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Zusammenfassung

Defekte sind allgegenwärtig in Halbleitermaterialien und Bauteilen wie beispielsweise Solarzellen, Transistoren, Leuchtdioden oder zukünftigen Bauteilen der Quanteninformationsverarbeitung und bestimmen ihre elektronischen Eigenschaften in Form von Dotieratomen oder
Defekten. Die Entwicklung hin zu immer kleineren Strukturen macht eine genaue Kenntnis
der strukturellen und elektronischen Eigenschaften dieser Defekte unabdingbar, um die Eigenschaften solcher Nanostrukturen voraussagen und kontrollieren zu können. Aus diesem
Grund wurde dieser Aufgabe in den letzten Jahrzehnten eine große Anzahl experimenteller
und theoretischer Forschungsarbeiten gewidmet. Dabei wurden zahlreiche experimentelle
Methoden wie zum Beispiel optische Spektroskopie, elektrische Transportmessungen und
oberflächenabbildende Techniken entwickelt, um verschiedene Eigenschaften dieser Defekte
zu untersuchen. Insbesondere die Elektronenspinresonanz (ESR) ist in diesem Zusammenhang besonders gut geeignet, um die mikroskopische Struktur von paramagnetischen Defekten aufzuklären. So ermöglicht es die ESR, die lokale Symmetrie eines Defekts und dessen
elektronische Umgebung sowie die Anzahl an Defektzentren zu bestimmen. Seit ihrer Erfindung im Jahre 1945 hat sich die ESR deshalb zu einer der Standardspektroskopiemethoden
mit einer Vielzahl von kommerziell erhältlichen Spektrometern entwickelt. Dazu trug insbesondere die Entwicklung von gepulsten ESR-Methoden bei, welche nicht nur die zeitliche
und spektrale Auflösung der ESR verbessern. Sie ermöglicht außerdem die zielgerichtete Anwendung von Pulssequenzen, um speziellen Wechselwirkungen von Defekten mit ihrer Umgebung wie beispielsweise Hyperfeinwechselwirkungen oder Spin-Spin-Wechselwirkungen zu
untersuchen.
Für die Charakterisierung von Defektzuständen in Halbleitern eignen sich elektrisch und
optisch detektierte Magnetresonanzmethoden besonders gut, da sie eine um einige Größenordnungen bessere Empfindlichkeit als die ESR in ihrer konventionellen Ausprägung
besitzen. In indirekten Halbleitern wie Silizium hat sich vor allem die elektrisch detektierte magnetische Resonanz (EDMR) als nützliche Alternative zur konventionell detektierten
ESR erwiesen. Insbesondere ist in Bauteilen wie z.B. Dünnschichtsolarzellen oder Leuchtdioden die Anzahl an paramagnetischen Defekten meist zu klein, um sie mittels ESR detektieren zu können. Zusätzlich bietet die EDMR den Vorteil, nur solche Defektzustände zu
detektieren, welche die elektrischen Transporteigenschaften und damit die Güte der Bauteile beeinflussen. Verschiedene Prozesse wie beispielsweise spinabhängige Rekombination,
spinabhänger Ladungsträgereinfang, spinabhängiges Tunneln oder spinabhängige Streuung
können zu Stromänderungen bei resonanter Anregung von Spinübergängen führen. An all
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diesen Prozessen sind zwei wechselwirkende Spins beteiligt, deren Symmetrieeigenschaften den Ladungstransport beeinflussen. Aus Dauerstrich-EDMR-Experimenten können die
grundlegenden spinabhängigen Transportprozesse und die Art der beteiligten Spinzustände
meist nur indirekt bestimmt werden. Hier bietet die gepulste EDMR zahlreiche Vorteile,
indem sie die Empfindlichkeit der EDMR mit der Vielzahl an Methoden, die für die gepulste
ESR entwickelt wurden, kombiniert.
Der erste Teil dieser Arbeit ist der Untersuchung von schwach gekoppelten Spinpaaren gewidmet, die an spinabhängigen Rekombinationsprozessen beteiligt sind. In Kapitel 3 untersuchen wir zunächst spinabhängigen Rekombinationsprozesse an der Si/SiO2 Grenzfläche in Phosphor dotiertem Silizium. Insbesondere verwenden wir die ElektronDoppel-Resonanz-Technik (Electron-Double-Resonance, ELDOR) um zu zeigen, dass die
in der EDMR beobachtete, spinabhängige Rekombination über Spinpaare stattfindet, die
aus Phosphordonatoren (31 P) und Grenzflächendefekten (Pb0 ) bestehen. Die Existenz solcher Spinpaare lässt den Schluss zu, das eine Kopplung zwischen den beteiligten Spins
bestehen muss. Die Kopplung zwischen den 31 P- und den Pb0 -Spins wird in Kapitel 4
mittels Doppel-Elektron-Elektron-Resonanz (Double-Electron-Electron-Resonance, DEER)
untersucht. Des Weiteren verwenden wir diesen Rekombinationsprozess um eine Lock-inMessmethode für die gepulste Echo-detektierte EDMR zu realisieren. Das Lock-in-Schema,
welches auf einem zweistufigen Phasenzyklus des Echoprojektionspulses basiert, ermöglicht
es, Hintergrundsignale zu unterdrücken und das Signal-zu-Rausch-Verhältnis um eine Größenordnung zu verbessern. Diese Verbesserung erweist sich als von größter Wichtigkeit für
die im Weiteren beschriebenen Experimente. So verwenden wir diese Technik, um hochauflösende Untersuchungen des freien Induktionszerfalls (free induction decay) und der
Spinechos an Phosphordonatoren durchzuführen (Kap. 4).
In Kapitel 5 untersuchen wir Phosphor-dotierte Siliziumproben, die mit γ-Strahlen bestrahlt wurden. Solche hochenergetische Strahlung, wie sie beispielsweise in Weltraumanwendungen vorkommt, erzeugt eine Vielzahl von Defekten. Einer der am häufigsten beobachteten Strahlendefekten ist der Sauerstoff-Fehlstellen-Komplex (oxygen-vacancy center, VO), dessen optisch angeregter Triplett-Zustand (SL1) mittels ESR und EDMR beobachtet wurde. Wir zeigen mit Hilfe von Dauerstrich- und gepulsten EDMR-Messungen,
dass in Phosphor dotiertem, γ-bestrahltem Silizium zwei unabhängige Rekombinationsprozesse beobachtet werden. Der langsamere von beiden ist mit dem SL1-Zentrum allein
verbunden, während am schnelleren sowohl Phosphordonatoren als auch SL1-Zentren beteiligt sind. Mittels ELDOR zeigen wir weiterhin, dass der schnellere Prozess über einen
spinabhängigen Rekombinationsschritt vom Phosphordonator zum SL1-Zentrum abläuft.
Überraschenderweise beobachten wir dabei eine resonante Stromerhöhung, wobei wir zeigen können, dass diese eine Folge der Anregung von Elektronen ins Leitungsband ist. Die
Frage nach dem genauen Grund für diesen Prozess muss jedoch unbeantwortet bleiben.
Zur weiteren Charakterisierung der Spinpaare benutzen wir verschiedene Pulssequenzen um die Zeitkonstanten des spinabhängigen Rekombinationsprozesses zu bestimmen
(Kap. 6). Insbesondere kombinieren wir dabei die gepulste Anregung von Spins mit gepulster optischer Anregung, um die Rekombinationsraten von antiparallelen und parallelen
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Spinpaaren sowie die Generationsrate von neuen Spinpaaren zu messen. Die Messung dieser
Zeitkonstanten ist insbesondere für die Entwicklung komplexerer Pulssequenzen wie den in
Kap. 8 besprochenen von Bedeutung.
Bei der Aufklärung der Struktur eines paramagnetischen Defekts mittels ESR lässt sich
eine Vielzahl an Informationen aus den Hyperfeinwechselwirkungen mit Kernspins in der
Umgebung des Defektzentrums gewinnen. So lassen sich die Kernspins als lokale Sonden
verwenden, um eine Karte der Defektwellenfunktion zu erstellen. Solche Messungen wurden durch die Entwicklung der Elektron-Kern-Doppelresonanzmethode (Electron Nuclear
Double Resonance, ENDOR) durch Feher 1956 ermöglicht, die es erlaubt Kernspinübergänge mit der Empfindlichkeit der Elektronenspinresonanz zu bestimmen. Insbesondere die
Entwicklung von gepulsten ENDOR-Methoden hat zur weiten Verbreitung dieser Technik
geführt, da hierdurch das schwierige Abstimmen der Leistung der Mikrowellen- und Radiofrequenzpulse auf die Spinrelaxationszeiten stark vereinfacht wird. Die zweite wichtige
Technik, um Hyperfeinwechselwirkungen zu messen, ist die Methode der Modulation der
Elektronenspinechoeinhüllenden (Electron Spin Echo Envelope Modulation, ESEEM). Bei
dieser Methode werden charakteristische Modulationsmuster auf dem Spinechozerfall gemessen, die durch anisotrope Hyperfeinwechselwirkungen verursacht werden. ESEEM und
ENDOR ergänzen sich dahingehend, dass ESEEM besonders empfindlich hinsichtlich kleiner
Hyperfeinwechselwirkungen ist, während die Empfindlichkeit von ENDOR mit der Kernspinfrequenz ansteigt. Im zweiten Teil dieser Arbeit zeigen wir, dass beide Techniken mit
der elektrischen Detektion von Spinresonanz kombiniert werden können, wodurch ihre Empfindlichkeit um mehrere Größenordnungen gesteigert wird.
Zunächst erklären wir in Kapitel 7 den ESEEM-Effekt und leiten eine Formel für die
Beschreibung des Modulationsmusters her, die wir benutzen, um die Hyperfeinwechselwirkungen aus den experimentellen Daten abzuleiten. Des weiteren zeigen wir elektrisch
detektierte ESEEM Messungen (electrically detected ESEEM, EDESEEM) an einem gut
untersuchten Defekt, dem 31 P-Donator in Silizium, um die Machbarkeit der Methode zu
demonstrieren. Die mittels EDESEEM gemessenen Hyperfeinwechselwirkungen stimmen
mit den in der Literatur berichteten Werten überein. Des Weiteren wenden wir EDESEEM
an, um Pb0 -Grenzflächendefekte zu untersuchen, die bis jetzt noch nicht mittels ESEEM
oder ENDOR untersucht wurden, da die Anzahl an paramagnetischen Zentren in typischen
Proben zu gering für konventionelle ESR-Messungen ist. Wir messen in drei Proben mit
4,7%, 20% und 100% charakterische Modulationsmuster, die durch 29 Si-Kernspins verursacht werden. Um die entsprechenden Hyperfeinwechselwirkungen zu verstehen, vergleichen
wir sie mit ab-initio-Rechnungen für verschiedene dangling-bond-artige Strukturen, die von
Uwe Gerstmann durchgeführt wurden. Diese Rechnungen zeigen eine sehr gute Übereinstimmung mit den experimentellen Daten für ein Pb0 -Zentrum, das sich an einer monoatomaren Stufe befindet, während andere Strukturen, wie beispielsweise eine flache Oberfläche,
grundlegende Charakteristika des Modulationsmusters nicht widerspiegeln. Dies zeigt, dass
EDESEEM sehr empfindlich hinsichtlich der mikroskopischen Defektstruktur ist, was es zu
einer vielversprechenden Methode der Defektspektroskopie macht.
In Kapitel 8 untersuchen wir die elektrische Detektion von

31
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mittels der elektrisch detektierten ENDOR Methode (EDENDOR). Obwohl DauerstrichEDENDOR schon 1996 von Stich et al. demonstriert wurde, konnten gepulste EDENDORMessungen erstmals 2011 von McCamey et al. bei hohen Magnetfeldern (8 T) und von den
Autoren dieser Arbeit bei X-Band Frequenzen (0,3 T) gezeigt werden. Zusätzlich zu den
Vorzügen von EDENDOR als Spektroskopiemethode ist das elektrische Auslesen von 31 PKernspinzuständen von großem Interesse im Gebiet der Quanteninformationsverarbeitung.
Auf Grund seiner langen Dekohärenzzeit von über drei Minuten in hochreinem 28 Si stellt
der 31 P-Kernspin eine vielversprechende Möglichkeit zur Realisierung eines quantenmechanischen Kernspindatenpeichers oder eines Qubits dar. Insbesondere werden durch den hier
verwendeten 31 P-Pb0 -Spinpaar-Rekombinationsprozess nur Donatoren nahe der Si/SiO2 Grenzfläche wie sie auch in Einzelqubitstrukturen vorkommen detektiert, so dass sich die
durch EDMR gewonnenen Erkenntnisse auf solche Strukturen übertragen lassen könnten.
In diesem Kapitel diskutieren wir zunächst das Grundprinzip von EDENDOR und zeigen
experimentell die Spektroskopie von 31 P-Kernspinübergängen. Dabei erreichen wir einen
ENDOR-Kontrast von 10%, der durch die Rekombination von antiparalellen Spinpaaren
während des Radiofrequenzpulses und die Anregungsbreite des Pulses begrenzt wird. Des
weiteren zeigen wir elektrisch detektierte, kohärente Kernspinoszillationen mit einer Kohärenzzeit von mehreren 10 µs.
Im zweiten Teil des Kapitels 8 kombinieren wir gepulste Lichtanregung mit gepulster
Spinanregung, um das Signal-zu-Rausch-Verhältnis von EDENDOR signifikant zu verbessern, wobei wir eine Empfindlichkeit von weniger als 3000 Kernspins erreichen. Weiterhin
verwenden wir EDENDOR, um die Hyperfeinwechselwirkung von 31 P Elektronenspins und
Kernspins von Donatoren nahe der Si/SiO2 -Grenzfläche mit der von im Volumen befindliche Donatoren in den γ-bestrahlten Proben zu vergleichen. Dabei stellen wir fest, dass
die Hyperfeinwechselwirkung im Volumen mit den Literaturwerten übereinstimmt, während sie an der Grenzfläche um 0,2% reduziert ist. Weiterhin erlaubt die gepulste optische
Anregung, Donatoren selektiv zu ionisieren, so dass der Kernspinübergang des ionisierten
31
P Donators mittels EDENDOR-Spketroskopie gemessen werden kann.
Im letzten Teil des Kapitels 8 zeigen wir, dass die selektive Ionisation der 31 P-Donatoren
eine Hyperpolarisation der Kernspins ermöglicht. Hyperpolarisierte Kernspins können in
vielen Bereichen wie beispielsweise bei bildgebende Verfahren in der Medizin, der Initialisierung von Qubits oder der Verbesserung von Elektronenspinkohärenzzeiten eine Rolle
spielen. Wir demonstrieren in dieser Arbeit eine Hyperpolarisation der 31 P-Kernspins von
mehr als 50%, die wir innerhalb einer Millisekunde erreichen. Außerdem können wir mit dieser Technik die Relaxationszeit der Kernspins bestimmen, wobei wir unter Beleuchtung eine
Relaxationszeit von ≈90 ms messen, während ohne Beleuchtung keine Abnahme innerhalb
1 s zu beobachten ist. Verglichen mit anderen Hyperpolarisationstechniken für Donatoren
ist die hier vorgestellte Methode vergleichsweise schnell, erreicht ähnliche Polarisationswerte
und benötigt keine aufwendig herzustellenden Proben, was sie zu einer vielversprechenden
Alternative für die Kernspinpolarisation macht.
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Introduction

Defects are found in all semiconductor materials and devices where they determine the electronic properties [1], e.g., as dopants or defects in solar cells [2], transistors, light emitting
diodes [3], or possible realizations of quantum information devices [4–7]. A detailed knowledge of the structural and electronic properties of these defects is indispensable to control
and predict the properties of semiconductor devices. The characterization of defects also
plays an important role in the search and optimization of new materials for electronics or
energy harvesting. A variety of experimental methods exists to study different properties of
defects like, e.g., optical spectroscopy, electrical transport measurements, or different surface imaging techniques. Among these, electron spin resonance is especially suited to study
the microscopic structure of paramagnetic defects [8]. It allows for the experimental determination of the symmetry of the defect and its local electronic environment as well as the
quantification of the number of paramagnetic centers. Since its invention in 1945 [9, 10], it
has therefore developed into a standard spectroscopic tool with widely available commercial
equipment. It particular, the development of pulsed ESR methods and spectrometers has
further broadened its range of applications [11]. Pulsed ESR improves the temporal and
spectral resolution of ESR and makes dedicated studies of the coupling of paramagnetic
centers to their environment via hyperfine interactions or spin-spin interactions possible [12].
For the investigation of paramagnetic defects in semiconductors, electrical or optical
detection methods can be advantageous due to their orders of magnitude higher sensitivity
when compared to ESR [13–17]. In indirect semiconductors like Si, which do not exhibit
luminescence, electrically detected magnetic resonance (EDMR) has proven to be a powerful
alternative to conventionally detected ESR. In particular, in device structures like, e.g., thin
film solar cells [18] or light emitting diodes [19], the absolute number of paramagnetic centers
is often not sufficient for ESR detection. A further advantage of EDMR when compared to
ESR, in addition to its sensitivity, lies in its selectivity. EDMR is selective in the sense that
only those paramagnetic defects are probed which take part in charge transport processes
and therefore most strongly influence the device performance. Different processes like, e.g.,
spin-dependent recombination [20, 21] and trapping [22], spin-dependent hopping [23], or
spin-dependent scattering [24, 25], can contribute to the observation of current changes
under resonant excitation of spin transitions. All of these processes involve two interacting
spins whose symmetry properties influence the charge transport. The identification of the
recombination process and the participating spin species can be inferred indirectly from
continuous wave EDMR measurements. Here, pulsed EDMR (pEDMR) [26–31] provides
1
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unique capabilities by combining the high sensitivity of electrical detection with the large
armory of methods developed in pulsed ESR.
The first part of this thesis will be dedicated to the study of various properties of
weakly coupled spin pairs in phosphorus-doped silicon using pulsed EDMR. These spin
pairs serve as a prototype example in EDMR to study basic properties of spin pair recombination. In addition, the recombination process can be used to investigate 31 P donors near
the Si/SiO2 interface; a situation also encountered e.g. in donor-based quantum computing devices [4, 7]. In Chapt. 3, we first identify the spin species observed in EDMR in
semiconductor heterostructures where the phosphorus donors are located near the Si/SiO2
interface. We employ Electron Electron Double Resonance (ELDOR) to show that the
spin-dependent recombination giving rise to the EDMR signal takes place via spin pairs
formed by 31 P donors and dangling bond defects (Pb0 ). The observation of spin-dependent
recombination via a spin pair implies that the two spins forming the pair are coupled. In
Chapt. 4.3, we use Double Electron Electron Resonance (DEER) to measure the exchange
coupling between the 31 P electron spin and the Pb0 electron spin. The observed decay
with a time constant of ≈1.7 µs indicates that a broad distribution of spin-spin couplings
in the range of several MHz is observed. A modeling of the 31 P-Pb0 exchange coupling
using simplified hydrogen-like wavefunctions shows that the observed couplings correspond
to spin pair distances ranging from 15 nm to 20 nm. We further use the 31 P-Pb0 recombination process to implement and demonstrate a lock-in detection scheme for spin-echo
detected pulsed EDMR. This lock-in detection scheme, which is based on a two-step phase
cycle of the spin echo projection pulse [32], is able to subtract the non-resonant background
and effectively reduces low-frequency noise by more than one order of magnitude. This
improvement turns out to be crucial for most of the experiments presented in this work.
We apply this technique to perform electrically detected high-resolution studies of free induction decay and spin echo measurements of 31 P donors as discussed in Chapt. 4.2.1 and
4.2.2.
In Chapt. 5, we investigate phosphorus-doped γ-irradiated silicon samples. High energy
irradiation of silicon, as occurring, e.g., in electronic devices for space applications, highenergy physics experiments, or during ion implantation, creates a variety of defects. One of
the most commonly observed defects in γ-irradiated Cz-grown silicon is the oxygen-vacancy
center which possesses an optically excited triplet state (SL1) that has been studied by
ESR [33, 34] and EDMR [21, 35]. Using continuous wave EDMR and pulsed EDMR,
we show that in phosphorus-doped γ-irradiated silicon, two independent recombination
processes are observed: a slow recombination process related to the SL1 alone and a second,
faster process which involves 31 P donors and SL1 centers. Using ELDOR, we further show,
that the second process involves a spin-dependent recombination step between the 31 P donor
and the SL1 center resulting in the formation of a negatively charge VO− state. Surprisingly,
we observe a resonant increase of the conductivity for this process, which we can show to
be a consequence of the excitation of electrons into the conduction band. However, the
reason for this excitation to occur remains elusive, so far.
To further characterize the spin pair, we develop a variety of new pulse schemes to mea-
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sure the timeconstants involved in the spin-dependent recombination process. In particular,
we combine pulsed illumination with pulsed spin excitation to independently measure the
recombination rates of parallel and antiparallel spin pairs and the generation rate of new
spin pairs. The measurement of these timeconstants is crucial for the modeling and design
of more complex pulse sequences, as shown in Chapt. 8.2.
The major source of information about the microscopic structure of a paramagnetic
defect is given by the hyperfine interactions of its electron spin with sourrounding nuclear
spins. The hyperfine interactions allow for the mapping of the electron wavefunction by
using the nuclear spins as local probes. One of the first examples of such an investigation
is the detailed comparison of the wavefunction of group-V donors in silicon with the predictions of the effective-mass theory [36–38]. Since then, the symmetry and microscopic
structure of various defects in silicon and other materials have been characterized by their
hyperfine interactions. Such studies became possible with the invention of Electron Nuclear
Double Resonance (ENDOR) by Feher in 1956 [39], which allows to measure nuclear spin
transitions with the sensitivity of ESR. The ENDOR technique became even more popular
with the invention of pulsed ENDOR methods [40, 41], which mitigate the critical balancing
of electron and nuclear spin relaxation times and microwave and rf power, making continuous wave ENDOR experiments difficult. Nowadays, the widespread commercial availability
of pulsed ENDOR spectrometers in all frequency bands from 1 GHz to 290 GHz makes this
technique a standard tool of defect spectroscopy. The second major technique to measure
hyperfine interactions is Electron Spin Echo Envelope Modulation (ESEEM) [42]. It is
based on the observation of characteristic modulation patterns on the decay of a spin echo
caused by anisotropic hyperfine interactions. Both, ESEEM and ENDOR, are complementary techniques in the sense that ESEEM is more sensitive to small hyperfine interactions
(<5 MHz), while the sensitivity of ENDOR increases with increasing hyperfine interactions.
In the second part of this work, we demonstrate that both techniques can be combined with
the electrical detection of magnetic resonance thereby improving their sensitivity by orders
of magnitude.
In Chapt. 7, we first give an explanation of the ESEEM effect and derive the ESEEM
modulation formula used to extract the hyperfine interactions from the measured modulation pattern. As a proof-of-principle, we present electrically detected ESEEM (EDESEEM)
measurements on a well-studied defect, the 31 P donor in silicon. The obtained hyperfine
interaction are in good agreement with the values reported in the literature. We further
apply EDESEEM to dangling bond defects (Pb0 ) at the Si/SiO2 interface, which so far have
not been studied by ESEEM or ENDOR, mainly since the small absolute number of these
defects in a typical sample renders detailed investigations difficult with conventionally detected ESR. In three isotopically engineered samples with 29 Si concentrations of 4.7%, 20%,
and 100%, we detect characteristic modulation patterns originating from hyperfine interactions with distant 29 Si nuclei. For an interpretation, we compare the observed hyperfine
interactions with ab-initio calculations of different dangling-bond-like structures performed
by Uwe Gerstmann. These calculations show very good agreement with the experimental
modulation pattern for a Pb0 center located at a monolayer step at the interface, while other
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structures like a simple flat surface fail to reproduce basic features of the experimental data.
This demonstrates that EDESEEM is highly sensitive to the microscopic structure of the
defect making it a promising spectroscopic tool for defect characterization.
The last chapter of this thesis is dedicated to the electrical detection of 31 P nuclear
spin states using electrically detected ENDOR. Although demonstrated as continuous wave
EDENDOR in 1996 [43], pulsed EDENDOR measurements have only recently be reported
by McCamey et al. at high magnetic fields of 8 T [44] and by the authors of this work in
a standard X-band spectrometer at 0.3 mT [31, 45]. In addition to obtaining spectroscopic
information, the electrical read-out of 31 P nuclear spin states is also of great interest in
the field of donor-based quantum information processing. Due to its very long coherence
times of 3 min in ultrapure 28 Si [46], the 31 P nuclear spin is a promising candidate for the
implementation of a nuclear spin quantum memory [47] or even as a qubit itself [4]. For
the physical realization of such devices, electrical readout is advantageous. In particular,
the 31 P-Pb0 spin pair readout mechanism employed in this work probes only donors near
the Si/SiO2 interface, thereby mimicking the situation in single donor qubit devices [7]. In
Chapt. 8.1 we first discuss the basic concept of EDENDOR based on an adapted Davies
ENDOR pulse sequence [41] and experimentally demonstrate the spectroscopy of 31 P nuclear spins. We achieve an ENDOR contrast of ≈10%, which is limited by the excitation
bandwidth of the radio frequency (rf) pulse and the recombination of antiparallel spin pairs
during the rf pulse. Using the same technique, we measure coherent nuclear spin oscillations
with a coherence time of tens of microseconds also limited by recombination processes.
Further, we show that combining pulsed EDENDOR with time-programmed optical
excitation greatly improves the signal-to-noise ratio of EDENDOR spectroscopy achieving
a sensitivity of <3000 nuclear spins. To this end, we switch of the optical excitation so that
the sample is non-conductive during the microwave and rf pulses. This also removes the
strong non-resonant background induced by the strong microwave and rf pulses which is
observed in EDENDOR with continuous illumination. We use EDENDOR to compare the
hyperfine interaction of 31 P electron and nuclear spins of donors near the Si/SiO2 interface
with donors in bulk γ-irradiated silicon. We find that the hyperfine interaction in bulk
silicon agrees well with the value reported in the literature while it is reduced by 0.2% near
the Si/SiO2 interface. In addition to the improvement of EDENDOR spectroscopy, timeprogrammed optical excitation also allows to selectively depopulate (ionize) the 31 P donors
making the nuclear spin of the ionized 31 P+ donor accessible to EDENDOR spectroscopy.
In the last part of this work, we show that the selective depopulation scheme can be used
to hyperpolarize the 31 P nuclear spins. Hyperpolarization of nuclear spins might play a role
in biomedical applications where the long relaxation times of nuclear spins are exploited
for imaging techniques. This could involve, e.g., nanoparticles containing hyperpolarized
nuclear spins which are inserted into living organisms while continuously monitoring their
position using magnetic resonance imaging [48–50]. More in the context of spin-based
quantum information processing, hyperpolarization schemes might be useful to initialize
qubits [51] or to improve the coherence times of electron spins coupled to a nuclear spin
bath [52]. In the hyperpolarization scheme presented here, we first selectively depopulate
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the 31 P donors, thereby creating large population differences on the nuclear spin transition.
By applying an rf π pulse on these transitions a nuclear spin polarization of theoretically
100% can be achieved. We experimentally demonstrate a single shot hyperpolarization of
>50% by applying the rf π pulse on the 31 P+ nuclear spin transition. With this technique,
we also measure a nuclear spin relaxation time of ≈90 ms under illumination and no detectable decay within 1 s without illumination. Compared with other donor nuclear spin
polarization schemes reported in the literature [47, 53–55], the technique introduced here
is comparitively fast, achieves almost similar degrees of nuclear spin polarization, and does
not rely on high electron spin polarizations or elaborate samples. It might therefore be a
promising alternative of achieving useful nuclear spin polarizations. However, the discrepancy between the ideally expected 100% polarization and the experimentally achieved value
of 50% remains elusive even after thorough studies.
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2.1

A Pulsed EDMR Primer

Electron Spin Resonance and the Spin Hamiltonian

Electron spin resonance (ESR) is a widespread and powerful spectroscopic tool to study
the structure, dynamics, and concentration of paramagnetic species. Such species with at
least one unpaired electron occur in different fields, like, e.g., as transition metal ions in
catalysts [56, 57], as metalloproteins [58], or as free radicals in photosynthesis [59]. Stable
radicals can be used as spin probes to study the structure of complex molecules [60, 61].
In the solid state, they occur as paramagnetic defects influencing the optical and electrical
properties of materials [1]. Since its first observation by Zavoisky 1946 in Novosibirsk [9,
10], ESR has developed into a standard spectroscopic tool with commercial spectrometers
available in a wide range of complexity and price. In particular, the development of pulsed
ESR has further broadened the range of applications of this method [11].
The basic principle of ESR can be understood by considering the energy eigenstates of
a free electron in a magnetic field. Classically, the energy of the electron is determined by
the magnetic moment µ
~ e associated with its intrinsic angular momentum, the spin of the
~ of the electron gives rise to a magnetic moment
electron. The angular momentum ~S
−e ~
~S
µ
~ e = ge
2me
(2.1)
~
= −ge µB S,
where ~ = h/2π is the reduced Planck constant, e the electron charge, me the electron
mass, and
J
e~
= 9.274 × 10−24
(2.2)
µB =
2me
T
the Bohr magneton. The factor ge =2.0023193043622(15) is a result of quantum electrody~ is
namical corrections [62]. The energy of the magnetic moment µ
~ e in a magnetic field B
given by
~
E = −~µe · B.
(2.3)
Following the correspondence principle, we can write down the Hamilton operator of an
electron spin in a magnetic field oriented in z-direction
ĤEZ = gµB B0 Ŝz ,

(2.4)

where B0 denotes the z-component of the magnetic field and Ŝz the z-component of the
vector electron spin operator. The eigenstates of this Hamilton operator are the mS = ± 12
7
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eigenstates |↑i and |↓i of the Ŝz operator, referred to as spin-up and spin down states. The
corresponding energy eigenvalues are given by
1
E↑ = gµB B0
2
1
E↓ = − gµB B0 .
2

(2.5)

The magnetic field dependence of the energy eigenvalues is sketched in Fig. 2.1(a). When
the electron is exposed to electromagnetic radiation spin flips can be induced by absorption
or emission of a photon, if the energy of the photon ~ωmw matches the energy difference
between the spin-up and spin-down states. The corresponding resonance condition is given
by
~ωmw = gµB B0 .
(2.6)
When the absorption of the electromagnetic radiation is measured as a function of the
magnetic field B0 , a resonant change can be observed when the resonance condition (2.6)
is fulfilled as sketched in Fig. 2.1(b). This is the basic principle of ESR.
The spin Hamiltonian of a paramagnetic species in a molecule or a solid-state environment differs in several aspects from the simple spin Hamiltonian of the free electron
because of the interactions of the paramagnetic species with its environment. This leads
to a generalization of the Hamiltonian (2.4) including several additional terms, the most
important of which we will discuss in the following.
~ 0 is fully
The interaction between the electron spin and the external magnetic field B
described by the electron Zeeman Hamiltonian
~ 0↔
~ˆ
ĤEZ = µB B
g S,

(2.7)

which is obtained as a generalization of the spin Hamiltonian (2.4) by replacing the g↔
factor with a tensor g. This tensor is symmetrical with six independent components given
for example by its principle values gx , gy , and gz and the three angles determining the
↔
orientation of the principle axes. The deviations of the components of g from the free
electron value ge and its tensor character are consequences of the spin orbit interaction
~ˆ S,
~ˆ
ĤLS = λL

(2.8)

~ˆ and the spin-orbit coupling constant λ. The ↔
with the angular momentum operator L
gtensor can be calculated in second-order perturbation theory [63] resulting in
gij = ge δij + 2λΛij ,

(2.9)

↔

with the elements of the tensor Λ given by
X hψ0 |Li | ψn i hψn |Lj | ψ0 i
.
Λij =
E
−
E
0
n
n

(2.10)

Here, ψ0 is the wavefunction of the ground state of the paramagnetic center and ψn denotes
its nth excited state with corresponding energies E0 and En . For solids with small spinorbit coupling like silicon, which is the material studied in this work, the correction terms
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(a)

∆mS=1

energy

mS=+1/2

ħωmw=geµBB0

mS=-1/2

B0

absorption

(b)

B0
Figure 2.1: (a) Energy eigenvalues of the electron Zeeman Hamilton
operator (2.7) as a function of the magnetic field. Electro-magnetic radiation can resonantly excite the spins if the energy of the photons matches
the Zeeman splitting. This can be observed as a resonant increase of the
absorption of the radiation as sketched in (b).
in Eq. (2.9) will generally be small and the observed g-factors will therefore be close to
ge ≈ 2. For the paramagnetic centers and the magnetic fields considered throughout this
work, the electron Zeeman interaction makes the dominant contribution to the energy.
A similar Hamiltonian arises from the interaction of the nuclear spin with the magnetic
~ 0 . This nuclear Zeeman Hamiltonian is given by
field B
~ 0 I,
~ˆ
ĤNZ = −gn µN B

(2.11)

J
e~
= 5.0508 × 10−27 ,
2mp
T

(2.12)

with the nuclear magneton
µN =
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~ˆ The nuclear g-factor gn is an inherent property of the
and the nuclear spin vector operator I.
nucleus and usually assumed to be isotropic. The nuclear Zeeman interaction is typically
three orders of magnitude smaller than the electron Zeeman interaction and can therefore
be neglected when electron spin spectra are studied. However, it has to be considered in
experiments which measure the nuclear spin transition frequencies like the ESEEM and
ENDOR experiments discussed in chapters 7 and 8.
The electron spin is coupled to surrounding nuclear spins by the hyperfine interaction
which is one of the most useful sources of information in ESR spectroscopy [11]. The
hyperfine interaction Hamiltonian is given by
↔
~ˆAI,
~ˆ
ĤHF = S

(2.13)

↔

with the hyperfine tensor A, which can be divided into two parts: the isotropic Fermi contact interaction ĤF and the anisotropic dipole-dipole interaction ĤDD . The Fermi contact
interaction is given by [64]
~ˆI,
~ˆ
ĤF = aiso S
(2.14)
with the isotropic hyperfine constant
aiso =

2 µ0
ge µB gn µn |ψ0 (~rn )|2 .
3 ~

(2.15)

It is proportional to the electron density |ψ0 (~rn )|2 at the position of the nucleus.
The Hamiltonian of the dipole-dipole interaction is given by
µ0
T =
ge µB gn µn
4π
↔

!
~ˆr)(~rI)
~ˆ
~ˆI)
~ˆ
3(S~
(S
− 3
,
r5
r

(2.16)

in analogy to the classical expression for the dipole-dipole interaction [65]. Here, ~r denotes
the vector connecting the electron and the nucleus. Integration over the spatial electron
distribution given by the ground state wavefunction of the electron ψ0 yields
↔
~ˆT I~ˆ
ĤDD = S

with the dipolar coupling tensor components


µ0
3ri rj − δij r2
Tij =
ge µB gn µn ψ0
ψ0 .
4π
r5

2.1.1

(2.17)

(2.18)

Phosphorus Donors in Silicon

Combining these interactions, we can write down the spin Hamiltonian for one of the
paramagnetic centers studied in this work, the phosphorus donor in Silicon. Phosphorus,
as the other group-V elements, forms a donor state when it is substitutionally incorporated
into the Si lattice. Four of its five valence electrons form bonds with the neighboring Si
atoms while the fifth electron is in a hydrogen-like state weakly bound to the Phosphorus
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nucleus. Its binding energy can be calculated in the effective-mass approximation [38] using
the screened Coulomb potential
U (~r) =

−e
~r,
4π0 r2

(2.19)

where  = 11.7 denotes the dielectric constant of silicon and ~r the position vector of the
electron. With this potential a binding energy of the ground state of 31.28 mV [66] is
obtained compared to the experimentally obtained value of 45.6 meV. Better values of
the binding energy are obtained by taking into account the high probability of finding
the electron near the nucleus where the assumption of a weakly varying potential and a
dielectric constant break down [67, 68]. Phosphorus possesses only one stable isotope,
31
P, which carries a nuclear spin of ~/2. It is embedded in a silicon matrix which has a
natural isotope composition of 92.23% 28 Si, 4.67 %29 Si, and 3.10 %30 Si [69], with only the
29
Si nucleus carrying a nuclear spin of ~/2. The spin Hamiltonian taking into account the
hyperfine interactions of the 31 P electron with the 31 P nuclear spin and the 29 Si nuclear
spin reads as
X ˆ
~S
~ˆ + gnP µN B
~ I~ˆP + gnSi µN
~ I~i
H = gP µB B
B
i


Xˆ 
↔
ˆ ~ˆ
ˆ
~
~
+ aiso S IP +
S · ai 1 + T i · I~i .

(2.20)

i

Here, gP =1.9985 denotes the isotropic g-factor of 31 P in Si [36], and gnP =2.2632 and gnSi =ˆ
ˆ
1.11058 the nuclear g-factors of 31 P and 29 Si, respectively [70]. I~P and I~i denote the nuclear
spin operators of the 31 P and the ith 29 Si nuclear spin. The hyperfine interaction of the
31
P electron spin with the 31 P nuclear spin aiso /h=117.5 MHz [71] is purely isotropic [36]
while the hyperfine interaction with the ith 29 Si nuclear spin has an isotropic part ai and
↔
an anisotropic part T i . The hyperfine interaction constants with 29 Si nuclear spins located
at different lattice sites have been determined in detail by the ENDOR technique [36, 37]
yielding values of <4 MHz.
When we consider the ESR spectrum of 31 P in Si at typical magnetic fields of ≈350 mT,
we can therefore at first neglect the hyperfine interactions with the 29 Si nuclear spin as
well as the nuclear spin Zeeman interaction, all of which are at least a factor of 20 smaller
than the hyperfine interaction with the 31 P nuclear spin and a factor of 2000 smaller than
the electron spin Zeeman interaction. With the coordinate system chosen such that the
magnetic field points in z-direction, the spin Hamiltonian then simplifies to
~ˆI~ˆP ,
H = ~ωP Ŝz + aiso S

(2.21)

where we have introduced the 31 P electron spin Larmor frequency ωP = gP~µB B0 . The energy
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(a)

(b)

nuclear spin
electron spin

E2

energy

energy

E1
E4

aiso/(gPµB)

B0

B0

absorption

absorption

E3

aiso/(gPµB)

B0

B0

Figure 2.2: (a) Energy eigenvalues of the spin Hamiltonian (2.21) of
31
P in silicon. The corresponding eigenstates in the high-field limit are illustrated by the kets, where the blue and green arrows denote the 31 P electron spin and nuclear spin, respectively. The hyperfine interaction leads to
two dipole-allowed electron spin transition split by 4.2 mT. (b) Additional
hyperfine interactions with randomly distributed and oriented 29 Si nuclear
spins results in additional splittings of the eigenstates (dashed lines). The
corresponding transition can, however, not be resolved in a continuous wave
ESR spectrum leading to a broadening of the lines.

eigenvalues of the Hamiltonian (2.21), given by

aiso ~ωP
+
4
2q
aiso 1
E2 = −
+
a2 + (~ωP )2
4
2 q iso
aiso 1
E3 = −
−
a2iso + (~ωP )2
4
2
aiso ~ωP
E4 =
−
,
4
2
E1 =

(2.22)

are plotted in Fig. 2.2(a) as a function of the magnetic field B0 . The corresponding eigen-
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states in terms of the product states |↑⇑i, |↑⇓i, |↓⇑i, and |↓⇓i are given by
|1i = |↑⇑i
η 
η 
|2i = cos
|↑⇓i + sin
|↓⇑i
2 
2 
η
η
|3i = − sin
|↑⇓i + cos
|↓⇑i
2
2
|4i = |↓⇓i ,

(2.23)

where the ↑ and ⇑ symbols refer to the electron spin and nuclear spin, respectively. The
mixing angle η is defined by tan (η) = aωiso
. In the high-field limit (ωP  aiso ), η approaches
P
zero and the eigenstates are reduced to the unmixed product states. The experiments in
this work are performed at X-band frequencies (ωP /2π ≈10 GHz117.5 MHz=aiso /2π), so
that the high-field limit is a very good approximation. The hyperfine interaction gives rise
to two dipole-allowed ∆mS = 1 electron spin transitions which are split by 4.2 mT [71] on
the magnetic field axis as sketched in Fig. 2.2(a).
In addition to the large hyperfine interaction with the 31 P nuclear spin, the 31 P electron
spin also experiences additional hyperfine interactions with the 29 Si nuclear spins as discussed above. Due to the statistical distribution of the 29 Si nuclear spins at different lattice
sites, the sum of hyperfine interactions experienced by every 31 P electron spin is different.
This can be visualized as additional splittings of the energy eigenstates, where the weighting
of each hyperfine split state is determined by the probability of finding the corresponding
29
Si configuration (cf. dashed lines in Fig. 2.2(b)). If, due to the small hyperfine interactions, the splittings of the corresponding additional electron spin transitions is smaller
than their homogeneous linewidth, they can not be resolved in an ESR experiment. This
leads to an inhomogeneous broadening of the 31 P electron spin resonance line by unresolved
hyperfine interactions with 29 Si nuclear spins with an approximately Gaussian-shaped envelope [72]. The homogeneous linewidth of this transition, determined by the electron spin
decoherence time, can be significantly smaller than the inhomogeneous linewidth as shown
by measurements in 28 Si-enriched silicon [72]. However, the unresolved hyperfine interactions with 29 Si are one of the major sources of information about the defect wavefunction
that can be obtained by ESR [36, 37]. Different methods have been developed to measure
such small hyperfine interactions with higher spectral resolution, especially ESEEM [42]
and ENDOR [39], which will be discussed in chapters 7 and 8, respectively. In particular,
in chapter 7 of this work, we will use the small hyperfine interactions of Si/SiO2 interface
defects with distant 29 Si nuclear spin to study the microscopic structure of these defects.

2.1.2

Dangling Bond Defects at the Si/SiO2 Interface

The second important type of paramagnetic center that will be discussed in this work
are dangling-bond like defects at the Si/SiO2 interface [73]. As detected by ESR, the
Si/SiO2 interface defects are generally referred to as Pb centers, their appearance being
dependent on the substrate orientation [73, 74]. At the (111)-interface, one kind of defect
is detected by ESR, the Pb center, which has been identified as interfacial •Si−
−Si3 defect
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with the corresponding g-tensor axially symmetric about the [111]-axis [75] as sketched in
Fig. 2.3(a).
(a)

(c)

[111]
O

Pb

2.008

x2

2.007

Si
g-factor

(b)

2.006

[001]
O

Pb0

x1

2.005
2.004

x1

2.003
2.002

Si

0
B0||[001]

30

60
Θ (deg)

90
B0||[110]

Figure 2.3: (a) Ball-and-stick model of the Pb center at the Si/SiO2
interface on a [111]-oriented substrate, which has been identified as interfacial dangling bond defect at a threefold coordinate Si atom. (b) Structure
of the Pb0 center at an [001]-interface, which is structurally similar to the
Pb center. (c) Angular dependence of the g-factor of the Pb0 center as a
function of the angle Θ between the magnetic field and the [001] crystal
axis. The degeneracy of the lines is indicated by the numbers.
In contrast, at the (100) Si/SiO2 interface, two kinds of defects are observed, referred
to as Pb0 and Pb1 . The g-tensor of the Pb0 was found to be nearly axially symmetric
about the h111i axis, with principle values of gk =2.00185±0.0001 and g⊥ =2.0081±0.0001,
where k refers to B0 k[111] [74]. Based on their similar ESR characteristics, the Pb0 was
also assigned to a •Si−
−Si3 defect, similar to the Pb center [73] (Fig. 2.3(b)). The angular
dependence of the effective g-factor of the Pb0 center is shown in Fig. 2.3(c) as a function
of the angle Θ between the magnetic field B0 and the [001] crystal axis. In this work, we
will present measurements for the two high-symmetry orientations B0 k[001] and B0 k[110],
where we expect one and two ESR resonance peaks, respectively. Further information on
the structure of the Pb0 center was obtained from the strongest hyperfine interactions with
the nearest and next-nearest 29 Si nuclei, the former with an axially symmetric hyperfine
tensor with principle values of Ak =14.9±0.4 mT and A⊥ =7.5±0.5 mT [76]. The weaker
hyperfine interactions with more distant 29 Si nuclear spins have so far not been determined
by conventional ESR.
The second type of Pb -like defect, called Pb1 , is more difficult to study because of its
typically four-times lower density when compared to the Pb0 -center density of ≈ 1012 cm−2
depending on the oxidation conditions [77]. Although experimental and theoretical information on the Pb1 is still not conclusive, its structure has been associated with a •Si−
−Si3
unit oriented in the h211i direction [76, 78]. While both, the Pb0 and the Pb1 , are observed
in EDMR (see Chapt. 3.1), in this work we will focus on the 31 P-Pb0 spin pair, since the
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Pb1 is difficult to investigate due to its lower density and its partial spectral overlap with
the Pb0 . We will study the microscopic structure of the Pb0 center in detail in Chapt. 7.3
by measuring weaker hyperfine interactions with distant nuclei using EDESEEM.
The Pb0 -center has two charge-transfer levels within the silicon bandgap. The first
electron is added into the dangling bond orbital at the -/0 charge transfer level ≈0.31 eV
above the valence band. The second electron is added at the 0/+ charge transfer level
≈0.80 eV above the valence band (0.3 eV below the conduction band) [79]. Both values
denote the position of peaks in the density of states with a width of ≈0.1 eV representing
a broad distribution of defect states within the silicon bandgap.

