion pulse (
delay time

T

The signal recovery as

increases is monitored by a 2-pulse ESE sequence.

Very often the

excitation band width of the initial microwave pulse is not sucient 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

 ) and transversal relaxation (increasing 
T at xed  , the decay of the stimulated echo

at xed

When incrementing

at xed

T ).

can be used

to measure ESEEM (3-pulse ESEEM). Several echoes besides the stimulated echo
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Inversion

1:



3-pulse ESE

Recovery
2:

=2

3:



1:

=2

2:

=2

3:

=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
ips the nuclear spin by

T.

The RF pulse

 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 hyperne coupling between paramagnetic defects and magnetic nuclei 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
Amplier Research 250A250A RF amplier and a home-built Q-band ENDOR resonator.

The ENDOR spectra were recorded with the Davies ENDOR pulse sequence

 T

=2   

echo with delay times

T = 22 s

and



= 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 ip-angle constant at
during the delay time

T

was applied for 19

s .

.

The RF-pulse

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-
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i)

2-pulse ESE
(primary echo)

mw

ii)

Inversion Recovery

mw

iii) 3-pulse ESE
(stimulated echo)
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p
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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
eects [61].

3.2.3 EDMR measurements
Pulse EDMR measurements were carried out on a modied 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-ow cryostat.
The solar cell sample is electrically connected to an external voltage source and a transient
current amplier manufactured by the Elektronik-Manufaktur Mahlsdorf. The solar cell

2

was illuminated with a halogen lamp (50 mW/cm ) and biased in reverse direction (
= - 1.0 V) by applying a constant voltage generating a steady-state photocurrent
17

µA.

Us

Iph =

The static external magnetic eld is generated by an electromagnet. Changes of

the photocurrent induced by resonant microwave pulses (

60

mw = 9:5 MHz) are amplied
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by the transient current amplier (cf. enlarged view in the lower part of Fig. 3.4). The
microwave pulses were amplied by a 1kW TWT amplier to achieve a
(

S = 1/2) of 16 ns.

=2 - pulse length

The transient changes of the photocurrent are subject to low-pass

ltering by the RC-time constant of the sample. In addition, the transient current change
is processed by an analog bandpass lter after current amplication. Finally the amplied
and ltered signal is read into the spectrometer software by a transient recorder (8 bit
analog-to-digital converter).

magnet

mw source
9.5 GHz

light

He-cryostat

sample
US
Iph
current detection
sample

transimpedance
bandpass
amplifier
U
I

transient
amplifier recorder
D
A

US

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 bandwidth of about 1 MHz, the transient signals are strongly aected by electromagnetic
interference (EMI). Weak disturbances from the environment coupling to the electrical circuit can be avoided by using a symmetric current detection implemented in the
above described current amplier.

Strong electromagnetic disturbances originate from

the TWT amplier, 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 für Eisenforschung in Düsseldorf. 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 cuto of 30
Ry ensures convergence with respect to the basis set. The Brillouin zone integration is
done on a 6

Ö6Ö6

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

29 Si (g
mostly negative, since the nuclear g-value of

n

29 Si

nuclear spins are

= -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 c-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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coordination defects in a-Si:H
A determination of the microscopic structure of paramagnetic coordination defects in aSi: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 defects therefore degrade the photoconductivity and eciency 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 threefoldcoordinated 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 eld reveals a rhombic splitting
of the g-tensor with the following principal values:
2.0033 and shows pronounced g-strain, i.e.

gx

= 2.0080,

gy

= 2.0060 and

gz

=

the principal values are widely distributed.

The multi-frequency approach furthermore yields precise

29 Si

hyperne 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 hyperne 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-lm solar cells and other devices based on hydrogenated amorphous 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 eciency of solar cells is even aggravated by the fact that the defect concentration
signicantly 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 vefold-coordinated Si atoms,
giving rise to oating-bond (FB) defects [19, 68]. To decide between the two alternative
defect models, EPR techniques are most valuable, since the EPR spectrum reects 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 hyperne interaction (HFI) between the unpaired electron spin and nuclear spins of
close-by H and Si atoms. While the g-tensor reects 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 origin of the defect centers. A detailed analysis of the EPR spectrum of the coordination
defects was rst carried out by Stutzmann et al. at X-band frequency [19]. They determined the g-tensor of the unpaired electron spin to be axially symmetric with principal
values similar to the

Pb

center observed at the Si/SiO2 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 dierent 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 tting models and never systematically 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

AL

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.
suggests that the

x
sp -hybridized

Since their analysis of the HFI

defect wave function is of strong p-character, the au-

thors concluded that the electronic structure of the given center resembles a DB similar

Aiso ) of coordination defects in a-Si:H,
as evaluated by Stutzmann and Biegelsen [19, 73], is given by Aiso = 200 MHz and is
therefore much smaller than the isotropic HFI of the Pb center (Aiso = 315 MHz) [74].

to the

Pb

center.

However, the isotropic HFI (

This discrepancy was attributed to a relaxation of the atomic structure of the DB from
a tetrahedral conguration to a more planar geometry, induced by the amorphous environment. It was argued that in the latter conguration 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 claried by a detailed quantitative theoretical 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 defect 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 eld-dependent line

broadening mechanisms and at high signal to noise ratio (S/N), a high frequency spectrum 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 multifrequency approach, which allows to separate eld-independent

g

( ) spectral contributions.

(A) and eld-dependent

The HFIs are thereby best resolved at low magnetic elds

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 eld-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 tting 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 dierences 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 dierent mi-

crowave frequencies (S-band, X-band, Q-band and W-band, respectively) at a temperature of 80 K. To measure the EPR spectrum a typical eld-swept ESE pulse sequence

=2 

(FSE) (





echo) is utilized with a

128 ns and an interpulse delay





- pulse of 52 ns, 32 ns, 80 ns,

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



(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 dierent 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 dierence between experiment and t (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 dierent resonance frequencies more obvious. In the following we will
rst qualitatively assign the frequency dependent line shapes to the dominating magnetic
interactions.

Secondly we describe the tting 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 eects, since naturally abundant

28 /30 Si)

Si is composed of stable non-magnetic isotopes (
95.32 %, and one stable magnetic isotope (

29 Si)

with a total abundance of

with an abundance of 4.68 % [73].

29 Si

If the immediate vicinity of the defect is depleted from magnetic isotopes (

1 H)

and

large HFIs are absent, resulting in the narrow central line, which is broadened by

unresolved HFI to

1H

and

29 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

29 Si,

p, for p < 10 % [71].

In cases, however, where the unpaired electron spin is mainly located on
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Figure 4.1: S-/X-/Q- and W-Band eld-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 (

=2   

echo) pulse sequence.

Left column (a-d): experimental spectra (crosses) and the tted spectra (red
solid line) obtained with the model described in the text. In addition to the
coordination defects, another EPR signal with
by

( ).

g = 1.9975 is observed, marked

The residual between the experimental spectra and the t is shown

by the black solid line at the bottom. Spectra are oset vertically for clarity.
Right column (e-h): tted spectra without g-strain, A-strain and isotropic
magnetic eld broadening. Principal values of the AL -tensor and the g-tensor
are indicated by horizontal and vertical lines in e) 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 signicantly broadened by site-to-site disorder resulting in a
distribution of

29 Si

HFIs (A-strain), which hampers the precise determination of the

29 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
g

Overlapping the previously observed coordination defects (

= 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

gI =

1.9975. This deviation from the g-value of the coordination defects clearly shows that
the signal centered around

gI

must be assigned to an additional paramagnetic site and

cannot be ascribed to additional HFI 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

gI , which is not observed. The most abundant magnetic
1
14 N with a nuclear spin of I =
nuclei of H or N are H with a nuclear spin of I = 1/2 and
rise to an intense central line at

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

14 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
i.e.

 160 MHz.

1H

the HFI is

 320 MHz and in case of 14N half this value,

At X-Band the impurity signal is still observable but shifted to higher

magnetic eld relative to the central line, due to the lower g-value.
signal starts to broaden due to the growing inuence of g-strain.

In addition, the

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 (

S = 1/2) coupled to j

electron spin (

surrounding nuclei:

H = BB0gS=~ +
g

and

A

H) of a single

X
j

 N gj n B 0 I j = ~ +

are 3x3 matrices with the principal values (

X
j

SAj I j

gx , gy , gz )

(4.1)

and (

Ax , Ay , Az ),

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 suciently

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 t parameters. The magnetic-eld 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 tting routine and are therefore separated from magneticeld independent broadening. In contrast to the Zeeman term, the treatment of the HFI
term in Eq. 4.1 is more complicated, because an exact simulation including all nuclei is
impossible. We therefore introduce a tting model with certain approximations. The HFI
term in Eq. 4.1 is usually divided into two terms

HHFI =

n
X
k =1

SAk I k +

X
j 6=k

SAj I j

(4.2)

where the rst 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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HFI 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 rst

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 tted to the resonance line by parameter adjustment.

