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Summary
Isotopically enriched high-purity germanium (HPGe) radiation detector
crystals with outstanding crystalline perfection play a key role in answering
fundamental questions concerning neutrinos and dark matter. This thesis investigates the related material processing of germanium isotopically enriched
in 76 Ge, crystal growth, and the necessary defect characterization and description.
In this work, a hydrogen reduction process was employed to reduce around
50 kg of enriched GeO2 to semiconducting Ge. The process was optimized
towards a minimal surface exposure to cosmic radiation of 69 h and a maximal yield of 99.58% by considering the reaction kinetics using the unreacted
shrinking core model. Subsequently, the enriched Ge was purified in ultra-pure
H2 employing zone-refining in graphite boats to a net charge carrier density of
1013 cm−3 with a cosmogenic exposure of 74 h and a yield of 95.11%. Furthermore, HPGe zone-refining technology in fused silica boats has been developed
to reach the target net charge carrier density of 1010 cm−3 .
HPGe single crystals with low and homogeneous defect density - as required for detector applications - were grown by the Czochralski method in
[0 0 1] direction. The presence of voids with a diameter of 100 nm and a density of 105 cm−3 in dislocation-free parts of the crystals could be shown by
a dynamical X-ray diffraction imaging technique. The charge carrier lifetime
determined by microwave-detected photoconductance decay measurements revealed an average lifetime above 400 µs in the tail part of the crystal where the
dislocation density was around 3·103 cm−2 . The lifetime dropped to 83 µs in
the dislocation-free parts, which may be explained by charge trapping based
on vacancy-related defects. Additionally, the properties of Ge crystals grown
in growth directions parallel to dislocation glide planes, such as [2 1 1] and
[1 1 0], have been investigated. White beam X-ray topography accompanied
by an extensive Burgers vector analysis revealed strongly aligned screw and 60◦
dislocations in the [2 1 1] and [1 1 0] crystals, respectively. Hence, dislocation
line and type selection could be demonstrated. The charge carrier lifetimes
reached up to 600 µs and significantly dropped above a dislocation density of
2.3·104 cm−2 . The results suggest improved future detector crystal technologies
based on [2 1 1] and [1 1 0] crystals.
Finally, the dislocation structure emerging during crystal growth could be
qualitatively described by discrete dislocation dynamics, employing and modifying the open-source code ParaDiS. Exponential dislocation multiplication
was observed with an average dislocation velocity and dislocation multiplication parameter linearly proportional to the effective shear stress. The coefficient of the dislocation multiplication law was determined to be 4.0·10−3 [mN−1 ].
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Zusammenfassung
Isotopenangereicherte hochreine Germanium (HPGe) Strahlungsdetektorkristalle mit herausragender chemischer Reinheit und kristalliner Perfektion
spielen eine Schlüsselrolle zur Beantwortung fundamentaler Fragen bezüglich
Neutrinos und Dunkler Materie. Diese Dissertation untersucht die einhergehende Materialaufbereitung von Germanium angereichert an 76 Ge, Kristallzüchtung, sowie die notwendige Charakterisierung und Beschreibung von Defekten.
In dieser Arbeit wird ein Wasserstoff-Reduktionsprozess eingesetzt um 50 kg
an angereicherten GeO2 zu halbleitenden Ge zu reduzieren. Der Prozess wurde hinsichtlich einer minimalen Oberflächenexposition durch kosmische Strahlung von 67 h, bei einer maximaler Ausbeute von 99.58% optimiert. Dafür
dienten reaktionskinetische Betrachtungen unter Verwendung des Unreacted
Shrinking Core Modells. Anschließend wurde das angereicherte Ge in hochreinen Wasserstoff mittels Zonenreinigung in Graphitbooten auf eine NettoLadungsträgerdichte von 1013 cm−3 aufgereinigt. Die Oberflächenexposition
war dabei 74 h und die Ausbeute 95.11%. Zudem wurde eine Zonenreinigungstechnologie für HPGe in Quarzglasbooten zur Erreichung der angestrebten
Netto-Ladungsträgerdichte von 1010 cm−3 entwickelt.
HPGe Einkristalle mit niedriger, homogener Defektdichte, entsprechend der
Anforderungen für Detektorkristalle, wurden mittels des Czochralski-Verfahrens
in [0 0 1] Richtung gezüchtet. In versetzungsfreien Bereichen wurden Leerstellencluster mit einem Durchmesser von 100 nm und einer Dichte von 105 cm−3
mittels eines dynamischen Beugungseffekts nachgewiesen. Die Ladungsträgerlebensdauer wurde mittels „Microwave-Detected Photoconductance Decay“
auf 400 µs am Kristallende bestimmt. Die dazugehörige Versetzungsdichte war
3·103 cm−2 . Die Lebensdauer fiel auf 83 µs in den versetzungsfreien Bereichen
ab, was durch Rekombination an Leerstellen-assoziierten Defekten erklärt wurde. Des Weiteren wurden die Eigenschaften von Ge Kristallen untersucht die
in Wachstumsrichtungen parallel zu Versetzungsgleitebenen, sowie [2 1 1] und
[1 1 0], gezüchtet wurden. Weißstrahltopografie und eine damit einhergehende umfangreiche Burgersvektor-Analyse zeigten vorwiegend Schauben- beziehungsweise 60◦ -Versetzungen in den [2 1 1] und [1 1 0] Kristallen, auf. Folglich
konnte eine Versetzungslinien und –typ Selektion demonstriert werden. Die
Ladungsträgerlebensdauer erreichte dabei bis zu 600 µs und fiel erst über einer Versetzungsdichte von 2.3·104 cm−2 signifikant ab. Die Ergebnisse deuten
auf eine verbesserte zukünftige Detektorkristalltechnologie auf der Basis von
[2 1 1] und [1 1 0] Kristallen hin.
Letztendlich wurde die aus der Kristallzüchtung resultierende Versetzungsstruktur qualitativ durch Diskrete Versetzungsdynamik unter Verwendung und
Modifizierng des Open-Source Codes ParaDiS beschrieben. Exponentielle Veriii
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setzungsmultiplikation mit einer linearen Proportionalität der mittleren Versetzungsgeschwindigkeit und des Versetzungsmultiplikationsparameters zur effektiven Schubspannung, wurde beobachtet. Der Koeffizient im Versetzungsmultiplikationsgesetz wurde bestimmt auf 4.0·10−3 [mN−1 ].

Preface
This work covers the topics of material processing, crystal growth, investigation, and description of crystal defects in the context of isotopically enriched,
high-purity germanium utilized as detectors for the search of the not yet observed neutrinoless double-beta decay. In particular, the enriched GeO2 supplied by the enrichment plant must be chemically reduced, and the resulting
semiconducting Ge must be purified by zone-refining. Furthermore, the detector application requires single crystals with a high crystalline quality, which
is achieved by Czochralski crystal growth. Consequently, the characterization
and understanding of defects in Ge are of supreme importance.
Chapter 1 is the introduction of this thesis dealing with the fundamentals
related to the neutrino, the history and future of neutrinoless double-beta
decay experiments, the following material requirements for Ge detectors, and
detector processing chain.
Chapter 2 covers material processing of Ge isotopically enriched in 76 Ge
utilized in the search for the neutrinoless double-beta decay. First, the process
development and optimization of the hydrogen reduction of enriched GeO2 in
yield and exposure to cosmic rays is elucidated, followed by the purification to
intrinsic Ge via zone-refining. Finally, the cornerstone of high-purity natural
Ge zone-refining is described and demonstrated.
Chapter 3 deals with crystal growth of Ge single crystals with high crystalline quality. The vacancy-related defects in dislocation-free Ge are analyzed
by white beam X-ray topography and dynamical X-ray diffraction imaging.
These defects influence the charge carrier lifetime and the etch features, which
is relevant for etch pit density analyses.
The impact of the growth direction on the dislocation structure in Czochralski Ge crystal growth is described in Chapter 4. Growth directions parallel
to dislocation glide planes such as [2 1 1] and [1 1 0] led to partial dislocation
line and dislocation type selection, which paves to way to future Ge detector
technologies with superior charge collecting properties.
Chapter 5 is related to dislocation dynamics simulations in Ge single crystals to analyze the dislocation multiplication mechanisms relevant for crystal
growth. Furthermore, it was possible to determine the parameters for the
Alexander-Haasen model from this more fundamental dislocation description.
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Chapter 1

Introduction
Germanium (Ge) is the element with the atomic number Z = 32. It is a
metallic-looking semiconductor and has various crucial applications in modern
technology [6, 7]. These include the use as dopant for optical fibres [8], infrared
optics, polymerization catalysts [9], electronics [10], and solar applications [11].
Hence, Ge is considered a technology-critical element. There is no real Ge ore;
therefore Ge is concentrated from zinc ores and coal and the worldwide annual
production of Ge averaged only around 130 metric tons between 2015 and 2020
[7].
Bulk single-crystalline Ge with its countless uses is employed in infrared applications, such as windows and lenses for thermal imaging cameras and night
vision systems [12], epitaxial substrates for high performance solar panels [13],
as for instance used in space applications, and high energy resolution radiation
detectors [14]. Hence, extensive research has been conducted related to purification [15–18], crystal growth [19–21], and use in devices [22, 23] throughout
the last century. However, the employment of Ge radiation detectors to resolve
unanswered fundamental questions in physics related to dark matter and neutrinos have fueled the most-recent research interest in high-purity germanium
crystals with exceptional crystalline quality [24–29].
In particular, it is still unclear whether the neutrino is a Majorana or a
Dirac fermion, i.e., whether the neutrino is its own antiparticle. The existence
of Majorana neutrinos is predicted by leptogenesis models (matter dominating
over antimatter in our universe), and several extensions of the Standard Model
(SM) of particle physics [30].
The only viable way of directly probing the existence of Majorana neutrinos
is via the observation of the neutrinoless double-beta (0νββ) decay, a not yet
observed nuclear decay. 76 Ge is one of the few isotopes undergoing the normal
double-beta decay (2νββ) and hence is expected to undergo the 0νββ decay.
Furthermore, the possibility to fabricate large semiconductor diodes from Ge
enriched in 76 Ge makes it the ideal contestant for low background 0νββ decay
experiments.
However, the processing chain for enriched Ge has to be optimized in yield
and processing time to maximize the discovery potential of the detector, which
is a field of active research [29, 31]. Furthermore, the detector crystals require
tremendous crystalline perfection to ensure the desired charge collection properties [32]. This can only be achieved by specifically developed crystal growth
techniques and advanced defect characterization.
1
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1.1

