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Summary

This thesis deals with spin-dependent transport and recombination of charge carriers in
solar cells. A systematic study on the influence of localized paramagnetic states which
act as trapping and recombination centres for photogenerated charge carriers, is presented
for three different types of solar cells. The central technique used in this thesis is electri-
cally detected magnetic resonance (EDMR). The capabilities of pulsed (p) EDMR were
extended with regard to the detection sensitivity. These improvements allowed pEDMR
measurements on fully processed devices from cryogenic to room temperature. The in-
strumental upgrades also set the stage for pEDMR measurements at different resonance
frequencies.
In high-efficiency solar cells based on the heterojunction between hydrogenated amor-
phous silicon (a-Si:H) and crystalline silicon (c-Si), recombination via performance-
limiting interface states could directly be measured electrically for the first time. The
identification of these defects could be achieved by exploiting their orientation with regard
to the surface.
In thin-film solar cells based on hydrogenated microcrystalline silicon (µc-Si:H) the situ-
ation is more complex due to the heterogeneous and disordered structure of the material
itself. In addition, these cells are multilayer-systems comprising three different silicon lay-
ers with different doping levels and microstructures. By combining a systematic alteration
of the sample structure with the information extracted from deconvoluting spectrally over-
lapping signals in the time domain, it was possible to assign the spin-dependent signals
to defects in the individual layers of the solar cells. Benefiting from the instrumental im-
provements, recombination via dangling bond states in silicon-based solar cells could be
investigated by pEDMR at room temperature for the first time.
In organic bulk heterojunction solar cells based on MEH-PPV and PCBM two different
spin-dependent mechanisms coexist. Both processes, namely polaron pair recombination
and bipolaron formation, can be involved in loss mechanisms in solar cell operation. In pre-
vious studies these two processes were investigated by continuous wave (cw) EDMR, but
the assignment of the underlying microscopic process based on cwEDMR alone remained
speculative. In this work it is demonstrated that by electrically measuring spin-Rabi nuta-
tions in the spin-locking regime and performing comparative simulations of coherent spin
motion, it is possible to discriminate between both processes which lead to indistinguish-
able cwEDMR spectra.
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Zusammenfassung

Die vorliegende Arbeit behandelt spinabhängige Transport- und Rekombinationsprozesse
in Solarzellen. Im Rahmen dieser Studie zum Einfluss von paramagnetischen Defektzu-
ständen, die als Einfang- und Rekombinationszentren für optisch erzeugte Ladungsträger
wirken, wurden drei unterschiedliche Arten von Solarzellen untersucht. Hierzu wurde
die Messmethode der elektrisch detektierten magnetischen Resonanz (EDMR) verwendet.
Insbesondere wurde die gepulste (p) EDMR bezüglich ihrer Detektionsempfindlichkeit op-
timiert, wodurch pEDMR-Messungen an vollständig prozessierten Bauelementen im Tem-
peraturbereich von 10 K bis Raumtemperatur ermöglicht wurden. Darüber hinaus wurden
instrumentelle Erweiterungen mit dem Ziel vorgenommen, pEDMR-Messungen bei unter-
schiedlichen Resonanzfrequenzen durchführen zu können.
In Hocheffizienz-Solarzellen aus mit Wasserstoff versetztem amorphen Silizium (a-Si:H)
und kristallinem Silizium (c-Si) konnten Rekombinationsprozesse über Defektzustände an
der a-Si:H/c-Si Grenzfläche erstmalig direkt elektrisch detektiert werden. Die Identifika-
tion der Defekte erfolgte anhand ihrer Orientierung bezüglich der c-Si Oberfläche.
In Dünnschicht-Solarzellen aus mit Wasserstoff versetztem mikrokristallinen Silizium (µc-
Si:H) ist die Situation komplexer. Zum einen ist das Material selbst heterogen und unge-
ordnet. Zum anderen bestehen die Solarzellen aus mehreren Silizium-Schichten mit un-
terschiedlicher Dotierung und Mikrostruktur. Zur Identifikation der spinabhängigen Sig-
nale sowie deren Zuordnung zu den einzelnen Schichten wurde die Struktur der Solarzelle
systematisch verändert. Darüber hinaus wurden spektral überlappende Signale anhand
ihrer unterschiedlichen Zeitstruktur voneinander getrennt. Infolge der instrumentellen Op-
timierungen konnten erstmalig pEDMR-Messungen an siliziumbasierten Solarzellen bei
Raumtemperatur durchgeführt werden.
In organischen Heterostruktur-Solarzellen basierend auf einer Mischung aus MEH-PPV
und PCBM existieren zwei unterschiedliche spinabhängige Prozesse, die an Verlustmech-
anismen im Solarzellenbetrieb beteiligt sind. Beide Prozesse, nämlich die Rekombination
von Polaronen-Paaren sowie die Bildung von Bipolaronen, wurden zuvor mit Hilfe der
“continuous wave” (cw) EDMR untersucht. Eine eindeutige Zuordnung der gefundenen
cwEDMR-Signale zu den zugrunde liegenden Prozessen war jedoch bisher nicht möglich,
weil beide genannten Mechanismen zu nicht unterscheidbaren cwEDMR-Spektren führen.
Im Rahmen dieser Arbeit konnte gezeigt werden, dass durch die elektrische Detektion von
Rabi-Oszillationen im “spin-locking”-Regime in Verbindung mit Simulationen eine Tren-
nung von beiden Prozessen möglich ist.
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1. Introduction

After the first report of a crystalline silicon-based solar cell with an energy conversion
efficiency of η = 6% by Chapin, Fuller and Pearson in 1954 [1], a lot of progress has
been made in further improving the device performance. Since then, various sophisticated
process steps were developed resulting in laboratory-type crystalline silicon (c-Si) solar
cells with an efficiency of 25% [2, 3]. Even higher efficiencies were achieved by multi-
junction concepts based on stacking several optimized III-V compound semiconductor
solar cells on top of each other. Very recently, these cells yielded a world record efficiency
of 41.1% utilizing highly concentrated light [2].

Despite dramatic progress in the past decades, the costs for solar energy conversion are
still significantly higher than for most other ways of electricity production based on renew-
able energy sources like hydropower or wind and conventional gas- or coal-fired power
stations or nuclear power plants. Hence it follows that bringing down the costs of solar
energy conversion is the key issue in world-wide photovoltaics research and development.

Several strategies are pursued in order to achieve higher efficiencies and lower produc-
tion costs. Thin-film solar cells made from various semiconductor materials comprise the
potential for low production cost, allow a variety of new products — e.g. flexible and
light-weight solar modules — and require only a small amount of energy for their fabrica-
tion. These emerging technologies rely on rather imperfect semiconductor materials, are
to a large extent empirically optimized and show conversion efficiencies being far below
the physical limits. Thus, fundamental science and new analytical tools are required to
provide an in-depth scientific understanding which may serve as a basis for further im-
provements of these technologies. In this context this thesis addresses spin physics to gain
a deeper understanding of the working principles of three new thin-film systems, i.e. solar
cells based on hydrogenated microcrystalline silicon (µc-Si:H), organic solar cells and the
model system consisting of hydrogenated amorphous silicon (a-Si:H) and c-Si — the latter
one bridging the world of thin-film solar cells with the established and well-understood c-
Si. Common to all these device structures is that the maximum efficiencies achieved today
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1. Introduction

are still below the theoretical limit. This is mainly due to defects which act as trapping and
recombination centres for photogenerated charge carriers. Consequently, detailed insight
into these trapping and recombination processes is necessary for improving the solar cell
performance.

Due to the fact that defects in semiconductors are often paramagnetic or can be made
paramagnetic by adjusting the experimental conditions, the spins of the charge carriers can
be used as probes for studying charge transport in solar cells. This renders electron para-
magnetic resonance (EPR) the method of choice to elucidate charge transport mechanisms
as well as to determine defect structures and material properties (e.g. defect densities, hy-
drogen networks or strain) [4]. However, the application of EPR to completely processed
solar cells remains a challenge because conventional EPR suffers from its poor sensitivity
which is usually not sufficient to detect defects in state-of-the-art solar cells. Moreover, it
is often impossible to discriminate between signals from the cell structure and background
signals from the substrate. To circumvent these limitations, EPR measurements are usu-
ally performed on powder samples. Although a correlation between the material quality
as determined by EPR and the efficiency of resulting solar cells is well established, it still
remains questionable if the defect properties of the thin films in the device and in powder
samples are identical, because the boundary conditions for the layer growth are different.

The sensitivity limit of EPR can be overcome by applying electrically detected mag-
netic resonance (EDMR) to study paramagnetic centres in semiconductors. This technique
combines the microscopic selectivity of EPR with the sensitivity of a current measurement
and thus provides a tool to directly study the influence of paramagnetic defects on the
conductivity. EDMR was demonstrated in 1966 by Maxwell and Honig [5, 6] as well as
Schmidt and Solomon [7] who measured the influence of EPR on the photoconductivity in
silicon. The underlying mechanism was spin-dependent scattering of charge carriers at im-
purities. In 1972 Lepine utilized EDMR for the detection of charge carrier recombination
via defect states at a silicon surface [8]. Since then, EDMR was applied to a large variety
of inorganic and organic semiconductors. In particular, this technique proved beneficial
to elucidate spin-dependent transport and recombination pathways in a-Si:H and µc-Si:H
thin films and devices (for a review see [9] and references therein). Until recently, EDMR
experiments were performed similar like continuous wave (cw) EPR experiments, i.e. the
sample was continuously subjected to microwave radiation while sweeping an external
magnetic field and detecting the photoconductivity. Thus, spectroscopic information about
the current-influencing paramagnetic states could be extracted. Towards the beginning of
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1.1. a-Si:H/c-Si heterojunction solar cells

this century, the field of EDMR got a new impetus when Boehme and Lips demonstrated
the first pulsed (p) EDMR measurement employing short microwave pulses [10]. By the
use of pEDMR, it is not only possible to study the time behaviour of spin-dependent trans-
port and recombination processes, but also to harness coherent spin effects [11] in a similar
way like in pulsed EPR. Recent years witnessed an increasing number of pEDMR studies
on model systems related to solar energy conversion. Based on these improvements, the
present work constitutes for the first time a systematic study on different fully processed
state-of-the-art solar cells applying pEDMR.

1.1. a-Si:H/c-Si heterojunction solar cells

Heterojunction solar cells comprising a-Si:H and crystalline silicon (c-Si) represent a
promising concept on the way towards reaching the thermodynamic solar conversion limit
for silicon of about 29% [12] because a-Si:H effectively prevents recombination of pho-
togenerated charge carriers at the contacts [13]. Solar cells based on this concept with an
efficiency of 23% on 100 cm2 have been reported recently [2, 14]. Since the defect con-
centrations in high-quality c-Si wafers that are used as absorbers in a-Si:H/c-Si solar cells
are usually so low that the charge carrier diffusion length exceeds the wafer thickness, the
influence of c-Si bulk defects on the efficiency is only marginal. As a result, the device
performance critically depends on the defect concentration at the heterointerface which, in
turn, is highly dependent on pre-treatment of the c-Si wafer [15], a-Si:H deposition condi-
tions [16] and post-treatment [17, 18]. Thus, experimental techniques that provide insight
into the crucial role of interface states for charge transport in the device are of particular
interest. Previously, characterization methods were developed to measure the energetic
distribution and concentrations of defects in ultrathin a-Si:H layers on c-Si [19, 20]. In
addition, by the use of capacitance-voltage based methods, the influence of defects on
the electric properties of a-Si:H/c-Si interfaces may be analysed [21, 22]. However, the
discrimination between defects at the interface and in the ‘bulk’ a-Si:H is complicated if
not impossible because all standard characterization methods lack the microscopic selec-
tivity. The questions that are addressed in this thesis are: Is it possible to directly detect
recombination via a-Si:H/c-Si interface states by measuring the conductivity? What is the
structural identity of the recombination centre at the a-Si:H/c-Si interface?

3



1. Introduction

1.2. µc-Si:H thin-film solar cells

The high efficiencies that can be reached with wafer-based technologies come along with
the energy and cost intensive wafer production process. Silicon-based thin-film solar cells
offer the potential for a significant cost reduction because they can be deposited at low
temperatures [23]. In addition, they are superior with regard to material consumption as
compared to wafer-based cells. Although photovoltaic modules based on a-Si:H are com-
mercially available since several years, they suffer from relatively low efficiencies. This
can mainly be attributed to defect states in the band gap and tail states near the band edges
which are inherently present in the material [24]. Moreover, light-induced defect creation
— known as the Staebler-Wronski effect (SWE) [25] — causes a further reduction of the
efficiency with illumination time. Microcrystalline silicon consisting of small crystallites
surrounded by amorphous silicon, has proven to be less affected by light-induced degra-
dation [26]. High-quality µc-Si:H can be grown using plasma enhanced chemical vapour
deposition (PECVD) and is thus compatible with the a-Si:H technology [27]. Therefore,
a-Si:H and µc-Si:H can be combined in tandem solar cells, benefiting from the different
optical properties of both materials which leads to a more efficient use of the solar spec-
trum [28]. Since very recently, solar modules consisting of a-Si:H/µc-Si:H tandem struc-
tures are being successfully produced by several companies. Still, significant scientific
challenges remain with regard to the relationship between the solar cell performance and
defect properties of µc-Si:H. The questions that are addressed in this regard are: Which
paramagnetic states in the individual layers of the multilayer-system lead to current loss
processes? What are the underlying microscopic mechanisms? In order to take advantage
of the increased signal-to-noise ratio at low temperatures, the EDMR measurements were
performed at 10 K. Thus, a third question remains: Are these processes the same that
prevail at room temperature?

1.3. Organic bulk heterojunction solar cells

The application of pEDMR is not exclusively restricted to inorganic solar cells. In recent
years, organic solar cells based on conjugated polymers have attracted much attention be-
cause they can easily be processed from solution on inexpensive substrates [29]. Among
various concepts, organic bulk heterojunction solar cells comprising phase-separated
blends of conjugated polymers and fullerene derivatives proved successful for reaching
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1.4. Thesis structure

efficiencies of up to 5% [30]. Although the primary excitation process (the creation of an
exciton by an absorbed photon) leads to separated charge carriers with almost 100% quan-
tum efficiency, the extraction of these charge carriers remains a challenge and limits the cell
efficiency. Similar to the case of solar cells based on silicon materials, recombination of
photogenerated charge carriers constitutes a loss mechanism in organic solar cells. Previ-
ously, continuous wave (cw) EDMR was employed to study spin-dependent recombination
and transport in devices based on conjugated polymers [31, 32]. Although it is possible to
extract the EPR signatures of the species that are involved in a spin-dependent process, the
assignment of the underlying microscopic mechanisms based on the cwEDMR spectrum
alone is always plagued with ambiguity. We applied pEDMR to bulk heterojunction so-
lar cells consisting of MEH-PPV and PCBM in order to address the following questions:
Which paramagnetic states are involved? What is the reaction pathway of this process?
Apart from the fact that organic solar cells are important and promising devices, they can
additionally be considered a testbed for checking the applicability of existing pEDMR
models that were originally developed for inorganic materials.

1.4. Thesis structure

The remainder of this thesis is organized as follows:

Chapter 2 provides an introduction into the theoretical concepts of pEDMR which are
essential for the interpretation of the experimental results. After a general description of
spin-dependent recombination and hopping, the ‘bath model’ for spin-dependent recombi-
nation is developed which — in contrast to the existing models — accounts for the impact
of free charge carrier generation (by light absorption) on the dynamics of the resulting
pEDMR signals. In addition, we suggest an alternative EDMR mechanism involving three
charge carriers which is capable of consistently explaining several experimental observa-
tions which are at variance with EDMR models based on the spin-pair mechanism. Subse-
quently, we address the phenomenon of coherent spin motion with particular emphasis on
the role of intersystem crossing for electrically detected spin-Rabi oscillations. Further on,
a theoretical description of spin-Rabi oscillations is given, which will be used in Chapter 6
to disentangle spectrally overlapping pEDMR signals. We present simulations of Rabi os-
cillations taking into account disorder-related effects that are present in all samples which
were subject to this study. The consideration of disorder is indispensable for extracting
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1. Introduction

quantitative information from a comparison between simulations and the experiments that
were performed within the framework of this thesis.

Chapter 3 gives an overview on the pEDMR setup. Particular emphasis is put on the
current detection electronics which were upgraded during the work described in this the-
sis. On the one hand, the detection sensitivity was improved by suppressing interfering
signals with the aim to achieve a sufficient signal-to-noise ratio for pEDMR measure-
ments on silicon-based solar cells at room temperature. In addition, these improvements
are beneficial for the extension of pEDMR towards higher microwave frequencies. On
the other hand, the time resolution was enhanced. In this work the gain in temporal reso-
lution was exploited to deconvolute overlapping pEDMR signals in the time domain and
thereby effectively increase the spectral resolution. Furthermore, this chapter contains a
comparative study of continuous wave and pulsed EDMR with regard to detection sensi-
tivity and spectral resolution. Finally, the influence of potential defects that might occur
during the sample processing on the pEDMR signals is evaluated. This is a prerequisite
for the systematic study on µc-Si:H based solar cells in Chapter 5.

Chapter 4 presents pEDMR results obtained on a-Si:H/c-Si heterojunction solar cells.
At first, we study spin-dependent processes at the interface between isotopically purified
28Si and SiO2 which serves as a model system for the a-Si:H/c-Si interface and — due to
the reduced superhyperfine interaction to 29Si — provides reference spectra with high res-
olution. In the second step, we directly study the influence of recombination via defects at
the a-Si:H/c-Si interface on the charge transport in the device. In particular, we determine
the principal values of the g tensor for the interface defects from a measurement of the
EDMR spectrum as a function of the sample orientation in the magnetic field.

Chapter 5 is devoted to spin-dependent transport and recombination in µc-Si:H based
thin-film solar cells at low temperature (T = 10 K) as well as at room temperature. Here,
the situation is more complicated than in Chapter 4 because the structure of µc-Si:H itself
is quite complex. It contains small crystallites surrounded by amorphous regions and can
thus be considered to consist of many disordered a-Si:H/c-Si interfaces. In addition, the so-
lar cell structures comprise three differently doped thin-film silicon layers. To evaluate the
influence of the respective n- and p-doped layers on the pEDMR spectra, the morphology
of these layers was systematically varied from amorphous to microcrystalline. The sam-
ples were provided by the Forschungszentrum Jülich. For each cell structure we combine
the information obtained from pEDMR spectra and from the deconvoluted time evolution
of spectrally overlapping resonances in order to identify the spin-dependent processes and
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1.4. Thesis structure

the contributing paramagnetic states in the individual layers of the cell structure. We per-
formed pEDMR measurements at different microwave frequencies to improve the spectral
resolution as well as to distinguish between field-dependent and field-independent spectral
contributions. Moreover, we present results of pEDMR measurements performed on µc-
Si:H based solar cells at room temperature and compare the results to findings extracted
from the low-temperature measurements.

Chapter 6 is concerned with the application of pEDMR to organic bulk heterojunction
solar cells. We investigate the influence of spin-dependent processes on charge transport
in the device. For this purpose we make use of Rabi oscillation measurements and com-
parative simulations with the aim to distinguish between polaron pair recombination and
bipolaron hopping. Additionally, we utilize the close analogy between polaron pairs in
polymers and spin-correlated radical pairs to further improve our understanding of EDMR
in organic and inorganic devices.

Chapter 7 summarizes the results obtained on the different solar cells structures and
puts them into a more general perspective. In addition, a strategy for future work is out-
lined.
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2. Theory of EDMR

This chapter provides an introduction into the theoretical concepts of EDMR which are
essential for the interpretation of the experimental results presented in Chapters 4, 5 and
6. These concepts constitute the basis for extensions to the body of EDMR theory made
in the PhD thesis of Christoph Böhme [33]. The extension of the concepts therein was
mandatory to relate the observed EDMR signatures with the underlying material properties
in the solar cells under investigation and adjust the experimental design to the respective
material properties. The given theoretical background is ordered in the following way:

After a qualitative explanation of spin-dependent recombination and hopping transport
in Section 2.1, we will briefly describe the basic principle of electron paramagnetic res-
onance — the technique EDMR is based on — in Section 2.2. The following section is
concerned with the physics of spin pairs consisting of two spin 1/2 particles and describes
how these pairs may influence the conductivity of a sample. The theory of spin-dependent
recombination is based on the approach by Boehme and Lips [33, 34]. Since all spin-
dependent processes investigated here involve spin pairs with weak spin-spin coupling
(exchange or dipolar), we will restrict our description to such weakly coupled pairs. In
particular, we will — analogous to the procedure used in [33, 34] — derive an expres-
sion for the transient conductivity change induced by a resonant microwave pulse. The
measurement of the resulting (photo-)current transient constitutes the basis for all EDMR
experiments. We will take advantage of the current transient dynamics in order to distin-
guish between spectrally overlapping signals in Chapter 5.

In order to improve the information content extractable from EDMR experiments it is
essential to understand the relationship between localized electrons and free charge carriers
in the conduction and valence bands. For the theoretical description of this relationship,
we present an extension of existing pEDMR models which is able to realistically reflect
the interaction between the spin pair ensemble and free charge carriers in the bands.

Besides spin-dependent recombination, hopping of charge carriers among localized
states can equally be spin-dependent and thus evoke EDMR signals. Especially at low
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2. Theory of EDMR

temperatures, spin-dependent hopping may dominate the EDMR spectra of devices based
on disordered materials as can be seen in the thin-film solar cells investigated in Chapter
5. The theoretical description of spin-dependent hopping in Section 2.3.1.3 follows the
conceptual idea presented in Ref. [35].

The fact that several experimental observations cannot be explained by common EDMR
models raises the question whether different mechanisms might give rise to EDMR signals
as well. In particular, the fact that EDMR spectra frequently exhibit only one resonance
line while a ‘partner spin’ signal is missing, remains puzzling. In Section 2.4 we will
present an EDMR mechanism based on a three particle process which can explain several
experimental results that are at variance with existing EDMR models based on the spin-pair
mechanism.

The possibility to coherently manipulate spins by pEDMR paved the way for EDMR
sequences which allow the assignment of overlapping EDMR signals. Thereby, pEDMR
measurements can provide highly desired additional information about the spin-dependent
charge transport pathways in silicon as well as in organic solar cells. In order to apply this
approach to disordered materials, the morphology of the material has to be considered the-
oretically. In Section 2.5 we will describe the coherent evolution of spin pairs during the
microwave excitation for two different cases, namely the manipulation of only one spin
partner (selective excitation) and simultaneous excitation of both spin pair constituents
(spin-locking). Both situations lead to different nutation-frequencies in electrically de-
tected Rabi oscillations which may be utilized to discriminate between different micro-
scopic processes. This is of particular importance for the interpretation of experimental
results on polaron pairs in organic solar cells (see Chapter 6).

Section 2.6 is devoted to numerical simulations of Rabi oscillations. Different from pre-
vious studies [36, 37], we will account for disorder-related effects by considering g value
distributions for the contributing paramagnetic centres. We will systematically study the
influence of the distribution width on the Rabi oscillations using a software that effectively
calculates the evolution of several spin pairs in parallel.

2.1. Spin-dependent charge transport

Although each charge carrier in all types of solar cells carries a spin, this spin degree of
freedom does usually not influence the operation of the device. This results from the fact
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2.1. Spin-dependent charge transport

conduction band

valence band

Pauli
forbidden

spin pair

Pauli
allowed

conduction band

valence band

Figure 2.1.: Spin-dependent processes involving localized states in the band gap as ob-
served in thin-film silicon. Left: spin-dependent recombination. Right: spin-dependent
hopping transport. The arrows indicate the orientation of the electron and hole spins.

that charge transport is mainly governed by band transport, and the spins of delocalized
conduction electrons and holes in semiconductors strongly interact with each other, so that
the spin orientation of one specific charge carrier is not conserved for long times, except
at very low temperature and/or high magnetic fields when a significant spin polarization
is present. This situation is dramatically different for charge carriers trapped in localized
defect states in the band gap of a semiconductor. Such defect states can be involved in
recombination or transport processes and thus limit the solar cell performance. In the case
of paramagnetic defect states, the spin of a trapped charge carrier can be manipulated by
means of Electron Paramagnetic Resonance (EPR). This may influence the charge trans-
port in the device in many different ways and can be utilized to study loss mechanisms
in solar cells. Thus, the spin of the defect electron may be regarded as a probe which is
capable of elucidating the influence of the defect state on the charge transport.

The most important ‘spin-to-charge’ mechanisms1 for the effects studied in this thesis
are spin-dependent recombination [8] and spin-dependent hopping transport [38]. Both
processes are frequently encountered in thin films [39, 40, 41] and devices [42, 43] based
on amorphous or microcrystalline silicon and are illustrated schematically in Fig. 2.1.
Common to both processes is that they rely on the spin-pair mechanism developed by
Kaplan, Solomon and Mott [44] which is referred to as the KSM model. Two electrons
occupy two localized states in close proximity and constitute a spin pair. In the case of a

1In EDMR the observable is the conductivity which is determined experimentally by measuring a current
signal. Thus, a process which establishes a connection between the spins which are manipulated by the
microwave and the charge carriers which contribute to the current, i.e. a ‘spin-to-charge’ mechanism, is
crucial to exist for EDMR.
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2. Theory of EDMR

recombination process as shown on the left side of Fig. 2.1, the spin pair consists of two
states with different energy. Although it would be energetically favourable if both elec-
trons occupied the lower-lying state, owing to the Pauli-principle this transition is only
allowed when both spins are aligned antiparallel. Thus, invoking that the spin state is con-
served during the transition process, the transition is blocked in the case of parallel spins.
The application of microwave (mw) radiation, which is resonant with either of the two
spin pair constituents, alters the respective spin state and the initially forbidden transition
becomes allowed. The recombination process is then completed by the capture of a hole
from the valence band. In addition, an electron from the conduction band can be trapped
at unoccupied defect state. All in all, one electron from the conduction band and one hole
from the valence band are annihilated, resulting in a decrease of the sample conductivity.

In the case of hopping transport as shown on the right side of Fig. 2.1, the spin pair
consists of two states having similar energy. Analogous to the recombination process
described before, the transition between adjacent singly occupied states can be blocked by
the relative spin orientation. Again, resonant mw radiation can flip one spin and enable an
initially forbidden transition. The enhancement of the hopping rate can be considered to
enhance the mobility in the hopping transport path.

The two mechanisms shown in Fig. 2.1 are explained in more detail in Section 2.3.
Since both processes rely on EPR, the following section gives a brief introduction into
EPR taking the simplest model, a single spin 1/2, as an example.

2.2. Basic principles of Electron Paramagnetic Resonance

In an external magnetic field the degeneracy of the spin energy levels is lifted due to the
Zeeman-interaction between the magnetic field B0 and the magnetic moment associated
with the spin. The size of this energy splitting is given by the Zeeman term of the spin
Hamiltonian which takes the form

ĤZ = γ Ŝ ·B0 , (2.1)

where Ŝ is the spin operator and γ = geµB
h̄ the gyromagnetic ratio. Here, ge ≈ 2.0023

denotes the g value of the free electron and µB represents the Bohr magneton. The g value
of a paramagnetic centre in a solid differs from ge due to spin-orbit interactions as well as
the crystal field caused by the host lattice [45, 4]. The variation from ge is characteristic
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2.2. Basic principles of Electron Paramagnetic Resonance

for the type of defect and can thus be considered as its EPR fingerprint. In general, g
is a matrix2, meaning that the Zeeman energy is a function of the relative orientation of
the paramagnetic centre with respect to B0. For one specific orientation, however, the g
matrix can be replaced by a scalar g value. In disordered systems such as amorphous or
microcrystalline silicon or polymers, usually many replica of the same paramagnetic defect
with statistically distributed orientations coexist in one sample, so that the measurement
is a result of the superposition of all these possible orientations referred to as the powder
pattern. The anisotropy of the g matrix is then reflected in the resulting line shape.

When the magnetic field is oriented along the z-direction, i.e. B0 = B0 · ez, the energy
splitting ∆E for a spin 1/2 with the expectation values of the spin operator Sz = ±h̄/2 is
given by

∆E = gµBB0 = h̄ωL , (2.2)

where ωL is the Larmor frequency describing the spin precession around the magnetic field
axis. As it is evident from (2.2), its value is proportional to the magnetic field amplitude
B0. This can be expressed via the relation

ωL

2πB0
=

ge
4πme

=
γ

2π
≈ 2.80 MHz/Gauss = 28 MHz/mT (2.3)

with e being the charge and me the mass of the electron. The energy difference between the
spin up and spin down states leads to an imbalance between their respective populations.
For ∆E� kT the populations of the upper Zeeman state, N↑, and the lower Zeeman state,
N↓, are both determined by the Boltzmann distribution, yielding the imbalance

N↑
N↓

= exp
[
− ∆E

kT

]
= exp

[
− h̄ωL

kT

]
(2.4)

in thermal equilibrium. This results in a macroscopic spin polarization which amounts to
≈ 5 % at 10 K for ωL/2π = 10 GHz.

In a conventional cwEPR experiment the sample is continuously subjected to mw ra-
diation with fixed frequency ω which induces transitions between the Zeeman levels and
equalizes the difference between N↑ and N↓ when the resonance condition is met. The mw
absorption is detected as a function of B0, resulting in an absorption peak when the mw fre-
quency matches the Larmor frequency, i.e. ω = ωL. From the centre of the resonance line

2Although g is no tensor in the strict sense [46], we will use the terms ‘g matrix’ as well as ‘g tensor’
interchangeably to refer to the g matrix throughout this thesis.
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the g value of the respective paramagnetic centre can be determined, whereas the width of
the resonance depends on the g anisotropy (powder pattern), the distribution of g values
(g strain) as well as the spin relaxation times. The intensity of the signal depends on the
number of paramagnetic centres in the sample and can thus be used to determine defect
concentrations. The sensitivity threshold of cwEPR at X-band (10 GHz) is approximately
1011 spins/Gauss [9,4] and is fundamentally limited by the macroscopic spin polarization.

2.3. The spin pair model

Most EDMR measurements can be explained within the framework of the spin pair
model [44] that was originally developed for recombination processes and later extended
to also describe spin-dependent hopping transport [35]. An earlier model by Lepine [8],
in which spin-dependent recombination depends on the thermal polarization of charge car-
riers, was not able to quantitatively describe the experimental results. In contrast, in all
EDMR models based on the spin-pair mechanism, the probability for a transition depends
on the symmetry of the spin pair. The time evolution of such a pair is governed by its
spin Hamiltonian which consists of a time-independent part, Ĥ0, and a time-dependent
contribution, Ĥ1. While Ĥ0 describes the interaction between either of the spins with the
external magnetic field as well as mutual spin-spin interactions, Ĥ1 specifies the interaction
between the spin pair and the microwave radiation. The static part can be written as

Ĥ0 =
gaµB

h̄
Ŝa ·B0 +

gbµB

h̄
Ŝb ·B0−

J
h̄2 Ŝa · Ŝb−

D
h̄2

(
3Sz

aSz
b− Ŝa · Ŝb

)
(2.5)

with ga and gb being the g values of spins a and b. The coefficients J and D represent
the exchange coupling strength and the electron-electron dipolar coupling strength (for
the high field approximation D� |giµBB0|). The hyperfine interaction with nuclear spins
in the vicinity of the spin pair is neglected in (2.5). Note that the Hamiltonian does not
exclusively describe spin pairs in semiconductors, but does also apply to spin-correlated
radical pairs in organic matter [47, 48, 49, 50]. Consequently, many fundamental effects
studied extensively in the field of radical pairs in photo chemistry — often by means of
reaction yield detected magnetic resonance (RYDMR) [51] — equally hold true for spin
pairs in inorganic and organic semiconductors [52].
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2.3. The spin pair model

The Hamiltonian (2.5) is non-diagonal in the product base {|↑↑〉, |↑↓〉, |↓↑〉, |↓↓〉} when
exchange or dipolar couplings are present. However, it can be diagonalized by a unitary
transformation which yields the eigenstates and their respective energies [53, 54, 34]

|T+〉= |↑↑〉 ET+ =
h̄ω0

2
− J

4
− D

2

|2〉 = cos(φ) |↑↓〉− sin(φ) |↓↑〉 E2 =
h̄ω∆

2
+

J
4

+
D
2

|3〉 = sin(φ) |↑↓〉+ cos(φ) |↓↑〉 E3 =− h̄ω∆

2
+

J
4

+
D
2

|T−〉= |↓↓〉 ET− =− h̄ω0

2
− J

4
− D

2
, (2.6)

which depend on B0 as well as on J and D. Here, we used the abbreviations

φ =
1
2

arctan
(

J−D
h̄∆ω

)
and ω∆ =

√
(J−D)2

h̄2 +∆ω2 (2.7)

with ω0 = ωa +ωb and ∆ω = ωa−ωb, where ωa and ωb are the Larmor frequencies of both
spin pair constituents. It is obvious from (2.6) that the eigenstates of the spin pair generally
depend on the ratio between the spin-spin interaction (J−D) and the Larmor separation
(∆ω). However, the product states | ↑↑〉 = |T+〉 and | ↓↓〉 = |T−〉 are independent of J and
D and will thus be referred to as triplet states throughout this thesis, even when spin-spin
couplings are completely absent. With increasing coupling strength the eigenstates |2〉
and |3〉 go over from the product states | ↑↓〉 and | ↓↑〉 with mixed symmetry (for φ = 0)
towards the antisymmetric singlet state |S〉= 1/

√
2(|↑↓〉−|↓↑〉) and the symmetric triplet

state |T0〉 = 1/
√

2(| ↑↓〉+ | ↓↑〉) (for φ = π/4). It is worthwhile noting that the combined
population of the states |2〉 and |3〉 is independent of the basis. This is helpful in the case
when the states |2〉 and |3〉 can be considered to be equivalent (e.g. when recombination
rate coefficients are identical for the states |2〉 and |3〉) and calculations are carried out in
the product basis. In other words, the combined population of the non-eigenstates |↑↓〉 and
|↓↑〉 is identical to the combined population of the eigenstates |2〉 and |3〉.

2.3.1. From spin pair to current change

The basic principle of EDMR relies on the assumption that the conductivity

σ = e[neµe +nhµh] , (2.8)
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of a sample changes upon reaching the resonance condition for the spin pair3. Here, e is the
elementary charge and ne and nh represent the concentrations of electrons and holes with
their respective mobilities µe and µh. The resonant excitation can either affect the charge
carrier concentrations — as it is the case for a recombination process which annihilates
one electron and one hole — or the mobility of electrons and holes by enabling a hopping
transition between adjacent singly occupied localized states that is initially forbidden. In
both cases the underlying transition depends on the spin pair symmetry. Therefore, the
respective transition rate coefficient for the spin pair state |i〉 becomes [35]

ri = rS|〈i|S〉|2 + rT |〈i|T0〉|2 (2.9)

with the rate coefficients rS and rT for the pure singlet and triplet states, respectively. To-
gether with (2.6) the rate coefficients for the eigenstates of the spin pair can be calculated.

2.3.1.1. Spin-dependent recombination

In a spin-dependent recombination process the charge carrier concentrations are affected
by recombining spin pairs. The change in conductivity induced by EPR is thus given by

∆σph = e [∆ne(t)µe +∆nh(t)µh] , (2.10)

where ∆ne and ∆nh denote the deviations of the electron and hole concentrations from their
respective steady-state values.