In addition

to unresolved HFIs, paramagnetic centers in the solid-state experience additional line
broadening due to electron-electron spin-spin interaction and life-time broadening due
to

T1

and

T2

mechanisms.

However, for the low defect concentrations and the low

temperatures used in this study both of these mechanisms contribute less than 1
the line width and are therefore negligible [81, 82].

T to

This approximation is furthermore

supported by the experimental observation that the line width of the broadening function
is directly proportional to the

29 Si content of a-Si:H [71].

We can therefore conclude that

the broadening function is dominated by unresolved HFIs. It is important to note that
due to the low natural abundance of

29 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 tting model, where only one
explicitly (n = 1 in Eq. 4.2,

29 Si

nuclear spin is treated

A1 = 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 tting parameters by introducing several prior assumptions for
the symmetry of the AL -tensor and the orientation between the g- and AL -tensor. Since
the satellites are strongly aected by inhomogeneous broadening it is dicult to test
the symmetry of the AL -tensor against rhombicity. Furthermore the relative orientation
between the AL - and g-tensor and its distribution cannot be determined independently, so
we simply assume that both tensors are collinear with

gz and Az 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

1 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 inuence 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 tting routine.

In a

rst step, the Q- and W-band spectra were tted simultaneously by adjusting the distribution parameters of the three principal g-values (mean value and standard deviation).
In a second step, the S- and X-band spectra were tted by adjusting the distribution parameters of the AL -tensor principal values, where we again assumed independent normal
distributions.

In a third step, the S-band spectrum was tted 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 tted by adjusting
the g-tensor, g-strain,

Aiso and the integral intensity of the 1 H impurity.

The four steps

were repeated in a loop until convergence is reached. The simulations of the individual

® (The Mathworks,

solid-state EPR spectra were performed with EasySpin, a MATLAB
Natick, MA, USA) toolbox [25].

The toolbox calculates the resonance eld positions

by matrix diagonalization or second-order perturbation theory, transition intensities are
computed by rst-order perturbation theory. The powder spectra are evaluated by considering a large set of dierent orientations uniformly distributed over the unit sphere.
The simulated spectra are tted to the experimental spectra by non-linear least-squares
tting based on the Levenberg-Marquardt algorithm.

4.3.5 Fit results
The t 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.

gx = gy = g? and gz = gjj .

In order to test this, we performed two separate multi-

frequency ts. In the rst t the symmetry of the g-tensor is forced to axial symmetry
and in the second t (Fig.

4.1 a-d) no assumptions about the symmetry were made.

In the rst case the principal values of the g-tensor are

gx

=

gy

= 2.0065 and

gz

=

2.0042, in very good agreement with earlier studies [71]. In the second case we obtained
a rhombic g-tensor with three dierent principal values (

gz

gx

= 2.0080,

gy

= 2.0060 and

= 2.0033). However, the quality of the t, measured by the norm of the dierence

2 ), is signicantly worse in the case

between the tted and the experimental spectrum (

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.

Ax
Adip

Ay

the AL -tensor we obtained

=

to

= -35 MHz.

Aiso

= 186 MHz and

= 151 MHz and

Az

For

= 257 MHz, which corresponds

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.
4.1). For the paramagnetic impurity associated with a

1H

Table

atom we obtained an isotropic

g = 1.9975 with a large g-strain and an isotropic HFI of Aiso = 326 MHz. The
14 cm 3 or 0.45 % of
concentration of this paramagnetic impurity center is about 1:8  10

g-value of

the coordination (DB) defect density. A complete overview of the various t 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
congurations are present in the amorphous material. In order to account for this variety
we modeled a large number of dierent 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 dierent spin density

distributions result in very similar g-values.
To illustrate this nding we show the ground-state spin-densities of two computergenerated DB models together with the calculated g- and AL -tensors in Fig. 4.2.

gx

The rst DB model (DB1) is displayed in Fig. 4.2a (
2.0024, and

Ax

= -291 MHz,

Ay

= -288 MHz,

Az

= 2.0091,

= -427 MHz for the

gx

and the second DB model (DB2) is shown in Fig. 4.2b) (
= 2.0034, and

Ax = -176 MHz, Ay

= -180 MHz,

gy

Az

= 2.0095,

= 2.0057,

29 Si

gy

gz

=

AL - tensor)

= 2.0065,

29 Si A
= -236 MHz for the

gz

L -tensor).

The g-tensor symmetry of both models is clearly rhombic, while the AL -tensor is very
close to axial symmetry.

Already from a supercial 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

g and AL for the two models are a) gx =
2.0091, gy = 2.0057, gz = 2.0024, and Ax = -291 MHz, Ay = -288 MHz, Az
= -427 MHz, b) gx = 2.0095, gy = 2.0065, gz = 2.0034, and Ax = -176 MHz,
Ay = -180 MHz, Az = -236 MHz . Atoms are indicated by light-grey (Si) and
details see text). Principal values of

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 AL -tensor of the threefold-coordinated Si
atom are indicated by red arrows.
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Hence, widely dierent congurations can yield almost identical g-tensors. This eect 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 AL -tensor vary drastically. The isotropic
HFI of DB2 (

Aiso

Aiso

= -197 MHz) is much smaller than the isotropic HFI of DB1 (

= -335 MHz), which can be attributed to the delocalization of the DB wave function.
The axes of the

gz

and

Az

principal values are nearly parallel in case of DB1 but dier

signicantly 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 nd 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 AL tensor for the ts 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 tting a normal distribution
to the g-values, we see that the distributions for
although parts of the distributions overlap.
that the

gz

gx , gy

and

gz

peak at dierent values,

By analyzing Fig.

4.3, it becomes clear

distribution peaks close to the free-electron g-value (
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well separated from the
between the

gx

and

gy

gx

and

gy

distribution. However, since there is a large overlap

distributions, it is not immediately clear whether the

gx

and

gy

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 (

gy )/(gx - gz ) separately.

gx

-

By doing so we found that each individual g-tensor is clearly

gx - gy )/(gx - gz ) peaks at 0.5 which ts well to the

rhombic and the distribution of (

experimentally obtained symmetry.
It appears to be surprising that the g-tensors of DB defects with a very symmetric
spin-density distribution (cf.
metry.

Fig.

4.2a) exhibit rhombic symmetry and not axial sym-

This eect can be rationalized as follows.

isotropic shifts from

ge

The anisotropy of the g-tensor and

result from an indirect coupling of the electron spin to the ex-

ternal magnetic eld 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

p

p

with all the unoccupied or occupied orbitals

n

other than

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 simplied
discussion of the g-tensor anisotropy, let us assume that the singly-occupied DB orbital

p

is given by a perfect

jpz i orbital and the other orbitals jpx;y i are also of atomic type.

Dening 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
for

= zz , since Lz jpz i = 0.

gx  gxx

and

gy  gyy

Signicant deviations from

ge are therefore only expected

given by

hp jL jp ihp jL jp i
gxx = 2 z x y y x z = 2



pz py
 pz  py
hp jL jp ihp jL jp i

gyy = 2 z y x x y z = 2
pz px
 pz  px
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Figure 4.3: Comparison between experimentally and theoretically (DFT) obtained principal values of the g-tensor of coordination defects in a-Si:H. Values for dierent
computer-generated models of a DB in a-Si:H are shown by the histogram.
Principal values are sorted by size and assigned to

gx , gy

and

gz .

The his-

togram was tted by a normal distribution function shown by the dashed line.
The experimental data for coordination defects obtained by a tting model
is shown by the solid line.
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where we assumed that the spin-orbit coupling
degeneracy of the



is a constant.

We see that if the

px and py orbitals is lifted, the gxx and gyy values will not be degenerate.

In a most disordered environment like a-Si:H one expects that the degeneracy is lifted
due to uctuations 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

p;n

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
dierent wave functions give rise to almost identical g-tensors.
analysis to the principal values of

We now extend our

AL, which are a more precise probe of the local spin

density distribution of the defect center.