1. INTRODUCTION

The Neutrino

The neutrino is an electrically neutral fermion (spin 12 ) in the lepton family of
the SM, which only interacts via the weak interaction and gravity. The weak
interaction creates neutrinos in three distinct flavors, namely electron, muon,
and tau.
The neutrino was long believed to be massless since its mass is much lower
than that of the other known elementary particles. A non-zero neutrino mass
was confirmed by the observation of neutrino oscillations (variation in the
probability to measure a particular flavor), which emerges from the inequality
of the mass and flavor eigenstates and the resulting mixing of the states if
the neutrino propagates [33]. These oscillations only give rise to the squares
of the differences of the mass eigenstates; hence the absolute mass scale and
the mass hierarchy are still unknown. Fitting of the neutrino oscillation data
resulted in squares of the mass differences between mass eigenstates of ∆m221 =
7.49 · 10−5 eV2 and ∆m23l = 2.5 · 10−3 eV2 , which means there exists one state
with at least 0.05 eV [34]. Experiments such as KATRIN (KArlsruhe TRItium
Neutrino experiment) are directly sensitive to the rest mass of the electron
neutrino and give an upper bound of <1 eV, a mass 106 times less than any
other known elementary particle [35, 36].

1.1.1

Majorana and Dirac Fermions

Neutrinos are the only particles in the SM which are candidates for being
Majorana fermions, i.e., particles that are identical to their anti-particles. A
particle state transforms into its anti-particle state by simultaneous charge
conjugation (C) and parity transformation (P). C flips the electrical charge
to the opposite, meaning positive to negative, and vice versa, as indicated in
Figure 1.1. While P is essentially a point-inversion, transforming any spatial
coordinate x into -x. Majorana fermion states have to be invariant to CP
transformations. As a consequence of the C transformation, Majorana fermions
are electrically neutral.
When analyzing the effect of P transformations, an essential quantity is the
handedness (left or right) of particles, which is described by their helicity and
chirality. Helicity is the projection of the spin in the direction of propagation
of the particle and is identical to its Lorentz invariant chirality in the massless
limit (e.g., photons). Generally, the two have to be distinguished for massive
particles since the helicity changes depending on the frame of reference. For
instance, a left-handed particle propagating with velocity ~v in a reference frame
seems to move backward in a reference frame moving faster than ~v , resulting
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Figure 1.1: A sketch depicting the effect of charge conjugation (C) on an
~ velocity ~v , and
electrical charge and parity transformation (P) on the Spin S,
the helicity of a particle.
in a helicity flip to right-handed.
The parity transformation P leaves the spin unchanged but reverses the
propagation velocity and consequently changes helicity, as depicted in Figure 1.1. In the case of the neutrino, it is not clear whether helicity and chirality are identical, as in the massless limit. Evidently, neutrinos have mass
(neutrino oscillations); hence if helicity and chirality are identical, left- and
right-handedness of neutrinos might be the observed property of the same
particle, and consequently, neutrinos are Majorana fermions.
If not, they are Dirac fermions (for instance, like all the other leptons
and quarks) and a new type of neutrino could exist, the right-handed neutrino and its left-handed anti-neutrino counterpart. Since all neutrinos experimentally observed only had left-handed chirality, and all anti-neutrinos
had right-handed chirality, these right-handed neutrinos either do not exist or
have to be very weakly interacting. The weak interaction does not treat leftand right-handed particles the same way (the universe is not P symmetric),
and it is possible that right-handed neutrinos only interact via gravity (sterile
neutrinos).
Fermions gain their mass through the interaction with the Higgs field,
which requires the interaction of both left- and right-handed counterparts of
the fermion. Hence, the mechanism of how neutrinos gain their mass is still
unknown.
The seesaw mechanism is a model extending the SM that provides an explanation for the observation of only left-handed neutrinos and predicts that
neutrinos have a Majorana nature [30]. It proposes the existence of additional right-handed neutrino partners that are very heavy and do not interact
via the weak interaction. The mechanism produces for each light neutrino a

4
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heavy neutrino counterpart that balances out their tiny mass (hence seesaw).

1.2

Probing Majorana Neutrinos with

76

Ge

A direct way to experimentally probe the Majorana or Dirac nature of the
neutrino is the observation of the 0νββ decay. Only a few isotopes undergo
the ordinary double-beta decay, which is the decay of a nucleus by emission
of two electrons and two anti-neutrinos, increasing the atomic number by 2.
0νββ decay experiments utilize the decaying isotope as a detector for better
detection efficiency. This restricts the choice of isotopes even more. A promising candidate is 76 Ge, considering the advances of Ge processing driven by the
early semiconductor industry and the nuclear radiation detector fabrication.
76
Ge decays to 76 Se as illustrated in Figure 1.2, with a half-life of 1.8·1021 years
[37].

Figure 1.2: A sketch showing the ordinary double-beta decay of 76 Ge into 76 Se
by emission of two electrons (e− ) and two electron anti-neutrinos ν e .
The existence of the neutrinoless version of this decay would unambiguously
prove that the neutrino has a Majorana nature and that the lepton number
is not a conserved quantity (decay with the emission of two electrons). Furthermore, the half-life of the 0νββ decay together with the neutrino oscillation
insights illuminate the ordering of the neutrino mass states and the absolute
mass scale.

1.2.1

0νββ Decay Experiments

Various experiments have been conducted over the last decades to find the
0νββ with ever-increasing discovery potential. The most prominent 76 Gebased experiments were the MAJORANA Demonstrator and GERDA (GERmanium Detector Array) experiment, each operated around 40 kg of Ge iso-
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topically enriched in 76 Ge. The subsequent experiment by the collaboration of
the two is the LEGEND (Large Enriched Germanium Experiment for Neutrinoless ββ Decay) experiment. The first phase of the experiment (LEGEND-200)
will operate 200 kg of isotopically enriched Ge and is currently under construction. LEGEND-1000 is in the planning phase and will employ 1000 kg of Ge
detectors with an enrichment in 76 Ge of over 90% [30].
Other noteworthy isotopes utilized in the hunt for the 0νββ decay are 130 Te
within the CUORE (Cryogenic Underground Observatory for Rare Events)
experiment [38] and 136 Xe used in the EXO (Enriched Xenon Observatory)
[39] and the planned nEXO (next EXO) experiment [40].

1.2.2

Requirements for

76

Ge 0νββ Decay Experiments

A 76 Ge atom undergoing the ordinary double-beta decay in a Ge detector
transmits the energy of the decay on the one hand to the neutrinos, which
practically do not interact with the detector, and on the other hand to the electrons, which generate electron-hole pairs that are registered at the electrodes.
This results in a continuous energy spectrum, according to the conservation of
energy and momentum of the cores and the emitted elementary particles. In
the case of the 0νββ decay, all the energy is transmitted to the electrons and
is contained within the detector, which results in a sharp peak at a specific
energy (for 76 Ge Qββ = 2039 keV). Since the 0νββ decay is a very rare event,
the background at the vicinity of 2039 keV has to be extremely low (in a perfect scenario non-existent background). The approach chosen by LEGEND to
minimize the background is by operating the detectors within a veto detector
in an underground laboratory to avoid detecting radioactive decays from the
surroundings or signals of cosmogenic origin. Hence, LEGEND-200 will be operated at the underground laboratory LNGS (Laboratori Nazionali del Gran
Sasso), Italy.
Furthermore, the exposure of the material to cosmic radiation during processing on Earth’s surface results in activation of the material that causes a
background in the region of interest, from e.g., 60 Co and 68 Ge [41, 42]. Hence,
the material must be processed with the lowest possible processing time on the
planet’s surface. This suggests intermediate storage in underground facilities
or fully underground material processing. Complete underground processing
has not been realized yet, but the potential of carrying out the processing methods in an underground lab is elaborated here. The cosmogenic activation of
the material is also reduced by utilizing Ge isotopically enriched in 76 Ge, since
the isotopic production rates of radioactive isotopes in Ge are much higher for
the light Ge isotopes [42]. Hence, it is a material scientific problem to develop
processes that combine high-yield (high price of isotopically enriched material)
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and low processing time (cosmogenic exposure).