Following the description by Boehme [33,35] we will derive the transient current change
resulting from a resonant mw pulse. Since the experimental part of this thesis mostly deals
with weakly coupled spin pairs, this treatment is also restricted to pairs with negligible
spin-spin couplings. Consequently, J and D are assumed to be 0, and the only contribution
to the spin pair Hamiltonian (2.5) is the electron Zeeman interaction. Furthermore, the
rate coefficients in (2.9), which describe the recombination out of the eigenstates, become
identical for the states |2〉 and |3〉, so that in total two different rate coefficients are present:

r1,4 = rT and r2,3 =
1
2
(rS + rT ) . (2.11)

3Note that this expression is only valid for an ideal semiconductor. In reality, the relationship between
charge carrier concentrations, mobilities and conductivity may be more complex — especially when
space charge regions are present or when transport over energy barriers at contacts occurs.
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2.3. The spin pair model

We neglect any coherent processes and assume that new spin pairs are created at the same
generation rate G/4 in all four eigenstates. We further assume a spin-independent disso-
ciation rate coefficient d and omit spin relaxation (T1 and T2). Spin-spin relaxation (T2)
influences the current transient signal only in the case of non-vanishing spin-spin interac-
tions as shown in [34].

The time evolution of the spin pair ensemble can conveniently be described within the
framework of the density operator formalism [45]. For pairs comprising two S = 1/2
particles, the matrix representation of the density operator, ρ̂ , is given by a 4× 4 ma-
trix. Its diagonal elements, ρii, represent the populations, i.e. the probability of finding
the ensemble in the ith eigenstate as given in (2.6). The non-diagonal elements denote the
coherences that describe coherent superpositions of the eigenstates which become impor-
tant when studying coherent spin effects (see Section 2.5). When coherent effects may be
neglected, the time evolution of the spin pair ensemble is given by the time behaviour of
the eigenstate populations according to

d
dt


ρ11

ρ22

ρ33

ρ44

=
G
4


1
1
1
1

+


−rT −d 0 0 0

0 − rS+rT
2 −d 0 0

0 0 − rS+rT
2 −d 0

0 0 0 −rT −d




ρ11

ρ22

ρ33

ρ44

 .

(2.12)

The density matrix elements influence charge carrier recombination and dissociation
and thus affect the concentration of free electrons and holes. The respective rates are given
by

R(t) =
4

∑
i=1

riρii(t) and D(t) =
4

∑
i=1

dρii(t) . (2.13)

Accordingly, the spin-dependent changes of electron and hole concentrations take the form

∆ne = τL
[
D(t)−D0] and ∆nh =−τL

[
R(t)−R0] (2.14)

with the charge carrier lifetime τL which is assumed to be identical for electrons and holes4.
The superscript 0 denotes the steady-state values of the respective rates. Hence, an increase
of the recombination rate reduces the concentration of free holes, and enhanced dissocia-
tion of spin pairs leads to a surplus of electrons in the conduction band. Note that the spin

4In realistic systems the lifetimes of electrons and holes may differ significantly. However, for the sake of
simplicity we assume here that both lifetimes are the same.
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pair generation rate, which may experimentally be influenced by changing the illumination
level, does not enter the description at this point5.

Together with (2.10) the change in photoconductivity can be written as

∆σph(t) = eτLµed
4

∑
i=1

[
ρii(t)−ρ

0
ii
](

1− ri

d
µh

µe

)
. (2.15)

Combining this result with the solution of the differential equation (2.12) for the density
operator yields the transient relaxation of the photoconductivity into the steady-state,

∆σph(t) = eτLµed
[

(∆11 +∆44)
(

1− rT

d
µh

µe

)
e−(rT +d)t

+(∆22 +∆33)
(

1− r2

d
µh

µe

)
e−(r2+d)t

]
. (2.16)

Here, ∆ii := ρii(t = 0)− ρ0
ii represents the difference between the the population of the

eigenstate i directly after the pulse and in the steady state (without mw excitation). Note
that ∆22 = −∆11 holds true for weakly coupled spin pairs. It becomes apparent that the
photocurrent relaxation following a mw pulse is determined by two exponential functions
with different time constants and opposite signs of their amplitudes.

2.3.1.2. Spin-dependent recombination — The bath model

To the best of the author’s knowledge, all present models which quantitatively describe
pEDMR transients are based on the original approach presented by Boehme et al. [33, 34,
35]. In this model, rate equations as given in (2.12) are formulated for the diagonal ele-
ments of ρ̂ , and the change of the photoconductivity is subsequently calculated according
to (2.13), (2.14) and (2.10). Initially, generation of spin pairs was assumed to be inde-
pendent of ρ̂ . Recently, this model was extended to include a ρ̂-dependent generation
rate [56, 55]. However, there is one major drawback of this approach: Since the concen-
tration of electrons and holes in the bands, which determine the photoconductivity, are
not included in the rate equations, it is impossible to directly express an interrelationship
between ne, nh and ρ̂ . To circumvent this limitation, we present a simple model in which

5The fact that the total concentration of pairs may affect the spin pair generation rate can partly be accounted
for by considering a generation rate that depends on ρ̂ [55, 56]. However, to correctly incorporate the
interaction between free charge carriers and ρ̂ via spin pair generation, we suggest to directly include
ne(t) and nh(t) in (2.12). This approach is presented in Section 2.3.1.2.
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2.3. The spin pair model

Figure 2.2.: Illustration of the
rate equations (2.17) that de-
scribe the dynamics of the spin
pairs and the free charge carrier
concentrations. Free electrons
and holes are created by light
absorption (at the rate Gcc) and
act as reservoirs which are con-
nected to the spin pair ensemble
via generation (Gsp), recombi-
nation (R) and dissociation (D).
Details are given in the text.
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the dynamics of ne and nh are calculated explicitly by accounting for the interactions be-
tween the spin pair ensemble and the electrons bath as well as the hole bath. For this
purpose, the charge carrier concentrations are included as variables in the rate equations.
Note that similar approaches have proven to be successful in modelling cwEDMR results
in the past [57, 58, 59, 60, 61].

In the preceding section we assumed that we can derive the time dependence of the
photoconductivity by calculating the dynamics of the spin pair density matrix. Spin pair
recombination and dissociation — which both solely depend on the spin pair populations
and the respective rate coefficients — influence ne and nh and thus affect the conductivity.
Spin pair generation was taken account of by a constant generation rate G which does
not directly depend on ne and nh. However, in reality the rate at which electrons from
the conduction band are trapped at localized defect states and form spin pairs is certainly
affected by ne.

Consequently, the concentration of free electrons contributes to the spin pair generation
rate. In order to account for this fact, a different approach is pursued which is illustrated
in Fig. 2.2. Note that we use capital letters for rates (unit s−1 cm−3), whereas for rate
coefficients (unit s−1) small letters are used throughout this section.

Light absorption leads to the generation of charge carriers in the bands at the rate Gcc.
Electrons in the conduction band (concentration ne) and holes in the valence band (con-
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centration nh) are considered as reservoirs which are connected to the spin pair states via
generation, dissociation and recombination. The influence of spin-independent recombi-
nation on ne and nh is taken into account by introducing a charge carrier lifetime, τL, which
is assumed to be the same for electrons and holes. Spin pairs are created by trapping of
electrons from the conduction band into sites in close proximity to an already singly occu-
pied recombination centre. The rate for this process is denoted by Gsp and is proportional
to ne. Note that all spin pair states are populated equally. Dissociation of spin pairs at the
rate D, which is equally assumed to be spin-independent, results in an increase of ne. On
the contrary, spin-dependent recombination directly reduces nh and indirectly leads to a
decrease of ne due to reduced dissociation.

Following the arguments given above, the basis-independent spin pair states |T+〉 and
|T−〉 are equivalent and their combined population can thus be described by 2ρ11. In the
same way one may characterize the population of the mixed states |2〉 and |3〉 by 2ρ22

in the case of negligible spin-spin coupling. The model shown in Fig. 2.2 can easily be
described in the form of a system of coupled rate equations

d
dt

ne(t) = Gcc +2d [ρ11(t)+ρ22(t)]−gspne(t)−
ne(t)

τL
d
dt

nh(t) = Gcc− (rS + rT )ρ22(t)−2rT ρ11(t)−
nh(t)

τL
d
dt

ρ11(t) =
gsp

2
ne(t)−2dρ11(t)−2rT ρ11(t)

d
dt

ρ22(t) =
gsp

2
ne(t)−2dρ22(t)− (rS + rT )ρ22(t) (2.17)

with the recombination rates rS and rT out of the pure singlet and triplet states, respec-
tively. For the sake of simplicity we omit spin relaxation effects. Since only the diagonal
elements of the density matrix (the populations) are taken into account, this approach does
not allow us to derive any coherent effects — which is justified for calculation the incoher-
ent current relaxation following a mw pulse. When coherent effects cannot be neglected,
all components of the density matrix have to be included in (2.17).

Although it is straightforward to solve the set of linear rate equations in (2.17) analy-
tically, the resulting expressions are lengthy and inconvenient to handle unless we make
further assumptions. However, some features which are vital for the measurements are
independent of the choice of parameters. First, the amplitude of the photocurrent transient
(referred to as pEDMR transient) is proportional to the deflection of the diagonal elements
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2.3. The spin pair model

Figure 2.3.: Transient change of
the photoconductivity ∆σph fol-
lowing a resonant π mw pulse
obtained by solving (2.17) for
Gcc = 10, d = 0.2, gsp = 0.2,
rS = 100 and rT = 2. The
plot shows transients for differ-
ent values of τL as indicated in
the legend.
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of ρ̂ from their respective steady-state values, i.e. σph(t = 0) ∝ ∆ρii(t = 0)− ρ0
ii . Sec-

ond, the pEDMR transient follows a multiexponential decay, whereas the time constants
depend on the choice of the rate coefficients in (2.17). Both facts constitute the basis for
pulse length dependent measurements discussed later. A third general point deserves some
attention: The time constants of the pEDMR transient do not only depend on the spin-
dependent rate constants rS and rT , but are also affected by spin-independent properties
of the charge carriers in the bands, most importantly by τL. Therefore, the time constants
of experimentally obtained pEDMR transients originate from a superposition of several
effects, and thus it is generally complicated to extract rS and rT from a pEDMR transient
— even if the current detection had infinite time resolution.

To illustrate the general behaviour of the pEDMR transient and in particular its de-
pendence on the charge carrier lifetime, Fig. 2.3 shows ∆σph = e [∆ne(t)µe +∆nh(t)µh]
for several values of τL following a resonant π/2 pulse assuming identical mobilities
for electrons and holes. For this purpose, (2.17) was solved with the initial conditions
ρ11(t = 0) = ρ0

22 and ρ22(t = 0) = ρ0
11. The parameters used for the simulation are given

in the caption of Fig. 2.3 in relative units. It becomes obvious that τL can severely affect
the time constants of the pEDMR transient. Note that τL also influences the amplitude of
σph which cannot be observed in Fig. 2.3 because the pEDMR transients were normalized
to equal amplitudes.

At this point it is important to mention a qualitative difference between EDMR and other
magnetic resonance techniques such as ODMR and RYDMR that make a different theo-
retical description indispensable. In ODMR each radiatively recombining spin pair imme-
diately emits a photon and thus directly contributes to the luminescence (the observable).
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2. Theory of EDMR

Similarly, in RYDMR each reaction product does also directly influence the observable,
i.e. the optical absorption or the fluorescence. In contrast to that, in EDMR a recombin-
ing spin pair first results in a change of the charge carrier concentrations which in turn
influence the conductivity. Hence, spin pair recombination has an indirect influence on
the observable. Consequently, it is necessary to include ne and nh with their explicit time
dependence in the rate equations in order to correctly describe the pEDMR dynamics.

It is worthwhile noting that the effect of spin pair generation, which was assumed to
occur at the same rate for all four spin pair states, can be studied experimentally by means
of a recently demonstrated pEDMR rotary echo experiment as shown in Appendix C [62].

2.3.1.3. Hopping transport

Hopping transport of charge carriers among paramagnetic localized states can influence the
conductivity according to (2.8) in a similar way like spin-dependent recombination. When
a ‘hop’ — i.e. the tunnelling process from one localized state to another — occurs between
two singly occupied states, spin selection rules govern the transition probability, provided
that the spin is conserved throughout the transition. Consequently, EPR can manipulate
the spin states and in turn alter transition rates. In contrast to spin-dependent recombina-
tion, hopping does not affect the total charge carrier density in a sample. However, the
resulting change in conductivity can be treated as a mobility variation of the respective
charge carriers. The following description of spin-dependent hopping transport is based
on a one-dimensional model which was developed by Boehme and Lips [35].

In disordered semiconductors such as amorphous silicon, localized states exist below
the mobility edge for electrons (conduction band tail states) and above the mobility edge
for holes (valence band tail states). At room temperature, these states do not signifi-
cantly contribute to the transport which is dominated by delocalized charge carriers in
the bands. However, upon decreasing the temperature, hopping of charge carriers among
band tail states in a range of kT around the Fermi level (or quasi-Fermi level in case of
non-equilibrium carrier concentrations) becomes substantial. This can be inferred from
temperature-dependent conductivity measurements [24]. Hopping transport can take place
in different configurations as illustrated in Fig. 2.4 for two states in spatial and energetic
proximity near the electron quasi-Fermi level E f n. The energies of both states are denoted
by EA and EB. The state for the second electron in a doubly occupied state is higher by the
correlation energy U which results from the intrastate interaction energy. Obviously, there
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Efn
EA

EB

EA

EB

U

EA

U

EB

EA

U

EB

U

(a) (b) (c) (d)

Figure 2.4.: Hopping among localized states in the presence of the correlation energy U .
The four depicted processes differ in the occupation of both states prior to the transition
(adapted from [63]).

are four different possible hopping processes (a), (b), (c) and (d) which differ in the occu-
pation of both states before the hopping step. While state A can either be singly or doubly
occupied, state B can be empty or accommodate one electron prior to the transition. When
a state is doubly occupied, i.e. in Fig. 2.4c and d, both spins form a singlet state which
cannot be manipulated by EPR. Thus, the hopping transition is not spin-dependent in this
case. Note that only process (b) can be spin-dependent and thus evoke effects such as
EDMR and magnetoresistance [64,65]. Note further that the size of the correlation energy
U plays an important role here. For spin-dependent hopping to occur, U must necessar-
ily be smaller than the width of the distribution function for the energies of the localized
states [66, 67, 67]. This is certainly the case for amorphous silicon, where the band tail
states extend far into the gap, and the correlation energy is on the order of 10 meV [68].

In the case of two singly occupied states the tunnelling probability depends on the per-
mutation symmetry of the spin pair. In analogy to the description of spin-dependent re-
combination, the rate coefficients for the hopping transition can be written as

p1,4 = pT and p2,3 =
1
2
(pS + pT ) (2.18)

for weakly coupled spin pairs where the spin-spin interaction can be neglected. In this
case the rate coefficients for the eigenstates |2〉 ≈ |↑↓〉 and |3〉 ≈ |↓↑〉 are identical. The
coefficients pS and pT in (2.18) refer to the pure singlet and triplet states.

To account for the fact that spin-dependent and spin-independent transport paths coexist,
Boehme and Lips [35] suggested to describe the hopping process as illustrated in Fig. 2.5.
The figure shows a pair site [35] indicated by the shaded region which consists of two
energy states A and B. These states are surrounded by two other localized states. When
both states of the pair site are singly occupied, they comprise a spin pair which is formed
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Figure 2.5.: Electron hopping through a pair site based on the spin-dependent hopping
model presented in [35]. Note that only the transition from the spin pair state |ψ〉 into the
singlet state |S〉 is spin-dependent. In addition, there is an alternative hopping path which
is spin-independent. Further information is given in the text.

by a tunnelling transition of one electron from a state outside the pair site to the previously
unoccupied state A. This process takes place with a probability p0. The resulting pair is
assumed to be in the state |ψ〉 which can generally be any superposition of the spin pair
states given in (2.6). The electron in state A can tunnel into state B, where the ground
state of the doubly occupied state B only exists as a singlet. As a result, the probability for
this transition depends on the singlet content of the spin pair and is denoted by pi which is
specified in (2.18). One of the electrons may then tunnel into another state and thus leave
the pair site with the probability pc.

The same final state is reached from the spin pair state |ψ〉 when the electron in state
B undergoes a transition to an energy level outside the pair site and a subsequent hop of
the remaining electrons from state A to state B. Both processes are assumed to occur with
the probability pa and pb, respectively. Hence, there is one spin-dependent and one spin-
independent pathway for the dissociation of the spin pair from the state |ψ〉 to the final
situation depicted in the rightmost part of Fig. 2.5. Therefore, the situation is similar to
the case of spin-dependent recombination as discussed in Section 2.3.1.2 where spin pair
recombination is spin-dependent whereas spin pair dissociation is not. As a result, spin-
dependent hopping transport may be described in a similar way. The corresponding rate
coefficients for the hopping processes can be expressed by the relation

di = pa · pb + pi · pc with i ∈ 1,2,3,4 (2.19)
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with the rate coefficients for the individual steps indicated in Fig. 2.5. It becomes appar-
ent that the spin-dependence of di (and thus the signal intensity of the associated EDMR
signal) critically depends on the ratio between the probabilities for the spin-dependent and
the spin-independent paths [35].

Assuming that spin pairs at pair sites are generated at a constant rate G/4 which is
equal for all four eigenstates of the spin pair, we can express the time evolution by the rate
equations

d
dt


ρ11

ρ22

ρ33

ρ44

=
G
4


1
1
1
1

+


−d1 0 0 0

0 −d2 0 0
0 0 −d3 0
0 0 0 −d4




ρ11

ρ22

ρ33

ρ44

 . (2.20)

in analogy to (2.12). The steady-state solutions are given by

ρ
0
11,44 =

G
4d1

and ρ
0
22,33 =

G
4d2

, (2.21)

indicating a surplus of spin pairs in the triplet states when d1 < d2.

A spin-resonant excitation alters the spin pair populations according to ∆ρii(t) = ρii(t)−
ρ0

ii and in turn changes the respective spin-dependent transport rate. This effect can be
considered as a variation of the electron mobility µe. As long as the resulting deviation of
µe from its steady-state value µ0

e is small, the mobility can be expanded in terms of the
spin-dependent transport rate Ri. The corresponding change of µe then yields ∆µe(∆Ri) =
µ0

e + ∂ µe
Ri

∆Ri. Since the variation of the microscopic transport rate is given by ∆Ri =

∑i ∆ρiidi, the resulting change in conductivity according to σ = eneµe takes the form [35]

∆σ(t) = ene
∂ µe

∂Ri

4

∑
i=1

[
ρii(t)−ρ

0
ii
]

di . (2.22)

Combining this result with the solution of the rate equations given in (2.20) leads to the
transient change of the conductivity following a resonant mw pulse ending at t = 0

∆σ(t) ∝

[
e−d2t− e−d1t

]
∆ with ∆ := ρ22(t = 0)−ρ

0
22 =−[ρ11(t = 0)−ρ

0
11] (2.23)

for spin pairs with negligible spin-spin coupling. Here, ∆ represents the spin pairs that
are shifted form the triplet states towards the states with mixed symmetry by the resonant
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mw pulse. Steady-state populations are indicated by the superscript 0. Similar to case of
recombination, the conductivity transient exhibits a multiexponetial (in this particular case
biexponential) relaxation to its steady-state value. It is important to mention that the sign
of ∆σ immediately after the mw pulse is always positive, i.e. current enhancing, when the
transition probability increases with the singlet content of the spin pair.

In contrast to the recombination process discussed in Section 2.3.1.2, the spin-resonant
change of hopping rates directly affects the transport and hence the conductivity. There-
fore, the concentrations of free electrons and holes are not directly affected here.

Although both spin-dependent processes as described in this section rely on the spin pair
model, it is conceivable that other processes equally lead to EDMR signals. In the follow-
ing Section 2.4 we suggest an alternative EDMR mechanism involving three charge car-
riers which is capable of consistently explaining several experimental observations which
are in contradiction to existing EDMR models based on the spin-pair mechanism. Even
though we cannot unambiguously identify this process to be responsible for the signals
observed in Chapters 4, 5 and 6, it might particularly be relevant for the correct interpreta-
tion of recently reported EDMR measurements at high magnetic fields in the presence of
significant thermal electron spin polarization [69, 70, 71].

2.4. The bound exciton model

Lepine was the first to demonstrate spin-dependent recombination of photogenerated
charge carriers in silicon at room temperature [8]. To quantitatively explain the exper-
imental results, he developed a model for spin-dependent recombination based on (ori-
ginally spin-independent) Shockley-Read-Hall (SRH) recombination [72]. According to
this model, the optically generated charge carriers in the conduction band recombine via
singly occupied states deep in the band gap. The spin polarizations of both recombination
partners, i.e. conduction electrons and electrons in the deep defects, were assumed to obey
Boltzmann statistics given in (2.4). As a result of this assumption, the model predicts that
the EDMR signal is proportional to T−2 as well as to B2

0. However, neither the tempe-
rature dependence nor the magnetic field dependence could be confirmed experimentally
in proceeding studies on similar specimens. In addition to that, the observed magnitude
of the EDMR signals at room temperature exceeded those predicted by Lepine’s model
by a factor of ≈ 100. These deviations between experimental results and theoretical pre-
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dictions triggered the development of the Kaplan-Solomon-Mott (KSM) model [44] (cf.
Section 2.3) which constitutes the basis for spin-dependent recombination and hopping
transport as explained above. The KSM model correctly describes the experimentally ob-
served independence of most EDMR signals with regard to temperature and amplitude of
the magnetic field. Since it assumes that two charge carriers are trapped in two localized
states in close proximity, the corresponding EDMR spectrum should always exhibit the
signature of both charge carriers. However, there are only a few examples where this is
the case, e.g. hopping via conduction band tail states and phosphorus donor states in amor-
phous silicon [73], donor-acceptor recombination in c-Si [74] and recombination from
phosphorus 31P donor states to localized states at the c-Si/SiO2 interface (Pb states) [75].
Even in these selected examples there is evidence that the KSM model cannot account for
all features, e.g. in the studies on donor-acceptor recombination the acceptor signal is not
observed in all cases [4]. Furthermore, for samples where EDMR signals are usually inter-
preted to arise from recombination between 31P and Pb states — the prime model system
for KSM recombination — it was found that the ratio between EDMR signal intensities
associated with both centres depends on the experimental conditions like applied voltage
and illumination level [76]. It is even possible to completely suppress the spectral feature
related to one of the paramagnetic centres and to change the sign of the resonant current
change simply by adjusting the applied voltage. These findings clearly reveal that even
in systems which are claimed to be well understood with regard to EDMR, the underlying
microscopic mechanisms often lack fundamental understanding — a fact that is sometimes
not mentioned in regular publications.

Several attempts have been made in the past to modify the KSM model in such a way,
that only the EPR signature of one paramagnetic centre appears in the spectrum and the
detection of the recombination or hopping partner remains elusive. In the particular ex-
ample of recombination between e states and db states in a-Si:H only a single line was
observed with a g value approximately in the middle between the g values of both indi-
vidual centres [77]. For this effect to occur, strong exchange coupling between the recom-
bination partners is necessary. Although this would in principle not be in contradiction to
the cwEDMR results at that time, more recent pEDMR experiments on similar samples
have not revealed any evidence of such strong exchange coupling [78]. Further on, Rong
and coworkers developed an EDMR mechanism which is based on SRH recombination
but at the same time shares fundamental properties with the KSM model [58]. Similar
to the Lepine model, an electron from the conduction band is trapped at singly occupied
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deep defect state. The EDMR resonance occurs when the electron in the deep defect be-
comes resonant. Rong et al. [58] argue that the trapped electron itself might be invisible
to EDMR because it possibly has a broad distribution of g values. Another approach to
explain the existence of only one line is based on the direct capture process [79,11]. Here,
the spin-manipulation takes place in an excited state consisting of two electrons in a db
centre. It is therefore inherently impossible to selectively address one member of the spin
pair, which has important consequences for the electrically detected Rabi oscillations as
discussed in Section 2.5. In this regard, also the direct capture model frequently fails to
correctly describe dangling bond recombination.

All in all, even after almost 40 years of EDMR on samples which did not change con-
siderably during that time, many experimental results cannot consistently be explained
within the framework of the existing models. From the arguments stated above it seems
that the correct explanation of many EDMR results requires a model that (a) accounts for
large signal intensities that cannot be explained by thermal spin polarization (similar like
in the KSM model), (b) leads to only one resonance line in the EDMR spectrum, (c) can
explain that the coherent spin motion exhibits the behaviour of a single spin 1/2 and (d)
may produce either a current enhancement or current quenching. The necessity for EDMR
mechanisms beside the ones incorporated in the existing models is even emphasized by the
recently reported results of EDMR performed at low temperatures and high fields where
a strong thermal polarization of the electron spins exists [69, 70, 71]. It was found that
the spin-dependent processes that govern EDMR low temperature/high field regime are
at variance with the experiments carried out in X-band in the absence of strong thermal
polarization.

In the following, we will present an EDMR mechanism that involves three charge carri-
ers and which is capable of fulfilling the conditions (a) to (d). Although the addition of a
third particle might at first appear to increase the complexity, it turns out that the descrip-
tion becomes even simpler than in the spin pair model. In this regard it is interesting to
note that the potential importance of a three-spin process for EDMR was already recog-
nized as early as 1980 by Haberkorn and Dietz [52]. Vranch later suggested a qualitative
model based on an electron and a hole trapped at a Pb state also comprising a three-spin
system [80] which, however, did not attract much attention. The model presented here
follows the approach by Vranch.

We assume that one electron from the conduction band and one hole from the valence
band are trapped close to a singly occupied defect state. The defect might either be a
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Figure 2.6.: Different configurations of an exciton comprising one electron and one hole
trapped at a singly occupied defect state. The representation of the respective states in
the product base and its corresponding population is indicated below each schematic band
diagram. (a) Triplet exciton bound to defect spin with parallel spin alignment, (b) triplet
exciton bound to defect spin with antiparallel spin alignment, (c) singlet exciton. Details
are given in the text.

dangling bond in the bulk material or a Pb centre at a Si/SiO2 interface. The different con-
figurations of this three-spin system are illustrated in Fig. 2.6. When the electron and the
hole are in a singlet state, they will recombine almost immediately with a rate coefficient
rRS, regardless of the spin state of the defect electron. When they are in a triplet config-
uration, i.e. when their spins are aligned parallel, the recombination is less probable than
in the singlet state. Depending on the spin state of the defect electron, we have to distin-
guish between two situations: (i) If the spin of the defect electron is parallel to the spin
of the exciton electron, i.e. | ↑⇑↑〉 or | ↓⇓↓〉, the recombination path is almost blocked and
recombination will take place at the (relatively low) probability rRT P. (ii) In the opposite
case, i.e. | ↑⇑↓〉 or | ↓⇓↑〉, we anticipate that the recombination probability rRTA is signif-
icantly higher as compared to case (i). In the notation used here the first and the second
arrow indicate the spin states of the electron and the hole comprising the exciton, whereas
the third arrow denotes the spin of the defect electron. Note that we use the term exciton
for a correlated electron hole pairs (geminate pairs) which may have different properties
than excitons in pure crystals [24]. Nevertheless, as far as amorphous silicon is concerned,
there is strong experimental evidence that excitonic effects influence the recombination
properties at low temperatures [81, 82, 83, 84, 85].
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Table 2.1.: Explanation of the terms used for the description of defect-trapped excitons.

parameter physical quantity
NS population of trapped singlet excitons

NT P
population of trapped triplet excitons
with defect electron spin parallel to exciton electron spin

NTA
population of trapped triplet excitons
with defect electron spin antiparallel to exciton electron spin

RCS creation rate for states with population NS
RCTA creation rate for states with population NTA
RCT P creation rate for states with population NT P
rRS recombination rate coefficient for states with population NS
rRTA recombination rate coefficient for states with population NTA
rRT P recombination rate coefficient for states with population NT P

rISC
intersystem crossing rate coefficient for transitions
between trapped singlet excitons and trapped triplet excitons

We further introduce a rate coefficient rISC to take account of a finite intersystem cross-
ing probability for the transition between triplet and singlet excitons. The presence of
intersystem crossing might strongly depend on the sample structure and the experimental
conditions. This process is assumed to be independent of the defect electron spin. The
concentrations of the defect-trapped excitons (DTE) are represented by NS, NT P and NTA

with the corresponding creation rates RCS, RCT P and RCTA. The meaning of all parameter
is summarized in table 2.1.

Creation of DTE can either take place by the encounter of separately created (by illu-
mination of electrical injection) electrons and holes near a defect site or by trapping of an
optically generated exciton consisting of a geminate electron hole pair. While it is rea-
sonable to presume that RCT P and RCTA are equal at room temperature and even at low
temperatures (e.g. T = 10 K) at X-band frequency, we anticipate an imbalance between
both rates when a significant thermal polarization of the defect electrons spin is present in
the low temperature/high field regime. This can easily be taken into account by choosing
RCT P and RCTA accordingly.
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Figure 2.7.: Transient change
of the total recombination rate
normalized to 1 as defined in
(2.25) following a resonant π-
pulse according to (2.24) for
RCS = RCTA = RCT P = 10, rRTA =
2, rRT P = 0 and rRS = 100. The
plot shows transients for dif-
ferent values of the intersystem
crossing rate as indicated in the
legend.
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With the definitions given above we can describe the dynamics of the DTE populations
by

d
dt

NTA(t) =−rISCNTA(t) +
rISC

2
NS(t) − rRTANTA(t) +RCTA

d
dt

NT P(t) =−rISCNT P(t)+
rISC

2
NS(t) − rRT PNT P(t)+RCT P

d
dt

NS(t) =−rISCNS(t) + rISC [NTA(t)+NT P(t)]− rRSNS(t) +RCS . (2.24)

Similar like in the KSM-model of spin-dependent recombination, an excess population of
the component with the longest lifetime, i.e. NT P, builds up in the steady-state. When the
EPR condition for the defect electron is satisfied, the spin state of the defect electron is
manipulated, the population NTA is increased and the concomitant recombination rate of
DTE changes abruptly. The relaxation of the DTE populations is given by (2.24). The
resulting transient behaviour of the total DTE-related recombination rate change,

∆Rtotal = ∆NTA(t) · rRTA +∆NT P(t) · rRT P +∆NS(t) · rRS , (2.25)

is shown in Fig. 2.7 for a resonant π-pulse on the defect electron spin for different val-
ues of the intersystem crossing rate coefficient. The plot shows that the relaxation of the
DTE relaxation rate is qualitatively similar like in the KSM-based recombination model
presented in Section 2.3.1.2 and indicates that on the one hand certain experimental results
previously interpreted in the light of KSM-recombination might in fact originate from re-
combination of defect trapped excitons. On the other hand, Fig. 2.7 demonstrates that the
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discrimination between these two different processes based on pEDMR transients alone is
impossible and thus the interpretation is always plagued with ambiguity. Furthermore, it
is worthwhile noting that to derive the conductivity transient, one has to include the con-
centrations of free electrons and holes in the rate equations in (2.24) like it was shown in
Section 2.3.1.2.

We will now address the question how such a process may affect the conductivity. Exci-
tons generally do not directly contribute to the current because they are electrically neutral.
As a result, also the recombination of excitons has no direct effect on the current-carrying
free charge carriers. However, the energy that is released during the recombination process
may be transferred to the defect electron through an Auger process. The defect electron
might thus be emitted to the conduction band and contribute to the conductivity. Auger
recombination has indeed been reported for amorphous silicon at low temperatures and
light intensities used for EDMR [86, 87, 88, 89]. Also in crystalline silicon — the other
important component of the devices investigated in this study — the Auger energy transfer
from a recombining donor-bound exciton to the donor electron and its subsequent emission
to the conduction band is known to be a very efficient process [90].

Since the spin manipulation is restricted to the defect electron, the EDMR spectrum
exhibits only one resonance line with the g value of the defect electron. Accordingly, mea-
surements that probe the coherent spin motion will equally reveal only the EPR signature
of the defect electron.

It is important to stress one important point concerning the sign of the EDMR signal
which is markedly different for the DTE model and spin-dependent recombination accord-
ing to the KSM-model: A recombination processes as described in the KSM model anni-
hilates one electron and one hole. Hence, enhanced recombination due to EDMR should
effectively reduce the conductivity because the concentrations of both free electrons and
free holes are reduced, although the pEDMR transient may exhibit positive as well as neg-
ative components6. In the DTE model as described above, however, the recombination of
an exciton leads to one additional electron in the conduction band and leaves the hole con-
centration unaffected. Consequently, the sign of the EDMR signal critically depends on the
ratio between electron and hole mobilities at the position where the exciton recombines.
When electrons are the majority carriers with a high mobility, the additional electron will
directly contribute to the current and thus a positive EDMR signal is observed. In contrast

6For the sake of simplicity, we exclude here devices and experimental conditions where enhanced recom-
bination increases the device current such as pin solar cells in the forward bias regime [91].
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to that, when the current is dominated by holes and the electron mobility is low, the re-
leased electron will not significantly contribute to the current but rather recombine with a
current-carrying hole. As a result, the conductivity is reduced and a negative EDMR signal
is expected — a fact which might at first appear to be counterintuitive, because the DTE
recombination releases one additional electron. Such an effect was e.g. observed in pho-
tocurrent spectroscopy applied to phosphorus-bound excitons in boron-doped crystalline
silicon [92] and might also influence EDMR signals in the same way, especially when the
experiments are performed at low temperatures. Note that it is generally complicated to
ascertain the sign of an EDMR signal from a cwEDMR experiment because the sign of
the measurement signal depends on the lock-in phase. Similarly, in a pEDMR experiment
overshoots of the transient may obscure the ‘real’ signal. In contrast to that, the sign of a
EDMR signal can unequivocally be determined from a DC-EDMR experiment [93] when
the amplitude of the spin-dependent signal is sufficiently strong.

2.5. Coherent spin motion

So far we were concerned with the transient behaviour of a macroscopic variable (i.e.
the conductivity) after an EPR manipulation. It was assumed that any coherences which
might have been created during the mw pulse decay rapidly and can thus be neglected
for the description of pEDMR transients. In particular, only the populations of the spin
pair eigenstates (the diagonal elements of the density matrix ρ̂) given in (2.6) have to be
included in the rate equations. In contrast to this incoherent regime, we will now focus
on the coherent spin motion during the mw pulse sequence which may consist of one or
more separate pulses. While the description of the (incoherent) pEDMR transients depends
on the underlying recombination or hopping model, the coherent effects described in this
section are solely determined by the physics of the spin pair ensemble — which is generally
the same for the two microscopic mechanisms.

2.5.1. Rabi oscillations

The coherent spin dynamics is determined by the temporal evolution of the spin pair den-
sity matrix. The time dependence of ρ̂ is given by the Liouville-von Neumann equa-
tion [94]

dρ̂(t)
dt

=− i
h̄

[
Ĥ(t), ρ̂(t)

]
(2.26)
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with the spin pair Hamiltonian Ĥ(t) = Ĥ0 +Ĥ1(t). The time-independent part Ĥ0 describes
the spin-spin interactions and the interaction of either of the spins with the static magnetic
field. The time-dependent part Ĥ1(t) specifies the interaction between the spins and the
microwave magnetic field and is given in its general form by

Ĥ1(t) =
gaµB

h̄
Ŝa ·B1(t)+

gbµB

h̄
Ŝb ·B1(t) (2.27)

for a pair consisting of two spins a and b with spin operators Ŝa and Ŝb and g values ga

and gb, respectively.