2.1.3

The SL1 Center

The third paramagnetic defect in silicon studied in this work is the excited triplet state of
the oxygen-vacancy complex (VO-center), referred to as SL1 [33]. VO centers are created
by high-energy irradiation of Cz-silicon with electrons or γ-rays. Since the SL1-center is
an S = 1 state, we have to take into account an additional interaction, which we have
neglected so far in the spin Hamiltonian (2.20). In spin system with |S| > 1/2, the mutual
interactions of the constituting spins gives rise to an additional term in the spin Hamiltonian
called zero-field splitting. The corresponding Hamiltonian reads as
↔
~ˆ1 DS
~ˆ2 ,
HZF = S

(2.24)

↔
~ˆ1 and S
~ˆ2 the vector operators for the
where D denotes the zero-field splitting tensor and S
two S = 1/2 spins constituting the spin triplet. This interaction is independent of the
magnetic field B0 and gives rise to a splitting of the energy eigenvalues at B0 =0. We will
discuss the SL1-center in much more detail in Chapt. 5.

2.2

Electrically Detected Magnetic Resonance

In 1966, Schmidt et al. and Maxwell et al. observed for the first time a resonant change
of the photoconductivity in a silicon sample when they resonantly excited spin transitions
between Zeeman-split levels by microwave irradiation [80, 81]. Since then this so-called electrically detected magnetic resonance (EDMR) technique (also referred to as spin-dependent
conductivity) has been applied to a wide variety of materials and devices to study spindependent transport processes and point defects in semiconductors. EDMR has been used
to study, e.g., spin-dependent recombination and transport in amorphous and micorcrystalline silicon and solar cell devices [82–84], defects in bulk silicon and at the Si/SiO2
interface [21, 27, 85, 86], and scattering in 2-dimensional electron gases [24, 25, 87]. It has
been applied to different material systems like, e.g., GaN [88], diamond [89] and a large
range of organic semiconductors [90, 91]. The main advantage of EDMR, when compared
to conventionally detected ESR, lies in its enhanced sensitivity [92]. Although EDMR is not
a quantitative method, a typical number of detectable spins is of the order of 106 which can
be reduced to less than 100 for especially designed contact structures [17]. The sensitivity
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of EDMR has recently been pushed all the way to the ultimate single spin limit using a Si
2DEG single electron transistor as a sensitive charge sensor [7]. However, even without such
elaborate devices, the sensitivity of EDMR is at least several orders of magnitude better
than the typical number of 1010 -1011 spins needed for ESR detection [14].
(a)

(b)
donor

ESR

(c)

Ec

hν spin pair
acceptor

(d)
D+

hν

hν

A

hν

Ev

Figure 2.4: Illustration of the spin pair or donor acceptor model for spindependent recombination. A spin pair is formed by paramagnetic donors
and acceptors in spatial proximity. A spin-dependent transition of an electron from the donor to the acceptor is allowed if the two spin are in an
antiparallel configuration (b), while it is forbidden by the Pauli principle
for parallel spin states (a). After the spin-dependent transition has taken
place, the donor is in its positive charge state (D+ ) and the acceptor in its
negative charge state (A− ). The D+ states will be reoccupied by electrons
from the conduction band while the A− states will capture holes from the
valence band resulting in an effective electron-hole recombination (c), (d).
By flipping either of the two spins with resonant microwave irradiation (a),
spin pairs are transferred from a parallel into an antiparallel configuration
and consequently, the recombination rate is enhanced.
Reflecting the large variety of materials and devices in which EDMR has been observed,
there is a correspondingly large number of microscopic processes leading to the resonant
changes in conductivity. Among these, one of the most prominent models explaining the
EDMR effect has been stated in terms of weakly coupled spin pairs [20]. The basic idea
assumes that a spin-dependent transition can take place between two localized paramagnetic states, as sketched in Fig. 2.4. The energetically higher lying state acts as an effective
donor while the lower lying state acts an effective acceptor [21]. Since the final state after
the transition is usually assumed to be a spin singlet because of the Pauli principle, the
electron transfer is only allowed if the two spins of the spin pair are initially in an antiparallel configuration (b) while the transition is blocked for parallel spins (a). In the step after
the spin-dependent transition, the donor states will be reoccupied by electrons from the
conduction band while the acceptor states will capture holes from the valence band resulting in an effective electron-hole recombination (c), (d). Under above-bandgap illumination,
a steady state develops in which most of the spin pairs are in a parallel configuration since
all antiparallel spin pairs recombine. By flipping either of the two spins with resonant mi-

2.2 Electrically Detected Magnetic Resonance

17

crowave irradiation (a), the spin pair is transferred into an antiparallel configuration and
consequently, the recombination rate is enhanced. This results in a decrease of the carrier
density in the conduction and valence bands and, thus, a quenching of the photoconductivity is observed. In indirect semiconductors the lifetime of carriers is often determined by
recombination via defects near the center of the bandgap [93], and therefore spin-dependent
recombination processes via spin pairs can significantly influence the carrier lifetime leading to resonant relative photoconductivity changes of up to ≈ 10−3 [94]. A characteristic
feature of a spin-pair recombination process is that the recombination rate only depends on
the relative orientation of the two spins within the spin pair. The recombination rate, and
consequently also the EDMR signal, is therefore independent of the overall polarization of
the spin system making the EDMR signal amplitude independent of the magnetic field and
the temperature as long as the spin pair itself exists [21, 95]. This allows, in particular,
EDMR measurements at room temperature in amorphous hydrogenated silicon or organic
semiconductors with values of the relative change in photoconductivity of up to 10−1 [96].
This is several orders of magnitude larger than predicted by alternative models explaning the spin-dependent change in the photoconductivity based on the thermal equilibrium
polarization of the participating spin ensembles [97].
The first part of this thesis is dedicated to studying the properties of such spin pairs.
First, the identification of the spin species constituting the spin pairs has so far been inferred only indirectly from continuous wave EDMR experiments by, e.g., by comparing the
intensities of the EDMR signals of the two spin partners. We employ electron electron double resonance techniques to directly identify the spin species constituting the spin pairs at
the Si/SiO2 interface in Si:P and in γ-irradiated Si:P (Chapt. 3 and 5). The recombination
rate of the spin pair is expected to depend exponentially on the distance between the spin
partners, when interpreted as a tunneling process in terms of the WKB approximation [98].
The spin pairs are therefore usually exclusive in the sense that a spin forms a spin pair only
with one particular spin of the other spin species which is spatially close. The characteristic distance of the spins within the spin pair can be accessed by measuring their mutual
coupling as described in Chapt. 4.3. Several quantitative models have been proposed in
the literature to describe the recombination process via EDMR [99–101]. They are based
on a system of rate equations describing the temporal evolution of the populations of the
different spin states. As sketched in Fig. 2.5, the processes included in such a description
are the recombination of antiparallel spin pairs with a characteristic timeconstant τap , the
recombination of parallel spin pairs (τp ), the generation of new spin pairs (τg ), the dissociation of spin pairs (τd ), and the ESR induced transitions between parallel and antiparallel
spin pairs (τW ). In Chapt. 6, we will measure some of these timeconstants using pulsed
EDMR and also set up a system of rate equations to describe these experiments.
Among the other microscopic processes which lead to resonant changes of the conductivity are, e.g., spin-dependent hopping processes through defect states [102, 103]. At high
magnetic fields (8 T) spin-dependent trapping of electrons from the conduction band into
neutral phosphorus donors in silicon gives rise to EDMR signals [22, 104]. Spin-dependent
transitions of excited metastable triplet states into the singlet ground state as observed in
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Figure 2.5: For a quantitative description of a spin pair recombination
process, a system of rate equations is established taking into account the
recombination time of parallel spin pairs τp , the recombination time of
antiparallel spin pairs τap , the generation time of new spin pairs τg consisting
of an electron capture process (τec ) and a hole capture process (τhc ), the
dissociation of spin pairs τd , and the timeconstant for ESR-induced spin
flips τW .
γ-irradiated silicon [34, 35]. Similar, the resonant photocurrent change in organic solar cell
structures has been attributed to the spin-dependent dissociation probability of polaron
triplet pairs [91]. In two-dimensional electron gases, spin-dependent scattering processes at
neutral donors have been observed [19, 87].

2.3

Pulsed EDMR

The large number of possibilities for the characterization of the structure and dynamics of
paramagnetic centers provided by ESR can not be fully exploited only using continuous
wave irradiation. Pulsed excitation not only provides better time and spectral resolution,
it also allows to design experiments which specifically address certain problems like the
measurement of spin-spin interactions. In particular, a lot of effort has been devoted to
the measurement of hyperfine interactions which can provide a great deal of structural
information about paramagnetic defects. Here, the invention of Electron Spin Echo Modulation (ESEEM) [42] and pulsed Electron Nuclear Double Resonance (ENDOR) [40, 41]
has stimulated widespread interest in pulsed ESR.
For the characterization of defects in semiconductors great potential lies in the combination of the advantages of pulsed ESR spectroscopy with the much higher sensitivity of
electrically detected magnetic resonance. It therefore did not came as a surprise when pulsed
electrically detected magnetic resonance (pEDMR) was first demonstrated in 2001 [105].
The pEDMR technique exploits the fact that the information about the symmetry of the
spin pair is contained in the photocurrent transient occurring after the microwave pulse
sequence [26]. This current transient decays with the characteristic timeconstants of the
recombination process which are typically of the order of several microseconds and there-
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fore easily detectable with standard current or voltage amplifiers. Since then, pEDMR has
been used to electrically read out the spin states of 31 P donors [27] by measuring coherent
spin oscillations, thereby realizing one of the requirements [51] for a donor-based quantum computer [4]. Coherent spin oscillations have further been detected by pEDMR in
hydrogenated amorphous silicon [106], in endohedral fullerenes [107], and in organic semiconductors [28, 108] providing useful information about spin-spin coupling. Other methods
from pulsed ESR have been realized in pEDMR like the spin echo [32], which is used to
measure spin coherence times and serves as a basic building block for most ESR pulse
schemes, and the inversion recovery used to measure longitudinal relaxation times [109]. In
this thesis, we will extend the pEDMR armory by adapting the two most important pulse
schemes for measuring hyperfine interaction, ESEEM and Davies ENDOR, for electrical
detection. We further improve pEDMR by combining pulsed illumination with pulsed spin
excitation and by realizing a lock-in detection scheme for pulsed EDMR thereby improving
the signal-to-noise ratio by one order of magnitude.
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Figure 2.6: (a) A short microwave pulse of length τp resonantly excites
one of the two spins of the spin pair. During the pulse, the recombination
will oscillate reflecting the oscillating symmetry of the spin pair. After the
microwave pulse, a current transient occurs whose amplitude is proportional
to the number of antiparallel spin pairs at the end of the pulse sequence.
Note the different timescales of the coherent oscillations and the current
transient. (b) Current as a function of time after resonant excitation of a
31
P electron spin in silicon by a short mw pulse with a flip angle of π (black
trace) and 2π (red trace). The current transient is box-car integrated (gray
shaded area) to obtain a charge ∆Q which is proportional to the number
of antiparallel spin pairs after the microwave pulse.
In Figure 2.6(a), we illustrate the basic principle of a pEDMR experiment. A microwave

20

A Pulsed EDMR Primer

pulse of length τp is applied to resonantly excite one of the two spin species of the spin pair.
At the beginning of the microwave pulse, the spin pair is in the stable parallel configuration since all antiparallel spin pairs have recombined. During the microwave pulse, the
resonantly excited spin will oscillate thereby changing the symmetry of the spin pair. This
change is reflected in an oscillation of the recombination probability as sketched in the lower
part of Figure 2.5(a). However, these oscillations take place on a timescale of typically tens
of nanoseconds, much faster than the bandwidth of a usual current measurement setup, so
that they can not be observed directly. After the microwave pulse, recombination will occur
depending on the symmetry of the spin pair at the end of the microwave pulse. This recombination results in a photocurrent transient with a time-dependence that can be described
by a multiexponential decay determined by the recombination and generation timeconstants of the spin pair [26]. By box-car integration over the current transient we obtain a
charge ∆Q which is proportional to the recombination rate and therefore also proportional
to the number of antiparallel spin pairs after the microwave pulse [26]. In Figure 2.6(b),
we show the spin-dependent part of current transients recorded after resonant excitation of
31
P electron spins in silicon by a short microwave pulse with a length corresponding to a
spin flip angle of π (black trace) and 2π (red trace). The current transient is larger for a π
pulse when compared to the 2π pulse reflecting the larger number of antiparallel spin pairs
after the π pulse. The finite amplitude of the current transient after the 2π pulse is caused
by dephasing of the spin ensemble. The gray shaded area shows the box-car integration
interval used resulting in a charge ∆Q as a measure for the spin pair configuration after
the microwave pulse.
To obtain π pulse times of the order of nanoseconds, high power (1 kW) microwave pulses
are needed. These pulses not only induce spin-dependent resonant changes of the photocurrent as described above, but also non-resonant current transients due to rectification within
the sample or at the electric contacts. The amplitude of these non-resonant transients is
usually a factor of 5-50 larger than the amplitude of the resonant current transients, so that
the spin-dependent signal is completely masked by these microwave artifacts. The standard
way to remove these artifacts is to subtract non-resonant transients which are recorded at
typically two additional values of the magnetic field, where no spins are resonantly excited.
These two transients are averaged by linear interpolation and subtracted from the transient
at the magnetic field of interest. In Chapt. 4.1, we present a scheme based on a two-step
phase cycle sequence to subtract this background much more efficiently.

2.4

The Spin Echo

The spin echo pulse sequence is the working horse of pulsed ESR. It also will be used as a
part of almost all pulse sequences discussed in this work and therefore, we will devote the
next section to a more detailed discussion. The first observation of an electron spin echo
was made in 1958 by Blume [110] based on the spin echo technique developed earlier by
Hahn for NMR [111]. Most commonly, the π/2−τ1 −π −τ2 spin echo pulse sequence is used
to measure spin decoherence times (T2 ), where π/2 and π denote pulses with corresponding
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flip angles and τ1 and τ2 denote periods of free evolution. The virtue of the spin echo when
compared to the free induction decay method is that it refocuses static and low-frequency
variations of the spin Larmor frequencies like, e.g., small hyperfine interactions or magnetic
field inhomogeneities. It can most easily be understood by considering the evolution of an
ensemble of spin packets with different Larmor frequencies ωS on the Bloch sphere in a
frame rotating with frequency ωmw as sketched in Fig. 2.7. At the beginning of the pulse
sequence all spins are oriented along the magnetic field pointing in z-direction. The first
π/2 pulse flips the spins into the x-y-plane of the Bloch sphere (a), where they precess about
the magnetic field with a frequency ωS − ωmw . After the time interval τ1 , spin packets with
different Larmor frequencies have acquired different phase factors, so that the spin packets
are spread out in the x-y-plane (b). This dephasing is observed in a free induction decay
measurement. The refocusing π pulse flips all spins by 180 degrees about the x-axis thereby
inverting the phases acquired during τ1 (c). After free evolution during the second time
interval τ2 = τ1 , the spins are refocused in the x-y-plane since the phases acquired during
τ1 are canceled by the phases aquired during τ2 = τ1 . For τ2 6= τ1 the spin packets will
be spread out in the x-y-plane so that the transversal magnetization detected by ESR is
maximal for τ2 = τ1 and smaller for τ2 6= τ1 . To determine the decoherence time, the spin
echo amplitude is recorded as a function of τ1 = τ2 . The relative phase of the different
pulses in a pulse sequence can be characterized by denoting the respective rotation axes of
the Bloch sphere. The pulses depicted in Fig. 2.7 rotate the spins about the positive x-axis,
so that we will denote the phase of these pulses as (+x). Similar, a (-x) pulse will rotate
the spins in the opposite sense corresponding to a 180 degrees phase shift of the microwave
pulse with respect to (+x).
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Figure 2.7: Illustration of the evolution of three spin packets on the
Bloch sphere during the π/2 − τ1 − π − τ2 spin echo pulse sequence. (a) The
π/2 pulse flips the spins into the x-y-plane. (b) During the free evolution
period τ1 the spin packets acquire different phases because of their different
Larmor frequencies. (c) The π pulse rotates the spins by 180 degrees about
the x-axis. (d) After the second free evolution period the spin packets are
refocused for τ2 = τ1 leading to the formation of a spin echo.
In EDMR, the signal is determined by the symmetry of the spin pair which is similar for

22

A Pulsed EDMR Primer

all spin orientation in the x-y-plane of the Bloch sphere. To observe an electrically detected
spin echo, a tomography technique [6] is employed where an additional π/2 pulse after the
second free evolution period is used to project the spin pair into a parallel or antiparallel
configuration [32]. This additional projection pulse has to be used generally to adapt pulse
sequences from ESR to EDMR (see Ref. [112] for a general discussion).

2.5
2.5.1

Spin-to-Charge Conversion
Continuous-Wave Illumination

For the experiments presented in this work, we will mostly use the amplitude of a spin echo
to characterize the state of the spin pair after a pulse sequence. We apply an additional
two-step phase cycle to the last π/2 projection pulse to realize a lock-in detection scheme
for noise reduction as discussed in detail in Chapt. 4.1. We hereby switch the phase of
the π/2 pulse by 180 degrees from (+x) to (-x), while the phase of the other pulses is
kept fixed at (+x) and take the difference of the results obtained in the two cycles for
phase-sensitive detection. For τ2 = τ1 , the spin echo pulse sequence therefore constitutes
an effective π/2 + π + π/2 = 2π pulse for (+x) and an effective π/2 + π − π/2 = π pulse
for (-x), which can be verified by visualizing the spin evolution on the Bloch sphere.
For the phase sensitive detection of the lock-in scheme, the integrated charges for the
(+x) and (-x) phase cycles are subtracted. The amplitude of the resonant part of the
photocurrent current transient after the pulse sequence is proportional to the number of
antiparallel spin pairs nap [26]. The echo forming an effective 2π pulse leaves the spin
state unaffected, so that the photocurrent transient is also proportional to the number of
antiparallel spin pairs nap before the spin echo sequence, while the echo forming a π pulse
converts the parallel spin pairs into antiparallel spin pairs and vica versa, resulting in a
photocurrent transient proportional to the number of parallel spin pairs np before the spin
echo sequence. Subtraction the two results and box-car integration yields a charge ∆Q
proportional to the difference between the number of parallel and antiparallel spin pairs
nap − np before the spin echo. In this discussion, we assume that the free evolution time of
the spin echo is chosen much shorter than the spin decoherence time.

2.5.2

Pulsed Illumination

In some of the experiments described in this work, we extend the pEDMR technique by
combining it with pulsed optical excitation instead of continuous illumination discussed so
far. In these experiments the spin echo with the (+x)-(-x) two-step phase cycle is measured
without illumination which is switched on at a time T after the spin echo [31] as sketched
in Fig. 2.8. To describe the spin-to-charge conversion we discuss the dynamics of the donoracceptor electron-spin pair in terms of the three states depicted in Fig. 2.4 (a), (b), and (c).
We again denote the fraction of spin pairs in the parallel spin state by np , in the antiparallel
spin state by nap , and in the D+ -A− state by n+ (Fig. 2.8). Assuming that at the beginning
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of the pulse sequence at the time (1) there are nap =x antiparallel spin pairs and np =y
parallel spin pairs, a spin echo forming an effective 2π pulse leaves the states unaffected.
During the time interval T , chosen such that τp  T  τap , all antiparallel spin pairs are
transferred into the D+ -A− state, while the parallel spin pairs essentially remain unchanged,
resulting in nap =0, np =y and n+ =x at time (3). After switching on the light, a current
transient occurs. Its spin-dependent part reflects the recombination of newly generated
D-A spin pairs and the spin-dependent amplitude is therefore proportional to n+ =x, the
number of antiparallel spin pairs at time (1) before the detection pulse sequence. Repeating
the same pulse sequence with a spin echo forming an effective π pulse results in a current
transient with its spin-dependent amplitude proportional to n+ =y, the number of parallel
spin pairs at time (1), as shown in Fig. 2.8. A large portion of the photocurrent transient,
induced by the onset of the LED, is spin-independent and thus is independent of the phases
of the applied microwave pulses; it is removed when sequences 1 and 2 are subtracted from
each other. Box-car integration of the subtracted photocurrent transients results in a charge
∆Q, which is proportional to the difference nap −np between the number of antiparallel and
parallel spin pairs before the echo sequence similar to the case of continuous illumination.
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Figure 2.8: Readout spin echo pulse sequence for pulsed optical excitation. Box-car integration (gray shaded area) of the photocurrent transient
after switching on the illumination results in a charge ∆Q proportional to
the difference between the number of antiparallel and parallel spin pairs at
the beginning of the readout pulse sequence. The number of spin pairs in
the antiparallel, parallel, and the D+ -A− state is denoted by nap , np and
n+ , respectively.
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Experimental Setup

The pulsed EDMR spectrometer used for the measurements presented in this work is a
modified version of a standard pulsed ESR spectrometer as, e.g., described in Ref. [11]. In
the following, we will give an overview over the main parts of the spectrometer as sketched
in Fig. 2.9.
The sample is placed in a Bruker dielectric resonator for pulsed EPR (shown in the
center of Fig. 2.9) whose quality factor can be varied between ≈1000-4000 for continuous
wave ESR/EDMR and ≈100 for pulsed ESR/EDMR. Sample and resonator are cooled to
liquid helium temperatures in an Oxford CF935 continuous flow cryostat (light blue shaded
area in the center). The temperature is measured by a AuFe/Chromel thermocouple and
controlled within ±0.1 K by a temperature controller (Lakeshore 335) with a PI control
loop. Resonator and cryostat are placed between the coils of an electromagnet (Bruker B-E
25) providing magnetic fields of up to 1.7 T. The resonator is equipped with two smaller
additional coils for magnetic field modulation used in cwEDMR measurements.
The remaining parts of the spectrometer can be divided into three categories: the microwave pulse generation (blue shaded area), the radio frequency pulse generation (green
shaded area), and the current measurement setup (red shaded area). For electrical contact,
80 nm thick Cr/Au interdigit contact structures are evaporated on the sample as described
in Chapt. 3.1. The thickness of the metal layer is less than the skin depth at 10 GHz to avoid
distortions of the electro-magnetic field mode inside the resonator. Throughout this work,
different current measurement setups are used. The first setup employs a custom-built
transimpedence amplifier (Elektronik-Manufaktur Mahlsdorf) with symmetric voltage bias
which provides the possibility to adjust the balance between the symmetrically biased inputs to remove common-mode noise. The amplification can be adjusted between 104 V/A
and 2×107 V/A and the amplified signal is high- and low-pass filtered with adjustable
cut-off frequencies of 2 Hz/200 Hz/2 kHz and 200 kHz/500 kHz/1 MHz, respectively. Alternatively, a commercial transimpedance amplifier (Femto DLCPA-200) with a bandwidth
of 1 MHz is used. After amplification the signal is high-pass filtered by a in-house 3rd-order
Butterworth filter with a cut-off frequency of 2 kHz and further amplified by a fast voltage
amplifier (Femto DHPVA). Voltage bias is provided in this case by a low-noise voltage source
(Yokogawa GS200). The noise performance of both setups is comparable ensuring that the
dominant noise source is the sample itself (see Chapt. 4.1). For the ENDOR measurements, additional low-pass filters (3rd-order Butterworth, f3dB =5 MHz) are placed before
the amplifier to protect the electronics from the high power rf pulses. For continuous wave
EDMR measurements, the amplified and filtered signal is recorded with a lock-in amplifier
(Stanford Research 830). For pulsed EDMR measurements the amplified voltage transients
are recorded with a digital sampling card (Gage Applied Technologies) with a sampling
rate of 100 MS/s. For photocurrent measurements at liquid He temperatures, the sample is
illuminated with above-bandgap light through windows in the cryostat and the resonator.
Alternatively, an optical fiber in combination with a prism glued on the sample is used to
provide illumination independent of the sample orientation with respect to the magnetic
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Figure 2.9: Overview of the pulsed EDMR spectrometer used throughout this work. The sample inside the resonator, the He cryostat and the
magnetic field coils are shown in the center of the figure. The remaining
parts of the spectrometer can be divided into three parts: the microwave
pulse generation (blue shaded area), the radio frequency pulse generation
(green shaded area), and the current measurement setup (red shaded area).
Details are given in the text. For ELDOR and DEER measurements, an
additional mixer and an rf source (dashed box) are added to the setup to
synthesize two mw frequencies.
field. Continuous illumination is provided either by the white light of a tungsten halogen
lamp, by a red (650 nm) LED, or a red Laser diode (635 nm). The latter two can also
be used for pulsed optical excitation using a Thorlabs LDC210C current controller which
provides pulse rise and fall times of ≈ 2 µs. The LED provides a maximum light intensity
of 60 mW/cm2 on the sample inside the resonator as measured with a photodetector.
The microwave pulses are shaped by mixing the microwave frequency with TTL pulses
using a chain of two microwave double-balanced mixers (Marki 80412) to improve the
on/off ratio of the pulses. The TTL pulses are synthesized by a pulse pattern generator
(PulseBlaster ESR 400) with a temporal resolution of 2.5 ns. The microwave frequency is
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provided by a HP frequency source (83640A) or a Gigatronics SNP520 frequency source.
We use three microwave pulse channels which can be controlled independently. Chanel 1
and 2 share the same mw source to ensure a well-defined phase relation between pulses
on these channels. The amplitudes and phases of the individual channels can be adjusted
by attenuators (HP X382A) and phase shifters (Silver Labs PM 7216-X). The phases of
channels 1 and 2 are adjusted such that they are 180 degrees out of phase to realize the
(+x) and (-x) pulses for the lock-in detection scheme discussed in Chapt. 4.1. The third
channel with a separated microwave source provides the possibility to create pulses with
amplitudes which are adjustable independently from the pulses on channels 1 and 2. This
capability is used, e.g., for the inversion recovery experiments described in Chapt. 6.4, where
the excitation bandwidth of the inversion pulse is chosen to be larger than the bandwidth
of the detection spin echo. In addition, channel 3 is also used to provide microwave pulses
with two different frequencies for the ELDOR measurements (Chapters 3.2, 5.3, and 4.3).
To this end, the microwave frequency fmw is mixed with an rf frequency frf creating two
frequencies fmw ± frf using an additional mixer placed before the two mixers used for pulse
shaping (not shown in Fig. 2.9). After pulse shaping and attenuation the 3 channels are
combined and amplified by a microwave preamplifier (Kuhne KU-PA 0913-2A) and a 1 kW
traveling wavetube amplifier (Applied Engineering TWT 117X). Finally, the amplitude of
the amplified pulses is adjusted by another attenuator (ATM AF786-20) and the mw pulses
are fed into the resonator. To monitor the pulse shape, the reflected pulses are separated
from the incoming pulses by a circulator, rectified by a mw diode (HP 8474C) and monitored
on a 500 MHz oscilloscope.
The rf pulses for the ENDOR measurements are shaped in a similar way as the mw
pulses. We realized two independent rf channels with two separate rf sources to create
pulses at different frequencies. After amplification by a 300 W rf amplifier (EIN 3200L),
the rf pulses are fed into the rf coil of the ENDOR resonator via a Bruker noise suppression network. The pulse shapes are checked by monitoring the voltage drop over a 50 Ω
power load on a oscilloscope (not shown). The amplitude of the rf pulses is controlled by
introducing additional attenuators before the rf amplifier.

3

Spin-Dependent Processes at the Si/SiO2
Interface

A large number of spin-dependent recombination processes observed in EDMR have been
interpreted in terms of spin-pair or donor-acceptor models [20, 21]. An example of such
a recombination process is observed in phosphorus-doped silicon where spin pairs formed
by 31 P donors and Pb0 centers are found to be present at the Si/SiO2 interface. This
recombination process serves as a prototype example in EDMR to study basic properties
of spin pair recombination. In addition, it can be used to investigate 31 P donors near the
Si/SiO2 interface; a situation also encountered e.g. in donor-based quantum computing
devices [4, 7]. Such recombination processes can therefore be useful to study the influence
of the nearby interface on various properties of the donor spins with the high sensitivity of
EDMR. This argument can also be turned the other way around; the donors can be used
to study the properties of paramagnetic defects at the Si/SiO2 interface. We will use both
approaches throughout this work.
In the course of this work we will describe EDMR experiments using two basic types
of samples. The first type of samples (referred to as sample type I) is designed to probe
only spin-dependent recombination processes via phosphorus donors and Si/SiO2 interface
states. The second type of samples (referred to as sample type II) uses bulk phosphorus doped silicon exposed to γ-irradiation which leads to spin-dependent recombination
processes involving phosphorus donors and radiation-induced defects in the bulk. In this
chapter we will study the spin-dependent recombination process detected by EDMR in type
I samples while type II samples will be the subject of Chapt. 5.

3.1

EDMR of Spin Pairs at the Si/SiO2 Interface

The type I samples used in this work are fabricated by chemical vapor deposition and consist
of a 22 nm thick Si epilayer with natural isotope composition (4.7% 29 Si) covered by a native
oxide. The epilayer is grown on a 2.5 µm thick, nominally undoped nat Si buffer on a (100)oriented silicon-on-insulator substrate off-cut by ≈ 1◦ as determined by X-ray diffraction.
The 22 nm thick epilayer is phosphorus doped with different phosphorus concentrations
ranging from 3 · 1015 cm−3 up to 9 · 1017 cm−3 for different samples (Fig. 3.1(a)). For almost
all experiments described in this work, samples with concentrations of 3 · 1016 cm−3 and
9 · 1016 cm−3 are used since they provide the best signal-to-noise ratio. For the EDESEEM
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experiments (Chapt. 7) we use additional samples with 22(4)% and 91% fractions of 29 Si
nuclei in the doped epilayer and in the top 100 nm of the buffer [113]. The sample with 22%
29
Si was deposited using a mixture of 20% silane enriched to 91% with 29 Si and 80% silane
with a natural isotope composition [113]. We therefore will refer to this sample as the 20%
sample, while the 91% 29 Si samples contains only enriched material and will therefore be
referred to as the 100 % sample. The doped epilayer in the isotopically engineered samples
contains a phosphorus concentration of 9 · 1016 cm−3 . For electrical access interdigit Cr/Au
contacts with a period of 20 µm and a thickness of ≈80 nm are evaporated covering an
active area of 2 × 2.25 mm2 (Fig. 3.1(b)).
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Figure 3.1: (a) Detailed side view of a cut through the type I Si:P
sample. A 22 nm thick phosphorus-doped epilayer covered with a native
oxide is grown on top of a 2.5 µm thick silicon-on-insulator buffer. Cr/Au
gold interdigit contacts with a spacing of 10 µm are evaporated for electrical
measurements. (b) Top view of the interdigit contact structure covering an
active area of 2×x2.25 mm2 .
In a first step, the major paramagnetic states are identified in cw EDMR experiments
using magnetic field modulation with a modulation amplitude of 0.2 mT (Fig. 3.2). The
sample is oriented with the high-symmetry crystal [100] direction parallel to the external
magnetic field B0 . In the spectrum of the nat Si (4.7% 29 Si) sample (black line) the two
hyperfine-split 31 P donor resonances, inhomogeneously broadened by unresolved superhyperfine interactions with 29 Si nuclei (peak-to-peak linewidth ∆Bpp =0.37 mT) [72], can be
identified by their characteristic hyperfine splitting of ≈4.2 mT [114]. The exact hyperfine
splitting is difficult to determine due to the strong overlap of the low-field 31 P peak with the
Pb0 peak. The splitting of 4.12 mT extracted from the fit (red dashed lines) is smaller than
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Figure 3.2: Continuous wave (cw) EDMR spectra of the c-Si:P samples
~ 0 k[100]. The
with nominal 29 Si fractions of 4.7%, 22% and 91% for B
upper panel shows a fitted decomposition of the 4.7% spectrum (dashed
lines). For the 20% 29 Si sample two pairs of additional peaks at the lowand high-field sides of the spectrum are resolved which can be attributed
to hyperfine-split Pb0 and Pb1 spins.
the value of 4.20 mT observed for bulk Si:P [71]. This observation will be confirmed by
the much more accurate EDENDOR measurements described in Chapt. 8 and the origin of
the apparent discrepancy will be discussed. The peak at B0 =347.18 mT (∆Bpp =0.6 mT) is
attributed to the Pb0 resonance due to its g-factor of g=2.0067 [76]. This assignment is further supported by the observation of two additional satellite lines with splittings of 10.5 mT
and 15.7 mT in the 20% 29 Si sample. The spectral positions of the inner hyperfine-split lines
can be described – referring to the [111] direction – with g|| =2.0017(3) and g⊥ =2.0088(3)
and with a hyperfine splitting of A|| =14.5 mT and A⊥ =8.1 mT, in good agreement with the
values reported for the Pb0 center [76]. The hyperfine splitting of 15.7 mT and the g-factor
of 2.0046(8) estimated from the outer pair of peaks agree well with the values reported for
the Pb1 center for B0 k[100] [76]. This assignment is further supported by a weak resonance at g = 2.0034(5) in the spectrum of the 4.7% 29 Si sample (∆Bpp =0.47 mT). While
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there is no consensus in the literature whether the Pb1 defect is electrically active [115, 116],
the data in Fig. 3.2 indicates that it is in our samples. Clear signatures of Pb1 defects in
EDMR have also been observed in silicon samples with oxygen precipitates [117]. Double
integration of the hyperfine-split lines (20%) and the central Pb resonances (4.7%) suggests
that the concentration of Pb1 centers is ≈ 1/4 of that of the Pb0 centers. In this work we
therefore consider only the Pb0 center to be involved in the recombination processes at the
Si/SiO2 although their will be a small contribution from the Pb1 center as well. In the
100% 29 Si sample the two hyperfine-split pairs of the Pb0 and Pb1 cwEDMR lines cannot
be separated due to their large inhomogeneous broadening. The central line at g=1.999,
showing within a factor of 2 the same ∆I/I for the three samples, is tentatively attributed
to conduction band electrons [118].
The linewidth of the 31 P peaks in all three samples is determined by unresolved superhyperfine interactions with 29 Si nuclei. The increase of this inhomogeneous broadening with
increasing 29 Si fraction is shown in Fig. 3.3(a) where the normalized high-field 31 P cwEDMR
signal is plotted for the 4.7%, 20%, and 100% 29 Si sample. Figure 3.3(b) shows the dependence of the peak-to-peak linewidth Bpp on the 29 Si fraction f which can be fitted by a
power law as Bpp ∝ f 0.49 (red line) in good agreement with conventionally detected ESR
experiments on 31 P in isotopically engineered silicon [72].
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Figure 3.3: (a) Normalized EDMR amplitude of the high-field 31 P peak
for different 29 Si concentrations. (b) Observed peak-to-peak linewidth Bpp
as a function of the 29 Si fraction which can be fitted by a power law as
Bpp ∝ f 0.53 (red line).
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Identification of the Recombination Process

In spin-dependent photoconductivity, the spin-to-charge transfer is typically achieved via
a spin-dependent process governed by the Pauli principle involving two paramagnetic
states [20]. The observation of 31 P and Pb0 resonance lines in cwEDMR suggests the
presence of 31 P-Pb0 spin pairs. While we can in principle distinguish between weakly and
strongly coupled spin pairs via the Rabi frequencies [106], the identification of correlated
states has only been achieved indirectly in EDMR until now [32, 119]. In this chapter, we
demonstrate that pulsed EDMR can be used to directly identify the partners participating
in a recombination process. This is achieved using electron electron double resonance (ELDOR) by individually addressing the different partners during the EDMR pulse sequence
via irradiation with microwaves at different frequencies in a pump-probe experiment.
The particular model introduced above for the spin-dependent process monitored in
the cwEDMR experiments is the spin-dependent transition from the 31 P donor to the Pb0
state as sketched in Fig. 3.4(a). An alternative process is depicted in Fig. 3.4(b), showing the parallel spin-dependent transition from conduction band electrons, denoted e, to
the 31 P donors and the Pb0 centers, which would result in a similar cw EDMR signature
of Shockley-Read-Hall recombination [93]. As pointed out above, other mechanisms can
also be envisaged that could give rise to the observed cw resonances such as scattering of
conduction electrons at neutral 31 P donors [24], capture and emission of conduction band
electrons by neutral 31 P donors [22, 28, 104], donor-acceptor pair recombination [21] and
tunneling between Pb0 states [28]. Using cw EDMR experiments only, an identification of
the process is complicated and if at all can only be achieved e.g. by studying the dependence
of the EDMR signal on magnetic field, temperature or dynamical parameters such as the
phase shift observed in lock-in detection [119].
Before describing the experimental results we will discuss the measurement scheme used
in the experiments in terms of the spin pair recombination model described in Chapt. 2.2.
In Fig. 3.4(a), we sketch the steady-state under continuous illumination in which almost all
of the 31 P-Pb0 spin pairs are in an antiparallel configuration. In a pulsed single frequency
magnetic resonance excitation scheme, one of the spin species is rotated selectively while
the other remains unaltered if the two spins are weakly coupled. Therefore, parallel spin
states are transformed to antiparallel states depending on the pulse length of the excitation
pulse. As shown in the lower part of Fig. 3.4(d) for microwave pulses resonant with the Pb0
spins, the corresponding recombination rate will oscillate as a function of the microwave
pulse length τ2 leading to Rabi oscillations. In particular at τ2 = 0, the recombination
rate will be low due to the steady-state parallel configuration. However, if a preceding microwave pulse selectively rotates the partner in the spin pair, the initial parallel/antiparallel
configuration is changed, which is then reflected by a change of amplitude or even an inversion of the corresponding Rabi oscillations. As an example, for the case of a direct 31 P-Pb0
recombination process the upper part of Fig. 3.4(d) shows the expected Rabi oscillations
measured on the Pb0 spins after inverting the 31 P spins with a π pulse, which are inverted
when compared to the Rabi oscillations when no initial pump pulse was applied to the 31 P
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system. In contrast, if the recombination path is as indicated in Fig. 3.4(b), where the
recombination is directly from the conduction band to either the 31 P or Pb0 , a preceding
pulse on the spin species not involved in the spin-dependent recombination step (e.g. a
pulse on the 31 P when measuring the Rabi oscillations on the Pb0 ) should not change the
initial parallel/antiparallel ratio of the spin pair giving rise to the spin selection (the e-Pb0
pair in this example). Therefore, the Rabi oscillations should remain unchanged in this
case.
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Figure 3.4: (a) Spin-dependent recombination step from the 31 P donor to
the Pb0 center. In contrast, the recombination in (b) involves conduction
band electrons which spin-dependently recombine with 31 P and Pb0 not
involving a direct transition between 31 P and Pb0 . (c) Pulse scheme used in
the multi-frequency pump-probe experiment. For the direct recombination
involving 31 P and Pb0 , panel (d) depicts the expected Rabi oscillations in
the recombination rate induced by a probe pulse with length τ2 on the Pb0
spin system for two different starting conditions when no pump pulse and
when a π-pump pulse has been applied to the 31 P spin system.
The sample investigated is an older version of the type I sample described in the previous
section with a slightly different design. It consists of a 15 nm thick natural silicon layer
with [100] surface doped with phosphorus at [P]=1017 cm−3 grown on top of a 500 nm
thick nominally intrinsic buffer deposited by chemical vapor deposition on a Si:B wafer
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(30 Ωcm). The EDMR measurements were performed for a magnetic field of B0 ||[110] at
6 K under illumination with the white light of a tungsten lamp. The pulsed experiments
were performed at a constant B0 ≈ 349.1 mT using three different microwave frequencies
to excite magnetic resonance, one for the g = 2.005 Pb0 resonance (fPb0 = 9.7938 GHz)
spectrally better resolved from the low-field 31 P resonance and two for the two 31 P hyperfinesplit lines (fPh = 9.70508 GHz, fPl = 9.8202 GHz). The corresponding spectral positions
in the cw EDMR spectrum are marked in the cwEDMR spectrum in Fig. 3.5(a). The two
microwave frequencies for the hyperfine-split 31 P resonances are adjusted in intensity to
obtain matching Rabi frequencies corresponding to a π pulse time of ≈ 37 ns. The sample
is biased with 22 mV, resulting in a current of ≈ 50 µA. We now apply the pump-probe
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Figure 3.5: (a) Swept-field cw EDMR spectrum of the relative current
change ∆I/I (black line) at 6 K showing the two 31 P hyperfine lines (red)
and the two Pb0 lines (blue and green). The colored lines are fits using
a derivative Lorentzian line shape. In (b), Rabi oscillations of the Pb0
spins for several flipping angles of the first pulse on both 31 P resonances
in multiples of π are depicted. The Rabi oscillations for τ1 ≡ π and
τ1 ≡ 3π are inverted (solid red lines) as expected for a spin-dependent
recombination involving these two spin species.
sequence sketched in Fig. 3.4(c). The first pulse with length τ1 addresses both hyperfinesplit 31 P ensembles. After tw =30 ns, the second pulse with length τ2 is applied at the Pb0
resonance frequency. In Fig. 3.5(b) the integrated current transient is plotted as a function
of τ2 for different pulse lengths τ1 of the preparation pulse. For τ1 =0 ns we observe Rabi
oscillations on the Pb0 center as expected from previous experiments [27]. The decay time
constant of 250 ns can be attributed mainly to the inhomogeneity of the microwave B1 field
in our resonator. When we change τ1 to 37 ns, which corresponds to a π pulse on the P
donor spins, we see an inversion of the Rabi oscillations on the Pb0 . A further increase of
τ1 to 76 ns (≈ 2π) again inverts the Rabi oscillations, resembling the situation for τ1 =0 ns.
This oscillatory behavior continues for τ1 times up to 146 ns (≈ 4π).
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Figure 3.6(a) shows the amplitude of the Rabi oscillations δQ as defined in Fig. 3.5(b)
on the Pb0 center as a function of the pulse length τ1 (black solid squares). To extract the
Rabi amplitude δQ from the data in Fig. 3.5, each oscillation is fitted by an exponentially
damped cosine plus a linear background. The Rabi amplitudes δQ oscillate with a period
of 75.7±1.3 ns and decrease exponentially with increasing pulse length τ1 . This oscillation
period is in good agreement with the single frequency Rabi oscillations ∆Q excited on the
two hyperfine-split 31 P resonances without a subsequent pulse on the Pb0 spins (τ2 = 0)
shown in Fig. 3.6(b) with an oscillation period of 73.7±0.5 ns.
The clear inversion of the Rabi oscillations measured on Pb0 indicates that the formation
and recombination of pairs involving 31 P and Pb0 (Fig. 3.4(a)) is the spin-dependent recombination process observed in EDMR under the magnetic field and temperature conditions
used here, in contrast to Ref. [28] which studies EDMR at 8 T. The quantitative analysis
performed below allows us to conclude that within an error margin of ≈ 10 % the EDMR
signal amplitude observed is completely caused by this process.
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Figure 3.6: Panel (a) shows the amplitude δQ of the Rabi oscillations
on the Pb0 spins vs. the pulse length τ1 of the pump pulse on both 31 P
resonances (black squares) and on the high-field 31 P resonance only (red
dots). The solid lines are fits with an exponentially damped cosine plus a
linear background shown exemplarily by the black dotted line for excitation
of both 31 P resonances. (b) Rabi oscillations excited on both 31 P hyperfine
lines without subsequent probe pulse. (c) Comparison of δQ for pumping
on both 31 P lines (black) and on the Pb0 resonance (red). (d) Amplitude
δQ of the Rabi oscillations on the Pb0 spins as a function of the microwave
B1 field amplitude of π and 2π pump pulses on both 31 P hyperfine lines.
The dashed line is a numerical simulation taking power broadening effects
into account.
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The inverted Rabi oscillations for τ1 ≡ π and τ1 ≡ 3π in Fig. 3.5 have a smaller
amplitude compared to those for τ1 ≡ 2π and τ1 ≡ 4π in contrast to the expected
monotonous decay with longer pulse length τ1 . This can also be seen in Fig. 3.6(a) as the
constant contribution to the linear offset (dotted black line). There are two effects causing
this incomplete inversion of the Rabi oscillations. First, the bandwidth of the microwave
pulses is not sufficient to excite all spins of the inhomogeneously broadened 31 P lines in our
experimental setup. Therefore, after applying a π pulse most but not all of the spins of the
31
P spin ensemble are turned by π as required for a full inversion of the Rabi oscillations
on the Pb0 spins. Since a small fraction of the 31 P spin ensemble is not addressed by the
pulse, the Rabi oscillations of a small part of the Pb0 spin ensemble also does not change
its sign. This can be demonstrated more clearly by limiting the pump pulses to irradiation
with one frequency resonant with the high-field 31 P line only, thereby addressing half of the
31
P system. As can be seen Fig. 3.6(a), the variation of δQ is now indeed about half of the
variation when both 31 P resonances are excited.
Second, the Pb0 resonances are close to the low-field 31 P line (see Fig. 3.5(a)), so that
a pump pulse on both 31 P hyperfine lines partially also excites the Pb0 spins. This also
results in an incomplete inversion of the Rabi oscillations after a π pump pulse. To estimate
this offset quantitatively, we describe the linewidths of the 31 P resonances and the two Pb0
resonances by corresponding Gaussian distributions of g-factors with full width at half
0
maximum of ∆gP =0.001, ∆gPb0 =0.0016 and ∆gPb0
=0.0008. From this, we estimate the
31
fraction of P spins turned by a π pulse of 37 ns (corresponding to a microwave magnetic
field B1 = 0.48 mT) to ≈ 0.9 and the fraction of Pb0 spins to ≈ 0.1 which accounts for the
constant offset in Fig. 3.6(a) quantitatively. This is corroborated by the pump experiments
on the spectrally better resolved high-field 31 P resonance only, where an amplitude of the
oscillations of δQ of 4.9 × 105 e is obtained from the fit in Fig. 3.6(a), while 8.2 × 105 e
is found when both 31 P resonances are excited. Comparison of these two values allows to
determine the fraction of Pb0 spins turned by exciting the less resolved 31 P resonance to
≈ 0.2 in reasonable agreement with the value estimated earlier. This discussion shows that
higher magnetic fields B0 removing the spectral overlap of resonances would be beneficial.
Furthermore, the model is supported by repeating the experiment at lower powers of the
microwave pulses on the two 31 P ensembles as shown in Fig. 3.6(d). The amplitude δQ after
a π pump pulse decreases with decreasing B1 field whereas it remains almost constant for a
2π pump pulse as expected. The lower B1 fields lower the fraction of 31 P spins affected by
the pulses which reduces the inversion. The dashed line is a numerical simulation taking
these power broadening effects into account.
If the 31 P-Pb0 spin pair recombination indeed takes place, an exchange of the 31 P and
Pb0 pulses in the pulse sequence should result in the same pulsed EDMR signature. We performed this experiment by applying the pump pulse to the Pb0 spin species and monitoring
Rabi oscillations on the high-field 31 P resonance. As shown in Fig. 3.6(c), the amplitude
δQ of the Rabi oscillations on 31 P oscillates with a period of ≈ 100 ns characteristic for
the length of 2π pulses on the Pb0 system (c.f. Fig. 3.5(b)). However, also in this case no
inversion of the Rabi oscillations after a π pulse was observed. The width of the two Pb0

36

Spin-Dependent Processes at the Si/SiO2 Interface

lines is larger compared to the 31 P lines and therefore only a smaller fraction of ≈ 0.5 of
all Pb0 spins is addressed by the first microwave pulse preventing an inversion of the Rabi
oscillations.