1.3

Ge Processing Chain

The background reduction in 0νββ decay experiments requires a large fraction
of 76 Ge. The natural Ge has an abundance of only 7.4% 76 Ge [43], thus it is necessary to enrich the material isotopically. This is done at the JSC Zelenogorsk
Electrochemical Plant (ECP), Russia, via the GeCl4 route and marks the starting point for large Ge radiation detectors fabrication. Figure 1.3 illustrates the
processing flow chart of enriched Ge utilized in 0νββ decay experiments and
the red box frames the scope of this thesis. The enriched GeCl4 is oxidized
in water, which results in enriched GeO2 . Consequently, the oxide has to be
reduced for detector fabrication. This is done via hydrogen reduction. The
net charge carrier density (in the field and throughout this work synonymous
with "purity") of the resulting enriched Ge is typically around 1014 - 1015 cm−3 .
Zone-refining (ZR) is typically utilized in two technological steps to reach the
required purity for detector application. First, the reduced material gets purified to intrinsic Ge (also referred to as 6N purity or a net charge carrier
density of 1013 cm−3 ), which marks the starting material for HPGe ZR. Here,
the material gets refined in high-purity fused silica (in the field synonymous
with "quartz") boats in ultra-pure H2 to a net charge carrier density of down
to 1010 cm−3 .
The subsequent crystal growth from melt (Czochralski method) is employed
to create Ge single crystals with a low defect density that can be used as detector crystals. The purity of the Ge scrap accumulated during zone-refining and
crystal growth is regularly assessed by resistivity measurements. If the purity
is <1017 cm−3 , the material is again added to zone-refining runs. Otherwise,
the Ge is chemically purified (in this context referred to as "recycling"). This
involves chlorination, distillation, hydrolysis, and filtration, resulting again in
GeO2 , which can be added to reduction processes.

1.3.1

Requirements for Ge Detector Crystals

As mentioned before, the double-beta decay is a rare nuclear decay with a halflife of ∼1021 years in 76 Ge, and the neutrinoless version has a half-life of at
least >1026 years. Hence, many atoms are required to conduct an experiment
within a human life time (large detectors). On the other hand, the background
in the detector signal (at the vicinity of 2039 keV) has to be very low, which
has various implications on the material processing.
The Ge radiation detectors are fundamentally reversely biased p-n diodes
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Figure 1.3: Flowchart presenting the material processing steps for 76 Ge detectors used in 0νββ experiments. The chart indicates important purity values of
intermediate products. The red box presents the scope of techniques employed
in this thesis.
[23]. Most of the detector volume is depleted of charge carriers by applying
a high reverse voltage (typically around 3000 V for HPGe), and any electronhole pairs generated in the detector volume (e.g., by high energy photons or
double-beta decay) are detected at the contacts.
As a consequence, for large detectors to be fully depleted, the material
must exhibit a low charge carrier density. We can model the detector as an
idealized depleted p-n diode as depicted in Figure 1.4, with the p-n junction
being at x = 0 and d the size of the depletion zone. The concentration of
acceptors and donors in the p- and n-type region are NA and ND , respectively.
Consequently, the charge density n in the depleted zone in the p- and n-type
regions are −e · NA and e · ND , respectively, where e is the elementary charge.
In the case of Ge radiation detectors, the Ge is purified as far as possible which is generally p-type material - and high concentration n-type contacts
are fabricated. The whole p-type crystal then acts as a depletion zone, and
only the p-type region has to be considered for the calculation.
~ from n can be calculated from Gauss’s law
The resulting electric field E
1
~ ·E
~ =
n, with 0 being the electrical field constant and r the dielectric
∇
0 r
constant (16.2 for Ge). In the one-dimensional case presented in Figure
1.4,
1 R
the electric field E can be calculated with the integral E = − 0 r n dx,
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Figure 1.4: A sketch showing a p-n diode operated in reverse direction, representing a Ge detector.
which gives for E(x = −d) = 0:
E(x) = −

eNA
(x + d), for − d ≤ x ≤ 0.
0 r

(1.1)

~ = −∇V
~ , and
The electric field resulting from an electric potential V is E
R
in one dimension the potential can be calculated with V = − E dx. This
gives together with equation (1.1) and V (x = −d) = −V0 :
eNA
V (x) =
0 r

x2
d2
+d·x+
2
2

!

− V0 , for − d ≤ x ≤ 0

(1.2)

which yields:
NA =

2 0 r V 0
e · d2

(1.3)

for V (x = 0) = 0. The necessary dopant concentration NA for a radiation
detector for a given applied voltage (e.g., close to the breakdown voltage) is
purely determined by the desired size of the depletion zone. For a depletion
zone width d = 2 cm and an applied voltage of V0 = 3000 V one obtains an
NA of 1.3 · 1010 cm−3 . This equals a fraction of electrically active impurity
atoms of 3 · 10−13 , considering that the concentration of atoms in a diamond
cubic Ge crystals is 4.4 · 1022 cm−3 . Hence, the material is referred to as
high-purity germanium (HPGe). The bandgap of Ge is 0.66 eV at 300 K
(indirect), and the resulting thermal charge carrier density at that temperature
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is 2.3 · 1013 cm−3 . Therefore, to fully deplete Ge detectors, they must be
operated at low temperatures, typically in liquid nitrogen.
Furthermore, the charge carriers generated in the depletion zone should
arrive at the contacts, which requires the recombination of charge carriers to
be low (high charge carrier lifetime τ ) and the charge carrier mobility µ to be
high. A charge carrier lifetime mobility product of τ µ > 1 cm2 V−1 is required
for both electrons and holes, which results in a required lifetime of >25 µs
for a typical electron/hole mobility of 40.000 cm2 V−1 s−1 for a high quality
Ge single crystal at liquid nitrogen temperature [44, 45]. The charge carrier
lifetime and mobility are influenced by the crystalline quality of the material.
In particular, the charge carrier lifetime is influenced by the dislocation density
since dislocation clusters act as recombination centers in Ge. Furthermore,
there are a series of vacancy-related defects reducing the charge carrier lifetime.
Hence, these defects have to be controlled via the crystal growth process.

10
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Chapter 2

Germanium Processing
Optimization of the processing of the isotopically enriched material is crucial for the success of 76 Ge 0νββ experiments. The processing affects the
outcome of the experiment in several ways:
• The yield of a given processing step has a significant impact on the cost of
the experiment. Hence, for a fixed budget, it will directly affect the total
detector mass of the experiment and consequently its sensitivity. The
mass yield of GERDA Phase II detectors was only 53.3% [31]. The waste
was recycled for the purpose of the LEGEND experiment, which is all
processed here in this work (gain of 4 kg Ge). The yield after continuous
reprocessing can be expressed as the product of all efficiencies raised to
the power of the number of recycling steps; hence minor improvements
will have a significant impact on the achievable target mass. It is also
essential to avoid irrecoverable losses and to develop methods with the
possibility of recycling in mind.
• Cosmogenic activation of germanium is one of the critical background
sources in the detector spectrum. This can be avoided by storing the
material shielded from the hadronic component of the cosmic rays. In
practice, this means storing the germanium under a shielding of 10 m
water equivalent (w.e.) or more. Therefore, each processing step requires
carefully planned logistics based on a network of underground storage
sites. Since underground processing, which is the optimal solution, is
not practical for many reasons, minimization of processing times and
careful timing are essential.
• Since the final goal is the production of HPGe detectors, the impurities introduced or removed prior to crystal growth will impact the final
yield. Therefore the introduction of contaminants affecting semiconductor properties should be avoided in every step of the processing.
The feedstock for the production of commercial HPGe detectors is widely
available electronic grade germanium. The material is first purified by zonerefining, followed by crystal growing by the Czochralski method. Finally, cylindrical slices are cut from the crystals and processed into semiconductor detectors.
In contrast, the production of the enriched detectors starts with the germanium dioxide (GeO2 ) provided by the enrichment plant, as illustrated in
Figure 1.3. Subsequently, the oxide first has to be reduced to Ge by hydrogen.
11
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This extra step can be perceived as an opportunity to achieve better control
over the purity of the germanium and eventually simplify the logistics by integrating the reduction with the initial purification preceding the next level of
purity and HPGe crystal growing process, which is elaborated in this chapter.

2.1

Hydrogen Reduction

The hydrogen reduction of GeO2 is a well-known process used for the industrial
production of germanium [46, 47]:
GeO2 + H2 −→ GeO + H2 O
GeO + H2 −→ Ge + H2 O
GeO2 + 2 H2 −→ Ge + 2 H2 O
where finally GeO2 reacts with H2 to the reaction products germanium
and water vapor. As an intermediate step in the reduction, GeO is formed,
which sublimates at temperatures above 700 °C. Therefore, the reduction has
to be completed below this temperature before melting the germanium to cast
in ingots to avoid high material losses. The change between reducing and
oxidizing conditions in equilibrium of the GeO2 - H2 - Ge - H2 O system is at
around 575 to 600 °C [48].
Reduction Furnace
The main features one requires from a reduction furnace for the purpose of
processing enriched Ge are: a quartz (fused silica) tube instead of the standard
alumina-based ceramic, a closed system that facilitates the full recovery of the
germanium lost during the standard process, and a process capacity of at least
1 kg of germanium per reduction. The quartz tube has several advantages
over the standard alumina ceramic. Quartz is highly resistant to thermal
shock as opposed to alumina, which means one can speed up the heating and
cooling procedure and consequently reduce the exposure of the enriched Ge.
Furthermore, aluminum is a critical element in the HPGe purification process
(see for example [49]), and one potential source of Al could be the reduction
furnace.
The choice fell on a furnace produced by the company Nabertherm GmbH
mainly because of the lower price compared to the competition. A basic
schematic, as well as a photograph of the reduction furnace, is shown in
Fig. 2.1. The tube furnace itself is an off-the-shelf product of the company, a
split furnace type oven with a 120 mm diameter quartz tube. The furnace has
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three-zone resistive heating with a total heated length of 1 m and a constant
temperature zone of about 500 mm.