The mw field B1(t) = 2B1 · ex cos(ωt) is assumed to be linearly polarized in x-direction
and has the amplitude7 2B1. The microwave frequency is represented by ω/2π , and ex

denotes the unit vector in x-direction. For analytical calculations and illustrative purposes
it is convenient to decompose B1(t) into two circularly polarized components according to

B1(t) = B1

 cosωt
−sinωt

0

+B1

cosωt
sinωt

0

 . (2.28)

Only the first term in (2.28) describes the resonant part of the mw field which becomes
obvious from the following arguments. Without mw radiation, a single spin 1/2 (i.e. one
constituent of a weakly coupled spin pair) precesses around the axis of the static mag-
netic field B0 at the Larmor frequency ωL given in (2.2). Hence, the spin is at rest when
described in a reference frame defined by x′, y′ and z which equally revolves around the
z-axis at the same frequency ωL. When the mw field is switched on and the mw frequency
ω matches ωL, the first component of (2.28) is stationary8 in the same rotating frame. It
thus causes the spin to rotate around the x′-axis at the Rabi frequency Ω = γB1. When ω

and ωL are different, a residual component of B0 remains in the rotating frame. The Rabi
frequency then takes the form

Ω =
√

(γB1)2 +(ω−ωL)2 . (2.29)

7The factor 2 appears because the ‘active’ component of B1(t) is supposed to have the amplitude B1.
8The second term in (2.28) describes a counterrotating component. Since it has the frequency 2ω , it can be

considered as a high-frequency perturbation which can be neglected for the spin motion. This procedure
which is frequently used in quantum optics is referred to as rotating wave approximation (RWA).
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2.5. Coherent spin motion

According to (2.26), the population of the spin pair states depends on Ĥ1(t) which in
turn is influenced by the mw pulse length τ . Therefore, the EDMR signal — in particular
the amplitude of the pEDMR transient — is also determined by τ . As demonstrated in
detail in Appendix A, we have to distinguish two fundamentally different cases, namely
selective and non-selective excitation.

When the Larmor separation between both spin partners of a pair is larger than the mw
field (h̄∆ω � gµBB1), the mw pulse manipulates only one spin (selective excitation, cf.
Appendix A.2). In this situations, the occupation of the components of ρ̂ oscillates at
the Rabi frequency Ω of a single spin 1/2. This can be demonstrated by considering the
dependence of the combined population of the basis-independent spin pair states |↑↑〉 and
|↓↓〉 as a function of τ . The derivation of the resulting expression for weakly-coupled spin
pairs9,

ρ
f

11 +ρ
f

44 =
1
2

+
1
2

cosΩτ , (2.30)

is described in Appendix A.2.

In the case of non-selective excitation (h̄∆ω � gµBB1) — also referred to as spin-
locking — the mw pulse is resonant for both members of the spin pair at the same time.
Therefore, both spins rotate around the x′-axis simultaneously and lead to a qualitatively
different behaviour of the density matrix. In contrast to (2.30), the combined population
of the pure triplet states oscillates according to

ρ
f

11 +ρ
f

44 =
3
4

+
1
4

cos2Ωτ (2.31)

at the frequency 2Ω (see Appendix A.3 for the derivation of this expression). Furthermore,
the oscillation is less effective, i.e. the population ρ

f
11 + ρ

f
44 is changed between 0.5 and

1 when spin-locking is present. Especially the different Rabi frequencies allow for an
experimental discrimination between selective excitation and spin-locking. Since gµBB1

is proportional to
√

Pmw (Pmw is the microwave power), one can access the spin-locking
regime by increasing Pmw. Alternatively, it is possible to reduce ∆ω by decreasing B0,
which is more complicated to realize experimentally.

9The superscript ‘f’ denotes the final state of the density matrix, i.e. ρ̂ after the application of a resonant
pulse.

35



2. Theory of EDMR

spin-lockingselective excitation

T0

T-

T+

S

2W

ISC

2W

T0

T-

T+

S
W

W

W

W

ISC

Figure 2.8.: Effect of a resonant mw pulse on the singlet and triplet content of a spin
pair. In the case of selective excitation (left), the mw directly ‘connects’ singlet and triplet
states (which are not necessarily energy-eigenstates) at the Rabi frequency Ω. In the spin-
locking case (right), the singlet state is decoupled from the triplet manifold. Hence, the
shift of population is restricted to the three triplet states, and the frequency corresponds to
2Ω. Intersystem crossing (ISC) promotes population transfer from T0 to S.

2.5.2. The role of intersystem crossing

The observable in EDMR, i.e. the (photo-)current, is often related to the singlet content
of spin pairs because the probability for the underlying spin-dependent transition usually
depends on the singlet content of the pair. In the previously treated case of selective excita-
tion and spin pairs with negligible spin-spin interactions, a mw pulse which is in resonance
with one constituent of a spin pair, induces a transition from the initial pure triplet state to
a mixed state with singlet content. Thus, the mw pulse directly leads to an increase of the
singlet content and results in an EDMR signal which oscillates at the Rabi frequency Ω.
This situation is illustrated on the left side of Fig. 2.8. It is important to note that the states
denoted with S and T0 are not the energy-eigenstates for the weakly-coupled spin pair. The
populations of these states can be obtained by applying the respective projection operators
to the density matrix.

In contrast, under spin-locking conditions the microwave has no direct effect on the
EDMR observable since the total spin remains unchanged and the spin population is only
altered between the sublevels (T+, T− and T0) of the triplet manifold [95, 96]. Hence, in
this case an EDMR signal can only be observed when a connection between T0 to S exists.
Intersystem crossing (ISC) provides such a pathway: Hyperfine interactions between each
spin pair constituent and nuclear spins in the vicinity mixes the states S and T0. Conse-
quently, population is shifted between both states. This effect is frequently encountered
in amorphous hydrocarbons [97, 98], but it is likely to be relevant also for hydrogenated
amorphous or microcrystalline silicon because hydrogen is incorporated at high concen-
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trations in this material. In the presence of ISC, microwave-induced shifting of population
from T+ and T− to T0, which occurs at the frequency 2Ω as can be seen from (2.31), leads
to an oscillations of the singlet population at the same frequency as shown on the right
side of Fig. 2.8. Therefore, the oscillation frequency 2Ω is expected to be observed in
electrically detected spin-Rabi nutations under spin-locking conditions as will be shown in
Chapter 6.

2.6. Numerical simulations

Simulation of spectra and the temporal evolution of spin systems under the influence of
mw pulses is often indispensable for the interpretation of experimental data in both con-
ventional EPR and EDMR. While analytical calculations can provide qualitative insight,
the quantitatively correct simulation of realistic systems often requires the consideration
of disorder. This is generally complicated if not impossible by means of analytical cal-
culations, but can be accomplished by numerical simulations. Disorder manifests itself in
distributions of EPR parameters like g values, resonance frequencies and spin-spin inter-
actions. This is especially relevant for highly disordered solid state systems investigated
in this study, namely amorphous and microcrystalline silicon or polymers.

EDMR spectra usually exhibit the EPR-signatures of the paramagnetic centres that are
involved in the respective spin-dependent process. Therefore, the same simulation tools
that are commonly used for simulating conventional EPR spectra may be employed to
calculate (cw) EDMR spectra. All spectral simulations presented within this thesis were
performed with the EasySpin [99] software package.

For experiments using mw pulses, the analogy between EDMR and EPR does not hold
since the observables are distinctively different for both measurement modes. While it is
the magnetization that determines the signals in pulsed EPR, most pEDMR experiments
probe the permutation symmetry of spin pairs. Still, one might use a simulation tool like
EasySpin to model the temporal evolution of a spin pair ensemble and determine the sin-
glet or triplet content of the spin pairs later on. However, this approach turned out to
be not fast enough for ‘realistic’ systems when considering disorder effects as explained
above for the highly disordered systems investigated here. For this reason we developed
a software which is capable of simulating the temporal evolution of spin pair ensembles
with or without arbitrary exchange or dipolar couplings. The underlying code is based on
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the effective Hamiltonian method as described in Appendix B.2 and takes advantage of
parallel-computing on multiprocessor-CPUs, which considerably reduces the computation
time. All numerical simulations presented in this section have been obtained using this
code.

2.6.1. Influence of g value distributions

The distribution of resonance frequencies and the concomitant finite widths of realistic
EPR or EDMR resonance lines can have several disorder-related origins. The peak shapes
may, for instance, be dominated by unresolved hyperfine interactions between the electron
spins and adjacent nuclear spins (e.g. in many polymers [100]) or by g strain (e.g. in
amorphous silicon [101]). Both effects can be incorporated into simulations by assuming
a Gaussian distributions of g values according to

p(gi) = exp
[
−4ln(2)

(gi− ḡi)2

∆g2
i

]
(2.32)

instead of only two fixed g values. Here, p(gi) represents the probability of finding a spin
with the g value gi, where i is either a or b for any partner of the spin pair. The mean value
of the distribution is given by ḡi, and ∆gi denotes the width (FWHM) of the distribution.
Recently, this approach has been used to study the influence of disorder on the different
Rabi frequency components [102].

In the following, we study the influence of disorder on the Rabi oscillations in the time
domain which is obtained experimentally with a pulse-length-dependent measurement.
The degree of disorder in this regard refers to the width ∆gi of the distributions which is
assumed to be equal for both spin partners a and b. Accordingly, the absence of disorder
corresponds to ∆g = 0. For the sake of simplicity, we imply that ga = gb = 2.0023 and
∆ga = ∆gb. We choose the combined population of the mixed states |2〉 and |3〉 as the
observable, which corresponds to the sum of the singlet and the T0 content of the spin pairs
and is calculated by applying the respective projection operators to the density matrix, i.e.
tr(PS ρ̂)+ tr(PT 0 ρ̂). In the presence of infinitely strong intersystem crossing between |S〉
and |T0〉 (cf. Section 2.5.2) the observable is equal to the singlet content and thus represents
the quantity that determines the charge Q(τ) which is measured in the experiment. In order
to separately study the influence of g distributions, we neglect any spin-spin interactions.
Fig. 2.9b shows the simulated Rabi oscillations for different values of ∆gi assuming a
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Figure 2.9.: Influence of disorder on spin-Rabi nutations. (a) Gaussian g value distribu-
tions as used in the simulation. (b) Rabi oscillations for the distributions given in (a). The
line widths that result from ∆ga,b are indicated by ∆B1/2. The individual curves are offset
vertically by 0.4 for clarity.

resonant mw pulse with an equivalent π-pulse length of 80 ns. The line widths (FWHM)
of the corresponding EDMR resonances at X-band are indicated for each curve. Fig. 2.9a
illustrates these distributions. We included 104 spin pairs with varying g values (taken
from the distributions p(ga,b) consisting of 102 points each) in the simulation. For these
pairs we calculated the state of the spin pair ensemble at the end of the pulse of length τ

under the assumption that all spin pairs start from pure triplet states.

The increase of ∆ga,b from 0, which essentially corresponds to δ -like g value distribu-
tions (lowermost curve in Fig. 2.9b), to ∆ga,b = 0.012 (uppermost curve) has two important
consequences for the Rabi oscillations. First, the signal is damped due to the dephasing
of the spins, and second, upon increasing ∆ga,b the ratio between the Ω and 2Ω compo-
nents changes dramatically. While the lowermost curve exclusively shows spin-locking
behaviour, the oscillation for broad g only shows the signature of selective excitation.

This demonstrates an important feature that one should bear in mind when evaluating
experimental results: Even when the g values of both spin pair members are identical, the
presence of disorder might completely prevent the observation of spin-locking when the
available mw power is not sufficient to access the spin-locking regime10. Instead, only the
frequency component Ω is observed in this case.

10Note that this conclusion is only valid under the assumption that each spin from the distribution p(ga) can
form a spin pair with each spin from p(gb).
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Figure 2.10.: Relationship between mw power and spin-Rabi nutations. (a) Excitation
spectra for the chosen values of Pmw (solid lines). The corresponding π-pulse lengths, τπ

are given in the legend. The dotted line and the area beneath the curve represent the g
distribution. (b) Rabi oscillations illustrating the crossover from spin-locking dominated
behaviour (lower part) towards selective excitation (upper part).

This ramification of disorder is particularly important for the correct interpretation of
the pEDMR results presented in Chapter 6.

2.6.2. Influence of microwave power

Since the existence of either spin-locking or selective excitation is determined by the ratio
between ∆ω and γB1, the appearance of the Ω and 2Ω components can be controlled by
adjusting the mw power Pmw and, in turn, the associated excitation spectrum. To visual-
ize the influence of Pmw, we calculated the Rabi oscillations for several mw power levels
which are characterized by the corresponding π-pulse length, τπ . The simulation parame-
ters are identical to those described in the previous section. We used 1 mT for the width
of the g value distribution. Fig. 2.10a shows the excitation spectra for the different values
of Pmw (solid lines) obtained by solving the Bloch equations along with the g distribution
(dotted line and shaded area beneath the curve). It is important to note that the excitation
width generally depends on both, the mw power as well as the pulse length, and is thus
not constant during the experiment (and equally throughout the simulation). The excita-
tion spectra shown in Fig. 2.10a were calculated assuming a π-pulse. The resulting Rabi
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oscillations are depicted in Fig. 2.10b. The observable is the combined population of the
mixed states as described in Section 2.6.1.

Similar to the previously treated dependence on the g distribution width, the spin-Rabi
nutations show a qualitative change from spin-locking dominated behaviour at high mw
power (broad excitation width) to selective excitation behaviour (narrow excitation width)
at low mw power. Moreover, a comparison between Figs. 2.9 and 2.10 reveals that the
damping of the oscillation amplitude is primarily determined by the g distribution whereas
the excitation width plays only a minor role for this effect.

2.7. Conclusion

In this chapter we introduced the theoretical concepts of pEDMR and have thus set the
stage for the interpretation of the experimental results presented in the following Chapters
4, 5 and 6. On the one hand we described how spin-dependent recombination and hopping
processes lead to conductivity changes after a resonant microwave pulse because the result-
ing pEDMR transients constitute the basis for all pEDMR experiments. On the other hand
we addressed the phenomenon of coherent spin motion which can be used to distinguish
between different microscopic processes evoking indistinguishable EDMR spectra. In par-
ticular, we utilize this effect for the identification of spin-dependent processes that were
found in organic solar cells as described in Chapter 6. In order to facilitate the comparison
between simulations and experimental results, we studied the influence of disorder-related
effects on electrically detected Rabi oscillations.
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This chapter describes the experimental setup that was used to measure the effects ex-
plained in the previous chapter. In order to spectroscopically assign spin-dependent charge
transport pathways by pEDMR, instrumental improvements on the EPR spectrometers at
the Helmholtz-Zentrum Berlin für Materialien und Energie (HZB) and the Freie Univer-
sität (FU) Berlin (AG Bittl) had to be carried out. Here, the goal was an increase of the de-
tection sensitivity to facilitate pEDMR from cryogenic to room temperatures on solar cells
based on silicon as well as on organic materials. Further on, instrumental and methodolog-
ical developments were necessary to assign defect states with overlapping EDMR signals.
The focus of the chapter is the description of the experimental setup that is used for EDMR
measurements as described Section 3.1. In particular, we will illustrate how the pEDMR
transients — the basis for all pEDMR experiments — are affected by the current detection
electronics and present a strategy to reduce these restrictions. Subsequently, we will com-
pare continuous wave and pulsed EDMR with respect to optimum detection sensitivity and
spectral resolution. Finally, the proper design of the electrical contacts is described, which
turned out to be of major importance since the latter constitute the source of complicated
background signals which have to be avoided.

3.1. Principle of a pEDMR experiment

In a pEDMR experiment the current change ∆I following a resonant mw excitation is de-
tected as a function of time. Hence, pEDMR probes the changes of the conductivity which
results from the alteration of recombination or hopping rates. Fig. 3.1a shows the pEDMR
detection scheme. The corresponding evolution of a spin pair is sketched in Fig. 3.1b.
Before the mw is switched on at t = 0, the spin pairs predominantly populate the long-
living triplet states. The mw pulse manipulates the spin pair states and thus causes their
population to oscillate coherently as described in Section 2.5. At the end of the pulse, the

43



3. Instrumentation

spin pair ensemble is no longer in the steady-state. Therefore, spin-dependent recombi-
nation or hopping rates also deviate from their respective steady-state values and affect
the sample conductivity. While the spin manipulation typically takes place in the range
from 10 to a few 100 ns, the detection of the resulting transient current change (referred
to as pEDMR transient) is performed for some 100 µs until the current has relaxed to its
steady-state value (∆I = 0). Under the assumption that the coherences have decayed (due
to spin-relaxation) when the detection is carried out, the current transient is solely deter-
mined by incoherent processes and can be described by rate equations as demonstrated
in Sections 2.3 and 2.4. In a typical 2-dimensional experiment, the pEDMR transient is
monitored for different values of B0.

It is impossible to detect conductivity changes during the spin manipulation in EDMR
since RC time constants of sample and detection electronics are usually larger than typical
pEDMR relaxation times. However, since the pEDMR transient depends on the state of the
spin pair ensemble at the end of the pulse (cf. Section 2.3.1), different pulse lengths τ lead
to different amplitudes of the transients as indicated in Fig. 3.1a. Therefore, the coherent
spin motion may be reconstructed by measuring the signal Q(τ) in a fixed time window as
a function of the pulse length. This type of measurement was originally used to study spin
nutation in radical pairs in transient RYDMR [103, 95]. Later on, a similar concept was
successfully implemented to study Rabi oscillations by means of pEDMR [34].

3.2. EDMR setup

The pEDMR measurements presented in Chapters 4 to 6 were performed at two different
setups which are described separately in the following sections. The X-band measurements
were carried out at the HZB, whereas a setup for Q-band EDMR was realized at the FU
Berlin.

3.2.1. X-band

The X-band pEDMR setup is based on a commercial EPR spectrometer Bruker Elexsys
E580 which was upgraded by the equipment for electrical detection. The sample is
mounted in a dielectric mw resonator (Bruker ER 4118XMD5 or EN 4118XMD4) and
cooled using a continuous flow helium cryostat (Bruker ER 4118CF) with optical access.
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Figure 3.1.: Sketch of a pEDMR measurement. (a) Time-dependence of the mw power
(ns time scale) as well as the current relaxation following the mw pulse (µs time scale).
In order to investigate the coherent spin motion, the integrated charge Q is detected as a
function of the mw pulse length τ . (b) Schematic representation of the spin pair evolution
during the experiment. The pairs start from pure triplet states, are manipulated during the
mw pulse and are annihilated by recombination or hopping (with rate coefficients rT , r2,
r3) or dissociation (with rate coefficient d) according to their singlet or triplet character.

45



3. Instrumentation

The temperature is adjusted by a temperature controller (Oxford ITC 503) that allows
operation in the temperature range between 2.5 and 300 K. Excess charge carriers are gen-
erated by a halogen cold light source (Schott KL 2500 LCD), an Argon ion laser (Coherent
Innova 90C-A4) or an actively stabilized laser diode (λ = 635 nm, Elektronik-Manufaktur
Mahlsdorf). The sample is illuminated directly through the cryostat window. Alternatively,
the light can be fed through a fibre with an attached microprism that allows for illumina-
tion conditions which are independent of the sample orientation. For this purpose a special
sample holder was developed in the framework of the diploma thesis project of Christoph
Meier at the FU Berlin.

3.2.2. Q-band

All Q-band pEDMR experiments were performed at the FU Berlin on a Bruker Elexsys
E580 spectrometer with a SuperQ-FT mw bridge. The sample is placed in a laboratory-
built Q-band ENDOR resonator with an inner diameter of 3 mm that allows using the same
contact design like for X-band (see Section 3.3). In contrast to X-band, small changes of
the sample position inside the resonator significantly affect the mw mode and the cavity
Q factor. Thus, exact positioning of the sample is mandatory for Q-band EDMR, and it
may even be advantageous to fix the sample in a position in which the active device is
not centred in the resonator. Consequently, the π-pulse lengths τπ in pEDMR are longer
than the minimum τπ = 40 ns of the resonator in combination with the solid state mw
amplifier (maximum output power 0.5 W) used in the experiment. To assure homogeneous
illumination under these conditions, the light is fed through a fibre ending in front of the
solar cell. For some measurements the above-mentioned sample holder with fibre and
microprism was used in order to maximize the light intensity at the solar cell position. The
electrical detection setup as described in the following Section 3.2 was identical for X- and
Q-band measurements.

3.2.3. Current detection

The transient current changes after a mw pulse excitation are detected by a current/voltage
converter — the most critical part in the electrical detection setup. We use a current/voltage
converter that was developed within the framework of this thesis in close collaboration
with the Elektronik-Manufaktur Mahlsdorf for transient photocurrent detection in pEDMR
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Figure 3.2.: Sketch of the pEDMR setup based on a commercial Bruker Elexsys E580 X-
band EPR spectrometer. The sample is located in a microwave resonator which is placed in
a He-cryostat with a window for optical access. A constant voltage source is used to apply
a voltage US to the sample and thus establishing a steady-state (photo-)current I. Changes
of the current, ∆|I|, are recorded as a function of time using a current detection unit shown
in the lower part. The equivalent circuitry of the solar cell can be considered as a parallel
circuit consisting of current source, resistor, and capacitor. Thus, it inherently acts as a
lowpass filter for changes of the photocurrent and therefore limits the time resolution. The
signal ∆|I| is converted into a voltage, filtered, and amplified to a level that is sufficient
for the transient recorder of the EPR spectrometer.

measurements. This instrument comprises a constant voltage source which is used to apply
a fixed voltage, US, to the sample1. In order to minimize the electrical noise, US is split
into two voltages, ±US/2, which are applied symmetrical to the ground potential. The
total current through the sample is determined by subtracting the two currents resulting
from +US/2 and −US/2. By the use of this symmetrical configuration, the influence of
disturbing signals (from outside of the detection setup) on the current can be suppressed to
a large extent. Moreover, the current/voltage converter allows for a good trade-off between
bandwidth and noise. The EDMR setup is schematically shown in Fig. 3.2. The lower part
depicts the principle of the current amplifier. In the transimpedance amplifier the current
signal is converted into a voltage which is then filtered by a bandpass with lower cut-off

1In some measurements (cf. Appendix C) the current/voltage converter is replaced by a constant current
source (Keithley 220 PCS) in combination with a conventional current amplifier (Stanford Research
SR570) to fix the current instead of the voltage.
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frequency of 1 Hz to remove the DC-component of I. The upper cut-off frequency can be
varied in order to control the time resolution of the detection setup. This is particularly
helpful to evaluate the influence of the current amplifier on the measured time constants
under the respective experimental conditions2. The resulting signal is then amplified to a
level that is suitable for the transient recorder (Bruker SpecJet).

3.2.4. pEDMR transients

The time evolution of the photocurrent after the mw excitation (the pEDMR transient)
is determined by the rate coefficients of the spin-dependent microscopic processes as de-
scribed in Sections 2.3 and 2.4. However, it is generally difficult to determine these co-
efficients directly from the pEDMR transients since RC time constants of the detection
electronics or the dielectric relaxation times of the sample dominate the experimentally
obtained pEDMR transients. To demonstrate this, Fig. 3.3 shows two pEDMR transients
obtained from a µc-Si:H based solar cell (cf. Chapter 5) using two different current/voltage
converters under otherwise identical conditions.

The transient labelled with ‘SR570’ was measured using a Stanford Research SR570
current amplifier which is often used for pEDMR. The transient labelled with ‘EMM’
was recorded with the current/voltage converter described above (Elektronik-Manufaktur
Mahlsdorf) with the bandwidth set to a value corresponding to a rise time of 2 µs. Both
transients clearly exhibit markedly different dynamics, although the experimental condi-
tions were the same. The rise and fall times of the ‘SR570’-transient are slower and the
sign reversal of the transient is shifted to longer times. This difference is simply due to the
lowpass filtering by the SR570 current amplifier. This can be demonstrated by numerical
lowpass filtering of the ‘EMM’ data with the response time of the SR570 amplifier taking
into account the RC equivalent circuitry as indicated in Fig. 3.2. As shown in Fig. 3.3, the
filtered ‘EMM’ data becomes identical with that of ‘SR570’. To elucidate the influence of
the sample (not necessarily of the microscopic processes) on the transients, it can be help-
ful to model the pEDMR transients. Assuming that the transients are determined by two
exponential functions with two time constants linked to the spin-dependent process under
observation and further taking into account the RC time constants induced by the current
detection setup and the sample itself, good fits to the experimentally obtained data can be

2In addition, the current amplifier is capable of determining the capacitance of the sample and the con-
necting cables by automatically measuring the current response to a voltage pulse right before an EDMR
measurement is started.
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Figure 3.3.: pEDMR transients obtained from a µc-Si:H based solar cell. Two different
current amplifiers as described in the text were used in order to demonstrate their influ-
ence on the transient dynamics. The curve labelled with ’EMM filtered’ was generated
by applying a numerical lowpass filter to the data of ’EMM’. The curve ’EMM fit’ repre-
sents a least square fit of a model function consisting of two exponential functions (time
constants τ1 and τ2) and taking into account lowpass filtering (time constant τRC) to the
experimental data ’EMM’ (fit results: τ1 = 0.75 µs, τ2 = 65 µs, τRC = 4 µs). The inset
shows an enlarged view of the first 20 µs of the transients.

achieved. This is demonstrated in Fig. 3.3 for the unfiltered ‘EMM’-transient. Regardless
of the strong influence of the detection electronics on the pEDMR dynamics, the pEDMR
dynamics can be used to deconvolute spectrally overlapping signals as will be shown in
Chapter 5.

3.2.5. Continuous wave EDMR

In a continuous wave (cw) EDMR experiment the sample is continuously subjected to mw
radiation at a fixed frequency and intensity while the magnetic field B0 is swept. As in
pEDMR, the observable is the current at a fixed applied voltage. When the resonance con-
dition is fulfilled, spin-dependent recombination or hopping rates change and thus alter the
conductivity. Therefore, cwEDMR may be used to extract spectroscopic information such
as g values and line widths. The main advantage of cwEDMR is its sensitivity which is
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usually higher than for pEDMR. This fact results from the possibility to employ lock-in
detection and benefit from the resulting gain in signal-to-noise ratio. In all cwEDMR mea-
surements presented in this thesis, B0 was modulated in order to allow for phase-sensitive
detection. However, it is equally possible to modulate the mw intensity (by using a pin
switch as an equivalent to a mechanical chopper), which is advantageous under certain
experimental conditions [104]. Due to the fact that the mw power is usually much lower in
cwEDMR3, power broadening of the resonance lines, which may severely distort pEDMR
spectra, is of minor relevance in cwEDMR. To accomplish a high sensitivity in cwEDMR
without the necessity of high mw power, the resonator is critically coupled to achieve a
high cavity quality factor Q. Conductive parts of the sample, which are indispensable
in EDMR samples, are generally detrimental for reaching high Q values. While this is
a minor problem for low-temperature measurements on the samples investigated here at
X-band frequency, it becomes a serious problem when going to higher mw frequencies
(already at Q-band).

The main drawback of cwEDMR is the fact that it does not provide reliable information
about the dynamics of the spin-dependent processes because it is a ‘quasi-static’ experi-
ment. Although the high-frequency modulation of B0 yields a quadrature spectrum, and
by adjusting the lock-in phase different processes having different time constants can be
separated [77], the extraction of all dynamic information requires to additionally vary the
modulation frequency over a wide range. This, however, is critical because the EDMR
spectrum is distorted when the modulation frequency approaches the spin-lattice relaxation
time T1 of the spins or the lifetime of the spin pairs that are involved in the recombination
or transport process. In particular at low temperatures the respective time constants can be
quite long and passage effects [105] have to be considered.

To demonstrate the difference between cw and pulsed EDMR, Fig. 3.4 shows low-
temperature pEDMR spectra, i.e. the photocurrent ∆Iph as a function of B0, at two different
times after the mw excitation (lower part) for two different samples4 (panels a and b). The
corresponding in-phase components of the cwEDMR spectra depicted in the lower part
of the figure were obtained under identical experimental conditions. For the detection of
the cwEDMR spectra, the transimpedance amplifier (cf. Fig. 3.2) was replaced by a cur-
rent/voltage converter (Femto DLPCA-200) in combination with a battery-based constant
voltage source (Stanford Research SIM928). The output of the current/voltage converter

3The maximum power available in the X-band spectrometer used here is Pmax = 200 mW for cwEDMR
and 1 kW for pEDMR.

4Details about the sample structures are given in Chapter 5.
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Figure 3.4.: Comparison between pEDMR spectra taken at two different times after the
excitation (upper part) as well as the corresponding singly integrated cwEDMR spec-
tra (lower part). (a) Spectra consisting of two resonances with positive amplitudes. (b)
Spectra comprising one signal with positive and one signal with negative amplitude. The
resonance positions are indicated by vertical dashed lines. Details can be found in the text.

was connected to the internal lock-in amplifier of the EPR spectrometer. The field modu-
lation frequency was set to 10 kHz.

The pEDMR spectra in Fig. 3.4a clearly reveal the presence of two contributions with the
same sign (enhancing signals) but different time constants. While the faster component at
g = 1.9980 dominates the spectrum at 2.2 µs, the slower component at g = 2.0049 prevails
at 4.6 µs. The in-phase component of the corresponding cwEDMR spectrum exhibits
the signatures of both resonances and can thus be used to determine g values and line
shapes. The situation depicted in Fig. 3.4b is markedly different. Here, the pEDMR spectra
also consist of two resonances with different g values. However, while the line at g =
1.9980 shows a similar behaviour like the respective signal in panel a (in fact both signals
originate from the same microscopic effect), the resonance at g = 2.0045 has a negative
sign (quenching signal) and its time dependence is different. In this case the corresponding
cwEDMR signal exclusively shows the signature of the slower component. This behaviour
can easily be understood when one takes into account that cwEDMR essentially measures
the integral over a part of the pEDMR transient. The position and length of this integration
window depends on the modulation frequency. In the situation shown in Fig. 3.4b, the
slower spectral component dominates the cwEDMR spectrum because it has a stronger
time-integrated intensity — although the absolute amplitude of this signal is much smaller
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as can be inferred from the pEDMR spectra. Under these circumstances, it is obviously
impossible to extract any information about the signal at g = 1.9980 from the cwEDMR
spectrum alone. Here, pEDMR is capable of providing the missing pieces of information.

3.3. EDMR contact schemes

The measurements presented in this thesis were performed on different types of samples
which are described in detail in the respective chapters. The explanation in this section is
restricted to the part that concerns the electrical contacts. Although each type of sample
requires a special contact structure, the design of all these structures is based on the same
approach: The electrical contacts of the active device (or layer) are connected to contact
pads on the opposite side of the EDMR structure via thin-film strip lines on the substrate.
Since conductive material generally distorts the mw modes in the resonator and thus leads
to inhomogeneities of B1, it is essential to keep the thickness of the strip lines below the
skin depth for the microwave at the particular frequency (approx. 1 µm for aluminium at
10 GHz [106]). For the same reason the strip lines have to be long enough so that the
contact pads and the cables connected to them with silver paste are situated outside of the
resonator.

Fig. 3.5 shows sketches of three different contact structures along with micrographs of
the active device areas. Structure (a) is used for c-Si:H based solar cells in which the the
wafer, which acts as light absorbing layer in the cell, is the substrate itself. This design is
e.g. used for the a-Si:H/c-Si heterojunction solar cells described in Chapter 4. The strip
line made of aluminium (shown in black) connects the front contacting layer of the cell,
whereas the rear side of the substrate is entirely covered with aluminium as back contacting
layer. This contacting scheme is realized by standard optical lithography.

The structure shown in Fig. 3.5b is used for thin-film solar cells which are deposited
on a foreign substrate (e.g. glass or quartz). Since the (isolating) substrate is not part of
the cell, both the front and the rear contact run in parallel on the front side. All necessary
structuring steps are carried out by the laser scribing technique [107] without the need for
lithography masks. The curved edges of the cell result from the shape of the laser spot
used in the ablation process. The preparation of the thin-film samples (cf. Section 5.2) was
done at the Forschungszentrum Jülich.
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Figure 3.5.: Contact geometries that are used for pEDMR measurements. The black
areas indicate the strip lines and contact pads consisting of 100 to 200 nm aluminium,
gold or silver. The grey rectangles represent the active area (solar cell or single layer).
Micrographs from this part of the samples are shown in the blow-ups on the right side of
the figure. (a) and (b) depict vertical contact structures, whereas the meander-like structure
shown in (c) comprises lateral contacts. All dimensions are in mm.

The contact geometry (c) is used for investigating single layers. In contrast to the two
previously described structures where the current flow is perpendicular to the substrate,
in structure (c) the current flows in lateral direction between lithographically defined in-
terdigitated grid contacts. The meander-like contact design provides maximum overlap
between both contacts and in this way allows reaching relatively high currents even when
the sample resistivity is high. The distance and size of the contact fingers varies between
5 and 10 µm. Note that EDMR measurements performed on this type of structures are
particularly sensitive to paramagnetic centres near the surface. This contact design was
used for EDMR studies on the Si/SiO2 interface as described in Chapter 4.
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3.3.1. Sample geometry

The geometry of solar cells to be analysed by pEDMR is inherently limited by the dimen-
sions of the mw resonator which in turn is determined by the wavelength of the microwave.
For X-band (ν ≈ 10 GHz, wavelength 3 cm), a solar cell area of 1× 1 mm2 has proven
to be reasonably small to yield a homogeneous mw amplitude over the whole active area
of the solar cell. This is particularly important when studying coherent effects by means
of pEDMR. Since the active area of solar cells studied with EDMR is rather small, addi-
tional defects induced by the preparation and processing — especially defects located at
the edges — can significantly affect the experiments. To exclude that the EDMR spectra
are dominated by such defects, we prepared the same solar cell structure with two different
geometries with clearly varying edge length as shown by the optical micrographs in Fig.
3.6. The respective low-temperature (T = 10 K) pEDMR spectra, i.e. the change of the
photocurrent, ∆|Iph|, as a function of magnetic field, are shown in Fig. 3.6. Within the ac-
curacy of the measurement, the normalized spectra are identical, indicating that the same
underlying microscopic processes are involved. It is therefore safe to assume that no new
types of defects are introduced by the specific processing of the solar cells for pEDMR
measurements. The signal-to-noise ratio is significantly reduced for the 2×0.5 mm2 sam-
ple which is attributed to the smaller photocurrent (and consequently also smaller ∆|Iph|)
resulting from the fact that the illumination condition was optimised for a square-shaped
active area. All following experiments on solar cell structures have been carried out on
square-shaped samples.
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3.4. Conclusion

3.4. Conclusion

The instrumental improvements of the detection electronics described in this chapter were
particularly beneficial for the pEDMR measurements on µc-Si:H based solar cells pre-
sented in Chapter 5. Due to the improved detection sensitivity pEDMR measurements on
silicon-based solar cell became feasible. In addition, the enhanced time resolution allowed
for a better discrimination between spectrally overlapping resonances by separating the
signals in the time domain. Furthermore, the extension of pEDMR to Q-band provided the
possibility to perform multi-frequency pEDMR studies which enabled us to distinguish
between field-dependent and field-independent interactions.

In the following Chapters 4 to 6 we will take advantage of these improvements with
regard to the analysis of charge transport in fully processes solar cells.
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4. Electrical detection of a-Si:H/c-Si

interface recombination

Heterojunction solar cells based on amorphous and crystalline silicon constitute a promis-
ing concept for high-efficiency solar cells in which a-Si:H serves as a passivation layer and
simultaneously contributes to the pn junction. Recently, an a-Si:H/c-Si solar cell with an
efficiency of 23% and an active area of 100 cm2 has been reported [2]. Note that solar cells
of this type are already being commercially available for several years [108].

The charge carrier diffusion length in high-quality c-Si embodied as absorber in a-
Si:H/c-Si heterojunction solar cells usually exceeds the device dimensions. This means
that almost all optically generated electrons and holes reach the respective sides of the ab-
sorber layer. Thus, defects in the bulk c-Si can be neglected for the charge transport, and
the device performance entirely depends on the quality of the interfaces. Especially de-
fects at the interface between the a-Si:H emitter layer and the c-Si absorber play a crucial
role because they act as recombination centres for photogenerated charge carriers [109].
The detrimental influence of these interface states on the electronic properties can be stud-
ied theoretically by numerical device simulations [110]. This is demonstrated in Fig. 4.1
which shows the simulated solar cell parameters as a function of the interface state den-
sity assuming realistic material properties for a-Si:H/c-Si solar cells. The simulation was
performed with the AFORS-HET program [110].