3.3

Conclusions and Outlook

In the first part of this chapter, we have introduced the sample structure designed to measure
spin-dependent recombination processes at the Si/SiO2 interface. We presented cwEDMR
measurements for samples with different 29 Si concentrations allowing us to identify the
major paramagnetic states involved in the spin-dependent recombination processes via their
g-factors and hyperfine interactions. The largest peaks can be attributed to 31 P donors and
Pb0 interface defects with smaller contributions from Pb1 interface defects.
In the second part of this chapter, we have used pulsed electrically detected electron
double resonance to investigate the spin-dependent recombination in phosphorus doped
crystalline silicon. In the pump-probe experiment performed, we show that the rotation of
the 31 P spins by a pump pulse results in an oscillating amplitude of the Rabi oscillations
detected on the Pb0 center and vice versa. In particular, using a π pump pulse on both 31 P
resonances we observe an inversion of the Rabi oscillations on the Pb0 line. This interplay
of the two spin species clearly demonstrates that the spin-dependent recombination proceeds between the phosphorus donor and a Pb0 center. The technique shown here is not
limited to this specific spin system, but can be applied in general to identify the partners
participating in spin-dependent transport processes. In Chapt. 5, we will describe similar
ELDOR experiments identifying the spin-dependent recombination process in γ-irradiated
silicon.
A complementary technique to identify weakly coupled spin pairs measures Rabi oscillations on spectrally overlapping peaks of the two spin species in question. If they form a
weakly coupled spin pair oscillation with twice the Rabi frequency will be visible in addition
to the normal Rabi oscillations. This technique has been applied to identify spin pairs in
organic light emitting diodes [44, 108] and at the Si/SiO2 interface [120].
While the experiments reported here clearly demonstrate that the spin-dependent recombination step we monitor in the Si:P epilayers takes place between the 31 P and the Pb0
center, we cannot make conclusions on the coupling from these experiments. Most likely,
exchange interaction caused by an overlap of the two wavefunctions leads to this coupling
which can be measured via the Double Electron Electron Resonance (DEER) pulse scheme
as shown in Chapt. 4.3.

4

Pulsed EDMR Characterization of the
31
P-Pb0 spin pair

Having established the spin-dependent recombination process in Si:P at the Si/SiO2 interface, we can use pulsed EDMR to investigate some properties of the 31 P-Pb0 spin pair in
detail. Previous studies have focused on the electrical detection of coherent spin oscillations [27], spin echoes [32], and inversion recovery decays [109]. In this chapter, we will first
describe a lock-in detection scheme for pulsed EDMR [121], which increases the signal-tonoise ratio by a factor of 10 when compared to previous pEDMR measurements [32, 86].
This improvement allows for high-resolution measurements of electrically detected free induction decays and spin echoes, the results of which we compare with numerical simulations
of the spin dynamics. In the last part of this chapter, we use double electron electron resonance (DEER) to measure the exchange coupling between the 31 P and the Pb0 spins.

4.1

Lock-In Detection Scheme for Pulsed EDMR

In many cases, pEDMR suffers from strong low-frequency noise and large non-resonant
background signals induced by the strong microwave pulses used to manipulate the spin
system due to e.g. rectification in the semiconductor sample [27]. In this chapter, we demonstrate that for pEDMR, a lock-in detection scheme based on a two-step phase cycle [122]
is able to subtract the non-resonant background and effectively reduce low-frequency noise
by more than one order of magnitude following similar ideas that have been applied in
conventional pulsed EPR spectroscopy [123].
Lock-in detection employs modulation of a signal at a certain frequency and its phasesensitive detection in combination with bandpass filtering [124]. We will discuss how such
a scheme can be implemented in pEDMR exemplarily for the measurement of electrically
detected spin echoes. We use the π/2-τ1 -π-τ2 -π/2 spin-echo pulse-sequence, where again
π/2 and π denote microwave pulses with corresponding flipping angles and τ1 and τ2 denote
the duration of periods of free evolution [Fig. 4.1 (a)] [32]. Depending on the phase of
the projection pulse (indicated in Fig. 4.1 by ±x), the detection echo-sequence forms an
effective 2π pulse for (+x) or an effective π pulse for (-x), since a phase change of 180◦
results in a reversed sense of rotation of the spin states on the Bloch sphere. Thus, the echo
amplitude for a (-x) projection pulse is inverted when compared to a (+x) projection pulse.
By repeating the spin echo pulse sequence Ncycle times with a shot repetition time τsrt and
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inverting the phase for every shot, the signal is square-wave modulated at a frequency fmod =
1/(2τsrt ). For phase-sensitive detection, the ∆Q detected for (+x) and (-x) are multiplied
by +1 and -1, respectively, and the result is averaged over all cycles. As shown below,
this scheme is only sensitive to signals within a bandwidth ∆f = 1/(2Ncycle τsrt ) = 1/Tmeas
around the modulation frequency fmod , where Tmeas denotes the overall measurement time.
In contrast to conventional lock-in detection schemes, the signal in pEDMR is integrated
only over the time interval ∆t which is typically much smaller than the shot repetition time
τsrt = 1/(2fmod ). We therefore calculate the response h(f ) of the detection scheme including
the box-car integration interval ∆t for an input signal of the form sin(2πf t+φ) representing
a noise component with frequency f and random phase φ. The function h(f, φ) is given by
h(f, φ) =

1

Ncycle −1 Z 2nτ +∆t
srt
X

Ncycle n=0
Z (2n+1)τsrt +∆t

sin(2πf t + φ)dt−

2nτsrt

#

(4.1)

sin(2πf t + φ)dt .
(2n+1)τsrt

Since the phase of the noise signal is random, the response h(f, φ) has to be averaged over
φ, giving
s
Z 2π
1
h̄(f ) =
h(f, φ)2 dφ
2π 0
=

sin(πf ∆t) sin(2πf Ncycle τsrt )
√
.
2πf Ncycle cos(πf τsrt )

(4.2)

The function h̄(f ) is plotted in Fig. 4.1 (b) for different box-car integration intervals
∆t=1/(10fmod ), 1/(20fmod ) and 1/(200fmod ) with Ncycle = 30. The lock-in detection scheme
is only sensitive to signals at odd harmonics of fmod . For longer integration intervals ∆t,
the higher harmonics are suppressed when compared to the fundamental frequency while
for short ∆t suppression is not effective as can be seen for ∆t=1/(200fmod ) in Fig. 4.1 (b).
This can be understood by considering the frequency dependence of the envelope of the
peaks, which is determined by the sin(πf ∆t)/f term of (4.2). For f ∆t  1, this term can
be written as π∆t, which is independent of the frequency f and therefore all harmonics
contribute equally.
In pEDMR, the photocurrent response typically occurs as a transient which decays
within tens of microseconds after the mw pulses [26], while typical shot repetition times
are 1 ms and therefore fmod ∆t = ∆t/(2τsrt ) ≈ 1/100  1. Therefore, the modulated signal
contains frequency components at odd multiples of fmod up to a frequency f ≈ 1/∆t ≈
50 kHz. For a cut-off frequency of a high-pass filter f3dB = 2 kHz, typically used to suppress
low-frequency current noise, which is larger than the modulation frequency fmod < 500 Hz,
the first harmonics are suppressed, but most of the signal at higher harmonics will pass
through the filter. The width of the peak at the fundamental frequency (as well as for
all harmonics) and therefore the bandwidth of the lock-in detection scheme ∆f ∝ 1/Ncycle
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Figure 4.1: (a) Pulse sequence to measure electrically detected spin
echoes. For signal modulation, we alternately apply the spin-echo pulsesequence with the phase of the last π/2 pulse set to (+x) and with its phase
set to (-x). This cycle is repeated Ncycle -times. The current transients
(solid line) after the mw pulses consist of a spin-independent non-resonant
(dashed line) and a spin-dependent resonant part. After the (-x) spin-echo
pulse-sequence the resonant contribution to the current transient is inverted
when compared to the current transient after the (+x) pulse sequence. The
shaded area indicates the box-car integration interval ∆t. (b) Calculated
response of the lock-in detection scheme h̄(f ) for different box-car integration intervals ∆t scaled by the indicated factors. (c) Bandwidth calculated
for different numbers of cycles Ncycle .
and thus ∆f ∝ 1/Tmeas , as shown in Fig. 4.1(c) for ∆t=1/(10fmod ). Repetition of pulse
sequences without modulation in combination with signal averaging, as usually employed
in pulsed EPR and EDMR, constitutes a low-pass filter centered at 0 Hz with a bandwidth
given by the overall measurement time. Modulation of the signal and phase sensitivedetection shifts the center frequency of the this filter to the modulation frequency (and its
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odd harmonics) with the advantage of avoiding low-frequency noise.
For an experimental demonstration of this detection scheme, we use a Si:P epilayer type
I sample with a nominal P concentration of 9 × 1016 cm−3 and 4.7% 29 Si concentration.
The sample is illuminated with above-bandgap light and biased with 100 mV resulting in
a current of ∼60 µA. The current transients after the pulse sequence are amplified by the
custom-built balanced transimpedance amplifier with low- and high-pass filtering at cut-off
frequencies of 1 MHz and 2 kHz, respectively. In all experiments, we choose the microwave
frequency and external magnetic field such that the microwave pulses resonantly excite the
spectrally isolated high-field 31 P hyperfine line. The microwave pulses is adjusted to obtain
a π pulse time of 30 ns. We apply the spin echo pulse sequence with Ncycle =1000 and a
shot repetition time τsrt =5 ms resulting in a modulation frequency of fmod =100 Hz.
In Fig. 4.2(a), the integrated charge is shown separately for (+x) and (-x) as a function of
τ2 for τ1 =300 ns. The echo peaks are visible at τ2 =300 ns on top of a large background with
positive echo amplitude for (+x) and negative echo amplitude for (-x) while the background
is the same for the two phases. To recover the signal, we subtract the two traces from each
other resulting in the trace (+x)-(-x) shown in Fig. 4.2(b). For comparison, the echo traces
(+x) and (-x) after subtraction of the background taken as the smoothed average of the two
traces (black line in Fig. 4.2(a)) are shown as well. In addition to the effective removal of
the background, comparison of the noise level in traces (+x) and (-x) with their difference
(+x)-(-x) illustrates the considerable reduction of noise by the lock-in detection scheme.
The benefit of this modulation scheme is further demonstrated by measuring the noise
as a function of the modulation frequency fmod . To change the modulation frequency fmod
independently of the measurement time, in every cycle we repeat the pulse sequence (+x)
Navr -times followed by Navr pulse sequences (-x), so that fmod = 1/(2Navr τsrt ). Varying
Navr and Ncycle between 1 and 1000, while keeping the number of sample points Navr · Ncycle
constant, changes fmod from 0.1 Hz to 100 Hz at a constant bandwidth of ≈ 1/Tmeas =0.1 Hz.
The noise is quantified as the standard deviation of 90 measurements of the echo amplitude
∆Q for τ1 =τ2 =300 ns, where for each measurement Navr · Ncycle =1000 sample points are
recorded.
In Fig. 4.2 (c), the signal-to-noise ratio, obtained by dividing the echo peak amplitude
by the standard deviation of the noise defined above, is plotted as a function of fmod . By
increasing the modulation frequency from several mHz to 100 Hz the signal-to-noise ratio
is improved by more than one order of magnitude. The data point at fmod =0.025 Hz is
measured with τsrt =20 ms, Navr = 1000 and Ncycle = 1 resulting in a 4 times longer
measurement time Tmeas when compared to the other data points. Since the bandwidth of
the lock-in detection scheme ∆f ∝ 1/Tmeas , the obtained noise amplitude is divided by 2
to make it comparable with the other values. The data point at fmod =0.3 mHz is taken
without phase modulation. In this case, fmod is calculated as the inverse of the overall
measurement time.
To obtain a better understanding of the noise floor at high fmod , we compare the
contributions of different parts of the measurement setup to the observed noise level at
fmod =111 Hz characterized by the standard deviation σnoise of 90 subsequently taken data
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Figure 4.2: (a) Integrated charge ∆Q as a function of τ2 for τ1 =300 ns
measured with phase modulation at fmod = 100 Hz. The data points with
the phase of the last π/2 pulse set to (+x) (upper trace) and (-x) (lower
trace) are shown separately. (b) Echo trace obtained by subtracting the
two echo traces (+x) and (-x). For comparison, the echo traces (+x) and
(-x) after subtraction of the background taken as the smoothed average
of the two traces in (a) are shown as well. (c) Signal-to-noise ratio of an
electrically detected spin echo as a function of the modulation frequency
fmod . (d) Sketch of the non-resonant (dashed lines) and resonant current
transients (solid lines) with Fourier components at even multiples and odd
multiples of fmod , respectively.
points as described above. The results, summarized in Table 4.1, show that at high fmod the
noise floor is dominated by the current noise of the illuminated sample with smaller contributions from the microwave pulses and the current measurement setup. However, since
the low-frequency components of the current noise of the illuminated sample are effectively
filtered out by the 2 kHz high-pass filter of the current amplifier, this noise contribution
cannot account for the strong increase of the noise level at low frequencies.
We therefore conclude that the strong decrease of the signal-to-noise ratio at lower frequencies observed in Fig. 4.2 (c) is due to low-frequency noise of the background current
transients induced by the strong microwave pulses. We tentatively attribute this noise to
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Table 4.1: Summary of the contributions of different parts of the measurement setup to the noise floor at fmod =111 Hz. The different contributions
to the noise level are assumed to be independent, so that the squares of
their standard deviations can be added to calculate the overall noise level.

σnoise

mw pulses
only
3
(10 e)
0.6

current
noise only
0.8

current
amplifier only
0.4

digital sampling
card only
0.3

total
setup
1.1

low-frequency variations of the mw pulse amplitude. In X-band pulsed EDMR, the amplitude of the non-resonant current transients induced by the microwave pulses is typically a
factor of 5-100 larger than the amplitude of the resonant current transients. Small pulseto-pulse amplitude variations, which are negligible in pulsed ESR applications, are directly
reflected as variations of the amplitude of the current transients and therefore may become
the dominant noise source in pulsed EDMR. This noise, although at low-frequencies, is not
removed by the high-pass filter as discussed below.
Since the amplitude of the non-resonant current transients is independent of the phase
of the mw pulse, the background signal contains Fourier components at even multiples of
fmod , while the Fourier components of the signal occur at odd multiples of fmod as sketched
in Fig. 4.2(d). Both signals occur on the same timescale and therefore contain Fourier
components up to ≈ 50 kHz as discussed above. Noise in the amplitude of the mw pulses
at frequencies fnoise will be mixed with the background signal resulting in noise components
at 2fmod ± fnoise and higher even harmonics, which are not filtered out by the high-pass
filter. However, the lock-in detection scheme is only sensitive to signals at odd harmonics
of fmod (see Fig. 4.1) and, therefore, the low-frequency noise is removed for large fmod as
shown in Fig. 4.2(c). Since noise at fnoise = fmod cannot be removed by lock-in detection,
the signal-to-noise ratio decreases for smaller fmod due to the low-frequency noise.
In most pulsed EDMR experiments until now, the large microwave-induced background
is removed by measuring additional traces at different values of the static magnetic field
where no resonant processes are observed [27]. In the approach presented here, no additional
traces at off-resonance fields have to be measured since the background is subtracted by
the lock-in detection scheme. Since for a spin echo without lock-in detection conventional
pEDMR measurements were performed at typically two additional values of the magnetic
field, the phase-cycling itself reduces the measurement time by a factor of 3. Together with
the tenfold increase of the signal-to-noise ratio due to the lock-in detection, this leads to a
reduction of the measurement time by a factor of ∼300. In principle, for pulse sequences
where phase modulation is not feasible, other parameters like the microwave frequency or
the magnetic field can be modulated.
In the experimental realization of the presented lock-in detection scheme, small differences in the amplitude of the microwave pulses with (+x) and (-x) phase result in an
incomplete background removal. This can be mitigated by extending the phase cycling

4.2 High-Resolution Electrical Detection of FID and Spin Echoes

43

Table 4.2: Detection spin echo phase cycle sequence used to readout the
spin system for all measurements.
cycle π/2 π π/2
1
+x +x +x
+x +x -x
2
3
-x +x +x
-x +x -x
4
sequence to a 4-step phase cycle, shown in Table 4.2, for which also the phase of the first
microwave π/2 pulse is switched between (+x) and (-x).
An alternative way to reduce the mw-induced current has been reported for cwEDMR
measurements on 2-dimensional electron gases [87, 125]. Here, a thin layer of Aluminum
was deposited on the sample electrically isolated from the contacts by a layer of amorphous
SiO2 . The metal layer shunts the electro-magnetic field of the microwave radiation thereby
significantly reducing the mw-induced current. It remains to be shown if this technique
works equally well for illuminated samples under pulsed mw irradiation and if it provides
an additional improvement in the signal-to-noise ratio when the lock-in detection scheme is
employed. Another strategy to reduce the non-resonant current transients in pEDMR uses
higher mw frequencies in the W- or Q-band to excite the spins [104, 126]. The amplitude of
the microwave pulse-induced current transients strongly decreases with increasing frequency
of the mw pulses [104].

4.2

High-Resolution Electrical Detection of FID and
Spin Echoes

In this section, we present high-resolution studies of electrically detected free induction
decay and spin echo experiments. The improvement in the signal-to-noise ratio obtained
by the lock-in detection scheme allows us to perform a detailed comparison between spectroscopic details of the obtained spectra and theoretical predictions based on the spin pair
model. Furthermore, a numerical study is performed to assess the EDFID technique in
terms of its capability to quantitatively investigate the coupling of spin pairs.

4.2.1

Electrically Detected Free Induction Decay

In the first part of this section, we study the possibility of electrically detecting (ED)
FID to investigate the Larmor frequency distribution Φ(ωS ) of a 31 P ensemble in natural
silicon (nat Si). It is shown that information within the usual dead time of conventional
EPR-detected FID can be obtained. An analytical equation is deduced to describe the
experimental data, which in turn agrees well with the results of continuous wave (cw)
EDMR experiments.
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Figure 4.3: Electrically detected free induction decay or Ramsey experiment on the high-field hf(31 P) resonance. (a) Contour plot of ∆Q as a
function of the external magnetic field B0 and the free evolution time τ .
White dashed curves mark the positions of local extrema of ∆Q described
by Eq. (4.4). The black dashed line indicates the position where the crosssectional chart shown in panel (b) is taken. (b) Cross-section of ∆Q along
the evolution time axis at B0 = 349.25 mT. Red dashed curves illustrate
the Gaussian-shape damping of the oscillation amplitude.
The EDFID tomography is performed by a π/2-τ -π/2 pulse sequence with varying evolution time τ , consisting of the conventional free induction pulse sequence π/2-τ followed
by the π/2-projection pulse as usually applied in multi-pulse EDMR experiments [32] (cf.
Chapt. 2.4). Hence, it coincides with the pulse sequence of the Ramsey experiment [127].
We employ a two-step phase cycle sequence switching the phase of the second π/2 pulse
between (+x) and (-x) to implement the lock-in detection scheme discussed in the previous
section. Figure 4.3 shows the integrated current transient ∆Q of an EDFID tomography
experiment on the isolated high-field 31 P line.
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We will now show that the pattern in Fig. 4.3 (a), which is characteristic of an EDFID,
can be understood by a simple model in which the contribution of the state of each spin
pair at the end of the second π/2 pulse is proportional to its projection onto the singlet
state |Si [26, 27]. Hence, the measured charge Q ∝ −S av (τ ) = −Tr(|SihS|ρ̂) reveals the
average singlet content of the spin pair ensemble described by the density operator ρ̂. This
is in contrast to conventional ESR, where for an FID the magnetization after a π/2 pulse
is detected. For microwave frequencies close to the Larmor frequency of the high-field
hf(31 P), the singlet content S(τ ) of each spin pair reflects the dynamics of only this spin
species [26] while in a first approximation the spin state of Pb0 is unaltered and just serves
as a projection partner. This is justified since the separation of the Larmor frequencies of
the 31 P and Pb0 spins for the high-field hf(31 P) resonance is approximately one order of
magnitude larger than the on-resonance Rabi frequency ω1 = gµB B1 /~. The minor effects
of the off-resonance excitation of the other resonance lines can be seen as small oscillations
on the Ramsey pattern in Fig. 4.3 (a) at magnetic fields lower than 350 mT. We also neglect
spin-spin interaction and incoherent processes during the pulse sequence. The former will
be addressed in Sec. 4.2.3 and the latter is a valid assumption since the time constant for the
fastest incoherent process is T2 ≈ 3.3 µs as measured in ED Hahn echo decay experiments
on this sample. With these assumptions, an expression for the theoretically expected signal




1 σω2 ω̃12 2
ω̃12
τ cos 2
∆ωτ
(4.3)
∆Q ∝ − exp − 2
2 σω + ω̃12
σω + ω̃12
√
with ω̃1 = ω1 / 2 and ∆ω = ω0 − ωmw can be derived following Ref. [128, 129] as shown
in Appendix A. Here, ω0 denotes the Larmor frequency, and ωmw the microwave frequency.
In Eq. (4.3), σω quantifies the width of the Larmor frequency distribution as defined in
Eq. (A.5). The locations of the local extrema of ∆Q are given by Eq. (A.8) as
B0 − Bres =

nπ~ (1 + 2(σω /ω1 )2 ) 1
,
gµB
τ

n ∈ Z,

(4.4)

representing hyperbolas in the B0 -τ -plane. These hyperbolas fit the experimentally observed pattern well, as evident from the white dashed curves in Fig. 4.3 (a). The exponential
term in Eq. (4.3) describes an envelope in the time domain which shows an exp [−(τ /TFID )2 ]type decay behavior [130] as depicted by red dashed line in Fig. 4.3 (b) with the time
constant
s
2
4
TFID =
+
.
(4.5)
σω2
ω12
This implies that for short pulses, i.e. in the high microwave power limit, TFID is inversely
cwEDMR
proportional to the width of the Larmor frequency distribution and thus ∆BPP
of
31
the hf( P) resonance line in cwEDMR. The actual decay characteristics deviate from the
exp [−(τ /TFID )2 ] behavior since the lineshape is a convolution of a Gaussian and Lorentzian
lineshape rather than a pure Gaussian.
In Fig. 4.4 (a), cross-sections of ∆Q along the evolution time axis taken at different
values of B0 are plotted as a function of the evolution time τ , revealing strongly damped
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Figure 4.4: Oscillations in the evolution time domain. (a) Cross-sections
of ∆Q along the evolution time axis taken at different values of B0 . The
damping of the oscillations indicates that the spin ensemble dephases. Red
curves are fits based on the model given by Eq. (4.6). (b) Frequency νFID
of the damped oscillations as a function of the external magnetic field B0
shows a linear behavior as expected from Eq. (4.7).
oscillations. These characteristics are consistent with those described by Eq. (4.3). A clear
dependence of the frequencies of the damped oscillations νFID on the external magnetic field
B0 can be observed. The red lines in Fig. 4.4(a) show fits of the oscillations by the function
−

∆Q ∼ −Ae



τ +τ0
TFID

2

cos [2πνFID (τ + τ0 )]

(4.6)

which is based on the model given in Eq. (4.3). In all the fits shown in Fig. 4.4 (a), a global
phase correction of τ0 ≈ 20 ns has to be taken into account which is comparable to the
overall pulse length of 30 ns. It can be attributed to the fact that dephasing during the
pulse times can not be neglected due to the finite pulse width compared to the evolution
time τ . The values of νFID obtained from the fits are plotted as a function of the external
magnetic field B0 and displayed in Fig. 4.4 (b). A clear linear dependence of νFID on the
magnetic field B0 can be observed as expected from Eq. (4.3),
νFID =

ω̃12
1
(ω0 − ωmw ) = k (B0 − Bres ) ,
2π σω2 + ω̃12

(4.7)

with k = gµB /[h(1 + 2(σω /ω1 )2 )]. This is consistent with the linear dependence of the
oscillation frequency on the detuning in a Ramsey experiment [131, 132]. From a linear
fit of the data the value of Bres = 350.02 ± 0.01 mT is obtained, which corresponds to the
center position of the high-field hf(31 P) resonance line observed in cwEDMR (see Fig. 3.2).
Using Eq. (4.5) and 2π/ω1 = 60 ns, the average value TFID = 64.4 ± 5 ns obtained from the
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fits of the damped oscillations can be related to an expected cwEDMR peak-to-peak line
FID
width of ∆BPP
= 2~σω /(gµB ) = 0.26 ± 0.02 mT. This is in agreement with the result
cwEDMR
obtained from cwEDMR ∆BPP
= 0.30 ± 0.03 mT, indicating that the EDFID decay
is caused by the hyperfine interactions with 29 Si nuclear spins. This can be confirmed by
measuring the EDFID decay in the 20% 29 Si sample, where we find TFID =39±4 ns, as
√
shown in Fig. 4.5. The red line indicating the function TFID ∝ 1/ f describes the data

TFID (ns)

100

∝f -1/2

0.1

0.01

1

29
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Figure 4.5: EDFID decay time TFID as a function of the 29 Si content f .
TFID is approximately proportional to f −1/2 and therefore also to the inverse
linewidth 1/∆Bpp .
√
fairly well. The ∝ 1/ f dependence is expected as the high-power (ω1 → ∞) limit of
√
Eq. (4.5) in combination with ∆Bpp ∝ f as found in Fig. 3.3(b). We therefore attribute
the observed EDFID decay timeconstants to dephasing of the 31 P spin ensemble due to
the inhomogeneous line broadening by unresolved hyperfine interactions with 29 Si nuclear
spins.

4.2.2

Electrically Detected Hahn Echo

Electrically detected echo sequences have been previously used to study T2 -times of phosphorus donors near Si/SiO2 interface defects [32]. In this section, we will present detailed
experimental results of the electrically detected Hahn echo measurement with a focus on
the fine structure of the echo response.
The echo is measured using the pulse sequence π/2-τ1 -π-τ2 of the conventional two-pulse
spin echo containing two free evolution times τ1 and τ2 with an additional π/2 projection
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pulse as applied in the EDFID technique [32]. The measurements are conducted under the
same experimental conditions as the EDFID experiments.
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Figure 4.6: Electrically detected two-pulse Hahn echo on the high-field
hf(31 P) resonance with τ1 = 300 ns. (a) Contour plot of ∆Q as a function
of the external magnetic field B0 and the free evolution time τ2 . Black
dashed lines mark the hyperbola pattern according to Eq. (4.8). Red and
blue dashed lines indicate positions where cross-sectional diagrams shown in
panel (b) are taken. (b) Cross-section of ∆Q along the evolution time axis
at resonance condition (red line, B0 = 350.0 mT) and for the off resonant
case (blue line, B0 = 350.5 mT). Please refer to the text for details.
Figure 4.6 shows experimental results of an ED spin echo tomography experiment on
the isolated high-field hf(31 P) line with τ1 = 300 ns held fix. The values of ∆Q plotted as a
function of B0 and τ2 [Fig. 4.6(a)] are obtained in the same way as described in the EDFID
section. Cross-sections along the evolution time axis are displayed in Fig. 4.6(b). The red
curve taken at the resonance field B0 = 350.0 mT shows a Gaussian-shaped peak centered
around τ2 = τ1 = 300 ns. The cross section of ∆Q at the off-resonance field B0 = 350.5 mT,
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which is represented by the blue curve, shows oscillations as a function of the evolution
time τ2 with a maximum at τ2 = τ1 = 300 ns, which decay for |τ2 − τ1 |  100 ns.
The characteristic pattern indicated by the black dashed hyperbolas can be understood
by the same quantitative model described in the previous section on EDFID. The singlet
content S(τ ) proportional to the recombination probability P↑,↓ of a single spin after a
π/2-τ1 -π-τ2 -π/2 pulse sequence can be calculated using the matrix formalism described in
Ref. [128, 129]. For a Larmor frequency distribution modeled by a Gaussian with standard
deviation σω centered about ω0 , we can derive analogously to Eq. (A.7) that


1 σω2 ω̄12
2
(τ2 − τ1 )
∆Q ∝ exp − 2
2 σω + ω̄12


ω̄12
× cos 2
(ω0 − ωmw )(τ2 − τ1 )
σω + ω̄12

(4.8)

B0 = 350.8 mT

∆Q (arb. units)

(a)

B0 = 349.4 mT
200
300
400
Evolution time τ2 (ns)

Oscillation frequency νEcho (MHz)

√
with ω̄1 = ω1 /2. The factor of 2 between ω̃1 [Eq. (4.3)] and ω̄1 [Eq. (4.8)] can be explained
by the different excitation profiles of the corresponding pulse sequences. Since the spin-echo
pulse sequence consists of two EDFID pulse sequences, the effective excitation profile of the
EDFID pulse sequence [Eq. (A.4)] has to be squared to described the spin echo. Hence, its
√
√
excitation bandwidth is reduced by a factor of 2 since [exp(−x2 )]2 = exp[−(x/(1/ 2)2 ]
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Figure 4.7: Oscillations in the evolution time domain. (a) Cross-sections
of ∆Q along the evolution time axis taken at different values of B0 . Red
curves are fits based on the model given by Eq. (4.8). (b) The frequency
νEcho of the damped oscillations as a function of the external magnetic field
B0 shows a linear behavior as expected from Eq. (4.9).
Similar to the analysis of the EDFID experiment, various cross-sections of ∆Q along
the evolution time axis are taken and shown in Fig. 4.7(a). Data fitting based on Eq. (4.8)
is performed and illustrated by the red curves. The oscillation frequency νEcho obtained
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from the fits is plotted as a function of the external magnetic field B0 [Fig. 4.7(b)], where
a linear dependence of νEcho as a function of B0 can be observed as expected from
νEcho =

ω̄12
1
(ω0 − ωmw ) = k 0 (B0 − Bres ) ,
2
2
2π σω + ω̄1

(4.9)

with k 0 = gµB /[h(1 + 4(σω /ω1 )2 )] analogous to Eq. (4.7). The exponential term in Eq. (4.8)
describes a Gaussian envelope in the time domain with full width at half maximum (FWHM)
s
√
1
4
Wecho = 2 2 ln 2
(4.10)
+ 2.
2
σω ω1
From the fits of the data, an average value of Wecho = 106.9±4 ns is obtained, corresponding
Echo
to an expected cwEDMR linewidth of ∆BPP
= 0.28 ± 0.01 mT. This value is consistent
cwEDMR
FID
with the values ∆BPP
= 0.30 ± 0.03 mT and ∆BPP
= 0.26 ± 0.02 mT obtained from
previous experiments within the accuracy limits. Therefore, the ED Hahn echo response
on the high-field hf(31 P) resonance shows the same fine structure as the EDFID experiment
and can be explained by the same model as expected from the fact that the echo pulse
sequence consists of two FIDs back to back [133]. However, the small oscillations seen in
EDFID are not observed in the ED Hahn echo response, since they are fully defocussed due
to the additional central π-pulse.

4.2.3

Spin-Spin Coupling

So far the experimental results have been discussed in the context of off-resonance oscillations and dephasing due to inhomogeneous line broadening. In different previous studies [134, 135], the possible impact of coupling between the partners of the spin pair on
EDMR experiments has been discussed. In the following, results of a numerical study of
the EDFID experiment discussed above are presented, focussing on the possibility of EDFID to estimate the coupling strength. This approach will be complemented in estimating
the spin-spin coupling of the 31 P-Pb0 spin pair by the electron-electron-double-resonance
experiments presented in the next section. The details of the numerical modeling procedure
are described in the Appendix B.
Figure 4.8(a) shows the complete experimental results encompassing all resonances of
the EDFID tomography experiment discussed in Fig. 4.3(a). Figure 4.8(b) shows the simulation of −δ without spin-spin coupling (J=0) as a function of B0 and τ after subtraction of
a constant background obtained from the value of −δ for large τ , resulting in the quantity ∆
which can be compared to ∆Q in the experiment. The characteristic patterns of simulation
and experiment fit quite well. At the high-field 31 P resonance, small oscillations superimposed on the Ramsey oscillation pattern can be seen in the experimental data as well as
in the simulation. These small oscillations are due to the partial excitation of the low-field
31
P and the Pb0 spins by the microwave pulses on the high-field 31 P resonance. Details of
these patterns are shown in the Fourier transformed data shown in Fig. 4.9 (a) and (b).
The linear dependence of the oscillation frequency on B0 − Bres described by Eq. (4.7) is
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Figure 4.8: (a) Experimental results of the EDFID measurement showing
all spectral features. (b) Simulation for J = 0 MHz. In both simulation
and experimental results, the characteristic Ramsey pattern can be clearly
seen at the position of the high-field hf(31 P) resonance, whereas the patterns
at the low-field hf(31 P) and the Pb0 resonances are more complicated due
to mutual interference.
clearly visible in the frequency domain. The two 31 P resonances and the Pb0 resonance are
marked by black and white dashed lines, respectively. The Pb1 resonance is not resolved
due to the spectral overlap with the Pb0 and its smaller amplitude. For better visibility,
details of the FFT-spectrum near the high-field hf(31 P) resonance are shown in panels (c)
and (d) after subtracting a background of the form of Eq. (4.6) from the experimental and
simulated data. Again, the low-field hf(31 P) resonance and the Pb0 resonance are marked
by black and white dashed lines. An additional resonance, indicated by the solid white line,
can be seen in the experimental data. Its spectral position is in accordance with the small
central line observed in cwEDMR. This line is not taken into account in the simulation.
The intensity of the Fourier amplitude of the lines as a function of the magnetic field can be
√

described by an equation of the form sin2 π4 1 + x2 (1 + x2 )), analogous to Eq. (A.1). In
particular, the minima at frequencies of ≈ 65 MHz and ≈ 130 MHz correspond to rotations
of the spins by integer multiples of 2π.
The simulation is further extended to nonzero coupling parameters with the focus on
the clearly observable pattern structure on the high-field hf(31 P) resonance. Starting from
J = 0, the exchange coupling parameter is increased in steps of 5 MHz resulting in a change
of the qualitative behavior of the characteristic pattern. Whereas for J = 0 each hyperbola
(cf. Fig. 4.3) either indicates positions of local maxima or minima, the values of ∆ on each
hyperbola oscillate as a function of τ for J 6= 0. This behavior can be clearly observed on
the axis of symmetry at B0 = Bres , which is displayed in Fig. 4.10(a) for different values of
J. For vanishing coupling, ∆ relaxes exponentially to the equilibrium. For larger values of
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Figure 4.9: (a) and (b) Fourier transformation of the EDFID tomography
experiment and simulation shown. The linear dependence of the oscillation
frequency on B0 −Bres described by Eq. (4.7) is clearly seen in the frequency
domain. The two 31 P resonances and the broader Pb0 resonance are marked
by black and white dashed lines, respectively. (c) and (d) For better visibility, details of the FFT-spectrum near the high-field hf(31 P) resonance
are shown after subtracting a background of the form of Eq. (4.6) from the
experimental and simulated data. Again, the low-field hf(31 P) resonance
and the Pb0 resonance are marked by black and white dashed lines. An
additional resonance, indicated by the solid white line, can be seen in the
experimental data. Its spectral position is in accordance with the small
central line observed in cwEDMR.

J, damped oscillations of ∆ with frequency J are formed decaying to the equilibrium within
the dephasing time TFID . Compared with the existing experimental data [cf. Fig. 4.4 (a)],
the coupling is estimated to be less than 5 MHz.
Clearer insight might be obtained in experiments using isotopically purified 28 Si samples
as shown in the simulation in Figs. 4.10 (b)–(d) where the line broadening is modeled by
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Figure 4.10: (a) Cross section along the τ axis at the high-field resonance
field of 31 P of the experimental data (open circles) and the simulated data
(solid lines) for different exchange coupling parameter between 31 P and Pb0 .
(b)–(d) Simulated data like in (a) for isotopically purified 28 Si samples with
different concentrations of 29 Si. Here, more oscillations caused by the weak
coupling can be seen due to the longer dephasing time.
Lorentzian distributions with FWHM line widths of 0.006 mT, 0.023 mT, and 0.08 mT,
respectively, corresponding to concentrations of 29 Si nuclei of 0.08%, 0.2%, and 1%, as
indicated in the graphs [72, 136]. In the general case, distributions of exchange interaction
as well as dipolar interaction have to be taken into account [26], which would result in an
averaging out of the oscillation pattern. In the next section, we will show that this is indeed
the case for the 31 P-Pb0 spin pair.

4.3

DEER Measurement of the
pling

31

P-Pb0 Spin-Spin Cou-

In the previous chapter we have shown that the 31 P-Pb0 spin pair is involved in the spindependent recombination process observed near the Si/SiO2 interface in Si:P. More generally, weakly-coupled spin pairs are involved in a wide variety of spin-dependent recombination processes [20, 21, 86, 137]. These spin pairs consist of spins in close proximity to
allow for the spin-dependent transition to take place. This necessarily leads to a coupling
between the two spins caused by dipole-dipole interaction and direct exchange coupling.
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However so far, only crude estimates of the magnitude of this coupling and the distance
of the spins within a spin pair have been reported. In the previous section, we gave an
upper bound of 5 MHz for the 31 P-Pb0 coupling based on EDFID experiments [138]. An
upper bound of 20 nm for the distance of 31 P-SL1 spin pair in γ-irradiated silicon has been
reported based on the observation of cross-relaxation between the 31 P and SL1 spins [139].
In this section, we use double electron-electron resonance (DEER) [11, 140] to measure
the spin-spin coupling of the 31 P-Pb0 spin pair. The DEER pulse sequence and related
techniques are widely used in pulsed ESR to measure distances between paramagnetic
states in molecules by determining their mutual coupling [141–143]. For a coupled pair of
spins A and B, the basic idea of DEER is to measure a spin echo on spin A and change
the sign of the coupling term during the period of free evolution by applying a π pulse to
spin B. This results in a modulation of the echo amplitude with a characteristic frequency
which is determined by the coupling strength. For a quantitative description of the DEER
experiment, an isolated, weakly coupled pair of electron spins is considered. The microwave
pulses applied to the spins A and B are assumed not to overlap spectrally and the separation
between the Larmor frequencies ωA and ωB is assumed to be much larger than the coupling
ωAB between them (|ωA − ωB |  ωAB ). The spin Hamiltonian of this system is given by
Ĥ = ~ωA · Ŝz,A + ~ωB · Ŝz,B + ~ωAB · Ŝz,A · Ŝz,B .

(4.11)

Here, we have neglected the non-secular terms Ŝx,A · Ŝx,B and Ŝy,A · Ŝy,B since they are
averaged out by the fast precession of spins A and B about the magnetic field B0 . The
pulse sequence for the DEER experiment is shown in Fig. 4.11(a), with the Hahn echo
sequence applied to the A spins and the inversion π pulse applied to the B spins at a time
T after the first π/2 pulse.
The Hamiltonian of the spin A can be written as

ωAB 
· Ŝz,A ,
(4.12)
Ĥ = ~ ωA ±
2
where the + or − sign apply for spin B being oriented parallel and antiparallel to spin A.
In a frame rotating with ωmw about the z-axis, the Hamiltonian (4.12) changes to

ωAB 
Ĥrot = ~ ΩS ±
· Ŝz,A ,
(4.13)
2
where ΩS =ωA − ωmw denotes the offset frequency. In this frame, a spin A in the x-y-plane

of the Bloch sphere will accumulate a phase ∆φ = ΩS ± ωAB
· t during a time interval t
2
depending on the orientation of spin B. We can now consider the evolution of spin A during
the DEER pulse sequence as sketched in Fig. 4.11(a) and (b), where we only illustrate
the case ΩS = 0 for clarity. The first π/2 pulse brings the A spins into the x-y-plane of
the Bloch sphere. During the first time interval of length T they will accumulate a phase

∆φ1 = ΩS + ωAB
· T . The π pulse on spin B inverts the sign of the coupling term and
2

the spin A will therefore accumulate a phase ∆φ2 = ΩS − ωAB
· (τ1 − T ) during the second
2
time interval of length τ1 − T . The refocusing π pulse on the A spin adds another phase of
∆φ3 =π − 2 (∆φ1 + ∆φ2 ) without changing the sign of the coupling term. For τ2 = τ1 , the
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Figure 4.11: (a) Pulse sequence for the DEER experiment to measure
the coupling between a spin A and a spin B. A spin echo is measured on
the A spin with an additional π pulse on the B spin at a time T after the
first π/2 pulse. (b) Illustration of the phase accumulated by the A spin in
the frame rotating with the Larmor frequency of spin A during the time
intervals indicated by the dashed lines. The spin is assumed to move in the
x-y-plane of the Bloch sphere. (c) As a result of the accumulated phase,
the DEER echo amplitude oscillates with a frequency determined by the
spin-spin coupling. (d) For a broad distribution of coupling constants the
DEER echo will dephase resulting in a decay of the DEER echo amplitude.
phase accumulated during the second free evolution interval is given by ∆φ4 =(ΩS − ωAB )·τ1 .
During the whole pulse sequence spin A accumulates a phase of
∆φDEER = ∆φ1 + ∆φ2 + ∆φ3 + ∆φ4
= π − ∆φ1 − ∆φ2 + ∆φ4



ωAB 
ωAB 
ωAB 
= π − ΩS +
· T − ΩS −
· (τ1 − T ) + ΩS −
· τ1
2
2
2
= π + ωAB · T.

(4.14)

While the DEER pulse sequence refocuses different Larmor frequencies ΩS , it does not
refocus the spin-spin coupling ωAB . The accumulated phase ∆φDEER results in an oscillation
of the spin echo amplitude ∆Qecho as a function of T given by
∆Qecho ∝ cos(ωAB · T ),

(4.15)
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as skechted in Fig. 4.11(c).
In the case to be considered here, the ensemble of spin pairs studied by DEER comprises
a broad distribution of spin-spin coupling constants ωAB . This is especially true for the 31 PPb0 spin pairs studied here, where the 31 P dopants are evenly distributed within a 22 nm
thick layer beneath the Si/SiO2 interface. The broad distribution of coupling constants will
cause a dephasing of the expected oscillation of ∆Qecho and eventually result in a decay
without any oscillations as depicted in Fig. 4.11(d). The form and timeconstant of this
decay will be determined by the distribution of coupling constants.
In a second variant of the DEER pulse sequence, the inversion pulse on the B spin
is placed at a time T after the spin echo π pulse. In this case, the accumulated phase
Eq. (4.14) is given by ∆φDEER = ωAB · (τ1 − T ). For a distribution of coupling constants
the resulting cosine terms ∆Qecho ∝ cos(ωAB · (τ1 − T )) will be in phase for τ1 = T and
dephase for smaller T eventually resulting in an increase of ∆Qecho for increasing T rather
than a decay. We use this type of DEER experiment to distinguish between the effects of
spin-spin coupling and decoherence effects.