Figure 2.1: A basic sketch of the furnace used in the GeO2 hydrogen reduction
process. The graphite boats are loaded with GeO2 which is reduced in a
mixture of H2 and N2 .
The tube furnace was delivered mounted on the top of a bench containing
the gas system and a programmable logic controller (PLC). The PLC is required for the safe operation with H2 gas, as it controls the gas system and the
heating power. The H2 containing exhaust gas is fed to an excess gas burner
(H2 torch) monitored by the PLC.
As an add-on option, a thermocouple introduced in the tube measures the
temperature of the charge directly. Along with the three other thermocouples
of the three heated zones, the PLC uses this additional temperature sensor for
more precise process control. Therefore, the temperatures given in this work
were always measured inside the tube.
The ends of the furnace tube are closed gastight with water-cooled metal
flanges, which are connected to a gas system designed for operation with H2
gas. The furnace operates between 30 and 120 mbar over-pressure regulated
by a water column - as shown in Fig. 2.1 - to ensure that no air can enter
the tube during operation, producing an explosive mixture. This relatively
simple system has the advantage that the pressure regulator also functions as
a condenser for the water produced in the reduction process. Consequently,
all the Ge which is transported from the boats towards the exhaust (e.g.,
in the form of GeO at elevated temperatures) has to desublimate within the
furnace, ultimately in the water column. This Ge can then be easily recovered
by evaporating the water and adding the recovered GeO2 to the subsequent
reduction process.
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Process Development

Before proceeding with the reduction of the GeO2 enriched in 76 Ge, the reduction process was tested and optimized with natural GeO2 . Following [50] and
[46]. First, one kilogram of GeO2 was reduced at constant 650 °C for about
eight hours. Large quantities of water condensing in the furnace tube causing
violent pressure fluctuation was experienced when water flooded the heated
zone. In addition, the germanium was not fully reduced in the expected eight
hours. This caused further problems when it was tried to heat the charge to
the melting point of the Ge: GeO reduced in the gas phase was clogging the
exhaust with gray Ge powder. As a consequence, we realized the need for a
systematic study of the reaction kinetics.
Several fundamental investigations regarding the hydrogen reduction of
GeO2 have been carried out, especially concerning the thermodynamic equilibrium and the reaction kinetics [51–53]. However, these fundamental experiments were conducted at milligram scale loads, and a kilogram scale reduction
process brings new challenges. In particular, for the reduction of the enriched
germanium dioxide, one has to minimize the exposure to cosmic rays, and
hence one has to shorten the time of reduction as much as possible while still
maintaining a yield above 99%.
Model for Reaction Extent
In principle, the reduction could also be done with a constant temperature
profile, but the resulting reaction rate would be very high at the beginning
of the reaction (safety hazard due to pressure buildup) and very low at the
end (risk of incomplete reduction). For this purpose, the reaction rate of the
process was calculated to optimize the temperature profile during the reduction
towards a constant reaction rate (constant water production).
Regarding the reaction kinetics, one can apply standard models, which
are known from metal oxide hydrogen reduction processes, like the unreacted
shrinking core model, as derived in [54]. First, the hydrogen reduces the surface
of the GeO2 particle and produces a product layer. For further reduction, the
hydrogen has to diffuse through this layer, which is gradually growing in size.
For the general determination of the reaction rate, all reaction steps have
to be considered. However, it could be shown by [52, 53] that the GeO2 - Ge
interface reaction is the reaction rate-controlling step and that this unreacted
shrinking core model works very well to describe the reduction process.
In the following model, oxide particles that are spherical and homogeneous
are considered only, as illustrated in Figure 2.2.
The reaction extent R is the ratio between the already reacted material
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Figure 2.2: Illustration of half of a spherical GeO2 with radius r0 during hydrogen reduction. The advancing reduction creates a Ge product film layer on
the oxide particle and the radius r shrinks consequently, reducing the reacting
oxide surface and reaction rate.
and the total material. Hence, based on the particle depicted in Figure 2.2 the
reaction extent can be described as:
R=

r03 − r3
r3
=
1
−
.
r03
r03

(2.1)

The time derivative of R in equation (2.1) results in:
dR
r2 dr
= −3 3 .
dt
r0 dt

(2.2)

For amorphous germanium dioxide the hydrogen reduction is of first order
reaction type, while for the hexagonal α-quartz type GeO2 it is of a different
auto-catalytic type [55]. For a first order reaction the reaction rate ν can
be expressed with the partial pressure of hydrogen pH2 and water pH2 O as
ν = K1 · pH2 − K2 · pH2 O , where K1 and K2 are the respective products
of equilibrium constant and reaction rate constant. The radial growth of the
product layer is proportional to the reaction rate, which gives together with
pH2 O ≈ 0:
dr
= −K1 · pH2 .
dt

(2.3)

Substituting equation (2.2) with the the identity of R seen in (2.1) and the
reaction rate described by (2.3), gives:
dR
3K1 · pH2
(1 − R)2/3
=
dt
r0

(2.4)

which is an ordinary differential equation that can be solved for constant
K1 and pH2 by seperation of variables. The solution for R(t = 0) = 0 is:
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Ea
R = 1 − 1 − C0 exp −
kB T




 3

t

,

(2.5)

with Ea the activiation energy of the chemical reaction (following from the
equilibrium constant), kB the Boltzmann constant, T the temperature, and C0
summarizing all constants in the model.
The activation energy was determined to be 77 kJ/mol [52, 53]. C0 is
theoretically composed of several factors, such as the particle diameter and
the hydrogen partial pressure, but is used here as the only fit parameter. The
enriched GeO2 particles can be seen in the light microscopy images Figure 2.3.
The powder particles are far from being spherical, but their average diameter
was determined by light microscopy to be 42 µm with a standard deviation of
10 µm, based on a 200 particle statistic.

Figure 2.3: Optical micrograph showing the morphology of the enriched GeO2
particles.
It was possible to rule out that the powder is of the α-quartz type modification by investigation with scanning electron microscopy. For this purpose, the
powder particles were transferred to conductive double-sided adhesive carbon
tabs and measured directly without conductive coating. The powder particles
are of amorphous nature and show a highly porous morphology, as can be seen
the scanning electron microscopy image in Fig. 2.4. The commercial natural
germanium dioxide particles had a similar morphology but were much more
agglomerated and, hence, larger in diameter. The upper particle of the three
in Fig. 2.4 is a reduced and melted Ge pearl as it occurs on the boat walls
after every process, showing a smooth morphology and grain boundaries. Consequently, the reduction process can be described by equation (2.5) with C0
as the only fit parameter, which in this case contains information about the
particle morphology and the hydrogen partial pressure.
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Figure 2.4: Scanning electron microscopy image of enriched GeO2 powder
particles (the lower two). It can be seen that the GeO2 particles are not single
crystalline and that they are highly porous (high surface area). The upper
particle is a Ge particle that can be found on the boat walls after reduction.

2.1.2

Optimization of the Reduction Process

In the first successful reduction process, the temperature was slowly increased
from 500 °C, holding the temperature whenever the water level became critical.
In the following, this test served as the starting point of the optimization based
on the unreacted shrinking core model.
A temperature profile of this first reduction can be seen in Fig. 2.5a (dashed
line). Based on the proposed model in Eq. 2.5 and the assumption that the
reaction is finished after the process (R = 1), it was possible to determine the
value of C0 to 17.4 min−1 for the present conditions. In this model, the heat
capacity of the furnace and the charged boats is neglected, which is a good
approximation if the heat ramps are low (as it was the case during the actual
reduction process).
The calculated reaction rate expressed as water production rate and the
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Figure 2.5: Temperature profile of the reduction process (a), the quantity of
water produced during the reduction of 1700 g GeO2 (b), and the reaction
extents (c) for a constant temperature profile at 650 °C, the first working
but not optimized iteration, and the final optimized reduction process [1].
The critical limit for water production is marked in (b), above which water
accumulation and sudden evaporation can cause an emergency shutdown of
the furnace.
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reaction extent is depicted in Fig. 2.5b and c, respectively. From the first
trials, it was possible to determine the critical water production rate at which
water accumulation in the quartz tube is too high (17 g/h). Subsequently,
the perfect temperature control profile was determined based on a two ramp
model with a constant temperature incubation and ending sequence (Fig. 2.5).
The incubation period proposed is related to the exchange of contaminating
gas adsorbed to the oxide particles with hydrogen and the formation of metal
nuclei on surface defects of the oxide particles [52].
At the last step of the reduction, one waited at 700 °C until all the water
in the tube had evaporated to ensure that all the oxide had been reduced.
The final optimized reduction process (without melting the bars, heating and
cooling ramps) can be finished within 36 h for 1700 g GeO2 without reaching
the critical water accumulation limit, assuring a stable process.
GeO2 is strongly hydrophilic and adsorbs water vapor from the air. It was
shown by measuring adsorption isotherms that this water is present as a liquid
water layer on the GeO2 particles [56]. During the numerous test runs, we
noticed the appearance of water condensation in the tube shortly after the
heating was turned on, even without enabling the H2 flow. This led us to the
conclusion that the GeO2 contained a significant amount of water. By drying
the GeO2 at 500 °C under 100 l/h N2 flow for three hours, we determined the
water content to be 2% of the weight of the natural oxide. This was taken into
account when determining the process yields.
During the process development, we gradually increased the amount of
GeO2 and were able to reduce up to 2 kg GeO2 per process in two graphite
boats with about 1.3 l volume.
The hydrogen flow was adjusted to 200 l/h to maintain a stable and continuous gas flow during the process. Furthermore, it was observed that adding
100 l/h N2 flow to the H2 helped to remove water, thus further stabilizing the
process. The final process, including all heating and cooling ramps and the
melting procedure, is shown in Fig. 2.6. It was possible to reduce the process
time to 46 h from loading the furnace with oxide to collecting the Ge bars.
The water formed in the reaction collects in the water column and needs to be
drained once it is full after about 21 h of process time. In the final period of
the reduction (two hours at a constant temperature of 700 °C), the condensation of water on the water-cooled exhaust flange stops, indicating that all the
germanium dioxide has reacted to germanium (fine gray powder). The melting
procedure is initialized with a steep ramp of 400 °C/h to 960 °C, where the Ge
powder is melted to bars. Finally, the hydrogen flow is shut off, and the tube
is flushed with N2 . When the furnace temperature has fallen below 400 °C,
the oven lid is opened, significantly reducing the time needed to reach room
temperature.
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Figure 2.6: The set temperature profile of one complete reduction process [1].
The accumulated water in the water column is drained in the middle of the
process (1260 min). At the end, the reduced Ge powder is melted to Ge bars.
The complete process takes 46 h from charging the furnace with GeO2 until
collecting the cooled down Ge bars.
During test runs with natural GeO2 we demonstrated that a process time
under two days is possible with a process yield of 99.6% after subtracting the
water content. This result was comparable or better than that achieved by an
industrial company [31], therefore the reduction of the enriched material for
LEGEND-200 was started.