Moreover, the impact of interface defects on the electrical properties may be studied
experimentally, e.g. by means of capacitance-voltage based methods [21, 22], and photo-
electron spectroscopy can be used to obtain the density of defect states in ultrathin a-Si:H
layers [111]. However, since standard experimental methods lack the microscopic selec-
tivity and thus simultaneously probe ‘real’ interface states as well as defects in the ‘bulk’
a-Si:H nearby the interface, it is usually not possible to determine the structural identity of
the defects without ambiguity. Taking advantage of the ability of EDMR to address spe-
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Figure 4.1.: Influence of the in-
terface state density (Dit) at the
n-a-Si:H/p-c-Si interface on so-
lar cell parameters. Open circuit
voltage (Voc), short circuit cur-
rent density (Isc) and efficiency
(η) were simulated for a TCO/n-
a-Si:H/p-c-Si/p-a-Si:H/Al solar
cell structure with p-a-Si:H back
surface field. A recombination
velocity of 102 cm s−1 was as-
sumed for the rear side interface.
Other input parameters for the
simulation are: electron diffu-
sion length LD = 400 µm, TCO
thickness dTCO = 80 nm and
emitter thickness dn−a−Si:H =
10 nm [109].

cific defect states, this technique may be utilized to directly study the influence of interface
states on charge transport in the device.

To the best of the author’s knowledge there are no reports about the investigation of
a-Si:H/c-Si interface states by means of conventional EPR or EDMR. However, both tech-
niques were previously applied to the conceptually similar and extensively studied inter-
face between c-Si and SiO2, which can be considered a model system for the a-Si:H/c-Si
heterojunction. In particular, both systems consist of an amorphous material on top of a
crystalline Si surface. It is conceivable that the intrinsic defects at the a-Si:H/c-Si interface
exhibit similar properties like defects at the Si/SiO2 interface, but decisive microscopic
information from EPR is not available because the concentration of defects at high-quality
a-Si:H/c-Si interfaces is relatively low (� 1012 cm−2) — generally too low for the appli-
cation of conventional EPR. Nevertheless, there is no doubt about the fact that a-Si:H/c-Si
interface defect density is crucial for the efficiency of heterojunction solar cells (cf. Fig.
4.1) [109]. EDMR, however, has a higher sensitivity and can therefore be used to elucidate
the role of interface states on the charge transport in both interface systems.

To determine the similarities and differences between spin-dependent recombination at
the Si/SiO2 and the a-Si:H/c-Si interface, we first address EDMR measurements carried out
on an oxidized c-Si surface. Many previous EDMR studies [112, 75, 113, 69] focused on
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the interface between SiO2 and phosphorus-doped c-Si because of its potential relevance
for solid-state based quantum computation [114]. To achieve maximum comparability
with these studies, we will also investigate P-doped silicon here. We use isotopically
purified 28Si which turned out to be advantageous with respect to the spectral resolution
due to the reduced EDMR line widths. The EDMR experiments performed on the Si/SiO2

interface, which are described in the following section, provide reference spectra for the
measurements carried out on heterostructure solar cells which are presented in Section 4.2.

4.1. The Si/SiO2 interface

The interface between silicon and silicon dioxide is certainly the most intensively studied
interface system involving silicon because it plays a key role in microelectronics where
SiO2 is e.g. used as gate oxide in field effect transistors. Due to the network-lattice mis-
match, coordination defects at the interface are inevitably present [115] and act as trapping
or recombination centres for conduction electrons and holes close to the interface. Con-
sequently, these defects have a significant influence on the performance of many silicon-
based devices. Several techniques were employed in the past to investigate their implica-
tions for the electrical properties of different devices. Especially EPR and related methods
proved to be beneficial in identifying the structural defect properties [116, 117, 118, 119].
The most prominent interface defect at the (111) oriented Si surface covered by thermally
grown SiO2 as identified by EPR originates from a threefold-coordinated Si atom at the
interface. The dangling bond, i.e. the unpaired sp3 hybrid orbital, was shown to be situated
perpendicular to the Si-surface and is referred to as the Pb centre. Similar defects exist at
the Si/SiO2 systems with different surface orientations, but the microscopic identification
of these states is not as unambiguous as in the case of the Pb centre. It is generally assumed
that a ‘Pb-like’ defect which is oriented along the 〈111〉 directions does equally exist at the
Si (100) surface and is chemically equivalent to the Pb centre [115]. However, its g tensor
is slightly different. These types of defects at the (100) surface are usually named Pb0

centres [120, 115].

Besides being technologically relevant itself, the Si/SiO2 system also serves as a well-
studied model system for the a-Si:H/c-Si interface which is embedded in high-efficiency
heterojunction solar cells.
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4. Electrical detection of a-Si:H/c-Si interface recombination

4.1.1. EDMR in isotopically controlled 28Si

The EPR line width of donors in silicon is dramatically influenced by dipolar broadening
induced by hyperfine interactions between the donor electron spins and the nuclear spins
I = 1/2 of 29Si atoms in the vicinity of the donor atom. Thus, by controlling the isotopic
composition of silicon, one can influence the resulting donor EPR line width. This effect
was studied theoretically as early as 1957 by Kohn who found that the line width increases
with the square root of the fractional abundance of 29Si [121]. His prediction was experi-
mentally confirmed already two years later [122] and more recently verified in a study in
which the 29Si content was varied over a wide range [123].

Since the EPR line width depends on the fraction of 29Si atoms, it seems plausible that
the line width observed in EDMR does equally decrease when lowering the 29Si content. In
the following, we will first provide experimental evidence for the validity of this assump-
tion. In a second step, we will address the question whether this gain in spectral resolution
exclusively holds true for donor states or whether it is also valid for (stronger localized) de-
fect states at the Si/SiO2 interface as well as for impurities. For this purpose we fabricated
EDMR samples based on the silicon-on-insulator layer sequence1 shown in Fig. 4.2a. A
grid contact structure consisting of 100 nm gold (see Fig. 3.5c) with a grid finger spacing
of 5 µm was evaporated on top of the 28Si-layer (purity: 99.85%, (100) surface orienta-
tion) which is covered with a thin natural oxide. In the EDMR measurements, the current
flows between the contact fingers in lateral direction. In order to evaluate the influence
of the reduced 28Si-concentration on the EDMR spectrum, reference measurements were
performed on a similar sample comprising an epitaxially grown layer of phosphorus-doped
silicon (thickness 15 nm, (100) surface orientation) with natural isotopical composition.
Here, also an interdigitated contact-grid was used. Details about the processing of this
sample (in the following referred to as the natSi-sample), which was done at the Walter
Schottky Institute, are given in [56].

Fig. 4.2b shows low-temperature (T = 5 K) cwEDMR spectra from both samples mea-
sured under illumination from a halogen lamp. In the case of the 28Si-sample, a voltage
of 80 mV was applied which resulted in a photocurrent of 29 µA. Note that in contrast
to T = 300 K the contacts do not show ohmic behaviour. Magnetic-field modulation (am-
plitude: 10 µT, frequency: 1.1 kHz) was employed to obtain the spectrum (solid line).
Since the resistivity of the natSi-sample was lower, the reference spectrum was measured

1Crystalline silicon wafers with 28Si-layers were supplied by Isonics Corporation.
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Figure 4.2.: (a) Structure of the
EDMR sample based on a 3.5 µm
thick isotopically enriched 28Si
layer. (b) Normalized EDMR
spectra obtained from two differ-
ent samples. Solid line: Low-
temperature (T = 5 K) EDMR
spectrum of the sample struc-
ture shown in (a). Dashed
line: EDMR spectrum from a
15 nm thick epitaxially grown
Si layer with natural abundance
and a phosphorus-concentration
of 1017 cm−3. This samples was
provided by the Walter Schottky
Institute. Details about the struc-
ture can be found in [56].
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at a lower voltage2 (U = 20 mV, Iph = 40 µA). For recording the reference spectrum, the
modulation amplitude and frequency were set to 0.5 mT and 10 kHz, respectively3.

Inspection of both spectra reveals that the EDMR line width of the 31P lines — which
can easily be identified by their characteristic hyperfine splitting of 4.2 mT [124] — is
significantly reduced for the 28Si-sample. We will quantify this results in Section 4.1.2.
Furthermore, the additional spectral features which appear as a structureless line at approx-
imately 348 mT (denoted by ‘Pb0-related’) in the natSi-spectrum can be better resolved in
the spectrum of the 28Si-sample. It thus appears that the gain in spectral resolution also
holds true for the defect-related signals. These resonances are generally attributed to differ-
ently oriented Pb0 centres at the SiO2 surface. The EDMR signal is assumed to originate
from a spin-dependent transition between electrons in the phosphorus donor states and
singly occupied Pb0 centres [75, 113]. However, a recent systematic study of the relative

2We verified for both samples that the shape of the spectrum was independent of the voltage in the range
from 20 to 80 mV.

3The phosphorus line shapes in both spectra shown in Fig. 4.2b are slightly deteriorated by the modulation
amplitude and mw power used in the experiments. While the ‘true’ EDMR line width for the natSi-
sample is at most 30% smaller (see [55]), the value for the natural line width for the 28Si-sample is at
least 50% lower (see Fig. 4.3). Hence, Fig. 4.2b even underestimates the effect of the isotopical purity
on the EDMR line width.
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4. Electrical detection of a-Si:H/c-Si interface recombination

Figure 4.3.: Spectrum obtained
from the 28Si-sample. In or-
der to minimize artificial broad-
ening, the mw power was re-
duced by 12 dB in comparison
to the settings used for recording
the spectrum shown in Fig. 4.2b.
The inset shows a spectrum of
the high-field line on a reduced
magnetic field range (solid line:
experiment; dashed line: fit re-
sult assuming a Lorentzian line).

intensities of the individual EDMR resonances indicated that the 31P-Pb0 transition is not
the only spin-dependent transition that contributes to the EDMR spectra [76]. Moreover,
the evaluation of the resonance positions as a function of the sample orientation in the mag-
netic field unambiguously showed that the Pb0 centre alone cannot account for the spectral
feature at 348 mT [125]. In Section 4.1.3 we will also utilize the angular dependence of
the EDMR signals to determine the g tensors of the contributing states.

4.1.2. The 31P donor line width

To quantify the gain in spectral resolution, we measured the cwEDMR spectrum of the
28Si-sample with a mw power reduced by 12 dB (0.6 instead of 10 mW as used for ob-
taining the spectrum shown in Fig. 4.2b) to prevent power-broadening effects. The voltage
was set to 100 mV which corresponds to Iph = 3 µA. These settings yielded the spectrum
displayed in Fig. 4.3 in which only the 31P hyperfine satellites can be identified, whereas
no clear contribution from Pb0 centres is present. The inset of Fig. 4.3b shows a spectrum
of the high-field line which was obtained using the same parameters except for a smaller
magnetic field increment. Fitting of a Lorentzian line to the experimental data reveals a
peak-to-peak line width4 of ∆Bpp = 26(3) µT, which is about an order of magnitude lower
than in silicon with natural isotopic composition [126]. We will now address the question
whether additional features of the cwEDMR spectrum of the 28Si-sample can be identified.

4Note that the asymmetry of the 31P line can be attributed to the fact that this signal results from a superpo-
sition of two resonances. The line shape has previously been investigated in more detail by conventional
EPR measurements [56].

62



4.1. The Si/SiO2 interface

Figure 4.4.: Normalized
cwEDMR spectra of the 28Si-
sample obtained at two different
light intensities. Both measure-
ments were performed with an
applied bias voltage of 80 mV.
The resulting photocurrents
are indicated above the curves.
Three lines in the lower spectrum
can be attributed to Pb0 centres
as will become clear from the
rotation pattern shown in Fig.
4.5. The curves are vertically
offset for clarity.

I  = 29 mA, j = 3°ph

I  = 1 mA, j = 7°ph

31PPb0

4.1.3. Angular dependence of the EDMR signals

Fig. 4.4 shows two EDMR spectra that were recorded under identical conditions except
for slightly different sample orientations and two different light intensities. The latter lead
to different photocurrents as indicated in the plot. While the upper trace exhibits the spec-
tral features described above, namely two 31P hyperfine satellites and a broader component
consisting of at least two different signals, the spectrum at low light-intensity shows a mul-
titude of lines. This is a clear indication that different types of spin-dependent processes
(besides the 31P-Pb0 transition) coexist in our sample. It is important to note that the width
of each line is well below 50 µT and thus significantly lower than the broad features that
are present in the upper spectrum. Therefore, we can easily distinguish between the indi-
vidual signals and determine the resonance positions as function of the sample orientation
in the magnetic field. From the resulting rotation pattern we can determine the g tensors of
the contributing states. While paramagnetic centres in the 28Si-layer or at the 28Si/SiO2 in-
terface are expected to obey the crystal symmetry, signals from defects in the SiO2 should
not show an angular dependence because the resonances result from a superposition of all
possible defect orientations (powder pattern).

Fig. 4.5 shows the rotation pattern for the 28Si-sample. The crosses indicate the reso-
nance positions extracted from cwEDMR spectra like the one in Fig. 4.4 (lower curve) that
were obtained for several sample orientations. The sample with (100) surface orientation
was rotated around the [011] axis with the magnetic field lying in the (011) plane. The
angle φ = 0° defines the orientation in which the external magnetic field points into the
[011̄] direction (i.e. B0 ⊥ [100]). To facilitate tracking of the resonance positions we added
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Figure 4.5.: Dependence of the
resonance positions on the sam-
ple orientation for the spectrum
measured at low light intensity
(Iph = 1 µA). The lines rep-
resent simulated resonance po-
sitions assuming three different
centres with axially symmetric
g tensors (each centre gives rise
to three resonances) and one
isotropic centre. The solid lines
indicate the resonance positions
associated with Pb0 centres. De-
tails are given in the text.

Table 4.1.: Principal g values of the paramagnetic centres that were assumed to simulate
the rotation pattern in Fig. 4.5.

paramagnetic centre linestyle in Fig. 4.5 g|| g⊥
Pb0 centre solid 2.0006 2.0091
centre 2 dashed 2.0055 2.0104
centre 3 dotted 1.9980 2.0020
centre 4 dash-dot 2.0030 2.0030

theoretical curves for three different centres with trigonal symmetry as well as for one
isotropic centre. The associated principal g values are given in table 4.1. For the sake of
simplicity we will restrict the following analysis to the centre indicated by the solid lines.
The other signals could not be assigned to known paramagnetic centres based on literature
values for g tensors of bulk or interface defects. Thus, the curves associated with centres 2
to 4 (see table 4.1) should rather be considered as guide-to-the-eye, and it should be noted
that some curves do not satisfactorily reproduce the experimental data (see e.g. the dotted
lines). In particular, clear discrepancies between the experimental data and the theoretical
curves are visible for |φ |& 20°.

The solid lines represent the simulated resonance positions for an axially symmetric g
tensor with the principal g values g|| = 2.0006(3) and g⊥ = 2.0091(3). These values are
similar to those determined by Langhanki et al. [127] for so-called ‘Pba centres’ at the
natSi/SiO2 interface by means of cwEDMR. They interpreted this centre with the principal
values g|| = 2.0008 and g⊥ = 2.0098 to be identical to the Pb0 centre for which, however,
the g values obtained by conventional EPR are in the range of g|| = 2.0015− 2.00185
and g⊥ = 2.0080−2.0087 [115] — although the values given by different authors scatter
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4.2. Defects at the a-Si:H/c-Si interface

significantly (beyond experimental uncertainty). Nevertheless, due to the similarities be-
tween the g tensors determined from Fig. 4.5 and the literature values it seems reasonable
to assign the resonances to Pb0 centres at the 28Si/SiO2 interface.

In conclusion, we have shown that the gain in spectral resolution, which is known from
conventional EPR measurements when reducing the content of 28Si, affects EDMR spec-
tra in a similar way. Moreover, this holds true not only for donor-like states, but also for
defects in the 28Si and at the 28Si/SiO2 interface. It thus seems conceivable to make use
of isotopically purified silicon to systematically study the role of defects at other silicon
interfaces at high spectral resolution. In particular, defects at the a-Si:H/c-Si interface,
which are highly relevant for the efficiency of heterojunction solar cells, might be investi-
gated in this way. Before doing so, it has to be evaluated whether EDMR is able to detect
a-Si:H/c-Si interface recombination at all. This is the subject of the following section.

4.2. Defects at the a-Si:H/c-Si interface

Here, we report on EDMR measurements which were employed to a-Si:H/c-Si hetero-
junction solar cells with the objective to explore the effect of interface recombination on
the charge transport. Although the solar cell preparation for EDMR samples is similar to
‘real’ heterojunction solar cells [128], some important preparation-related aspects have to
be considered as described in the following.

4.2.1. a-Si:H/c-Si solar cells for EDMR investigations

Fig. 4.6 shows a sketch of the a-Si:H/c-Si heterostructure. A 380 µm thin single-side pol-
ished p-type c-Si wafer (ρ ≈ 1 Ω cm, dopant: boron) with (111) surface orientation was
used as substrate and absorber of the solar cell. Prior to the solar cell preparation, the wafer
was treated by a standard RCA cleaning sequence followed by an HF dip to remove the nat-
urally grown oxide and to saturate surface dangling bonds by hydrogen. The emitter layer
consisting of 8 nm phosphorus-doped a-Si:H was deposited using PECVD. The optimum
a-Si:H thickness for the application as emitter in heterojunction solar cells is between 5 and
10 nm [129]. Furthermore, thicker a-Si:H layers exhibit strong pEDMR signals associated
with hopping transport via conduction band tail and phosphorus states which may prevent
the observation of interface-related resonances. For a detailed analysis of such layers in
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Al back contact

n-a-Si:H

ZnO:Al

p-type c-Si substrate

Al grid finger
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Figure 4.6.: Cross section of the heterostructure
solar cell. The sample consists of 2× 50 mm2

of a boron-doped crystalline silicon wafer. The
emitter layer (8 nm of phosphorus-doped amor-
phous silicon) and the ZnO layer (as transpar-
ent conducting oxide) cover only a square of
1×1 mm2. Structuring of the sample was done
using standard optical lithography. The solar
cell is illuminated through the a-Si:H side.

n-a-Si:H/c-Si heterostructure solar cells we refer to Appendix C and Refs. [130,131,132].
This is also discussed in Chapter 5 for n-a-Si:H/µc-Si:H heterostructures.

On top of the a-Si:H an additional layer of 80 nm Al-doped ZnO serves as transparent
conducting oxide (TCO). In order to confine the active solar cell to an area which is suf-
ficiently small for X-band EDMR measurements, a-Si:H and ZnO were removed except
for a square of 1 mm2 using standard optical lithography and mesa etching. Subsequently,
the front contact system comprising an aluminium thin-film strip line (thickness: 200 nm)
and a grid contact finger as well as an Al layer as rear contact were added. Several sample
structures were processed on one wafer in parallel. They were cut into the appropriate size
after the last processing step (see Fig. 3.5a for details).

Previous investigations on a-Si:H/c-Si solar cells have revealed that this contacting
scheme is adequate for EDMR studies [131,35]. However, in the sample structures used so
far, a thermally grown SiO2 layer covering the c-Si substrate accomplished the electrical
isolation of the front contact strip line from the c-Si wafer. The a-Si:H and ZnO layers for
the solar cell were deposited into a window which was etched into SiO2 layer. For more
details on the device structure see Fig. C.2 in Appendix C.3. This etching process, which is
not part of the standard solar cell processing, may deteriorate the c-Si surface morphology.
This is strongly implied by minority carrier lifetime measurements on a-Si:H passivated
c-Si wafers that have undergone thermal oxidation and successive wet-chemical oxide re-
moval [133]. Therefore, we did not use an isolating SiO2 layer here. In principle, this
leads to shunts at room temperature. However, at low temperatures without illumination
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4.2. Defects at the a-Si:H/c-Si interface

Figure 4.7.: EDMR spectrum
of the a-Si:H/c-Si heterostructure
solar cell obtained at T = 18 K.
The solid line represents a fit to
the experimental data consisting
of five resonance lines. The in-
dividual contributions to the fit
are shown for three of the sig-
nals (dashed curves) along with
the respective g values. Note that
due to the reverse bias a positive
EDMR signal corresponds to a
reduction of the current. See text
for further details.

g  = 1.9991CE

g  = 2.0046e

g  = 2.0012||

g  = 2.0081^

f = 126°

the resistivity of the c-Si wafer is high. Thus, when the illuminated region is restricted to
the active cell — as it is the case in the measurements — the electrical properties of the
EDMR sample are determined by the solar cell. In contrast to high-efficiency a-Si:H/c-Si
solar cells [134] we did not use additional a-Si:H layers as back surface field or buffer
layers in order to keep the cell structure as simple as possible.

4.2.2. EDMR spectra

For the EDMR measurements the sample was exposed to illumination from a halogen cold
light source (cf. Section 3.2.1). To ensure homogeneous illumination independent of the
sample orientation, the light was fed through a fibre with an attached microprism in front
of the solar cell. All measurements were performed at T = 18 K because this temperature
resulted in a reasonable signal-to-noise ratio of the interface-related EDMR signals. A bias
voltage of −1.0 V (reverse bias regime) was applied to the cell resulting in a photocurrent
of −15 µA.

Fig. 4.7 shows a cwEDMR spectrum for a microwave frequency of 9.66 GHz employing
magnetic field modulation (modulation amplitude 0.3 mT, modulation frequency 10 kHz).
The sample was oriented with its [101̄] axis parallel to B1 and the angle φ = 126° be-
tween the [12̄1] axis and B0. The spectrum exhibits a multitude of different lines. Best
fits to the experimental data could be achieved when assuming four Gaussian lines and
one Lorentzian line (resulting fit: solid line in Fig. 4.7). For the sake of clarity, we only
included the individual components of the fit for three resonances (dashed lines). While
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4. Electrical detection of a-Si:H/c-Si interface recombination

g  = 2.0081^

g  = 2.0012||

B ^[111]0

B ||[111]0

(a) (b)

Figure 4.8.: (a) Integrated EDMR spectra for several sample orientations represented by
the angle φ between the [12̄1] direction and B0. The sample was rotated around the [101̄]
axis. The intensity maxima of the spectra are indicated by crosses. (b) Resonance posi-
tions of the dominant spectral contribution in (a) (crosses) and simulation (solid line) of
the rotation pattern for the Pb centre at the (111) oriented Si/SiO2 interface (g tensor with
trigonal symmetry, g|| = 2.0012, g⊥ = 2.0081 [117]).

the g values of Gaussian line at ge = 2.0046(5) and the Lorentzian line at gCE = 1.9991(5)
are independent of the sample orientation, the resonance positions of the other resonances
contributing to the spectrum change upon sample rotation as will be shown in the fol-
lowing section. Further isotropic contributions due to phosphorus hyperfine split signals
stemming from the amorphous silicon layer cannot be observed in Fig. 4.7 because of the
limited magnetic field range.

4.2.3. Rotation pattern

In order to evaluate the change of the spectrum when rotating the sample around its [101̄]
axis, we recorded EDMR spectra like the one shown in Fig. 4.7 for several values of
φ . To be able to better follow the resonance positions, the derivative spectra were singly
integrated, so that the resonance positions of the contributing signals correspond to the
maxima of the (overlapping) peaks. Fig. 4.8a shows the spectra as a function of the angle φ .
For the sake of simplicity, we restrict the following analysis to the resonance position of the
dominant spectral component (corresponding to the maximum intensity) which is marked
by crosses in the individual spectra. Fig. 4.8b shows the resonance positions along with a
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4.2. Defects at the a-Si:H/c-Si interface

Figure 4.9.: Dependence of the
integrated EDMR spectrum ob-
tained at φ = 60° on the excita-
tion wavelength. The light from
three different LEDs (red: λ ≈
620 nm; green: λ ≈ 520 nm;
blue: λ ≈ 430 nm) was fed
through a fibre with an attached
microprism.
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simulation of the resonance position of the Pb centre on a (111) oriented silicon surface
based on literature data [117]. The reported principal values for the g tensor having axial
symmetry (g||= 2.0012, g⊥= 2.0081) were obtained by conventional EPR experiments on
silicon wafers with thermally grown SiO2 layers. Inspection of the rotation pattern reveals
a good agreement between the experimentally determined resonances positions and the
behaviour of the Pb centre, indicating that both signals originate from paramagnetic centres
with identical g tensors.

The observation of the rotation pattern unequivocally shows that the dominant signal is
related to c-Si and cannot originate from the ‘bulk’ a-Si:H. Since only the front side of
the wafer was polished and the rear side is rough, we can also exclude that the resonance
results from recombination at the rear contact. However, to confirm that the assignment of
the signal is correct, we took advantage of the fact that the absorption coefficient and the
concomitant charge carrier generation profile depend on the photon energy. By replacing
the halogen lamp by a blue LED (λ ≈ 460 nm), electrons and holes are predominantly
generated near the a-Si:H/c-Si interface, whereas the use of a red LED (λ ≈ 620 nm)
results in a more homogeneous generation profile. Fig. 4.9 shows singly integrated EDMR
spectra for φ = 60° and three different excitation wavelengths. For all wavelengths the
light intensity5 was adjusted to yield a photocurrent of −3.7 µA at U = −1.0 V. Fig. 4.9
demonstrates that the intensities of all spectral components increase with photon energy.

5Note that the lower light intensity produced by the LEDs as compared to the intensity of the halogen lamp
did not significantly change the shape of the spectra.
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4. Electrical detection of a-Si:H/c-Si interface recombination

4.2.4. Microscopic interpretation

With increasing photon energy the concentration of charge carriers that are generated close
to the a-Si:H/c-Si interface also increases. Therefore, the recombination rate of these elec-
trons and holes is enhanced in the same way. Consequently, the dependence of the EDMR
spectrum as a function of the photon energy of the incident light strongly indicates that all
contributing signals originate from spin-dependent recombination processes occurring at
or near the a-Si:H/c-Si interface.

Due to the fact that the spectra comprise a superposition of at least five lines and
the determination of the individual resonance positions is not possible without ambigu-
ity for all spectra, we will restrict the discussion to the dominant spectral component
with g|| = 2.0012 and g⊥ = 2.0081 as well as the two lines at ge and gCE with reso-
nance positions which are independent of φ (cf. Fig. 4.7)6. According to its g value, the
signal at ge = 2.0046(5) can be attributed to conduction band tail states in the a-Si:H
layer [135,136]. Since amorphous silicon is a disordered material, the position of the reso-
nance is independent of the sample orientation in the magnetic field. An EDMR resonance
at ge is known to occur for tunnelling transitions between conduction band tail states and
neutral dangling bonds in bulk a-Si:H [77]. In analogy to this process, it is conceivable
that the spin-dependent recombination at the a-Si:H/c-Si interface equally involves a-Si:H
conduction band tail states. However, here the spin partner is not a db state in the a-Si:H,
but a singly occupied interface states that gives rise to the dominant EDMR resonance in
Fig. 4.8. This spin-dependent recombination process is shown schematically in Fig. 4.10.
It is assumed that the recombination step is completed by the capture of a hole from c-Si
following the tunnelling transition between the a-Si:H tail state and the paramagnetic cen-
tre at the interface. It is important to note that the sign of the EDMR signals (under reverse
bias) is in accordance with a recombination process.

Based on the presented results, the resonance at gCE = 1.9991(5) (see Fig. 4.7) cannot
be definitely assigned to a known paramagnetic centre at the a-Si:H/c-Si interface. How-
ever, previous pEDMR measurements on similar cell structures with varying emitter layer
thicknesses have revealed an EDMR resonance at the same g value [130]. We assume that
this signal does not originate from a spin-dependent process involving any of the other
resonances that are present in Fig. 4.7 because its temperature dependence is markedly

6Close inspection of the rotation pattern in Fig. 4.8a reveals the presence of at least two additional signals
which are — due to the anisotropy of the corresponding resonance positions — likely to also result from
spin-dependent recombination at the a-Si:H/c-Si interface.
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4.2. Defects at the a-Si:H/c-Si interface

Figure 4.10.: Schematic representation of
a tunnelling transition from an a-Si:H con-
duction band tail state to an a-Si:H/c-Si in-
terface state. The recombination process
is completed by the (not spin-dependent)
capture of a hole from the c-Si valence
band.
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different from the behaviour of the other signals. While the interface-related signals show
a maximum at ≈ 18 K, the resonance at gCE exhibits maximum intensity at 13 K (data not
shown). Within the experimental uncertainty, the g value as well as the line width7 of ap-
proximately 0.15 mT are in accordance with the EPR signature of conduction electrons in
crystalline silicon [137]. Based on the presented experimental results it remains unclear to
what extent an electron accumulation layer at the a-Si:H/c-Si interface — as was recently
suggested to be present in n-a-Si:H/p-c-Si structures based on coplanar conduction and
capacitance-voltage measurements [138] — might play role in this regard. Experiments
to explore possible EDMR signals originating from such an inversion layer and possible
similarities to the CE signal in microcrystalline silicon are currently underway using p-a-
Si:H/n-c-Si heterostructures with inverse doping combination.

Besides the important consequences of the Pb-like structure observed at the a-Si:H/c-Si
interface for the recombination properties in a-Si:H/c-Si solar cells, the above results also
have implications for the much more complex microcrystalline silicon. In µc-Si:H it is
believed that c-Si columns are well passivated by amorphous silicon [27, 139, 140]. These
columns are oriented along the growth direction, and the surfaces of these crystallites
form boundaries to an amorphous silicon region. Hence, we believe that this situation is
very similar to the a-Si:H/c-Si interface which we define as a model system for µc-Si:H.
Assuming that the g tensor of these defects is identical to the g tensor found for the a-
Si:H/c-Si interface defect, the resulting powder-like EDMR spectrum for spin-dependent
recombination involving these interface states can easily be calculated. Fig. 4.11a shows a

7The line width of the signal at gCE in the spectrum shown in Fig. 4.7 is deteriorated by the modulation
amplitude of 0.3 mT.
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Figure 4.11.: (a) Cross section
of a µc-Si:H thin-film solar cell.
The columns consist of crys-
talline silicon and are oriented
perpendicular to the substrate. In
this simplified sketch it is as-
sumed that all Pb-like interface
states are oriented perpendicular
to the crystallite surfaces. (b)
Simulated EDMR spectra for re-
combination via defect states for
a single crystal (all defects are
oriented in the same direction), a
randomly oriented µc-Si:H pow-
der and a columnar structure as
shown schematically in (a). For
all simulations we assumed that
the g tensor of the defect states
is identical to the g tensor of Pb
centres. Details are given in the
text.

sketch of the µc-Si:H structure embedded in a thin-film solar cell. Taking into account the
direction of the c-Si columns with regard to the magnetic field in the EDMR measurements
as presented in Chapter 5 and further assuming that the defects in µc-Si:H have the g tensor
as determined in the model system8, the resulting ‘restricted powder pattern’ leads to an
EDMR resonance at geff = 2.0047 as shown in Fig. 4.11b. This is markedly different from
geff = 2.0063 which would result from the situation when the defects are located at the
surface of randomly oriented c-Si crystals (no columnar structure) or if the defects are only
present in the amorphous silicon region. In the latter case, we would expect the typical a-
Si:H g value, g = 2.0055. An orientation dependence of the g values of dangling bonds was
indeed observed in EPR measurements on in µc-Si:H films [141]. Although we neglected
that the orientations of the c-Si surfaces deviate from a perfect (111) orientation and thus
the principal values of the g tensors will slightly vary [115], the result of the simulation
is in agreement with experimental results for dangling bonds in microcrystalline silicon

8We assumed a line width of 1.0 mT (FWHM) in the simulations.
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4.2. Defects at the a-Si:H/c-Si interface

as will be shown in Chapter 5. Note that deviations from the assumed columnar structure
(e.g. close to the substrate, cf. Fig. 4.11a) can lead to further shifts of the g value into the
direction of g = 2.0063.

In conclusion, we identified a spin-dependent recombination process at the a-Si:H/c-
Si interface between a-Si:H band tail states that give rise to an EDMR resonance at
ge = 2.0046(5) and paramagnetic centres at the interface having an axially symmetric
g tensor with principal values g|| = 2.0012 and g⊥ = 2.0081 and a symmetry axis parallel
to the (111) surface normal. The discrimination between interface states and defects in
the ‘bulk’ a-Si:H could be achieved by exploiting the well-defined orientation of the c-Si
surface dangling bonds. From the EDMR spectra obtained at different excitation wave-
lengths, a significant contribution from the back contact can be excluded. Furthermore,
the orientation-dependent signals cannot stem from the back surface as it is rough (i.e. not
crystallographically defined). The g tensor components extracted from the rotation pattern
resemble the signature of the well-studied Pb centre at the interface between c-Si and SiO2.
These findings allow for two different interpretations:

(i) A thin SiOx interlayer was present at the a-Si:H/c-Si interface and thus the c-Si sur-
face markedly deviates from an ideally hydrogen-terminated surface. This has important
implications for the solar cell properties because the defect density at an oxidized silicon
surface is significantly higher than the density of interface states at a H-terminated surface.
A previous study revealed that the defect density of an initially hydrogen-terminated c-Si
surface increases by an order of magnitude upon exposing the sample to clean-room air at
room temperature for only 10 minutes [15]. Provided that the oxide is not fully removed
during emitter deposition, the impact of this interlayer on the device performance can be
quite severe (cf. Fig. 4.1).

(ii) Since there are no literature values available for the g tensor of a-Si:H/c-Si interface
states, an alternative explanation in accordance of the observed interface-related EDMR
signals is possible: It is conceivable that the g tensor of paramagnetic states at the a-
Si:H/c-Si interface is entirely determined by the c-Si surface and that the amorphous layer
on top has only a negligible influence. On the one hand this seems very unlikely because
the g|| and g⊥ are sensitive to changes of the surface morphology which can be seen from
the different EPR signatures of Pb-like defects at the (100) oriented Si/SiO2 interface [120,
115]. On the other hand defect states at the interface between silicon and other oxides than
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4. Electrical detection of a-Si:H/c-Si interface recombination

SiO2, e.g. HfO2, Al2O3 and ZrO2, exhibit the same [142, 143] or very similar [144] EPR
signatures9 like defects at Si/SiO2.

In order to unequivocally conclude whether SiO2 is involved in the recombination pro-
cess or the g tensor is a generic feature, we suggest to perform an atomic-resolution EDX
analysis in a TEM setup10. If it turns out that a SiO2 phase is present at the interface, it
is possible that the interface defect density can be further reduced by preparing the hete-
rostructure by depositing a-Si:H on a hydrogen-terminated c-Si surface without bringing
the specimen into contact with ambient oxygen prior to the deposition process. This could
result in an improved open circuit voltage of the a-Si:H/c-Si solar cell.

4.3. Conclusion

By applying EDMR to heterojunction solar cells we were able to directly detect the influ-
ence of recombination via a-Si:H/c-Si interface states on the charge transport in the device
for the first time. The discrimination between defect states in the ‘bulk’ a-Si:H and c-Si
interface states could be achieved by exploiting the orientation of the dangling bonds at
the (111) oriented c-Si surface. The principal values of the g tensor are identical to those
of the prominent Pb centre at the Si/SiO2 interface. This finding indicates that either a thin
SiOx interlayer was present between a-Si:H and c-Si or that the g tensors of the Pb centre
and the a-Si:H/c-Si interface defect are identical.

In the following Chapter 5 we employ pEDMR to thin-film solar cells based on µc-
Si:H — which can be considered to consist of many disordered a-Si:H/c-Si interfaces
— to identify spin-dependent transport and recombination processes and the contributing
paramagnetic centres.