Q (normalized units)

1.0

DEER echo
spin echo
simulation

0.5

0.0

200

300

400

2 (ns)

Figure 4.12: Conventional spin echo (blue circles) and DEER echo (black
squares) measured on the Pb0 spins for τ1 =300 ns and T =20 ns. The DEER
echo is inverted when compared to the spin echo due to the additional π
pulse. The imperfect inversion of the 31 P spins due to the spectral overlap
of the low-field 31 P and Pb0 lines reduces the DEER echo amplitude when
compared to the conventional spin echo. This is confirmed by the numerical
simulation of the DEER echo (red dots).
For the DEER experiments, we used a type I sample with [P]=9·1016 cm−3 placed in the
dielectric resonator for pulsed EPR at 5.0 K. The samples were illuminated with the white
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light of a halogen tungsten lamp via a glass fiber and a prism glued on the sample to provide
optical access for the sample oriented with B0 k[100]. This high-symmetry orientation is
chosen since the Pb0 resonance lines are degenerate for this orientation and are spectrally
better separated from the 31 P resonance line than, e.g., for B0 k[110] (see Fig. 2.3). This
allows for a better spectral selectivity and better excitation of the 31 P spin ensemble. For
the inversion pulse on the 31 P spins, an additional pulse channel is used similar to the
ELDOR experiments described in Chapt. 3. The two mw frequencies required to invert
both hyperfine-split 31 P lines are synthesized by mixing a mw frequency ωmw with a radio
frequency ωrf resulting in two frequencies ωmw ± ωrf . The mw frequency is chosen to be
resonant with the center of the two 31 P hyperfine-split lines corresponding to gP =1.9985
while ωrf = 58.75 MHz equals half the hyperfine splitting.
For all DEER experiments, we measure the spin echo on the Pb0 spins and invert the
P spins rather than the other way around since the larger inhomogeneous broadening
of the Pb0 line would result in large imperfections of the inversion pulse thereby strongly
decreasing the amplitude of the DEER echo. In Figure 4.12, we show the experimental
results for a DEER echo (black squares) where ∆Q is plotted as a function of τ2 for T =20 ns
and τ1 =300 ns. For comparison, the results of a spin echo without the inversion pulse on
the 31 P spins is shown as well (blue circles). Both echo traces are normalized such that
the conventional spin echo amplitude is one. The DEER echo is inverted when compared
to the spin echo as expected since the additional π pulse inverts the spin partner for the
spin-dependent readout similar to the ELDOR experiments. The amplitude of the DEER
echo is only one third of the spin echo amplitude which can be attributed to imperfections
of the inversion pulse caused by the inhomogeneous broadening of the 31 P and Pb0 lines
and the spectral overlap between them. To quantify this effect, we performed numerical
simulations of the DEER echo amplitude taking into account the inhomogeneous broadening
of the 31 P and Pb0 lines as determined in the previous section. The details of the numerical
simulations can be found in reference [144]. In Figure 4.12 we plot the simulation results
for the DEER echo normalized to the amplitude of a spin echo obtained by a numerical
simulation of the spin echo pulse sequence (red bullets). The results of the numerical
simulation are in very good agreement with the DEER echo, so that we can conclude that the
reduction of the DEER echo amplitude can be completely explained by the inhomogeneous
broadening of the 31 P lines and their spectral overlap with the Pb0 lines. The measured
echo shape shows pronounced side lobes and thereby differs from the expected Gaussian
shape. The deviations cannot be completely attributed to the incomplete excitation of
the inhomogeneously broadened Pb0 line since the observed echo shape is not reproduced
by the numerical simulations which take this effect into account. We have to conclude
that deviations of the experimental pulse shapes from perfect rectangular pulses cause this
difference.
31

To measure the coupling strength, we record DEER echoes for different values of the time
interval T for a fixed echo waiting time of τ1 =2.5 µs. The T2 time of the Pb0 spins is typically
of the order of 1 µs [144], so that for τ1 =2.5 µs the echo amplitude is already reduced
appreciably. This limits the range of time intervals T for which the DEER experiment
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Figure 4.13: DEER echoes as a function of T for τ1 =2.5 µs (black lines).
The echo amplitude (red squares) is obtained by fitting the echo traces with
Gaussians. The data shown in the left part is obtained when the inversion
pulse is placed at a time T after the first mw π/2 pulse while the data in
the right part shows the DEER echo amplitude when the inversion pulse is
placed at a time T after the echo refocusing π pulse. The echo amplitude decreases exponentially as a function of T with a characteristic timeconstant
of TDEER =1.70±0.09 µs for the first type of DEER experiment while it increases for the second type of DEER experiment with TDEER =1.75±0.05 µs.
can be performed with a sufficient signal-to-noise ratio. Every echo trace is fitted with a
Gaussian to extract the echo amplitude which is plotted as a function of T as shown in the
left part of Fig. 4.13. Here, the echo traces are plotted as black lines with their amplitude
obtained from the fit shown as red squares. The decrease of the DEER echo amplitude
with increasing T can be described by a simple exponential decay with a timeconstant
TDEER = 1.75 ± 0.09 µs (green line). To exclude that the observed decay is indirectly
caused by a recombination or decoherence process, we recorded DEER echoes with the
inversion pulse in the second free evolution interval. In the right part of Fig. 4.13, the
DEER echoes and corresponding amplitudes are shown as a function of the waiting time
T . The echo amplitudes increase exponentially as a function of T with a time constant
TDEER = 1703±47 ns. The comparison with the DEER echo amplitudes in the left part
of Fig. 4.13 reveals a symmetrical behavior with similar amplitudes and time constants,
whereas for a recombination or decoherence process, a further decay with increasing T
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would be expected. We therefore conclude that indeed a coupling between the Pb0 and
P spins leads to the observed DEER echo decay rather than a recombination process. For
a well-defined spin-spin coupling, Eq. (4.15) predicts an oscillation pattern, whereas in the
data a decay is observed rather than an oscillation.
We interpret this decay as a result of a broad distribution of exchange coupling constants
within the ensemble of 31 P-Pb0 spin pairs. This distribution results from a distribution of
31
P-Pb0 distances. The value of TDEER = 1.7 µs corresponds to an average coupling of
ωAB ≈ 2π·600 kHz in agreement with the estimations from Chapt. 4.2.3.
In the following, we show that the observed decay timeconstant is a result of a distribution of 31 P-Pb0 distances compatible with the width of the doped epilayer. To this
end, we numerically calculate the exchange coupling as a function of the 31 P-Pb0 distance
R. We further calculate the DEER decay by suitably averaging over the distribution of
distances of the 31 P-Pb0 ensemble. The exchange interaction is calculated with a HeitlerLondon approach [145, 146] as the difference in energy of the singlet and triplet states. The
~ 31 P is modeled as an isotropic
ground-state wavefunction of the 31 P electron located at R
effective mass hydrogen-like orbital
31

1
∗
~
ψi = p ∗ e−|~r−R31 P |/aB ,
πaB

(4.16)

with the effective Bohr radius a∗B =2.4 nm of donors in Si [147]. The Bloch character is
not included into the simulations as its effect is averaged out for a random distribution of
donors [148, 149]. The Pb0 is highly localized at the Si atom as confirmed by measurements
of the hyperfine interaction with the nearest neighbor nucleus [150]. We therefore use a
highly localized hydrogen-like orbital with an effective Bohr radius of half the bonding
length of Si-Si≈1.2 Å as a simplified model of the Pb0 wave function. We then calculate
the exchange interaction as a function of R as described in Ref. [144]. The result shown
in Fig. 4.14(b) (squares) can be described by an exponential decay with a decay constant
a∗B /2 (red line). For comparison, we also plot the dipole-dipole coupling averaged over the
angles between spin-spin vector and magnetic field as a function of the distance R (blue
line) given by D(R) ≈ 104/R3 [MHz nm3 ] for the electron spins with a g-factor of 2 [141].
The dipole-dipole coupling is much smaller than the exchange interaction for all distances
<20 nm, which corresponds to the thickness of the doped epilayer, and we therefore neglect its contribution to the 31 P-Pb0 coupling. We further calculated the expected DEER
response ∆Q(T ) by averaging the oscillations cos [ωAB (R)T ] over a distribution ρ(R) of
31
P-Pb0 distances
R
dRρ(R) cos [ωAB (R) · T ]
R
,
(4.17)
∆Q(T ) =
dRρ(R)
where ωAB (R) is extracted from Fig. 4.14(b). The integration area shown in grey in
Fig. 4.14(a) is defined by two parameters, dmin and Rmax . We hereby assume a constant
density of 31 P donors within the 20 nm-thick epilayer, so that ρ(R) ∝ R2 . The experimentally observed decay [red squares in Fig. 4.14(c)] is best described with a simulated
decay using Eq. (4.17) for a distribution of electron-electron distances from dmin =14 nm
to Rmax =20 nm as determined by a least-squares fit (blue line). This corresponds to an
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average over individual exchange coupling constants ranging from 25 kHz to 3 MHz. For
comparison, additional simulated signals for different dmin =12 to 15 nm (in steps of 1 nm,
solid lines) and constant Rmax =20 nm are shown as well.
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Figure 4.14: (a) The shaded area represents the integration area used
for the simulation of the DEER decay with a lower border determined by
the distance dmin from the Si/SiO2 interface and an upper border Rmax . (b)
Numerically calculated exchange interaction of 31 P and Pb0 as a function of
R (black squares). The result can be described by an exponential fit with a
decay constant aB /2 (red line). For comparison the dipole-dipole coupling
D(R) averaged over the angles between spin-spin vector and magnetic field
is shown as well. The borders of integration for the best simulation of the
experimental decay are marked by dashed lines (blue dashed line). (c) Simulated DEER echo amplitude decays for Rmax =20 nm and various dmin =12
to 15 nm (in steps of 1 nm) compared to an experimentally recorded DEER
echo amplitude decay. The best fit (blue line) is obtained for dmin =14 nm.
The integration area defined by the parameters dmin and Rmax is a consequence of several
constraints concerning the conditions for which pEDMR signals can be observed. Most
importantly, the recombination rate 1/τap of electrons between 31 P donors and Pb0 centers
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is expected to depend on the distance R between them. For spin pairs which are too close,
the recombination timeconstant becomes shorter than the free evolution interval of the spin
echo and therefore, these spin pairs do not contribute to the observed spin echo amplitude.
For the DEER experiments shown in this work, 2τ1 =5 µs, so that spin pairs with τap  5 µs
do not contribute to the DEER signal. The typical density of Pb0 centers found at a Si/SiO2
interface with a native oxide is ≈ 1012 cm−3 [115], which corresponds to an average distance
of 10 nm between the Pb0 centers. We assume that the 31 P donors, which are located within
a distance dmin from the Si/SiO2 interface are so close to at least one of the Pb0 centers at
the interface, that they recombine too fast to be observed in our experiment. We therefore
use a minimum distance from the interface dmin rather than a minimum distance from the
Pb0 center Rmin as a lower border for the integration interval. In contrast, for spin pairs
with too large R, the recombination timeconstants become so long, that no recombination
occurs during the measurement time interval given approximately by the upper bound of
40 µs of the box-car integration interval, so that spin pairs with τap  40 µs also do not
contribute to the DEER signal. The recombination timeconstants which can be observed
in the DEER experiment therefore span a range of roughly two orders of magnitude. A
simple estimate of the recombination timeconstant τap as a function of the 31 P-Pb0 distance
R can be calculated using the WKB-method [151] yielding
√
R
1
2 R
1
∝ e− ~ 0 dx 2m∆V (x) ≈ e−1.1·R nm ,
(4.18)
τap
where a rectangular potential barrier of height ∆V (x)=45 meV and width R has been
assumed corresponding to the binding energy of the 31 P donor and the 31 P-Pb0 distance,
respectively. Using Eq. (4.18), the variation of 1/τap over two orders of magnitude corresponds to an interval of 31 P- Pb0 distances of ∆R ≈4 nm in reasonable agreement with the
values obtained from the fit.
The above discussion suggests a semi-empirical relation between the 31 P-Pb0 distance
and the recombination rate of the form
1
1
(R) ≈ e−1.1·(R−14 nm) nm · 1MHz.
(4.19)
τap
The range of observed exchange coupling constants is therefore limited by the range of
recombination rates which can be observed in the DEER experiment. This includes spin
pairs with distances ranging from 14 nm to 20 nm. These values are in agreement with
the estimated upper bound of 20 nm for 31 P-SL1 spin pairs given in Ref. [139] based on
the observation of 31 P-SL1 cross-relaxation processes. The observed range of exchange
coupling constants of ωAB ≤3 MHz is much smaller than the difference of ∆ω ≈37 MHz of
the 31 P and Pb0 Larmor frequencies at B0 =0.35 T, so that the observed spin pairs can be
considered as weakly coupled as confirmed by previous experiments [27, 135].

4.4

Conclusions and Outlook

In the first part of the chapter, we have demonstrated theoretically and experimentally a
lock-in detection scheme for pulsed EDMR experiments which significantly improves the
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signal-to-noise ratio. The scheme employs a spin echo with a two-step phase cycle switching
the phase of the last π/2 pulse from (+x) to (-x) between consecutive repetitions of the
experiments. We could demonstrate that such a lock-in detection scheme improves the
signal-to-noise ratio of electrically detected spin echo measurements in Si:P by more than
one order of magnitude by removing low-frequency noise originating from the high-power
TWT amplifier. This scheme allows to extend the experimental methods of pEDMR to
more advanced pulse sequences [30, 45] and opens its application to other materials and
spin-dependent processes to be studied with this technique. In particular, the 10-fold
improvement of the signal-to-noise ratio turns out to be crucial for most of the experiments
in this work.
In the second part of this chapter, we have used pulsed EDMR to study the free induction
decay of phosphorus donor spins in silicon. We can resolve oscillations up to 150 ns limited
by dephasing due to superhyperfine interactions with surrounding 29 Si nuclei. An analytical
model is used to describe the FID of an inhomogeneously broadened line which is in good
agreement with the experimental data. In addition, structures on two-pulse electron spin
echoes have been measured which can be described by the same analytical model. The
results of a numerical calculation are further presented and compared with the experimental
data to assess the capability of the method to study spin-spin interactions. From these
results, we can give an upper bound for the coupling parameter of J ≈ 5 MHz in the
samples studied.
A better estimate of the 31 P-Pb0 coupling strength could be obtained by electrically
detected electron-electron-double-resonance (DEER) measurements. A strong dephasing of
the expected DEER oscillations with a timeconstant of 1.7 µs corresponding to an average
coupling of 600 kHz is observed. The strong dephasing is attributed to a broad distribution
of coupling constants which is a result of the variations of the intrapair spin-spin distances
over the observed spin ensemble. A calculation of the 31 P-Pb0 exchange coupling by approximating the wavefunctions with hydrogen-like orbitals with suitable Bohr radii allows
us to model the observed DEER echo decay by a distribution of spin pairs with distances
ranging from 14 nm to 20 nm compatible with the thickness of the doped epilayer and
with previous estimates of the coupling constant [138] and spin-spin distance [139]. This
result suggests a systematic study of the DEER decay for different thicknesses of the doped
epilayer. Ultimately, a δ-doped layer of 31 P donors [152, 153] could provide a much better
defined coupling between the donors and the Pb0 defects. In addition, a similar study could
be conducted for the 31 P-SL1 spin pair, which already shows some differences in the recombination rates (see Chapt. 6) and therefore possibly also exhibit a different distribution of
coupling constants.

5

Spin-Dependent Processes in γ-Irradiated
Silicon

High-energy photon or massive particle irradiation of silicon and other semiconductors leads
to changes in the electronic and structural properties of these materials. These changes can
be mainly attributed to the creation of a large variety of defects which usually degrade the
performance of electronic devices. Such an exposure of silicon devices to radiation occurs
in different environments like e.g. in space applications [154, 155], high-energy physics
experiments [156], nuclear reactors [157], and even in a natural environment through radioactive isotopes. In addition, these defects may also be considered as prototype examples
of defects created during the fabrication process of semiconductor devices e.g. by ion implantation [158].
In this chapter, we use EDMR to investigate spin-dependent charge transport processes
in γ-irradiated Phosphorus-doped silicon.

5.1

The VO-Center in γ-Irradiated Silicon

Among the defects created in silicon by high-energy electron or γ-irradiation, the oxygenvacancy centers (VO) is one of the most commonly observed defects in Czochralski-grown
silicon. It is created when a vacancy produced by the high-energy irradiation is trapped by
an oxygen impurity. Two of the four unsaturated bonds of the silicon vacancy are thereby
saturated by oxygen, while the other two form bonding and antibonding orbitals ψb and ψa ,
as shown by the ball-and-stick model in Fig. 5.1(a). The VO center has two charge transfer
levels within the Si bandgap; the +/0 level located 230 meV above the valence band edge and
the 0/- level located 170 meV below the conduction band edge (Fig. 5.1(b)) [159]. Because
of the rather deep position of these charge transfer levels within the silicon bandgap, the
VO acts as an efficient recombination center for Shockley-Read-Hall recombination [93].
The VO+ and VO− charge states of the VO center have one half-filled orbital with a spin of
S = 1/2. They have been identified and characterized by ESR [160–162], where the VO− is
also referred to as A-center. In addition, under above-bandgap illumination a S = 1 center
(SL1) has been detected by ESR and identified as the metastable excited triplet state of
the neutral VO0 defect [33]. The spin-Hamiltonian of the SL1 center is given by
↔

~0 · ↔
~1 + S
~2 ) + hS
~1 · D · S
~2 ,
Ĥ = µB B
g · (S
63

(5.1)
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with



2.0102
0
0


↔
g = 0
2.0057
0  and
0
0
2.0075


614.4 MHz
0
0
↔


D=
0
−1314.9 MHz
0
.
0
0
700.5 MHz

(5.2)

↔

The tensors g and D are denoted in the molecular frame as defined in Fig. 5.1(a). The
↔
interaction D arises from the dipolar coupling of the two spin 1/2 electrons located in the
two dangling bond orbitals of the VO center. The Hamiltonian (5.1) can also be written in
~=S
~1 + S
~2
terms of the total spin operator S
↔

↔
~ · D · S,
~
~0 · ↔
~ + hS
Ĥ = µB B
g ·S
2

(5.3)

where we have used the identity
↔

↔

↔

↔

↔

~ ·D·S
~=S
~1 · D · S
~1 + S
~1 · D · S
~2 + S
~2 · D · S
~1 + S
~2 · D · S
~2
S
↔
~1 · D · S
~2 .
= 2S
↔

↔

↔

(5.4)

~1 · D · S
~1 = S
~2 · D · S
~2 = 0 since D is traceless [133]. The Hamiltonian (5.3)
Note that S
~ 2 and therefore its eigenstates can be divided into one singlet state with
commutates with S
S = 0 and three triplet states with S = 1. Since ESR transitions can only be induced
between states within the same S manifold, the two electron spin system can be described
~ → ∞), the eigenfunctions within
as an effective S = 1 triplet. In the high-field limit ( B
the S = 1 manifold of the Hamiltonian (5.3) are given by the eigenfunctions |mS i = |+1i,
~ , they are not eigenfunctions of the
|0i and |−1i of Sz . However for finite values of B
Hamiltonian (5.3), which are rather given by linear combinations of the functions |+1i, |0i
and |−1i.
Since for the measurements presented in this work the Zeeman energy (≈10 GHz) is
approximately a factor of 10 larger than the zero-field splitting, the eigenfunctions are still
mainly given by the Sz eigenfunctions with only small mixing between them. We therefore
label the triplet eigenstates according to their high-field limit spin projections as T+ , T0 , and
T− . The corresponding triplet eigenvalues of the SL1-center spin Hamiltonian are shown in
Fig. 5.1(d) as a function of the magnetic field. The allowed ∆mS =±1 transitions between
the triplet sublevels are indicated by arrows whereas transitions between the singlet and the
triplet states are forbidden by dipole selection rules. The symmetry axis of the VO center is
oriented along the <110> crystal axes. The six equivalent <110> directions in combination
with the two ∆mS = ±1 transitions give rise to a maximum of 12 ESR transitions, some of
which being degenerate for certain high-symmetry crystal orientations [33]. The lifetimes
of the mS = ±1 (T± ) and the mS = 0 (T0 ) triplet states are different resulting in a
polarization of the three Zeeman split triplet states as shown in Fig. 5.2(b). The lifetimes
depend on the orientation of the SL1-center’s molecular frame with respect to the magnetic
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Figure 5.1: (a) Ball and stick model of the oxygen vacancy center. Two
of the four unsaturated Si vacancy bonds are saturated by the oxygen (blue
sphere) while the other two (red spheres) form bonding and antibonding orbitals. The symmetry axis of the VO center is oriented along the
<110> crystal directions. (b) The VO center has two charge transfer levels
within the Si bandgap: the +/0 level located 230 meV above the valence
band edge and the 0/- level located 170 meV below the conduction band
edge. The 31 P +/0 charge transfer level is shown for comparison. (c) LCAO
picture of the different VO charge states. In the neutral charge state one
electron can be excited into the antibonding orbital forming a spin triplet.
(d) Breit-Rabi diagram of the SL1 center showing the eigenvalues corresponding to the triplet states of the spin Hamiltonian (5.1) as a function of
the magnetic field. The different triplet sublevels are labeled according to
their spin projection. The allowed ∆mS =±1 transitions are indicated by
arrows.
field leading to an orientation-dependent polarization. In particular, for some orientations
of the crystal with respect to the magnetic field the lifetimes of the T± and the T0 levels
are equal resulting in a quenching of the ESR signals [34].
Electron spin resonance of the SL1 center has also been detected as spin-dependent
change of the photoconductivity [35]. The corresponding recombination process is sketched
in Fig. 5.2. In the first step, an electron and a hole recombine via the VO0 singlet ground
state thereby exciting it into its triplet state SL1 [panel (i)]. This state is long-lived since
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the decay into the singlet ground state is mediated only by the weak spin-orbit interaction.
The decay rate to the ground state (R± and R0 for T± and T0 ) depends on the magnetic
sublevel, so that the T± states decay with a different rate when compared to the T0 states.
Consequently, a steady-state develops in which the slower relaxing mS -sublevels are more
populated than the faster relaxing sublevels as shown in panel (ii). If transitions between the
T± and the T0 sublevels are induced by ESR, the overall relaxation rate to the singlet ground
state is enhanced. Since the ground state acts as a more efficient recombination center when
compared to the excited state, this leads to an increase of the recombination rate, which
can be observed as a quenching of the photoconductivity. The resonant increase of the
spin-dependent recombination rate is a consequence of the difference in the recombination
rates of the T± and the T0 sublevels, and therefore, the spin-dependent photoconductivity
signal should exhibit the same orientational dependence of the signal intensity as the ESR
signal [35].

(ii)

(i)
(VO)*

(VO)*

hν

T+
T0
T-

(V-O)0

S=0
+ + +

S=1

R+

hν
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ESR
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T0
T-

S=1
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Figure 5.2: Under above-bandgap illumination, electron-hole pairs recombine via the VO0 center thereby exciting it into a metastable triplet
state (SL1) [panel (i)]. The different lifetimes of the T± and T0 sublevels
lead to a spin polarization of the triplet sublevels [panel (ii)]. ESR-induced
transitions between the T± and the T0 sublevels decrease the lifetime of
the SL1 state. Since this ground state acts as a recombination center, this
results in an increase of the recombination rate which can be observed as a
photoconductivity quenching.
In addition, a strong increase of the 31 P EDMR signal intensity in a phosphorus-doped
silicon sample has been observed after irradiation with 2 MeV electrons. It was attributed to
the formation of 31 P-(VO) spin pairs [21]. The corresponding recombination processes has
been described as a donor-acceptor recombination process where the (VO)-center plays the
role of the acceptor similar to the 31 P-Pb0 recombination process discussed in Chapt. 3.2.
However, the presence of a 31 P-(VO) spin pair has only been inferred indirectly from the
observed increase of the 31 P EDMR signal amplitude after electron-irradiation. In addition,
details of this recombination process such as the identity of the involved intermediate states
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and the time constants of the recombination steps are unknown. We will use the remainder
of this chapter to shed light on this recombination process.

5.2

EDMR of Spin Pairs in γ-Irradiated Silicon

In this chapter, we present experimental data which suggests the existence of two different
recombination mechanisms in γ-irradiated phosphorus-doped silicon. In addition to the
spin-dependent recombination mechanism describe above, we present direct evidence for a
recombination process involving 31 P-SL1 spin pairs and propose a model of the recombination process.
The samples used in this work consist of Cz-grown phosphorus-doped silicon with a
concentration of [P] = 1015 cm−3 as determined by conventional ESR under above-bandgap
illumination at 5 K. The samples were irradiated by L. Vlasenko at the Ioffe Institute with
γ-rays from a 60 Co source to create oxygen-vacancy defects. In the following, we describe
measurements on a sample which was irradiated with a dose of 3·1015 cm−2 resulting in a
VO-center concentration of [VO] ≈ 3 · 1012 cm−3 [163] much lower than the concentration
of 31 P donors.
With these numbers, we can estimate the concentration [31 P-VO] of 31 P-VO spin pairs
in the sample. From the discussion in Chapt. 4.3, we estimate that a certain VO-center
only forms a spin pair with 31 P donors within a spherical shell with an inner radius ∼14 nm
and an outer radius of ∼20 nm corresponding to a volume of Vspinpair ≈ 2 · 10−17 cm3 around
the VO-center. We hereby assume that the localization of the VO wavefunction is similar
to the Pb0 center and that the spin pair recombination rate is the same as for the 31 PPb0 spin pair. For an average volume occupied by a 31 P donor of VP =1/[P] = 10−15 cm3 ,
only a fraction of Vspinpair /VP = 2 · 10−2 of the VO-centers in Si with [P]=1015 cm−3 form
31
P-VO spin pairs. This number might be further reduced by the fact that only ≈1/10 of
the VO-center are excited into the triplet SL1 state under illumination [163] as estimated
from ESR measurements. However, this fraction might be different for 31 P-VO spin pairs
due to the presence of the 31 P donor leading to a more efficient formation of SL1-centers.
Combining these numbers results in a lower bound for the spin pair concentration of [31 PVO]=2 · 109 cm−3 , so that the active sample volume (3·10−2 cm−3 ) contains ≈ 6 · 107 spin
pairs.
For electrical measurements, arsenic was implanted in the contact areas (1015 cm−2 at
25 keV), followed by a 30 s annealing at 950 ◦ C. Then, a Pd-Au layer (3 nm, 100 nm) was
evaporated and contacted via conducting silver paste and Au bonding wires (see Fig. 5.3).
Irradiation of the samples was performed after the annealing step. Only two large contact
areas with a distance of 7 mm were used instead of the standard EDMR interdigit structures,
since samples with the latter did not show any 31 P-VO EDMR signal. The reason for this
appears to be the small distance (10 µm) of the interdigit structures which confines the
current to a small volume near the Si/SiO2 interface while the current between the two
large contacts flows through a much larger volume of the sample. The interdigit contacts
therefore probe a much smaller number of 31 P-VO spin pairs which seems to be insufficient
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Figure 5.3: (a) Device structure of the γ-irradiated Si:P samples with
P donors (blue) and SL1 centers (red)(not to scale). Two large contact
areas with a distance of 7 mm were created by implantation of arsenic,
annealing, and evaporation of a Pd-Au layer. (b) The contact areas are
connected to the coaxial cables by Au bond wires and conducting silver
paste.
31

to observe an EDMR signal. All experiments are performed at a temperature of 5 K in
the dielectric microwave resonator for pulsed EPR. The samples are illuminated with the
light of a red LED (635 nm) and biased with 5 V (pulsed measurements) or 3 V (cw
measurements). The bias points are chosen such that the best signal-to-noise ratios are
obtained.
In a first step, the EDMR spectra are recorded under continuous-wave microwave irradiation with fmw = 9701.9 MHz and 40 mW of microwave power using magnetic field
modulation at a frequency of 500 Hz. The resulting relative change of the photocurrent
∆I/I is shown in Fig. 5.4 for the in-phase (black) and out-of-phase (red) components of
the lock-in amplifier. The spectral positions of the 12 smaller lines in the upper trace correspond well to the spectral positions expected for the SL1 center for B0 parallel to the
[110] crystal direction with an additional tilt of ≈2 deg. about the [100] direction [33]. The
SL1 peaks at different spectral positions can be associated with SL1 centers with different
orientations with respect to B0 as indicated in Fig. 5.4. The labels SL10 , SL160 , and SL190
denote SL1-centers oriented along <110> directions enclosing angles of 0◦ , 60◦ , and 90◦
with the magnetic field.
Figure 5.5 shows the angle-dependence of the SL1 mS = ±1 transitions for a rotation
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Figure 5.4: Continuous wave EDMR spectra. In-phase (black) and outof-phase (red) signal of the lock-in detection with magnetic field modulation. Peaks associated with SL1-centers oriented along <110>directions
forming angles of 0◦ , 60◦ , and 90◦ with the magnetic field are indicated
by SL10 , SL160 , and SL190 . The inset shows the central part of an EDMR
spectrum measured without magnetic field modulation revealing a resonant
increase of the photocurrent.
about an axis tilted by 2◦ from the [110] crystal axis calculated with the Hamiltonian (5.1)
(red lines). Here, Θ denotes the angle between the [100] crystal axis and the magnetic field.
The experimentally observed peak positions (black dots) are in very good agreement with
the calculated peak positions allowing for a clear identification of the observed peaks with
the SL1-center.
The two larger lines in the center at 346.4 mT and 350.6 mT can be attributed to
the two hyperfine-split lines of the 31 P donors. In the out-of-phase signal of the lockin amplifier only the SL190 and SL10 peaks are observed while in the in-phase signal all
SL1 peaks appear with equal intensities. This observation suggests the presence of two
independent spin-dependent recombination mechanisms with different characteristic time
constants. To separate these two recombination processes in the time-domain pulsed EDMR
measurements are performed.
In addition, an EDMR measurement without magnetic field modulation shows that the
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Figure 5.5: Angle-dependence of the SL1 mS = ±1 transitions for a
rotation about an axis tilted by 2◦ from the [110] crystal axis calculated
with the Hamiltonian (5.1) for fmw =9.7 GHz (red lines). Θ denotes the angle
between the [100] crystal axis and the magnetic field. The experimentally
observed peak positions (black dots) are in very good agreement with the
calculated peak positions.

spin-dependent process observed in the in-phase signal in Fig. 5.4 results in a resonant
increase of the photocurrent (inset of Fig. 5.4). This observation is quite surprising since
in most photo-EDMR experiments, microwave-induced transitions typically enhance the
recombination rate or decrease the carrier mobility resulting in a decrease of the photocurrent [20, 97]. The origin of the resonant current increase will be addressed in Chapt. 5.3.
The peak positions of the SL1-center peaks in the inset differ from those in the main panel
since this measurement was performed at a slightly different orientation of the sample with
respect to the magnetic field.
For the time-domain measurement, the samples are irradiated with a short (200 ns)
microwave pulse and the resulting photocurrent transient is recorded after amplification
with a Femto transimpedance amplifier without additional filtering. The different amplification setup is chosen only for this experiment to avoid distortions of the transients by the
high-pass filter. The corresponding transients for the different resonant peaks are shown
in Fig. 5.6(a). To obtain a spectrum, the transients are recorded for different magnetic
fields B0 and integrated over a certain time interval ∆t resulting in a charge ∆Q. The resulting spectra are shown in Fig. 5.6(b) for different integration intervals: ∆t1 =1-3 µs and
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Figure 5.6: (a) Photocurrent transients after a 200 ns mw pulse for
different peaks: SL10 (B0 =312.5 mT), SL90 (B0 =329.6 mT), SL60
(B0 =338.5 mT), and the high-field 31 P (B0 =350.7 mT). The colored areas indicate the integration intervals used in (b). Panel (b) shows pulsed
EDMR spectra for different integration intervals. For integration directly
after the mw pulse (red line) all SL1 peaks appear with equal intensities
while for later integration only the SL10 and SL190 peaks are visible (green
line). All measurements are performed with B0 k[110].
∆t2 =300-800 µs. In the spectra it can be seen that during the first few microseconds after
the microwave pulse (red trace) a resonant increase of the photocurrent can be observed
at spectral positions corresponding to the two 31 P peaks and to the different SL1 peaks
with similar amplitudes for all SL1 orientations. In contrast, in the plot for the integration
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interval ∆t2 (green trace), only the SL90 and SL10 peaks are observed as a resonant decrease
of the current. The transients in Fig. 5.6(a) show a fast decay with a positive amplitude
and a time constant of ≈ 3 µs for all peaks. A second decay with negative amplitude and a
longer time constant is observed for the SL10 and SL190 peaks, which is hard to identify in
the plot of the transients but can be clearly in the integrated data. All these observations
support the assumption that in these samples two independent spin-dependent recombination processes are present: one involving the SL1-centers only and another associated with
31
P-SL1 spin pairs.
The former process can be attributed to the recombination process observed in EMDR
in undoped electron- or γ-irradiated silicon for which a resonant decrease of the photoconductivity has been observed [35] as described in the previous section (see Fig. 5.2). In
particular, for B0 k[110], the decay time constants for the mS = ±1 and mS = 0 states of
the SL1 centers labeled SL160 are similar and therefore, the corresponding ESR transitions
cannot be observed in EDMR or EPR [34]. The time constants for SL10 and SL190 for
B0 k[110] are 2 ms and 0.2 ms for the T0 state and 300 µs and 1 ms for the T± states,
respectively, as measured by pulsed EPR [164]. All these characteristics are observed in
the pEDMR measurements described above, including the absence of 31 P and SL160 peaks
in the spectrum recorded 0.3-0.8 ms after the mw pulse, the characteristic time constants
of the current transients of 0.3-0.8 ms and a resonant decrease of the photocurrent. The
comparatively long time constants of this recombination process also explain the appearance of the SL10 and SL190 peaks in the out-of-phase signal of the cwEDMR measurement
(Fig. 5.4), since the modulation frequency of 500 Hz is of the same order of magnitude as
the decay rate. While this recombination process has been studied thoroughly [34, 35, 85],
the fast process involving both 31 P donors and SL1 centers has so far not been investigated
in detail.

5.3

Identification of the Recombination Process

To further elucidate this 31 P-SL1 recombination mechanism, we performed pulsed electronelectron double resonance experiments (ELDOR) [86] similar to the experiments described
in Chapt. 3.2. In particular, we apply mw pulses with different frequencies to address both
31
P hyperfine lines and one of the SL1 lines at the same magnetic field, allowing us to verify
that 31 P-SL1 spin pairs take part in the recombination process. To this end, mw π-pulses
at 9694.7 MHz and 9812.2 MHz are applied to invert both 31 P hyperfine lines [see pulse
sequence in Fig. 5.7(a)]. After a waiting time T , a spin echo with a (+x)-(-x) phase cycle
of the last π/2 pulse is measured on one of the SL160 lines (9641.0MHz). In contrast to the
EDMR experiments discussed in Chapt. 3.2, here, a spin echo is used for detection instead of
Rabi oscillations to allow for the implementation of the lock-in detection scheme described
in Chapt. 4.1. For this experiment the sample is oriented at an angle of 68◦ between B0
and the [100]-direction with B0 in the (110) plane (cf. Fig. 5.5) to avoid spectral overlap
between the 31 P and SL1 lines.
In Fig. 5.7(c), the echo amplitude measured on the SL1 line is plotted as a function of
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the inversion pulse length Tp for a fixed interpulse delay T = 200 ns. The results show a
damped oscillation reflecting the coherent oscillation of the 31 P spins as a function of Tp .
In particular, for Tp =42.5 ns corresponding to a π pulse the echo amplitude is completely
quenched. In contrast to the ELDOR measurements of the 31 P-Pb0 spin pair, no inversion of
the echo is observed which can be explained by the fact that the SL1 center is a S = 1 spin
state whereas the Pb0 center is a S = 1/2 spin state as discussed in the next paragraph. In
a second experiment, we record the amplitude of the spin echo as a function of the waiting
time T after the inversion of the 31 P spins by the π pulse [black squares in Fig. 5.7(d)].
At short waiting times, the amplitude of the SL1 spin echo is completely quenched. It
recovers for longer times T with a characteristic time constant of τELDOR = 49 ± 2 µs as
determined by a stretched exponential fit (cf. Appendix C). Further test experiments have
been performed to exclude spurious effects of the inversion pulses. Choosing the frequency
of the inversion pulse such that it is off-resonant with the 31 P spins leaves the spin echo
amplitude on the SL1 spins almost unaffected [open circles in Fig. 5.7(d)]. We observe that
for the off-resonant inversion pulse, the small decrease of the echo amplitude for short T
becomes more pronounced for higher pulse intensities. This suggests that it could be a
heating or avalanche ionization process, but we do not have a consistent explanation for
this effect at the moment. The inversion of only one 31 P hyperfine line reduces the SL1
echo amplitude to half of its value as expected. Measuring the spin echo on the 31 P spins
and inverting the SL1 spins also decreases the echo amplitude for short T , although it can
not be quenched completely even for a π inversion pulse, since we can not excite all SL1
peaks because of their large spectral separation [165]. All these results strongly suggest the
presence of 31 P-SL1 spin pairs during the recombination process.
In the following, we present a model of the recombination process capable of explaining
the results of the ELDOR measurements as shown in Fig. 5.7(c) and (d). We assume that
before the pulse sequence under illumination the 31 P-SL1 spin pairs are in a steady-state, in
which the 31 P spin and the SL1 spins are in a parallel orientation such that recombination
from the 31 P donor to the SL1 is forbidden by the Pauli principle [panel (i)]. After inverting
the 31 P spins and waiting for a time interval T (panel ii), an echo is measured on the
SL1 T+ -T0 transition. Since we apply a two-step phase cycle to the last π/2 pulse of the
echo sequence, as described in Chapt. 4.1, the spin echo effectively measures the difference
between the recombination rates after the application of a 2π pulse [panel (iiia)] and of a
π pulse (iiib). After a 2π pulse the SL1 centers are in the T+ state (iiia) with the spins in
an antiparallel orientation with respect to the 31 P spin, so that recombination is allowed
by the Pauli principle. After a π pulse, the SL1 centers are in the T0 state (iiib), where in
a simplified picture one spin is also in an antiparallel orientation with respect to the 31 P
spin. Since in both cases recombination can take place, the echo amplitude is quenched as
observed in the experiment. In contrast, for Tp =0 ns or 85 ns corresponding to a 0π or 2π
pulse, the spin pair is in the parallel state after the first mw pulse, thereby leading to a
maximum amplitude of the detection spin echo. This is reflected by the oscillation observed
in Fig. 5.7(c), where the decreasing oscillation amplitude with increasing Tp is caused by
dephasing of the spin ensemble.
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Figure 5.7: (a) Pulse sequence for the echo-detected ELDOR experiment.
First, a pulse of length Tp flips the 31 P electron spins. After a time interval
T a spin echo with a (+x)-(-x) phase cycle of the last π/2 pulse is measured
on one of the SL160 lines. (b) Model of the 31 P-SL1 spin pair recombination
process involving the spin-dependent transition of the 31 P electron to the
SL1 center resulting in a VO− center. (c) SL1 echo amplitude as a function
of the pulse length Tp of the inversion pulse for T =200 ns. (d) SL1 echo amplitude (black squares) as a function of the waiting time T for Tp =42.5 ns.
The recovery of the echo amplitude can be fitted with a strechted exponential with a timeconstant of τELDOR = 49±2 µs and an exponent n=0.75 (red
line). For comparison, an experiment, where the inversion pulse frequency
is chosen such that it is off-resonant with the 31 P spins, is shown as well
(open circles).

Alternatively, a spin-dependent transition from the 31 P donor to the VO+ has been
discussed in the literature [8]. However, the fact that the quenching of the echo is observed
already for T =100 ns almost directly after the π pulse strongly suggests that the electron is transferred directly from the 31 P donor to the SL1 center without an intermediate
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recombination step like, e.g., a spin-dependent transition into the VO+ state.
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Figure 5.8: Inverse timeconstant 1/τ1 = g from ELDOR echo recovery
experiments as a function of the illumination intensity. The observed increase of g with Iphoto as well as the absolute values of g are in very good
agreement with measurements of the electron capture rate of 31 P+ donors
described in Chapt. 6.5.
The experimentally observed time constant τELDOR =49 µs of the echo recovery
[Fig. 5.7(d)] is determined by the time constants of the processes restoring the steadystate after the application of the first π pulse. These are in particular the recombination
process between the 31 P donor and the SL1, the electron capture process of the 31 P+ , and
either an electron emission or a hole capture process of the (VO)− . The time constant
of the first process can be accessed by an inversion recovery experiment on the 31 P spins
resulting in a time constant of ≈3 µs (see Chapt. 6.1) consistent with the fast decay of the
photocurrent transient in Fig. 5.6(a), but much faster than τELDOR =49 µs observed in the
ELDOR experiment. To discriminate between the latter two processes, we repeated the
ELDOR echo recovery experiment for different illumination intensities. For every value of
the illumination intensity we recorded a trace similar to Fig. 5.7(d) and extracted the effective time constant τELDOR from a strechted exponential fit. We can calculate the generation
rate of new spin pairs g = 2(1/τELDOR − 1/τp ) from Eq. (6.9) which we derive in Chapt. 6.2,
where τp =0.33 µs denotes the recombination timeconstant of parallel spin pairs. The observed increase of g with Iphoto , as shown in Fig. 5.8, as well as the absolute values of g
are in very good agreement with measurements of the electron capture rate of 31 P+ donors
described in Chapt. 6.5. We therefore conclude that the timeconstant of the formation of
new spin pairs after a recombination process is determined by the 31 P+ electron capture
process. A systematic study of the recombination and generation timeconstants will be
presented in Chapt. 6.
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We would also like to mention that in the experiment shown in Fig. 5.7(d), we do not
expect to observe the recombination timeconstant of antiparallel spin pairs. The situation
before the electron transfer from the 31 P to the SL1 is shown in Fig. 5.7(b) and we have
argued above that a quenching of the spin echo is expected. However, the electron transfer
takes place on a timescale of ≈3 µs (see Chapt. 6), so that for T > 3 µs VO− centers are
formed. Although they are paramagnetic, they are not resonantly excited by the spin echo
microwave pulses and therefore no echo signal is expected until new spin pairs are formed.
The suggested recombination process also explains the observation that all SL1 peaks
including the SL160 peaks can be observed regardless of the sample orientation. The 31 P-SL1
spin pair signal is only determined by the symmetry of the spin pair, which is independent
of the magnetic field direction, while the orientation-dependent triplet-singlet transition of
the SL1 center is not involved in the described process. Only for magnetic fields, where
the Zeeman interaction is comparable to the zero field splitting, the eigenstates of the
spin Hamiltonian (5.1) become mixtures of the T0 and T± states possibly leading to an
orientation-dependent recombination rate.
The experiments described so far do not allow to access the last step of the recombination
process, namely the formation of new 31 P-SL1 spin pairs after the formation of the (V-O)− center. The observed timeconstant discussed above suggests that the 31 P+ captures an
electron from the conduction band, while the (V-O)− could either emit an electron into the
conduction band or capture a hole from the valence band. The latter possibility is difficult
to reconcile with the observed resonant increase of the photocurrent since it effectively leads
to a spin-dependent recombination of an electron-hole pair.
To further investigate the resonant photocurrent increase we study the current response
after resonant excitation of the 31 P spins by a mw π pulse without illumination of the
sample. To this end, we switch off the LED 50 µs before the mw pulse and switch it on
again 50 µs after the pulse as shown in the corresponding pulse sequence in Fig. 5.9(a). For
this experiment, the current is again amplified by a Femto transimpedance amplifier without
any high- or low-pass filtering to avoid distortions of the current transient. After switching
off the LED the photocurrent drops to zero as can be seen, e.g., directly before the mw pulse
in the main panel of Fig. 5.9(a), where the current is plotted as a function of time. Directly
after the mw pulse a current peak is visible which decays within several microseconds.
After switching on the LED the current increases to its steady-state value under continuous
illumination. The current peak after the mw pulse only occurs for resonant mw excitation as
can be seen by repeating the experiment for several magnetic field values B0 and integrating
the current over a time interval from t=1.3 µs-4.0 µs. The resulting charge ∆Q is shown in
the inset of Fig. 5.9(a) as a function of B0 where B0 =364.5 mT corresponds to the low-field
31
P hyperfine transition. Comparing ∆Q for off- and on-resonance values of B0 clearly
demonstrates that the current peak after the mw pulse is a resonant effect although a small
off-resonant current transient appears. The same experiment has been repeated on some of
the SL1 peaks with similar results.
We further show that the amplitude of the current transient is not related to small
residual current in the tail of the decay observed after switching off the LED. To this
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Figure 5.9: (a) Pulse sequence to study the current transient after a resonant mw pulse without illumination. The current is plotted as a function
of time. Directly after the mw pulse a current peak is visible which decays
within several microseconds. Inset: Integrated current ∆Q as a function
of the magnetic field B0 for the integration interval t=1.3 µ-4.0 µ s. (b)
Comparison of the photocurrent decay and the spin pair lifetime. Similar to
(a), the normalized current is plotted as a function of time T after the LED
is switched off (red line). At T =10 µs, a microwave pulse is applied [pulse
sequence (I)]. For comparison, the normalized amplitude of a spin echo ∆Q
is plotted as a function of the time interval T for the pulse sequence (II).
The decay of the spin echo reflects the lifetime of the 31 P-SL1 spin pair
which is two orders of magnitude longer than the timescale of the current
decay.

end, we plot the current as a function of time T after the LED is switched off [red line
in Fig. 5.9(b)]. The current decays on a timescale of ∼2 µs consistent with the pulse rise
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and fall time of the LED current controller. In contrast, the amplitude of the current
transient, characterized here by the amplitude ∆Q of a spin echo (black squares), decays
on a timescale of ∼200 µs, two orders of magnitude longer than the timeconstant of the
current decay. The timeconstant of the decay of the spin echo amplitude is determined by
the lifetime of parallel 31 P-SL1 spin pairs as discussed in detail in Chapt. 6 and not related
to the current decay.
First of all, these observations show that the resonant current increase is caused by an
increase of the carrier density in the conduction (or valence) band and not by a change of
the carrier mobility. It also excludes the possibility that the resonant current increase is
a consequence of the quenching of a second recombination process which itself cannot be
directly measured by EDMR as observed e.g. in ODMR [166]. Secondly, the increase of the
carrier density is a resonant effect connected with the spin-dependent transfer of an electron
within the 31 P-SL1 spin pair forming a VO− . This suggests that the carrier excitation occurs
after the spin-dependent electron transfer from the VO− into the conduction band.
(ii)

(i)
31

hν

Pe

SL1
T+

31
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Figure 5.10: Sketch of the possible Auger-type process. After the spin
dependent transition, the VO center could be in a hypothetical excited state
(VO− )∗ [panel (ii)]. The -/0 charge transfer level of this state has be located
between 45 meV and 170 meV below the consuction band. Relaxation of
the (VO− )∗ to the singlet ground state provides enough energy to transfer
an electron to the conduction band.
The results of this experiment could be interpreted as a mw-induced excitation of electrons from the VO− state into the conduction band after the spin-dependent electron transfer has taken place. A direct field ionization process by the electric field of the mw pulse
seems unlikely considering the position of the VO 0/- charge transfer level 170 meV below
the conduction band much deeper than the 31 P +/0 charge transfer level and the fact that
only the VO− and not the 31 P is excited. In contrast, avalanche ionization of donors by mw
radiation has been observed e.g. in Ge [167]. Since the VO− is charged the scattering cross
section with conduction band electrons accelerated by the mw electric field is expected to
be much larger than the scattering cross section of the neutral 31 P donor or the SL1 center
preventing the ionization of the spin pair before the spin-dependent electron transfer has
taken place. However, this interpretation is difficult to reconcile with the observed resonant
excitation of carriers directly after the first mw pulse, since the VO− form only after the
spin-dependent transition which takes place on a timescale of ≈2 µs, much longer than the
length of the mw pulse. Alternatively, the carriers could be excited by an Auger-type of
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process. If the VO− is in an excited state after the spin-dependent transition, the energy
provided by the relaxation into its ground state could be transferred to one of the electrons
in the VO− , thereby exciting it to the conduction band. In addition, this relaxation process
is not forbidden by spin selection rules, therefore possibly making it sufficiently fast to explain to immediate current increase after the microwave pulse observed in the experiment.
However, both interpretations so far lack unambiguous experimental evidence so that the
cause for the resonant current increase remains to be unraveled.
It is interesting to compare the 31 P-SL1 spin pair process with the 31 P-Pb0 recombination process for which a resonant quenching of the photocurrent is observed in EDMR as
expected for a recombination process. Also, in an experiment similar to the one described
in Fig. 5.9 no current transient after the mw pulse is observed without illumination. This
means that the excitation of carriers by the mw pulse in the γ-irradiated sample is related
to a specific property of the 31 P-SL1 spin pair. The main differences between the Pb0 center and the SL1 center are their spin states and the position of their charge transfer levels
within the Si bandgap. We do not expect the spin state to play a role in the excitation
process because of the small energy differences associated with the different spin states
(µeV) when compared to the excitation energies (meV). Concerning the charge transfer
levels, the ionization energy of the Pb0 − center of ≈300 meV [79] is considerably larger
than the corresponding energy of 170 meV for the VO− possibly preventing an avalanche
ionization process to be effective in the 31 P-Pb0 spin pair samples. Concerning the Augertype of excitation process, we note that the neutral Pb0 center is in its ground state before
recombination in contrast to the SL1 and therefore, the electron transfer from the 31 P can
not provide enough energy to excite an electron from the Pb0 to the conduction band.
Independent of its microscopic interpretation, the observed excitation of carriers without illumination provides an interesting alternative for pulsed EDMR detection in these
samples. It does not suffer from the strong non-resonant current transients, since without
optical excitation the sample is non-conductive during the microwave pulses. This significantly improves the signal-to-noise ratio when compared to measurements with continuous
illumination and we will therefore use it for some of the experiments described in Chapt. 6
and Chapt. 8.3.