2.1.3

Processing of the Enriched Ge

Several batches of isotopically enriched GeO2 have been reduced within this
work. Most of the material processed in this work had been isotopically enriched in 76 Ge with 86% and 93% by the JSC Zelenogorsk Electrochemical
Plant (ECP), Russia. Furthermore, chemically recycled isotopically enriched
GeO2 from the GERDA experiment has been reduced. The different batches
are:
• 32801.2 g of GeO2 enriched by ECP (53/5176, 53/5177, 53/5189). The
material was packaged in 46 containers with about 710 g of Ge each.
• 11341.3 g of GeO2 enriched by ECP (53/5785). The material was packaged in 15 containers (53/5785/1-15) with about 750 g of Ge each.
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• 5765.8 g of isotopically enriched GeO2 recycled from the Ge metal and
the wet kerf of the GERDA experiment. This material was chlorinated
and distilled by Oleg Selivaneco (LNGS). After hydrolysis and filtration,
the chemical purity was determined by ICP-MS at LNGS. The concentration of the critical impurities such as Al and Fe were below 1 ppm.
Throughout this work, it will be referred to as "recycled material."
Isotopic Composition
Using the standard atomic mass of Ge to calculate the stoichiometric ratios
in GeO2 will cause an error at the percent level when dealing with the isotopically enriched material. Hence, for an accurate estimation of the process
yield, the atomic weight was determined by inductively coupled plasma mass
spectrometry (ICP-MS). The isotopic compositions of each batch are shown in
Table 2.2, as determined by the Laboratori Nazionali del Gran Sasso (LNGS)
chemistry laboratory. The resulting mean atomic mass of 75.74 is significantly
higher than the atomic mass of natural Ge.
Batch
53/5776-89
53/5785
recycled

70

Ge[%]
<0.01
<0.01
-

72

Ge[%]
<0.01
<0.01
-

73

Ge[%] 74 Ge[%]
<0.01
13.2±0.5
<0.01
6.3±0.2
-

76

Ge[%] a.r.
86.7±1.0 1.422
93.6±1.0 1.422
1.423

Table 2.1: The isotopic composition of the enriched germanium batches determined by the LNGS chemistry laboratory via ICP-MS. The mean atomic
mass ratio (a.r.) between GeO2 and Ge is presented in the last column.
Compared to the batch of natural GeO2 used for process development,
significant differences in the powder quality were noticed. First, the powder
density of the enriched GeO2 was significantly lower. Hence, by filling the
boats to the maximum, we could only reduce 1700 g oxide per run. This is
explained by the lower particle diameter of the enriched powder.
Water Content
The water content of the powder from different batches was assessed only once
per batch by a drying experiment. Drying the powder in every process would
contribute significantly contribute to the exposure. The water content was
then extrapolated to the other material of the same batch to calculate the
yields with high precision. The enriched GeO2 was dried at 500 °C under
100 l/h N2 flow for three hours. The mass difference before and after drying
includes the desorbed water of both graphite boats, which is neglected here
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(<0.1 g). The results of the drying experiments for the different batches are
summarized in Table 2.2.
Batch
53/5776-89
53/5785
recycled

GeO2 load [g]
1419.8
1506.2
1468.5

mass difference [g]
1.3
9.0
4.6

water content
0.1%
0.6%
0.3%

Table 2.2: Summary of the drying experiments conducted for different batches
of enriched GeO2 . The table shows the mass of the GeO2 load, the mass
difference before and after drying, and the respective water content.

Hydrogen Reduction
The enriched GeO2 from ECP came in ∼ 710 g packages double sealed in
polyethylene bags stored in plastic cans. The furnace was loaded with two
graphite boats containing up to 850 g GeO2 each, as can be seen in Figure 2.7.
Usually, the measured weight of the oxide was about 1 g less than what was
specified on the bag by ECP. The difference can be explained by the precision
of the scales, the water content, and the small amount of powder sticking to
the inside of the bag.

Figure 2.7: A photograph showing the reduction furnace loaded with two
graphite boats containing 1700 g of enriched GeO2 in total.
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Figure 2.8: Cleaned 600 g Ge bars from the reduction furnace.
Each of the runs was assigned a process number based on the date of the
process start. The achieved yield was >99% in each reduction run as can be
seen in the summary in Table 2.3, 2.4, and 2.5. Typical Ge bars from the
hydrogen reduction are seen in Figure 2.8. They have a resistivity between 1
and 10 Ωcm and a shiny metallic appearance.
The exposure of the processes could be steadily improved from 71.6 h to
66.7 h from the first ECP material batches to the second batch. This improvement was primarily attributed to the improvement in material storage
logistics. The last run, R20201118, included material recovered throughout
the processes and yielded incomplete reduction. The respective yield was calculated by subtracting the recovered GeO2 .
The more considerable variance in the yields at the recycled material compared to the ECP can be addressed to variations in water content. The exposure was around 60.6 h.
Recovery of GeO2
Since GeO2 has a solubility of 4.5 g/l in water at room temperature, the oxide
can be recovered from the water produced in the reduction process, which was
collected and drained from the pressure regulating water column. Furthermore,
to recover as much powder as possible, the bags were washed out in deionized
water with a resistivity of 17 MΩcm. After boiling the water, 107 g oxide was
recovered, which was added to the last reduction.
After each reduction process, tiny Ge droplets with various diameters remained on the walls of the boats (upper particle in Fig. 2.4). These droplets
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Process No.
R20190930
R20191007
R20191009
R20191011
R20191014
R20191016
R20191018
R20191021
R20191023
R20191025
R20191028
R20191030
R20191101
R20191105
R20191107
R20191112
R20191114
R20191118
R20191120
R20191122
Total:

GeO2 load[g]
1419.8
1602.2
1699.4
1702.7
1703.1
1701.4
1700.8
1700.8
1701.1
1700.6
1700.4
1701.3
1701.0
1701.1
1700.8
1700.7
1701.0
1702.3
1423.4
1137.3
32801.2

Ge bars[g]
997.2
1124.9
1193.0
1193.6
1195.8
1194.0
1193.7
1195.0
1194.6
1194.3
1194.0
1194.2
1194.1
1194.5
1193.6
1193.8
1193.0
1194.4
998.7
800.1
23026.6

Yield[%]
99.90
99.86
99.85
99.71
99.87
99.82
99.83
99.95
99.89
99.90
99.89
99.85
99.86
99.88
99.83
99.85
99.76
99.80
99.80
99.95
99.85

Exp.[kg·h]
82.6
73.8
64.5
86.5
60.6
85.5
95.1
59.3
69.4
90.3
82.6
73.8
64.5
64.5
64.5
82.6
73.8
75.1
65.3
61.5
1647.7

Table 2.3: A summary of all reduction processes from the batches 53/5176,
53/5177, 53/5189 with the initial oxide charge, the total mass of the resulting
Ge bars, the process yield, and the specific exposure of the Ge.
amounted to ca. 0.5 g per run. They were collected and added to the last
reduction process together with the recycled oxide.
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Process No.
R20201021
R20201026
R20201028
R20201102
R20201109
R20201113
R20201116
R20201118
Total:

GeO2 [g]
1506.2
1506.4
1506.4
1507.1
1506.7
1503.8
1504.3
794.2*
11335.1*

Ge bars[g]
1053.6
1054.2
1054.1
1054.0
1054.3
1053.8
1054.3
514.5
7892.8

corr. Yield[%]
100.07
100.10
100.11
100.04
100.10
100.25
100.26
96.67*
99.90*

Expo.[kg·h]
61.3
51.4
60.2
80.1
112.8
74.0
56.7
29.8
526.3

Table 2.4: A summary of all reduction processes of the ECP material from
batch 53/5785 with the initial oxide charge, the total mass of the resulting
Ge bars, the process yield, and the specific exposure of the Ge. In the final
process (*) 32.5 g recovered GeO2 was added that did not properly reduce to
Ge and has been subtracted from the corrected yield calculation.

Process No.
R20201007
R20201012
R20201014
R20201119
Total:

GeO2 load[g]
1419.5
1468.5
1457.9
1419.9
5765.8

Ge bars[g]
992.3
1023.9
1017.1
988.3
4021.6

Yield[%]
99.80
99.55
99.59
99.35
99.57

Expo.[kg·h]
78.3
57.5
54.5
53.5
243.85

Table 2.5: A summary of all reduction processes of the recycled material with
the initial oxide charge, the total mass of the resulting Ge bars, the process
yield, and the specific exposure of the Ge.