9Note, however, that in contrast to a-Si:H these layers all contain oxygen.
10EDX: Energy-Dispersive X-ray spectroscopy, TEM: Transmission Electron Microscopy.
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Pulsed electrically detected magnetic resonance (pEDMR) was employed to study spin-
dependent processes that influence charge transport in microcrystalline silicon (µc-Si:H)
pin solar cells. Special emphasis was put on the identification of the signals with re-
spect to the individual layers of the cell structure. For this purpose, we systematically
modulated the morphology of the highly doped n- and p-layers from amorphous to mi-
crocrystalline. By combining the information obtained from low-temperature (T = 10 K)
pEDMR spectra and from the deconvoluted time evolution of spectrally overlapping res-
onances, we found signals from conduction band tail states as well as phosphorus donor
states in samples containing an amorphous n-type layer and a resonance associated with
valence band tail states in samples with amorphous p-layer. Moreover, signals from the in-
trinsic microcrystalline absorber layers could be identified. A comparative multifrequency
pEDMR study at X- and Q-band further increased the spectral resolution. An additional
resonance at g = 1.9675(5) was found, which has not been observed in EDMR before.
We assign this signal to shallow donors in the Al-doped ZnO layer which is commonly
used as transparent conducting oxide in thin-film solar cells. Room-temperature pEDMR
measurements show that in all samples recombination via dangling bonds in the intrinsics
absorber layer prevails at 300 K. The experimental findings are discussed in the light of
various spin-dependent transport mechanisms known to occur in the respective layers of
the pin structure.

5.1. Introduction

The high efficiencies that can be reached with wafer-based technologies, e.g. a-Si:H/c-Si
heterojunction solar cells as described in Chapter 4, come along with the energy and cost
intensive wafer production process. In contrast to that, solar cells made from hydrogenated
amorphous silicon (a-Si:H) and its microcrystalline counterpart (µc-Si:H) can be deposited
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directly on inexpensive substrates like glass and have the potential to be superior with
regard to material consumption and cost effectiveness. Unfortunately, a-Si:H and µc-Si:H
suffer from an inferior electronic quality compared to crystalline silicon. This is due to
defect states in the band gap of the material resulting from silicon dangling bonds (db)
as well as band tail states close to the band edges. In thin-film solar cells, trapping and
recombination at localized defects are the main limiting factors for the cell performance.
Due to the fact that these defects are often paramagnetic (in the case of db) or can be
made paramagnetic by light excitation (in the case of tail states), EPR applied to µc-Si:H
powder samples can reveal quantitative as well as structural information (e.g. information
on defect concentrations and the local environment of defects) [101, 145, 146].

To overcome the sensitivity limitations of conventional EPR, cwEDMR was applied in
the past to study the influence of defects on the charge transport in thin-film solar cells [91].
Though conventional cwEDMR proved to provide valuable information about defect states
in the material, a complete picture of the transport mechanisms in the solar cell may only
be obtained by pEDMR techniques. Extending the capabilities of EDMR into the time
domain, pEDMR allows assigning defect states to complex transport mechanisms.

In this chapter we exploit pEDMR to identify paramagnetic centres in µc-Si:H solar
cells. Thin-film solar cells comprising many layers of different materials typically yield
overlapping pEDMR signals, which may only be identified by combining appropriate
pEDMR techniques with a systematic variation of the sample morphology. While the
types of localized defect states that are present in either µc-Si:H or a-Si:H are similar, the
fingerprints of their respective EPR signals (most importantly the g value) show significant
differences between both morphologies [9]. In a first part, pEDMR measurements were
performed at T = 10 K in order to benefit from the enhanced signal-to-noise ratio at low
temperatures which is indispensable for a thorough analysis of the EDMR signals and the
assignment to the respective defect states. In this regard, measurements were carried out at
X- and Q-band frequencies to distinguish between field-dependent and field-independent
interactions. It is important to note that mechanisms that govern the spin-dependent trans-
port at T = 10 K differ significantly from the performance-limiting processes at normal
solar cell operating conditions. Thus, in a second part we take advantage of recent instru-
mental improvements which allowed us to employ pEDMR at room temperature in order
to study the mechanisms that prevail at 300 K.

In the following sections we will first describe the sample structures and subsequently
focus on measurements employed to a series of thin-film solar cells with a microcrystalline
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Figure 5.1.: Left: layer structure of the superstrate µc-Si:H pin solar cells. Four different
samples which differ in the morphology (amorphous or microcrystalline) of the n- and
p-doped layers were investigated. Right: photograph depicting the pEDMR sample ge-
ometry. The solar cell (active area of 1× 1 mm2) is electrically connected by 5 cm long
thin-film wires that extend to contact pads on the opposite side of the substrate.

absorber layer in which the morphology (µc-Si:H or a-Si:H) of the doped layers in the pin
structure was systematically altered. The aim of this study is to discriminate between
different processes involving various types of defect states in the individual layers of the
solar cell. The results will be discussed in the light of information about a-Si:H and µc-
Si:H powder samples previously obtained by EPR.

5.2. Samples

All µc-Si:H pin solar cells investigated in this study are based on the layer sequence
shown in Fig. 5.1. The samples were deposited on glass substrates (Corning 1737 and
Corning Eagle 2000) using plasma enhanced chemical vapour deposition (PECVD) at the
Forschungszentrum Jülich with a process that was shown to reach efficiencies above 10%
on areas of 1 cm2 [147]. Four series of solar cells were prepared, where the p- (boron)
and n-doped (phosphorus) layers were either composed of amorphous or microcrystalline
silicon keeping the deposition conditions for the intrinsic absorber layer unchanged. The
solar cells were grown on Al-doped ZnO, always starting with the thin p-doped silicon
layer. A ZnO/Al layer stack was used as back reflector and contact. Note that the chosen
cell structure was not optimized for high solar cell conversion efficiency but was solely
designed for the purpose to reliably study the influence of the various layers on the EDMR
behaviour.
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Table 5.1.: Structure of the silicon-layers for the µc-Si:H pin solar cells investigated in
this study.

n-layer i-layer p-layer
sample A a-Si:H µc-Si:H µc-Si:H
sample B µc-Si:H µc-Si:H µc-Si:H
sample C a-Si:H µc-Si:H a-Si:H
sample D µc-Si:H µc-Si:H a-Si:H

To discriminate between pEDMR signals arising from the intrinsic µc-Si:H absorber or
the highly doped layers, four samples with the layer sequence described in table 5.1 were
prepared. It should be noted here that different thicknesses of the ZnO layer were used
for the four samples. However, we believe that this does not affect the pEDMR signals
originating from the silicon pin structures. Throughout this chapter the sample structures
will be referred to as sample A, B, C, and D. Schematic energy-band diagrams of all cells
neglecting the ZnO as well as metal layers are depicted in Fig. 5.2.

For the pEDMR samples a special contact structure as described in Section 3.3 was
used to establish an electrical connection to contact pads that are positioned outside the
microwave (mw) resonator. The patterning of the contacts as well as the confinement of
the active solar cell area to 1 mm2 was realized by laser scribing techniques [107] (see Fig.
3.5b). Fig. 5.1 depicts a photograph of a completely processed sample.

5.3. Experimental details

Details about the pEDMR setup are presented in Section 3.2. The EDMR measurements
were carried out at T = 10 K under illumination through the glass substrate with a cold light
source at approximately 50 mW cm−2 unless otherwise noted. Fig. 5.3 shows current volt-
age curves obtained under these experimental conditions. Note that the low-temperature
I-V curves differ significantly from those one would obtain at room temperature. At pos-
itive voltages this can primarily be attributed to barriers — in particular the heterobarrier
between a-Si:H and µc-Si:H — which hinder the charge transport in the device. This is in
line with the observation that the I-V curve of sample B (µc-Si:H n- and p-layers) varies
markedly from the other curves in the forward bias regime.

For the EDMR measurements, a reverse bias voltage of U = −1 V was applied to
the sample. Due to the different current-voltage-characteristics of the respective sam-
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Figure 5.2.: Schematic representation of the energy-band diagrams at room temperature
without illumination for samples A to D. The morphology of the doped layers can be
identified by the different band gaps. Localized defect states are sketched for all layers
without taking into account the difference in their density of states with respect to energy,
doping concentration and layer morphology. Note that the ZnO and metal layers have
been omitted. Note further that the band bending in the intrinsic layer due to charging
of the localized states was neglected. In all measurements presented here, the cells were
illuminated through the substrate (p-side of the pin structure).
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Figure 5.3.: Low-temperature
current-voltage characteristics of
samples A to D under illumina-
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at a constant voltage U = −1 V
(reverse bias regime of the solar
cell). This point is indicated in
the plot by a vertical line.

ples A to D (cf. Fig. 5.3), this corresponds to photocurrent densities between −1.3 and
−3.3 mA cm−2. At this voltage the qualitative behaviour of the illuminated I-V curves
was the same for all samples, and in none of the samples the saturation regime of carrier
extraction was reached. We believe that at U =−1 V the current extraction mechanism is
the same for all specimens under study and is dominated by drift currents induced by the
electric field of the intrinsic µc-Si:H layer.

For comparative pEDMR measurements at X- and Q-band the sample was illuminated
through a fibre with the light from a red laser diode (Elektronik-Manufaktur Mahlsdorf).
Details about the Q-band setup are given in Section 3.2.2.

Two-dimensional mappings of the spin-dependent processes were obtained by recording
the transient photocurrent changes ∆|Iph| following a mw pulse excitation as a function of
the external magnetic field. Details about the current detection setup and its influence on
the pEDMR transients are given in Section 3.2.4.

5.4. Results and discussion

The pEDMR datasets obtained from samples A to D differ with respect to both their spec-
tral shape as well as their transient behaviour. In the following, we will first identify the
defect states by their resonance position in the pEDMR spectra. Combining these pieces
of information with the dynamics and Rabi oscillations of the respective spectral compo-
nents, we will, in a second step, conclude on the underlying transport and recombination
mechanisms.
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5.4.1. X-band pEDMR spectra

Fig. 5.4 shows the pEDMR spectra of samples A to D recorded at t = 2.2 µs after applying
the mw pulse. The insets display spectra taken from the same samples on a broader mag-
netic field range. Common to all spectra is that they contain a narrow component centred
around the g value of the free electron and, in addition, a broad (> 20 mT) component with
lower intensity. Beside these similarities, further inspection of the spectra unravels that the
narrow component as well as the broad line consist of several EDMR signals which, in
addition, differ from sample to sample.

For the identification of the defects contributing to the pEDMR spectra, we analysed
the resonances by fitting Lorentzian and Gaussian functions to the narrow spectra. The
line shapes (Gaussian or Lorentzian) were chosen to achieve best fits to the experimental
data. Note that the mw power in pEDMR is considerably higher than in cwEDMR. As
a result, mw power broadening of the lines can lead to deviations between line shapes
and line widths obtained from cw- and pEDMR experiments. This applies especially to
narrow lines. The results of the least square fits can be summarized as follows: Best fits to
the experimental spectra can be obtained when assuming a resonance at gCE = 1.9975(5)
for all samples. Additionally, we find a signal at ge = 2.0049(5) in samples A and C
(amorphous n-layer) as well as a line at gh = 2.011(1) in samples C and D (amorphous
p-layer).

The broad spectra reveal an additional pair of lines separated by 25 mT, indicating the
presence of hyperfine interaction in samples A and C (amorphous n-layer). Both lines are
symmetric to gP ≈ 2.003. This feature is absent in samples B and D (microcrystalline
n-layer). Instead, in samples B and D an asymmetric broad signal is uncovered. For an
unambiguous assignment of the microscopic origin of this line we will discuss its spectral
shape in more detail below.

5.4.2. Comparison between X- and Q-band pEDMR spectra

In order to further elucidate the origin of the signals contributing to the spectra we per-
formed pEDMR experiments under different spin resonance conditions (Q-band, B0 =
1.2 T, ν = 35 GHz) but otherwise identical conditions. Since the relative strengths of
the signals that were obtained in X-band critically depend on external parameters (such
as temperature, applied voltage and spectrum of the illumination [148]) and the pEDMR
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Figure 5.4.: pEDMR spectra (∆|Iph| normalized to 1) of samples A to D taken at t =
2.2 µs after the mw excitation at T = 10 K using a pulse length τ of 320 ns (solid line:
experiment; dashed line: fit to the experimental data; dotted lines: individual spectral
components as obtained from the fit). The resonance positions are indicated by vertical
dotted lines. The insets show spectra on a broader magnetic field range measured under
the same experimental conditions except for a mw power increased by 9 dB in order to
enhance the broad spectral components. In addition, τ was set to values between 50 and
60 ns, which in all cases corresponds to a spin flip angle of φ = Ω · τ = π , with Ω being
the Rabi frequency.
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Figure 5.5.: Comparison between X- and Q-band pEDMR spectra obtained under identi-
cal experimental conditions. (a) Low-temperature (T = 10 K) pEDMR spectra (∆|Iph| as
a function of the g value) taken at t = 4.25 µs after a 144 ns long π-pulse for resonance
frequencies of 34.76 and 9.76 GHz. (b) Electrically detected spin-Rabi nutations demon-
strating that B1 is similar for both mw frequencies. (c) I-V curves measured prior to the
pEDMR measurements in both setups. All measurements were performed under illumi-
nation from a laser diode (λ = 635 nm) and under reverse bias conditions (U = −1.0 V,
Iph =−1.95 µA).

spectrum may additionally be affected by power broadening effects when strong mw pulses
are used, care has to be taken to accomplish identical experimental conditions for X- and
Q-band measurements. For this to achieve we verified that the current-voltage character-
istics are identical. The I-V curves were measured prior to the pEDMR measurements in
X- and Q-band and are shown in Fig. 5.5c. Since the current detection electronics was the
same for the measurements at both resonance frequencies, the transient behaviour of the
pEDMR signals was identical as well. Furthermore, we adjusted the mw attenuation to
yield the same Rabi frequencies in X- and Q-band. The respective spin-Rabi nutations are
displayed in Fig. 5.5b, revealing τπ ≈ 150 ns in both cases. Moreover, the spin-nutations
correspond to the behaviour of spin 1/2 particles — the signature of weakly coupled spin
pairs. No qualitative change between X- and Q-band could be observed.
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5. pEDMR in µc-Si:H solar cells

Fig. 5.5a shows the X- and Q-band pEDMR spectra at t = 4.25 µs after a 144 ns long
mw pulse for sample A. It is obvious that although the maximum amplitudes of the signals
∆|Iph| in X- and Q-band agree within the experimental uncertainty, the ratio between the
intensities of the resonances at gCE and ge differs markedly for both spectra1. The same
tendency, namely a stronger relative intensity of the line at ge in Q-band, is observed when
both measurements are carried out under illumination from a halogen lamp2.

In order to compare the spectral shapes of both contributing signals in X- and Q-band
we adjusted the illumination conditions in a way that the ratio between the two signal
intensities is identical in X- and Q-band. Fig. 5.6a shows the resulting normalized pEDMR
spectra measured at slightly different times after the mw pulse.

From a comparison between the spectra it becomes apparent that the two spectral com-
ponents are in general dominated by field-dependent broadening (g strain). However, both
resonances are affected differently. The width and shape (on a g value scale) of the signal
at gCE≈ 1.998 seems to be identical for both frequencies, indicating that already at X-band
the signal is entirely determined by g strain. This broadening can only be overcome when
going to lower resonance frequencies. In contrast to that, the resonance at ge ≈ 2.0045
becomes significantly narrower when going to Q-band. This behaviour indicates that field-
independent contributions such as unresolved hyperfine interactions significantly influence
the line shape at X-band, resulting in a better spectral resolution in Q-band.

Another point that deserves some attention is the pair of resonances centred at gP which
exhibits a splitting of≈ 25 mT in X-band. If these lines are caused by hyperfine interaction
with a nuclear spin, the splitting should remain constant when increasing the mw frequency
from X- to Q-band. This is indeed the case as can be seen from the comparison between
both spectra shown in Fig. 5.6b. While the width of the central lines increases due to g
strain, the satellites are clearly visible in both spectra and exhibit the same splitting. This
observation corroborates the interpretation of the signals. Note that the abscissa in the plot
(∆B0) is the deviation of the magnetic field from the centre of the spectrum. The fact that

1Note that the pair of resonances centred at gP are not visible in Fig. 5.5 because of the limited magnetic
field range.

2When white excitation light is used, the relative intensity of the signal at ge, which originates from the
n-doped amorphous layer, is more pronounced in both X- and Q-band. This can be attributed to the fact
that the excitation spectrum of the halogen lamp extends to ≈ 800 nm and therefore a significant part of
the light reaches the n-a-Si:H layer. In the case of the laser diode (λ = 635 nm), the penetration depth is
similar to the cell thickness [149] and so only a small fraction of the light reaches the n-doped layer. This
observation is consistent with a systematic study on the influence of the photon energy on the EDMR
spectrum [148].
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Figure 5.6.: (a) X- and Q-band pEDMR spectra (∆|Iph| normalized to 1 as a function of
the g value) from sample A obtained at T = 10 K. The Q-band spectrum was measured
under the same experimental conditions like the one shown in Fig. 5.5a. The measurement
at Q-band was performed under illumination from a halogen lamp in order to achieve the
same intensity ratio between the resonances at gCE and ge for both mw frequencies. (b)
Spectra measured over a larger magnetic field range. Note that the abscissa in this plot
(∆B0) denotes the deviation of the magnetic field from the centre of the spectrum. The
dashed vertical lines denote the positions of two satellite lines with their centre-of-gravity
at gP = 2.003. Note that the splitting is independent of the mw frequency.

the line width of the central resonances in the X-band spectrum is similar to the width in
the Q-band spectrum can be attributed to the high mw power used in the experiment. The
resulting strong pulses are on the one hand helpful in emphasizing the broad satellite lines
but on the other hand lead to significant power broadening and therefore deteriorate the
true line shape.

5.4.3. Identification of defect states

In the following, we will assign the resonance positions to defect states in the samples
based on findings from previous EDMR and EPR studies on thin films as well as powder
samples.

Intrinsic µc-Si:H

In intrinsic and n-doped µc-Si:H an EPR resonance at g = 1.997− 1.998 is reported in
various studies which is associated with shallow localized states in energetic proximity
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to the conduction band, typically referred to as CE states [150, 151, 152, 145, 79, 153]. It
was demonstrated by cw- and pEDMR measurements on µc-Si:H films that these states are
involved in hopping transport at low temperatures as well as in tunnelling recombination
between CE and dangling bond states [79, 146]. Hence, we assign the signal at gCE =
1.9975(5), that was observed in all samples, to originate from CE states in the intrinsic
microcrystalline absorber layer.

n-doped a-Si:H

Both samples that contain an a-Si:H n-layer (samples A and C) show signals at ge =
2.0049(5) and gP ≈ 2.003, which are absent in samples B and D. This is a strong indi-
cation that these resonances are related to localized states in n-a-Si:H. In the case of the
line at gP (in the following referred to as ‘P signal’), this interpretation is supported by
the fact that the EDMR signal consists of a pair of Gaussian lines with equal intensity that
are split by 25 mT. This splitting is well known to arise from hyperfine (hf) interaction
between phosphorus electron and nuclear spins in amorphous silicon [154] and was shown
to also exist in the cw- and pEDMR spectra of phosphorus-doped a-Si:H [136, 131]. It
is worthwhile noting here that phosphorus is only incorporated in the thin n-doped layer
and that for phosphorus-doped µc-Si:H neither the 4.2 mT hyperfine splitting known from
c-Si nor the above-mentioned 25 mT split hf lines are observed [145, 139]. This is con-
sistent with our observations. Moreover, the Q-band measurements performed on sample
A unambiguously show that the splitting arises from a field-independent interaction. The
signal at ge is presumably associated with conduction band tail states in the n-a-Si:H layer
and is also observed in n-a-Si:H/c-Si solar cells [131]. EDMR investigations at tempera-
tures between 100 and 150 K have revealed that a signal at g = 2.0044 may be associated
with hopping of electrons among band tail states in a-Si:H (known as ‘e signal’) [135,136].
However, light-induced EPR measurements have shown an increase of the g value with de-
creasing temperature [155]. Thus, the discrepancy between g = 2.0044 and ge = 2.0049(5)
— as it was found in our measurements at T = 10 K — might be explained by the tem-
perature difference. This is also in line with low-temperature pEDMR results for hopping
via a-Si:H tail states in a-Si:H/c-Si solar cells [131, 62].
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p-doped a-Si:H

Analogous to electron hopping described before, hopping of holes via valence band tail
states in boron-doped a-Si:H can also contribute to the photocurrent. The corresponding
resonance (‘h signal’) has been investigated in the past using EDMR [77, 135, 136] and
optically detected magnetic resonance (ODMR) revealing g = 2.011 to 2.013 [156, 157,
158]. In the solar cells C and D (a-Si:H p-layer) we found a signal at gh = 2.011 which we
assign to valence band tail states in a-Si:H. No evidence of boron acceptor states could be
found.

The CH signal

In the pEDMR spectra of samples B and D (µc-Si:H n-layer) the 25 mT splitting of the
phosphorous signal is absent. Further inspection of these spectra unravels an asymmetric
signal of different shape (see Fig. 5.4). Fig. 5.7a gives an enlarged view of the pEDMR
spectrum of sample B with a range covering the first 10% of the ordinate range of the plot
in Fig. 5.4. The line shape of the resonance resembles the powder pattern of an asymmet-
ric g tensor. The dashed curve in Fig. 5.7a depicts the results of a simulation (simulation
program EasySpin [99], simulation parameters: g‖ = 2.15, g⊥ = 1.995, field-dependent
inhomogeneous broadening ∆g‖ = 0.2, ∆g⊥ = 0.01). Note that field-dependent inhomo-
geneous broadening has been reported in many cases concerning disorder in amorphous
silicon [159, 101, 160]. Asymmetric broad lines in echo-detected field-sweep spectra ob-
tained by pulsed EPR have been reported in literature to be associated with holes in local-
ized valence band tail states (referred to as CH signal) in undoped and boron doped µc-
Si:H [139]. Therefore, it seems to be justified to assign the asymmetric signal described
above to CH states in the intrinsic absorber layer which is present in all samples. The CH
signal is indeed visible in the spectra of all samples, however, in samples A and C it is al-
most completely hidden underneath the high-field hf-satellite which has a higher intensity.
We can exclude that this line originates from the a-Si:H layers because the EPR signature
from valence band tail states in a-Si:H is different (cf. h signal described before) [77]. It
should be noted that it is complicated to resolve broad lines in cwEDMR. In pulsed EPR
and EDMR, however, one benefits from a flat baseline which facilitates the observation of
broad spectral components.
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Figure 5.7.: Asymmetric line that was found in samples B and D (µc-Si:H n-layer). (a)
Enlarged view of the pEDMR spectrum (∆|Iph|) of sample B as shown in Fig. 5.4 with an
ordinate range covering the first 10% of the maximum signal amplitude (solid line: exper-
iment; dashed line: results of a simulation consisting of an inhomogeneously broadened
line with parameters given in the text and a symmetric Gaussian line at gsd = 1.9675(5);
dotted lines: both spectral components separately). (b) pEDMR spectra of sample B for
several delays after the mw excitation. The solid vertical line serves as a g value marker.
Note that the time behaviour of the asymmetric line and the sd resonance is considerably
different.
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The sd signal

Further examination of Fig. 5.7a reveals an additional spectral component with Gaussian
line shape at gsd = 1.9675(5) (FWHM = 2.5 mT) which is represented by a dotted curve
in Fig. 5.7a. The fact that this line (referred to as ‘sd signal’) is not part of the asymmetric
resonance becomes clear when evaluating the time evolution of the pEDMR spectra. This
is illustrated in Fig. 5.7b where three spectra taken between 2.8 and 6.0 µs after the mw ex-
citation are shown. The position of gsd is marked by a solid vertical line. The central lines
have been cut in order to facilitate the analysis of the weaker signals. The plot unambigu-
ously shows that the sd signal has a distinctively different time dependence as compared to
the asymmetric line, indicating that both signals arise from different paramagnetic centres
and microscopic processes. While the asymmetric line resulting from CH states was found
in all four samples, the sd signal could exclusively be observed in sample B.

To the best of our knowledge, no EPR or EDMR signals caused by paramagnetic states
at gsd = 1.9675(5) have been reported for either a-Si:H or µc-Si:H. However, resonances at
similar g values were obtained from shallow donors in ZnO [161,162]. Here, the observed
g value critically depends on the morphology (crystallite size) of the respective ZnO ma-
terial. The photogenerated charge in all solar cells investigated traverses the ZnO layers
on both sides of the pin structure which are both degenerately doped with aluminium. We
therefore assign the sd signal to originate from either of the ZnO layers. Its g value and
the fact that this resonance is only observed in sample B suggests that it is connected to a
shallow donor state resulting from Al incorporated in the ZnO layer on the p-µc-Si:H side
or at the interface between these two layers. From this argumentation, the sd resonance
should also appear in sample A, but here the line may be buried below the broad and rather
intensive hf satellites. We can exclude that the resonance is connected to transport at or
through the ZnO/n-µc-Si:H interface since the sd signal is not visible in the spectrum of
sample D.

In summary, the line parameters of the individual signals and the associated paramag-
netic defects in the respective layers are listed in table 5.2.
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Table 5.2.: g values, line shapes and line widths obtained from least-square fits to the
pEDMR spectra with narrow and wide magnetic field range (see Fig. 5.4). Details are
given in the text.

sample A sample B sample C sample D
paramagnetic
state

CE
gCE (Lorentzian) 1.9975(5) 1.9977(5) 1.9974(5) 1.9977(5) cond. band tail
FWHMCE (mT) 1.8(1) 1.8(1) 1.8(1) 1.9(1) µc-Si:H

e
ge (Lorentzian) 2.0049(5) 2.0049(5) cond. band tail
FWHMe (mT) 2.3(1) 1.8(1) a-Si:H

h
gh (Gaussian) 2.011 2.011 val. band tail
FWHMh (mT) 2.9 2.9 a-Si:H

P

gP (Gaussian) 2.003 2.003
phosph.
donor
a-Si:H

hf split.: hf split.:
25 mT 25 mT

FWHMP (mT) 11.3 11.3

sd
gsd (Gaussian) 1.9675(5) shallow

donor ZnOFWHMsd (mT) 2.5

db
gdb (Lorentzian) 2.0045(5) dangling bond
FWHMdb (mT) 1.3(1) µc-Si:H

CH

gCH (asym.)
g‖ = 2.15

val. band
tail µc-Si:H

g⊥ = 1.995
FWHMCH (mT) 5 (Lorentz.)

∆g‖ = 0.2
∆g⊥ = 0.01
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5.4.4. Assignment to microscopic transport and recombination

mechanisms

In order to fully describe the involvement of different defect states in charge transport
processes, information obtained from line shape analyses have to be combined with the
information extractable from pEDMR transients and Rabi oscillations.

In general, EDMR signals result from changes in the probability for spin-dependent
transitions between paramagnetic states. All signals observed in this study can be ex-
plained within the framework of a spin pair model in which the transition probability de-
pends on the relative spin orientation of both spin partners of the pair [44, 58, 34]. Upon
application of a strong mw pulse which is in resonance with either of the participating
states, the transition probability generally increases, leading to an increase of the corre-
sponding transition rate. However, this rate change of a microscopic process can influence
the macroscopic photocurrent of a pin µc-Si:H solar cell in different ways, depending in a
complicated way on the microscopic mechanism, the device physics, and, in the particular
case of pin solar cells, on the bias voltage applied to the sample [163, 164].

In the present case all experimental data have been obtained in the reverse bias regime
(U = −1 V) where the photocurrent is negative. In this situation, the pEDMR transient
exhibits a relative enhancement of the photocurrent (∆|Iph|> 0) immediately after the mw
pulse for a spin-dependent hopping process (cf. Section 2.3.1.3), implying an improvement
of carrier extraction due to the selective mw excitation. The resonant mw pulse leads to an
increase of the hopping rate and thus can be considered to enhance the mobility in the hop-
ping transport path. It has been shown that mobility modulations in thin-film silicon solar
cells can strongly affect the conductivity, in particular at low temperatures [165, 166]. In
contrast to that, one would expect an initial quenching of the photocurrent (∆|Iph|< 0) for
spin-dependent recombination or trapping (cf. Section 2.3.1.1). In this case, the conduc-
tivity is altered by a spin-resonant change of the charge carrier concentrations. Note that
the above-mentioned spin-dependent processes can be connected to other charge extrac-
tion limitations such as transport over energy barriers at contacts, recombination in a space
charge region, space charge limited currents or trap assisted tunnelling through barriers. In
such a case it is difficult to predict the sign of the photocurrent change since these processes
can coexist and influence the current response of the device in a rather complex manner.
However, irrespective of the spin-dependent transport limitation, theory predicts that the
pEDMR transient shows a sign reversal when non-vanishing triplet transition probabilities
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are present [34, 35]. To discriminate between various mechanisms, additional information
is needed which we may obtain from the dynamics of the pEDMR signals as well as from
coherent spin motion experiments.

5.4.4.1. Analysis of pEDMR transients

To evaluate in which way the different signals affect the charge transport in the device, we
deconvoluted the pEDMR signals in time domain by taking the line parameters from the
spectra shown in Fig. 5.4 (cf. table 5.2) as fixed parameters and their relative intensities
as fit parameters. Thus, we were able to independently study the time behaviour of the
spectrally overlapping signals. In this way we obtained the integrated peak intensities,
Apeak, of all resonances. In order to cross-check the validity of the spectral fits (see Fig.
5.4), the three lines at gCE (FWHM = 1.8 mT), ge (FWHM = 1.8 mT) and gh (FWHM =
2.9 mT) were taken into account for all samples.

Fig. 5.8 depicts the time evolution of Apeak for samples A to D. From the time traces
shown it is obvious that the three pEDMR signals CE, e and h exhibit different dynamics.
This indicates that none of the paramagnetic states associated with these resonances belong
to the same spin-dependent process. In this case one would expect that both peak intensity
and dynamics of two lines are correlated. Beside the different rise and fall times, all three
signals show the same behaviour with respect to the observed sign of the mw induced
effect (enhancing signal), except for the line at ge in sample B which shows a photocurrent
decrease after the mw excitation (quenching signal). The small dip at short times (t <

3 µs) of this quenching signal is a measurement and data processing artefact. Although
the g value of the quenching signal in sample B (see Fig. 5.4) seems indistinguishable
from the g value of signals at ge in sample A and C, we ascribe this quenching signal
to a different paramagnetic state, namely dangling bond states in the intrinsic absorber
layer. This argumentation is supported by the fact that we are able to resolve a small g
value shift between the enhancing lines of samples A and C as compared to the quenching
signal in sample B. In addition, the quenching signal exhibits different dynamics and can
easily be separated from the CE line in sample B by evaluating the time evolution of the
spectra. Fig. 5.9 shows a comparison between two spectra recorded at t = 2.2 and 4 µs after
the mw pulse excitation. One can clearly observe the quenching contribution at t = 4 µs
which can easily be fitted separately. From this analysis we find gdb = 2.0045(5) which
slightly differs from ge as it was found for samples A and C. Within the experimental
uncertainty this agrees with the g values reported for Si dangling bonds in µc-Si:H (g =

92



5.4. Results and discussion

0 50 100

0

10

20

30

time (µs)

time (µs)

in
te

g
r.
 in

te
n

si
ty

 A
 (

a
rb

. 
u

n
its

)
p

e
a

k

0 50 100

-20

0

20

40

60
sample B

sample C

0 50 100

0

10

20

30
 

sample D

0

20

40

60

80

100  
0 50 100

sample A
g  = 1.9975CE

g  = 2.0049e  

g  = 2.011h  

g  = 1.9975CE

g  = 2.0049e  

g  = 2.011h  

g  = 1.9975CE

g  = 2.0049e  

g  = 2.011h  

g  = 1.9975CE

g  = 2.0049e  

g  = 2.011h  

in
te

g
r.
 in

te
n

si
ty

 A
 (

a
rb

. 
u

n
its

)
p

e
a

k

Figure 5.8.: Time-dependent integrated peak intensities, Apeak, of the deconvoluted
pEDMR signals of samples A to D. The deconvolution procedure was applied to the ex-
perimental data obtained with narrow magnetic field range (cf. Fig. 5.4). The g values
and line widths were assumed to be identical for all samples. Details of the deconvolution
procedure are described in the text.

93



5. pEDMR in µc-Si:H solar cells

338 340 342 344 346 348
-10

0

10

20

magnetic field (mT)

D
|I

| 
(n

A
)

p
h

g
db

 = 2.0045

g
CE

 = 1.9970

x2

2.2

4.0

tim
e

 (
µ

s
)

sample B

Figure 5.9.: pEDMR spectrum
(∆|Iph|) of sample B recorded
4.0 µs after the mw pulse. Two
lines with different g values and
opposite signs can clearly be dis-
tinguished (solid line: experi-
ment; dashed line: result of a fit
with two Lorentzian lines; dotted
lines: both separate contributions
to the fit). Note that the spectrum
has been multiplied by a factor of
two to allow for a better compar-
ison with the spectrum recorded
at 2.2 µs which is also included
in the plot.

2.0042–2.0058 depending on the deposition conditions) [140, 167]. Further on, this is in
line with a simulation assuming dangling bonds which are oriented perpendicular to the c-
Si columns as shown in Fig. 4.11 in Section 4.2.4. This is in agreement with the assumption
that recombination mainly takes place at defects located at grain boundaries. Note that in
spite of the difference between gdb and ge, the temporal evolution of the quenching signal
(Fig. 5.8) is reflected by the line at ge = 2.0049 (deduced from the enhancing signal found
in samples A and C, cf. Fig. 5.4). At present it is not clear why this quenching signal is
not also observed in samples A, C and D. Either this signal is associated with the specific
interface of the intrinsic and the doped layers or the signal is simply masked by the strong
signals related to the doped a-Si:H layers.

To evaluate the dynamics of the 25 mT hf split lines that show up in the spectra of
samples A and C, the deconvolution procedure on these samples was additionally carried
out using the pEDMR datasets with broad magnetic field range. Here, we assumed the
same parameters as described before for the CE and e signals but, for the sake of simplicity,
omitted the line at gh. The P signal was taken into account by assuming a pair of symmetric
Gaussian lines with equal intensity that are split by 25 mT and have their centre-of-gravity
at gP = 2.003. Fig. 5.10 shows the results of this analysis.

While the time dependence of the CE and e signals resembles that given in Fig. 5.8,
we observe a clear correlation between the rise and fall times of the lines at ge and gP

for both samples. For this to occur, both centres must either be involved in the same
microscopic process or two different processes involving the two paramagnetic centres
separately, but influence Iph in a similar way [168]. Based on the experimental results
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Figure 5.10.: Integrated peak intensities (Apeak) for samples A and C (cells with a-Si:H n-
layer). The deconvolution procedure was performed using the two-dimensional pEDMR
datasets with wide magnetic field range (cf. main plots in Fig. 5.4). The hyperfine signal
that is visible in the respective spectra was taken into account by assuming a pair of Gaus-
sian lines that are symmetric to gP = 2.003. Note that the ordinate scale is normalized to
1 to facilitate the comparison of the dynamics.

we cannot unambiguously discriminate between both possibilities, but in any case the
correlation between the pEDMR transients supports the interpretation that both signals
stem from spin-dependent processes in the n-a-Si:H layer.

5.4.4.2. Coherent spin motion

Further information about charge transport mechanisms and the involvement of the defects
assigned above may be obtained by analysing Rabi oscillations of the observer spins lo-
calized at the respective defect states. In particular, one can distinguish a spin-dependent
transition (recombination or tunnelling) that involves only one paramagnetic centre — like
direct capture recombination at silicon dangling bonds or a hopping process among tail
states — from a process in which the spin-dependent transition takes place between two
centres having different g values [44, 58, 168]. In the latter case, one can address the spins
of the charge carriers in both states separately by choosing the resonance condition accord-
ing to the g value of the respective spin. The frequency of the coherent spin motion is given
by the Rabi frequency of the paramagnetic centre which is in resonance, provided that the
driving field γB1 (B1 denotes the amplitude of the mw magnetic field and γ is the gyro-
magnetic ratio) is small compared to the Larmor separation ∆ω = (ωa−ωb) of the two
respective centres [36,37]. Here, ωa and ωb are the Larmor frequencies of the two centres
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5. pEDMR in µc-Si:H solar cells

a and b, respectively. On the contrary, when the Larmor separation of two participating
centres is smaller than the driving field (∆ω� γB1), theory predicts a Rabi frequency that
is higher by a factor of two (cf. Section 2.5) [103, 95, 34].