4.4.2 Hyperne interactions
The histogram in Fig. 4.4a compares the principal AL -values derived from the dierent
computer generated DB models with experimentally obtained AL -distribution functions.
The distribution functions were again approximated by a normal probability density function. We found that the values derived from the calculated structures deviate from the
values determined in the multifrequency t. The calculations also lead to a larger distribution of the principal AL -values and at the same time show larger

and

Az

as

Ay distributions in the computer models are
clearly degenerate and strongly dier from Az . This hints towards an A-tensor close to
axial symmetry. To check whether the Ax and Ay distributions of the computer models
are independent or not, we determined the rhombicity (Ax - Ay )/(Ax - Az ) of each set
compared to the experiment. The

Ax

Ax , Ay

and

of principal values and found that the AL -tensors for all models investigated are indeed
very close to axial symmetry.
the symmetry properties of

The calculations revealed a rather peculiar deviation of

g and AL, where g exhibits rhombic symmetry and AL axial

symmetry. The apparent discrepancy in the symmetry properties can be rationalized as
follows. The AL -tensor depends directly on the ground state spin density and is strongly

x

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 aect its orientation 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 uctuations 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 rst 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 localized on a single atom, while the spin density on the other atoms is signicantly smaller
than on the central Si atom.

This is reected by the fact that the Si atoms with the

second-largest HFI exhibit a smaller HFI, on average

Aiso = -80 MHz and Adip = -7 MHz

(cf. Fig. 4.4b).

4.4.3 Resolved and unresolved hyperne interactions
The most puzzling fact comparing computed and experimentally obtained magnetic interaction values is the discrepancy between the AL -tensor obtained from DFT calculations
and the multifrequency t to the experimental data. This discrepancy is even aggravated
by the fact that the experimentally obtained signal intensities in the satellite region deviate 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

29 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

29 Si

HFIs (rst term in Eq.

resolved

29 Si

HFIs is proportional to the integral of line B and will be denoted by

4.2; see also Fig.

4.1a and b).

the following. When we express the spectral intensity of line B (

The number of

N

in

IB ) in terms of the total

spectral intensity, the following equation holds

N = IB =p

p  100 %. For one 29 Si HFI (N = 1) one would expect IB
29 Si HFI (N = 2) I = 9.4 %, etc. The spectral intensity of line B
for two
B

where we assumed that
= 4.7 %,

(4.4)
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in a-Si:H. A-tensor of the
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nucleus with the largest

Aiso

(a) and second

Values for dierent computer-generated models of a DB in

a-Si:H are shown by the histogram. Principal values are sorted by size and
assigned to

Ax , Ay and Az .

The histogram was tted by a normal distribution

function shown by the dashed line. The experimental data for coordination
defects obtained by a tting model is shown by the solid line.
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AD = 100 MHz) leads to a larger spectral intensity of line

demarcation HFI (
B,

IB

= 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,

IB = 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

29 Si

HFIs. 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

AD = 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  2 % [73].

The reason for this deviation is that Stutzmann

et al. [19] used a continuous and simplied 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 rst sight, the assumption of a
simplied broadening function with a Lorentzian or Voigtian line shape is justied since
it reproduces the central part of line A very well. However, the real line shape function
may deviate from this simplied 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

IB

and

N.
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function (with demarcation HFI of

AD ) 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

AD .

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

N = 2) with a HFI > AD .

HFI tensors (

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 conrmed by the presented DFT calculations of computer generated
DB models. The calculations clearly show that there is only one large
second-largest

29 Si

AD

Fig.

than

(cf.

29 Si HFI, while the

HFI is on average smaller by a factor of three and therefore smaller
4.4a and b).

In summary, we nd that the random DB models

predict one dominant hyperne interaction centered around

Aiso = - 250 MHz, whereas

the experimental spectra would be compatible with two dominant hyperne interactions
of similar magnitude centered around

Aiso = 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 congurations. For instance, the oating-bond type defect exhibits states
delocalized over several Si atoms [83, 84].

However, the oating-bond model has long

been rejected, being in conict with a number of other experimental observations [8386].
In particular, increasing the

29 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

29 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:

gx = 2.0080, gy = 2.0060 and gz = 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 rst systematic study where
experimental g-, AL -values and unresolved A-values are compared to theoretical values
obtained by DFT calculations of 27 dierent 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 reects 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 AL -tensor for the computer generated DB models disagree with the values
obtained by the multifrequency t. The isotropic HFI of the DB models is on average

Aiso

= - 252 MHz which is much larger than the t result,

Aiso

= 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 AL -tensor, we observe severe deviations of
the second-largest HFI between theory and experiment.
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principal values of 29 Si AL -tensor

principal values of g-tensor

Aiso =Adip

broadening
function
Voigtian
function
(Gauss/
Lorentz)

2

gx or g?
(gx -

gy or g?
(gy -

gz or gjj
(gz -

Ax or A?
(Ax -

Ay or A?
(Ay -

Az or Ajj
(Az -

strain)

strain)

strain)

strain)

strain)

strain)

[MHz]
151 (63)

[MHz]
151 (63)

[MHz]
257 (90)

[MHz]
186/35

[mT]
0.11/0.25

0.09

0.24

Bpp


t with
rhombic g /
axial AL
t with
axial g /
axial AL
Umeda et
al. [71]
Stutzmann et
al. [19]
Present
theory (DFT)







2.0080
(0.0052)

2.0060
(0.0021)

2.0033
(0.0017)

2.0065
(0.0047)

2.0065
(0.0047)

2.0042
(0.0019)

146 (98)

146 (98)

244 (75)

178/33

0.11/0.25

2.0065
(N/A )
2.0080
(0.0029)
2.0094
(0.0084)

2.0065
(N/A  )
2.0080
(0.0029)
2.0064
(0.0059)

2.0039
(N/A  )
2.0040
(0.0022)
2.0035
(0.0035)

143 (56)

143 (56)

333 (73)

206/63

(N/A )

154 (28)

154 (28)

305 (56)

205/50

-213
(162)

-215
(163)

-326
(200)

-252/-37

Not
specied
cf. text

Table 4.1: Summary of experimental (multifrequency t) and theoretical g-tensor and

AL -tensor

principal values for coordination defects in a-Si:H. Full-width half

maximum (FWHM) of gaussian distributions of the g- and
values (g- and A-strain) are given in brackets.
(*) - values given in mT converted to MHz using
free electron g-value
(**) -

B

value given in mT converted to

(ge2 B =h)  (B= )

g

AL -tensor principal

 = ge B B=h, with ge

(dimensionless) using

the

g =

(***) - In the tting model of Ref. [71] g-strain and magnetic-eld independent broadening are entangled and could not be separated.
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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 denite
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 dierences between
light-induced and native defects in
a-Si:H
It is a common believe that the electronic structure and atomistic origin of native coordination 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-eld (Q-Band) pulse EPR measurement of
light-induced defects in light-soaked a-Si:H. Primary-echo decay measurements in dependence of the magnetic eld position show a strong anisotropic transversal relaxation.
The origin of this eect is traced back to a dierence in the EPR spectra and transversal
relaxation properties of native and light-induced defects. The dierence in the primaryecho decay of both defect species is applied to disentangle the highly overlapping EPR
spectra. In addition, ENDOR measurements are presented to determine the H distribution 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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5.1 The Staebler-Wronski eect
In 1977, Staebler and Wronski observed that illumination of undoped a-Si:H with intense
light decreases both the dark- and photoconductivity (Staebler-Wronski eect - SWE) [8,

°

9]. They found that annealing of the samples to temperatures of about 150 C completely
reverses the eect. 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

Induced dangling bonds (x1012)

correlated to the defect-density

N s [15].

a-Si:H, undoped
8 (0.5 cm2 x 3µm)
ħω = 1.9 eV
T = 310 K
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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

the number of defects in the initial state. Sample

minus

and illumination details are displayed in the upper left corner. The horizontal
dotted line indicates the number of DBs
reproduced from Ref. [15].
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N s (0) prior to illumination.
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It was found experimentally that the number of metastable defects increases as

t 1=3 I 0:6

under continuous light illumination for a time

t

and light intensity

I

(cf.

Ns /
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-puried (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 briey 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 lightinduced 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
signicant dierence 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 Å) 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 Å, 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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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 Å). 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

Å between the defect center and the H atom.

They conclude that

there is no signicant 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 Å 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 dierential equation for the defect concentration

dN s
dt = csw np
where

Ns
(5.1)

n, p are the electron and hole concentrations, respectively and csw

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
to

G=Ns , where G

n and p are proportional

is the photocarrier generation rate. Together with Eq. 5.1 we then

N s / t 1=3 G 2=3 . This result
0:6 ), if we assume that G is proportional
also reproduces the intensity dependence (N s / I
to the light intensity I .
obtain the experimentally observed defect creation dynamics
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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 following 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 conguration 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:

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

1. Si-H + Si-Si
2.
3.

Here Si-H denote isolated Si-H bonds and Si-DB* indicate isolated metastable lightinduced DBs. Native and light-induced DBs are distinguished by adding (*) for the lightinduced DBs. Weak Si-Si bonds are denoted by Si-Si. By short-range diusion 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 H2 -complexes (Si-H/Si-H) as
in case of (2). Please note that (Si-H/DB*-Si) and {Si-H/DB*-Si} denote two dierent
spatially correlated DB-H pairs:



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 Å. This is the original model proposed
in Ref. [15].