26

2.2

2. GERMANIUM PROCESSING

Zone-Refining

The HPGe production process requires electronic grade (6N) germanium as
starting material. The purity is generally assessed via a resistivity measurement. The intrinsic resistivity of germanium is about 50 Ωcm at room temperature, and it is generally accepted that this corresponds to a chemical purity
of 6N or better (net charge carrier density of <1013 cm−3 ). The reduced Ge
material is far from that, being between 1 to 10 Ωcm. This equals a charge
carrier density of about 1014 - 1015 cm−3 . Hence zone-refining is utilized to
acquire the desired purity.
Zone-refining (ZR) harnesses the difference in equilibrium solute concentration between the solid (crystal) and the liquid phase (melt) to purify a
material. Here, a short molten zone travels through the material (ingot/bar)
and leads to the segregation of impurity atoms. This segregation is utilized to
purify a fraction of the material. In practical ZR applications, the complete
equilibrium will never be reached, but it turns out that states close to equilibrium are reached in the melt and the crystal close to liquid/solid interface for
reasonable ZR parameters. ZR is the most essential purification method for
Ge with a concentration of impurity atoms of <1015 cm−3 [57].

2.2.1

Theoretical Background

A useful concept when discussing ZR is the segregation coefficient k, which is
the ratio between solute concentration in the solid and the melt. The equilibrium value of the segregation coefficient k0 can be derived from the phase
diagram. A sketch of a phase diagram of an impurity with concentration
Cimpurity in Ge is depicted in Figure 2.9. The liquid and solid phase of Ge
is marked with Ge (l) and Ge (s), respectively. The melting temperature of
Ge is indicated by Tm , the equilibrium solute concentration in the melt by
CL , and the solid by CS . The equilibrium segregation coefficient is defined as
k0 = CS /CL and is <1 if the solute lowers the melting point (Figure 2.9) and
>1 if the solute raises the melting point of the substance. In Ge, most impurities have a segregation coefficient <1, hence k is here treated to be generally
<1 without loss of generality.
Effective Segregation Coefficient
If the freezing is sufficiently slow, the solute concentration in the just crystallized solid is CS = k0 CL (neglecting diffusion in the solid); this is no longer
true for faster crystallization. The effect of the crystallization conditions on
the segregation coefficient was first quantified by Burton, Prim, and Slichter
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Figure 2.9: Sketch of a phase diagram (temperature T, impurity concentration
Cimpurity ) of a solute in Ge, presenting the definition of the equilibrium segregation coefficient k0 . The liquid phase is marked by Ge (l) and the solid phase
by Ge (s). The equilibrium solute concentration in the liquid is indicated by
CL and in the solid by CS .
(BPS) [58]. The resulting effective segregation coefficient keff is closer to unity
(no segregation) when compared to k0 .
In the theory of BPS one assumes that the solid rejects impurities faster
than they can be transported away from the liquid/solid interface into the
melt, here with k0 <1. Hence, a boundary layer with an increased solute concentration in the liquid builds up, which is depicted in Figure 2.10. The Ge
crystallizes from left to right along the space dimension x (where x = 0 is at
the liquid/solid interface), with a solidification velocity f . The solute concentration in the solid at the liquid/solid interface is CS , the exact distribution
throughout the solid is not essential. The concentration of the solute in the liquid is described by CL (x). We apply the continuity equation for incompressible
fluids to the solute atoms in the liquid:
∂CL ~ ~
+ ∇ · (jD − ~jS ) = 0
(2.6)
∂t
~ the gradient, ~jD is the solute flux due to diffusion,
where t is the time, ∇
and ~jS is the solute flux due to impurity rejection from the solid during soL
lidification. The diffusion flux is ~jD = −D ∂C
, with D being the diffusion
∂x
coefficient of solute in the liquid. The segregation flux is ~jS = f · CL . This
altogether yields in one-dimension:
∂CL
∂ 2 CL
∂CL
=D
+f
=0
2
∂t
∂x
∂x

(2.7)
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Figure 2.10: Schematic concentration distribution C of solute in a Ge ingot
during fast solidification from left to right along the x-direction with velocity
f. The solute concentration in the solid is marked by CS , in the liquid by CL ,
and the width of the boundary layer is marked by δ.
L
with ∂C
= 0, which is equivalent to CL (x, t) ≡ CL (x) (steady-state
∂t
distribution). This partial differential equation can be solved analytically via
an exponential ansatz in the form of CL (x) = eαx , which fulfills the equation
with α1 = 0 and α2 = − Df . Superposition of both solutions gives a general
solution to the differential equation with the constants A and B:

f

CL = A · e − D x + B

(2.8)

which can be determined by the respective boundary conditions. For the
BPS effective segregation coefficient keff a solute distribution like depicted in
Figure 2.10 is assumed. We adopt a layer of thickness δ with increased solute
concentration (boundary layer) with constant values for CL (0) = CL,0 and
CL (∞) = CL,∞ . These assumptions together with equation (2.8) yields at
x = 0:
fδ

e− D (CL,∞ − CS ) = CL,0 − CS

(2.9)

where the concentrations can be replaced via the equilibrium segregation
S
S
coefficient k0 = CCL,∞
and the effective segregation coefficient keff = CCL,0
by
dividing by CS . This gives us the following identity for the effective segregation
coefficient:
keff =

k0
fδ

k0 + (1 − k0 )e− D

(2.10)
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The segregation coefficient becomes 1 (no segregation) for big fDδ and becomes k0 for small fDδ . Hence, to achieve maximal segregation (k0 ) and maximal purification, one has to ensure high diffusion (D), a thin boundary diffusion layer (δ), and slow crystallization (f). The first two are achieved by a
high temperature (overheating the melt) and stirring (e.g., electromagnetic),
respectively. The decrease of the solidification velocity is associated with a
decreased zone velocity in zone-refining and, therefore, a high refining time.
Hence, an optimal zone velocity exists, where the purification is maximal in a
given time unit.
Normal Freezing
During normal freezing, the material solidifies directionally. As mentioned before, slow solidification is required to ensure high segregation. However, if the
solidification is slow enough to ensure equilibrium diffusion in the solid, no
purification is achieved. Therefore, the solidification must be slow enough to
ensure solute transport in the liquid but fast enough to avoid significant diffusion in the solid. In Ge, this is the case for reasonable solidification velocities.
A sketch of normal freezing in Ge is shown in Figure 2.11. The ingot
solidifies from left to right with solidification velocity f, and the fraction of
solidified
solidified material is marked by g = mass
. We assume no diffusion in
total mass
the solid and no enrichment of solute on the liquid/solid interface.

Figure 2.11: Schematic concentration distribution C of solute in a Ge ingot
during normal freezing. Diffusion in the liquid is instantaneous, while diffusion
in the solid is neglected.
The so-called Scheil equation describes the solute distribution during nor-
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mal freezing without diffusion in the solid [59]. It can be derived by setting the
change in the number of solute atoms in the solid and the liquid during solidification equal, as indicated in Figure 2.11. The solid rejects the solute atoms,
and the number of solute atoms increases by dg · (CL − CS ), which has the be
equal to the change of the number of solute atoms in the liquid (1 − g) · dCL
(assuming a constant cross-section). This gives a differential equation:
1−k
dCS
=
CS
dg
1−g

(2.11)

which can be solved by the separation of variables. If the ingot has an initial
concentration of C0 , the first solidifying material will have the concentration
k · C0 , which gives:
CS = k · C0 (1 − g)k−1

(2.12)

the Scheil equation with k being the segregation coefficient.
Segregation during Zone-Refining
In Zone-refining (ZR), a short molten zone travels multiple times through an
ingot (ZR cycles) [57]. A sketch for ZR in Ge is depicted for Ge in Figure 2.12.
The zone of length l travels from left to right along the x-axis, and the origin
of the axis is at the beginning of the bar. Hence, if the material right of the
molten zone experienced n − 1 cycles, the material on the left experienced n
cycles. No diffusion in the solid and complete instantaneous mixing in liquid
is assumed.
As illustrated in Figure 2.12, the concentration change in the liquid dCL is
based on the balance between the solute concentration of the material molten
up on the right side (dCL+ ) and material solidifying on the left (dCL− ):
dCL = dCL+ − dCL− .
This gives together with dCL+ = dxl (CL −CS,n−1 ) and dCL− =
(assuming constant cross section of the ingot):
dCL · l = (CS,n−1 − CS,n ) · dx

(2.13)
dx
(CL −CS,n )
l

(2.14)

where dCL = k1 dCS,n and k ist the segregation coefficient, giving the following differential equation for ZR:
dCS,n
k
= · (CS,n−1 − CS,n )
dx
l