To observe Rabi oscillations in pEDMR, the charge Q(τ) resulting from the integration
of ∆|Iph| over several microseconds after the mw excitation is recorded as a function of the
pulse length τ as described in detail in Section 3.1 [11]. Fig. 5.11 illustrates the charge
response Q(τ) obtained on two different spectral positions (indicated by the g values as
given in the legend) for each sample. The insets show Fast Fourier Transformations (FFT)
of Q(τ) clearly indicating similar Rabi frequencies (Ω/2π = 12–15 MHz) for all signals.
Under the experimental conditions used in the experiment this corresponds to the Rabi fre-
quencies we expect for a spin-dependent transition between weakly coupled spins that can
be resolved in the pEDMR spectrum (∆ω� γB1). It should be stressed that, unfortunately,
the weak peak intensities of the broad lines (hf and CH) do not allow us to determine their
Rabi frequencies.

Assuming that all EDMR signals found in this study can be explained by the spin pair
model [44], in which the relative spin orientation of both partners of a spin pair determines
a microscopic transition rate, two spectrally distinguishable paramagnetic states are in-
volved in each spin-dependent transition such as recombination or hopping process. When
the spectral positions and/or line widths of these resonances differ significantly, which is
true for the signals e and P in samples A and C, the frequency measured in the coherent
spin motion experiment reflects the Rabi oscillation of the centre which is in resonance (e
signal in this case) [34]. In the opposite case, when the spin pair consists of two paramag-
netic centres with similar g values and homogeneous broadening, only one line appears in
the pEDMR spectrum. However, in this case it is impossible to manipulate only one spin
partner without influencing the other (referred to as spin-locking behaviour, cf. Section
2.5.1) [36, 37], and thus, one measures a Rabi frequency which is predicted to be higher
by a factor of two as compared to the case before [103, 95, 34]. Only if the lines of both
spins are strongly inhomogeneously broadened, the spectral overlap between individual
spin packets of both lines may be small enough to form a weakly coupled spin pair.

All Rabi measurements presented here indicate spin-dependent transitions between
paramagnetic centres which do not overlap in the EDMR spectra. This, however, raises
the question which EDMR resonance line represents the respective recombination or hop-
ping partner. For the EDMR signals which could be assigned to the n-a-Si:H layer, this
puzzle may be answered referring to the transients of the EDMR signals shown in Fig.
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Figure 5.11.: Results of pEDMR measurements of coherent spin motion carried out at
two spectral positions for each sample A to D. The mw pulse length was varied from 0
to 450 ns with an increment of 2 ns. The oscillations reflect the coherent spin motion
of the spin pair ensemble during the mw pulse. Fast Fourier Transformations of the data
are depicted in the insets. The oscillation frequencies Ω/2π lie in the range from 12 to
15 MHz which corresponds to the Rabi frequency of a spin 1/2 under the conditions used
in the experiment.
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5.8. Both signals e and P, which originate from conduction band tail states and phosphorus
donor states in the amorphous n-layer, have the same dynamics and their resonances in
the pEDMR spectrum are clearly separated. Hence, they may constitute a weakly coupled
spin pair, where the spin partners may be excited independently by the microwave pulse,
resulting in the observed Rabi frequencies. This indicates a spin-dependent process be-
tween the two respective centres. Following the previous interpretation of the centres, we
assign the spin-dependent process to hopping between band tail and phosphorous states in
a-Si:H [168].

For the signals related to the µc-Si:H absorber layer this question remains an obstacle
because the transients depicted in Fig. 5.8 exhibit completely different time constants. At
present it is not clear how these paramagnetic centres are related to microscopic transport
or recombination processes. A straightforward explanation of the observed Rabi behaviour
can only be delivered if we assume that in the case of the signals CE, CH and db the
respective pair partners are not visible in the pEDMR spectra due to the fact that their
lines are strongly inhomogeneously broadened or that the signals arise from a microscopic
process involving more than two spins (cf. Section 2.4).

The paramagnetic centres that were identified by the pEDMR analyses described above
are summarized in Fig. 5.12.

5.5. Coherent pEDMR at room temperature

All pEDMR measurements presented so far were performed at T = 10 K in order to benefit
form the enhanced signal-to-noise ratio at low temperatures. This is particularly helpful for
pinpointing the defect states that contribute to the spin-dependent signals and to identify
the underlying microscopic processes. However, the performance-limiting processes at
normal solar cell operating conditions clearly differ from the processes that prevail at 10 K.
Hence, from the viewpoint of solar cell characterization, the preceding measurements have
solely set the stage for further studies at 300 K.

In general, EDMR measurements are not restricted to the low-temperature regime. On
the contrary, many early cwEDMR experiments were carried out at room temperature [8,
42]. It thus seems conceivable to also perform pulsed EDMR measurements at 300 K. The
fact that there are — to the best of the author’s knowledge — no reports about EDMR
on silicon-based devices available to date is primarily attributed to the limited sensitivity,
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Figure 5.12.: Sketch of energy-band diagrams at room temperature without illumination
for samples A to D. The paramagnetic centres that were found to be involved in spin-
dependent processes in the respective samples are shown schematically. Details can be
found in the text.
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Figure 5.13.: Room-temperature
pEDMR spectra (∆|I| normal-
ized to 1) taken at t = 2.0 µs
after a 320 ns long mw pulse
for samples A to D (see Table
5.1). The measurements were
performed without illumination
in the forward bias regime (U =
0.26− 0.48 V, I = 9− 20 µA).
All spectra are normalized to al-
low for a comparison of the line
shapes. The inset shows a spec-
trum of sample A on a larger
magnetic field range.

which is still significantly lower than for cwEDMR with phase-sensitive detection. For
different materials, namely C60 films and organic solar cells based on zinc-phthalocyanine,
pEDMR was recently applied to observe coherent spin effects at T = 300 K [169, 170].
This raises the question whether coherent spin motion can equally be measured in silicon-
based devices or whether short spin relaxation times in silicon prevent the observation
of coherent effects at room temperature. Due to instrumental improvements carried out in
this work (see Chapter 3), we were able to perform pEDMR measurements at 300 K on the
µc-Si:H solar cells described in Section 5.2. In the following, we will show that coherent
effects can also be observed.

5.5.1. pEDMR spectra

Fig. 5.13 shows room-temperature pEDMR spectra of the µc-Si:H based solar cell struc-
tures A to D (cf. table 5.1) at t = 2.0 µs after a 320 ns long mw pulse. The measurements
were carried out without illumination in the charge carrier injection regime, i.e. a positive
bias voltage between 0.26 and 0.48 V was applied which corresponds to a current density3

between 0.9 and 2mA cm−2. The pEDMR signal intensities are normalized in order to
ensure comparability. While the low-temperature measurements that were performed on
the same specimens revealed that the spectral features are distinctively different for the
samples A to D (see Fig. 5.4), the spectra at 295 K are dominated by an asymmetric res-
onance line at g = 2.0059(5) which is similar for all four samples. Although the g value

3The values vary from sample to sample because the current-voltage characteristics depend on the mor-
phology of the doped layers.
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significantly differs from the g value of dangling bonds in microcrystalline silicon, the fact
that the same spectrum is observed for all four samples strongly indicates that the signal
originates from defect states in the intrinsic µc-Si:H layer. If the doped layers contributed
to the spectra, one would expect to observe pronounced differences for samples A to D.
The negligible influence of the doped layers on the spin-dependent transport at room tem-
peratures is consistent with the general change of the transport mechanisms in a-Si:H and
µc-Si:H. While at 10 K hopping transport — which may be spin-dependent — among lo-
calized band tail states prevails, the conductivity at 300 K is dominated by transport which
takes place above the mobility edge and does not exhibit spin-dependence [24]. These
arguments support the assumption that the pEDMR signal indeed originates from recom-
bination of electrically injected electrons and holes via db states in the i-µc-Si:H layer.
This is in agreement with previous cwEDMR measurements and simulations on µc-Si:H
pin solar cells [163, 164]. However, based on the pEDMR spectra alone it is impossible to
elucidate the underlying microscopic mechanism of this spin-dependent process.

The inset of Fig. 5.13 shows the spectrum of sample A on a broader magnetic field
range. It was measured under the same experimental conditions except for a mw power
increased by 9 dB to enhance possible broad spectral components. As excepted, we ob-
serve no contributions from phosphorus in the n-a-Si:H or any other hyperfine satellites.
This provides further evidence for the above-mentioned interpretation that resonance at
g = 2.0059 originates from the intrinsic layer.

We will now discuss the deviation of the g = 2.0059 from the commonly observed g
value of dangling bonds in microcrystalline silicon (gdb, refer to Section 5.4.4.1). As can
be seen from Fig. 5.13, the resonance signals exhibit an asymmetric shape, indicating that
different defect states contribute to the signal. In fact, best fits to the experimental data can
be obtained when assuming two Lorentzian lines with different g values and line widths.
Fig. 5.14a demonstrates this for the spectrum of sample A. The same fitting procedure
was applied to the spectra of samples B to D. The resulting g values of both lines are
shown in Fig. 5.14b. It is obvious that the g values scatter significantly4, which can only
partly be attributed to the limited signal-to-noise ratio at room-temperature. It rather is
anticipated that the spectral features vary from sample to sample because the electric field
distributions depend on the morphology of the doped layers which is different for samples
A to D. However, based on the presented results we cannot assign the origin of the strong
variation of g2.

4The errorbars in Fig. 5.14b indicate only the errors with respect to the particular sample.
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Figure 5.14.: (a) Room-temperature pEDMR spectrum (∆|I| normalized to 1) of sample
A along with the results from a fit to the experimental data (solid line: experimental
data; dashed line: fit results consisting of two Lorentzian lines; dotted lines: both lines
separately). (b) g values obtained from fits to the room-temperature spectra of samples
A to D. Note that the lower g value (average value 2.0046) is within the range that is
associated with db states in µc-Si:H, whereas the higher g value markedly shifts from
samples A to D.

Common to all spectra is that the lower g value is within the range which is attributed to
dangling bonds in microcrystalline silicon (gdb = 2.0042–2.0058 [140, 167]). The obser-
vation of an additional resonance besides the signal from db states is in accordance with
earlier cwEDMR studies on amorphous silicon [171]. Here, Brandt et al. found a sys-
tematic shift of the resonance position towards higher g values upon decreasing the photon
energy of the illumination for db-related recombination. This was attributed to the hopping
of holes in the valence band tail which was identified as the rate-limiting process at low
photon energies. With increasing contribution from valence band tail states, the g value
approaches the average value between gdB and gh [77] and the resonance line becomes
asymmetric. The same trend was observed by Lips et al. in a-Si:H based pin solar cells but
interpreted in a different way [91]. They ascribed the change of the EDMR spectrum to
the inhomogeneous light absorption and the concomitant inhomogeneous recombination
profile. Following the former interpretation by Brandt et al. we can consistently explain
the spectra in Figs. 5.13 and 5.14a when we assume that situation for db-related recom-
bination in a-Si:H and µc-Si:H is comparable and that the quasi-Fermi levels of holes are
similar in the case of electrical charge carrier injection and under illumination with sub- or
near-band gap light.
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5.5.2. Spin-Rabi nutations at room temperature

Since the intensities of both resonances at gdb and g2 differ significantly, the spin-
dependent transition between dangling bonds and valence band tail states (db-CH recom-
bination) is certainly not the only recombination process that contributes to the pEDMR
spectra. Consequently, the question arises whether a process that solely involves the db
states might be responsible for the strong spectral component at gdb. A direct capture
process is in principle capable of explaining the existence of only one resonance line in
the spectrum [79, 11]. Here, the spin-manipulation takes place in an excited state consist-
ing of two electrons in a db centre. To check whether a direct capture process has to be
considered, we utilize the fact that both electrons at a db site can only be manipulated si-
multaneously by the mw pulse since their g values are indistinguishable. Thus, electrically
detected spin-Rabi nutations are expected to exhibit spin-locking behaviour as explained
in Section 2.5.1, i.e. an oscillation at the frequency 2Ω. In the case of recombination be-
tween two separate states with ‘invisible’ recombination partner or a three particle process
as suggested in Section 2.4, the Rabi frequency Ω for selective excitation is supposed to
prevail.

An essential prerequisite for the electrical detection of coherent spin motion is that the
spin relaxation times of both constituents of a recombining spin pair are sufficiently long
compared to the spin manipulation time. There is no experimental data on spin relaxation
times available for µc-Si:H at room temperature, but it is anticipated that the longitudinal
spin-relaxation time, T1, and the transverse spin-relaxation time, T2, of dangling bonds
are of the same order of magnitude in µc-Si:H and a-Si:H. Previous measurement of the
spin-lattice relaxation time via the adiabatic-passage technique revealed T1 ≈ 10 µs for
db states in a-Si:H at room temperature [172]. Recent measurements employing pulsed
EPR yielded both T1 and T2 to be approximately 5 µs [173]. Thus, with regard to spin
relaxation, coherent pEDMR measurements with spin manipulation times of a few 100 ns
seem feasible and can indeed be carried out as we will demonstrate in the following.

Fig. 5.15a shows electrically detected spin-Rabi nutations that were measured at the cen-
tre of the resonance line at g = 2.0059 (see Fig. 5.13) with a procedure described in Section
3.1. The different curves were obtained using several mw attenuation levels, A. The oscil-
lations do not show clear evidence of two distinct Rabi frequencies. It rather seems that
the oscillations for all values of A are dominated by the Rabi frequency of spin pairs in
either the selective excitation or the spin-locking regime. To unequivocally discriminate
between the Ω and 2Ω components, we attached a small reference sample consisting of
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Figure 5.15.: (a) Electrically detected spin-Rabi nutations at the centre of the resonance
line at g = 2.0059 (sample A) for several mw attenuation levels, A, as indicated in the plot.
A bias voltage of 0.3 V (forward bias) was applied to the cell. (b) Rabi frequencies for a
N@C60 reference sample obtained by pulsed EPR (squares) and linear fit (solid line). The
diamonds represent the Rabi frequencies obtained from the pEDMR measurements in (a).
Details are given in the text.

N@C60 powder to EDMR sample with the distance between solar cell and N@C60 being
smaller than 1 mm. Hence, we were able to perform spin-Rabi nutation measurements
of the nitrogen electron spin using conventional EPR and the previously shown pEDMR
measurements under identical experimental conditions. For the EPR measurements we
employed the pulse sequence

(
t1−T − π

2 − τ−π− τ− echo
)

to obtain the longitudinal
magnetization after a nutation pulse of varying length t1 via echo-detection [174]. Fig.
5.15b shows the resulting Rabi frequencies for the N@C60 reference sample (EPR) along
with a linear fit and the spin-dependent signal from the solar cell (EDMR) as a function
of 10(−A/20) which is proportional to B1. The fact that the Rabi frequencies from EPR
and EDMR measurements coincide within the experimental errors indicates that the spin-
nutations shown in Fig. 5.15a are dominated by the frequency Ω, i.e. the Rabi frequency
of spin pairs under selective excitation conditions. This result rules out the direct capture
mechanism to be responsible for the EDMR signal at gdb because the oscillations lack a
significant contribution of the 2Ω (spin-locking) component.
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5.6. Conclusion

The preceding pEDMR study demonstrates that an identification of paramagnetic defect
states and charge transport processes can be obtained in completely processed pin solar
cells. The complexity of the problem to assign the defect states to materials and inter-
faces in a multi-layer solar cell made a systematic alternation of the morphology of the
highly doped n- and p-layers mandatory. We could show that by combining the infor-
mation obtained from low-temperature pEDMR spectra and from the time evolution of
the spin-dependent photocurrent transients the spectral resolution may be significantly en-
hanced. As a result, valuable additional information about transport mechanisms could be
obtained as compared to conventional EPR and EDMR investigations.

Thereby we succeeded in identifying electron hopping processes between conduction
band tail states and phosphorus donor states in the n-a-Si:H layer. The identity of the latter
could unequivocally be assigned by comparing X- and Q-band pEDMR spectra. Similarly,
spin-dependent processes involving holes in valence band tail states in the p-a-Si:H layer
could be observed. Presumably, these states are involved in a hopping or tunnelling pro-
cess, however, the details of these mechanisms are at present unclear. Paramagnetic states
in the intrinsic µc-Si:H absorber, which was present in all samples, give rise to pronounced
resonances. A strong signal related to localized electrons in the conduction band tail (CE)
was observed in the i-µc-Si:H layer. In addition, we found a signal which we assign to
holes localized in the valence band tail (CH). These states give rise to an asymmetric and
broad line that could be simulated assuming a strongly asymmetric g tensor and asymmet-
ric line broadening. Signals related to dangling bonds in the µc-Si:H absorber could only
be observed for the sample with microcrystalline n- and p-layers.

Besides this, we were able to detect a pEDMR signal at g = 1.9675(5) in the µc-Si:H
pin solar cell with p- and n-doped µc-Si:H layers which we associate with shallow donor
states in the Al-doped ZnO. Here, more work is needed on thin ZnO layers and devices,
in which the ZnO is replaced by other transparent conducting oxides, to further investigate
the microscopic nature of this resonance.

Coherent spin motion measurements at 10 K in X- and Q-band revealed the signature of
spin-dependent transitions in which both spins of the respective spin pair can be addressed
separately. In the case of the hopping signals originating from the n-a-Si:H layer, this
is in agreement with the pEDMR spectra, provided that we indeed observe a hopping
process from a phosphorus donor state to a band tail state or vice versa. In the case of the
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resonances that stem from the p-a-Si:H and i-µc-Si:H layers, no such correlation between
two signals could be found in the pEDMR spectra and transients. This indicates that either
the missing spin partners cannot be observed in the spectra or that the spin pair model
cannot account for the underlying microscopic mechanisms (cf. Section 2.4). Due to its
strong inhomogeneity, spin-dependent processes through the CH states could serve as the
missing link in the interpretation of the Rabi oscillations. To connect the CH states to
a specific process, the dynamic behaviour of this line has to be studied in greater detail
which, however, is difficult in view of the relatively small signal amplitude.

The identification of defect states and transport mechanisms at low temperatures consti-
tutes the basis for studies focusing spin-dependent processes under normal solar cell oper-
ating conditions. Benefiting from instrumental improvements we succeeded in performing
pEDMR measurements (photocurrent relaxation as well as coherent experiments) at room
temperature. In contrast to the low-temperature measurements, the pEDMR spectra at
300 K exhibit no contribution from the highly doped layers. The spectra of all samples are
dominated by recombination via dangling bonds in the intrinsic absorber layer. Measure-
ments of coherent spin motion at room temperature indicate that a direct capture process
which involves only db states cannot account for the observed signals.
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organic solar cells

Based on the instrumental and methodological achievements described in the previous
chapters, we now extend the application of pEDMR to a new class of materials, namely
organic compounds embedded in organic PV devices. Among them in particular MEH-
PPV:PCBM has led to impressive improvements with respect to efficiency and long term
stability, which motivated us to dedicate the present study to solar cells based on this
blend. However, similar to other organic solar cells the performance of MEH-PPV:PCBM
solar cells is still far beyond optimum. Major limitations originate from electron hole
recombination processes in the material. Similar to the case of solar cells based on silicon
materials, recombination in organic solar cells frequently involves paramagnetic species
which can be studied by EDMR. However, recent studies on MEH-PPV:PCBM making
use of cw EDMR only were not able to unambiguously assign the origin of the observed
EDMR signatures. In order to identify and describe the underlying mechanisms at room
temperature, we employed different EDMR detection schemes capable of identifying the
paramagnetic species dominating the spin-dependent recombination processes as well as
the character of the recombination process itself. cwEDMR was employed to precisely
determine the spectral position as well as the line shape and width of the resonance signal.
In order to clarify the question whether one or two resonance signals contribute to the
EDMR signal and further elucidate the underlying spin-dependent transport mechanism,
we employed pEDMR under spin-locking conditions. We found that the experimental
results can be consistently explained within the framework of polaron pair recombination
and address the implications for solar cell operation.
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6.1. Introduction

Understanding the transport mechanisms in solar cell devices is one of the prerequisites
for the design of novel solar concepts with improved efficiency. This is especially true for
future solar cells based on organic materials where the efficiency of the device is deter-
mined by the rates of forward charge separation via organic radicals which compete with
the rates of backward recombination pathways.

The basic principle of the organic solar cell investigated here is as follows: Light is
absorbed in the polymer MEH-PPV and creates an exciton which can either recombine
or dissociate into two separate charge carriers (‘polarons’) [29]. In order to promote the
separation of charge carriers and thus prevent the recombination of excitons, the solar cell
consists of an interpenetrating phase separated network of an electron donor (MEH-PPV)
and an electron acceptor (PCBM). If an exciton is created close to a donor/acceptor in-
terface, electron transfer from the photoexcited polymer to the acceptor occurs with high
quantum yield [29]. In this way a spatial separation between the opposite charges is ac-
complished and thus the charge carriers are unlikely to recombine again. Similar like in
an inorganic solar cell consisting of a classical pn junction, it is energetically favourable
for the separated negative charges to percolate through the PCBM phase towards the metal
electrode. Analogously, the positive charges will move towards the ITO through the poly-
mer [175]. Thus, both types of charge carriers contribute to the current which can be
extracted from the solar cell.

Provided that the primary excitation results in two separated polarons, the performance
of the solar cell is determined by the chance of the polarons to reach the respective elec-
trodes. Two different processes can prevent the polarons from being extracted, namely
(i) polaron pair recombination and (ii) bipolaron formation. (i) If two oppositely charged
polarons encounter, they may form a polaron pair and recombine [97]. Since the recom-
bination probability depends on the spin state of the polaron pair, this process is spin-
dependent. Each recombination process annihilates two current-carrying charge carriers
and is therefore detrimental for the solar cell performance — analogously to electron-hole
recombination in inorganic solar cells. (ii) The importance of bipolaron formation for the
charge carrier transport results from the fact that conduction in disordered materials oc-
curs via hopping of polarons among localized states. In principle, these localized states
can be occupied by a bipolaron consisting of two like-charged polarons [98]. Since large
on-site exchange effects lead to energies which are much higher for triplet bipolarons than
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for singlet bipolarons, we only consider bipolarons in the singlet state. Thus, a polaron
cannot make a transition to a previously singly occupied state when both spins are parallel
(‘spin-blocking’) [98]. Consequently, the formation of a bipolaron — which is involved in
the transport path — is spin-dependent as well.

Since the spin states of polarons can be manipulated by EPR, the resonant changes of
polaron pair recombination and bipolaron formation rates can be probed in an EDMR ex-
periment. The EPR signatures can be extracted from the cwEDMR spectrum. Although the
g values of positive and negative polarons in MEH-PPV are almost identical [176], the line
widths are different and can therefore be used to identify both species. This was demon-
strated in an EDMR study on organic light-emitting diodes consisting of MEH-PPV [177].
However, the unambiguous discrimination between different spin-dependent processes in-
volving the same paramagnetic species (in particular formation of positive and negative
bipolarons vs. polaron pair recombination) based on the cwEDMR spectrum alone is not
possible. The aim of the experiments presented here was to identify the paramagnetic
species influencing the charge transport and to conclude on the underlying recombination
mechanisms in the material. For this purpose we performed coherent spin motion mea-
surements and comparative simulations (cf. Section 2.6). This allowed us to discriminate
between different transport and recombination processes which are indistinguishable in
cwEDMR.

6.2. Materials and methods

6.2.1. Solar cell preparation

The organic bulk heterojunction solar cells for pEDMR investigations were fabricated at
the University of St. Andrews by Elizabeth A. Thomsen and Ajay K. Pandey. Details about
the sample structures can be found in Ref. [178]. A summary of the processing steps is
given in the following.

The EDMR samples were fabricated on indium tin oxide (ITO) coated glass substrates.
The ITO layer was patterned using a wet chemical etching process in order to achieve a
contacting scheme similar to the geometry shown in Fig. 3.5b. After cleaning the ITO
electrodes in several steps (see Ref. [178] for details), the substrates were transferred to
a N2-filled glove box for further processing. A single layer consisting of the semicon-
ducting polymer poly(2-methoxy-5-(2’-ethyl)-hexoxy-p-phenylene) vinylene (referred to
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Figure 6.1.: Structure of the organic bulk hete-
rojunction solar cell for EDMR measurements.
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Figure 6.2.: Schematic energy-
level diagram for the MEH-
PPV:PCBM solar cell under for-
ward bias conditions (U = 1.0 V)
neglecting any interfacial effects
at the contact layers.

as MEH-PPV) and [6,6]-phenyl C61-butyric acid methyl ester (referred to as PCBM) was
spin coated from a previously prepared blend solution of MEH-PPV and PCBM dissolved
in chlorobenzene in the ratio of 1:4 (by wt %). A 100 nm thick Al layer was then deposited
through a shadow mask resulting in an active device area of 5 mm2. The final device con-
figuration as shown in Fig. 6.1 is glass substrate/ITO/100 nm MEH-PPV:PCBM/100 nm
Al.

6.2.2. Experimental conditions

In order to study the influence of polaron pair recombination on the charge transport in
organic solar cells, we injected charge carriers into the MEH-PPV:PCBM blend electrically
by applying a positive bias voltage. Operating the device in this ‘LED-mode’ proved
beneficial because the EDMR measurements can be performed in the dark. In this way it is
possible to even investigate non-encapsulated devices, which suffer from fast degradation
under illumination in ambient air. The energy-level diagram under forward bias conditions
is shown schematically in Fig. 6.2. Due to the fact that the injection barrier for holes from
the ITO electrode into the highest occupied molecular orbitals (HOMO, π orbitals) of the
MEH-PPV is about 0.2 eV and thus relatively low [179], whereas the barrier for electron
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Figure 6.3.: cwEDMR spec-
trum normalized to 1 obtained
at room temperature without il-
lumination. The sample was bi-
ased at U = +1.0 V (forward
bias) leading to a current of
18.7 µA. The mw power used
was 20 mW. The solid line repre-
sents the fit results assuming two
resonance lines with equal dou-
bly integrated intensities and g
values but different line shapes
and line widths. The dotted lines
show the individual fit compo-
nents.

injection from the Al electrode into the lowest unoccupied molecular orbitals (LUMO) of
the PCBM is significantly higher (≈ 0.6 eV [29]), we assume that the charge transport in
the forward bias regime is dominated by positive charge carriers in the MEH-PPV.

6.3. Results and discussion

In the present study three different EDMR detection schemes were employed to investigate
the spin-dependent transport mechanisms involving paramagnetic species in organic bulk
heterojunction solar cells: cwEDMR, pEDMR and electrically detected Rabi oscillations.
These detection schemes are described in detail in Sections 3.1 and 3.2. In the following,
we will present the results obtained from these measurements.

6.3.1. cwEDMR

Fig. 6.3 shows the cwEDMR spectrum of the bulk heterojunction solar cell obtained at
room temperature in the dark under constant forward bias injection condition (U = 1.0 V,
I = 18.7 µA). We observe a relative increase of the current under resonance conditions, i.e.
at g = 2.0028(3). The signal has neither a clear Gaussian nor Lorentzian shape, indicating
the influence of at least two different paramagnetic centres. Best fits to the data, as shown in
Fig. 6.3, are obtained by assuming one narrow resonance with a Pseudo-Voigtian line shape
with strong Lorentzian character (rel. Lorentzian intensity: 0.9, rel. Gaussian intensity:
0.1, g = 2.0028(3), FWHM = 0.6(1) mT) and a wider component having Gaussian shape
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6. Polaron pair recombination in organic solar cells

(g = 2.0028(3), FWHM = 1.5(1) mT) and having identical doubly integrated intensity as
compared to the narrow line. Line widths and g values are consistent with earlier EDMR as
well as light-induced EPR measurements and are generally attributed to positive polarons
(radical cations) as well as negative polarons (radical anions) in MEH-PPV [176].

Polaron pairs consisting of negative and positive polarons [97, 180] as well as bipo-
larons [177, 181] comprising like-charged pairs of polarons, are known to be a source of
EDMR signals at g ≈ 2.0028 when they influence transport by either spin-dependent re-
combination or hopping. Discriminating between both mechanisms (polaron pair recom-
bination and bipolaron-formation) is of fundamental scientific interest, not only because
polaron pairs and bipolarons influence charge transport in organic solar cells and organic
light emitting diodes (OLEDs), but also because they play an important role in the re-
cently discovered organic magnetoresistance (OMAR) effect [182]. Here, polaron pair
recombination [183] and bipolaron formation [98, 184] can lead to the same experimen-
tal observations (i.e. a the change of the sample conductivity as a function of an external
magnetic field).

The cwEDMR spectrum does not allow us to unambiguously assign the underlying mi-
croscopic mechanism. In particular, reasonable fits could conceivably be achieved for a
single type of paramagnetic centre with hyperfine interaction to a nearby nucleus or two
exchange-coupled centres with different g values. However, the fact that the spectrum can
be approximated when assuming two lines with identical doubly integrated intensities in-
dicates that both lines might originate from one spin-dependent transition which involves
both members of a polaron pair. This assumption is supported by the pEDMR measure-
ments presented in the remainder of this chapter. It is important to add that the line shape
of positive polarons in MEH-PPV is mainly attributed to unresolved hyperfine interactions
with spin-carrying nuclei in close proximity to the polarons. This results in a Gaussian line
shape which is indeed observed in light-induced EPR [185]. In EDMR and electrolumi-
nescence detected magnetic resonance (ELDMR), however, the resonance lines associated
with positive polarons in PPV-derivatives exhibit Lorentzian line shapes as reported by
various groups [180, 177, 181, 32, 186, 187]. This is in accordance with our observations
and might be related to motional averaging of the anisotropic magnetic interaction param-
eters. A Lorentzian line shape might also arise when the polaron pair lifetime is limited
by recombination or annihilation on a timescale shorter than spin relaxation times. From
the spectral position of the resonance lines in the EDMR spectrum a significant contribu-

112



6.3. Results and discussion

Figure 6.4.: Microwave power
dependence of the pEDMR spec-
trum (Q≡

∫ 30 µs
0 ∆I(t)dt normal-

ized to 1). 3 dB attenuation
corresponds to Pmw = 500 W at
the output of the mw amplifier.
Upon increasing the mw power,
the width of the resonance peak
increases and a ‘dip’ emerges at
the centre of the spectrum.

B1

tion of PCBM anions (gx = 2.0003(1), gy = 2.0001(1), and gz = 1.9982(1) [188]) can be
excluded.

6.3.2. pEDMR

A more detailed insight into the identification of the participating species in the EDMR
signal results from the pEDMR measurements taken at room temperature under otherwise
identical conditions as for the cwEDMR data. Fig. 6.4 shows pEDMR spectra that result
from an integration of ∆I(t) over the first 30 µs after the mw pulse with a fixed length
(τ = 160 ns) recorded for different mw power levels, Pmw.

It is important to note that an analysis of the current relaxation dynamics, which was
used to deconvolute spectrally overlapping signals in Section 5.4.4.1, revealed the same
time behaviour for both spectral components. This indicates, but does not prove, that both
paramagnetic centres are involved in the same spin-dependent process.

The different mw attenuation levels used for recording the spectra in Fig. 6.4 corre-
spond to π-pulse lengths between 72 ns (12 dB) and 18 ns (0 dB). For attenuations above
12 dB obviously a single resonance line is observed. With increasing mw power this line
broadens and above 6 dB a ‘dip’ emerges exactly in the middle of the resonance line.
This spectral signature in combination with the information extracted from the pEDMR
transient analysis provides strong evidence for the presence of two correlated spins cou-
pled by the mw pulse. This effect, referred to as spin-locking behaviour (cf. Section 2.5),
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6. Polaron pair recombination in organic solar cells

has decisive implications for electrically detected spin-Rabi nutations as explained in the
following.

pEDMR under spin-locking conditions

pEDMR signals originating from overlapping resonance lines involved in the same trans-
port mechanism with similar line width and spectral position are very sensitive to the ap-
plied microwave power. This is due to the fact that the respective spins may be locked by
the magnetic component of the microwave field when the mw power is sufficiently high to
excite both spins of the same spin pair as explained in Section 2.5.1. This implies that the
total spin of the pair is not altered by the mw and thus the population is shifted between
the three triplet sublevels (T+, T0, T−) which are all characterized by the total spin S = 1.
This effect was described theoretically [189] and observed experimentally for radical pairs
by means of absorption detected magnetic resonance (ADMR) [103, 95, 96].

In EDMR, spin-locking influences both the shape of the pEDMR spectrum as well as
the frequency spectrum of the pEDMR detected Spin Rabi oscillations. Under spin-locking
conditions, the microwave has no direct effect on the EDMR observable, i.e. the current
change ∆I depending on the deviations of the singlet and triplet populations from their
respective steady-state values, since the total spin remains unchanged and the spin popu-
lation is only altered between the sublevels (T+, T0, T−) of the triplet manifold [34, 95].
However, this leads to a decrease of the microwave induced pEDMR signal to the steady
state value, which may be observed as a dip in the centre of the spectrum [95, 96]. In
addition, the frequency spectrum of the pEDMR detected Rabi oscillations may be altered
due to intersystem crossing (ISC, cf. Section 2.5.2), a case that is frequently encountered
in amorphous hydrocarbons at room temperature. In the presence of ISC, the oscillation
frequency 2Ω is expected to be observed in electrically detected spin-Rabi nutations under
spin-locking conditions.

6.3.3. Rabi oscillations

Fig. 6.5a shows the charge response Q(τ) (0 ns < τ < 500 ns) measured on resonance at
g = 2.0028 with a pulse increment time of 2 ns. The signal clearly exhibits oscillations
which reflect coherent spin motion of the paramagnetic species during the mw pulse. For
all mw power levels shown, ∆I initially increases with increasing τ . This is in line with the
sign of the current change observed in the pEDMR spectra. The oscillation amplitude is
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Figure 6.5.: Electrically detected spin-Rabi nutations obtained at room temperature. (a)
Solid lines: integrated charge Q (cf. Fig. 3.1) as a function of the mw pulse length τ for
several Pmw as indicated by the corresponding mw attenuations. Dotted lines: simulation
results (combined population of product states | ↑↓〉 and | ↓↑〉 with mixed symmetry) for
the polaron pair recombination model. Details can be found in the text. Experimental and
simulation data are vertically offset for clarity. (b) Fast Fourier Transformations of the data
shown in (a) yielding the respective Rabi frequencies. With increasing Pmw the intensity
of the Ω component (represented by the colour code) decreases whereas the intensity
of the double frequency component increases. Both frequencies are linearly dependent
on the mw field amplitude B1 (∝

√
Pmw). (c) FFTs for 12 and 0 dB attenuation of the

measurement data (solid lines), the simulation results according to the polaron pair (PP)
recombination model (dotted lines) and simulation results for the bipolaron (BP) model
(dashed lines) as discussed in the text. The individual curves are offset vertically. Note that
the relative intensities of the single and double frequency components are well reproduced
by the simulation for polaron pairs.
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damped with time constant≈ 150 ns. The damping of the Rabi oscillations in pEDMR can
be caused be several effects, among them spin relaxation of the individual partners of the
contributing spin pair, pair dissociation and recombination or coherent dephasing effects
due to inhomogeneities of the B1 field (for a review see [35]). The effect of coherent de-
phasing can be analysed separately by a pEDMR echo experiment [113,70], but this is not
considered the subject of this study. As it is obvious from Fig. 6.5a, with increasing mw
power a new Rabi frequency component becomes visible. In the case of low mw power
(12 dB), the frequency of the oscillation (Ω/2π) corresponds to the Rabi frequency of a
species that is associated with a total spin 1/2 (see the Fast Fourier Transformations (FFT)
shown in Fig. 6.5b). Upon increasing the mw power, we observe an increase of the oscil-
lation frequency according to Rabi’s formula Ω = γB1 with γ being the gyromagnetic ratio
and B1 the amplitude of the rotating magnetic field induced by the microwave. Besides
this, a second frequency appears which is higher by a factor of two. The intensity of this
component increases monotonically when raising the mw power until the amplitudes of
both frequency components are similar at 0 dB. It should be noted that the power level
at which the second frequency appears (≈ 9 dB, cf. Fig. 6.5a) roughly coincides with the
change of the respective pEDMR spectra shown in Fig. 6.4. This observation can qualita-
tively be explained by the spin-locking model.