For {Si-H/DB*-Si} the distance between the DB and the H atom is about 4-5 Å

Td ) [94].

since the H atom is located in a tetrahedral like site (
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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(a)

weak Si-Si bond breaking

(b)

H bond switching

(1)

H diffusion

(2)

dissociation of
*
H2 complex

H2*

(3)

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 diusion the DBs can be sepa-



rated even further, (2) dissociation of H2 -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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signicant spin-spin coupling between the two paramagnetic defects which is in conict
with experimental facts known from EPR, discussed above. Morigaki [91] showed that
the DB defects are further separated by H diusion which consequently reduces the
spin-spin coupling as the distance increases.



The H diusion is also included in the model of a dissociation of a H2 -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 dierence 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 diuse 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)2 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
+ M(Si-H)2 . By annealing at 150

°C

!2(Si-DB*)

for several hours, the process is reversed and the
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metastable complexes dissociate and saturate the DBs.
of the DB concentration is again

The predicted time evolution

N s / t 1=3 G 2=3 , as in the case of the weak Si-Si bond

breaking model, but derived from dierent 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 eective 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 evolution 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 eect?

In the

preceding discussion we have seen that dierent models, based on completely dierent
microscopic processes, do actually result in the same unusual sublinear time-dependence.
It is therefore most dicult to distinguish between the available theories by merely considering the time evolution of the DB concentration. Another approach to deduce the
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DB-

DB

DB0

+

DB

0

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 nal
metastable state by EPR methods. Here dierent models do actually predict quite dierent microscopic centers for the metastable state and its environment oering a possibility
to test the available theoretical models:



The presented SWE models altogether describe defect reactions which explicitly
generate DB defects. In addition, the H collision model [96] and the defect recharging model by Adler [97] explicitly state that the metastable defects are isolated DBs
and are therefore by denition identical to native defects. The theoretical prediction 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.



The weak Si-Si bond breaking model demands a separation of the light-induced
DB defects by a redistribution and/or diusion 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 dipolar coupling between the electron spins could prevail.

In order to determine the

dipolar coupling between the electron spins and their spatial distribution an investigation of the primary-echo decay of light-induced defects is mandatory, since small
dipolar couplings between the electron spin inuence the transversal spin relaxation
properties (cf. section 2.6.2).
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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 aected 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 measurements are carried out. Multifrequency EPR investigation of native coordination defects
presented in chapter 4 showed that this approach is capable of providing a precise measurement 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 signicantly deviate and the observed eects can be considered as
universal for the sample set presented in this thesis.

Since it is dicult 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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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.

absolute EPR intensity as well as the total defect density

NS

The

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 dierence is rather small
and is only resolved here due to the fact that the experiment was carried out at high-eld
(Q-Band). At lower microwave frequencies the dierence is negligible and was therefore
overseen in the past since most EPR experiments published in the literature were carried
out at X-Band.

annealed
light-soaked

EPR signal [arb. units]

1.2
1
0.8
0.6
0.4
0.2
0

1212

1214
1216
magnetic field B0 [mT]

1218

Figure 5.5: Normalized FSE spectra of sample C in the annealed and light-soaked state
measured with a pulse delay

 = 300 ns and at a temperature of 80 K. Arrows

indicate magnetic-eld 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
dierent (dierent g-tensor or HFIs)

2. The presented measurements are pulse EPR experiments, hence dierent transversal relaxation properties can lead to a dierence in the observed FSE spectra
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In order to nd 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 dierent magnetic eld positions. To ensure that only the on-resonance spin packets
selected by the magnetic eld contribute to the echo decay, the echo is fully integrated.

a)
t = 300 ns

b)

increasing B0

T = 60 K

magnetic field B0 [mT]
Figure 5.6: Pulse EPR investigation of of sample B in the light-soaked state.
spectrum measured with a pulse delay



a) FSE

= 300 ns at a temperature of 60 K.

b) Corresponding primary-echo decay at magnetic eld 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 eld 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 HFIs
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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On the high-eld side of the spectrum the primary echo decays much faster for small
pulse delays



than on the low-eld 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

T m = 4:3 s .

The mono-exponential nature of the echo-decay and the fact that the

spin-lattice relaxation time

T 1 = 6 s

[98] is approximately equal to

Tm

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 1 [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
dier only slightly, which suggests that the decay saturates at low temperatures. At the
lowest temperature,
at short



T

= 40 K, the decay is composed of two components, a fast decay

- delays and a rather slow decay with a

exp [  2 ]

dependence at long



-

delays (cf. Fig. 5.8).

a)

b)

decreasing T

Figure 5.7: Temperature dependence of the primary-echo decay in sample B (lightsoaked) recorded in the center of the absorption line (
echo is fully integrated and the decays are normalized.
Semi-logarithmic plot.
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= 2.0055).

The

a) Linear plot, b)
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The slow decay is attributed to spectral diusion initiated by ip-op 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)

Ie = I0 exp
where



(=T SD )2



(5.2)

T SD is the temperature independent spectral diusion time constant [99].

This

mechanism dominates the transversal spin relaxation at low temperatures, where the spinlattice relaxation has become suciently slow (around

T

= 40 K). The spectral diusion

T SD can be extracted by tting Eq. 5.2 to the echo decay in the long 
range (5 s
33 s ). The t result is shown in Fig. 5.8b) and yields T SD = 11:4 s .

time constant

a)

b)
decreasing T
1226.4 mT
geff = 2.0055
T = 60 K
TSD = 11.4 ms
subtraction

Figure 5.8: Temperature dependence of the primary-echo decay in sample B (lightsoaked) recorded in the center of the absorption line (
Semi-logarithmic plot versus
long

 range (5 s 33 s ).

 2.

g

= 2.0055).

b) Fit (green curve) of Eq.

a)

5.2 to the

Subtracting the t from the primary-echo decay

(blue curve) results in the residual red curve.

It is important to note that

T SD 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

T SD

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
The larger

T SD

T SD values.

value of device-grade sample B suggests that it exhibits a smaller H

concentration.
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a-Si:H sample

mw-band

state

A

Q

as-dep.

B

Q

light soaked

C

Q

light soaked

a-Si:H

X

as-dep.

Ns [cm 3 ] T SD [s ]
3:2  1016 7:9  0:5
4:6  1016 11:4  0:5
5:3  1016 7:6  0:5
8  1017
6:6  0:5

H conc. [at. %]
33 (NMR)

(Ref. [99])

Table 5.1: Spectral diusion characteristic time

T SD 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 diusion component, the primaryecho decay exhibits an additional fast decay, which can be analyzed by subtracting the
slowly decaying spectral diusion 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.

magnetic eld position.

5.9 the residual primary-echo decays are plotted versus the
The residual echo decays follow a mono-exponential function

with a decay time constant
position.

TD = 2:1 s

which does not depend on the magnetic eld

It is important to realize that by the presented subtraction procedure the

primary-echo decay, which shows initially a strong dependence on the magnetic-eld
position, can be decomposed into two components whose decay functions do not depend
on the magnetic-eld 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

T SD and T D would change as a function of the

position in the EPR resonance [100102].

Instead, the EPR spectrum is a superposi-

tion of two paramagnetic defect centers, which exhibit dierent transversal relaxation
mechanisms and time constants.

100

5 Structural dierences between light-induced and native defects in a-Si:H

T = 60 K
exp(-2t/TD)
TD = 2.1ms

Figure 5.9: Residual primary-echo decay after subtraction of the slow spectral diusion
component at dierent eld 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

T D = 2:1 s .

5.2.1 Decomposition of EPR spectrum
We have seen that the EPR spectrum is composed of two spin species, which exhibit
dierent spin relaxation properties. The primary-echo decay time constant of both spin
species is isotropic and does not depend on the magnetic-eld position.

However, the

initially observed primary-echo decay (cf. Fig. 5.6 b) does depend on the magnetic eld
position. The reason for this observation is that the EPR spectra of the two spin species
dier from each other. Hence, the two defect centers exhibit dierent g-tensor principal
values, g-strain and/or HFIs. In order to obtain the individual EPR spectra of the two
defect centers, the dierence 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 tting
Eq. 5.2 to the primary-echo decays. The EPR spectrum, obtained by plotting

I 0 versus

the magnetic eld, is shown by the black open circles in Fig. 5.10 a). This procedure is
justied 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

 = 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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its initial value within the spectrometer deadtime. While this eect is negligible for the
slowly decaying spin ensemble, the fast relaxing spin ensemble already decayed by about
25 % (

1

e

2=T D

 0:25) at 

= 300

ns.