5.4

Conclusions and Outlook

In this chapter, we have described EMDR measurements on bulk phosphorus-doped γirradiated silicon. The prominent features in the EDMR spectra can be identified as spin
transitions of 31 P donors and SL1 centers. The SL1 center has been observed before also
in undoped samples by ESR and EDMR and was identified as the excited metastable
triplet state of the oxygen vacancy center created by the γ-irradiation. Both, cwEDMR
and pulsed EDMR measurements show that in phosphorus doped γ-irradiated silicon two
spin-dependent processes with different characteristic timeconstants can be observed; one
involving only SL1 centers and one involving 31 P donors and SL1 centers. In addition for
the latter, a resonant increase of the photocurrent is observed in contrast to the resonant

80

Spin-Dependent Processes in γ-Irradiated Silicon

decrease usually observed in photo-EDMR.
In the second part of this chapter, we have described electron electron double resonance
experiments demonstrating that the spin-depending process which leads to the resonant
increase of the photocurrent involves 31 P-SL1 spin pairs. We propose a microscopic model
of the 31 P-SL1 recombination process being capable of explaining the results of the ELDOR experiments. The spin-dependent step of this process involves the transition of the
31
P electron to the SL1 center resulting in a negatively charged VO− . After the recombination process, new spin pairs are generated by electron capture of the 31 P+ and either
the emission of an electron from the VO− into the conduction or the capture of a hole by
the VO− . The latter possibility can be excluded by an additional experiment measuring
the current response after a resonant mw pulse after switching off the illumination of the
sample. This experiment shows that a resonant mw pulse excites carriers into the conduction band consistent with the observed photocurrent increase under illumination. In a
second experiment we use two mw pulses, one resonant and one off resonant, to demonstrate
that the carrier excitation (not the spin-dependent electron transfer) is a consequence of
the intense mw pulse. We suggest that the excitation could be caused by an Auger-type
ionization process of the VO− center.
However, further experiments are needed to unravel the nature of the resonant current
increase. The first set of experiments should study different sample geometries and contact
structures to test if the current increase is a consequence of the enhanced electric field by
the large sample size and bond wires which penetrate into the resonator.

6 Determination of the Timeconstants of
Spin-Dependent Recombination Processes

A large class of spin-dependent recombination processes studied with EDMR is based on
the formation and recombination of weakly coupled spin pairs [8, 20]. In chapters 3 and
5, we have already studied two examples of such a spin pair recombination processes involving either 31 P-Pb0 or 31 P-SL1 spin pairs. A detailed understanding and modeling of
such recombination mechanisms requires the knowledge of the timeconstants involved in
the different steps of the recombination process [99, 101]. This is especially important for
the design of complex pulse sequences as e.g. the pulsed ENDOR experiments discussed in
Chapt. 8.2. Using continuous wave EDMR measurements these timeconstants can be inferred only indirectly via e.g. a variation of the magnetic field modulation frequency or the
microwave field amplitude [119]. Here, pulsed EDMR with continuous illumination [26, 27]
offers a more direct way of accessing some of these timeconstants e.g. by measuring the
current transient after an excitation of the spin system by a short microwave pulse [26]
or by designing special pulse sequences [109, 168]. However, these approaches suffer from
several drawbacks like the difficulty of separating the different timeconstants involved and
the influence of the bandwidth of the detection setup on the observed timeconstants.
In this chapter, we use pulsed EDMR in combination with time-programmed optical
excitation to determine the timeconstants of the spin-dependent recombination process via
31
P-Pb0 spin pairs [169]. This approach not only allows us to devise experiments which
access the timeconstants separately. It also makes measurements of the recombination
rate of parallel spin pairs possible as well as allows for the discrimination between electron
and hole capture processes via pulsed electron nuclear double resonance (ENDOR). This
chapter is organized as follows: In section 6.1, we first describe the recombination process
via weakly coupled spin pairs. We further devise a set of rate equations to calculate the
temporal evolution of the spin system in section 6.2. We proceed by describing experiments
to measure the recombination rate of antiparallel spin pairs (section 6.4), the generation rate
of new spin pairs (section 6.5), and the recombination rate of parallel spin pairs (section 6.6).

6.1

Recombination Process

In the following, we will first summarize the basic features of the spin pair recombination
process exemplarily for the 31 P-Pb0 spin pair, defining the relevant time constants as de81
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Figure 6.1: (a) Illustration of the recombination process via 31 P-Pb0 spin
pairs. (i) Without illumination the phosphorus donors are in a positive
charge state (31 P+ ) because of the compensation by the negatively charged
31 +
P−
P (P−
b0 . (ii) Upon illumination electrons (holes) are captured by the
b0 )
with a rate 1/τec (1/τhc ) resulting in the generation of new spin pairs with
a rate g = 1/τg = 1/τec + 1/τhc . For photo-neutralized phosphorus donors
and Pb0 -centers in spatial proximity a transition of the donor electron to
the Pb0 can take place with a fast rate 1/τap for antiparallel spin pairs (iii)
and a slow rate 1/τp for parallel spin pairs (iv). (b) Illustration of the
spin-dependent transition between 31 P donors and SL1 centers similar to
the 31 P-Pb0 spin pair. Although the SL1 center is a S = 1 state, we can
interpret the spin-dependent transition in terms of the fast transition of
antiparallel spin pairs with timeconstant τap (iii) and the slow transition of
parallel spin pairs with timeconstant τp (iv).

picted in Fig. 6.1(a) [20]. This picture is based on the model of weakly coupled spin pairs
proposed in Ref. [20] and elaborated in Ref. [99, 101, 170, 171]. In chapter 3.2, we have
established that this is the dominant spin-dependent recombination process for phospho-
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rus donors near the Si/SiO2 interface [86]. We assume that, without illumination, the 31 P
donors at the Si/SiO2 interface are compensated by interface defects and therefore are in the
ionized 31 P+ state as sketched in panel (i). Upon illumination (ii), electrons are captured
by the 31 P+ donors with a timeconstant τec and holes are captured by the P−
b0 with a time31
constant τch forming P-Pb0 spin pairs (iii) and (iv) with a rate g = 1/τg = 1/τec + 1/τhc .
The spin pair will return to the 31 P+ -P−
b0 state (i) on a time scale of τap for antiparallel spin
configuration (iii) or remain stable on much longer time scales τp for parallel spin orientation (iv) due to the Pauli principle. Consequently, a dynamic equilibrium is established, in
which in good approximation all of the spin pairs are in the parallel configuration, which
we refer to as the steady state. As will be shown in this work, τp /τap ≈100 in the samples
studied here, so that only a fraction of 0.01 of the spin pairs is in an antiparallel state. ESR
induced transitions of either the 31 P or the Pb0 electron spin will therefore increase the recombination rate giving rise to the resonant photocurrent quenching observed in EDMR. In
the picture of the recombination process presented above, we neglect the possibility of spin
pair dissociation through excitation of an electron into the conduction band since at low
temperatures (T =5 K) thermal excitation can be neglected. In principle, impact ionization
could also lead to an excitation of an electron bound to a donor into the conduction band.
However, for most of the presented experiments the microwave pulse sequence is applied
without illumination and therefore impact ionization is not expected to play a role due to
the lack of carriers in the conduction and valence bands. We also neglect the effects of spin
decoherence since typical decoherence times in the 31 P-Pb0 spin system are of the order of
1 µs [32] long compared to the timescale of the detection echoes and shorter than the other
timeconstants of the recombination process.
The 31 P-SL1 recombination process has so far not been studied in detail and therefore,
the microscopic picture of the recombination process is not completely clear. In Chapt. 5.3,
we have proposed a model for this process based on the ELDOR experiments demonstrating
that the spin-dependent transition takes place between the 31 P donor and the SL1 center
forming a VO− (see Fig. 6.1(b)). Although in contrast to the Pb0 , the SL1 is a S = 1 center,
we can still argue in terms of antiparallel and parallel spin pairs meaning that the spindependent transition from the 31 P to the SL1 is allowed or forbidden. This will also result
in two characteristic recombination times τap , and τp for antiparallel and parallel spin pairs,
respectively, with again τap  τp . The generation of new spin pairs after the spin-dependent
transition has taken place involves two steps: First, the 31 P+ has to capture an electron
from the conduction band and second, the VO− state has to be transferred back into the
SL1 state. In Chapt. 5.3, we have argued that the latter process probably involves the
emission of an electron into the conduction band explaining the observed resonant increase
of the current.

6.2

Rate Equation Model

In this section we describe a set of rate equations modeling the dynamics of the spindependent recombination process. The spin system under consideration consists of the
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phosphorus electron spin (S=1/2), the phosphorus nuclear spin (I=1/2) and the dangling
bond electron spin (S=1/2), so that 8 basis states are needed to describe its dynamics. The
discussion can be simplified by first neglecting the nuclear spin degree of freedom, which
is a valid assumptions for all experiments discussed in this chapter except for the ENDOR
experiments. The number of basis states can be further reduced by considering only the
relative orientation of the 31 P and Pb0 spins neglecting their orientation with respect to
the external magnetic field B0 . This is possible since the recombination dynamics of the
spin pairs are independent of the polarization of the electron system which manifests itself
e.g. in the magnetic field-independence of the EDMR signal amplitude [95, 172]. These
simplifications reduce the number of involved states to two, with the fraction of parallel
and antiparallel spin pairs denoted by np and nap , respectively. An additional state n+ can
be introduced to quantify the fraction of spin pairs with ionized 31 P donors and doubly
occupied Pb0 − . We assume that the spin pair is always in one of these three states giving
rise to the normalization condition np + nap + n+ =1. For the experiments described in this
chapter, the time evolution of the 31 P-SL1 spin pair populations can also be described by
taking only two of the three triplet states into account, corresponding to an parallel and
antiparallel configuration of the generalized 31 P-SL1 spin pair. Together with the other
simplifications described above, the 31 P-SL1 spin pair can therefore also be described by
the same set of rate equations. Based on the recombination picture shown in Fig. 6.1 we
can establish a system of rate equations given by
d
ρ = R̃ρ,
dt
with


np
 
ρ = nap 
n+

(6.1)



and

(6.2)



−1/τp
0
1/2τg


R̃ =  0
−1/τap 1/2τg  ,
1/τp
1/τap −1/τg ,

(6.3)

where τp denotes the recombination time of parallel spin pairs, τap the recombination time
of antiparallel spin pairs, and τg the generation time of new spin pairs. We hereby assume
that the parallel and the antiparallel state are generated with equal probability, so that the
d
generation rate for both is 1/2τg . A steady-state solution dt
ρeq =0 of Eq. (6.1) is given by

ρeq


np
 
= nap  =
1+
n+

 τp 



2τ
1
 τapg 
 ,
1
(τ + τap ) 2τg
2τg p
1

(6.4)

normalized such that np + nap + n+ =1. The time evolution of the spin pair ensemble can
be calculated by
ρ(t) = e−R̃t · ρ(0),

(6.5)
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where ρ(0) denotes the initial state of the system. The characteristic timeconstants of the
temporal evolution of ρ(t) are determined by the inverse eigenvalues λi of the matrix R̃.
These eigenvalues are given by


s 
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1 1
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1
1
1 
λ1 = −  +
+
−
+
−
2 τg τap τp
τg
τap τp
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2
2
(6.6)
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11
+
+
+
+
−
λ2 = −
2 τg τap τp
τg
τap τp
λ3 = 0.
Under the experimental conditions usually encountered in this work the recombination of
antiparallel spin pairs will be much faster than the recombination of parallel spin pairs and
the generation of new spin pairs, so that
1 1
1
 ,
τap
τp τg

(6.7)

as will be shown by the measurements described in this chapter. The expressions for the
characteristic timeconstants (6.6) then simplify to


1 1
2
λ1 = −
+
2 τg τp
1
(6.8)
λ2 = −
τap
λ3 = 0.
In the case that the optical excitation is switched off, no new spin pairs are generated, so
that τ1g = 0, which simplifies Eq. (6.6) further to
1
τp
1
λ2 = −
τap

λ1 = −

(6.9)

λ3 = 0.
Under these conditions the characteristic time constants of the temporal evolution of the
spin system are given by the recombination time of parallel and antiparallel spin pairs, τp
and τap , respectively. This is the reason why pulsed optical excitation is advantageous for
the characterization of the recombination timeconstants.
If the simplifications discussed above cannot be made, e.g. for the inversion recovery experiment under continuous optical excitation discussed in the following section, the
temporal evolution of the spin system can still be calculated analytically. The resulting
expressions are, however, lengthy and do not provide further insight. We therefore will resort to a numerical solution of Eq. (6.1) to describe the inversion recovery under continuous
illumination for which a straightforward assignment of timeconstants is difficult due to the
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fact that the recombination and generation of spin pairs take place at the same time on
similar timescales.
For the modeling of the inversion recovery pulse sequence, we start with the state vector
ρ(0) after the inversion π pulse given by



0 1 0


ρ(0) = 1 0 0 ρeq ,
0 0 1

(6.10)

ρ(T ) = eR̃·T ρ(0),

(6.11)

and further calculate

where T denotes the time interval between the inversion pulse and the detection echo and
ρ(T ) denotes the state vector before the detection echo. The amplitude of the detection
echo is given by the np (T ) − nap (T ) as discussed in section 2.8.

6.3

Experimental Details

In this chapter, we describe measurements on two types of samples. First, a Si:P type
I sample with a 31 P concentration of 3×101 6 cm−3 where the spin-dependent recombination process takes place via 31 P-Pb0 spin pairs (see Chapt. 3.2). Second, a γ-irradiated
type II sample with 31 P concentration of 1×1015 cm−3 , where spin-dependent transitions
within 31 P-SL1 spin pairs are observed in EDMR (see Chapt. 5.3). The sample are biased
with 300 mV (31 P-Pb0 sample) and 5 V (31 P-SL1 sample) and illuminated with a red LED
(630 nm). Pulsed illumination is achieved by modulating the LED current using a Thorlabs
LDC 210C current controller providing pulse rise and fall times of typically 2 µs. The measurements are as usual performed at 5.0 K stabilized to ±0.1 K in a helium gas flow cryostat.
The samples are oriented in an external magnetic field B0 with the [110]-axis of the Si wafer
parallel to B0 . The pulsed EDMR experiments are performed at a microwave frequency of
νmw = 9.739 GHz in a Bruker X-band dielectric microwave resonator for pulsed ENDOR at
B0 =350.65 mT chosen such that the microwave pulses resonantly excite the high-field 31 P
electron hyperfine transition. The microwave power is adjusted to achieve a π pulse time
of τπ = 40 ns (B1 = 0.45 mT) for the spin echoes and τπ = 30 ns (B1 = 0.6 mT) for the
inversion pulses used throughout this chapter. This ensures that the excitation bandwidth
of the inversion pulse is larger than the bandwidth of the spin echo which is a prerequisite
for an inversion recovery experiment [11]. The rf pulses are amplified by a 300 W solid
state amplifier resulting in a π pulse time of 29 µs at 6 MHz for the 31 P+ nuclear spin.
The current transients after the pulse sequence are amplified by a custom-built balanced
transimpedance amplifier with low- and high-pass filtering at cut-off frequencies of 1 MHz
and 2 kHz, respectively. For noise reduction, we employ the lock-in detection scheme with
a 4-step phase cycle discussed in Chapt. 4.1.

6.4 Recombination Rate of Antiparallel Spin Pairs

6.4
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In this section, we describe two experiments based on the inversion recovery pulse sequence
to measure the recombination time of antiparallel spin pairs τap . The first experiment is
a standard inversion recovery experiment with continuous illumination [11, 109]. Consequently, a steady state of the electron spin system is established where in good approximation all spin pairs are in parallel configuration. Application of a π pulse to one of the two
31
P electron hyperfine transitions brings the spin pairs into an antiparallel state resulting
in an inversion of the detection echo signal ∆Q when measured directly after the inversion
pulse. During the waiting time T , the antiparallel spin pairs recombine with a timeconstant τap and, at the same time, new spin pairs are formed by electron and hole capture
processes with a timeconstant τg . Both timeconstants can be extracted by measuring the
detection echo amplitude as a function of T . The corresponding data points are shown in
Fig. 6.2 for the 31 P-Pb0 spin pair (a) and for the 31 P-SL1 spin pair (b) for different light
intensities stated next to the traces. All traces have been normalized and offset to allow
for easier comparison of the involved timeconstants. Due to the interplay of both τap and
τg the observed decay cannot be described by a single strechted exponential dependence.
Rather, the time dependence can be modeled with a system of rate equation as discussed in
section 6.2. However, already by comparing e.g. the top and bottom traces it can be seen
that the observed timeconstants strongly depend on the illumination intensity. For the lowest values of the photocurrent (bottom traces in Fig. 6.2), two different timeconstants are
clearly observed in the decay. We attribute the shorter timeconstant to the recombination
of antiparallel spin pairs and the longer timeconstant to the generation of new spin pairs.
This assignment is motivated by the fact that a recombination process has to take place
before a new spin pair can be generated and therefore, the first timeconstant is related to
τap and the second to τg . This can be studied in more detail by fitting the data shown in
Fig. 6.2 (black squares and dots) with a numerical solution of Eq. (6.11) (red lines) with
fitting parameters 1/τap , 1/τg , an amplitude and an offset for each value of the photocurrent. The offsets accounts for an imperfect subtraction of the background by the lock-in
detection scheme. In addition, we use fixed values of τp =1.2 ms for the 31 P-Pb0 spin pair
and τp =350 µs for the 31 P-SL1 spin pair obtained from experiments described in Chapt. 6.6.
The fits reproduce the basic features of the data traces quite well, although the step-like
structures are more pronounced in the fits. This deviation can be mainly attributed to the
fact, that only a single recombination rate instead of a broader distribution has been taken
into account in the recombination model presented above. Averaging over a distribution of
recombination rates leads to a stretched exponential decay instead of a single exponential
dependence masking the step-like structure.
The values of τap extracted from the fits are plotted in Fig. 6.2(c) for the 31 P-Pb0 spin
pair and in (d) for the 31 P-SL1 spin pair. We find values of τap ≈7 µs and τap ≈5 µs
for low illumination intensities, respectively, which slightly decrease for higher illumination
intensities. The reason for this decrease is not clear at the moment. It could be that a
different subensemble of spin pairs with shorter τap contributes to the observed signal for
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Figure 6.2: Inversion recovery pulse sequence under continuous illumination. After a mw π pulse, the spin pairs are in an antiparallel state from
where they recombine with a timeconstant τap during the waiting time T .
At the same time, new spin pairs are generated with a rate 1/τg by electron and hole capture from the conduction and valence bands, respectively.
A spin echo is used to determine the amount of parallel and antiparallel
spin pairs as a function of T . The results are shown in panel (a) for the
31
P-Pb0 spin pair and in panel (b) for the 31 P-SL1 spin pair for different
light intensities (black symbols, data normalized and offset for clarity). The
data traces can be fitted by numerically solving the system of rate equations
(6.2) with τg and τap as fitting parameters. The resulting fits are shown as
red lines with the different recombination rates 1/τap plotted in (c) for the
31
P-Pb0 spin pair and in (d) for the 31 P-SL1 spin pair. The generation rates
1/τg are summarized in Fig. 6.6.
higher illumination intensities.
The values for 1/τg are summarized later in Fig. 6.6 together with the result from further
experiments performed to measure τg which are discussed in Chapt. 6.5. The results will be
discussed in Sec. 6.5. The discussion above shows that the recombination rate of antiparallel
spin pairs cannot be extracted by simple strechted exponential fits of the inversion recovery
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data. Such an evaluation of the data obtained under continuous illumination is only possible
if τg  τap or τg  τap .
To separate the effects of recombination and generation the optical excitation can be
switched off during the inversion recovery pulse sequence as sketched in Fig. 6.3. During
illumination all spin pairs are in an antiparallel state and remain so for a time τp after
switching of the light. The inversion recovery pulse sequence is applied 50 µs after switching
off the illumination which is much longer than the 2 µs fall time of the light pulse to ensure
that no carriers are left in the conduction band. During the waiting time T , the antiparallel
spin pairs recombine, however, in contrast to the case of continuous illumination, no new
spin pairs are generated. Therefore, τap can be determined directly by measuring the number
of antiparallel spin pairs as a function of T using a spin echo sequence followed by a detection
light pulse as discussed in section 2.8. For the 31 P-SL1 spin pair we directly record the
current transient after the detection echo before switching on the illumination as discussed
in Chapt. 5.3. The results of such a measurement is shown in Fig. 6.3, where the detection
echo amplitude ∆Q is plotted as a function of T (black symbols). The first decay reflects the
recombination of antiparallel spin pairs. It can be fitted with a strechted exponential with
a timeconstant of τap =15.5±0.8 µs and an exponent of n=0.5 for the 31 P-Pb0 spin pair and
τap =2.0±0.1 µs with n=0.6 for the 31 P-SL1 spin pair. The strechted exponential character
of the decay is a consequence of the broad distribution of recombination rates within the
ensemble of spin pairs caused by a distribution of donor-defect distances over the sample.
The second decay with a longer time constant of τp =1.2 ms (31 P-Pb0 ) and τp =0.85 ms
(31 P-SL1) is caused by imperfections of the first π pulse. It reflects the recombination of
those spin pairs for which the 31 P spin has not been inverted by the first π pulse and which
are therefore in a parallel state. They recombine with a rate 1/τp during the waiting time
T . To reduce uncertainties in the determination of these rates, we use further experiments
discussed in section 6.6 to independently measure τp . The timeconstant and exponent of the
slower decay of the fit shown in Fig. 6.3 are therefore fixed to the values obtained in these
experiments and only τap and the amplitudes of the decays were left as free parameters in
the fit.
Summarizing this section, the inversion recovery measured without illumination allows
us to determine the recombination time of antiparallel spin pairs τap =15.5 µs for 31 PPb0 spin pairs and τap =1.8 µs for 31 P-SL1 spin pairs. The strechted exponential character
of the decay suggest a broad distribution of recombination rates within the spin pair ensemble. The timeconstant of the second decay observed in this experiment is attributed to
the recombination of parallel spin pairs and its value is consistent with independent measurements giving a value of τp =1.2 ms and τp =0.26 ms, respectively. The decay observed
in the inversion recovery under continuous illumination is caused by two processes, the
recombination of antiparallel spin pairs and the generation of new spin pairs, which cannot
easily be separated. The decay can be fitted using a system of rate equations allowing to
extract values for τap and τg as discussed in section 6.5.
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Figure 6.3: In the upper part, the pulse sequence used to determine the
recombination time of antiparallel spin pairs τap is depicted. It is based on
a standard inversion recovery pulse sequence with spin echo detection. To
separate the effects of spin pair recombination and generation the above
bandgap illumination provided by a red LED is switched of 50 µs before
the inversion pulse and switched on 50 µs after the detection spin echo,
so that during the inversion recovery pulse sequence no new spin pairs are
generated. In the lower part, the amplitude of the detection echo ∆Q
(black symbols) is shown as a function of the waiting time T between the
inversion pulse and the detection spin echo for the 31 P-Pb0 spin pair (a)
and the 31 P-SL1 spin pair (b). The observed decay can be fitted with
two strechted exponential decays (red line), the first with timeconstants of
τap =15.5±0.8 µs and τap =1.8±0.2 µs and exponents of n=0.5 and n = 0.45,
respectively. The second decay with a longer time constant of τp =1.2 ms
and τp =0.26 ms reflects the recombination of those spin pairs for which the
31
P spin has not been inverted by the first π pulse and which therefore are
in a parallel state during the waiting time T .

6.5

Generation Rate of Spin Pairs

In the next set of experiments we will determine the generation rate of new spin pairs after a
recombination process has taken place. To this end, we employ the pulse sequence sketched
in Fig. 6.4. At the beginning of the pulse sequence without illumination all spin pairs are
31 +
in the charged 31 P+ -P−
P -VO− state. We switched off the illumination at least 10 ms
b0 or
before the pulse sequence much longer than the recombination timeconstant of parallel spin
pairs (cf. Chapt. 6.6 to ensure that all spin pairs have recombined. A light pulse of length T
(fill pulse) generates new spin pairs with a rate 1/τg depending on the intensity of the light
pulse. The amount of newly created spin pairs is determined by measuring the amplitude
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∆Q of a spin echo as a function of T . Following the discussion in the Appendix D, the echo
amplitude is expected to increase exponentially with a characteristic timeconstant of
1
2
= −
1
λ1
+
τg

2
τp

(6.12)

.

This means that the timeconstant observed in the fill pulse length experiment is determined
by the faster of the two processes: the generation of new spin pairs and the recombination
of parallel spin pairs.
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Figure 6.4: Pulse sequence to determine the generation rate with which
new spin pairs are formed under illumination. Starting without illumination
with 31 P+ -P−
b0 spin pairs, a light pulse of length T (fill pulse) creates new
31
spin pairs P-Pb0 by electron and hole capture from the conduction and
valence band. The amount of newly created spin pairs is determined by
measuring the amplitude ∆Q of a spin echo as a function of T . The results
are shown in the lower part for different intensities of the first light pulse
given in units of the corresponding photo currents (black squares, offset for
clarity) while the intensity of the detection light pulse is kept constant. The
data is fitted with a strechted exponential dependence with a characteristic
timeconstant given by 2/( τ1g + τ2p ) (red lines).
The experimental results are shown in the lower part for different intensities of the first
light pulse given in units of the corresponding photo currents (black squares, offset for
clarity) while the intensity of the detection light pulse is kept constant at 16.7 mW/cm2 .
Starting from ∆Q = 0 for short fill pulses the echo amplitude increases for increasing T with
a characteristic timeconstant determined by fitting the data with a strechted exponential
of the form
 
n
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1
+ τ2
τg
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,

(6.13)
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where the value of τp is fixed to 1.2 ms (31 P-Pb0 ) and 0.33 ms (31 P-SL1), respectively. The
value of 0.33 ms is chosen as the average of the two values obtained for τp in section 6.6. A
summary of the timeconstants τg is plotted in Fig. 6.6 (green triangles) together with the
1/τg values obtained by fitting the results of the inversion recovery experiment (cf. Fig. 6.2)
under continuous illumination (black squares). Both experiments consistently show a linear
increase of the generation rate with increasing photocurrent confirming the assignment of
τap and τg in the previous section. Assuming a constant mobility, this results in a linear
dependence of the generation rate on the carrier density as expected for an electron capture
process. This fitting procedure of the fill pulse length dependence only gives meaningful
results for τg as long as 1/τg . 2/τp . Since τg increases for decreasing illumination intensities
its value can not be determined at low illumination intensities.
The experiments described so far allow us to determine the generation rate of new spin
pairs. Referring to Fig. 6.1, the timeconstants of two processes, namely the capture of an
electron by the 31 P+ and the capture of a hole by the P−
b0 , are involved generation of new
31
spin pairs. Concerning the P-SL1 spin pair, a hole capture process of the VO− is unlikely
to occur because of the observed resonant decrease of the photocurrent. The corresponding
process therefore is more likely the emission of an electron from the VO− into the conduction
band as discussed in Chapt. 5.3. To decide whether the observed timeconstant is determined
by the electron or hole capture (electron emission) process, we can use the nuclear spin of
the ionized 31 P donor [31] with the pulse sequence sketched in Fig. 6.5.
Starting from the steady-state under illumination, in a first step we selectively depopulate the 31 P donors associated with one orientation of their nuclear spin with respect to
the B0 -field e.g. spin up. This is done by switching off the LED and applying two π pulses
on the corresponding 31 P electron hyperfine transition. The spin pairs with 31 P nuclear
spin up are now in an antiparallel state and therefore recombine with a timeconstant of
15 µs (2 µs for 31 P-SL1) while the spin pairs with the 31 P nuclear spin down prevail on
the much longer timescale τp . This results in ionized 31 P donors with one preferred direction of their nuclear spin since without illumination no new spin pairs are generated. The
nuclear spins of the ionized 31 P can be resonantly flipped by applying a rf π pulse with
a frequency of 6.036 MHz corresponding to the bare Larmor frequency of the 31 P nuclear
spin [31]. This results in a polarization of the nuclear spins which can be detected by comparing the amplitudes of spin echoes for resonant (∆Q6MHz ) and off-resonant (∆Q7MHz ) rf
pulses measured after repopulating the donors with a light pulse. The polarization is then
given by 1-(∆Q6MHz )/(∆Q7MHz ). Introduction of a light pulse between the depopulation
pulses and the rf pulse repopulates the 31 P+ donors with a rate 1/τec , thereby reducing the
achievable nuclear spin polarization. Figure 6.5 shows the polarization for an illumination
intensity of 20 mW/cm2 as a function of the length T of the light pulse. The polarization decays with a timeconstant of τec =40± 9 µs and an exponent fixed to n=0.78 for the
31
P-Pb0 spin pair and τec =46± 7 µs (n=1) for the 31 P-SL1 spin pair as determined by a
strechted exponential fit. The timeconstant observed in the generation of new spin pairs
is given by 1/τg = 1/τec + 1/τhc assuming that the electron and hole capture processes are
uncorrelated. Since the timeconstant observed in the ENDOR experiment, which directly
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Figure 6.5: Pulse sequence to measure the electron capture rate using
the nuclear spin of the ionized 31 P donor as a probe. The first part of the
pulse sequence removes the electron from the 31 P donor for one orientation of its nuclear spin with respect to the B0 -field as described in [31].
During the following light pulse of length TLED the 31 P+ captures electrons
with a rate 1/τec . The amount of ionized 31 P donors after the light pulse is
probed by applying an rf π pulse with a frequency corresponding to the Larmor frequency of the 31 P+ nuclear spin. The resulting nuclear polarization
determined by a detection spin echo reflects the amount of 31 P+ nuclear
spins before the rf pulse. In the lower part of the figure, the polarization
for Iphoto =26.5 µA (31 P-Pb0 ) and Iphoto =31 µA (31 P-SL1) is plotted as a
function of the length T of the light pulse. The polarization decays with a
timeconstant of τec =40 µs (31 P-Pb0 ) and τec =46 µs (31 P-SL1) as determined
by a strechted exponential fit.
measures the electron capture timeconstant τec , is similar to the value measured for τg , we
associate τg = τec . As a consequence, τh c has to be shorter than τe c, but we so far could
not determine its value.
The fact that the polarization does not decay to zero indicates a steady-state nuclear
polarization created by the illumination as has been observed in illuminated phosphorus
doped silicon at higher (8 T) magnetic fields [53]. The reason for this steady-state polarization appears to be related to the excitation of carriers into the conduction band but further
experiments are needed for clarification.
The electron capture rate of a 31 P+ donor can be calculated by 1/τec =σec · n, where
n denotes the carrier density in the conduction band and σec the electron capture rate
constant. A value of σec =6x10−5 cm3 s−1 has been determined for 31 P+ in silicon at 3 K
by Thornton et al. [22]. We can estimate the value of n in our sample for an illumination
intensity of Iillu ≈ 20 mW/cm2 , which has been determined by placing a photodetector
at the position of the sample inside the cryostat. For red light with a wavelength of

94

Timeconstants

635 nm, this corresponds to a photon flux of Iphoton =6.4·1016 cm−2 s−1 incident on the sample surface. With an absorption coefficient of αSi ≈2·103 cm−1 (77 K) [173], a fraction of
e−αSi ·d ≈0.6 of the incident photons are absorbed in the top d=2.5 µm of the sample above
the SOI layer [cf. Fig. 3.1(a)]. We assume that the optically excited carriers rapidly diffuse
within this layer, so that we can use a spatially homogeneous carrier generation rate of
G = 0.6 · Iphoton /d = 1.6 · 1020 cm−3 s−1 . The carrier density n is then given by n = G · τ ,
where τ denotes the carrier lifetime. We experimentally determine an upper bound for τ by
measuring the decay timeconstant of the current transient after a rectangular illumination
pulse and find a decay timeconstant of 100 ns, which, however, corresponds to the bandwidth limit of our measurement setup. Surface recombination velocity of S = 104 cm/s have
been reported for the Si/SiO2 interface with a native oxide [174] corresponding to a carrier
lifetime of τ = d/2S=10 ns. Taking τ =10 ns results in n=1012 cm−3 , so that we expect an
electron capture rate of 1/τec =6 · 10−5 cm3 /s·1012 cm−3 =107 s−1 , two orders of magnitude
larger than the experimentally observed values. However, higher values of S are expected
for Si/Au contacts, as present in our samples, since Au defects in Si act as very efficient
recombination centers [175]. Such very high surface recombination velocities might reduce
the carrier density appreciably thereby explaining the rather small electron capture rates
we observe in our samples. In the bulk γ-irradiated silicon samples, the situation is made
more complicated by the fact that the illumination intensity depends on the distance from
the surface, so that carrier density and therefore also the capture rate is expected to depend
on the location of the spin pair. In general, due to diffusion, the carriers created by illumination will be distributed over a larger volume when compared to the silicon-on-insulator
samples discussed above. In addition, the defects introduced by γ-irradiation also act as
recombination centers thereby reducing the carrier lifetimes explaining the comparatively
long electron capture timeconstants.
Summarizing this section, we measured the generation rate of new spin pairs which is
shown to be linearly dependent on the illumination intensity in good agreement with the
results of the inversion recovery experiment under continuous illumination. Using pulsed
ENDOR measurements on the nuclear spin of the ionized 31 P donors, we identify the observed timeconstant with the timeconstant of an electron capture process. We attribute
the comparatively large values of these timeconstants to the reduced carrier lifetimes when
compared to bulk silicon caused by the presence of effective recombination centers like e.g.
Au, Pb0 centers, or radiation defects, in our samples.

6.6

Recombination Rate of Parallel Spin Pairs

The recombination time τp of parallel spin pairs, which has been observed in the inversion
recovery measurement shown in Fig. 6.3, can be determined directly by measuring the
amplitude of a spin echo with pulsed optical excitation as a function of the time T between
the spin echo and the detection light pulse (see Fig. 6.7(a)). Starting from a steadystate with only parallel spin pairs, a spin echo creates antiparallel spin pairs for the (-x)
phase and parallel spin pairs for the (+x) phase of the last π/2 pulse. For waiting times
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Figure 6.6: Summary of the generation rates of new spin pairs g as a
function of the photocurrent determined from the three different experiments, namely the variation of the fill pulse length (green triangles), the
inversion recovery under continuous illumination (black squares) and the
detection using the ionized donor nucleus (red dot). All experiment consistently show a linear dependence of the generation rate as a function of
the photocurrent. Assuming a constant mobility, this results in a linear
dependence of the generation rate on the carrier density as expected for an
electron capture process.
τp  T  τap the antiparallel spin pairs have recombined while the parallel spin pairs
have not. Switching on the illumination results in a current transient with an amplitude
proportional to the number of recombined spin pairs. For T > τp the parallel spin pairs
recombine as well decreasing the contrast between the (+x) and (-x) phases of the spin
echo and thus the observed spin echo amplitude.
This method is difficult to employ for the 31 P-SL1 spin pair since the current transient
always occurs directly after the detection spin echo independent of the position illumination
pulse as described in Chapt. 5.3. However, a similar type of experiment to determine τp
can be envisioned, where the detection echo amplitude is recorded as a function of the
time interval T between the end of the first illumination pulse (fill pulse) and the spin echo
(Fig. 6.7(b)). Directly after the fill pulse, all spin pairs are in the antiparallel state. For
T > τp the parallel spin pairs recombine, thereby reducing the number of detectable spin
pairs.
Figure 6.7(a) shows the amplitude of the detection echo ∆Q (black symbols) as a function of the waiting time T between the spin echo and the detection light pulse for the
31
P-Pb0 spin pair, while in panel (b) ∆Q is plotted as a function of the time interval between the fill pulse and the detection spin echo for the 31 P-SL1 spin pair. The observed
decay in (a) can be fitted by two strechted exponentials with an exponent of 0.5 and timeconstants of 15.5 µs and 1.2±0.1 ms, respectively. The former reflects the recombination
rate of antiparallel spin pairs as determined by the inversion recovery experiment (Fig. 6.3),

96

Timeconstants
(a)

31

P-Pb0

LED

(b)

π/2 π π/2

T

31

P-SL1

0

π/2 π π/2

T

LED
0

-10

5

∆Q (10 e)

-1
-2
τap=15.5 µs
n=0.5

-3
-4

1

10

100

τp=260(20) µs
n=0.7

τp=1.2(1) ms
n=0.5
-20

1000
T (µs)

10000 100000

1

10

100

1000

10000 100000

T (µs)

Figure 6.7: The upper part shows the pulse sequence used to determine
the recombination time of parallel spin pairs τp . (a) For the 31 P-Pb0 spin
pair, the integrated current transient is recorded as a function of the time
interval T between the detection spin echo and the detection light pulse.
The experimentally observed decay can be fitted by two strechted exponentials with an exponent of 0.5 and timeconstants of 15.5 µs and 1.2±0.1 ms,
respectively. (b) For the 31 P-SL1 spin pair, the current transient always appears directly after the detection spin echo even without illumination. To
determine τp , the echo amplitude is therefore measured as a function of the
time interval between the end of the fill light pulse and the spin echo. The
observed decay is fitted with a strechted exponential with a timeconstant
of 260±20 µs.

while the later is attributed to the decay of parallel spin pairs. For the fit (red line) the
exponent and time constant of the first decay have been fixed to the values determined by
the inversion recovery experiment. The decay in panel (b) is fitted with a single strechted
exponential with τp =260±20 µs and n=0.45. The fast decay associated to the recombination of antiparallel spin pairs observed in (a) can not be seen in (b) due to its short
timeconstant of 1.8 µs.
We can also use the nuclear spin of the ionized 31 P donor to measure the recombination
time of parallel spin pairs similar to the measurement of the generation rate shown in
Fig. 6.5. We first selectively depopulate one hyperfine transition of the 31 P donors e.g.
with nuclear spin up. We then apply a π pulse on the nuclear spin transition of the ionized
donor to create a nuclear spin polarization which is measured using a spin echo similar to
the experiment described in Chapt. 6.5. For large waiting times T between the depopulation
sequence and the rf pulse also the parallel spin pairs start to recombine so that also the
31
P with nuclear spin down become ionized, thereby reducing the polarization created by
the rf pulse. Figure 6.8(a) shows the polarization as a function of T for the 31 P-Pb0 spin
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Figure 6.8: Pulse sequence used to measure the recombination rate of
antiparallel spin pairs using the nuclear spin of the ionized 31 P donor as a
probe. First, the 31 P donors with one orientation of their nuclear spins with
respect to the magnetic field are depopulated. Application of an rf π pulse
on the 31 P+ nuclear spin transition after a waiting time T creates a nuclear
spin polarization which is measured using a spin echo after repopulating
the donors with a light pulse. The nuclear spin polarization (black squares)
decays for large time intervals T due to the recombination of parallel spin
pairs. The decay can be fitted with a strechted exponential (red line) with
τp =1.0±0.5 ms and n=0.5 for the 31 P-Pb0 spin pair and τp =390±60 µs and
n=1 for the 31 P-SL1 spin pair.

pair which decays with a timeconstant of τp =1±0.5 ms and an exponent of 0.5. This is in
good agreement with τp =1.2 ms obtained in the experiment described in Fig. 6.7. In (b), a
strechted exponential decay with a timeconstant of τp =390±60 µs is observed which is also
in good agreement with τp =260 µs determined above when the different exponent is taken
into account.
Considering the 31 P-Pb0 spin pair, the recombination of parallel spin pairs can be interpreted as a two step process consisting of a spin flip of either the 31 P or the Pb0 spin
and a recombination of antiparallel spin pairs. A value of ≈10 s has been determined for
the spin relaxation rate for 31 P electron spins in silicon at 5 K [176] and comparable 31 P
concentrations much larger than the value of τp =1.2 ms observed in our experiments. The
spin relaxation time of dangling at the Si/SiO2 -interface in crystalline silicon has so far
not been studied experimentally. There are, however, detailed studies of the dangling bond
relaxation in amorphous silicon which report relaxation times of 0.1-1 ms at 0.3 T and
5 K [177, 178]. Since these values are comparable with τp =1.2 ms obtained in this work, we
attribute the recombination of antiparallel spin pairs to be caused by the spin relaxation
of the Pb0 spins. In the 31 P-SL1 spin pair, the recombination rate of parallel spin pairs is

98

Timeconstants

most likely limited by the lifetime of the metastable SL1 state. Values of 0.3 ms-1 ms have
been reported for this lifetime [139] depending on the orientation of the SL1 center with
respect to the magnetic field [35] in good agreement with the values determined above.