To quantitatively confirm this assumption, we calculated the spin pair evolution as a
function of the mw pulse length numerically for the respective mw power levels with a
procedure described in Appendix B. While polaron pair recombination as well as bipolaron
formation can equally lead to spin-locking, the power dependence of the Rabi oscillations
is different for both processes and can thus be used to discriminate between them.

To extract the correct g value distributions for the simulation, we have fitted the
cwEDMR spectrum in Fig. 6.3 and find best results assuming two spectral components
with equal intensity and g values but different line shapes as mentioned above. The strong
Lorentzian character of the pseudo-Voigtian narrow line indicates that the width extracted
from the fit is not the inhomogeneous line width determined by unresolved hyperfine inter-
actions but rather arises from motional or lifetime effects. However, for the simulation of
the spin nutation, only the inhomogeneous line width has to be considered. We therefore
include the following Gaussian distribution in the simulation (cf. Section 2.6.1):

p(ga) = exp
[
−4ln(2)

(ga− ḡa)2

∆g2
a

]
with ḡa = 2.0028 and ∆ga = 0.002 . (6.1)
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The width ∆ga = 0.002 of the distribution corresponds to an inhomogeneous line width of
≈ 0.3 mT. Although this value is only an estimate, it must necessarily be smaller than the
line width extracted from the cwEDMR spectrum (FWHM = 0.6(1) mT). The simulation
is rather insensitive to the exact value as long as it is significantly smaller than the width
of the broad line — which certainly is the case here.

The width of the broad spectral component (FWHM = 1.5(1) mT) can analogously be
expressed in terms of the same Gaussian g value distribution (6.1) except for a different
width ∆gb = 0.009.

For 104 spin pairs with varying g values (taken from the distributions p(ga) and p(gb)
consisting of 102 points each) we determined the population of the product states |↑↓〉 and
| ↓↑〉 with antiparallel spin alignment at the end of the pulse under the assumption that all
spin pairs are initially (τ = 0) in a configuration in which the spins are aligned parallel
(triplet states). Note that the combined population of states | ↑↓〉 and | ↓↑〉 corresponds to
the sum of the populations of the states |S〉 and |T0〉 in the case of strong ISC. Thus, the
‘observable’ is independent of the chosen basis. Averaging over the contributions from
all pairs yields the dotted curves shown in Fig. 6.5a for the mw power levels used in the
experiment. It should be noted that no spin-spin interactions (neither exchange nor dipolar
interaction) were taken into account. Also, we neglected any dephasing processes that
are active only in the triplet manifold (triplet-triplet dephasing) as observed for micellized
radical pairs [96] by means of ADMR. Such processes could possibly lead to different
dephasing time constants for the single and double frequency components. Damping of
the oscillations due to gradual loss of spin pairs during the excitation was accounted for
by including exponential damping of the oscillation amplitude with a time constant of
150 ns. Damping due to coherently dephasing spin pairs is automatically incorporated
in the simulation by including g value distributions. The results of the simulation are in
good agreement with the experimental data. This confirms that the experimental results
can consistently be explained within the framework of the spin-locking model.

In the simulation, the spin pairs are formed by taking one spin from the narrow distribu-
tion p(ga) and one spin from the broad distribution p(gb). This holds true for the polaron
pair mechanism where all pairs consist of one positive and one negative polaron. In the
bipolaron model, however, spin pairs comprise like-charged polarons. Thus, for modelling
Rabi oscillations according to the bipolaron model, two types of spin pairs have to be
considered, namely positive bipolarons (consisting of two spins both taken from p(ga))
as well as negative bipolarons (consisting of two spins taken from p(gb)). The general
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trend of the corresponding Rabi oscillations is similar to the behaviour found for the po-
laron model, namely the intensity of the 2Ω component increases upon increasing the mw
power. However, the relative intensities of both frequency components differ markedly for
both models. This can best be visualized by the respective FFTs of the oscillations which
are shown in Fig. 6.5c along with the FFTs of the experimental data for 12 and 0 dB mw
attenuation.

Two significant differences between the simulations for polaron pairs and bipolarons
deserve some attention. First, due to the narrow width of distribution p(ga) positive bipo-
larons exhibit spin-locking behaviour already at relatively low mw power (12 dB attenua-
tion). At this power level, almost no 2Ω component is visible for polaron pairs. Second,
the oscillation at 2Ω at high mw power (0 dB attenuation) is clearly present in both cases.
However, the gradual dephasing of this spin-locking component is much less pronounced
for bipolarons than for polaron pairs, resulting in a stronger 2Ω component in the fre-
quency spectrum. This can also be attributed to the relatively narrow g value distribution
of the positive bipolarons and contradicts the experimental observation. In contrast to that,
the simulated data according to the polaron pair model are in good agreement with the ex-
periment. These findings strongly indicate that the polaron pair mechanism is responsible
for the experimental results. Another observation that is at variance with the bipolaron
model is based on the intensities found in the cwEDMR spectrum shown in Fig. 6.3. Al-
though EDMR signals are neither directly proportional to the concentrations nor to the
mobilities of either positive or negative polarons, one would not expect both components
to have equal intensities as the mobilities of both types of charge carriers differs markedly
in MEH-PPV. It would rather be anticipated that an imbalance between positive and neg-
ative bipolarons exists. In the case of polaron pair recombination, however, equal EDMR
intensities for both spin pair constituents seem plausible.

Fig. 6.6 summarizes schematically how the EDMR signals are interpreted in the absence
(left) and presence (right) of the spin-locking mechanism in the framework of the polaron
pair model.

Intersystem crossing

The presented mw power dependence of the Rabi oscillations at room temperature varies
from the recently observed behaviour for low-temperature (T = 5 K) polaron pair recom-
bination in OLEDs made from MEH-PPV [187]. While we clearly observed a 2Ω com-
ponent upon increasing the mw power without loss of signal-to-noise ratio, McCamey et
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Figure 6.6.: Schematic illustration of PP recombination in the absence and presence of
spin-locking. Polaron pairs are created by encounter of positive and negative free po-
larons. Resonant mw excitation alters the populations of the PP states. In the case of selec-
tive excitation (low microwave power, shown on the left side), the mw directly ‘connects’
singlet and triplet states (which are not necessarily eigenstates) at the Rabi frequency Ω.
In the spin-locking case, the singlet state is decoupled from the triplet manifold. Hence,
the shift of population is restricted to the three triplet states, and the frequency corresponds
to 2Ω. Intersystem crossing (ISC) establishes a connection for population transfer from
T0 to the singlet state. After spin-manipulation, the polaron pairs recombine with rate co-
efficients rS and rT which are proportional to the singlet and triplet content, respectively.
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al. [187] found a significant increase of the noise at high mw powers and did not observe a
double frequency component. Both discrepancies can consistently be explained when the
intersystem crossing rate changes with temperature.

Since both the mobility of the polarons as well as the movement of spin-carrying nuclei
in the polymer usually exhibit a pronounced temperature dependence [190], the hyperfine
interaction as a source of ISC is also expected to vary with temperature. Based on this
model, the fact that a strong contribution of the frequency 2Ω is observed in the Rabi
oscillations measured at room temperature (cf. Fig. 6.5) whereas this feature is missing at
low temperature (T = 5 K) [187], can be attributed to the temperature dependence of the
ISC rate. It should be noted that ISC is of minor importance for the Rabi oscillation at the
single frequency Ω in the absence of spin-locking which occurs for low microwave powers.
In this case only one spin of each polaron pair is manipulated by the microwave. For a
π-pulse of length τ = π/Ω (spin flip by 180°) the microwave drives transitions from the
states |T+〉= |↑↑〉 and |T−〉= |↓↓〉 to the product states |↑↓〉 and |↓↑〉 and therefore directly
affects the singlet and triplet populations without the need for an indirect process promoted
by ISC. As a consequence, we expect this contribution of the Rabi oscillations to be rather
temperature-independent, which is in accordance with the experimental observations at
low temperatures [187].

The fact that the appearance of the second Rabi frequency at high mw powers is a con-
sequence of intersystem crossing opens up the possibility to directly measure intersystem
crossing rates in organic devices. In particular, the influence of the fluctuating hyperfine
field felt by the polarons can quantitatively be evaluated as a function of temperature by
means of pEDMR. This analysis is not restricted to solar cells but might also be relevant
for studying the microscopic origin of magnetoresistance that was recently observed in a
wide range of organic materials [191, 192, 193, 194].

6.4. Conclusion

All EDMR-based observations discussed above can consistently be described within the
framework of the spin-locking model, provided that the spin-dependent conductivity
changes arise from recombining polaron pairs each consisting of one positive and one
negative polaron in the polymer. The cwEDMR signal can be fitted when assuming two
resonance lines with equal intensities resembling the spectral shapes of oppositely charged
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polarons that were previously investigated by light-induced EPR and cwEDMR. Exper-
iments performed at different mw power levels lead to spin-locking effects in pEDMR
spectra as well as in electrically detected Rabi oscillations. Numerical simulations of spin
Rabi nutations support the interpretation that polaron pairs are responsible for the ob-
served spin-dependent signals under the particular experimental conditions. Nevertheless,
it should be mentioned that changing the device composition or the experimental condi-
tions (temperature or applied voltage) could dramatically influence the mechanism respon-
sible for EDMR. In general, studying electrically detected Rabi oscillations for different
mw power levels might provide a key experiment to distinguish between different compet-
ing models capable of explaining both loss mechanisms in organic solar cells as well as
recently discovered organic magnetoresistance effects. Despite the presented arguments
in favour of the polaron pair model we cannot fully exclude the bipolaron mechanism to
explain our results. However, due to the difference between the mobilities of positive and
negative polarons in MEH-PPV, we would expect to observe a strong imbalance between
the EDMR components for the respective bipolarons in cwEDMR as well as in the electri-
cally detected Rabi oscillations.

Implications for solar cell operation

The spin-dependent process involving polaron pairs clearly hinders solar cell operation
because it reduces the concentration of free polarons carrying the current. We suggest that
under the experimental conditions chosen in the present work (no illumination, forward
bias) the charge transport is mainly governed by positive polarons in the MEH-PPV since
their interchain mobility exceeds the mobility of negative polarons as it is the case for
most conjugated polymers [29]. We further assume that the PCBM does not significantly
contribute to the current because the injection barrier for electrons from the Al electrode
towards the LUMO of the PCBM is quite high, and thus the PCBM is not accessible for
electron injection. The applied forward bias of 1.0 V is not sufficient to overcome this
energy barrier. Positive polarons drift in the electric field from the ITO side towards the
Al electrode. We assume that there are negative polarons in the MEH-PPV close to the Al
electrode as illustrated schematically in Fig. 6.7. Since their mobility is rather low, most
negative polarons reside in that region. When positive polarons from the ITO electrode
encounter negative polarons in the vicinity of the Al side, both charge carriers can form a
polaron pair which can be annihilated either by recombination or dissociation. These pairs
can be considered to block the current transport path which is provided by free polarons.
When the recombination rate of such polaron pairs is enhanced by the resonant microwave,
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6. Polaron pair recombination in organic solar cells

AlITO

MEH-PPV:PCBM

polaron pairs

Figure 6.7.: Artist’s view of the suggested polaron pair recombination process responsible
for the pEDMR signals. Due to their low mobility, negative polarons in the MEH-PPV
stay close to the Al electrode where they are injected. Positive polarons (with higher
mobility) are injected from the ITO electrode and drift in the electric field provided by
the bias voltage towards the Al electrode. When a positive polaron encounters a negative
counterpart, polaron pairs are formed which hinder the charge transport. The recombina-
tion rate of these pairs is manipulated by the resonant mw excitation. Enhanced polaron
pair recombination results in an increase of the conductivity.

the transport path is not blocked any more and thus a positive current change is observed.
Note that the situation is similar to recombination in solar cells based on amorphous sil-
icon under forward bias conditions without illumination, where also a positive EDMR
signal due to enhanced recombination in the space charge region is observed [91]. The de-
scribed recombination pathway will necessarily limit the efficiency of organic solar cells
based on the blends investigated here, due to the following mechanism: The charge sepa-
ration after photoexcitation in the MEH-PPV has been shown to be a fast and very efficient
process [29, 195]. However, this holds true only for the case when a PCBM molecule is
present in close proximity to the primary excitation. If this is not the case, then the exciton
will either annihilate by recombination or dissociate into a negative and a positive free po-
laron. In the latter case, the hole will efficiently drift in the electric field towards the ITO
electrode. Owing to its smaller mobility, the negative polaron stays close to its place of
birth and can act as a recombination centre for (current-carrying) positive polarons. When
recombination occurs, one free polaron is destroyed and therefore leads to a reduction of
the device current. The underlying microscopic mechanism of this process is thus identical
to the spin-dependent process close to the Al electrode which we observe in the pEDMR
experiments performed under forward bias without illumination.
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Recent advances in PV production technologies resulted in impressive ongoing improve-
ments of established solar cell concepts. However, the urge for even higher efficiencies
and lower production costs requires novel concepts based on tailor made PV materials
and redesigned cell structures. One prerequisite for this goal to achieve is the availabil-
ity of advanced characterization methods capable of providing detailed information about
the material properties with respect to transport and loss mechanisms in the cell. Among
these techniques, magnetic resonance and EPR in particular provided key information on
processes determining solar cell performance. However, the successful application of con-
ventional EPR is often impossible because the defect concentrations in the different types
of solar cells are usually well below the sensitivity of EPR. Thus, EDMR techniques pro-
viding higher detection sensitivity and the potential to discriminate resonance signals influ-
encing the charge transport in the solar cell from background signals have to be employed.

In the framework of the present work pEDMR was utilized to study loss mechanisms
in three different types of advanced solar cells. The devices under investigation were pro-
vided by the HZB (a-Si:H/c-Si heterojunction solar cells), the Forschungszentrum Jülich
(µc-Si:H thin-film solar cells) as well as the University of St. Andrews (organic bulk hete-
rojunction solar cells). In order to fully exploit the potential of pEDMR, a relatively recent
spectroscopic technique developed in our lab, instrumental improvements to the EPR spec-
trometers at the HZB and the FU Berlin had to be carried out. These upgrades resulted in
a significant gain in spectral resolution and detection sensitivity, now enabling pEDMR
measurements from cryogenic to room temperatures, and paved the way for future multi-
frequency pEDMR experiments. In order to definitely assign the observed pEDMR signals
to the underlying defects and transport mechanisms, the existing theoretical body describ-
ing pEDMR experiments had to be extended with respect to disorder-related effects which
significantly influence pEDMR signals in the sample structures investigated. Benefiting
from these methodological improvements, novel pEDMR schemes came into reach, which
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allowed us to monitor spin-dependent transport processes in fully processed solar cells.
The conclusive results are summarized in the following.

7.1. a-Si:H/c-Si heterojunction solar cells

In the a-Si:H/c-Si heterojunction solar cells investigated in Chapter 4, defects at the inter-
face between a-Si:H and c-Si act as recombination centres for photogenerated charge car-
riers. Although a correlation between these interface defects and the device performance is
well established, their influence has so far only been investigated indirectly because most
characterization methods either lack the microscopic selectivity (like capacitance-voltages
based methods) or the detection sensitivity (like conventional EPR).

By applying EDMR we were able to overcome these limitations and directly measure the
effect of interface recombination on the charge transport. After studying spin-dependent
processes at the interface between isotopically purified 28Si and SiO2 which serves as a
model system and provides reference spectra with high resolution, we performed EDMR
measurements on fully processed a-Si:H/c-Si solar cells. The discrimination between in-
terface states and defects in the ‘bulk’ amorphous silicon could be achieved by exploiting
the well-defined orientation of the c-Si surface dangling bonds which are oriented along the
[111] direction. The measurements revealed that the a-Si:H/c-Si interface defect coincides
within experimental uncertainty with the well-known Pb centre at the Si/SiO2 interface
with respect to both the symmetry of the g tensor as well as its principal values. These
findings indicate that either a thin SiOx interlayer was present at the a-Si:H/c-Si interface
or that the g tensors of the Pb centre and the a-Si:H/c-Si interface defect are identical.
Following the former interpretation, the experimental results have important implications
for the solar cells because they show that the c-Si surface clearly deviates from an ideal
H-terminated surface prior to the a-Si:H deposition and that the oxide is not fully removed
during the deposition process. An oxidized c-Si surface is known to exhibit a signifi-
cantly higher density of surface states [15]. Note that the pretreatment of the c-Si wafer
and the a-Si:H deposition conditions were the same for the EDMR samples and for high-
efficiency heterojunction solar cells. Thus, there might be further room for improvement
of the recently achieved maximum efficiencies at the HZB (n-a-Si:H/p-c-Si: 18.5% [111],
p-a-Si:H/n-c-Si: 19.8% [109]). If the structures of the a-Si:H/c-Si interface defect and the
Pb centre were indeed identical (following the second interpretation), the experimental re-
sults would be particularly helpful for the interpretation of spin-dependent recombination
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data obtained from µc-Si:H based solar cells which essentially consist of many disordered
a-Si:H/c-Si interfaces. Prospective studies on a-Si:H/c-Si structures with and without a
SiO2 interlayer can shed light on the microscopic identity of the interface-related EDMR
signals.

7.2. µc-Si:H thin-film solar cells

In µc-Si:H based thin-film solar cells, paramagnetic defects equally influence the charge
transport. However, the situation is much more complicated because of two reasons. First,
the structure of µc-Si:H itself is complex as it consists of small crystallites surrounded by
amorphous material. Second, thin-film solar cells are usually realized in a pin configu-
ration. This multi-layer structure impedes the identification of defects in the individual
layers.

In Chapter 5 we demonstrated that the identification of paramagnetic states and their
assignment to charge transport processes can nevertheless be accomplished in completely
processed pin solar cells. To separate the EDMR signals from the respective layers —
which is impossible based on the spectral information alone — we pursued two strategies:
On the one hand we varied the morphology of the n- and p-doped layers from amorphous
to microcrystalline to evaluate their influence on the EDMR spectra separately. On the
other hand we developed a procedure to deconvolute spectrally overlapping signals in the
time domain. This made an improvement of the detection electronics with particular em-
phasis on the achievable time resolution mandatory. A combination of both approaches
yielded the identification of conduction band tail states as well as phosphorus donor states
in samples with an amorphous n-layer and a resonance associated with valence band tail
states in samples containing an amorphous p-layer. Comparative X- and Q-band analyses
were utilized to distinguish between field-dependent and field-independent spectral com-
ponents. In this way we could unequivocally assign EDMR signals to phosphorus donor
states based on the field-independent hyperfine interaction between the donor electron spin
and the 31P nuclear spin. Moreover, conduction and valence band tail states in the intrin-
sic µc-Si:H absorber layer could be identified. At 10 K the tail states in the individual
layers are involved in hopping or tunnelling processes which give rise to positive (current-
enhancing) EDMR signals. Recombination via dangling bonds in the µc-Si:H layer could
only be observed in the sample structure with microcrystalline n- and p-layers.
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Benefiting from the instrumental improvements described in Chapter 3, we succeeded
in performing pEDMR measurements on silicon solar cells at room temperature for the
first time. This is indispensable for reliable and realistic solar cell characterization be-
cause performance-limiting processes at normal solar cell operating conditions clearly
differ from the processes that prevail at 10 K. For all sample structures investigated we
observed a resonance which we assigned to recombination via dangling bonds in the mi-
crocrystalline absorber layer which is known to be an important loss mechanism is this
type of solar cells. In contrast to the pEDMR measurements that were performed at 10 K,
we did not find any evidence of hopping signals resulting from the doped layers or the in-
trinsic absorber layer at 300 K. This result indicates that the transport processes involving
tail states that were observed at 10 K are certainly not the processes that limit the solar
cell efficiency. Nevertheless, pEDMR studies at low temperatures can be used to extract
structural information about tail states which are known to critically influence the charge
carrier mobilities in µc-Si:H solar cells also at room temperature.

7.3. Organic bulk heterojunction solar cells

The pEDMR measurements performed on organic heterojunction solar cells comprising
MEH-PPV and PCBM served two particular purposes: On the one hand we were inter-
ested in the influence of spin-dependent processes on charge transport in the device itself.
On the other hand we utilized the close analogy between polaron pairs in polymers and
spin-correlated radical pairs to further improve our understanding of EDMR in inorganic
devices.

The starting point of our investigation was a cwEDMR spectrum that exhibited sig-
natures of positive as well as negative polarons in the MEH-PPV. However, the assign-
ment of the underlying process based on cwEDMR alone inevitably remains speculative.
Therefore, we employed pEDMR to reveal effects of spin-locking — a process frequently
encountered in radical pair chemistry — in both transient EDMR measurements and elec-
trically detected Rabi oscillations. A comparison with simulations revealed that two dif-
ferent microscopic processes that could possibly explain the cwEDMR results, namely po-
laron pair recombination and bipolaron hopping, can be distinguished in the spin-locking
regime. Our experimental results can consistently be explained by polaron pair recombi-
nation, which constitutes a loss mechanism for photogenerated charge carriers in organic
solar cells.
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7.4. Outlook

The above-mentioned examples show that pEDMR is indeed capable of providing impor-
tant pieces of information about defects determining loss mechanisms in state-of-the-art
solar cells. Based on the methodological developments carried out in this work, the emerg-
ing field of pEDMR can be now applied to other pressing questions related to the properties
of PV-relevant materials. In the following, we propose two pEDMR experiments which
may outline a future research route:

Studying the light induced degradation in solar cells based on amorphous silicon

In order to improve the performance of solar cells containing a-Si:H layers, further insight
into the phenomenon of light-induced degradation, usually referred to as the Staebler-
Wronski effect (SWE) [25], is mandatory. To characterize the defect structures related to
the SWE, advanced multifrequency EPR and electron nuclear double resonance (ENDOR)
studies are on the way at HZB and FU Berlin (PhD project Matthias Fehr). Despite the
detailed structural insight — in particular the hydrogen distribution in the vicinity of the
light-induced dangling bonds — provided by these methods, their detection sensitivity is
far below the number of defects encountered in state of the art solar cells. In order to close
this gap, the superior detection sensitivity of pEDMR may be exploited. The fact that at
10 K recombination via dangling bonds in the absorber could only be observed for samples
with microcrystalline n- and p-layers has important implications for prospective studies on
the SWE. Our findings indicate that the strong EDMR signals, which originate from the
highly doped layers, can be suppressed by the use of microcrystalline n- and p-layers.
Thus, by combining an intrinsic a-Si:H absorber with doped µc-Si:H layers, the creation
of new dangling bonds in a-Si:H based solar cells under illumination and their influence
on the recombination properties may be studied in situ by pEDMR.

Loss mechanisms in poly-Si solar cells studied by multifrequency EDMR

In general, the defect identification that was performed in this work has set the stage for
further investigations focussing on the structural properties of specific defects in Si mate-
rials by means of multi-frequency and multi-resonance pEDMR. The first pEDMR mea-
surements at Q-band frequency, which were successfully performed in close collaboration
with the AG Bittl at the FU Berlin, constitute the first step into this direction. In the near
future, these studies will be extended towards even higher microwave frequencies like W-
band and the high-field spectrometers at FU Berlin and HZB. The possibility to perform
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EDMR measurements at different resonance frequencies turned out to be a powerful tool
to discriminate overlapping signals exhibiting field-dependent and field-independent line
broadening mechanisms — a case which is frequently encountered in silicon materials
with modulated morphology like µc-Si:H or polycrystalline silicon (poly-Si). The present
study on µc-Si:H showed that in order to get a complete picture about the spin-dependent
transport processes, pEDMR measurements at different temperatures from cryogenic to
room temperatures have to be carried out.

128



A. Rabi oscillations

In Section 2.5 we study the effect of resonant pulses on a spin (pair) ensemble. This
appendix describes the underlying calculations in more detail. We utilize the matrix rep-
resentation of rotation operators to consecutively study the influence of coherent pulses on
an ensemble consisting of spin 1/2 particles, spin pairs in which only one spin of each pair
is excited by the pulse and finally spin pairs in which the pulse is resonant for both spins
of each pair.

A.1. Rotations of single spins

In the most simple case the spin ensemble consists of S = 1/2 particles that are initially
all in the |↑〉 state. Thus, the initial density matrix representing this pure ensemble state is
given by

ρ̂
i =

(
1 0
0 0

)
. (A.1)

In general, the rotation operator describing a pulse with phase φ and flip angle β is repre-
sented by R̂φ (β ) [196]. Neglecting spin relaxation during the pulse, its matrix representa-
tion for S = 1/2 takes the form [94]

R̂φ (β ) =

(
cos β

2 −isin β

2 e−iφ

−isin β

2 e+iφ cos β

2

)
. (A.2)

The density operator is then transformed according to ρ̂ f = R̂φ (β )ρ̂1R̂φ (β )†. For a mw
pulse of length τ that rotates the magnetization around the x-axis (φ = 0) at the frequency
Ω, this transformation yields the density matrix for the final state

ρ̂
f = R̂x(Ωτ)ρ̂ iR̂x(−Ωτ) =

(
c −is
−is c

)(
1 0
0 0

)(
c is
is c

)
=

(
c2 isc
−isc s2

)
(A.3)
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using the abbreviations s = sin Ωτ

2 and c = cos Ωτ

2 . As expected, the population of the state
|↑〉 which is given by the (1,1) element of ρ̂ f ,

ρ
f

11 = cos2 Ωτ

2
=

1
2

+
1
2

cosΩτ , (A.4)

oscillates between 0 and 1 at the Rabi frequency Ω.

A.2. Rotations of spin pairs — selective excitation

When the ensemble consists of weakly coupled (exchange or dipolar spin-spin coupling)
spin pairs of which only one spin partner is excited by the mw pulse, the situation is
similar to the case described in Appendix A.1. Assuming that all spin pairs start their
evolution from the triplet states |↑↑〉 and |↓↓〉, the initial density matrix in the product base
representation becomes

ρ̂
i =

1
2


1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

 . (A.5)

Accordingly, the rotation operator in (A.2) has to be expanded to the product space. When
the pulse acts only on spin one, the ‘rotation operator’ for spin two can be substituted by
the identity matrix. This yields the the product base rotation operator (again for a pulse
with φ = 0 and flip angle Ωτ)

R̂x(Ωτ) = R̂1,x(Ωτ)1̂2×2 =

(
c −is
−is c

)
⊗

(
1 0
0 1

)

=


c 0 −is 0
0 c 0 −is
−is 0 c 0
0 −is 0 c

 (A.6)
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with the same abbreviations like in (A.3). Following the argumentation from Appendix
A.1, the final state density matrix is given by

ρ̂
f = R̂x(Ωτ)ρ̂ iR̂x(−Ωτ)

=


c 0 −is 0
0 c 0 −is
−is 0 c 0
0 −is 0 c

 1
2


1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1




c 0 is 0
0 c 0 is
is 0 c 0
0 is 0 c



=
1
2


c2 0 isc 0
0 s2 0 −isc
−isc 0 s2 0

0 isc 0 c2

 . (A.7)

Hence, the population of the triplet states |↑↑〉 and |↓↓〉 behaves exactly like the population
of the state |↑〉 in the case of single S = 1/2 particles,

ρ
f

11 +ρ
f

44 = cos2 Ωτ

2
=

1
2

+
1
2

cosΩτ , (A.8)

namely it oscillates with the same Rabi frequency Ω between 0 and 1.

A.3. Rotations of spin pairs — non-selective excitation

We now consider the evolution of an ensemble of weakly coupled spin pairs under the
influence of a non-selective mw pulse. In this case, both spins rotate around the x-axis
simultaneously, leading to a qualitatively different behaviour as compared to the situation
described before. Throughout this thesis, the case of non-selective spin-pair excitation is
referred to as spin-locking. Elsewhere, the term strong light-field coupling [197, 36, 37] is
used to describe the same effect.
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A. Rabi oscillations

We start from the same density matrix like in (A.5). However, in the present case the
rotation operator acts on both spins, so it takes the form

R̂x(Ωτ) = R̂1,x(Ωτ)R̂2,x(Ωτ) =

(
c −is
−is c

)
⊗

(
c −is
−is c

)

=


c2 −isc −isc −s2

−isc c2 −s2 −isc
−isc −s2 c2 −isc
−s2 −isc −isc c2

 . (A.9)

Therefore, the final state density matrix becomes

ρ̂
f = R̂x(Ωτ)ρ̂ iR̂x(−Ωτ)

=


c2 −isc −isc −s2

−isc c2 −s2 −isc
−isc −s2 c2 −isc
−s2 −isc −isc c2

 1
2


1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1




c2 isc isc −s2

isc c2 −s2 isc
isc −s2 c2 isc
−s2 isc isc c2



=
1
2


s4 + c4 isc3− is3c isc3− is3c −2s2c2

−isc3 + is3c 2s2c2 2s2c2 is3c− isc3

−isc3 + is3c 2s2c2 2s2c2 is3c− isc3

−2s2c2 −is3c+ isc3 −is3c+ isc3 s4 + c4

 . (A.10)

It is apparent that the population changes induced by the mw pulse in the spin-locking
regime are markedly different from the behaviour in the case of selective excitation. The
triplet state populations of |↑↑〉 and |↓↓〉 oscillate according to

ρ
f

11 +ρ
f

44 = sin4 Ωτ

2
+ cos4 Ωτ

2

=
1
8

(cos2Ωτ−4cosΩτ +3)+
1
8

(cos2Ωτ +4cosΩτ +3)

=
3
4

+
1
4

cos2Ωτ (A.11)

between 0.5 and 1. The oscillation frequency 2Ω corresponds to twice the value of the
Rabi frequency Ω that was obtained for the rotation of single spins (cf. Appendix A.1) and
spin pairs with selective mw excitation (cf. Appendix A.2). This behaviour is illustrated in
Fig. A.1 for the Rabi frequency Ω/2π = 10 MHz.
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Figure A.1.: Population of the
triplet states |↑↑〉 and |↓↓〉 for the
case of selective excitation and
spin-locking, respectively. The
single spin Rabi frequency is
Ω/2π = 10 MHz in both cases. t (ns)
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A.4. The singlet content of a spin pair

The observable in EDMR, i.e. changes of the (photo-)current, is related to the singlet
content of the spin pairs in the ensemble. When the density operator is given in the product
base representation, the singlet content of the ensemble is determined by applying the
singlet projection operator [94]

PS =
1
2


0 0 0 0
0 1 −1 0
0 −1 1 0
0 0 0 0

 (A.12)

to the density matrix, i.e.

tr(PS ρ̂) =
1
2

(ρ22−ρ32 +ρ33−ρ23) . (A.13)

Comparing this result with the final state density matrices given in (A.7) for selective
excitation and in (A.10) for spin-locking, we see that the singlet content behaves differently
in both cases. For selective excitation, the elements ρ

f
23 and ρ

f
32 are 0 and thus the singlet

content is solely determined by the diagonal elements, yielding an oscillation of the singlet
content between 0 and 1 at the Rabi frequency Ω. In contrast, in the spin-locking regime
we have ρ

f
22 = ρ

f
33 = ρ

f
32 = ρ

f
23. Consequently, the singlet content is 0 all the time and thus

the transfer of population is restricted to the triplet manifold. Note that this is only valid
under the assumption of non-vanishing coherences (ρ f

32 and ρ
f

23).
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B. Numerical calculations

This appendix deals with time domain simulations of spin systems. After a general intro-
duction into the formal description of spin dynamics, we will present an effective algorithm
for the calculation of the density matrix evolution that was originally developed for NMR,
harnessing the periodicity of the spin Hamiltonian.

Numerical calculations of coherent spin motion are used in Section 2.6 to study the
influence of disorder on spin-Rabi nutations. This appendix contains a more detailed de-
scription of the mathematical framework.

B.1. Formal description of spin dynamics

All necessary information about the state of a spin ensemble is contained in the density
operator ρ̂(t). Its temporal evolution is determined by the spin Hamiltonian and can be
described by the Liouville-von Neumann equation [94]

dρ̂(t)
dt

=− i
h̄

[H(t), ρ̂(t)] (B.1)

where H(t) is the spin Hamiltonian which usually consists of a time-independent part H0

and a time-dependent part H1(t). The solution if formally given by

ρ̂(t) = U(t,0)ρ̂(0)U†(t,0) (B.2)

with the propagator

U(t,0) = T̂ exp
(
− i

h̄

∫ t

0
H(t ′)dt ′

)
. (B.3)

Note that H(t ′) is different for each infinitesimal small time interval t ′. Here, T̂ is the time
order operator which orders the individual time intervals chronologically [198].
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Knowing U(t,0) for each time t corresponds to knowing the state of the spin system
at all times. Thus, simulating the evolution of the density operator boils down to deter-
mining the propagator in (B.3). However, this is only straightforward in the case of a
time-independent Hamiltonian.

For ‘simple’ systems such as one spin S = 1/2 with isotropic g tensor and hyperfine
and dipolar interactions being much smaller than the Zeeman energy, the evolution of
the spin can be described in its rotating frame [174]. By a unitary transformation to the
reference frame in which the electron spin is at rest, the pulse Hamiltonian becomes time-
independent and (B.3) can directly be integrated. In more complicated systems there is
no reference frame in which all time-dependent terms vanish. In this case, one can ei-
ther use an interaction frame (where the time-dependent terms are small) [174] or directly
integrate the propagators in the laboratory frame. Since the use of the interaction frame
does not significantly reduce the computational cost [199], we will carry out all propagator
calculations in the laboratory frame.

B.2. The effective Hamiltonian method

The Liouville-von Neumann equation (B.1) is a system of first-order differential equations.
Thus, the time evolution of the density operator for an arbitrary spin system can numeri-
cally be calculated using any algorithm that discretizes the time interval of interest from 0
to T and calculates ρ̂(t) for each time step t. This direct approach was previously followed
in order to simulate coherent EDMR signals from spin pairs with exchange coupling [37]
and without spin-spin coupling in the presence of disorder [102]. Here, a standard Runge-
Kutta algorithm was used. A reasonable length of the time step is determined by the
length of one mw period 1/νmw which has to be separated into at least a few 100 steps.
Mw pulses are usually much longer than 1/νmw, resulting in a large amount of time steps.
For instance, in [37] mw pulses up to 1.5 µs were calculated at a step size of 1 ps. This
makes the computation lengthy and the output extremely inconvenient to handle.

These limitations can be overcome by taking advantage of the periodicity of the spin
Hamiltonian in the presence of mw pulses. The procedure described here is based on the
COMPUTE (computation over one modulation period using time evolution) algorithm that
was originally developed for NMR [200]. A similar approach is implemented in the widely
used Easyspin simulation package [99].
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Figure B.1.: Calculation of the
pulse propagator according to
the COMPUTE algorithm [200].
The pulse is divided into modu-
lation periods T , which are each
separated into n intervals. De-
tails can be found in the text.
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The propagator for a mw pulse has a modulation period T = 1/νmw. Therefore, its
calculation can be be realized by determining the propagator for one modulation period,

U(T,0) = exp
(
− i

h̄
H̄T
)

, (B.4)

and then assembling the whole propagator by iteratively applying the same U(T,0). Here,
H̄ is the time-independent effective Hamiltonian which applies to a single modulation pe-
riod. This procedure is schematically shown in Fig. B.1. We consider only one modulation
period (a small part of the mw pulse) and subdivide it into n intervals of length τ = T/n.
The propagator for segment j is denoted S j, and the respective propagator that describes
the evolution from time 0 to time jτ is denoted A j. In this notation An corresponds to
U(T,0).