However, this is of minor importance for

a quantitative discussion of the spectral shape. In case the absolute amplitudes are of

1

slow echo decay
fast echo decay
native dbs spectrum

2.0055
2.0054

0.8
0.6
0.4
0.2
0
1222

1224

1226
1228
magnetic field B0 [mT]

a)

norm. echo intensity [arb. units]

primary echo intensity [arb. units]

interest, one has to correct for this decay.

1230

slow echo decay
fast echo decay
fit

1

b)

0.8
0.6
0.4
0.2
0
1222

1224

1226
1228
magnetic field B0 [mT]

Figure 5.10: Decomposed spectra of the slowly and fast decaying spin subensembles.

1230

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).

to a microwave frequency of 34.42 GHz.

Spectra are normalized

b) Spectra normalized to their

maximum amplitude and t of the EPR spectrum of the fast decaying spin
subensemble (green dashed line). For details on the t 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 eld

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 eld dierence of
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However, relative errors are smaller and the shift is therefore signicant. In Fig. 5.10 b)
the spectrum of the fast decaying component is compared to the normalized spectrum
of the slowly decaying spin ensemble.
is close to a Gaussian line shape.

Its spectral shape is much more symmetric and

The line can be tted 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 eld 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, dicult 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 diusion
At this point, the question remains why the dierent spin populations exhibit a dierent
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 magnetization by the spectral diusion mechanism [34, 35]. This can be tested experimentally
by decreasing the microwave power of a pulse with constant length to obtain a smaller
ip angle. Fig. 5.11 shows that decreasing the ip 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



values, the echo signal in the range

5 s < 2 < 10 s

is slightly reduced.

However, the echo decay is not majorly inuenced by decreasing the ip angle and we
can conclude that instantaneous diusion plays only a very minor role for the decay of
the primary echo.
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The absence of instantaneous diusion 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 diusion eect 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 diusion can be active over a wide range of average
defect concentrations. Instantaneous diusion can be observed at very low concentrations

C = 1016 cm

3

[103] up to very high concentrations

C = 1018 cm

3

[104, 105]. One can

therefore measure dipolar interaction energies from about 1 kHz to 50 kHz. At a defect

C = 1018 cm 3 the time constant of the instantaneous diusion eect
is about 1.2 s 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 TD = 2:1 s. The intrinsic transversal
concentration of

relaxation in the limit of a small ip angle is therefore already so fast that additional
instantaneous diusion will not aect the echo decay.

It is therefore possible that the

local defect concentration is higher than the average defect concentration measured with
c.w. EPR

C = 2 4  1016 cm

3

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

T

single temperature (

= 60 K). In order to conclude on the origin of the fast transversal

relaxation mechanism the temperature dependence of
detail.

T D needs to be investigated in more

The temperature dependence can reveal which spectral diusion mechanism is

active (cf. sec. 2.6). In addition, the time constant

T D of the exponential echo decay of

the fast relaxing spin ensemble was determined in a rather unreliable way by subtracting
the slowly decaying contribution.
value of

Both, the temperature dependence and the correct

T D can be obtained by using a tting 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 rst 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
ip angles of the second pulse are calculated by

°

°

Ie (; T; !) =

(T )  exp

°

°

=   10 (P Pref )[db]=20 :

0

db - 180 , 3 db - 127 , 6 db - 90 , 9 db - 63 .

C

(



2
Tm (T )

 IS10 (!)  exp



" 




T SD

2 #

+ I S2 0 (!)  exp



2

TD

)
(5.3)

S1 (slowly relaxing spins) and S2 (fast
relaxing spins) and their spectral intensities as a function of the resonance frequency !
are given by I S1 ;S 2 0 (! ). The echo decay of the S 1 spins follows the nuclear-spin induced
where the two spin subensembles are denoted by

spectral diusion decay (Eq. 5.2) with the temperature independent characteristic time

T SD .
T D.

S2 spins exhibit a mono-exponential decay with a time constant
It is furthermore assumed that the spin populations S 1 and S 2 are subject to
the same temperature-dependent T m processes, where T m is an exponential decay time
The fast relaxing

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 proles which depend on the pulse length and the
cavity Q-factor. Instantaneous diusion is neglected (cf. sec. 5.2.2). Eq. 5.3 is tted
to the echo decays by non-linear least-squares tting based on a Levenberg-Marquardt

®. Fit results for the center of the EPR spectrum (g

algorithm implemented in MATLAB

T SD = 11:8 s
single T D value, we

= 2.0055) are shown in Fig. 5.12 a). For the time constants we obtain

T D = 1:9 s . Since all echo decays are well-described by a
conclude that T D is temperature-independent.
The amplitudes IS1 ;S2 0 (! ) are now handled correctly and the ratio I S1 0 =IS2 0
and

2:5
1

2.0055 is

at

g

=

and therefore slightly higher than before. The EPR spectra obtained by the

t (data not shown) are very similar to those obtained by subtracting the slow echo decay
(cf. Fig. 5.10). The t 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.

a)

b)
g = 2.0055

1/T
40 K
60 K
80 K
100 K
120 K
200 K
293 K

Figure 5.12: a) Temperature dependence of primary-echo decay at

g

= 2.0055 (black

line) tted by Eq. 5.3(red line). b) Corresponding temperature dependence
of t parameter C scaled with the microwave pulse length to account for
the excitation bandwidth.

Fig. 5.13 shows the t results for
constant

T 1.

T m in comparison to the spin-lattice relaxation time

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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T 1 in this work agree very well with values obtained in earlier studies [98]. At
2:3 temperature dependence
high temperatures (T > 80 K) both T1 and Tm follow the T
also observed in the case of native defects in a-Si:H [82]. At lower temperatures (T < 80
obtained for

K) deviations from this behavior occur and the spin-lattice relaxation time is larger than

T

2:3

Tm also deviates from this relation
is dicult to say because at these low temperatures Tm is too long to be measured by
a two-pulse sequence. The fact that T m shows the same temperature dependence as
T 1 indicates that the spin relaxation of both spin populations, S 1 and S 2 , is limited by
predicted by the

law. If the phase memory time

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 diusion process
described by

T D only aects S2 not S1 .

-2.3

T

Figure 5.13: Temperature dependence of

Tm

and

T1

at

g

= 2.0055 determined by the

tting 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 primaryecho 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 dicult 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 primaryecho 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-eld 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



= 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 lightsoaked 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

I S1 0 =IS2 0 at g = 2.0055 of the two spectral components is 41:7 (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

4:3 ).
1

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

4:7
1

observed for sample C is not

a universal value. For sample B we observed a dierent ratio of

2:5
1

(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 dierent defect species.

However, there is

no doubt that light degradation of a-Si:H generates defects which are distinctly dierent
in their microscopic structure compared to native defects and that these defects can be
removed again by thermal annealing.

slow echo decay
fast echo decay

EPR intensity [arb. units]

1
0.8

ratio 4.7
spin-counting ratio 4.3

0.6
0.4
0.2
0
1212

1213

1214 1215 1216
magnetic field B0 [mT]

1217

1218

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.
upon light soaking.

Transversal spin relaxation properties change rather drastically

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

T1

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

T1

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 dicult to deduce
microscopic details about the defect structure from the observed increase of

T1

since

quantitative theoretical models of spin-lattice relaxation in these non-crystalline systems
are only poorly developed [32].

ratio
sample

annealed state

light-soaked state

I S1 0 =IS2 0 at

g = 2.0055

in light-soaked
state

A

isotropic echo decay
(as-deposited)

not investigated
anisotropic echo decay:

B

not investigated

superposition of slow and

N/A

2:5
1

fast echo decay
anisotropic echo decay:
C

isotropic echo decay

superposition of slow and

4:7
1

fast echo decay

Table 5.2: Primary-echo decay dependence on the magnetic eld position for devicegrade (sample B) and non-device grade samples (sample A, C) in the asdeposited, annealed and light-soaked state.

S1 (slowly relaxing spins) and S2

(fast relaxing spins). Data for sample A is not shown.

This is dierent for the observed changes in the transversal relaxation upon light soaking.

We have shown that at low temperatures most of the native and light-induced

defects exhibit dierent primary-echo decays and are therefore subject to dierent relaxation 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 diusion 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 dierences 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
constant

Defects with a fast primary-echo decay (time

T D = 2:1 s ) are generated by light soaking and are therefore clearly linked to

the SWE. The EPR spectrum of these light-induced defects is distinctly dierent from
the EPR spectrum of native coordination defects. The EPR spectrum peaks at a dierent
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 gtensor anisotropy of native coordination defects. It is therefore clear that the microscopic
defect structure of these defects is dierent.