6.7

Pulsed EDMR Photocurrent Transients

The timeconstants involved in the recombination process also determine the spin-dependent
part of the photocurrent transient after resonant excitation by a short microwave pulse [26].
In this section, we set up a rate equation model describing the pEDMR current transient
and compare the simulated current transients with experimental results. We hereby extent
the model described in Chapt. 6.2 by including the hole capture timeconstant explicitly.
We discuss the dynamics of the populations of the spin states in terms of the five states
sketched in Fig. 6.9. This includes the parallel (i) and antiparallel states (ii) of the spin
pair, the 31 P+ -Pb0 − state, the 31 P+ -Pb0 state, and the 31 P-Pb0 − state. The corresponding
populations are denoted by np , nap , n3 , n4 , and n5 , respectively. They are normalized such
that np + nap + n3 + n4 + n5 = 1, so that, e.g., nap denotes the fraction of 31 P-Pb0 pairs in
the antiparallel configuration. The time evolution of the state vector ρ5 is governed by the
np

nap
(i)
31
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Pe

31

τap

hν

hν

Pb0

Pe

τp
Pb0
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n4
τec
hν
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P

+

Pb0
τhc
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hν

(iv)
31

(v)
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31
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Figure 6.9: We discuss the dynamics of the populations of the spin states
in terms of the five states sketched in panel (i)-(v). These include the
parallel (i) and antiparallel states (ii) of the spin pair, the 31 P+ -Pb0 − state,
the 31 P+ -Pb0 state, and the 31 P-Pb0 − state. The corresponding populations
are denoted by np , nap , n3 , n4 , and n5 , respectively.

differential equation
d
ρ5 = R̃5 ρ5 ,
dt

(6.14)
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np
n 
 ap 
 
ρ5 =  n3  ,
 
 n4 
n5

and

(6.15)




−1/τp
0
0
1/2τec 1/2τhc
 0
−1/τap
0
1/2τec 1/2τhc 




R̃5 =  1/τp
1/τap −1/τec − 1/τhc
0
0 .


 0
0
1/τhc
−1/τec
0 
0
0
1/τec
0
−1/τhc

(6.16)

The solution of Eq. (6.16) given by
˜

ρ5 (t) = ρ5 (0) · eR5 ·t

(6.17)

describes the time evolution of ρ5 (t). The steady-state vector ρ5eq is determined by the
condition
 eq 
np
neq 
 ap 
 
(6.18)
R̃5 · ρ5eq = R̃5 neq
 = 0.
 3eq 
 n4 
neq
5

Having established the dynamics of the spin state populations, we calculate the changes of
the carrier densities in the conduction and valence bands ne and nh , respectively. The time
dependence of the carrier densities are given by
dne
ne (t) nsp
−
(n3 (t) + n4 (t))
=G−
dt
τl
τec
(6.19)
dnh
nh (t) nsp
=G−
−
(n3 (t) + n5 (t)),
dt
τl
τhc
where G is the generation rate of electron-hole pairs, τl the carrier lifetime in the sample
assuming monomolecular recombination, and nsp the density of 31 P-Pb0 pairs, so that, e.g.,
nsp · nap denotes the density of antiparallel spin pairs. The third term in the Eqs. (6.19)
describes the change of the carrier densities caused by spin pair recombination. We assume
that this term is small when compared to the first two terms. This is justified since in
EDMR the relative current changes are usually <10−2 . With this assumption, we can
calculate the steady-state of Eqs. (6.19) given by
nsp · τl
ne (t) = τl · G −
· (n3 (t) + n4 (t))
τec
(6.20)
nsp · τl
nh (t) = τl · G −
· (n3 (t) + n5 (t)).
τhc
The change of the carrier densities after a resonant microwave pulse is then given by
nsp · τl
∆ne (t) =
· (∆n3 (t) + ∆n4 (t))
τec
(6.21)
nsp · τl
∆nh (t) =
· (∆n3 (t) + ∆n5 (t)),
τhc
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where ∆ni = neq
i − ni (t) with i = 3, 4, 5. This results in a photoconductivity change of
(6.22)

∆σ = e [µe ∆ne + µh ∆nh ] ,

where µe and µh denote the electron and hole mobilities, respectively. With this, the relative
change in photoconductivity becomes
∆σ
e (µe ∆ne + µh ∆nh )
=
σ
e · G · τl · (µe + µh )


nsp
γ
1
=
(∆n3 (t) + ∆n4 (t)) +
(∆n3 (t) + ∆n5 (t)) ,
G(1 + γ) τec
τhc

(6.23)

where we have introduced the ratio of the electron and hole mobilities γ = µµhe .
We will briefly discuss some implications of Eq. (6.23). First, it predicts that the
maximum relative change of the photocurrent ∆I/I ∝ ∆σ/σ only weakly depends on the
illumination intensity. The electron-hole pair generation rate G as well as the electron
and hole capture rates 1/τec and 1/τhc are proportional to the illumination intensity, so
that their ratio in Eq. (6.23) is independent of the illumination intensity. Only the ∆ni (t)
depend on the illumination intensity via τec and τhc , with, however, only small variations
as long as τec , τhc > τap as confirmed by numerical simulations of Eq. (6.17).
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Figure 6.10: Spin-dependent photocurrent transients normalized to the
photocurrent after resonant excitation by a short microwave pulse for different illumination intensities (open circles). The solid lines show fits of the
experimental data based on Eq. (6.23).
To compare the predictions of Eq. (6.23) with experimental data, we record photocurrent transients in the 31 P-Pb0 sample for three different illumination intensities. We use
a Femto current amplifier with a bandwidth of ≈1 MHz without any additional filtering,
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Table 6.1: Summary of the parameters used for the fits of the photocurrent transients for three different illumination intensities. Only two fitting
parameters are used: the 31 P-Pb0 density nsp and the ratio τec /τhc . All
other parameters are extracted from the results obtained in this Chapter,
γ is estimated based on Ref. [179]
illumination
τap (µs)
mW
intensity ( cm2 )
6.7
7
20
4
66.7
2

τp (µs)

τec (µs)

τhc (µs)

G ( cm13 s )

1200
1200
1200

150
50
15

30
10
3

9·1019
27·1019
90·1019

nsp ( cm1 3 ) γ
6·1012
6·1012
6·1012

2
2
2

since in particular high-pass filtering alters the shape of the current transient. The pulse
used for resonant excitation has a length of 120 ns with a microwave magnetic field amplitude of 0.17 mT. The non-resonant part of the photocurrent transient was removed by
recording the photocurrent transient at two additional values of the static magnetic field
where no resonances are observed and subtracting the linearly interpolated transient as
a background [27]. The resonant part of the transients normalized to the photocurrent
is shown in Fig. 6.10 (open circles). All three transients show a similar maximum value
of ∆I/I, although the illumination intensity varies over one order of magnitude confirming the prediction of Eq. (6.23). Similar observations have been reported in Ref. [174] for
cwEDMR measurements in hydrosilylated silicon. We also observe that the characteristic
timeconstants of the current rise and fall increase with decreasing illumination intensity,
indicating that they are related to the electron and hole capture timeconstants.
For further comparison, we fit the three photocurrent transients with the recombination
model described by Eq. (6.16) and Eq. (6.17) in combination with Eq. (6.23). To this end,
starting from ρeq , we calculate ρ(t) after an ideal π pulse which exchanges the populations
of the antiparallel and parallel spin states. We use only two free parameters to fit the
data for all three illumination intensities: the density of 31 P-Pb0 pairs nsp and the ratio
of the electron and hole capture timeconstants τhc /τec . The recombination timeconstants
of antiparallel and parallel spin pairs τap and τp are extracted from Fig. 6.2 and Fig. 6.7,
the electron capture rate is taken from Fig. 6.6, the electron-hole pair generation rate G is
calculated from the measured illumination intensity, and the ratio of the electron and hole
mobilities γ is estimated to be ∼2 [179]. All parameters are summarized in Table 6.1. The
best fits (solid lines in Fig. 6.10) are obtained for τec /τhc =0.2 and a 31 P-Pb0 pair density of
nsp =6·1012 cm−3 corresponding to an absolute number of 6·107 31 P-Pb0 pairs in the sample.
The density of 31 P-Pb0 pairs can be estimated from the 31 P density of 3·1016 cm−3 in the
20 nm thick doped epilayer, since the area density of 31 P donors (6·1010 cm−2 ) is much
smaller than the Pb0 density (1·1012 cm−2 ), so that nsp is limited by the donors rather
than by the Pb0 centers. In Chapt. 4.3, we estimate from the simulation of the DEER
measurements, that only 31 P donors in a ∼4 nm thick layer can be observed in pEDMR. In
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addition, we assume that the whole silicon layer above the buried oxide is illuminated and
therefore contributes to the observed current. This reduces the density of 31 P-Pb0 pairs with
respect to the whole volume through which the current flows to 6·1013 cm−3 in reasonable
agreement with the fit result of nsp =6·1012 cm−3 .
The recombination model discussed here differs in several aspects from the standard
model [26] used to describe the photocurrent transient in pEDMR. First, we simplify the
rate equations by neglecting the 31 P-Pb0 coupling since it is much smaller than the 31 PPb0 Larmor frequency difference (cf. Chapt. 4.3), as well as the possibility of spin pair
dissociation by emission of an electron (hole) into the conduction (valence) band. Most
importantly, we explicitly take the electron and hole capture timeconstants into account,
which have been neglected in the description of the spin pair dynamics in Ref. [26]. For the
experimental conditions in this work, these timeconstants are longer than the recombination
timeconstant of antiparallel spin pairs, so that the time dependence of the photocurrent
is mainly determined by τec and τhc rather than τap as confirmed by the transients shown
in Fig. 6.10. In addition, for the low illumination intensities used in this work, the initial
increase of the current transient is not limited by the RC timeconstant of ∼1 µs of the
measurement setup. It is rather determined mainly by the hole capture rate consistent with
the experimentally observed slower increase for lower illumination intensities (cf. Fig. 6.10).
To summarize, we have developed a model describing the photocurrent transient after
a resonant excitation of the spin system. Simulations of the current transient based on this
model are in good agreement with the measured current transients for different illumination
intensities, giving in particular a reasonable estimate for the density of 31 P-Pb0 spin pairs
involved in the recombination process. In contrast to previous models, we include the
electron and hole capture timeconstants in the calculation of the dynamics of the spin pair
populations, which mainly determine the time dependence of the transient.

6.8

Consequences of a Broad Distribution of Recombination Timeconstants

In this Chapter, we use strechted exponential functions to fit most of the experimental
results. We have argued that the strechted exponential character is a consequence of a
broad distribution of timeconstants for different spin pairs contributing to the observed
signal (cf. Appendix C). For example, in Chapt. 4.3, we have shown that the DEER
echo decay can be described by an ensemble of spin pairs with spin pair distances ranging
from 14 nm to 20 nm. Assuming that the recombination timeconstant is determined by a
tunneling process, this results in a broad distribution of the recombination timeconstants
τap , due to the exponential dependence of τap on the spin pair distance [cf. Eq. (4.19)]. The
same arguments also apply for the photocurrent transient, which is box-car integrated to
obtain the EDMR signal ∆Q, where the recombination timeconstant τap also appears as a
characteristic timeconstant.
In the following, we discuss a simplified model demonstrating that in a sample, where a
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broad distribution of recombination timeconstants is present, the inversion recovery decay
timeconstant is determined by the box-car integration interval. For the model of the photocurrent transient described in Eq. (25) in Ref. [26], the photocurrent after a microwave
pulse is
I(t) ∝ r · e−r·t ,
(6.24)
where we have introduced the recombination rate of antiparallel spin pairs r = 1/τap . This
model can only be applied to spin pairs with short electron and hole capture timeconstants
as outlined in Chapt. 6.7, which is the case we will discuss in the following. For longer
capture timeconstants, a similar reasoning can be applied to measurements of the electron
capture timeconstant. Equation (6.24) is a simplification of Eq. (25) in Ref. [26] taking into
account that ττapp = 0.01  1, that the 31 P-Pb0 spin-spin coupling is much smaller than the
difference of their Larmor frequencies, and that the possibility of spin pair dissociation can
be neglected.
For the spin pair ensemble, the current transient [Eq. (6.24)]) has to be averaged over a
distribution ρ(r) of recombination rates. Assuming a homogeneously 31 P-doped layer with
a 31 P concentration c, the area density of dopants σ is given by
Z zmax
c · dz
σ=
0
Z rmax
(6.25)
ρ(r)dr,
=
rmin

where z denotes the distance between the donor and the Si/SiO2 interface, which, for
simplicity, we assume to be equal to the 31 P-Pb0 distance. We further calculate ρ(r) taking
into account the exponential dependence of r on the 31 P-Pb0 distance
z

r(z) = r0 · e− a ,

(6.26)

where r0 and a are unknown parameters. The change of variables in Eq. (6.25) results in
c 1
1
· ∝ .
(6.27)
a r
r
With these considerations, we are now able to calculate the current transient after the
detection echo for the inversion recovery experiment as a function of the time interval T
(cf. Fig. 6.3). In Chapt. 6.2, we have shown that without illumination the timeconstant of
the inversion recovery decay is determined by r = 1/τap , so that
ρ(r) =

I(t) ∝ e−r·T .

(6.28)

The current transient averaged over the distribution of recombination rates is then given
by
Z rmax
hI(t, T )i ∝
e−r·T · ρ(r) · r · e−r·t dr
Zrmin
rmax
=
e−r·(T +t) dr
rmin

=−


1
· e−rmax ·(T +t) − e−rmin ·(T +t) .
T +t
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This current transient is integrated over the box-car integration interval [tmin , tmax ] to obtain
the charge
Z tmax
hI(t, T )i dt
∆Q(T ) =
tmin
Z tmax

1
=
· e−rmin ·(T +t) − e−rmax ·(T +t) dt.
tmin T + t
This integral can be evaluated analytically assuming that rmin · (T + tmax )  1 and rmax ·
(T + tmin )  1, which means that the range of recombination timeconstants covered by
the distribution ρ is much larger than the timescales of the inversion recovery experiment.
With these simplifications, we can evaluate Eq. (6.29) resulting in
Z tmax
1
∆Q(T ) ∝
dt
tmin T + t


T + tmax
= ln
.
T + tmin
Equation (6.29) describes a decay which closely resembles a strechted exponential, as shown
(a)

(b)
integration interval:
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Figure 6.11: (a) Plot of Eq. (6.29) as a function of T for different integration intervals (open circles). For comparison, exponential fits with
timeconstants of 5.8 µs, 34.8 µs, and 114 µs and exponents of 0.41, 0.52,
and 0.58 for [tmin , tmax ] =5-10 µs, 20-25 µs, and 50-55 µs, respectively are
shown as well. (b) Recombination time of antiparallel spin pairs τap for
different box-car integration interval [tmax − 5 µs, tmax ] measured by an inversion recovery with pulsed illumination.
in Fig. 6.11(a), where Eq. (6.29) is plotted for different integration intervals [tmin , tmax ]
(open circles). The solid lines are strechted exponential fits with timeconstants of 5.8 µs,
34.8 µs, and 114 µs and exponents of 0.41, 0.52, and 0.58 for [tmin , tmax ] =5-10 µs, 2025 µs, and 50-55 µs, respectively. From Eq. (6.29) it is clear, that the inversion recovery
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decay time constant is completely determined by the box-car integration interval, and
therefore independent of the spin pair properties. Such a dependence of the inversion
recovery timeconstant on the integration interval is indeed observed for the 31 P-Pb0 spin
system for an inversion recovery under pulsed illumination. Figure 6.11(b) shows τap for
different box-car integration interval [tmax − 5 µs, tmax ] obtained from a fit as described in
Chapt. 6.4 with τp =1.2 ms fixed. The observed value of τap increases with increasing tmax ,
although with a much weaker dependence than predicted by Eq. 6.29.
The considerations leading to Eq. (6.29) certainly involve several simplifications. Most
important, the time-dependence of the current transient is more complicated than assumed
in Eq. (6.24) including also the electron and hole capture timeconstants as discussed in
the previous Chapter. In particular, the decay of the current transient for short τap is
determined by τec and τhc rather than τap . In particular, the data shown in Fig. 6.10 was
recorded for an illumination intensity of 20 mW/cm2 , corresponding to τec ≈50 µs>τap =4 µs.
We therefore expect that ∆Q only weakly depends on τap explaning the weak dependence
of τap on tmax observed in the experiment. However, in this case, the measurement of
the electron capture timeconstant τec is expected to show a stronger dependence on the
integration interval.
In conclusion, we have shown that a broad distribution of the timeconstant τap can
result in a variation of the timeconstant of the inversion recovery decay with the boxcar integration interval. For the simplified case considered here, this timeconstant is even
completely determined by the integration borders. In the experimental data, we indeed
observe an increasing inversion recovery decay time for box-car integration intervals later
in the current transient. The dependence is, however, much weaker than predicted by the
model. In addition, we measured significant differences in the recombination timeconstants
of 31 PPb0 spin pairs and 31 P-SL1 spin pairs indicating that these timeconstants depend on
the properties of the spin pair, although care has to be taken when interpreting these results.
A similar reasoning applies to measurements of the electron and hole capture timeconstants.

6.9

Conclusions and Outlook

We used pulsed electrically detected magnetic resonance measurements combined with
pulsed optical excitation to characterize several timeconstants involved in the spindependent recombination process via 31 P-Pb0 spin pairs and 31 P-SL1 spin pairs. For the
former, we determine the recombination times of parallel and antiparallel spin pairs and
obtain values of τap =15.5±0.8 µs and τp =1.2±0.1 ms. For the later, we find τap =1.8±0.2 µs
and τp =330±0.4 µs. For the 31 P-Pb0 spin pair, we attribute τp to a spin flip of the Pb0 , while
for the 31 P-SL1 spin pair, τp is associated with the lifetime of the metastable SL1 state. We
also measure the generation time of new spin pairs which we find to depend linearly on the
illumination intensity. Using pulsed ENDOR, we identify this generation timeconstant with
the electron capture timeconstant for electrons from the conduction band by 31 P+ donors.
However, an estimation of the carrier density consistent with the observed values of τec
leads to extremely short carrier lifetimes, which could be caused by Au impurities from the
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contacts. It would therefore be desirable to determine the carrier density independently by
a photo-Hall measurement and to study the carrier lifetime in more detail, e.g. for different
contact materials. The hole capture timeconstant τhc which have not measured directly
so far, can be accessed by an ENDOR experiment on the Pb0 similar to the experiment
described in Fig. 6.5. In such an experiment, the hyperfine interaction of the Pb0 with the,
e.g., nearest neighbor 29 Si nucleus would be used as a probe of the Pb0 charge state.
The current transient after the microwave pulses is also governed by the timeconstants
of the spin pair recombination process. We can quantitatively describe the current transient with a recombination model, which we compare with measured current transients for
different illumination intensities. Most of the decays observed in this Chapter can be described by strechted exponentials reflecting a broad distribution of timeconstants. This is
in line with the observation of a broad distribution of 31 P-Pb0 coupling constants in the
EDDEER experiments in Chapt. 4.3. Both distributions are a result of the variation of 31 PPb0 distances over the spin pair ensemble. Using a simplified model, we show that the decay
timeconstant observed in an inversion recovery experiment depends on the box-car integration interval as a consequence of the broad distributions of timeconstants. Experimentally,
we indeed observe a variation of τap by approximately a factor of two while changing the
position of the box-car integration interval. To investigate these effects in more detail, it
would be interesting to study spin pairs with a narrower distribution of timeconstants e.g.
by confining the dopants to a monoatomic layer at a certain distance from the Si/SiO2
interface [152, 153]. The presented techniques are not limited to the specific recombination process studied here, but can possibly applied to all spin-dependent recombination
processes involving spin pairs.

7

Electrically Detected Electron Spin Echo
Envelope Modulation

The Si/SiO2 interface is arguably the most important interface in semiconductor technology, strongly influencing device performance. Its electronic structure is decisively determined by dangling bond-like defects, the so-called Pb -centers, whose structure has been
studied for decades [180]. However, detailed information cannot easily be obtained: e.g.
electron diffraction techniques fail if no translational symmetry is present. At the (100)oriented Si/SiO2 interface, two kinds of paramagnetic defects, labeled Pb0 and Pb1 , have
been studied frequently by electron spin resonance (ESR) [73, 75, 76, 150, 181] as discussed
in Chapt. 2.1.2. Despite their omnipresence, their detailed microscopic structure is still
unknown [78]. Theoretical models have so far been compared with experimentally determined values of the two strongest hyperfine interactions as determined by continuous
wave ESR [75, 76, 78, 150, 181–183]. However, for a detailed understanding of the defect
structure, the weaker interactions with more distant nuclei, the so-called superhyperfine
interactions, can be useful since they are very sensitive to details of the local structure.
Electron spin echo envelope modulation (ESEEM) spectroscopy is widely used to determine weak (.5 MHz) hyperfine interactions in solids [11]. In this Chapter, we combine the
benefits of ESEEM with the enhanced sensitivity of EDMR when compared to conventional
ESR: Electrically detected ESEEM (EDESEEM) allows us to study superhyperfine interactions of the Pb0 defect in c-Si:P with 29 Si nuclei at 4th and 5th nearest neighbor lattice
sites. Comparing these values with ab initio calculations of the superhyperfine parameters
for different structures of the Pb0 defect, we demonstrate that superhyperfine interactions
with distant nuclei are an exceptionally sensitive probe for the investigation of the interface
structure. Electrically detected ESEEM has recently also been demonstrated in microcrystalline silicon solar cell device structures, for which the sensitivity of conventional ESR is
not sufficient to provide useful information [184].
In the first part of the chapter we discuss the ESEEM effect based on a S = 1/2, I = 1/2
model spin system. We proceed by measuring EDESEEM of 31 P donors in Si as a proofof-principle experiment of this new technique. In the last part, we apply the EDESEEM
technique to study the superhyperfine interactions of Pb0 defects at the Si/SiO2 interface.
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7.1

EDESEEM

The ESEEM Effect in a Model Spin System

The ESEEM effect is most easily discussed in a model spin system consisting of an electron
spin (S=1/2) with Larmor frequency ωS coupled to a nuclear spin (I=1/2) with Larmor
frequency ωI . We assume an isotropic g-tensor for the electron spin and an anisotropic
↔
hyperfine tensor A. The Hamiltonian of this spin system is given by
H = ωS Sz + ωI Iz + ASz Iz + Bx Sz Ix + By Sz Iy .

(7.1)

↔

Here, A denotes the Azz component of the hyperfine tensor A, Bx the Azx component, and
By the Azy component. We can further chose the coordinate system such that the term
∝ Iy vanishes. In this frame the Hamiltonian assumes the form
H = ωS Sz + ωI Iz + ASz Iz + BSz Ix ,

(7.2)

p
where B = Bx2 + By2 . After choosing the product states |↑⇑i, |↑⇓i, |↓⇑i, and |↓⇓i, where
the left arrow represents the electron spin and the right arrow the nuclear spin, the matrix
representation of the Hamiltonian is given by
1

A
(ω
+
ω
+
)
B/4
0
0
S
I
2
2


1
(ωS − ωI − A2 )
0
0
B/4


2
H=
 . (7.3)
1
A


0
0
(−ωS + ωI − 2 )
−B/4
2
A
1
(−ωS − ωI + 2 )
0
0
−B/4
2
This matrix can be diagonalized by the unitary transformation
Hd = U1 HU1† ,

(7.4)


(cos(ηα /2) − sin(ηα /2)
0
0
 sin(η /2) cos(η /2)

0
0


α
α
U1 = 
.

0
0
cos(ηβ /2) − sin(ηβ /2)
0
0
sin(ηβ /2) cos(ηβ /2)

(7.5)

with U1 given by


The mixing angles ηα and ηβ are defined by
−B
2ωI + A
−B
tan(ηβ ) =
.
2ωI − A

tan(ηα ) =

(7.6)

In a frame rotating with angular frequency ωmw about the z-axis the diagonalized Hamiltonian Hd can be written as
1

(Ω
+
ω
)
0
0
0
S
12
2


1
0
(ΩS − ω12 )
0
0


2
Hd = 
(7.7)
,
1


0
0
(−ΩS + ω34 )
0
2
1
0
0
0
(−ΩS − ω34 )
2

7.1 The ESEEM Effect in a Model Spin System
with the offset frequency ΩS = ωS − ωmw and the nuclear frequencies
s
2  2
B
A
+
ω12 =
ωI +
2
2
s
2  2
A
B
ω34 =
ωI −
+
.
2
2
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(7.8)

Due to the mixing of the states within the mS = ±1/2 manifolds, mw pulses will not
only excite the allowed ∆mS = ±1 transitions but also the forbidden transitions ∆mS =
±1, ∆mI = ±1. The weighting of the allowed and forbidden transitions can be calculated
by applying the unitary transformation U1 to the Hamiltonian H1 describing a non-selective
mw pulse about the x-axis


0 0 B1 0

1
 0 0 0 B1 
H1 = 
(7.9)
.
2 B1 0 0 0 
0 B1 0 0
After the transformation H1 takes the form


0
0
cos(η) − sin(η)
B1 
0
sin(η) cos(η) 
 0

∗
H1 =

,
2  cos(η) sin(η)
0
0 
− sin(η) cos(η)
0
0
with

(7.10)

ηα − ηβ
.
(7.11)
2
The state mixing leads to a transition amplitude for the forbidden transitions ∝ sin((ηα −
ηβ )/2) while the transition amplitudes of the allowed electron spin transitions is ∝ cos((ηα −
ηβ )/2).
Using these results, we can already gain a qualitative understanding of the ESEEM
effect. Following reference [11] we consider the evolution of a coherence on the allowed
electron spin transition (1,3), where the numbers label the product states as introduced
above. The evolution of the coherence is best described in a frame rotating with ωS about
the z-axis as a magnetization vector in the x-y-plane. The coherence (1,3) created by the
first π/2 pulse of the spin echo has gained a phase Ω13
S τ during the first time interval τ
13
(Fig. 7.1(a)), where ΩS = ΩS −Ω12 +Ω34 . The π pulse inverts the phase of the coherence and
in addition leads to a branching of the (1,3) coherence. This means that due to the mixing
of the states a certain probability exists that the π pulse also flips the nuclear spin (see
Eq. (7.10)) thus creating the additional coherences (1,4), (2,3), and (2,4), all of which are in
phase directly after the π pulse (Fig. 7.1(b)). The different lengths of the vectors indicate
the transition probabilities for the different coherences. During the second time interval τ
these coherences will acquire additional phases when compared to the (1,3) coherence as
shown in Fig. 7.1(c). After projection on the z-axis by the last π/2 pulse the refocusing of
η=
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the (1,3) coherence leads to the usual spin echo. Since the phases acquired by the other
coherences do not depend on the offset frequency ΩS they will contribute to the formation of
the spin echo. The sum of all these echoes depends on the phase acquired by the coherences
during the time interval τ and on the amplitude due to the different transition probabilities.
This results in an oscillation of the spin echo amplitude as a function of τ with the nuclear
frequencies ω12 and ω34 as well as their sum and difference – the ESEEM effect.
(b)

mw
power

(a)
τ
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τ

−ω12τ
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Figure 7.1: Evolution and branching of the coherence (1,3) during the
2-pulse ESEEM pulse sequence (adapted from Ref. [11]). (a) The coherence (1,3) created by the first π/2 pulse has gained a phase Ω13
S τ during
the first time interval τ . (b) The π pulse on the (1,3) electron spin transition also flips the nuclear spin with a certain probability due to the mixing
of the states resulting in the creation of additional coherences (2,3), (1,4),
and (2,4). (c) During the second time interval τ these coherences acquire
additional phases when compared to the (1,3) coherence resulting in a modulation of the spin echo amplitude with the nuclear frequencies ω12 and ω34 .
A calculation of the time evolution of the density matrix for the spin echo pulse sequence
based on the Hamiltonian 7.3 gives the following modulation formula for the echo amplitude
of the 2-pulse ESEEM experiment: [11]
k
[2 − 2 cos(ω12 τ ) − 2 cos(ω34 τ ) + cos(ω− τ ) + cos(ω+ τ )] ,
4
where ω− = ω12 − ω34 and ω+ = ω12 + ω34 . The modulation depth k is given by

2
BωI
2
k = sin (2η) =
.
ωα ωβ
V2p (τ ) = 1 −

(7.12)

(7.13)

Taking into account a spin decoherence time T2 , the echo amplitude A(τ ) is given by
− Tτ

A(τ ) = V2p (τ ) · e

2

.

(7.14)

For the electrically detected ESEEM measurements, the decay is better described with a
strechted exponential. A derivation of Eq. (7.12) is given in the appendix E.
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The modulation will be superimposed on the decay of the spin echo which usually can
be described with a strechted exponential dependence. To extract the nuclear modulation
frequencies, this decay is subtracted and the result is Fourier transformed after zero filling
and apodization. The FFT spectrum contains peaks at the nuclear modulation frequencies
ω12 , ω34 as well as their sum and difference. The width of the peaks is in most cases
determined by the electron spin decoherence time.
For the case that several nuclei are coupled to the same electron spin by anisotropic
hyperfine interactions, the corresponding spin Hamiltonian can be written as
X
X
X
(7.15)
B i Ixi ,
Ai Izi + Sz
H = ωS Sz +
ωIi Izi + Sz
i

i

i

where the index i runs over all nuclei contributing to the ESEEM effect. Since all operators associated with different nuclei commutate, the corresponding subspaces can be
diagonalized independently. The ESEEM modulation formula for several nuclei is therefore
calculated as the product of the modulation formulae for each nucleus
Y
i
V2p (τ ) =
V2p
(τ ).
(7.16)
i
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The samples used for the EDESEEM experiments are type I samples with a 31 P concentration of 1·1017 cm−3 . In the following, we describe measurements on three samples with 4.7%
(natural), 20(4)% and >98% fractions of 29 Si nuclei in the doped epilayer and in the top
100 nm of the buffer. All experiments are performed at 5 K under continuous illumination
with above-bandgap light in the dielectric microwave resonator for pulsed EPR. The 4.7%
and 20% (100%) sample are biased with 100 mV (1000 mV) to obtain the best signal-tonoise ratios. To compare different nominal surface terminations, we show the results for
the Si surfaces with a native oxide (4.7% and 20% samples) as well as after exposure to
10% HF in H2 O (100% sample).
In a first step, the major paramagnetic states are identified in cw EDMR experiments
shown in Fig. 7.2 as described in Chapt. 3.1. Prominent signatures in all spectra result from
31
P donors and Pb0 Si/SiO2 interface defects. Additional smaller contributions originate
from Pb1 defects and conduction band electrons. Vertical arrows indicate the spectral
positions where ESEEM experiments have been performed.
We measured electrically detected ESEEM using the π/2-τ1 -π-τ2 -π/2 spin-echo sequence. The microwave power was adjusted such that the length of a π/2 pulse was 15 ns
corresponding to a microwave B1 field of 0.6 mT. The experiment was repeated with a
repetition time of 800 µs allowing the spin system to relax to its steady-state [32]. The
signal-to-noise ratio is further improved by applying the lock-in technique described in
Chapt. 4.1 switching the phase of the last π/2 pulse between (+x) and (-x) [121].
To illustrate the EDESEEM technique and to demonstrate that the results are consistent
with conventionally detected ESEEM, we measured EDESEEM traces on the high-field
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Figure 7.2: Continuous wave (cw) EDMR spectra of the c-Si:P samples
~ 0 k[100] showing the same
with 29 Si fractions of 4.7%, 20% and 100% for B
data as Fig. 3.2. The upper panel shows a fitted decomposition of the 4.7%
spectrum (dashed lines). For the 20% 29 Si sample two pairs of additional
peaks at the low- and high-field sides of the spectrum are resolved which can
be attributed to hyperfine-split Pb0 and Pb1 spins. Vertical arrows indicate
the spectral positions where ESEEM experiments have been performed.

hyperfine 31 P resonance in the 20% 29 Si sample. In Fig. 7.3 (a), ∆Q is shown as a function
of the period of free evolution τ1 =τ2 sample for two different orientations of the sample with
respect to the magnetic field. The normalized amplitudes of the traces are offset for clarity.
In both traces oscillations superimposed on a stretched exponential decay are clearly visible.
For comparison, several echo traces for which τ1 is kept fixed and τ2 is varied are shown
~ 0 k[100]. The peaks of the echoes coincide with the τ1 =τ2 trace demonstrating the
for B
consistency of the two measurement methods. In panel (b), the exponential background of
the echo decay has been subtracted to reveal the echo envelope modulation. The nuclear
modulation frequencies can be extracted either by using the ESEEM modulation formula
[Eq. (7.12)] to fit the traces in the time domain or by Fast Fourier Transformation (FFT) of
the time traces. From a fit of the time traces (red lines), we obtain ω12 = 3.27 ± 0.001 MHz
~ 0 k[100] and ω12 = 3.62 ± 0.001 MHz and ω34 = 2.40 ±
and ω34 = 2.79 ± 0.001 MHz for B
~ 0 k[110]. The deviations of the observed oscillation from the fit can be
0.001 MHz for B
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Figure 7.3: (a) ESEEM signal (black lines) on the 31 P resonance for two
different orientations of the 20% 29 Si sample with respect to the magnetic
~ 0 . For comparison, echo traces where τ1 is kept fixed and τ2 is varied
field B
~ 0 k[100].
are also shown for B

attributed to a contribution of the ESEEM signal of the hyperfine split Pb0 resonance line
which spectrally overlaps with the high-field 31 P line (see Fig. 7.2). It has to be noted that
by using eq. 7.12 to fit the data we presume that only one kind of nuclear spin contributes
to the ESEEM signal. Alternatively, the FFT spectrum after apodization and zero filling
is shown in Fig. 7.3(c). Clearly, the two nuclear frequencies ω12 and ω34 are revealed as
well as their sum frequency ω+ as expected for a modulation of the form of Eq. (7.12).
The difference frequency ω− is too small to be resolved within the echo decay time. The
observed oscillations can be attributed to anisotropic superhyperfine interactions with 29 Si
nuclear spins which are situated at the 4 nearest neighbor lattice sites around the 31 P
donor (so-called E-shell) [37]. In a coordinate system with [100] crystal axis pointing in
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z-direction, the hyperfine tensor of this shell is given by


Axx Axy Axy
↔


A= Axy Axx Axy  ,
Axy Axy Axx

(7.17)

with only two independent components Axx =0.54 MHz and Axy =0.7 MHz [37, 185]. For
√
B0 k[100], A = Axx and B = 2 · Axy resulting in the nuclear modulation frequencies
√
ω12 = 3.27 MHz and ω34 = 2.74 MHz. For B0 k[110], A = Axx + Axy and B = 2 · Axy , so
that we expect nuclear modulation frequencies of ω12 = 3.62 MHz and ω34 = 2.40 MHz. The
values for both orientations are in very good agreement with the experimentally observed
nuclear modulation frequencies, thus demonstrating the feasibility of electrically detected
ESEEM.
In most cases the spectral resolution of ESEEM is limited by the electron spin coherence
time rather than by the usually much longer nuclear spin dephasing time. This is especially
true for EDMR where coherence times can be additionally shortened by magnetic noise
from the nearby Si/SiO2 interface [186, 187]. This limitation can be overcome by using a
stimulated echo (3-pulse ESEEM) instead of a spin echo for the ESEEM measurement [11].
The electrically detected stimulated echo consists of two Ramsey or EDFID pulse sequences
separated by a time interval T as sketched in Fig. 7.4(a). The first EDFID pulse sequence
with a pulse delay τ1 creates a modulation pattern (see Fig. 4.4) which is stored in the
longitudinal component of the electron spin and after the time interval T retrieved by a
second EDFID pulse sequence. If the pulse delay of the second EDFID pulse sequence τ2
matches τ1 , a so-called stimulated echo is created.
An example of an electrically detected stimulated echo is shown in Fig. 7.4(a) measured
on the high-field 31 P line for the 4.7% sample. Besides the stimulated echo at τ2 =τ1 , three
other echoes are produced at τ2 =T −τ1 , at τ2 =T , and at τ2 =T +τ1 , disturbing the stimulated
echo shape. These echoes can be removed by applying a four-step phase cycling sequence
to the second and third pulse [11]. In Fig. 7.4(a), the EDMR signal for the four steps of
the phase cycle (A-D) are shown as a function of τ2 with τ1 =300 ns and T =500 ns kept
fixed. In addition to the stimulated echo at τ2 =300 ns, three more echoes are observed at
the expected positions τ2 =200 ns, τ2 =500 ns and τ2 =800 ns. By combining the four traces
(A+B-C-D), these three unwanted echoes can be removed while the stimulated echo remains
(upper trace in Fig. 7.4(a)).
The decay of the stimulated echo with increasing T is determined by the electron spin
relaxation or recombination time which is usually much longer than the electron spin coherence time. The state mixing caused by anisotropic hyperfine interactions also leads to
a nuclear spin modulation pattern superimposed on the stimulated echo decay. Similar to
the treatment outlined in the previous section, a 3-pulse ESEEM modulation formula can
be derived, given by [11]
k
V3p (τ, T ) = 1 − ([1 − cos(ω34 τ )] [1 − cos(ω12 (T + τ ))]
4
+ [1 − cos(ω12 τ )] [1 − cos(ω34 (T + τ ))]),

(7.18)
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Figure 7.4: (a) Electrically detected stimulated echo with τ1 =300 ns and
T =500 ns as indicated in the inset. The unwanted echoes can be removed
by applying a 4-step phase cycling sequence to the second and third pulse
(Trace A-D). In the resulting trace (A+B-C-D) only the stimulated echo remains. (b) Electrically detected 3-pulse ESEEM decay with τ1 = τ2 =160 ns
on the high-field 31 P line. (c) 3-pulse ESEEM modulation pattern shown
in (b) after subtraction of a strechted exponential background. (d) FFT
spectrum of the data shown in (c) after zero filling.
where τ = τ1 = τ2 and k is defined by Eq. (7.13). In contrast to the 2-pulse ESEEM
modulation formula (7.12) the 3-pulse ESEEM modulation pattern only contains the nuclear
frequencies ω12 and ω34 and not their sum or difference simplifying complicated ESEEM
spectra. However, the factors [1 − cos(ω34 τ )] and [1 − cos(ω12 τ )] lead to blind spots for
certain values of τ where the modulation is suppressed. A 3-pulse ESEEM experiment is
therefore typically repeated for several values of τ .
We exemplarily measured an electrically detected 3-pulse ESEEM decay for τ =160 ns
on the high-field 31 P line for the 4.7% sample as shown in Fig. 7.4(b) to demonstrate the
benefits of this method. The stimulated echo decay is not limited by decoherence but rather
by longitudinal relaxation or spectral diffusion [11]. In an electrically detetcted 3-pulse
ESEEM, recombination usually determines the stimulated echo decay. The corresponding
timeconstant is therefore considerably longer than the decay timeconstant of the spin echo
(cf. Fig. 7.3) allowing us to measure the modulation pattern up to longer time intervals
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T , thereby improving the spectral resolution. The modulation pattern is shown in panel
(c) after subtraction of a strechted exponential background revealing oscillations up to
T ≈7 µs. The corresponding FFT spectrum [panel (d)] shows two well pronounced peaks at
the expected nuclear modulation frequencies, however, with much better spectral resolution
when compared to the 2-pulse ESEEM spectrum (Fig. 7.3). In addition, no peak at the
sum frequency is observed as expected from Eq. (7.18).