Each single segment propagator can be calculated in analogy to (B.4) [198] by evaluat-
ing the Hamiltonian at the time t = ( j−1)τ + τ/2,

S j = U ( jτ,( j−1)τ) = exp
[
− i

h̄
H (( j−1)τ + τ/2)τ

]
for 1≤ j ≤ n . (B.5)
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The corresponding accumulated propagators are given by [200]

A j =

S jA j−1 for 1≤ j ≤ n

1N×N for j = 0 ,
(B.6)

finally yielding An for the whole modulation period T . When all intermediate propagators
A j are stored, pulse propagators of arbitrary length can easily be constructed later on.

B.3. Practical computation of pulse propagators

To calculate the evolution of a spin pair ensemble we determine the density matrix after
a mw pulse according to (B.2). For this purpose we compute the pulse propagator An =
U(T,0) for one microwave period T = 1/νmw as described in the previous section. This
propagator is then recursively applied to ρ̂(0) in order to yield the state of the density
matrix at the time m ·T ,

ρ̂(t = m ·T ) = [U(T,0)]m ρ̂(0) [U†(T,0)]m , (B.7)

where m is an integer. If the time interval T is too long for the respective purpose, e.g. when
simulating spin-Rabi nutations at strong B1, the intermediate propagators A j as given in
(B.6) may be used to obtain a time axis with smaller increment. The spin pair Hamiltonian
that governs the spin motion consists of the time-independent part in (2.5) as well as the
time-dependent part in (2.27).

As pointed out in Section 2.6, the ramifications of disorder can be taken into account
by calculating the time evolution for several spin pairs comprising spins with different
g values. Hence, the g values in the spin pair Hamiltonian have to be replaced by their
respective distributions p(ga) and p(gb) which may be chosen arbitrarily. Both g distri-
butions which are used for the simulations presented in this thesis typically consist of 100
individual g values. Thus, we have to calculate the time evolution of 104 spin pairs for
each simulation. The software that was developed for this purpose (cf. Section 2.6) per-
forms the computation for several spin pairs in parallel on multiprocessor-CPUs. It uses
the routines provided by LAPACK1.

1LAPACK (Linear Algebra PACKage) is written in Fortran90 and provides efficient routines for solving
eigenvalue problems and other linear-algebra related tasks (see www.netlib.org/lapack/).
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An experiment is presented which allows the observation of charge carrier pair forma-
tion that precedes electronic transitions such as spin-dependent recombination or spin-
dependent transport. It is based on an electrically detected magnetic resonance induced
rotary echo sequence. The experimental demonstration is performed on precursor (spin)
pairs of electrons in the emitter layer of crystalline silicon/amorphous silicon heterostruc-
tures. Precursor pair generation rate coefficients extracted from these measurements are
studied as a function of light intensity and are found to show only a minor dependence
on the illumination level indicating that the pair generation is not determined by charge
carrier densities.

C.1. Introduction

Transitions of charge carriers through localized electronic states occur in various quali-
tatively and quantitatively different forms such as defect or excitonic recombination pro-
cesses or hopping transport in disordered materials. Common to all these processes is that
they take place through multiple electronic transitions which involve the formation of in-
termediate pairs in one or several localization steps before the final recombination or trans-
port transitions occurs. Examples for such processes are defect recombination described
by Shockley and Read [72] for which intermediate pairs are crucial to exist even though
they can often be neglected for the statistical Shockley-Read-Hall description of recom-
bination. Other examples include excitonic recombination for which the excitonic states
represent intermediate pairs [201], excitonic recombination through additional precursor
states as observed in many organic semiconductor systems [202] or hopping transport in
the low-temperature regime of disordered semiconductors [35] where precursor pairs are
constituted by nearest-neighbour arrangements. The influence of the precursor states for
macroscopic electrical or optical properties is oftentimes negligible, yet there are some
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exceptions where the nature of the precursor pairs and their formation profoundly affect
transport or recombination. For these systems, the ability to experimentally access pre-
cursor pair generation rates becomes crucial for the understanding of their microscopic
nature. Examples for this often involve spin-dependent transitions that can be found in
weakly spin-orbital-coupled materials (e.g. in any known silicon morphology [35] or or-
ganic semiconductors [202, 187]) since the precursor pair formation determines for these
cases macroscopic material and device properties such as magnetoresistance [98] or device
efficiency [203].

In the following, we present an experiment which allows the observation of the precur-
sor pair formation for spin-dependent transport and recombination processes. This experi-
ment is based on the observation of coherent spin motion of precursor pairs using a pulsed
electrically detected magnetic resonance (pEDMR) induced rotary echo pulse sequence.
EDMR measures changes in the (photo-) conductivity of a semiconductor material result-
ing from magnetic resonant alteration of transition rates of spin pairs. Independent of the
specific type of microscopic transition process — either spin-dependent hopping, trapping
or recombination — intermediate spin pairs [44, 9, 34] (precursor pairs) consisting of two
charge carriers with spin S = 1/2 determine the observed signals. EDMR detected ro-
tary echoes are produced by spin ensembles which are dephased from an initial eigenstate
due to a resonantly induced inhomogeneous spin nutation (a so called pulse induced Rabi
nutation) before they are rephased due to a second pulse with opposite phase [174].

Rotary echoes have been used in the past for the measurement of precursor pair coher-
ence times as the decay of a rotary echo train poses a limit on the net decay rate caused
by precursor pair recombination or dissociation [11]. However, it is difficult to distin-
guish experimentally between different possible influences that can affect the echo decay,
among them (a) transitions that destroy spin pair coherence (either hopping, recombination
or trapping), (b) spin relaxation, (c) dissociation and (d) precursor pair generation during
the experiment. While the theoretical models describing pEDMR have been tested exper-
imentally with regard to dissociation, hopping and recombination dynamics [34, 35, 75],
the process of precursor pair generation is complicated to access experimentally. Usually,
spin pair generation is assumed to be negligible during the mw excitation in a pEDMR
experiment. This is certainly justified for the typical current relaxation and transient nu-
tation experiments where only one short microwave pulse with a length of a few 100 ns
is used. In contrast to that, spin pair generation can become important for more advanced
(and much longer) pulse sequences. Furthermore, spin pair generation influences pEDMR
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signals on the timescale where current relaxation transients (the basis of all pEDMR ex-
periments) are recorded [34]. Note that, however, neither the decay of the rotary echo
nor the transient behaviour of the observed EDMR signals reveals information about the
pair generation rate as precursor pair generation rates are only weakly dependent on the
rate changes induced by magnetic resonance (see arguments made in Refs. [34, 36, 37]).
Therefore, measuring the dynamics of precursor pair generation has remained elusive so
far.

For the experiment presented the problem is solved by measuring the Rabi nutation
around a rotary echo signal as a function of a separation time between dephasing and
rephasing of the spin ensemble. It is shown that one can distinguish the pEDMR signals
from precursor pairs which existed before the dephasing pulse from those generated after
the pulse due to a 180◦ phase difference of the Rabi nutation signals which originate from
the two ensembles. Thus, a disentanglement of true loss of coherence (effects (a) to (c) as
mentioned before) and spin pair generation (d) can be achieved.

The demonstration of this experiment was conducted on a heterostructure solar cell
consisting of a highly phosphorus doped hydrogenated amorphous silicon (a-Si:H) emitter
layer and a crystalline silicon (c-Si) absorber. These heterostructures are known to exhibit
a strong pEDMR signal resulting from hopping of electrons via localized conduction band
tail and phosphorus states in the a-Si:H layer [131, 35]. Changes in the precursor pair
generation rate caused by a light flux controlled change in the charge carrier generation
rate are investigated. While pEDMR was used for the experiments presented here, it shall
be stressed that this experiment could conceivably be carried out in an equal way (using the
same magnetic resonance pulse sequence) for the investigation of optically detected spin-
dependent transitions using photoluminescent or electroluminescent processes [204, 205].

C.2. Electrically detected rotary echo

The experiment is started from the steady state where all electronic transition rates are
constant. Therefore, precursor pairs are constantly generated and their influence on an ob-
served rate (referred to as Iph since we use a photocurrent for the experiments presented) is
balanced by the annihilation of spin pairs through processes such as dissociation, hopping
or recombination. In the steady state, the number of pairs, and therefore Iph, are constant
in time. When applying a resonant mw pulse, the spin pairs will begin a coherent nutation
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Figure C.1.: Sketch of the rotary echo exper-
iment that can be used to study precursor pair
generation. The pulse sequence consists of two
microwave pulses with opposite phase and an
interpulse waiting time, τoff. The sketch illus-
trates three cases: (a) for τoff much shorter than
the pair generation time, (b) for τoff of the or-
der of the generation time and (c) for τoff much
longer than the pair generation time. The time-
traces are drawn along with the dephasing states
of the spin ensemble at the beginning and the
end of each pulse. The Rabi oscillation of the
spins reflected by the pEDMR signal Q(τ1,2),
as plotted for the gray shaded time interval dur-
ing the pulses, is phase inverted for pairs gen-
erated during the interpulse time in comparison
to pairs generated before the pulse sequence be-
gins. Hence, the deconvolution of the Rabi os-
cillation into phase inverted and non-phase in-
verted oscillation components allows a relative
quantification of newly generated pairs and pre-
existent pairs. For details see text.

(a Rabi oscillation) and their phase coherence will be lost gradually due to spin relaxation,
spin-dependent electronic pair decay and inhomogeneous magnetic fields. When further
spin pairs are formed during the application of this pulse, these spin pairs will be gener-
ated in eigenstates and thus, due to their random time of generation, they will be at random
phase to the already existing spin pair ensemble. Thus, spin pair generation will influence
the signal in a similar way like any other source of decoherence. This can be studied by
utilizing the pulse sequence illustrated in Fig. C.1 which consists of two subsequent pulses
with opposite (180◦) phase relation. During the first pulse, the spin ensemble carries out a
gradually dephasing Rabi nutation which can be observed with pEDMR by measurement
of the integrated charge Q(τ) after the pulse as a function of the applied pulse length τ

(Ref. [35]). Q(τ), which is obtained by integrating the current transient after the mw exci-
tation, represents a projection of the spin state of the precursor pair at the end of the pulse.
For the pulse sequence in Fig. C.1, the length of the first pulse is kept at constant length τ1

and Q(τ2) is measured as a function of the length τ2 of the second pulse which now repre-
sents initially (for τ2 < τ1) a dephased Rabi oscillation that gradually recovers to the rotary
echo at τ2 = τ1 before it dephases again at τ2 > τ1. Note that this detection scheme for
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rotary echoes was used for the first electrical detection of spin coherence [11] and has since
then been applied to various studies on decay processes of precursor pairs [206, 207, 204].
It shall be noted that rotary echoes are always observed at a time τ2 = τ1, independently of
the length τ1 of the initial dephasing pulse.

For the observation of the generation of precursor pairs we now set the length τ1 to a
value so that the corresponding flip angle of the spin ensemble is (2n + 1)π with n being
an integer number (the flip angle is 5π in the sketched experiment) and we also introduce
an interpulse waiting time, τoff, between the two pulses during which the dephased spin
ensemble remains completely unchanged in a rotating Bloch sphere representation, as long
as no pairs decay and no new pairs are generated. The length τ2 of the second pulse is again
incremented gradually so that the integrated sample current Q(τ2) measured after the two
pulses as a function of τ2 reflects the rephasing Rabi oscillation due to the rotary echo.

The expected pEDMR signal Q(τ2) is depicted inside the grey shaded pulse intervals in
Fig. C.1 for three different interpulse waiting times: (a) for a short τoff almost all spins that
have dephased during pulse 1 can be refocused during the second pulse. The echo signal
corresponds to a (local) minimum of Q(τ2) for τ2 = τ1. (b) For larger values of τoff the
spin pairs that are generated between the two mw pulses significantly influence Q(τ2) in
addition to spin pairs that are lost during τoff due to annihilation (dissociation or recombi-
nation). While the surviving spin pairs that are refocused during pulse 2 again result in a
minimum signal, the newly generated spin pairs give rise to a maximum at τ2 = τ1 as the
flip angle of the newly generated spins is (2n+1)π . Thus, the measured signal is a combi-
nation of two 180◦ phase shifted oscillations. When the ensemble of newly generated pairs
equals the ensemble of previously generated pairs, the two signals compensate each other
at the time of the echo. c) When τoff is sufficiently long so that the coherent information
generated during the first pulse is lost due to spin pair annihilation, the signal measured
is completely determined by spin pairs that have been generated during τoff. Hence, the
signal is the same like the signal obtained in a Rabi oscillation measurement without the
first pulse, and therefore it exhibits a clear maximum at τ2 = τ1.

By fitting model functions to the experimental results of Q(τ2) for various τoff, the rel-
ative magnitudes of the ensemble sizes of the newly and previously generated precursor
pairs can be obtained as a function of τoff, and these dependencies represent both the
generation and decay dynamics of the precursor pairs, respectively. This procedure is
demonstrated in Section C.5 using experimentally obtained pEDMR rotary echo signals.
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Figure C.2.: (a) Cross section of the heterostructure solar cell and (b) geometrical sketch
of the entire pEDMR sample. The sample consists of 2× 50 mm2 of a boron doped
crystalline silicon wafer which provides the absorber of the cell. The phosphorus doped
amorphous silicon (emitter layer) and the ZnO (transparent conducting oxide) cover only
a square of 1× 1 mm2. A window of the same size was etched out of the SiO2 before
the deposition. The front contact (Al grid finger) is connected to a thin-film strip line
that extends to the opposite side of the substrate. Electrical isolation from the crystalline
silicon is accomplished by the SiO2. Structuring of the sample was done using standard
optical lithography. For the pEDMR experiments the sample is illuminated through the
a-Si:H side.

It shall be mentioned that the magnitude of the rotary echo is always affected by the
distribution of Larmor frequencies which will result in a dephasing contribution that cannot
be rephased with the method presented here. This ‘lost’ part of the spin pair ensemble is
always equal for a given experiment and it will therefore always superimpose the Q(τ2). It
is therefore not relevant for the evaluation of decay times from the observed echo amplitude
dependence of τoff. It shall be noted though that Larmor rephasing is possible by means of
a pEDMR Hahn echo experiment [113].

C.3. Experimental details

Fig. C.2 shows sketches of the a-Si:H/c-Si heterostructure used for the experiments in this
study. Technologically, this device represents a solar cell. A 220 µm thick boron doped c-Si
substrate with (100) surface orientation was used as absorber. The emitter layer, consisting
of 20 nm phosphorous doped a-Si:H, was deposited on top of the c-Si substrate using
plasma enhanced chemical vapor deposition. 80 nm of highly Al doped ZnO serves as
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transparent conducting oxide and is connected to a 100 µm wide and 200 nm thick Al front
contact finger. A 200 nm thick Al back contact layer was deposited on the opposite side of
the c-Si substrate. The active area of the solar cell was confined to 1 mm2 resulting from
the size of a window that was etched out of approx. 500 nm thermally grown SiO2 covering
the c-Si. The Al back contact as well as the Al front contact finger, which is electrically
isolated from the c-Si by SiO2, extend to the end of the substrate (size 50×2 mm2). This
thin-film wiring is indispensable in order to minimize artefacts induced by strong mw
bursts used in the experiment and in order to not perturb the eigenmodes of the dielectric
microwave resonator by the electrical circuitry. Several sample structures were processed
on one wafer in parallel. They were cut into the appropriate size after the last processing
step. Solar cells deposited in a similar manner were shown to reach efficiencies above 17%
(cf. Ref. [128]) for a solar cell area of 1 cm2.

All measurements were carried out in a Bruker E580 X-band EPR spectrometer. The
sample was held at T = 10 K using a continuous flow helium cryostat. In order to facilitate
a current which is sufficiently high for a pEDMR experiment, excess charge carriers were
created optically by monochromatic light (λ = 514 nm) from an Argon-ion laser. The gen-
eration rate of free charge carriers in the sample could be changed by adjusting the optical
output power of the laser. The light was fed through an optical fibre ending above the
active sample area. A constant current source (Keithley 220PCS) was used to establish a
constant photocurrent, Iph =−1 µA, corresponding to a current density of −0.1 mA cm−2

(reverse bias regime of the solar cell). Hence, optically generated electrons and holes in
both the a-Si:H layer and the c-Si wafer are extracted through the Al contacts. The applied
voltage which is required for Iph =−1 µA depends on the photon flux and amounts to val-
ues between 0.04 V and 0.27 V for the conditions used in the experiments. The response of
the current source was slow compared to the time scale on which the pEDMR experiments
were carried out, so that the EPR-induced current change, ∆Iph, was not compensated.

In a pEDMR experiment the current transients after a mw excitation are recorded for
several hundred microseconds for different values of the static magnetic field, B0. There-
fore, by analysing ∆Iph as function of time, t, after a mw pulse at fixed B0 (in the fol-
lowing referred to as pEDMR transients), one can gain insight into the dynamics of spin-
dependent processes, whereas ∆Iph at fixed t (pEDMR spectrum) contains the spectral
information which is also accessible by the well established continuous wave (cw) EDMR
technique [7, 8].
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C.4. pEDMR on a-Si:H/c-Si solar cells

Fig. C.3a shows the pEDMR spectrum measured t = 10 µs after excitation with a 320 ns
long mw pulse. The relaxation of the photocurrent was recorded for 200 µs with a tem-
poral resolution of 0.2 µs and averaging 5× 104 transients for each value of B0. The
best fit to the pEDMR spectrum could be obtained by assuming a single Lorentzian line
at g = 2.0048(5). This is in accordance with earlier measurements on the same type of
samples [131]. The underlying process is associated with electron hopping via conduction
band tail states in a-Si:H [9,146,73] which also explains that directly after the mw pulse a
positive change ∆Iph is observed (see Fig. C.3b). The pEDMR spectrum is superimposed
by two 25 mT split satellites that result from neutral phosphorus donor states, which lie in
the same energy range as the conduction band tail states. The phosphorus hyperfine split-
ting of 25 mT in amorphous silicon, which significantly differs from the 4.2 mT splitting
known from crystalline silicon [124], was originally determined by EPR [154] and later
also observed in EDMR [135,131]. The satellites cannot be observed in Fig. C.3a because
of the limited magnetic field range used in the experiment.

Besides the spectral information, which alternatively could have been extracted from
a cwEDMR experiment [132], pEDMR allows to study the time dependence of the reso-
nance signal. The dynamics of pEDMR transients, i.e. the relaxation of Iph back into the
steady state after a resonant mw pulse excitation, is influenced by the spin pair recombi-
nation or hopping rates as well as precursor pair generation [35]. Fig. C.3b shows two
pEDMR transients measured under different illumination conditions using a photon flux
of φ0 = 1×1017 cm−2 s−1 and φ = 8×1017 cm−2 s−1. The applied voltage was adjusted
to yield Iph = −1 µA in both cases (corresponding to 0.21 and 0.27 V, respectively). It
should be noted that the small adjustment of the bias voltage did not change the charge
carrier extraction mechanism. The shape of the transients can be fitted when assuming a
combination of two single exponential functions (one with positive and one with negative
amplitude) for each transient as inferred from theory (see dashed line in Fig. C.3b) [34].
The fits yield the time constants τa ≈ 40 µs, τb ≈ 300 µs and τ∗a ≈ 8 µs, τ∗b ≈ 50 µs for
φ0 and 8× φ0, respectively. It is tempting to associate the change of the two time con-
stants upon increasing the photon flux with a rate change of the underlying microscopic
mechanisms. However, although it is apparent that the photon flux certainly has a dramatic
impact on the time constants, its interpretation with regard to spin-dependent transitions or
precursor pair generation rate coefficients is not straightforward as the shape of pEDMR
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Figure C.3.: Results of a pEDMR experiment carried out at T = 10 K using a photocurrent
of Iph = −1 µA. (a) Current change at t = 10 µs after a 320 ns long mw pulse (pEDMR
spectrum). The spectrum reveals a single Lorentzian line at g = 2.0048(5) (dashed line)
which in accordance with the g value of conduction band tail states in amorphous silicon.
The line width is dominated by power broadening resulting from the high mw power
(B1 ≈ 70 µT) used in the experiment. (b) Current relaxation as a function of time after the
mw excitation (pEDMR transient) on the resonance position at g = 2.0048(5) measured
at two different light intensity levels as indicated in the legend. The dashed lines represent
fits to the experimental data assuming a combination of two exponential functions for each
transient. The respective time constants are given in the text.
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transients can also be affected by RC time constants of the detection electronics or the
dielectric relaxation times of sample (for a more detailed analysis see Ref. [208]).

An elegant way to study microscopic processes in pEDMR without any influences of RC
time constants or other artefacts is to investigate the coherent spin motion during the mw
excitation using a pulse length dependent measurement [34]. Fig. C.4a shows the charge
response Q(τ) =

∫ 19 µs
3 µs ∆Iph dt determined at g = 2.0048, i.e. at the maximum position

of the resonance line shown in Fig. C.3a. These oscillations originate from spin Rabi
oscillations of charge carriers that are involved in the spin-dependent hopping via localized
conduction band tail and phosphorus states in a-Si:H [206].

A Fourier transformation of Q(τ) yields the associated Rabi frequencies. The inset
of Fig. C.4a displays the frequencies determined at four different amplitudes, B1, of the
mw magnetic field. The B1 axis has been scaled according to Rabi’s formula Ω = γB1,
where Ω/2π is the Rabi frequency and γ = gµB/h̄ is the gyromagnetic ratio, i.e. the ratio
between g value, the Bohr magneton, µB, and the Planck’s constant, h̄. The solid line
represents a linear fit through the origin. From the Rabi frequencies it can be inferred
that the oscillations shown in Fig. C.4a correspond to the Rabi frequency of individual
S = 1/2 particles and therefore originate from spin pairs with weak spin-spin (exchange
and dipolar) coupling [34, 36, 37]. In other words, the mw pulse manipulates only one
spin of the precursor pair. The two constituents of the associated spin pair are assigned to
neutral phosphorus and conduction band tail states.

To evaluate the decay of the Rabi oscillations, Fig. C.4b shows a horizontal cut through
the dataset along the dashed line in Fig. C.4a. Maxima and minima of the oscillation were
fitted with two exponential functions each. Fig. C.4c shows the difference of these fits as a
function of the mw pulse length τ which represents the oscillation decay (in the following
referred to as Rabi decay). This behaviour can be well described by a single exponential
function with a decay time constant τdec ≈ 100 ns and an additional constant offset (≈
0.05). The effects (a) to (d) (as mentioned in the introduction) that determine pEDMR echo
decay also influence the Rabi decay observed here. In addition, coherent dephasing caused
by a distribution of Rabi frequencies can also contribute to the Rabi decay. Discriminating
between these effects is the aim of the rotary echo experiment described in the following
section.
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Figure C.4.: Observation of spin-Rabi nutation performed at a steady-state photocurrent
of Iph =−1 µA at T = 10 K. (a) Change of the photocurrent integrated from 3 to 19 µs after
a mw excitation for 32 magnetic field values. The mw pulse length was varied from 0 to
510 ns with an increment of 2 ns. The oscillations reflect the coherent spin nutation of the
spin pair ensemble during the mw pulse. The oscillation frequency Ω/2π is 23(2) MHz
which corresponds to the Rabi frequency of a spin 1/2 under the conditions used in the
experiment. The inset shows the Rabi frequencies determined by Fourier transformation
of the coherent oscillations for several mw power levels. The solid line represents a linear
fit through the origin. (b) Cut through the data displayed in (a) along the dashed line
corrected for a linear baseline. To evaluate the Rabi decay quantitatively, the maxima
and minima of the oscillations (marked by the bullets) were fitted with two exponential
functions each (solid lines). (c) Difference between maxima and minima in plot (b) versus
τ . The solid line shows a fit to the experimental data assuming a single exponential decay
(time constant τdec ≈ 100 ns) and a constant offset (≈ 0.05).
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C.5. Experimental observation of rotary echoes

Using identical experimental conditions as before (see Fig. C.3 and C.4), a rotary echo ex-
periment as described in Section C.2 was performed. For this purpose, Q(τ2) was recorded
for τoff varying between 0 and 200 µs. The length of pulse 1 was fixed at τ1 = 136 ns which
corresponds to a flip angle of φ = Ω · τ1 = 5π . The length of pulse 2 was increased from
τ2 = 0 to 254 ns with an increment of 2 ns. Fig. C.5a shows the signal Q(τ2) that was
obtained by integrating ∆Iph in the interval from 3 to 19 µs after pulse 2 has ended. The
maximum echo signal occurs, as expected, when both pulses have the same length, i.e. for
τ2 = τ1. With increasing waiting time we clearly observe in Fig. C.5a that the maximum
due to the echo signal changes into a minimum at τoff ≈ 10 µs.

The signal at τoff = 0 (uppermost curve in Fig. C.5a) can approximately be described by
an oscillation that is symmetrical to τ2− τ1 = 0. It represents the echo decay contribution
to the EDMR signal, Qed , that arises from refocused spin pairs. This contribution decreases
with increasing τoff due to annihilation of spin pairs between both pulses. Since there is no
delay between both pulses here (τoff = 0), we can neglect spin-dependent generation. By
assuming an exponential damping of the amplitude, the model function can be written as

Qed = Aed−Bed cos(ω · |τ2− τ1|+φed) · e
− |τ2−τ1|

ded (C.1)

with Bed being the amplitude of the oscillation, ω the Rabi frequency and φed an additional
phase factor. ded denotes the time constant of the exponential damping and Aed is a constant
offset. All these parameters are determined by a least square fit. The only parameter that
depends on τoff is the amplitude Bed .

Similarly, the signal Qnp that originates from new pairs generated during τoff = 200 µs
(lowermost curve in Fig. C.5a), can approximately be described by

Qnp = Anp +Bnp sin(ω · τ2 +φnp) · e
− τ2

dnp . (C.2)

This expression ignores refocused spin pairs (Qed) and therefore, Bnp denotes the ampli-
tude of the damped Rabi oscillation carried out by spin pairs that were generated during
τoff. The meaning of the parameters Anp, ω , φnp and dnp is analogous to the corresponding
echo decay parameters defined above.
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Figure C.5.: Results of the pEDMR rotary echo experiment. The experimental conditions
are the same like for the previously shown pEDMR results. (a) Charge Q resulting from
the integration of the current change between 3 and 19 µs after the second mw pulse as a
function of the length of pulse 2. The individual curves correspond to different values of
τoff as indicated on the right side of the plot. The sensitivity of the measurement can be
estimated from the bar that represents the charge of 105 electrons. The condition where
the maximum refocusing of the spins occurs (τ1 = τ2) is marked by the dotted vertical line.
(b) Coefficients αed and αnp representing the contributions to the signal due to echo decay
and during τoff generated precursor pairs, respectively. These coefficients were extracted
from the data displayed in (a) with a procedure described in the text. The solid lines show
best fits using two biexponential functions for the description of the echo decay as well
as the signal caused by new spin pairs as a function of τoff. For the four time constants
as displayed next to the fit curves we obtain τ

(1)
ed = (0.46± 0.06) µs, τ

(2)
ed = (35± 3) µs,

τ
(1)
np = (2.9±0.3) µs and τ

(2)
np = (60±6) µs. (c) Rate coefficients (inverse of the slow time

constants τ
(2)
ed and τ

(2)
np ) for several light intensity levels. To obtain these data points, the

laser power was varied between 5 and 400 mW corresponding to a photon flux between
approx. 1016 and 8×1017 cm−2 s−1.
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After determining these parameters by a least square fit, Q(τ2) for each value of τoff

can be interpreted as a superposition of both contributions Qed and Qnp. Using this phe-
nomenological approach, the EDMR echo signal for each τoff can be described by

Q(τ2) = αed ·Qed +αnp ·Qnp +C (C.3)

with Qed and Qnp being the contributions that arise from echo decay and new spin pairs
which are given by the expressions in equations C.1 and C.2. The parameters αed (echo
decay determined by spin pair annihilation) and αnp (signal caused by generation of new
pairs) are the respective prefactors that weight the two contributions. C is an additional
constant offset.

Thus, by determining the parameters αed and αnp from a fit to the experimentally ob-
tained data for τoff between 0 and 200 µs, a disentanglement of the contributions of spin
pair annihilation and precursor pair generation can be achieved. Fig. C.5b displays these
values as a function of τoff. The solid lines represent fits with functions describing a
biexponential decay and increase with time constants τ

(1)
ed , τ

(2)
ed and τ

(1)
np , τ

(2)
np , respec-

tively. For the light intensity used in this experiment we find τ
(1)
ed = (0.46± 0.06) µs,

τ
(2)
ed = (35±3) µs, τ

(1)
np = (2.9±0.3) µs and τ

(2)
np = (60±6) µs.

Note that the equations for Q(τ2) as given above represent only a phenomenological
description of the echo signal which is valid for small spin couplings. A more precise
expression taking into account the coupling of the spin pairs can be found in Ref. [34].
Note further that the good agreement between the biexponential fits and the experimen-
tally found dependence of αed and αnp on τoff does not exclude other models which can
correctly describe the experimental data. Reasonably good fits can also be achieved when
assuming a distribution of spin pair annihilation and formation rates which results in a
stretched exponential behaviour. This is anticipated since stretched exponentials are con-
volutions of more than two exponentials used for the fit with a biexponential decay.

Fig. C.5c shows the inverse of the slow time constants, namely the rate coefficients r(2)
ed =

1/τ
(2)
ed and r(2)

np = 1/τ
(2)
np , obtained from similar measurements carried out at different light

intensities. Changing of the photon flux was accomplished by adjusting the laser power.
Thereby, the generation rate of free charge carriers (not necessarily the precursor pair
generation rate) could be varied. Surprisingly, we observe that neither the time constant
related to the generation process, nor the time constant describing the echo decay change
significantly, although the photon flux was varied over almost two orders of magnitude (see
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C.6. Discussion and conclusion

Fig. C.5c). We have restricted this analysis to the slow time constants (with upper index
2) because the smallest value of τoff used in this study was 500 ns and thus too long to
deduce reliable values for the fast time constants τ

(1)
ed and τ

(1)
np which are indispensable for

a thorough analysis. Note that the observation of only weak light intensity dependence and
therefore only weak charge carrier density dependence can be understood by pair formation
at defect sites (following Shockley, Read and Hall) when the charge carrier generation rate
is high enough to saturate almost all defects in the steady state. As the pair generation
rate will approach the pair decay rate under these conditions, the carrier density will only
slightly influence the carrier capture and thus the pair formation.

C.6. Discussion and conclusion

The Rabi oscillations shown in Fig. C.4 decay exponentially with a time constant of ap-
proximately 100 ns. That is significantly smaller than τ

(1)
ed = (0.46± 0.06) µs, i.e. the

fastest time constant describing the echo decay. This is in accordance with the finding
from a previous study [35] that the damping of the oscillations is mainly caused by Rabi
dephasing due to a distribution of g values or B1, whereas the effect of annihilation of spin
pairs plays only a minor role on the timescale of the mw pulse (the maximum pulse length
for the data shown in Fig. C.4 was approx. 500 ns). Hence, refocusing of spins with an
echo experiment is possible and thus, the requirement for the application of the presented
rotary echo experiment is fulfilled.

The contributions to the echo signal caused by refocused spin pairs (given by αed) and
during τoff generated pairs (given by αnp) can clearly be separated by taking advantage
of the phase difference between the corresponding pEDMR signals. The dependence of
both parameters on τoff can be approximated when assuming two biexponential functions,
which might indicate that both spin pair annihilation and generation are determined by at
least two different processes each. In the case of τed , two time constants appear if the an-
nihilation rate out of pure triplet states |↑↑〉 and |↓↓〉 is different from the rate out of states
| ↑↓〉 and | ↓↑〉 with mixed symmetry [34]. These rates are the same that enter the expres-
sions for the pEDMR transients. However, as indicated in Fig. C.3b, the shape of pEDMR
transients can be affected by spin-independent influences such as RC constants of the de-
tection electronics or the sample itself, even when there is no change in the dynamics of
the spin-dependent processes. While the time constants extracted from pEDMR transients
show a strong dependence on the photon flux (see Fig. C.3b), the time constants deduced
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C. Spin pair generation

from the echo experiment are only slightly affected (cf. Fig. C.5c) although the laser power
was varied over almost two orders of magnitude. Taking into account that the concentration
of electrons in the conduction band of the amorphous silicon is approximately proportional
to the photon flux [209], the pEDMR signal shows no pronounced dependence on the the
concentration of conduction electrons. For a quantitative analysis of the fast echo decay, a
more detailed study of the signal at small waiting times (τoff < 500 ns) is needed, partic-
ularly to evaluate the influence of Larmor dephasing and to distinguish between different
models (biexponential increase/decay or stretched exponential) that could explain echo
decay and spin pair generation in accordance with the presented experimental results. It
shall be pointed out that the independence of the precursor pair generation and decay times
could indicate that both rates are density of state limited processes in contrast to a charge
carrier density limited processes.

The above interpretation of the experimental results is based on the assumption that the
signal Qnp is solely determined by spin pairs that were indeed generated during τoff. This
assumption is clearly justified when the first pulse is strong enough to excite the whole
resonance line. However, due to experimental constraints we were not able to excite the
whole line when using a flip angle of Ωτ1 = 5π as we did in the experiment. In our
case, we used τ1 = 136 ns for the first pulse. The ‘natural’ line width of the EDMR
resonance, i.e. the line width one obtains without artificial power broadening (at low B1)
is ≈ 1.1 mT. From a comparison of this value with the excitation width that results from
τ1 it is apparent that only ≈ 38% of the resonance line is excited. Consequently, spin pairs
from the part of the spectrum which is not in resonance during the first pulse might become
resonant during τoff by spectral diffusion [174] and thus also contribute to Qnp. Hence,
spins that are excited can change the local field (through dipolar interaction) at the position
of an initially not excited spin. Since dipolar interaction strongly depends on the distance
between the respective spins, we would expect this effect to exhibit a strong dependence
on the spin concentration in the tail states which in turn depends on the light intensity.
This is not observed in the experiments. Other forms of spectral or instantaneous diffusion
could, in principle, influence the the echo decay signal (Qed), but not Qnp. Moreover,
we want to emphasize that spectral diffusion does only marginally influence spin lattice
relaxation and as the detected rotary echo decay is spin-lattice relaxation dependent [34],
we anticipate that spectral diffusion does not affect the generation rates extracted from the
echo experiment.
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C.7. Summary

The connection between experimentally observed EDMR signals and their microscopic
origin is not always apparent because different processes such as spin-dependent recom-
bination, hopping transport and scattering can provoke similar signals [131, 9, 210] if they
involve paramagnetic centers with identical or similar g values. Independent of the micro-
scopic mechanism, the echo experiment opens the possibility to study spin pair generation
provided that the change in conductivity is indeed influenced by spin pairs. This is espe-
cially relevant for organic semiconductors, where fundamentally different models for the
formation of polaron (spin) pairs exist [97, 211]. It has recently been demonstrated that
pEDMR can successfully applied to organic light-emitting diodes [187] to measure Rabi
oscillations, which is the basis for the rotary echo experiment.

For the quantitative description of pEDMR transients, spin pair generation is usually
taken into account in the form of a constant rate that is equal for all four eigenstates of
the spin pair [34, 35]. However, there are indications that, at least in some systems, the
generation rate could be different for the pure triplet states and the states with mixed sym-
metry [212]. Thus, the rotary echo experiment could be used to test the validity of this
general assumption.

C.7. Summary

In summary, we have demonstrated an electrically detected rotary echo experiment which
allows the observation of precursor pair formation of spin-dependent electronic transitions
through localized states in semiconductors. We have applied the rotary echo experiment
to a heterostructure solar cell in order to analyse the influence of spin pair generation
on the pEDMR signal. No significant influence of the spin pair generation rate on the
light intensity was found for the case of a hopping process via conduction band tail and
phosphorus states in a 20 nm thick layer of amorphous silicon.
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