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 primaryecho decay of this process follows a mono-exponential function and not a stretchedexponential suggests that the mechanism is dierent from nuclear-spin induced spectral
diusion.
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 diusion eect of the excited electron
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spins (A-spins), which is not observed. However, the decay time constant

T D = 2:1 s is

already so fast that instantaneous diusion might be negligible, although the defects are
arranged in clusters. In that case the spin ip rate of the A-spins could be rather large due
to correlated spin ip-ops (spin-spin relaxation) and the instantaneous diusion eect
will be disguised [34]. A further evidence for defect clusters in which the electrons relax

TD is temperature
independent. However, it is important to realize that the average distance rav between
the electron spins within a cluster cannot be too small (1nm < rav < 10 nm), otherwise a

via correlated spin ip-ops is the fact that the decay time constant

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 (I = 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 dierent 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

I

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 hyperne 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 Å 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

I

(and

2I )

of

29 Si

and

1H

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

29 Si

and

1H

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
diculties.
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.

becomes clear that the ESEEM spectrum is not free from artifacts. The
for

29 Si

nuclei is small but the

resonance frequencies of
of the



,

contribution.

29 Si

2I

5.16 it

I contribution

contribution is very intense. A broad distribution of

nuclei due to a distribution of HFIs leads to a distribution

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



,

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
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Figure 5.16: Two-pulse ESEEM spectra (X-Band,

T

20
frequency [MHz]

30

40

= 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

9th order polynomial.

b) Magnitude Fast-Fourier

Transformation (FFT) of modulations shown in a). The free nuclear precession frequencies of

29 Si

and

1H

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 fourpulse ESEEM and hyperne sublevel correlation spectroscopy (HYSCORE) [109].

It

is, however, dicult 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.
intermediate HFIs as illustrated in Fig.

Davies ENDOR is therefore suited to detect
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-eld (Q-Band) to increase the
polarization of the spin system, stochastic excitation has to be applied to avoid heating
eects 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 Adip [MHz]

50 20 10
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Figure 5.17: Illustrative overview of the applicability of various electron spin resonance
techniques to determine hyperne couplings and therefore the distance between 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

Adip

is calculated

within the point-dipole approximation.

Fig.

5.18 shows the measured ENDOR response of native defects in sample A for

dierent microwave inversion pulse length scaled to the ENDOR eciency

FENDOR = 1=2 [I echo (RFo ) Iecho (RFon )] =Iecho (RFo )
where

FENDOR
(5.4)

Iecho is 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

1H

free nuclear precession frequency

0

= 52 MHz is observed (Fig.

5.18).
The spectral position of the observed ENDOR resonances can be explained by the
eective spin Hamiltonian of an electron spin
1/2 [21].

S

= 1/2 coupled to a nuclear spin

I

=

For an axially symmetric hyperne tensor, the resonance frequencies of the
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Figure 5.18: ENDOR spectra of native defects in sample A taken at
dierent length of the initial microwave inversion pulse.
pulse sequence:



RF

=2 



echo

g

= 2.0055 with

Davies ENDOR

(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 oset for clarity.
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nuclear spin transitions in the two electron spin manifolds
pulse are given by

!

( ) = !I





Aiso
2

Adip

+

2

and

excited by the RF



(3 cos2 

1)

(5.5)

Adip is small (Adip  !I ). The
ENDOR spectra are then symmetric about !I = 20 . Adip can be approximated by
3
the point-dipole approximation (cf. Eq. 2.13) in which case Adip is proportional to r
if the anisotropic electron-nuclear dipole-dipole coupling

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
averaging

!

( )

!

( ).

ENDOR powder spectra were obtained by

over the unit sphere (in this case over



- the relative orientation of

the electron-nucleus axis and the external magnetic eld 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

Å) (distant nuclei).

r < 3 Å) exhibit a larger dipolar hyperne interaction Adip and a
non-zero isotropic hyperne interaction Aiso . Compared to the ENDOR response from
Close lying H atoms (

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 hyperne coupling
is suppressed due to a complete inversion of both electron spin manifolds by the nonselective 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 ( RF

0 = 1 MHz in Fig.

5.18) is not caused by a predominant

species of H nuclei with an isotropic hyperne 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

J(r) [atoms/Å]

inversion pulse to 40 ns (cf. Fig. 5.19).
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Figure 5.19: (a) Radial distribution function
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for a continuous (dashed line) and

discreet (dotted line) distribution of H atoms around DBs.
of H atoms in free


SiH

3

The position

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 oset vertically with
respect to the experimental spectrum for better overview.

The unstructured shape of the ENDOR spectrum proves that a broad distribution of
hyperne 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

2
2
is given by J (r ) = 4r nH and is proportional to r , since the surface area is simply
2
proportional to r . 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).

to the experimental spectrum.

The simulation is normalized

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 denite hyperne 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 xed but varies from site to site.
As depicted in Fig. 5.17, we can translate the hyperne coupling into a value for the

Adip (cf. Eq.
2.13). For H atoms at distances larger than 3 Å, Aiso is much smaller than Adip and can
be neglected, since the localization radius of the DB wave function is rDB  3 Å [73].
For a distance of 3 Å, the hyperne coupling then amounts to 2Adip = 5.8 MHz, which

distance between H atoms and DBs with the point-dipole approximation for

is signicantly lower than the hyperne couplings observed in the ENDOR spectrum in
Fig.

5.19.

If no H atoms are located at distances closer than 3 Å from the DB, the

ENDOR signal intensity will be exactly zero for hyperne couplings larger than
5.8 MHz (dotted line in Fig.

5.19).

2Adip =

This proves that some H atoms are situated at

distances smaller than 3 Å from the DB. For these strongly coupled H atoms the pointdipole approximation is not applicable and

Aiso

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 SiH3 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.
MHz,

Adip = 4 MHz [116]).

Aiso

5.19 (dash-dotted line) (

= 25

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 hyperne couplings
compared to the central ENDOR resonance indicates that DBs with H atoms in a backbonded 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 nding H
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atoms at a certain point of space is smaller or dierent 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 nding 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 ndings 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 dierent 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 aSi: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
specic SWE models the defect density is increased upon light soaking by a generation of
intimately correlated DB-H pairs. For such a defect conguration one expects a rather
large
for

Adip

Aiso

due to the small distance between the DB defect and the H atom.

Values

are dicult to predict due to the importance of spin-polarization eects.

magnitude of

The

Aiso 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.

light-soaked
annealed

ENDOR eff. [%]

a)
0.2

0.2

0.1

0.1

0

0

-15

-10
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0
5
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Figure 5.20: Pulse Davies

1 H-ENDOR

a temperature of

T inv = 64 ns.

10

T

light-soaked (sample B)
as-dep. (sample A)

b)

15

-15

-10

-5

0
5
νRF - ν0 [MHz]

10

15

recorded at Q-Band microwave frequency and at

= 80 K. The length of the inversion pulse length was

Free Larmor precession frequency of nuclear spins of H atoms

at a magnetic eld of 1.2 T:

0  52 MHz.

Accumulation time for ENDOR

1
spectra 1 - 2 days. a) Comparison of H-ENDOR spectra of sample C in the
1
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 dierence
in the defect density between the light-soaked and annealed state of sample C is rather

Ns = 4:3  1016 cm 3 ! 5:3  1016 cm

small (
Fig.

3 ),

hence the ENDOR spectra presented in

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

1 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 Å) 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.

1 H-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 complex. Each defect reaction (cf. sec. 5.1) has to be discussed in detail since each slightly
dierent structures of the nal 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 conrmed,
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

T

states 2{Si-H/DB*-Si} with the H atom on a tetrahedral like site ( d ).

The distance

between the H atom and the DB is about 2 Å for the BC site and 4-5 Å for the
The dipolar HFI

Td site.

Adip between the DB electron spin and the nuclear spin of the H atom

is large in the rst 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

Aiso and Adip In the following, the mean values of the distributions of
Aiso and Adip are denoted by hAiso i and hAdip i and the standard deviations by iso and dip
In case of defect reaction (2) each DB is spatially correlated to a H-atom and hAiso i

and dipolar HFIs

.

.

of (Si-H/DB*-Si) states can take very high values due to a signicant spin density of
the unpaired electron at the site of the H atom.