(2.15)
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Figure 2.12: Schematic concentration distribution C of solute in a Ge ingot
during n cycles of zone-refining. Diffusion in the liquid is instantaneous, while
diffusion in the solid neglected.
that can only be solved analytically for certain special distribution CS,n−1 (x).
Hence, no analytical solution exists for multi zone-refining of an arbitrary initial solute distribution CS,0 (x). However, the equation (2.15) gives a framework
to study the purification during multi zone-refining numerically. An important
analytical solution is acquired by setting the initial solute distribution constant
CS,0 (x) ≡ CS,0 = const., that results in:
h

k

CS,1 (x) = CS,0 1 − (1 − k)e− l x

i

(2.16)

which quantifies the solute distribution after one cycle of ZR. A direct
comparison of purification via ZR and normal freezing is shown in Figure 2.13
according to equation (2.12) and (2.16), respectively.
The distributions were calculated with a segregation coefficient of k = 0.7,
and bar length of L, a zone length of l = L/10, and a constant initial solute
concentration of C0 . The concentration at the beginning of the bar is kC0
for both ZR and normal freezing, but normal freezing is the more effective
purification method. However, in contrast to normal freezing, ZR can be
performed multiple times, increasing the purity at the beginning of the bar with
every cycle. An example of an impurity distribution for ZR after ten cycles
acquired by numerical methods is indicated by a dashed line in Figure 2.13.
Numerical Solution for Multiple Zone-Refining
As described in the preceding chapter 2.2.1 there is no general analytical formula describing the impurity distribution after multiple ZR. Furthermore, ZR
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Figure 2.13: Calculated impurity distribution after ZR and normal freezing for
a constant starting concentration of C0 . The length of the bar is L, the zone
length is L/10, and the segregation coefficient is k = 0.7.
according to the differential equation (2.15) does not discuss the initial melting
phase at the beginning of the cycles and the solidification at the end (normal
freezing). Hence, a numerical methods was developed and utilized to study
ZR quantitatively.
A draft of a code describing multiple ZR as utilized in this work is shown in
the Supplementary Information Figure 7.1. The mathematical problem can be
solved by dividing the bar into discrete volume elements. Assuming a constant
cross-section, the bar with length L can be discretized in L ∈ N, without loss
of generality. The zone length is l ∈ N, the segregation coefficient k, the initial
impurity concentration along the bar Cx , the concentration in the melt Cl ,
and the number of cycles n. The concentration along the bar Cx can then be
described as a vector of dimension L. The element i (i ∈ N, 0 ≤ i ≤ L) of Cx
is then Cx (i) and describes the concentration at position i in the bar.
The melting phase can be described as the zone slowly melting the bar
between x = 0 and x = l. The concentration in the melt is then the average
concentration of the material in this part of the bar. Thus, the concentration
of the melt is set as:
Cl = mean{Cx (1 : l)}.

(2.17)

The zone melting is executed in accordance with equation 2.13. Hence,
first, the Ge solidifies on the left side of the zone with concentration:
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Cx (i) = k · Cl

(2.18)

and as a consequence the concentration of the liquid changes (raises for
k < 1) to:
(l − 1) · CL + (1 − k) · Cl + (l + i) · Cx
(2.19)
l
The solidification at the end of the bar (zone leaving the bar) is a special
case of the normal freezing described in the Scheil equation (2.12). The impurity concentration in the solidifying material at position i is still identical with
equation 2.20. However, the concentration in the melt increases now with:
Cl =

f · CL + (1 − k) · Cl
(2.20)
f
where f = L − i is the length of the melt left to solidify. This code can be
used to calculate solute distributions Cx for an arbitrary initial concentration
distribution and number of cycles (also for k > 1).
Cl =

2.2.2

Zone-Refining of the Enriched Ge

Figure 2.14: The custom-built zone-refiner loaded with graphite boats at IKZ,
Berlin.
Our self-built zone-refiner at IKZ consists of four quartz tubes with one
radio frequency (RF) coil each. The ZR was conducted in an ultra-pure H2
atmosphere coming through a Pd diffusion cell. For each ZR run, two graphite
boats were loaded with four Ge bars from the reduction furnace (up to 2.4 kg).
When a sufficient amount of freshly reduced Ge was available, a ZR run was
started. The standard procedure requires etching of the reduced Ge bars prior
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to ZR [46]. To avoid etching losses, we washed the bars with isopropyl alcohol
and 17 MΩcm deionized water. The cleaned reduction bars can be seen in
Fig. 2.8 (left). The high ZR yield showed that this cleaning procedure was
sufficient.
Process Development
The total time above ground of the enriched GeO2 /Ge, including the time
spent for ZR, has to be minimized. Hence, the zone velocity and the number
of cycles in the ZR are constrained. For logistical reasons, multiples of 24 h
processing time are preferred. We can estimate the necessary cycles to reach
the target purity of the enriched material by applying the numerical model
described in section 2.2.1. We assume a starting material with a concentration
of the critical impurities P and B of 1015 cm−3 (Al is negligible). The effective
segregation coefficients are assumed to be 0.2 and 9 for P and B, respectively.
The resulting net charge carrier density after n cycles is depicted in Figure 2.15.

Figure 2.15: Calculated net charge carrier density of P, Al, and B after n cycles
of zone-refining of the enriched Ge after hydrogen reduction.
It can be seen that the purity gradually increases with the number of cycles.
Since P is an n-type and B is a p-type impurity in Ge, every distribution
60
) cycles for B to
contains a p-n junction. It takes at least 11 (∼ Ll = 660
segregate to the beginning of the bar. With a zone-velocity of 5 mm/min
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and a boat length of 660 mm, one cycle takes about 3 h, including initial
melting and normal freezing at the end. Hence, the eight cycles that can be
accomplished within 24 h are not sufficient to purify the material (Figure 2.15).
Therefore, a purification procedure with 16 cycles (48 h) was chosen, which
can reliably reduce the impurity concentration below 1013 cm−3 for about 60%
of the length of the bar (filet piece).
Zone-Refining
A summary of the data from the ZR processes of the ECP material from
the batches 53/5176, 53/5177, and 53/5189 is given in Table 2.6. The recycled
material from GERDA and the ECP material from batch 53/5785 were purified
together, and the data is presented in Table 2.7. Here, the run number, the
yield, and the exposure are presented for each run.

ZR
ZR
ZR
ZR
ZR
ZR
ZR
ZR
ZR

1
2
3
4
5
6
7
8
9

ZR 10
ZR 11
ZR 12
ZR 13

only reduction bars
Load[g] 50 Ωcm[g] Yield 50 Ωcm[%]
2193.1
1567.1
71.46
2317.7
1871.5
80.75
2388.4
1874.4
78.46
2388.0
1780.7
74.57
2388.8
1752.4
73.36
2388.0
1773.4
74.26
2387.6
1620.1
67.85
2387.0
1751.7
73.39
2387.7
1670.7
69.95
reduction bars + tails
2326.2
1525.2
65.57
2446.8
1473.5
60.22
2411.3
1527.4
63.34
only tails
2666.6
1501.4
56.30

Exp.[kg·h]
112.6
129.4
133.4
127.8
127.8
136.3
136.3
127.1
132.5
123.9
135.8
134.6
147.1

Table 2.6: The loaded mass, the yield, and the exposure of the ZR runs of the
reduced ECP material from the batches 53/5176, 53/5177, and 53/5189. First,
the material from the reduction was purified (ZR1 to ZR9), then the ZR tails
(ZR10 to ZR12), and finally the recycled tails with the residual Ge (ZR13).
The resistivity along every ZR bar was measured with a four-point measurement method. Where the resistivity dropped below 50 Ωcm, the bars were
cut with a cut-off grinding machine with water (without lubricant) as a cooling
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ZR14
ZR15
ZR16
ZR17
ZR18
ZR19
ZR20
ZR21
ZR22
ZR23
ZR24

only reduction bars
Load[g] 50 Ωcm[g] Yield 50 Ωcm[%]
2006.7
1498.1
74.65
1953.2
1612.8
82.57
2099.2
1725.4
82.19
2136.0
1454.5
68.09
1912.1
1386.3
72.50
reduction bars + tails
2485.0
1916.8
77.13
2443.3
1932.0
79.07
1978.0
1641.0
82.96
2148.2
1345.3
62.62
only tails
2144.5
1627.8
75.91
1992.5
1135.6
56.99

Exp.[kg·h]
113.9
110.8
119.8
122.5
109.6
141.9
138.7
112.6
122.3
121.7
112.2

Table 2.7: The loaded mass, the yield, and the exposure of the ZR runs from
the recycled material from GERDA and the ECP material from batch 53/5785.
First, the material from the reduction was purified (ZR14 to ZR18), then the
ZR tails (ZR19 to ZR22), and finally the recycled tails with the residual Ge
(ZR23 and ZR24).
agent. A photograph of zone-refined and cut enriched Ge bar as can be seen in
the Supplementary Information Figure 7.2. This cutting machine is dedicated
to Ge only. Possible natural Ge residue in the cutting machine was removed
before cutting the enriched Ge, which makes the recovery of the cutting losses
from the cutting sludge possible.
When enough of the low resistivity tails were collected, a boat was filled
with them. After ZR, some of these tails even showed signs of precipitations
on the last centimeter. The low resistivity tails were etched to increase the
efficiency of the recovery, as in the standard procedure in an HF (40% by
weight):HNO3 (60% by weight), (1:3) solution.
The recycling of the tails continued until there was not enough material
to start another ZR. The final ZR yield with continuous recycling was >99%,
relative to the Ge from the reduction process. This includes the last remaining
low resistivity tail with a mass of 851 g. The yield of the ZR was around 60
- 70% for the ECP material from the batches 53/5176, 53/5177, and 53/5189,
depending on the initial impurity level (ZR tails). This could be increased to
70 - 80% for the subsequent ZR runs by utilizing a more optimized, tapered
ZR bar geometry, as depicted in Figure 2.16. Figure 2.15 shows that the in the
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Figure 2.16: A ZR bar with a length of 660 mm and a highly-tapered geometry
to reduce the weight of the ZR tail and consequently increase the ZR yield.
The angle of the ZR was adjusted between 4 and 5◦ .
final distribution the intrinsic material is only around 50% of the bar length.
However, the cross-section of the bar defines the final mass yield. Hence, a thin
end of the bar results in an increased ZR yield. The ideal bar geometry was
achieved by zone-refining at an angle of 4 and 5◦ (function of boat geometry
and bar mass).