7.3

EDESEEM of Pb0 Centers at the Si/SiO2 Interface

Having established electrically detected ESEEM for a spin system which has been intensively studied by conventional ESEEM [185] and ENDOR [37], we proceed to measure
EDESEEM on the Pb0 defects. Although these defects play an important role for the electronic properties of the Si/SiO2 interface their superhyperfine interactions with distant 29 Si
nuclei have not yet been studied by pulsed ESR. The reason for this is the limited sensitivity of ESR which makes detailed studies of interface defects difficult due to the much
smaller number of spins which can be inserted into an ESR resonator when compared to
bulk defects. In this section we use EDESSEM to determine the superhyperfine interactions
of Pb0 Si/SiO2 interface defects with 4th and 5th nearest neighbor 29 Si nuclei. Comparing
these values with ab-initio calculations we demonstrate that EDESEEM is very sensitive to
the microscopic structure of the defect making it a promising tool for defect spectroscopy.
For this study, we use a 2-pulse ESEEM instead of a 3-pulse ESEEM because one of the
nuclear frequencies is of the order of 1 MHz as shown below. To avoid blind spots in the
3-pulse ESEEM (cf. Eq. (7.18)), we would have to choose τ ≈ 5 µs, which is much longer
than the Pb0 decoherence time (cf. Fig. 7.5) leading to an unacceptable reduction of the
3-pulse ESEEM echo amplitude.
Figure 7.5(a) shows the normalized 2-pulse ESEEM signals for the three samples with
~ 0 k[100] taken at the spectral positions ESEEM Pb0
different 29 Si concentrations for B
indicated by arrows in Fig. 7.2. Although there is a the spectral overlap between the peaks
of the Pb1 and Pb0 centers, the fact that for the Pb1 the mw pulses are off-resonant and that
the peak amplitude is a factor of 4 smaller allows us to assign the observed ESEEM signal
to the Pb0 spins. In all three traces, oscillations with two main frequency components,
ω1 ≈ 2π · 5.7 MHz and ω2 ≈ 2π · 0.7 MHz, on a stretched exponential background are visible
becoming more pronounced for the samples with larger 29 Si content. The modulation
depth, taken as the amplitude of the faster oscillations after subtraction of the exponential
background (sketched for the 100% sample), scales approximately linearly with the 29 Si
content as shown in the inset of Fig. 7.5(a). Hence, we can conclude that the ESEEM
signal originates from superhyperfine interactions of the Pb0 electron spin with surrounding
29
Si nuclear spins. Since the shape of the echo modulation is essentially the same for all
three samples, although measured under different conditions like magnetic field, bias voltage
and surface termination, it follows that its shape reflects an inherent structural property of
the defect center.
To find an interpretation of the ESEEM signal, we first examine the possibilities for
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Figure 7.5: (a) ESEEM signals on the Pb0 resonance for three samples
~ 0 k[100]. The inset shows the modwith different 29 Si concentrations for B
ulation depths as a (≈ linear) function of the 29 Si concentration for the
main oscillation frequency. (b)ESEEM signal of the 4.7%, 20% and 100%
samples after subtraction of the exponential background (black) and fits
assuming 3 nuclei with different hyperfine parameters Ai and B (red). The
fitting parameters are listed in Table 7.1.
the values of the hyperfine parameters A and B capable of explaining the two observed
frequency components and the large modulation depth. The first possibility is that ω1 =
ω12 and ω2 = ω34 . The hyperfine parameters corresponding to this scenario are ω12 ≈ ωI =
A for the diagonal part and ω34 ≈ B/2 for the off-diagonal part of the hyperfine tensor. In
this case, the modulation depth
2 
2

BωI
BωI
≈
=1
(7.19)
k=
ω12 ω34
2ωI B/2

118

EDESEEM
Table 7.1: Fitting parameters of the ESEEM signal for B0 ||[100] assuming
a model with three nuclear spins.
A1 (MHz) A2 (MHz) A3 (MHz) B (MHz)
4.7%
5.2
5.7
6.8
1.3
20%
5.1
5.6
6.8
1.3
100%
5.2
5.5
6.5
1.2

will be close to unity compatible with the observed results for the 100% sample. Since ω2 =
2π· 0.7 MHz is small the sum and difference frequency components are close to ω1 and can
therefore not be resolved. Other assignments of the modulation frequencies like ω1 = ω+
and ω2 = ω− or ω1 = ω12/34 and ω2 = ω− are not consistent with the large modulation
depths observed in the experiment. For these scenarios additional modulation frequencies
at 2.9 MHz or 11.4 MHz would be expected which are not observed in the experimental
data. We therefore conclude that the observed ESEEM signal can be attributed to 29 Si
nuclei with A ≈ 5.7 MHz and B ≈ 1.2 MHz.
However, the assumption of only one type of nucleus contributing to the ESEEM signal
cannot reproduce the slow beating of the oscillation maxima as seen in the 100% 29 Si trace
in Fig. 7.5(a). We, thus, have to consider several nuclei contributing to the modulation
pattern, each with slightly different hyperfine parameters. This scenario seems quite natural
given that the basic [111] symmetry of Si/SiO2 interface defects is lifted at the (100) silicon
surface. In a first approach we assume that three nuclei with different hyperfine parameters
are contributing to the observed modulation pattern. We therefore use three hyperfine
parameters Ai and one parameter B to fit each of the three echo decays shown in Fig. 7.5(a)
using equations 7.12 and 7.16. Further free parameters are the amplitude, time constant and
exponent of the strechted exponential decay. The background subtracted data traces (black
lines) and the corresponding fits (red lines) are shown in Fig. 7.5(b) after normalization
for better visibility. The obtained values for the Ai s and Bs are listed in Table 7.1. The
good agreement between the experimental data and the fit shows that including 3 nuclei
into the model is sufficient to reproduce the main features of the modulation pattern,
i.e. the modulation frequencies and the characteristic beating. In addition, the hyperfine
parameters for all three samples seem to be consistent, although the 100% sample shows
small deviations. However, to relate the observed superhyperfine parameters to the defect
structure theoretical modeling is necessary. In the following paragraph we will compare
the results of ab initio calculations for different Pb0 model structures carried out by Uwe
Gerstmann from the Universität Paderborn with the experimental results.
We calculate the hyperfine splittings as well as the electronic g-tensor from first principles using a gauge-including projector augmented plane wave (GI-PAW) approach [188]
as implemented in the Quantum-ESPRESSO package [189]. In the framework of density
functional theory (DFT) we use the gradient-corrected PBE functional in its spin-polarized
form [190]. Since the hyperfine splittings are determined by the magnetization density
m(~r) in a small region close to the nuclei they are calculated in scalar-relativistic approxi-
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mation [191]. Supercells and periodic boundary conditions are used to model the structure
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Figure 7.6: (a) and (b) Magnetization density m(~r) of the most likely
microscopic structure of the Pb0 center at the Si/SiO2 (100) interface, a
monolayer-step with a dimerized upper part, as determined from the comparison of ESEEM (100% 29 Si sample) and theory. View along [011̄] (a) and
[111] (b). The lattice sites of nuclei contributing to the ESEEM signal are
indicated. (c) Magnetization density for the simplest dangling bond-like
model structure, a flat surface. The corresponding hyperfine parameters do
not reproduce the characteristic beating pattern of the experimental data.
~ 0 in the g-tensor calculation
of the Pb0 interface. Accordingly, the external magnetic field B
is described gauge-invariantly [188, 192]. Eight layers of crystalline Si atoms are simulated
in a supercell giving rise to a total of 250 atoms. To ensure a well defined transition to bulk
material, the atoms in the lowest Si layer were saturated with H atoms and kept on their
ideal bulk positions. All other atoms were allowed to relax freely. Since non-vanishing values for m(~r) are only found within a tripod formed by the three nearly equivalent zick-zack
lines into the crystalline part of the structure (cf. Fig. 7.6 and Ref. [192]), we expect almost
vanishing hyperfine interactions due to the 29 Si nuclei in the oxide, in other words similar
ESR parameters for a real Si/SiO2 interface and a hydrogenated Si(100):H surface with the
same coordination of the surface atoms.
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Figure 7.7: ESEEM signal of the 100% 29 Si sample (black solid line)
with fits (red lines) taking into account three and seven nuclear spins. The
corresponding fitting parameters are listed in Table 7.2. Calculated ESEEM
signals of the Pb0 at a dimerized monolayer-step structure (b0 ) and on a flat
surface (a). Adjusting the hyperfine parameters of the 4th nearest neighbor
of (b0 ) by 5% results in trace (b1 ) closely resembling the experimental data.
We calculated the superhyperfine parameters for five different dangling bond-like model
structures: for a flat H-terminated (100) surface without dimerization and for the same
surface including a step either one or two monolayers high, both with and without dimerization, where the dangling bond is placed at the bottom of the step. In all cases the
principal axis of the g-tensor is [111] and the elements of the g-tensor remain unchanged
within ±0.0003. Similarly small variations (<5%) are obtained for the central hyperfine
splitting at the dangling bond silicon atom itself, as well as for the second nearest neighbor,
~ 0 k[100] in good
which give rise to hyperfine splittings of about 300 MHz and 30 MHz for B
agreement with Ref. [150]. These large hyperfine interaction which have been studied by
continuous wave ESR are therefore not sufficient to distinguish between different microscopic structures. Considerable differences however are found for some nuclei in the fourth
and fifth layer below the dangling bond atom and an additional atom at the surface (lattice sites indicated in Fig. 7.6). Since these rather small hyperfine splittings are strongly
anisotropic, a dominant influence on the ESEEM spectrum can be expected. And indeed,
if we fit the experimental data for the 100% 29 Si sample using a model with seven nuclei
and five different values of Ai and Bi (cf. Table 7.2), the experimental ESEEM spectrum
including the beating is reproduced very well (’data+free fit’ in Fig. 7.7). Further free
parameters are the amplitude, time constant, and exponent of the stretched exponential
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Table 7.2: ESEEM-parameters (in MHz for B0 k[100]) of the hydrogenated
100% 29 Si sample from a free fit to a model with 7 nuclear spins. For a
coverage with native oxide (4.7%, 20% 29 Si samples) similar values within
0.3 MHz (4th and 5th layer) and 0.9 MHz for −2int (2nd nearest neighbor at
the interface) are obtained (7-nuclei-fit). Also given are the corresponding
theoretical values calculated from first principles for a Pb0 -like defect at a
monolayer-step including dimerization (b0 ) and for a flat surface (a).
Site
4crys
4int
5crys
5int
-2int

# of
sites
2
1
2
1
1

Exp. 7 nuclei
A
B
5.4
1.2
6.5
1.1
4.2
0.7
5.9
1.4
7.7
1.4

Theory b0
A
B
5.5 1.1
6.4 1.0
3.8 0.7
6.4 0.8
7.6 1.4

Theory a
A
B
5.8 1.1
7.0 1.4
3.7 0.7
4.2 0.6
9.8 2.0

decay.
Among the ESEEM spectra derived from ab initio calculations, the dangling bonds localized at step-like structures show the best agreement with the experimentally observed
spectrum [Fig. 7.6(a) and (b)]. Such steps are indeed likely to be present in the studied
samples due to the slight off-axis cut. A further improvement is achieved if a dimerization of the last crystalline Si layer [78] at the upper part of the step is assumed. As an
example, trace (b0 ) in Fig. 7.7 shows the expected ESEEM signal using the calculated superhyperfine parameters (Table 7.2) for the monolayer step-like Pb0 structure with dimerization
[Fig. 7.6(a) and (b)]. The basic modulation frequencies ω1 and ω2 as well as the beating
observed in the experimental data are reproduced, only the frequency of the beating is
too small. For comparison, the ESEEM signal for a structure with a flat unreconstructed
surface [Fig. 7.6(c)] is shown by trace (a) in Fig. 7.7, but fails to reproduce basic features
of the experimental data like the characteristic beating pattern, thus demonstrating the
sensitivity of the ESEEM signal with respect to the local defect structure. To illustrate
which of the nuclei might be responsible for the difference in the observed and predicted
beating, we adjusted the superhyperfine parameters of the 4th nearest neighbors by only
≈ 5% to the experimental values. This places the maximum of the beating pattern at
τ1 =1500 ns as observed in the experiment, resulting in an ESEEM signal closely resembling
the experimental data [trace (b1 )]. The destructive interference in the experimental data
for τ1 >1500 ns could be caused by superhyperfine interactions with other nuclei not taken
into account.
Further information about the hyperfine tensor may be gained by varying the sample
orientation with respect to the magnetic field. Figure 7.8(a) shows EDESEEM traces of
the 100% 29 Si sample for different orientations with respect to the magnetic field. The
sample is rotated about the [110] axis where θ denotes the angle between the magnetic field
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Figure 7.8: Comparison of the measured EDESEEM traces of the 100%
29
Si sample (a) with simulations based on the ab-initio calculation of the
hyperfine interactions (b) for different orientations with respect to the magnetic field. The sample is rotated about the [110] axis with θ denoting the
angle between the magnetic field and the [100] direction. The simulation
includes the 7 nuclei shown in Fig. 7.6(a) for the Pb0 structure with a
dimerized step (b0 in Fig. 7.5).

and the [100] direction. For all orientations, a modulation with a frequency of ≈6 MHz is
present, while the beating pattern vanishes when the sample is rotated away from the [100]
direction. A detailed analysis, as made for B0 k[100], is difficult for B0 oriented along crystal
directions with lower symmetry due to the large number of nonequivalent lattice sites which
potentially contribute to the EDESEEM pattern. For comparison, we also calculated the
ESEEM traces (Fig. 7.8(b)) based on the ab-initio calculated hyperfine tensors of the 7
nuclei indicated in Fig. 7.6(a) for the Pb0 structure with a dimerized step (b0 in Fig. 7.5).
Rotating the sample away from the high-symmetry B0 k[100] orientation increases the
number of non-equivalent lattice sites. First, the degeneracy of the two 4crys and 5crys lattice
sites is lifted. In addition, the Pb0 occur with four different orientations rotated by 90 deg.
about the [100] axis with respect to each other. Again for B0 k[100], the hyperfine tensors
for these for orientations are equivalent, but this degeneracy is lifted for less symmetric
orientations. In the simulation, we assume that all four orientations occur with equal
probability. The ESEEM traces plotted in Fig. 7.8(b) are calculated as the average of
the ESEEM traces of the four orientations using Eq. (7.12) multiplied with a stretched
exponential decay as determined from the data for B0 k[100]. The simulations reproduce
some basic features of the experimental data like, e.g., the fact that the characteristic
beating observed for θ=0 deg. becomes smaller for larger angles, so that for θ >30 deg.
an oscillations with only one frequency component persists. This is a consequence of the
larger number of non-equivalent lattice site contributing to the ESEEM signal for non highsymmetry orientations. The different anisotropic hyperfine interactions, which determine
the beating frequency for θ = 0 deg., average out, while the isotropic part of the hyperfine
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interaction is still visible as a characteristic modulation frequency of ≈6 MHz. However,
for θ 6= 0 deg., the details of the experimental modulation pattern are not reproduced by
the simulation. The reason for this discrepancy is the larger number of non-equivalent
lattice sites which makes the observed modulation pattern more sensitive to deviations of
the calculated hyperfine interactions from the experimental values. In addition, for these
orientations a larger number of lattice sites has to be included in the simulations to account
for the detailed features. We therefore conclude that, although some basic features of the
experimental data are reproduced by the simulations, the angle dependence of the ESEEM
signal provides only limited further insight due to the large number of hyperfine parameters
involved.

7.4

Conclusions and Outlook

In the first part of this chapter we have discussed the ESEEM effect in terms of a S = 1/2,
I = 1/2 spin model system. The modulation pattern originates from the state mixing caused
by anisotropic hyperfine interactions. As a consequence, microwave pulses on the electron
spin transitions also flip the nuclear spins with a certain probability creating additional
coherences on otherwise forbidden transitions. These coherence aquire additional phases
given by the nuclear modulation frequencies resulting in an oscillation of the spin echo
amplitude with these frequencies.
We further describe an experimental realization of electrically detected ESEEM measuring the well-characterized superhyperfine interactions of 31 P donors with 29 Si nuclei.
The results are analyzed in the time-domain as well as in the frequency domain and the
obtained nuclear modulation frequencies are in very good agreement with the values reported in the literature. The spectral resolution of the ESEEM spectra can be improved
by a 3-pulse ESEEM experiment which measures the decay of a stimulated echo. We experimentally demonstrate a factor of two improvement in the spectral resolution of the
3-pulse 31 P ESEEM spectrum when compared to the 2-pulse ESEEM spectrum. The high
resolution of 3-pulse ESEEM in combination with the sensitivity of the electrical detection
to interface-near donors might be useful to map the donor wavefunction under different
external parameters like electric fields [193] or strain [169].
In the main part of the chapter, we apply the EDESEEM technique to study the hyperfine interactions of Pb0 defects with 29 Si nuclei. We find, consistently for samples with
different 29 Si concentrations, that the main features of the ESEEM modulation pattern
can be described by a model taking into account three nonequivalent nuclei representing
the three-fold symmetry of the Pb0 center which is broken by the Si/SiO2 interface. For
a further interpretation of the result we calculate the hyperfine parameter for different
possible Pb0 -like structure with ab initio methods. The experimental modulation pattern
is best reproduced by a Pb0 defect located at a monolayer step while e.g. a flat surface
shows considerable deviations from the experimental data demonstrating the sensitivity of
EDESEEM to the microscopic structure of the defect.
The proof-of-concept study presented here suggests a more detailed interface investiga-
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tion as a function of surface orientation, off-cut and termination (hydrogenated, thermal
oxide, influence of contacts). In particular, sample preparation by UHV techniques and
UHV-ESR [194, 195] will be beneficial. The results in Fig. 7.7 already indicate a slight,
but measurable difference in the superhyperfine properties of the Pb0 at HF-treated and
oxide-terminated surfaces. The use of high-k oxides would allow to study small effects of
changes in the dielectric constant on the defect wavefunction.
The similar study as discussed here for the Pb0 defect should be performed for the
Pb1 defect which can also be detected by EDMR as we have shown. The details of the
microscopic structure of this defect are still under debate partly because of the lack of
detailed data for the superhyperfine interactions [73, 76, 78]. So far, the smaller density of
this defect when compared to the Pb0 center in addition with their strong spectral overlap
makes a detailed EDESEEM study of the Pb1 difficult. However, it has been reported
that the density of Pb1 centers can be greatly increased by carefully choosing the growth
conditions of the SiO2 [76].
It has been demonstrated that in certain situations, the spectral resolution and sensitivity of ESEEM can be significantly improved by using advanced ESEEM techniques like e.g.
pulse matching [196] or five-pulse ESEEM [197]. However, the fidelity of advanced (and
longer) pulse sequences is deteriorated by the short coherence and relaxation times observed
in EDMR of spin pairs [32, 109] and the inhomogeneity of the microwave B1 field caused by
the electrical contacts used for the photocurrent measurements. Therefore, pulse sequences
designed for pEDMR applications by optimum control theory [198] in combination with
pulse shaping possibly allows to mitigate some of these problems.

8

Electrically Detected Electron Nuclear
Double Resonance

Since its first demonstration by Feher in 1956 [39] electron nuclear double resonance (ENDOR) has become a widespread and versatile tool for studying hyperfine interactions [12].
It allows to measure nuclear spin transitions with the sensitivity of electron spin resonance
thereby reducing the minimum number of detectable spins by several orders of magnitude
when compared to NMR. Especially pulsed ENDOR [40] has found widespread applications
since it reduces the dynamic complexity of the coupled electron and nuclear spin systems
making it less sensitive to the electron and nuclear spin relaxation times [12]. Both, continuous wave and pulsed ENDOR have been used to study, e.g., superhyperfine interactions
of group V donors with 29 Si nuclei in crystalline silicon [36, 37] or in amorphous materials [199, 200]. Both pulsed EPR methods to measure hyperfine interactions, ENDOR and
ESEEM, often complement each other in the sense that the sensitivity of ESEEM is higher
at low nuclear frequencies (<5 MHz at X-band) while the sensitivity of ENDOR increases
with increasing nuclear frequency [11]. In addition to electrically detected ESEEM discussed in the previous Chapter, it is therefore highly desirable to develop an electrically
detected version of pulsed ENDOR (EDENDOR) for the study of point defects in semiconductors combining the high sensitivity of EDMR with the advantages of pulsed ENDOR
spectroscopy [12].
Continuous-wave EDENDOR measurements of hyperfine and superhyperfine interaction
of phosphorus spins in silicon have been reported for the first time in 1996 [43] already
demonstrating the higher sensitivity of electrically detected ENDOR. Electrical detection
of nuclear magnetic resonance has also been accomplished in, e.g., two-dimensional electron
gases, identifying the origin of the Overhauser field [201], and the electrical readout of
nuclear spin states has been achieved for this system [202]. However, the extension of this
technique to pulsed excitation remained to be demonstrated until 2011, when McCamey
et al. [29] demonstrated the electrical readout of nuclear spins at 8.6 T and 4 K. In their
study they employ highly polarized electron spins for the readout [22, 29, 104] making this
approach less suitable as a spectroscopic tool since it requires special equipment to provides
high frequencies and high magnetic fields. Due to the widespread availability of X-band
spectrometers it would therefore be desirable to apply the EDENDOR method at this
frequency range.
In the context of donor-based quantum information processing nuclear spins in semicon125
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ductors are well isolated quantum systems and therefore excellent candidates for a quantum
memory [47, 203]. The hyperfine coupling between the nuclear spin and an electron spin
residing in its vicinity makes the nuclear spin state accessible to optical and electrical readout schemes [29, 45, 71, 203, 204]. While the control and readout of electron spin states in
solids are well established down to the single spin level [7, 205], the readout of nuclear spin
states has mostly been limited to optical techniques [6, 204]. However, for nanostructures
not exhibiting luminescence, an electrical readout scheme is advantageous.
In this Chapter, we demonstrate the electrical detection of nuclear spin resonance and
the electrical readout of coherent nuclear spin oscillations in phosphorus-doped silicon using pulsed Electrically Detected Electron Nuclear Double Resonance (EDENDOR) at 0.3 T
using X-band frequencies (10 GHz). We hereby make use of the spin-dependent recombination process via weakly coupled spin pairs described in Chapt. 3 and Chapt. 5 [20, 86];
this approach does not rely on a polarization of the electron spin system and thus works
under experimental conditions where the thermal energy is much larger than the electron
Zeeman splitting [20]. In the first part of this Chapter, we demonstrate the measurement
of 31 P nuclear spin hyperfine transitions and the coherent manipulation and readout of the
31
P nuclear spins under continuous illumination with above bandgap light. In the second
part, we show that the EDENDOR method can be greatly improved in several aspects by
switching off the illumination during the microwave and rf pulses. We apply this method to
the 31 P-Pb0 spin system and the 31 P-SL1 spin system allowing us to compare the hyperfine
interactions of bulk and interface-near donors. In the last part, we devise a scheme for the
hyperpolarization of 31 P nuclei by combining pulsed optical excitation and pulsed ENDOR
and demonstrate a 31 P nuclear spin polarization of more than 50%.
The results of this Chapter are the outcome of a fruitful collaboration with Lukas Dreher
leading to the joint publications [45] and [31].

8.1

EDENDOR under Continuous Optical Excitation

The principle of pulsed EDENDOR is depicted in Fig. 8.1. For the 31 P donor in silicon
to be investigated, its electron spin 31 Pe (S = 1/2), its nuclear spin 31 Pn (I = 1/2), and
their hyperfine coupling give rise to a four-level system. For the electrical readout we use
a spin-to-charge conversion mechanism based on a spin-dependent recombination involving
the 31 P donor electron and the Pb0 center as discussed in Chapt. 3. Accounting for the two
orientations of the Pb0 spin, we sketch the eight different states for the three involved spins in
panel (i), indicating the occupation of the different states by the gray bars. Due to the Pauli
principle, spin pairs with antiparallel spins recombine with a timeconstant of τap =6µs while
the pairs with parallel orientation are long-lived and recombine with τp =1.2 ms (Chapt. 6).
Therefore, in the steady state only levels associated with parallel orientations of 31 Pe -Pb0
pairs are occupied [20] with a probability of 1/4 each. We neglect the thermal equilibrium
polarization of the spin system of ≈ 5% at 0.35 T and 5 K at first.
The pulsed EDENDOR experiments presented now are based on the Davies pulse sequence for conventional pulsed ENDOR [41]. At first, we describe the EDENDOR ex-
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periments in terms of the level scheme shown in Fig. 8.1 assuming that no recombination
occurs on the timescale of the pulse sequence. The preparation microwave π pulse inverts
the populations of the levels associated with one of the two 31 Pe hyperfine transitions (i).
Subsequently, a radio frequency π pulse inverts the populations on one of the 31 Pn hyperfine
transitions (ii). Since the signal observed in pulsed electrically detected magnetic resonance
is proportional to the fraction of 31 Pe -Pb0 pairs with antiparallel spins nap at the end of the
pulse sequence (cf. Chapt. 2.5.2), a detection mw π pulse is applied to electrically readout
the nuclear spin state (iii). At the end of this pulse sequence, we expect an antiparallel spin
fraction of nap = 1/2 when an rf π pulse has been applied (iv) whereas nap = 0 without an
rf pulse or with an rf pulse far off resonance (iv)*. To realize the lock-in detection scheme
described in Chapt. 4.1 we replaced the detection mw π pulse by a spin echo with phase
cycling which measures the difference between a detection mw π pulse and a 2π pulse giving
essentially the same results as discussed above.
legend
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Figure 8.1: The basic pulse sequence of the electrically detected Davies
ENDOR consists of a preparation microwave π pulse, an rf pulse of length
Tp , and a mw detection π pulse after a waiting time tw . To implement
the lock-in detection scheme, we replace the final mw π pulse by a spin
echo-sequence as discussed in the text. The evolution of the spin state
populations for this sequence is depicted in the panels. The donor electron
spin 31 Pe , its nuclear spin 31 Pn , and the electron spin of the Si/SiO2 interface
state Pb0 are symbolized by the three arrows in the ket as shown in the
legend. The populations of the spin states are indicated by gray boxes. The
fraction of antiparallel electron spin pairs at the end of the pulse sequence
is given by nap (cf. Chapt. 2.5.1).
For the measurements of EDENDOR, we used a type I sample with a nominal
Pconcentration of 9×1016 cm−3 as described in Chapt. 3.1. The sample was mounted with
the silicon [110] axis parallel to the static magnetic field, illuminated with white light from a
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tungsten lamp at ≈ 100 mW/cm2 , and biased with 100 mV resulting in a current of ≈60 µA.
All experiments are performed at ≈ 5 K in the BRUKER dielectric microwave resonator
for pulsed X-band ENDOR. The microwave-pulse power is adjusted such that the π pulse
length is 30 ns, corresponding to a microwave B1 -field of 0.6 mT. The current transients
after the pulse sequence are recorded by measuring the voltage drop over a 1.6 kΩ resistor
placed at room temperature in series with the sample. The value of the resistor is chosen
to match the resistance of the sample, which is typically in the low kΩ-range. In contrast
to the EDMR experiments in the preceding Chapters, we used a voltage amplifier instead
of a transimpedance amplifier to minimize the effects of the non-resonant current/voltage
transients induced by the strong rf pulse which overload the amplifiers. In addition, the
voltage transients are filtered (low-pass filter: 7th order Butterworth, f3dB ≈ 4 MHz and
high-pass filter: 1st order, f3dB ≈ 3 kHz) and amplified by a factor of 200 using a voltage
amplifier (SR560). The pulse sequence shown on the top of Fig. 8.1 is applied with a shot
repetition time of 800 µs, which allows the electron spin system to relax to its steady-state
(cf. Chapt. 6). A measurement time of typically several hours is needed to record an
EDENDOR spectrum with a signal-to-noise ratio as shown in Fig. 8.2.
In a first experiment, we demonstrate that pulsed EDENDOR can be used as a spectroscopic method. To this end, we keep the length of the rf pulse fixed at Tp =10 µs while
sweeping the radio frequency. Throughout this Chapter, the detection echo-sequence with
equal evolution times of 100 ns is applied after waiting for tw =2 µs (c.f. Fig. 8.1). Figure 8.2
(a) shows the integrated current transient ∆Q as a function of the radio frequency frf for
two different magnetic fields, chosen such that the microwave pulses are resonant with the
high-field hyperfine-split 31 Pe resonance (upper trace) and with the Pb0 centers at g=2.0042
(lower trace) [76]. Both traces show strong variations as a function of the radio frequency,
which we attribute to non-resonant effects caused by overloading of the voltage amplifier
due to the voltage transients induced by the strong rf pulse. Since for non-resonant rf pulses
the antiparallel spin content is the same for microwave pulses resonant with the 31 Pe and
with the Pb0 spins, comparison of the two traces allows to identify the 31 Pn transitions at
frequencies of f1 =52.25±0.02 MHz and f2 =65.08±0.02 MHz. More detailed frequency scans
of the two peaks are shown in panels (b) and (c) where the Pb0 trace was subtracted from
the 31 Pe trace to remove the non-resonant background signal. The measured nuclear transition frequencies are in good agreement with the expected frequencies of 52.34 MHz and
65.19 MHz calculated for the hyperfine interaction of 117.53 MHz between 31 Pe and 31 Pn ,
and the 31 Pn nuclear Larmor frequency of 6.076 MHz [36, 71]. The slightly smaller value of
the measured frequencies could be attributed to small deviations of the hyperfine interaction at the surface from the bulk value due to local strain in the thin-film silicon sample.
A comparison of this value of the hyperfine interaction with EDENDOR measurements in
the bulk, as discussed in the following Chapter, shows that the observed smaller value of
the hyperfine interaction is indeed a surface effect most likely caused by strain, while in the
bulk the value is in very good agreement with the value measured by conventional ENDOR.
To exclude spurious effects of the strong rf pulse (e.g. bolometric), we performed an
EDENDOR measurement without the preparation microwave π pulse. Figure 8.3 shows
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Figure 8.2: (a) Integrated current transient ∆Q after the Davies EDENDOR pulse sequence with Tp =10 µs as a function of the rf frequency. When
the mw pulses are in resonance with the 31 P high-field hyperfine line (upper
trace) two peaks can be observed at frf =52.25 MHz and frf =65.08 MHz.
These peaks do not appear in the lower trace where the mw pulses are in
resonance with the Pb0 spins. More detailed frequency scans of the two
peaks are shown in panels (b) and (c), where the non-resonant background
has been subtracted. ∆QENDOR denotes the peak amplitude.

the integrated current transient ∆Q after the EDENDOR pulse sequence with Tp = 7.5 µs
with and without preparation microwave π pulse (top and bottom trace, respectively). The
nuclear spin transition peak at frf = 52.25 MHz can only be observed when the preparation
mw pulse is applied. Therefore, we conclude that the peaks observed in Fig.8.2 of the main
paper are not caused, e.g., by bolometric effects induced by the strong rf pulse.
In contrast to conventional ENDOR, where the ENDOR intensity is limited by the
polarization of the electron spin ensemble, the EDENDOR intensity is given by nap , which
can be significantly larger. This supersedes the need for high magnetic fields and low
temperatures and allows in principle to measure EDENDOR at room temperature providing
a suitable spin system like, e.g., endohedral fullerenes such as N@C60 [107]. Application
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Figure 8.3: EDENDOR signal with and without preparation microwave
pulse.
of the pulse sequence with a shot repetition time shorter than the longitudinal relaxation
time T1n of the 31 P nuclear spins does not result in a reduction of the ENDOR signal as
observed in conventional ENDOR [206], due to the effective reset of the spin system through
recombination; this allows for much shorter shot-repetition times and thus improves the
signal-to-noise ratio.
To demonstrate the electrical readout of coherent nuclear spin oscillations, we measured
the amplitude of the EDENDOR signal as a function of the rf pulse length Tp in a second
experiment. To this end, we recorded radio frequency sweeps as those in Fig. 8.2 (b) for
different Tp and fitted the peaks with Lorentzians. In Fig. 8.4, we show their amplitudes
∆QENDOR as a function of Tp , revealing a damped oscillation. We attribute this oscillation
to the coherent driving of the 31 P nuclear spins. To corroborate this interpretation, we
measured the oscillation period TRabi , estimated from the position of the first maximum
of the oscillation, for different rf power levels Prf resulting in a linear increase of the Rabi
√
frequency 1/TRabi with the rf B2 -field (B2 ∝ Prf ) as shown in the inset of Fig. 8.4. For
longer Tp the oscillation period seems to increase, which might be related to the different
time scales of the recombination processes occurring during the rf pulse. To compare the
measured EDENDOR amplitude ∆QENDOR with the theoretically expected maximum value
nap = 1/2 from the considerations depicted in Fig. 8.1, we take the amplitude ∆Qecho of the
detection echo-sequence defined above without preceding mw and rf pulses under the same
experimental conditions as a measure for the maximum experimentally achievable value
of nap . We define the EDENDOR contrast as ∆QENDOR /∆Qecho , resulting in a maximum
contrast of 0.07 at Tp =10 µs.
The evolution of the spin system during the Davies EDENDOR sequence deviates in
several aspects from the ideal situation discussed above. These are primarily the recombination and generation of spin pairs that occurs during the rf pulse and the polarization
and relaxation of the electron and nuclear spins. A full simulation of the experimentally
observed data will require incorporation of these dynamic effects, e.g., in a system of com-
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Figure 8.4: Amplitude of the EDENDOR peak ∆QENDOR at 52.25 MHz
as a function of the rf pulse length Tp . The oscillation shows the coherent
driving of nuclear spin motion which is damped on the timescale of the
recombination of the 31 Pe -Pb0 spin pairs. The Rabi frequency, estimated
from the position of the first maximum of the oscillation, scales linearly
with the square root of the rf power, as shown in the inset.
bined rate equations [26]. To gain a first physical picture, we here separately discuss the
effects of the recombination time τap characteristic for antiparallel electron spin pairs, of
the recombination time τp characteristic for the parallel spin pairs, and of the polarization
of the nuclear spin system. In this sample, a recombination time of antiparallel spin pairs
of τap =7 µs under continuous illumination has been determined by inversion recovery experiments discussed in Chapt. 6.4. The recombination time τp is much longer than τap as
shown in Chapt. 6.6 and therefore does not contribute to the loss of coherence during the
EDENDOR pulse sequence. Thus, after an rf pulse with a length of Tp =10 µs, we expect
an EDENDOR amplitude of e( − Tp /τap ) · ∆Qecho = 0.25 · ∆Qecho . In addition, the finite
excitation bandwidth of the rf pulse only excites about a fraction of 0.3 of the nuclear spin
resonance line with a FHWM of 0.24 MHz. This reduces the expected EDENDOR contrast to ≈0.1, which agrees well with the observed EDENDOR contrast despite the crude
approximations involved.
In analogy to conventional Davies ENDOR [41], the ideal EDENDOR pulse sequence
transfers the electron spin polarization to the nuclear spins. This is shown schematically in
Fig. 8.5(b) where we assume that the spin system is initially in a state with an electron spin
polarization of (+ − − )/2, with 2(+ + − )=1. After the application of the EDENDOR
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pulse sequence before the detection echo (panel (iii)2 ), the electron spin system is allowed to
relax to thermal equilibrium while we assume that the nuclear spin polarization prevails on
a much longer timescale. These assumptions are justified by measurements of the nuclear
spin relaxation time under illumination, described in the last section of this Chapter, which
is of the order of 100 ms and therefore much longer than the relaxation times of the electron
spin τap and τp . After relaxation and application of a detection mw π pulse (panel (iv)2 and
(v)2 ) the fraction of antiparallel spin pairs is increased by a factor + when compared to
the situation without rf pulse. This transfer of polarization allows to readout the nuclear
spin state after waiting times tw much larger than the recombination times, limited only by
T1n . Indeed, we observe an EDENDOR signal for tw > 4 ms with an EDENDOR contrast
of 0.01 using a shot-repetition time of 15 ms. This would allow to measure T1n for donors
close to the Si/SiO2 interface by recording the EDENDOR contrast as a function of tw . In
the next part of this Chapter we will show that using pulsed optical excitation the nuclear
spin relaxation time can be measured much easier.
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Figure 8.5: Panels (i)-(vi) show that, as in conventional Davies ENDOR,
the EDENDOR pulse sequence transfers the polarization of the electron
spin system to the nuclear spins.
In conclusion, we have demonstrated the electrical detection of coherent nuclear spin
oscillations with pulsed EDENDOR employing Si:P as a model system. Recently, an electrically readable nuclear spin memory with a storage time of 112 s has been demonstrated
in Si:P at high magnetic fields (≈ 8 T) using highly polarized electrons [29]. In contrast
to this approach, we employ a spin-dependent recombination process via Si/SiO2 interface
states enabling the nuclear spin readout without making use of a polarization of the electron spin system. During the readout process, the electron is removed from the donor,
which drastically changes the Hamiltonian describing the spin system. We will study the
consequences of this "depopulation" of the donor systematically in the following Chapter.

8.2

EDENDOR under Pulsed Optical Excitation

The main difficulty of the EDENDOR experiments shown so far are the large non-resonant
current or voltage transients induced by the strong rf pulses which saturate the amplifiers
and thereby decrease the signal-to-noise ratio. In addition, the achievable ENDOR contrast
is strongly reduced by recombination of antiparallel spin pairs during the rf pulse. This
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problem is expected to occur more generally also for other spin systems studied with EDMR
since the rf pulse length is limited by the available rf power and the geometry of the ENDOR
resonator and the recombination time of weakly coupled spin pairs is typically of the order
of microseconds (Chapt. 6.4).
Both difficulties can be overcome by switching off the illumination during the mw and
rf pulses. We will show that this allows to manipulate the nuclear spins on a timescale
limited not by τap as before but by the much longer timeconstant τp . Employing pulsed
optical excitation also completely removes the non-resonant current transients induced by
the rf and mw pulses thereby improving the signal-to-noise ratio. This enables EDENDOR
spectroscopy with a sensitivity < 3000 nuclear spins, with a two orders of magnitude better
signal-to-noise ratio when compared to the experiments in Chapt. 8.1. In addition, we
demonstrate that using pulsed illumination the 31 P donors can be selectively depopulated
(i.e. ionized) depending on the orientation of their nuclear spin. This makes it possible to
manipulate and electrically read out the nuclear spins of ionized donors.
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In this section, we describe experiments on two types of samples; first, a type I sample
with [P] = 3 × 1016 cm−3 and second, a γ-irradiated type II sample with bulk phosphorus
doping of [P] = 1 × 1015 cm−3 as decribed in Chapters 3.1 and 5.1. The samples are placed
in an external magnetic field with B0 ||[110] at 5.0 K in the dielectric microwave resonator
for pulsed ENDOR. They are illuminated with the light of a pulsed LED (Thorlabs LDC
210 controller) with a rise time of ≈ 2µs and a wavelength of 625 nm at an intensity of
20 mW/cm2 . The photocurrent through the sample is measured under symmetric bias
(300 mV for the type I sample and 5 V for the type II sample) using the balanced transimpedance amplifier with low- and high-pass filtering at cut-off frequencies of 1 MHz and
2 kHz, respectively. The microwave frequency was set to be in resonance with the high-field
resonance of the hyperfine-split 31 Pe transition at a magnetic field of B0 =350.6 mT [138].
For noise reduction, the lock-in detection scheme describe in Chapt. 4.1 was employed [121].
The orientation of the γ-irradiated sample was chosen such that the 31 P resonance magnetic
fields are spectrally well separated from the resonance fields of the SL1 centers.
The electrical nuclear spin readout is based on a spin-dependent recombination process
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via weakly coupled spin pairs [27] either formed by 31 P donor electron spins (31 Pe ) and
paramagnetic dangling bond states Pb0 at the Si/SiO2 interface [20, 86] or by 31 P and SL1
centers in γ-irradiated silicon. Crucial for the selective depopulation scheme of the 31 P
donors is the fact that, due to the Pauli principle, the lifetime of the parallel spin-pair
states is substantially longer than that of the antiparallel pairs. This has been confirmed
by the experiments discussed in Chapt. 6. The pulse sequences to determine τap and τp as
well as the experimental results are shown for both samples in Fig. 6.3 demonstrating that
for both spin pairs τp is approximately two orders of magnitude larger than τap .
Having established the dynamics of the spin pair, we devise the scheme for the selective
depopulation of the 31 P donors illustrated in Fig. 8.6. In the following, we will discuss
the selective depopulation scheme exemplarily for the 31 P-Pb0 spin pair. We sketch the
eight energy levels of the hyperfine-split occupied 31 P donor (S = 1/2, I = 1/2) and the
Pb0 (S = 1/2) with the corresponding electron and nuclear spin states shown in the upper
part of panels (i)-(v) and the 31 P+
n levels shown in the lower part separated by a dashed line.
At the beginning of the pulse sequence, the spin pairs are in the steady state (i). A mw
π pulse resonant with one of the 31 Pe hyperfine transitions converts the electron spin pairs
associated with one 31 P nuclear spin state into antiparallel configuration. Thus, the donors
with this nuclear spin state become ionized on the timescale of τap (ii). To compensate for
imperfections of the first depopulation pulse, we apply an additional depopulation pulse
separated by 150 µs to also ionize the remaining donors with this nuclear spin state. This
selective depopulation scheme results in a large population difference of the 31 P+
n levels as
31 0
well as the Pn as shown in (iii), allowing for manipulation and readout of both the 31 P+
n
and 31 P0n . Application of a radio frequency (rf) π pulse with a frequency of frf ≈6 MHz
(iii) inverts the populations of the 31 P+
n , creating a nuclear spin polarization exceeding
the thermal equilibrium polarization (iv). After switching on the LED, the ionized donors
become repopulated and the steady state of the electronic system is established. We assume
that the repopulation process does not change the states of the nuclear spins, resulting in
a nuclear spin polarization of the occupied donors (v). For a non-resonant rf pulse, the
level populations at the end of the pulse sequence are identical to the ones shown in (i).
The difference between the spin populations on the corresponding hyperfine transition in
the resonant and non-resonant case can be quantified by measuring the amplitude ∆Q of
a detection echo with phase cycling [121], indicated by the blue arrow in (v). In addition,
the population differences of the 31 P0n levels prevail on the timescale of τp = 2 ms, orders of
magnitudes longer than in previous EDENDOR experiments [45], where the manipulation
of the nuclear spins was limited by τap  τp , thus enabling also improved experiments on
the 31 P0n .
In Fig. 8.7 (c) and (d), ∆Q is shown as a function of the rf pulse frequency, revealing
a quenching of the echo signal at a nuclear spin resonance frequency of 6.03484(1) MHz
and an enhancement at the frequencies of 52.27(1) MHz and 65.04(1) MHz. A quenching
of the echo signal is expected for a resonant transition of the 31 P+
n when considering the
population differences for the corresponding hyperfine transition shown in (i) and (v). For
the 31 P0n the enhancement of the echo signal can also be understood in terms of Fig. 8.7
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Figure 8.7: (a) Pulse sequence for the selective depopulation of the
31
P donors and the electrical detection of the 31 Pn and the 31 P+
n for the
31
31
P-Pb0 spin pairs. (b) The P electron and nuclear spins are represented
by blue (large) and green (small) arrows, respectively. We draw the eight
hyperfine-split levels of the occupied donor and Pb0 in the upper part of
each panel and, separated by a dashed line, the levels of the ionized donor
nuclear spin in the lower part. The populations of the levels throughout
the pulse sequence are indicated by gray boxes. In (c) and (d) the detection echo amplitude ∆Q is shown as a function of the rf pulse frequency
frf , revealing a quenching and enhancement of ∆Q, when the frequency is
resonant with the transitions labeled by 6 MHz, 52 MHz, and 65 MHz in
(iii), respectively. The resonance frequencies are extracted from Lorentzian
fits shown as red lines.
when the populations are inverted, e.g., on the 52 MHz transition instead of the 6 MHz
transition, cf. panel (iii). From the resonance frequency of the 31 P+
n we extract a nuclear
g-factor of gn = −2.2601(3); this corresponds to a chemical shift of -1400(150) ppm relative
to the free nucleus [70], assuming an uncertainty of ±0.05 mT in B0 . The chemical shift
31 0
of the 31 P+
Pn is 710(10) ppm, which can be determined more precisely,
n relative to the
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since it is affected to a lesser extent by a systematic error in B0 .
For comparison, the EDENDOR spectrum for the 31 P-SL1 spin pair is shown in Fig. 8.8
(b) and (c). The time intervals between the pulses of the depopulation pulse sequence are
shorter than those used for the 31 P-Pb0 spin pair because of the shorter recombination times.
The spectrum also reveals a quenching of the echo signal at a frequency of 6.0358(1) MHz
and an enhancement at frequencies of 52.38(1) MHz and 65.15(1) MHz. From the resonance
frequency of the ionized donor we calculate a nuclear g-factor of gn =2.2606(3) in good
agreement with the value observed at the Si/SiO2 interface. The resonance frequencies of
the 31 P0 nuclear spin correspond to a hyperfine interaction of A = 117.54(2) MHz in good
agreement with the value of A = 117.523936(1) MHz for 31 P donors in bulk 28 Si measured
by electrically detected NMR in combination with optical hyperpolarization [71]. This is in
contrast to the value obtained for the 31 P-Pb0 spin pair, where the nuclear spin transition
frequencies correspond to a hyperfine constant of A = 117.31(2) MHz significantly smaller
than the bulk value. A reduction of the hyperfine constant could be caused, e.g., by strain
at the surface or electric fields [207–209]. Based on the valley repopulation model [207],
a decrease of 0.2 MHz of the hyperfine interaction corresponds to an in-plane strain of
≈ 7 · 10−5 . Strain values of this order of magnitude in the silicon near the surface could
be caused, e.g., by the evaporated metal contacts due to their different thermal expansion
coefficient when compared to silicon. In contrast, based on a Stark coefficient of ηa =2 · 10−10 cm2 /V2 predicted for 31 P in silicon [209], an electric field of ≈ 3 · 103 V/cm would
be needed to decrease the hyperfine interaction by 0.2 MHz. This is much larger than the
electric field of ≈300 V/cm in our samples estimated from the distance of the interdigit
contacts and the applied bias voltage. We therefore conclude that the observed deviation
of the 31 P hyperfine constant at the Si/SiO2 interface from the bulk value is caused by
additional strain at the interface.
In conventional ENDOR experiments of partially compensated phosphorus-doped silicon a resonance approximately at the free 31 Pn Larmor frequency has been observed and
31 0
31
attributed to 31 P+
P clusters
n weakly hyperfine-coupled to neighboring isolated P [36] or
31
at higher P concentrations [210]. While we cannot completely rule out a contribution to
the observed signal through such a mechanism, it seems unlikely given the non-selectivity of
the here employed Davies-type of ENDOR with respect to small hyperfine interactions [11]
and the low 31 P concentration of the sample studied. Also the doubly occupied donor state
31 −
P in its singlet electron spin state is expected to exhibit a nuclear Larmor frequency
near to that of the free nucleus. While in high magnetic field EDENDOR experiments [29]
the 31 P− state is thought to be involved in the 31 P0n readout, at the magnetic field and
temperature used in this work the 31 P-Pb0 recombination is the dominant spin-dependent
process [86]. We therefore attribute the observed resonance at 6 MHz to the nuclear spins
of the donors selectively ionized in the positive charge state with the mechanism described
in Fig. 8.7 (a).
From the data in Fig. 8.7 (d) we infer a signal-to-noise ratio of S/N ≈ 100 and a sensitivity of < 3000 nuclear spins for a measurement time of ≈40 min. This nuclear spin
sensitivity was determined from the noise in ∆Q under the assumption that one nuclear
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Figure 8.8: (a) Pulse sequence for the selective depopulation of the
31
31
P-SL1 spin
P donors and the electrical detection of the 31 P+
n for the
pairs. In (c) and (d) the detection echo amplitude ∆Q is shown as a function of the rf pulse frequency frf , revealing a quenching and enhancement of
∆Q when the frequency is resonant with the transitions of the 31 P+ nuclear
spin and the 31 P nuclear spin, respectively. The resonance frequencies are
extracted from Lorentzian fits (red lines).
spin corresponds to one electronic charge. In comparison with the EDENDOR spectroscopy
data shown in Chapt. 8.1, the S/N is improved by more than two orders of magnitude for
comparable measurement times and the pronounced non-resonant background is almost entirely removed. These improvements are due to the novel preparation scheme with pulsed
illumination, leading to a virtually non-conductive sample during the application of the rf
pulses. This avoids the overload of the transimpedance amplifier due to the high-power
rf pulses, which caused the non-resonant background and increased the noise level in previous experiments [45]. In addition, the signal amplitude is enhanced because almost no
recombination occurs on the timescale of the nuclear spin manipulation as discussed above.
The depopulation scheme presented above can also be used to coherently manipulate and
readout the 31 P+ n nuclear spins thus allowing to measure their coherence time. Applying a
standard spin echo pulse sequence on the 6 MHz 31 P+ n nuclear spin transition results in a
coherence time of T2n =18 ms (31 P-Pb0 spin pair) and T2n =12 ms (31 P-SL1 spin pair) much
larger than the coherence time of 280 µs of the 31 P0n nuclear spins [31]. Calculations show
29
that spectral diffusion due to dipolar coupling of the 31 P+
Si nuclear spins results in a
n to
stretched exponential echo decay with a coherence time of 30 ms in good agreement with
nat
our experimental results [211]. Spectroscopy of the 31 P+
Si has also been reported in
n in
a single donor qubit device, where a T2n of ≈60 ms has been found [212] in good agreement
with our result.
To summarize, we have shown that using pulsed illumination in combination with co-
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herent spin manipulation greatly improves the signal-to-noise ratio of EDENDOR making
this technique an attractive spectroscopic tool. It also gives access to the nuclear spin of the
ionized 31 P donor. The very narrow linewidth of the corresponding spin transition allows
for a more precise spectroscopy of the nuclear spin, e.g., by studying the influence of local
strains [213] or electric fields on the 31 P+
n resonance. We have used EDENDOR to study
31
the P donor hyperfine interaction for two recombination processes based on two different
spin pairs; the 31 P-Pb0 spin pair at the Si/SiO2 interface and the 31 P-SL1 spin pair in bulk
γ-irradiated silicon. We find that the hyperfine interaction near the Si/SiO2 interface is
considerably reduced when compared to its bulk value indicating a considerable influence
of the Si/SiO2 interface on the hyperfine interaction, e.g., via strain to be considered when
studying spin systems with larger hyperfine constants [214, 215]. The presented EDENDOR scheme with pulsed illumination is expected to be applicable to a wider range of
spin-dependent recombination processes involving, e.g., other donors or different bulk defects as long as the recombination of parallel and antiparallel spin pairs occur on different
timescales.
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In addition to increasing the ENDOR signal nuclear hyperpolarization is widely used to enhance the sensitivity of NMR allowing to study smaller samples or samples with lower spin
densities. It also might play a role in biomedical applications where the long relaxation times
of nuclear spins are exploited for imaging techniques. This could involve, e.g., nanoparticles containing hyperpolarized nuclear spins which are inserted into living organisms while
continuously monitoring their position using magnetic resonance imaging [48–50]. Further
in the context of spin-based quantum information processing, hyperpolarization schemes
might be useful to initialize qubits [51] or to improve the coherence times of electron spins
coupled to a nuclear spin bath [52]. In particular, hyperpolarization is also an essential
prerequisite for entanglement schemes of spin ensembles allowing to test some fundamental
aspects of quantum theories [216, 217].
The preceding section has shown that the EDENDOR scheme with pulsed optical excitation creates a considerable polarization of the 31 P nuclear spins. This is part of the
reason for the observed increase of the EDENDOR contrast when compared to the case
of continuous illumination. In this section, the hyperpolarization of 31 P nuclear spins will
be studied systematically to maximize the degree of nuclear polarization and measure the
nuclear spin relaxation time. Our study will focus on the hyperpolarization of 31 P nuclear spins and not, e.g., 29 Si nuclear spins due to the large (100%) abundance of 31 P and
their large hyperfine interaction which facilitates the hyperpolarization. We present nuclear spin hyperpolarization experiments using the type II γ-irradiated sample where the
spin-dependent recombination involves 31 P-SL1 spin pairs.
Hyperpolarization of 31 P nuclear spins is achieved using the pulse sequence for EDENDOR with pulsed optical excitation shown in Fig. 8.8. After switching off the optical
excitation microwave π pulses on one of the two 31 P hyperfine transitions selectively depopulate the 31 P donors with one nuclear spin orientation with respect to the external
magnetic field, as discussed in the previous section. For mw pulses resonant with the highfield (low-field) 31 P electron spin transition the 31 P donors with their nuclear spin oriented
antiparallel (parallel) to B0 are ionized. After the depopulation sequence large population
differences are present on the 52 MHz and 65 MHz transition of the 31 P0 nuclear spins as
well as on the 6 MHz transition of the 31 P+ nuclear spins [Fig. 8.7(b)]. Application of resonant π pulses on these transitions therefore polarizes the 31 P nuclear spins. For the ideal
case shown in Fig. 8.7 (b), polarizations of 100% for the 6 MHz nuclear spin transition and
50% for the 52 MHz and 65 MHz transitions are expected after one single application of
the pulse sequence. Application of two subsequent rf π pulses with 52 MHz and 65 MHz
will increase the maximum achievable polarization from 50% to 100% also for these transin −n
tions. The polarization is defined as p= n↑↑ +n↓↓ , where n↑ and n↓ denote the populations of
the spin states with nuclear spin oriented parallel and antiparallel to the external magnetic
field. The resulting nuclear spin polarization is quantified by measuring the amplitude
∆Qrfon of a spin echo after repopulating the donors by switching on the optical excitation.
∆Qrfon is then compared with the spin echo amplitude ∆Qrfoff after application of the same
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pulse sequence without rf pulses or with off-resonant rf pulses. The measured nuclear spin
polarization is given by p = |1 − ∆Qrfon /∆Qrfoff |.
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Figure 8.9: (color for registered users only) (a) Pulse sequence used for
hyperpolarization of 31 P nuclei using either the 52 MHz or 65 MHz nuclear spin transitions of the neutral 31 P donor with an rf pulse length of
12.5 µs. (b) Detection echo envelopes for frf =52.36 MHz (red squares),
frf =65.135 MHz (blue squares), and without rf pulse (black squares). The
corresponding fits using Gaussians with constant offset are shown as solid
lines.
In following, we will first present nuclear spin hyperpolarization results for rf pulses on
the 52 MHz and 65 MHz transitions and later results for 6 MHz rf pulses. The exact timing
of the pulse scheme used for the hyperpolarization discussed below is shown in Fig. 8.9
(a). Figure 8.9 (b) shows the detection spin echoes after a hyperpolarization pulse sequence
with frf =52.36 MHz (red squares) and frf =65.135 MHz (blue squares). For comparison,
a detection spin echo after a reference pulse sequence without rf pulses (black squares) is
shown as well. For each data point, the pulse sequence is repeated 100 times with a shot
repetition time of 1.5 ms and the results are averaged. To determine the echo amplitudes the
data are fitted with a Gaussian with a constant offset while forcing the fitting procedure to
use the same width for all three traces. Comparing the echo amplitudes obtained from the fit
with and without rf pulses results in measured polarizations of p=44±1% for frf =52.36 MHz
and p=42±1% for frf =65.135 MHz. This value can be slightly increased by applying two
subsequent rf pulses with frf =52.36 MHz and frf =65.135 MHz [Fig. 8.10(a)]. The results
are shown in Fig. 8.10(b) (red squares) together with a detection echo without rf pulses
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(black squares). Using the same fitting procedure as describe above results in a polarization
of p=49.2%.
To verify that the observed increase of the spin echo amplitude is indeed associated
with a 31 P nuclear spin polarization, we directly compare the echo amplitudes of both
31
P hyperfine transitions. From the level diagram in Fig. 8.7(b), we expect an increase of the
echo amplitude after hyperpolarization on the 52 MHz or 65 MHz transition if the inversion
mw pulses are resonant with the same 31 P electron spin hyperfine transition as the detection
echo. In the case that the inversion pulses and the detection echo are resonant with different
hyperfine transitions, a decrease of the echo amplitude after hyperpolarization is expected.
We use an additional microwave source with a different frequency offset by 117.5 MHz to
address both 31 P hyperfine transitions within one pulse sequence similar to the ELDOR
experiments discussed in Chapters 3.2 and 5.3. The results of such an experiment are
shown in Fig. 8.10(b) (blue squares) with the inversion pulses resonant with the high-field
ESR transition and the detection echo resonant with the low-field ESR transition. Here,
a decrease of the echo amplitude is observed when compared to the background detection
echo (black squares) resulting in a polarization of p=51.3%. For these two measurements
the polarization can also be calculated without the background detection echo by taking
the difference between the two hyperpolarized echo amplitudes (red and blue squares) and
dividing it by their sum resulting in p=50.8% in good agreement with the value determined
above.
Theses results demonstrate that the presented hyperpolarization scheme based on
EDENDOR combined with pulsed optical excitation can hyperpolarize 31 P nuclear spins
up to more than 50%. This value exceeds the thermal equilibrium polarization of the
31
P nuclear spins at 0.35 T and 5 K by a factor of 17000 and even exceeds the thermal
equilibrium electron spin polarization by a factor of 10. While other dynamic nuclear polarization schemes have achieved larger degrees of polarization [53, 217], they rely on a
large thermal equilibrium polarization of electron spins which is then transferred to the
nuclear spins. Therefore, these experiments have to be performed at high magnetic fields
and/or low temperatures while the hyperpolarization scheme discussed here capitalizes on
the spin pair symmetry without the need of a polarized spin system. A > 90% polarization of 31 P nuclear spins has been demonstrated in isotopically enriched 28 Si using optical
excitation of donor-bound excitons [71].
Although the polarization of 44% is close to the expected maximum of 50% for one rf
pulse on the 52 MHz or 65 MHz transition, the moderate increase of the polarization from
44% to 51% for two rf pulses indicates that the experimental realization of the hyperpolarization scheme deviates from the ideal discussion presented above. First of all, the limited rf
power experimentally available is not sufficient to invert the whole inhomogeneously broadened 31 P0 nuclear spin transitions. In Section 8.1, we estimated that a 10 µs rf π pulse
excites only a fraction of 0.3 of the nuclear spins. Neglecting other shortcomings, this effect
already reduces the achievable hyperpolarization for one rf pulse and a single shot of the
pulse sequence to 15%. The fact that nevertheless a much higher polarization of 44% is
achieved can be explained by taking into account that this value is obtained after averaging
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Figure 8.10: (a) Pulse sequence used for hyperpolarization of 31 P0 nuclei
using both the 52 MHz and the 65 MHz nuclear spin transitions of the
neutral 31 P donor. (b) Detection echo envelopes for two rf pulses where the
inversion mw pulses and the detection spin echo are resonant with the highfield 31 P electron spin transition (red squares), with the detection spin echo
resonant with the low-field transition, and the corresponding background
detection echo without rf pulses (black squares). The corresponding fits
using Gaussians with constant offset are shown as solid lines.