If

hAisoi 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.
of a nite

Adip

and

dip

iso

and in case

the splitting may not be resolved, instead a strong broadening

of the EPR spectrum occurs.
and

Please note that in case of a large

Since this is not observed one can conclude that

hAdipi are presumably smaller than 1 mT ( 30 MHz).

hAisoi

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.
(10 MHz <

Resonance lines of intermediate HFIs

hAisoi hAdipi < 30 MHz) can be excessively broadened by A-strain (iso,dip>
,

10 MHz). It is therefore not possible to denitely exclude the presence of light-induced
(Si-H/DB*-Si) states. One can, however, conclude that the mean HFI

hAisoi and hAdipi

of such defect congurations 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
and

hAisoi

hAdipi is larger than 100 MHz and the HFIs are widely distributed (large iso and dip).

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 conrmed 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 Å. At such
a large distance
2.13),

hAdip(4

hAdipi can be estimated within the point-dipole approximation (cf. Eq.
5 Å)i = 0.6 - 1.2 MHz. hAiso i 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 (

hAisoi and hAdipi < 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.
Si-Si

The defect reaction of the H collision model is given by 2(Si-H) +

! 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.
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 models. It was shown, for the rst 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 explicitly assume that native and light-induced defects are DB defects. The only dierence
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

1 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 lightinduced 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 lightinduced 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 dierent from native coordination defects
is a further prove that the defects are of dierent 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 diusion.

In these models the DBs in the metastable

state exhibit a distance between them of about 4 - 10 Å, which would result in a very
large dipolar spin-spin coupling of about 50 - 800 MHz. However, at such small distances
exchange interaction is signicant, 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, signicant doubt
arises whether the defect structures are at all close to the atomic conguration of a DB.
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6 ED-ESEEM a new technique for the
investigation of defects in thin-lm
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-lm solar cells. The
presented EPR techniques are, however, by far not sensitive enough to be applied to
thin-lm 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-lm 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

µc-Si:H

thin lm silicon solar cells.

e-centers are weakly coupled to

The measurements show that electron spins of

29 Si, 31 P

and

1H

nuclei. ED-ESEEM measurements of

CE-centers show that the immediate vicinity of the defect is depleted from

31 P

and

1H

nuclei. The CE-centers are therefore attributed to shallow defect states in the crystalline
grains of the

µc-Si:H

absorber layer and not to interface defect states at the boundary

between amorphous and crystalline phases of

µc-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 impurities in thin-lm 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

1010

paramagnetic centers, which

is frequently the case in device grade thin lm 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 recombination 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 identication 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 between alternative spin-dependent transport pathways exhibiting dierent dynamics [50]
and determining electron spin-spin interactions [120] as well as electron-spin coherence
properties [121123]. 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 HFIs
(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.

µ

By employing this method to a multi-layer thin-lm a-Si:H/ c-Si:H solar cell with few
electron spins (number of spins

 104), we observed rst electrically detected spin echo

modulations.

128

6 ED-ESEEM a new technique for the investigation of defects in thin-lm silicon solar cells

6.2 Experimental results
The transient current response of the sample was recorded by a current amplier and

µs

integrated from 3-8

for spin echo measurements to obtain a charge

Q.

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-

I )

rent change (

3

µs

after a 100 ns

-pulse.

The spectrum shows narrow

resonances attributed to e and CE centers in addition to a broad resonance of

0

P4 -donor states split by a large isotropic HFI. Deconvoluted pEDMR spectra
are shown by the dotted lines. The excitation prole of the microwave pulse
sequence is shown by the red solid line. ESEEM measurements are carried
out at magnetic eld positions indicated by

ge and gCE .

Fig. 6.1 shows the eld swept pEDMR spectrum recorded as a transient current change

-pulse. The spectrum exhibits two partly overlapping
narrow signals with ge = 2.0045(5) and gCE = 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 =
0
2.0045(5)) and neutral fourfold-coordinated P4 -donor atoms (gP = 2.003) in the n-a-Si:H

3

µs

after a 100 ns microwave
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0

emitter layer [126]. The HFI between the P4 -donor electron and its host

31 P

nucleus is

0

on average 25 mT [44] and therefore separates the e-center from the P4 -donor transitions. The remaining signal has been assigned to hopping transport among conduction
band tail states (referred to as CE centers,
layer [50].

gCE

= 1.9975(5)) in the

µc-Si:H

absorber

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 studies of isolated a-Si:H and

µc-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-lm p-i-n solar cells is complicated 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 disadvantage that in state-of-the art thin lm solar cells a layer modication 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 dierent
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 techniques 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 detection circuit and were realized only for the detection of large resolved HFIs 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
at

=2 1  2

echo where coherences are refocused

2 = 1 to generate a spin echo, whose amplitude is measured as a function of  = 1 .

For electrical detection of the spin echo the standard two-pulse ESEEM sequence is
augmented with a

=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 ( e = 2.0042) after subtraction of a
linear background. The echo decays approximately mono-exponentially with
a time constant

TD = 1.6 µs.

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
spins

S1

and

S2

S = 1/2 electron

and can be described within the coupled radical pair model [130]. We

consider only e-centers (

S1 ) and P04 donors (S2 ) spin pairs, transitions between CE states

are described in a similar way. In addition we assume that the spin pair is weakly coupled

S1 is coupled to an arbitrary nuclear spin I1 = 1/2 and S2 is coupled to
31 P nuclear spin I = 1/2. If the HFI between the excited electron spin (S ) and I is
its
2
1
1

(cf. sec. 2.7.2).

anisotropic, ESEEM is induced by the formation of coherence-transfer echoes [131, 132].
In the following, we consider the coherence on the allowed

S1 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
their eigenfrequency

!kl

=2

pulse and accumulate a phase proportional to

during the rst free evolution period (cf.

Fig 6.3b-I/II). Due

to the pseudo-secular HFI, there is also a certain probability that the EPR
ips

I1 .

 pulse also

This induces a coherence transfer to other transitions (mn) with a dierent

eigenfrequency

!mn

(cf.

Fig 6.3b-III). During the second evolution period a dierent

phase is acquired and the observable coherence-transfer echoes refocus along a dierent
axis than the original coherence on (1,5) (cf. Fig 6.3b-IV).
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Figure 6.3: a) Applied microwave pulse sequence together with a schematic current transient after the last read-out pulse. b) Evolution of polarization and coherence
on the allowed transition (1,5) of
sequence shown in a). I)

S1 in the laboratory frame during the pulse

S1 and S2 are ordered longitudinally before the pulse

M

sequence. II) Longitudinal magnetization (

) on (1,5) is ipped to the x-y

(15) 

=2-pulse and gains a phase
during the rst free evolution
-pulse inverts the phase and redistributes the magnetization
between four allowed and forbidden electron spin transitions of S1 . IV) At
plane by the

period. III) The

the time of echo formation the dierent coherences gained a certain phase
relative to the coherence on transition (1,5). V) The nal

=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 c) Spin-dependent hopping transition between
the e-center (

S1 ) and the P04 center (S2 ).

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

S1 after the pulse sequence can be visualized by a certain popS1 which are anti-parallel to S2 and therefore allow carrier

ulation of spins

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 dierence frequencies

!mn !15 , which are the nuclear frequencies

[21, 133, 134]. Quantitatively, the two-pulse ED-ESEEM echo intensity as a function of



under selective excitation of

S1 is given by (cf.

sec. 2.7.2)

k
I2p ( ) = 1 4 (2 2 cos !  2 cos !  + cos !+  + cos !  )

(6.1)

I1 : ! = !  ! ; ! = = (!I1  A=2)2 + B2 =4, and


B!I1 2
. For an axially symmetric HFI between
the modulation depth parameter k =
! !
S1 and I1 the secular and the pseudo-secular part can be expressed as A = Aiso +
Adip (3 cos2  1)and B = 3Adip sin  cos  , where Aiso and Adip denote the isotropic and
anisotropic HFI, respectively and  indicates the angle between the external magnetic
q

with the nuclear frequencies of

eld 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-

2 is varied for a xed value of the
rst delay 1 around the echo top occurring at 1 = 2 [122]. Fig. 6.2 shows Q as a
function of 1 and 2 for e-centers after subtraction of a linear background. The echo
decays approximately mono-exponentially with a fast decay time constant TD = 1:6 s .
To record ESEEM, we incremented the delay times simultaneously 1 = 2 =  and
dimensional (2D) experiment, where the second delay

eliminated the unmodulated part of the echo envelope through division by a polynomial
t. 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

2

window to obtain a high side-band suppression and zero-lled up to 4096 points.

The upper curve in Fig.

6.4b shows the FFT of the e-center echo envelope.

pronounced resonance peaks are observed at frequencies matching calculated
of

29 Si, 31 P

and

1H

nuclei, indicated by vertical lines in Fig.

6.4b.

!I

Several
or

2!I

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

!I or 2!I .

Since the maximum electron-nuclear distance detectable

by ESEEM is about 8 Å, the observation of
(

I

29 Si

and

1H

ESEEM and the absence of

11 B

= 3/2, 80.1% relative abundance) ESEEM leads to the immediate conclusion that
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µ

the electronic processes are restricted to the n-a-Si:H or i- c-Si:H layers of the solar cell.
The observation of

31 P

ESEEM shows that e-centers are located in the n-a-Si:H layer.

It is however not immediately clear, whether the

0

31 P

nuclei are part of the diamagnetic

0

(P3 ) or paramagnetic (P4 ) atomic conguration of P impurities. In both cases, the

31 P

S1 ) via HFI, also in case the
is the actual spin-pair partner of the e-center (special case I1 = I2 ). In

nuclear spin will interact with the e-center's electron spin (
paramagnetic

0
P4

the latter case, however, forbidden transitions involving a simultaneous ip of the electron
and nuclear spin are shifted in energy relative to allowed
between

I and S2 (cf.

S1 transitions due to the large HFI

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

31 P nuclei to the P0
3

conguration. This assignment is also supported by the

fact that EDMR spin-pairs are weakly-coupled (cf. sec. 2.7.2) with a negligible electronelectron coupling, which indicates that the electron spins are separated by more than

 8 Å). Having identied

3 nm, a value well beyond the detection radius of ESEEM (

the nature and electronic conguration of the magnetic nuclei inducing ESEEM, we
can now discuss their spatial distribution and concentration which is reected 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

!+ (31 P)=!+ (29 Si) of weakly coupled matrix nuclei. Although our ESEEM spectra
31
29
very similar to theirs, the !+ ( P) intensity clearly exceeds the !+ ( Si) intensity

ratio
are

in our case (cf. upper trace Fig. 6.4b) and does therefore not reect the global solidphase concentration. This peculiarity constitutes the major dierence 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 eld the

!+ (31 P)=!+ (29 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

0

solid. We therefore conclude that the distribution and local concentration of P3 or the
microscopic structure of e-centers selected in ED-ESEEM diers 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

gCE = 1.9983.

the magnetic eld to excite centers with

The resulting ESEEM spectra

are similar to those of e-centers, but show a strong reduction of the
intensity ratio (cf.
and

29 Si

lower curve Fig.

6.4b).

Although the exact distribution of

nuclei around e-centers is yet unknown, the reduction of the

intensity ratio is a strong indication that much less
centers. Even the residual contribution of

!+ (31 P)=!+ (29 Si)

31 P

31 P

31 P

!+ (31 P)=!+ (29 Si)

nuclei are located around CE-

ESEEM is attributed to an o-resonant

excitation of e-centers by the broad excitation prole of the microwave pulses and does
not arise due to HFI between CE-states and
numerical simulation of the

31 P

nuclear spins.

-pulse excitation prole (cf.

This is veried by a

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 o-resonant e-center contribution is only reduced
by a factor of two when tuning the magnetic eld to

gCE , in excellent agreement with

the experimental spectrum (cf. Fig. 6.4b). The residual
originate from CE-centers and we conclude that

31 P

31 P nuclei are not signicantly abundant

around CE-centers, hence they are located in the undoped
The same argumentation is valid for
centers. The signal contributions at

1H

ESEEM does therefore not

µc-Si:H

absorber.

ESEEM observed in case of excitation of CE

!I (1 H) or 2!I (1 H) are reduced by about a factor of

two as compared to e-centers and can again be assigned to an o-resonant excitation of
e-centers. The CE centers alone do not show signal contributions at
hence the centers are not coupled to distant H atoms.
the vicinity (

r <6

!I (1 H) or 2!I (1 H),

It is therefore very likely that

Å) 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

µc-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

µc-Si:H

since H is very abundant in the amorphous phase.

6.3 Conclusion
µ

We demonstrated the electrical detection of ESEEM of e- and CE-centers in a-Si:H/ cSi:H thin-lm solar cells. Echo modulations arise due to highly-abundant matrix nuclei
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(

29 Si,31 P,1 H)

which exhibit weak HFI to the paramagnetic sites.

show a pronounced contribution due to

31 P

ESEEM of e-centers

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

µc-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

31 P and 1 H nuclei can be explained by an

o-resonant excitation of e-centers by the short microwave pulses employed. CE-centers
by themselves do not exhibit HFIs to distant

31 P

and

1H

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

µc-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 superhyperne 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 Hyperne 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 inuence 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 eect seriously limits the potential
of a-Si:H based solar cells. In order to extent the in-depth study to paramagnetic defects
in thin-lm solar cells, a novel ED-ESEEM pulse sequence was developed which was
applied to investigate unresolved HFIs of defect states in

µc-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 hyperne interactions.
In contrast to earlier studies, it is found that the coordination defects exhibit a rhombic
g-tensor with the following principal values,

gx

= 2.0080,

gy

= 2.0060 and

gz

= 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 hyperne interaction with

29 Si

nuclei

Aiso = 186 MHz) is signicantly smaller than values predicted by theory (Aiso = 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
hyperne interactions.

This broadening also includes large hyperne interactions and

it is shown that the number of Si atoms with a large hyperne 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 vefold coordinated Si atoms, so-called oating
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, oating 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 dierences 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
dierent transversal relaxation properties, a spin species with a slow and one with a fast
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primary-echo decay. The primary-echo of the slowly decaying electron spins is dominated
by nuclear-spin induced spectral diusion. The origin of the primary-echo decay of the
fast decaying light-induced electron spins is yet unidentied.
The dierent 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 dierence 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 dierent it is rather dicult 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 oating bond states of vefold
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 denite conclusion about the microscopic origin of the light-induced defects
can not be given at this point, the observed dierences between the native and lightinduced 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 dicult 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 ENDOR technique.

It is shown by pulsed Davies-ENDOR measurements at Q-Band mi-

crowave frequencies that the ENDOR spectra of native coordination defects centered at

 I (1 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 Å) 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 HFI. 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 dierent ENDOR spectra. It is shown that various
samples in dierent 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 dicult 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-lm 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-lm 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-lm solar cells.

Pulse EDMR techniques are,

however, much less developed compared to conventional pulse EPR due to a number
of experimental diculties. In chapter 6, an implementation of a proof-of-principle EDESEEM experiment is presented which is capable of determining small unresolved hyper-
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ne interactions of defects in device-grade thin lm solar cells. The developed two-pulse
ED-ESEEM technique is applied to a device-grade

µc-Si:H

p-i-n thin lm 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

29 Si, 31 P and 1 H nuclei in the vicinity of the

defect states. ESEEM spectra of CE-centers in the intrinsic
solar cell show only a small residual contribution of

µc-Si:H absorber layer of the

31 P and 1 H nuclei, which is attributed

to an o-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

µc-Si:H

are located at the inside of crystalline

grains and not at the boundary between the amorphous and the crystalline phases of

µc-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 eld 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 theoretically 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

29 Si

atoms (experiment:

Aiso = 186 MHz; theory: Aiso = 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
signicant 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

29 Si

content and the defect concentration

N s of the

a-Si:H sample to exclude additional eld-independent broadening mechanisms. The
content should be reduced as much as possible by

28 Si

enrichment.

29 Si

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

29 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 signicant way to
the EPR line shape, the EPR spectrum has to be studied as a function of the defect
concentration

N s (N s < 1017

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

29 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

29 Si

content

suggests that the spin-density of the defects is concentrated on a single Si atom (one
large HFI), while the analysis of the experimental EPR spectrum of a-Si:H with a low
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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

29 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.
presented a detailed analysis, why this believe has to be rejected.

Chapter 5

Primary-echo decay

measurements of light-induced and native defects by high-eld EPR (Q-Band) showed
that there are distinct dierences in the relaxation properties and the EPR spectrum
between these defect species. In order to clarify the origin of the observed dierences,
additional EPR studies are mandatory. Two experiments are proposed which are important 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 eld

2. Investigation of deuterated a-Si(:D) samples to conclude about the dominating
relaxation mechanism of light-induced defects

The rst experiment follows the multifrequency approach presented in chapter 4 for
native coordination defects, with the slight modication 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
diusion induced by dipolar coupled electron spins or nuclear-spin induced spectral diusion. 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 diusion
depends critically on the g-value of the nuclear spins involved. Hence the eect exhibits
a strong isotope dependence and its rate should be reduced in the case of D.
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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-lm silicon solar cells. Unfortunately, a complete suppression of
the SWE seems to be impossible since the eect is an intrinsic property of the material.
However, it is possible to control the SWE on a highly sophisticated level since the
magnitude of eect 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-lm 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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