over 100 subsequent repetitions of the experiment. If the shot repetition time is shorter than
the nuclear spin relaxation time, the nuclear spin polarization will accumulate from shot to
shot until a maximum polarization is reached. The value of this maximum is determined by
a balance between the polarization created within one shot and the nuclear spin relaxation
in between two subsequent shots. This effect can be experimentally verified by measuring
the polarization as a function of the shot repetition time as shown in Fig. 8.11. Here, the
31
P nuclear spin polarization is plotted as a function of the shot repetition time for one
rf pulse on the 52 MHz transition (red squares) and two rf pulses on both, the 52 MHz
and the 65 MHz nuclear spin transitions (black squares). The polarization decreases with
increasing shot repetition time and saturates for shot repetition times larger than 100 ms.
This indicates that the nuclear spin polarization relaxes within ≈40 ms and therefore the
polarization created within a single shot is observed only for shot repetition times longer
than 100 ms. A more detailed analysis will be given below. The single shot polarization for
two rf pulses (p=15%) is approximately twice as large as the the single shot polarization
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for one rf pulse (8%). Note, that the polarization of 15% is considerably larger than the
thermal equilibrium electron spin polarization of 4.8%.
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Figure 8.11: (color for registered users only) 31 P nuclear spin polarization
as a function of the shot repetition time for one rf pulse on the 52 MHz
transition (red squares) and two rf on both the 52 MHz and the 65 MHz
nuclear spin transition (black squares). The saturation value of the polarization at long shot repetition times corresponds to the polarization obtained
within a single shot. The decay is well described by an equation of the
form of Eq. (8.2) multiplied with an additional parameter which accounts
for the polarization for TSRT =0 ms (red lines). The best fit is obtained
for T1n =46±5 ms (one rf pulses) and T1n =37±4 ms (two rf pulses) with
β=0.27±0.02 in both cases.
In the following paragraph, we will devise a simple model capable of explaining the
observed shot repetition time dependence of the nuclear spin polarization for one and two
rf pulses. The model will be based on the "ideal" population scheme sketched in Fig. 8.7(b)
with the introduction of two additional non-ideal elements: an imperfect rf π pulse turning
only a fraction β of the nuclear spins and a nuclear spin relaxation time T1n . Taking these
two conditions into account we will calculate the nuclear spin polarization p(n) after the
nth application of the hyperpolarization pulse sequence. To this end, we extend the 4 level
population scheme of Fig. 8.7(b) to include all 8 levels to illustrate the evolution of the
spin state populations during the hyperpolarization pulse sequence as shown in Fig. 8.12.
Directly after the (n-1)th pulse sequence the spin system has a nuclear spin polarization
pn−1 which is reduced by nuclear spin relaxation during the time interval between the (n1)th and the nth pulse sequence, taken approximately as TSRT , so that directly before the
−

TSRT

nth pulse sequence the spin system has a nuclear polarization p∗n =pn−1 · e T1n as shown
in panel (i) of Fig. 8.12. After application of the mw π pulses the antiparallel spin states
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Figure 8.12: Level scheme illustrating the evolution of populations of the
spin states during the hyperpolarization pulse sequence with imperfect rf
π pulses on one 31 P0n transition (a) or on both 31 P0n transitions (b). The
31
P nuclear spin state is indicated by the green arrows. (i) Before the pulse
sequence the spin system has a nuclear spin down polarization of p∗n . (ii)
After the microwave π pulse the antiparallel spin states recombine resulting
in (1 + p∗n )/2 ionized donors with nuclear spin up (not drawn). (iii) An
imperfect rf π pulse flips a fraction β of nuclear spins thereby increasing
the nuclear polarization to pn+1 as calculated in panel (v).
are allowed to recombine [panels (ii) and (iii)]. Then, an imperfect rf π pulse on one (a)
or two (b) 31 P0 nuclear spin transitions flips a fraction β of the nuclear spins [panel (iv)].
After that, the electron spin system is assumed to relax to its steady-state while the optical
excitation is switched on for read-out whereas no relaxation takes place in the nuclear spin
system [panel (v)]. At this point the nuclear spin polarizations for one and two rf pulses
are given by
1
p1 (n) = [β + p∗n (2 + β)]
2
i
T
1h
− SRT
=
β + e T1n · pn−1 (2 − β)
(8.1)
2
∗
p2 (n) = β + pn (1 − β)
−

=β+e

TSRT
T1n

· pn−1 (1 − β).

For a large number of repetitions the polarization will saturate at a value determined by
sat
the condition pn = pn−1 . The saturation values psat
1 and p2 are given by
β

psat
1 =
2−e
psat
2 =

T
− TSRT
1n

(2 − β)

β
−

1−e

TSRT
T1n

.
(1 − β)

(8.2)
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We can now calculate the expected ratio
−

TSRT

2 − e T1n (2 − β)
psat
2
=
T
− SRT
psat
1
1 − e T1n (1 − β)

(8.3)

and compared it with the experimentally obtained results as shown in Fig. 8.13 (black
squares). We use Eq. (8.3) to fit the experimental data using the rf π pulse efficiency β
as fitting parameter while keeping T1n =100 ms fixed. Using both β and T1n as free fitting
parameter leads to ambiguous results and we therefore use the T1n value determined in
an independent experiment described in the last part of this section. The best fit (red

2.0
1.8
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p2 /p1

sat

1.6
1.4
1.2
1.0

1

10

TSRT (ms)

100

Figure 8.13: Ratio of the polarization for one rf pulse and two rf pulses as
a function of the shot repetition time (black squares). The red line shows a
fit using Eq. (8.3) based on a simple model including nuclear spin relaxation
and imperfect rf π pulses.
line in Fig. 8.13) obtained for β=0.28 describes the experimental data quite well despite
the simplifications used in the model. We therefore conclude that the small difference
between the polarizations obtained with one rf pulse and two rf pulses is a consequence
of the small single shot polarization which accumulates over consecutive repetitions of the
experiment. The rf π pulse efficiency of β=0.28 used to describe the data corresponds well
to our previous estimation of β=0.3 based on the excitation bandwidth of the rf pulse and
the linewidth of the nuclear spin transition. In addition, we can use Eq. (8.2) to fit the
data shown in Fig. 8.11. To this end, we have to multiply Eq. (8.2) with an additional
fitting parameter to account for the polarization at TSRT =0 ms. The best fit (red lines in
Fig. 8.13) is obtained for T1n =46±5 ms (one rf pulses) and T1n =37±4 ms (two rf pulses)
with β=0.27±0.02 in both cases. These nuclear spin relaxation times agree within a factor
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of two with T1n =93 ms obtained below. The difference between the values might be a
result of the simplifications involved in the derivation of Eq. (8.2).
However, although the model can describe the experimentally observed ratio between p2
and p1 quite well, it does not account for the difference between the theoretically expected
polarization of 100% and the experimental value of 51%. At the moment we do not have a
consistent explanation for this discrepancy.
In the second part of this section we will describe 31 P nuclear spin hyperpolarization
experiments using the 6 MHz transition of the 31 P+ nuclei. The small linewidth of this
transition allows us the excite the whole 31 P+ nuclear spin ensemble with high fidelity even
with moderate rf power. This improvement increases the signal-to-noise ratio sufficiently
to measure single shot hyperpolarization values. This is done by illuminating the sample
for several hundreds of ms before applying the pulse sequence for every repetition of the
experiment. This is much longer than the 31 P nuclear spin relaxation time T1n =93 ms
determined below leading to an effective randomization of the nuclear spin system.
We first measure the nuclear spin hyperpolarization using the 6 MHz transition as a
function of different parameters (pulse spacings, rf power, and bias voltage) maximizing the
polarization obtained in a single shot. The resulting optimal pulse sequence is shown in
Fig. 8.14(a). To further increase the signal-to-noise ratio we use the alternative detection
scheme introduced in Chapt. 5.3, where the current transient after the detection spin echo
is measured without optical excitation. A higher polarization is achieved with only one
depopulation π pulse. After this optimization procedure, we obtain a single shot nuclear
spin polarization of p=51% as shown in Fig. 8.14(b). This value is much larger than the
15% single shot hyperpolarization obtained when driving the 52 MHz and 65 MHz nuclear
spin transitions. This increase can be attributed to the much smaller linewidth of the
31 +
P nuclear spin transition which allows to invert the nuclear spins with high fidelity.
However, the maximum achievable polarization still seems to be limited by ≈50% as in the
experiments with the rf pulses on the 52 MHz and 65 MHz transitions. For the 6 MHz
rf pulses, this value can also not be increased by repeating the pulse sequence with shot
repetition times much shorter than the nuclear spin relaxation time, indicating nuclear spin
relaxation is not the reason for the missing 50% of polarization.
Having established a high single shot hyperpolarization, we can use this to measure the
nuclear spin relaxation time T1n . To this end, we measure the nuclear spin polarization as a
function of the time interval TLED between the rf pulse and the detection echo during which
the optical excitation is switched on [see Fig. 8.15(a)]. The results are shown in Fig. 8.15(b)
where the polarization is plotted as a function of TLED for different illumination intensities
given in terms of the resulting photocurrent. Under illumination, the polarization decays
on a time scale of 93±7 ms independent of the illumination intensity as determined by an
exponential fit (red line) for the range of intensities studied here. In contrast to that, no
decrease of the polarization is observed when the optical excitation is switched off between
the rf pulse and the detection echo even for time intervals as long as 1 s (red triangles).
The latter observation is in line with the very long 31 P nuclear spin relaxation times of
10 hours that have been found in bulk Si:P samples at 0.32 T and 1.25 K without above-
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Figure 8.14: (a) Pulse sequence to measure the 31 P nuclear spin hyperpolarization using the 6 MHz 31 P+ nuclear spin transition. (b) Detection echo
with (red squares) and without (black squares) rf pulse demonstrating a
maximum polarization of 51%. The corresponding Gaussian fits are shown
as solid lines.

bandgap illumination [176]. So far, we have not been able to measure the polarization
decay on longer timescales and therefore cannot determine the nuclear spin relaxation
time without optical excitation. This long relaxation time is shortened to T1n =93 ms by
optical excitation of carriers into the conduction and valence bands. Possible relaxation
mechanisms can be, e.g., the scattering of conduction band electrons with the 31 P nuclei
leading to spin flip-flop processes [218]. This process however is ∝ 1/B02 and therefore
ineffective at low magnetic fields with relaxation rates of several hours [176]. Nuclear spin
flips can also be induced by repeated ionization and deionization of the 31 P donor due to
the mixing of the high-field eigenstates by the hyperfine interaction. This is in agreement
with the observed independence of the relaxation time on the optical excitation intensity
since the ionization and deionization rate is determined by either the triplet recombination
rate or the spin pair generation rate depending on which of the two is slower. For the
γ-irradiated samples we found τp =330 µs and τg =100 µs for an illumination intensity of
≈1 W/cm2 (cf. Fig. 6.6), so that only at the lowest illumination intensity the ionization and
deionization rate begins to be limited by the generation rate while at higher intensities it is
limited by the recombination rate of parallel spin pairs. The two mixed eigenstates |2i and
|3i [Eq. (2.23)] contain both nuclear spin projections with weighting factors sin(η/2) and
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Figure 8.15: (a) Pulse sequence to measure the 31 P nuclear spin relaxation
time for different illumination intensities given in terms of the resulting
photocurrent. For these measurements the optical excitation was switched
off before the detection echo as discussed in Chapt. 5.3. This spin read-out
scheme improves the signal-to-noise when compared to the read-out while
the optical excitation is switched on. (b) Polarization as a function of the
optical excitation pulse length TLED for different illumination intensities
(black, green and blue symbols) and without illumination (red triangles).
The decay can be described with an exponential decay with a timeconstant
of 93±3 ms.
cos(η/2). Upon ionization, these two states are projected onto the nuclear spin eigenstates
with probabilities sin(η/2)2 and cos(η/2)2 . Deionization results in additional factors of
cos(η/2)2 and sin(η/2)2 , so that for the whole deionization-ionization cycle, a spin flip
probability of sin(η/2)2 cos(η/2)2 = 1/2 sin(η)2 is obtained for each of the two mixed states.
This result has to be multiplied with another factor of 1/2 to account for the fact that each
state is occupied only with a probability of 1/4 and two of the four states are mixed states
[cf. Eq. (2.23)]. Therefore, the overall spin flip probability pflip for a ionization-deionization
cycle is given by pflip =1/4 sin(η)2 ≈ 4 · 10−5 for a magnetic field of B0 =350.6 mT. The
rate of ionization-deionization processes during illumination is approximately equal to the
recombination rate of antiparallel spin pairs 1/τp ≈3 kHz (see Chapt. 6). This rate has
to be multiplied by another factor of two to account for the fact that spin pairs can be
created in an antiparallel state with a probability of 2/3 (accounting for the three triplet
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states of the SL1) resulting in an additional recombination process. The average number
of additional recombination processes can be calculated by summing the infinite series
1/3((2/3)1 · 1 + (2/3)2 · 2 + (2/3)3 · 3...)=2. We therefore expect a nuclear spin flip rate
of 1/4 sin(η)2 · 1/τp · 3 ≈ 0.1 Hz corresponding to a relaxation time of ≈10 s two orders
of magnitude larger than the observed value of 93 ms. Further experiments are therefore
needed to unravel the reason of the nuclear spin relaxation under illumination.
To summarize, we have demonstrated an effective and fast nuclear spin polarization
scheme achieving a polarization of >50% within less than 1 ms. In addition, the polarization scheme does not rely on thermal equilibrium spin polarization and therefore works
at easily accessible magnetic fields and temperatures. In the literature, a wide variety of
nuclear spin hyperpolarization schemes for 31 P donors in silicon has been reported. McCamey et al. use above bandgap illumination to create a nuclear antipolarization of 68% as
measured by EDMR at high magnetic fields (8 T) and low temperatures (<4 K) [53]. This
polarization is reached within ≈150 s by an electron-nuclear cross relaxation process [218]
based on the different effective temperatures of the phonons emitted by optically excited
electrons and the 31 P electron spins. However, the cross relaxation rate decreases quadratically with the magnetic field and therefore this hyperpolarization scheme is ineffective at
the operating field of standard X-band spectrometers. Simmons et al. use a dynamic nuclear polarization scheme to transfer a thermal equilibrium 31 P electron spin polarization
to the 31 P nuclear spins achieving a nuclear spin polarization of 64% [217]. A very large
polarization of 90% has been obtained within a time of 100 ms by hyperfine selective
optical excitation of donor bound excitons exploiting the very small linewidths of these
transitions in ultrapure isotopically enriched 28 Si [54, 71]. Compared with these polarization schemes the technique introduced here is comparitively fast, achieves almost similar
degrees of nuclear spin polarization, and does not rely on high electron spin polarizations or
elaborate samples. It might therefore be a promising alternative of achieving useful nuclear
spin polarizations.
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Conclusions and Outlook

In this Chapter we have demonstrated the electrical detection of pulsed ENDOR in phosphorus doped silicon. In complementing the EDESEEM technique discussed in the previous
Chapter, this technique can be a powerful tool for studying hyperfine interactions of point
defects in semiconductors. Further, we have shown that combining pulsed spin manipulation with time programmed optical excitation greatly improves the EDENDOR technique.
Switching off the illumination during the mw and rf pulses removes the non-resonant current
transients induced by the mw and rf pulses and thereby improves the signal-to-noise ratio
as well as removes the non-resonant background. This enables the ENDOR spectroscopy
of 31 P nuclear spins with a sensitivity of <3000 spins. In addition, the pulsed optical excitation scheme gives spectroscopic access to the nuclear spin of the ionized 31 P donor. This
also enables the coherent manipulation of the 31 P+
n nuclear spin which exhibits a much
31 0
longer coherence time when compared to the Pn nuclear spin.
As a next step the EDENDOR technique can be applied to study different point defects
in silicon which can be detected by EDMR. In this Chapter we have already measured
EDENDOR in γ-irradiated Si:P samples which allowed us to study the influence of the
Si/SiO2 interface on the properties of the 31 P spins by comparing the results of the Si/SiO2
recombination process with the 31 P-SL1 bulk recombination process. In particular, we found
that at the interface the 31 P hyperfine interaction is significantly reduced when compared
to the bulk value. It would also be interesting to apply EDENDOR to the other group V
donors in Si, all of which carry a nuclear spin, whereby in particular the properties of the
ionized donor nuclear spins have not been studied so far.
Other pulsed ENDOR techniques reported in the literature [11, 12] should also be applicable in EDMR and may provide advantages over the standard Davies ENDOR pulse
sequence in certain situations. Here, especially the Mims ENDOR method [40] can be
used to study smaller hyperfine interactions like, e.g., the superhyperfine interactions of the
31
P electron spin with sourrounding 29 Si nuclear spins.
In the last part of this Chapter, we introduced a pulse scheme for hyperpolarization of
31
P nuclei based on EDENDOR with pulsed optical excitation. We have demonstrated a
polarization of 51% obtained after a single shot of the pulse sequence for the 31 P-SL1 spin
pair. This polarization prevails for 93 ms during optical excitation while without optical
excitation no decay could be detected up to 1 s. Although 51% is a quite promising value for
a nuclear spin hyperpolarization experiment, the devised scheme should in principle allow
to reach 100% polarization. This discrepancy remains elusive even after varying various
experimental parameters. To shed light on this problem a larger set of samples covering a
wider range of 31 P and SL1 concentration would be desirable.
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Summary

The main focus of this work was the measurement of hyperfine interactions of defects
in silicon using EDMR. These hyperfine interactions can be used as a sensitive probe of
the wavefunction of the studied defect providing detailed information about its microscopic
structure. We combined the high sensitivity of EDMR when compared to conventional ESR
with the two most commonly used methods for the measurement of hyperfine interactions:
ESEEM and ENDOR. We first demonstrated in Chapt. 7 the electrical detection of ESEEM
by measuring the hyperfine interactions of 31 P donors in Si:P with 29 Si nuclear spins, which
we find to be in good agreement with the values reported in the literature. We then apply
EDESEEM to Pb0 defects at the Si/SiO2 interface, which so far have not been studied by
ESEEM or ENDOR because of their low density. In isotopically engineered, we observe
an ESEEM modulation with a characteristic beating caused by 29 Si nuclei at 4th and
5th nearest neighbor lattice sites. Comparing these values with ab initio calculations of
the superhyperfine parameters for different structures of the Pb0 defect, we demonstrate
that hyperfine interactions with distant nuclei are an exceptionally sensitive probe for the
investigation of the interface structure.
In Chapt. 8, we combine pulsed ENDOR with the high sensitivity of EDMR, which
so far had only been demonstrated as continuous wave EDENDOR. In the first part of
this Chapter, we demonstrate the measurement of 31 P nuclear spin hyperfine transitions
and the coherent manipulation and readout of the 31 P nuclear spins under continuous
illumination with above bandgap light. We further show that the EDENDOR method
can be greatly improved by switching off the illumination during the microwave and rf
pulses. This improves the signal-to-noise ratio by two orders of magnitude and removes
the non-resonant background induced by the strong rf pulse allowing to measure ENDOR
with a sensitivity <3000 nuclear spins. We apply EDENDOR to the 31 P-Pb0 spin system
and the 31 P-SL1 spin system allowing us to compare the hyperfine interactions of bulk and
interface-near donors. The pulsed illumination also makes spectroscopy of the 31 P+ nuclear
spin possible, which due to its long coherence time of 18 ms compared to 280 µs for the 31 P0
nuclear spin, might be a candidate for a nuclear spin memory. In the last part, we devise a
scheme for the hyperpolarization of 31 P nuclei by combining pulsed optical excitation and
pulsed ENDOR and demonstrate a 31 P nuclear spin polarization of more than 50%.
Crucial for these experiments was the development of a lock-in detection scheme for
pEDMR described in Chapt. 4.1, which improves the signal-to-noise ratio by one order
of magnitude by removing low-frequency noise caused by the high power microwave pulse
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amplifier. The lock-in scheme is based on a two-step phase cycle of the spin echo projection
pulse to modulate the signal in combination with its phase-sensitive detection.
The observation of EDMR signals relies in most cases on the formation of spin pairs.
However, a direct observation of such spin pairs and the identification of the spin species
constituting the pair is difficult with continuous wave EDMR. We developed an electrically detected ELDOR scheme to identify the spin pairs responsible for the EDMR
signals in phosphorus-doped silicon at the Si/SiO2 interface (Chapt. 3) and in bulk γirradiated phosphorus-doped silicon (Chapt. 5). Recombination in the former takes place
via 31 P donors and Pb0 interface defects, while in the latter the spin pairs are formed by
31
P donors and the excited triplet state of the oxygen-vacancy center (SL1). For the 31 PSL1 spin pair, the ELDOR results are in good agreement with a direct spin-dependent
transition of the 31 P electron to the SL1, in contrast to previously suggested models.
The formation of spin pairs requires the two spin partners to be in spatial proximity,
which necessarily results in a coupling of these spins. So far, only crude estimates of the
spin-spin distances and the coupling strengths have been given for spin pairs observed in
EDMR. In Chapt. 4, we describe DEER measurements of the exchange coupling between
31
P and Pb0 spins. In the sample studied exemplarily, the DEER signal decays exponentially
with a timeconstant of 1.7 µs suggesting a broad distribution of coupling constants. We can
describe this decay with a distribution of 31 P-Pb0 distances ranging from 14 nm to 20 nm by
numerically calculating the exchange coupling as a function of the 31 P-Pb0 distance. This
result is consistent with the thickness of the doped epilayer and with previous estimates of
the coupling and the spin pair distance.
Further, we combined pEDMR with pulsed optical excitation to design pulse sequences
allowing for the measurement of the timeconstants of the spin pair recombination process
(Chapt. 6). In particular, we investigated samples with 31 P-Pb0 spin pairs and samples
with 31 P-SL1 spin pairs and measured the recombination timeconstants of antiparallel spin
pairs, parallel spin pairs and the timeconstant for the generation of new spin pairs. We
find that for both spin pairs, the antiparallel recombination timeconstant is of the order of
a few microseconds approximately a factor of 100 shorter than the parallel recombination
timeconstant. The generation rate is found to depend linearly on the illumination intensity
ranging from 10 µs to <1 ms. The experiments can be described with a simple rate equation
model describing the dynamics of the spin state populations. These timeconstants are not
only of interest for the understanding of pEDMR and spin-dependent recombination in
semiconductors, but also crucial for the development of complex pulse sequences like those
discussed in Chapt. 8.
The electrically detected ESEEM and ENDOR developed in this work can be added to
the armory of pulsed ESR methods as sensitive tools for studying hyperfine interactions of
defects in semiconductors. In particular, they could find applications in the characterization
of structures or devices, where the number of defects is not sufficient for conventional ESR
detection. At the same time, the improvements of pulsed EDMR demonstrated here allow
for a more detailed characterization of the recombination process, which is a prerequisite
for the design of more complicated pulse sequences.

A
Analytical Expression Describing the EDFID
Pattern

In this section, Eq. (4.4) used to describe the pattern in Fig. 4.3(a) is derived. Neglecting
spin-spin interactions and incoherent processes, the singlet content S(τ ) is proportional to
the flipping probability P↑,↓ of a single spin after a π/2-τ -π/2 pulse sequence, which has
been investigated in studies related to nuclear magnetic resonance [128, 129]
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where ωS is the Larmor frequency of the 31 P donor electron, ωmw the microwave frequency,
and ω1 = gµB B1 /~ the Rabi frequency. tp = π/(2ω1 ) and τ denote the length of the
π/2 pulse and the free evolution time, respectively. For inhomogeneously broadened lines,
the observable S av (τ ) is obtained by averaging S(τ ) ∝ P↑,↓ (τ ) over the Larmor frequency
distribution [26]
Z∞
Φ(ωS )P↑,↓ (τ, ωS )dωS .
(A.2)
S av (τ ) ∝
λ = ωS − ωmw ,

a=

q
λ2 + ω12 ,

sin θ =

−∞

For distributions Φ(ωS ) with a maximum at the center frequency ω0 , the dominant term of
S av (τ ) for ωmw close to ω0 is given by
av

Z∞

S (τ ) ∝

Φ(ωS )

sin2

π
2

√


1 + x2 1 + cos (λτ )
dωS ,
1 + x2
2

(A.3)

−∞

with x = λ/ω1 , neglecting a term of O(|ωmw − ωS |2 ). To obtain an analytical expression,
Eq. (A.3) can be further simplified by the approximation
√

sin2 π2 1 + x2
≈ exp(−x2 )
(A.4)
1 + x2
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since both functions share the same leading orders in the Taylor expansion, tolerating a
deviation of 6% in the integrated area within the interval defined by the zero-crossings of
sin2 (...)/(1 + x2 ) in Eq. (A.3). Modeling the Larmor frequency distribution by a Gaussian
"

2 #
1
1 ωS − ω0
exp −
(A.5)
Φ(ωS ) = √
2
σω
2πσω
with standard deviation σω and center ω0 , the average singlet content is given by
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with ω̃1 = ω1 / 2 and ∆ω = ω0 − ωmw . Since Q ∝ −S av , ∆Q is proportional to
− [S av (τ ) − S av (τ → ∞)] as the constant background given by S av (τ → ∞) is identical
for the signals obtained for both phases (+x and -x) of the last π/2 pulse and thus subtracted by the data evaluation procedure described in Sec. 6.3. This results in
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τ cos 2
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(A.7)
∆Q ∝ − exp − 2
2 σω + ω̃12
σω + ω̃12
with local extrema approximately determined by values of B0 and τ for which the cosine
term in Eq. (A.7) is equal to ±1, i.e.
B0 − Bres =

nπ~ (1 + 2(σω /ω1 )2 ) 1
,
gµB
τ

n ∈ Z.

This term represents hyperbolas in the B0 -τ plane shown in Fig. 4.3.

(A.8)

B
Numerical Modeling of the EDFID Pattern

The system is modeled by an ensemble of spin S = 1/2 pairs described by the density
operator ρ̂. The Hamiltonian of an individual pair is defined as
Ĥ = Ĥ0 + ĤJ + Ĥ1 (t)

(B.1)

with
Ĥ0 =

1
gP µB (B0 ± BHF /2 + BSHF ) σ̂zP
2
1
+ gdb µB (B0 + B∆db ) σ̂zdb
2

(B.2)

representing the static uncoupled Hamiltonian in the presence of a constant magnetic field
B0 = B0 ez superimposed with the hyperfine field of 31 P BHF = 4.2 mT and the superhyperfine field BSHF at the position of the donor, where the latter can be considered fixed
for timescales shorter than the precession period of 29 Si nucleus [219]. B∆db is the local
shift of the static magnetic field at the position of the Pb0 center due to effects such as
disorder and superhyperfine interactions. The σ̂x,y,z denote the Pauli spin operators. The
circularly polarized microwave of angular frequency ωmw and magnitude B1 is represented
in the rotating frame by

Ĥ1 = µB B1 gP σ̂xP + gdb σ̂xdb ,
(B.3)
which is nonzero during the pulse. Spin-spin interaction is modeled by an exchange coupling
Hamiltonian represented by
ĤJ = ~J σ̂ P · σ̂ db /4,
(B.4)
with σ̂ = (σ̂x , σ̂y , σ̂z )T . The dipolar coupling is smaller than 1 MHz for interspin distances
larger than 3 nm, which is neglected here for simplicity. The simulation of the spin pair
ensemble dynamics is based on the Liouville equation ∂t ρ̂ = i[ρ̂, Ĥ]− /~ in which, in contrast to Eq. (5) of Ref. [26], all terms related to incoherent processes are dropped since
the time constant of the fastest incoherent process is more than one order of magnitude
larger than the duration of the pulse sequence, as already mentioned in Section II. The
initial steady state of the density operator is assumed to be given by the pure triplet state
ρ̂S = (|T+ ihT+ | + |T− ihT− |) /2 with |T+ i = | ↑db ↑P i and |T− i = | ↓db↓P i [26]. For triplet
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recombination rates 1/τp much smaller than the singlet recombination rate 1/τap , the observable Q(τ ) reflecting the state of the pair ensemble at the end of the second π/2 pulse
assumes the form Q(τ ) ∝ −δ(τ ) = −(δρ↑db ↓P + δρ↓db ↑P ) [135], where −δρii = −(ρii (τ ) − ρSii )
denotes the negative difference between the diagonal elements of the density matrix at
the end of the second π/2-pulse and the initial steady state. The negative sign expresses
the quenching of the photocurrent due to recombination. Inhomogeneous line broadening
is taken into account by calculating −δ(τ ) for a single spin pair and subsequent averaging
over Gaussian distributions for both BSHF and B∆db with experimentally obtained standard
deviations from the pulsed EDFID spectrum shown in Fig. 4.8. Furthermore, the simulation
takes all four combinations of spin pair formation into account, which arise from the two
resonance positions of 31 P, the Pb0 , and the Pb1 .

C
Strechted Exponential
All measurements presented in this work are the result of an average over a large number of
spin pairs. The properties of these spin pairs, such as the spin-spin distance, are expected
to be distributed over a certain range. In most experiments in which we measure such
a properties of the spin pair as, e.g., the spin-spin coupling or the recombination rate
of antiparallel spin pairs, we therefore expect to observe an average value over the spin
ensemble. As an example, for the measurement of the recombination rate of antiparallel
spin pairs 1/τap (cf. Chapt. 6), we expect that the observed decay results from a distribution
of single exponential decays with timeconstants τap (R) depending on the spin-pair distance
R. The observed decay I(t) can be described by a strechted exponential [220] function of
the form
Z ∞
−( τ t )n
− t
I(t) = e ap =
dR · ρ[τap (R)] · e τap (R) ,
(C.1)
0

where ρ[τap (R)] describes the distribution of recombination timeconstants. The timeconstant τap and the exponent n are the parameters characterizing the strechted exponential
decay. One can define an effective timeconstant
Z ∞
τap 1
dtI(t) =
hτap i =
Γ( ),
(C.2)
n
n
0
where Γ denotes the Gamma function. The effective timeconstant can be used to compare
strechted exponential decays with different exponentials.
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D
Derivation of the Timeconstant of the Fill Pulse
Spacing Experiment

In Chapt. 6.5, we measured the spin echo amplitude as a function of the length T of the
illumination fill pulse to determine the generation rate of new spin pairs 1/τg (Fig. 6.4).
Here, we derive a formula for the spin echo amplitude as a function of T and show that for
1/τap
  1/τg , 1/τp , the time dependence is determined only by the timeconstant 1/λ1 =

+ τ2p as given in Eq. (6.8).
We assume that before the illumination fill pulse all spin pairs have recombined, so that
the state vector ρ(0) is given by
 
0
 
(D.1)
ρ(0) = 0 .
1
− 21

1
τg

After an illumination pulse of length T the populations have evolved to
 
0
R̃·T  
ρ(T ) = e 0 .
1

(D.2)

By carrying out the matrix exponential, we obtain an expression for the spin echo amplitude
∆Q given by

∆Q ∝ ρ2 (T ) − ρ1 (T )


1
1
= − τ1g ( τap
− τ1p )/ τap2τp + τ1g ( τap
+ τ1p )


q
1
1
1
1
− τ1g ( τap
− τ1p )/ ( τ1g )2 + ( τap
− τ1p )2 − ( τ1g + τap
+ τ1p ) ( τ1g )2 + ( τap
− τ1p )2 eλ1 t


q
1
1
1
1
− τ1g ( τap
− τ1p )/ ( τ1g )2 + ( τap
− τ1p )2 + ( τ1g + τap
+ τ1p ) ( τ1g )2 + ( τap
− τ1p )2 eλ2 t . (D.3)
For 1/τap  1/τg , 1/τp , Eq. (D.3) simplifies to
ρ2 (T ) − ρ1 (T ) = −

1
1
τap λ2 t
λ1 t
−
·e .
τg +
τg e
1 + 2 τp
1 + 2 τp
2τg
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For the experiments in this work, the third term on the right hand side of Eq. (D.4) is
suppressed when compared to the second term by a factor of
τg
τap
(1 + 2 ) < 0.1,
2τg
τp

(D.5)

so that we can neglect this term in Eq. (D.4). This justifies to fit the data in Fig. 6.4 with
a single exponential with a timeconstant λ1 .

E
Derivation of the 2-pulse EDESEEM
Modulation Formula
In this section, we will derive the 2-pulse ESEEM modulation formula 7.12. The treatment
will be based on the model S = 1/2 and I = 1/2 spin system introduced in Chapt. 7.1.
The Hamiltonian of the system in its eigenbasis is given by

1
(ω
+
ω
)
0
0
0
S
12
2


1
0
(ωS − ω12 )
0
0


2
(E.1)
Hd = 
.
1


(−ωS + ω34 )
0
0
0
2
1
0
0
0
(−ωS − ω34 )
2
The eigenbasis of Hd and the basis of the product states is connected by a unitary transformation


(cos(ηα /2) − sin(ηα /2)
0
0
 sin(η /2) cos(η /2)

0
0


α
α
U1 = 
(E.2)


0
0
cos(ηβ /2) − sin(ηβ /2)
0
0
sin(ηβ /2) cos(ηβ /2)
with the mixing angles ηα and ηβ as discussed in Chapt. 7.1. The time evolution of the
density matrix σ during the spin echo pulse sequence is most easily calculated by the
following series of transformations
π
π
S
S
2 x U1 Hd τ -U1 πSx U1 Hd τ -U1 2 x
σeq −−
−→−−→−−−→−−→−−−→−−→−−−→−−→−−−→ σecho

(E.3)

where π/2 · Sx denotes a nonselective π/2 pulse about the x-axis on the electron spin
transitions (1,3) and (2,4). In Eq. (E.3) we take advantage of the fact that the mw pulses
are more conveniently described in the basis of the product states while the time evolution
is easier described in the eigenbasis.
The propagators for a π/2 pulse and a π pulse in the product state basis are given by
π
U π2 = e(iSx 2 )

1

1 0
=√ 
2 i
0
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0
1
0
i

i
0
1
0


0
i


0
1

(E.4)
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and
Uπ = e(iSx π)

0 0
0 0

=
i 0
0 i


0
i

.
0
0

i
0
0
0

(E.5)

The propagator during the free evolution is given in the eigenbasis by
Uτ = e(iHd τ )

 i (Ω +ω )τ
0
0
0
e 2 S 12
i


0
e 2 (ΩS −ω12 )τ
0
0


=
.
i
(−Ω
+ω
)τ
12
S


0
0
e2
0
i
(−Ω
−ω
)τ
12
S
0
0
0
e2

(E.6)

For a general treatment of the 31 P-Pb0 spin pair including a I = 1/2 nuclear a set of 8
basis states is needed. We can reduce the number of states needed to describe EDESEEM
by noting that subspaces for Pb0 spin up and Pb0 spin down evolve symmetrically if we
neglect coupling between the 31 P and the Pb0 spins. It is therefore sufficient to calculate
the time evolution of only one of the two subspaces reducing the number of basis states to
the four product states |↑⇑i, |↑⇓i, |↓⇑i, and |↓⇓i. In the following discussion we assume
the Pb0 center is in the spin down state so that the former two states describe parallel
spin pairs while the latter two describe antiparallel spin pairs. The density matrix of the
steady-state is therefore given by


1 0 0 0

1
0 1 0 0
σeq = 
(E.7)
.
2 0 0 0 0
0 0 0 0
Based on the discussion above, we can calculate the density matrix after the spin echo
pulse sequence
σecho = U π2 · U1† · Uτ · U1 · Uπ · U1† · Uτ · U1 · U π2 · σeq · U π† · U1† · Uτ† · U1 · Uπ† · U1† · Uτ† · U1 · U π† . (E.8)
2

2

Since in EDMR the current transient is proportional to the number of antiparallel spin
pairs at the end of the pulse sequence we use
∆Qecho ∝ σecho (3, 3) + σecho (4, 4)

(E.9)

as a measure for the current transient. For the lock-in detection scheme employed here,
the echo amplitude is given by the difference in the integrated charges between the (+x)
and (-x) phase cycles. We therefore calculate σecho for the (+x) phase as described by
Eq. (E.8) and for the (-x) phase by replacing the last π/2 pulse in Eq. (E.8) with a π/2
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pulse with an opposite sense of rotation. After carrying out the matrix multiplications and
some trigonometric transformations we obtain
(+x)

(+x)

(+x)

∆Qecho ∝ σecho (3, 3) + σecho (4, 4)
ω12 τ
ω34 τ
= sin2 (η) sin2 (
) sin2 (
)
2
2
(−x)
(−x)
(−x)
∆Qecho ∝ σecho (3, 3) + σecho (4, 4)
ω12 τ
ω34 τ
= 1 − sin2 (2η) sin2 (
) sin2 (
),
2
2

(E.10)

so that
(+x)

(−x)

∆Qecho = ∆Qecho − ∆Qecho

ω34 τ 
ω12 τ
) sin2 (
)
∝ 1 − 2 sin2 (2η) sin2 (
2
2
k
= 1 − [2 − 2 cos(ω12 τ ) − 2 cos(ω34 τ ) + cos(ω− τ ) + cos(ω+ τ )] .
4

(E.11)

This is the 2-pulse ESEEM modulation formula which is also valid for EDESEEM as we
have shown here.
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