2.3

Cosmogenic Exposure and Yield

Cosmogenic exposure of the enriched Ge has to be minimized at any given time
since the hadronic component of the cosmic radiation produces the radioactive
isotopes 68 Ge and 60 Co in Ge, which contributes to the background in the
detector spectrum in the region of interest for the 0νββ decay [60]. Therefore,
a significant effort was invested in reducing the cosmogenic exposure of the
enriched germanium.
At the beginning of the operation all the enriched germanium dioxide was
transported to the shallow-underground laboratory Felsenkeller (Felsenkeller)
of the Helmholtz Zentrum Dresden Rossendorf (HZDR) and TU Dresden [61,
62]. The Felsenkeller has an up to 45 m hornblende monazite rock overburden,
corresponding to 130 m of water equivalent (m.w.e.). A dedicated area with
75 m.w.e. shielding served as a longer term storage between the processing
steps.
The necessary amount of material to start the reduction or ZR processes
was regularly transported to IKZ Berlin. At the end of every process, the material was transported back to the Felsenkeller unless it was further processed.
The mean exposure is calculated since some parts of the germanium underwent more processing cycles than others. Therefore, the exposure in each
process step was weighted with the amount of germanium processed (kg·h),
and at the end, the exposure sum was divided by the total mass of the germanium to obtain the mean exposure in hours. Hence, the exposures of the
single processes in Tables 2.3, 2.4, 2.5, 2.6, and 2.7 are given in kg·h.
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Exposure during Reduction and Zone-Refining

The processing of the ECP material from the batches 53/5176, 53/5177, and
53/5189 accumulated in total a cosmogenic exposure of 156.4 h, as shown in
Table 2.8. The improved material processing of the recycled material from
GERDA and the ECP material from batch 53/5785 accumulated only 122.4 h
(Table 2.9). This is even slightly better than the 126 h achieved with a previous
batch for a similar operation with PPM, an industrial partner [31].
Transport
Reduction
Cutting
ZR
Total

Exposure [kg·h]
105.4
1,647.7
130.4
1,703.8
3,587.3

Exposure [h]

156.4

Table 2.8: Summary of the mean cosmogenic exposure contributions of the
ECP material from the batches 53/5176, 53/5177, and 53/5189, weighted by
the germanium amount [kg·h] and relative to the total mass [h].

Transport
Reduction
ZR
Total

Exposure [kg·h]
123.1
770.1
1325.9
2219.1

Exposure [h]

122.4

Table 2.9: Summary of the mean cosmogenic exposure contributions of the
recycled material from GERDA and the ECP material from batch 53/5785,
weighted by the germanium amount [kg·h] and relative to the total mass [h].

2.3.2

Summary

For the planned ton-scale 76 Ge 0νββ decay experiment LEGEND-1000, large
amounts of enriched germanium have to be processed with the highest possible
yield while minimizing the cosmic ray exposure. The stringent requirements
and the relatively small batches make it difficult to outsource the task to an
industrial company by maintaining full control over the processes.
As a first use of the newly built setup, the hydrogen reduction of 50 kg
enriched GeO2 was performed in our lab. Beforehand, a process optimization
with 20 kg of natural Ge with a particular focus on process efficiency and cosmogenic exposure was performed. The optimization of the reduction process is
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based on the unreacted shrinking core model, which is used to compute a temperature profile that assures a constant reaction rate and the shortest possible
process time under the given constraints. Reduction at temperatures below
the recommended 700 °C was favored to prevent losses due to the sublimation
of the GeO.
We successfully reduced the 49908 g enriched oxide and obtained 34941 g
of germanium with an average reduction yield of >99.5%, as summarized in
Table 2.10. While not being processed, the material was stored underground in
the Felsenkeller laboratory in Dresden. The mean exposure during reduction
was 69 h. We attempted to recover the most minuscule amounts of Ge loss in
each process step. A total of 107 g of GeO2 powder was recovered, which was
added to the last reduction process.
Weight [g]
Total enriched GeO2
49908.3
Ge expected from reduction 35089.9
After reduction
34941.0
After ZR, total (incl. tails) 40968.4
Thereof 6N
38964.2
Tail < 50 Ωcm
851.0

Yield [%]
99.58
99.40
95.11
-

Table 2.10: Summary of the initial and final weights and yields of the reduction
and ZR.
The purity (net charge carrier density) of the Ge bars from the reduction
were far from intrinsic (6N); hence ZR had to be performed to reach the desired
purity. The mean exposure during ZR was 74 h, totaling 141.7 h for the
whole processing (including the transport and additional cutting exposure). A
summary of the exposure is given in the Tables 2.8 and 2.9.
The total yield after the ZR was 99.40% and of 6N Ge 95.11%, which is
equivalent to a mass of 38964 g. A summary of the initial and final weights
and yields of the processing steps is presented in Table 2.10.
Significant losses that could not be recovered in-house have been collected
for later recovery; these include 33.4 g Ge lost during the reduction (potentially
in the etching solution utilized to clean the quartz tubes of the reduction
furnace), the cutting loss during ZR of 87.4 g, and the etching loss from ZR of
90.5 g. The potential recovery of Ge from the etching solutions are currently
being researched by LEGEND collaboration and are planned within the efforts
of the LEGEND-1000 experiment. The losses from the cutting sludge are
planned to be chemically recycled via GeCl4 distillation.
Finally, we developed a process for the hydrogen reduction of germanium
dioxide enriched in 76 Ge as part of our contribution to the LEGEND-200 ex-
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periment. We fulfilled the yield and exposure requirements with a laboratoryscale setup processing about a kilogram Ge at once. The hardware setup and
the process optimization have been successfully completed. In the future, the
GeO2 reduction can be done at an underground facility if further reduction
of the cosmogenic exposure is needed. The most challenging associated tasks
include the secure supply and control of gases, especially hydrogen, and the
handling of chemicals.
With an overall Ge yield above 99%, we succeeded in minimizing the loss
of Ge during processing. The losses will be further reduced when the Ge in
the cutting sludge and the acid solutions are recycled. The apparently small
gain will be a major contribution when it will be applied to the ton-scale
LEGEND-1000 experiment in future.

2.4

HPGe Zone-Refining

The purity acquired by ZR is a function of the segregation coefficient of the
respective impurity and the number of ZR cycles. However, when approaching
ultra-high purity, contamination from the crucible (boats) and the gas may become the primary factor. In the particular case of the graphite boats employed
in the purification to intrinsic Ge, the Al, P, and B contamination from the
boat limits the maximal possible achievable purity to 1012 cm−3 , independent
of the number of cycles (Figure 2.15). On the other hand, gas contamination
can be ruled out by utilizing high-purity H2 from a Pd diffusion cell. Another
challenge is the Al segregation in Ge. The equilibrium segregation coefficient
of Al is small enough for effective zone-refining (<10−2 ), but there are several
reports of vanishing segregation of Al in HPGe [63]. Hence, to consistently
purify Ge below the intrinsic level, a new ZR technology has to be developed.
It was shown that the most effective way of Ge purification is the use
of fused silica (quartz) boats since these are available in very high purity.
However, these cause technological problems due to the heating system of the
ZR and the wetting of the Ge melt on SiO2 . The zone-refiner employs inductive
heating and Ge is not sufficiently conductive to be heated inductively at room
temperature; hence it is necessary to provide a graphite susceptor. Graphite
would introduce a potential contamination source, so the susceptor was welded
into a quartz cylinder, as depicted in Figure 2.17a. In this setup, the Ge is
only surrounded by quartz parts; no graphite or other materials are present.
Furthermore, the wetting of Ge on SiO2 causes the boat to break when the Ge
solidifies. Hence, a coating for the boats has to be developed that should be
ultra-pure and prevents wetting.
There are two reported coating technologies in literature, namely a carbon
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Figure 2.17: (a) quartz boat coated with a quartz smoke coating (670 mm
length) loaded in the zone-refiner. To the right of the boat, the graphite
susceptor (graphite cylinder in a welded shut quartz pipe) can be seen. (b)
polycrystalline HPGe bars with a mass of 2 kg after ZR in the quartz boats.
coating and a SiO2 coating [64]. Both coatings are porous, allowing the Ge to
move while solidifying and preventing damaging the boat. There are several
ways to produce the carbon coating; this includes utilizing a sooting methane
flame under a lack of oxygen. The SiO2 coating is produced either via a SiCl4
or SiH4 route. In the case of SiH4 , the silane is burned in a H2 /O2 flame
with a surplus in O2 (hence, quartz smoke coating). These coatings also allow
the segregation of Al in HPGe. According to E. Haller, the Al in Ge does
not segregate due to the formation of AlO in the melt, which itself does not
segregate. Si is an active oxygen scavenger in the Ge melt and prevents the
AlO formation. Hence, it allows the effective segregation of Al [64, 65].
Here, a quartz smoke coating process for ZR was developed to achieve
the desired purity for crystal growth. It was shown that quartz smoke coated
quartz boats consistently reach a p-type purity of 1011 cm−3 and below, demonstrating effective Al segregation. The highest purity reached in some parts of
the ZR bar was 2·1010 cm−3 .

2.4.1

Coating Technology

The quartz boats were coated with a quartz smoke coating utilizing an oxygenrich H2 (6N purity)/O2 (6N purity) flame. The constructed experimental setup
can be seen in the Supplementary Information in Figure 7.3 and Figure 7.4. It
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consists of an Ar (6N purity) gas bottle with 1% SiH4 (UHP, ultra-high purity),
which is below the lower explosive limit. It is required to evacuate and flush
the pressure regulator with inert gas to avoid the oxidation of SiH4 in the
regulator (formation of SiO2 particles). As illustrated in Figure 2.18, the H2 ,
Ar with 1% SiH4 , and O2 are fed through the center, second, and the third pipe
of a triaxial burner, respectively. The actual burner in operation while coating
a boat can be seen in the Supplementary Information in Figure 7.5. The
H2 flame is operated under excess oxygen conditions to ensure an oxidizing
environment for the silane. This is controlled by observing the color of the
flame (blue = oxygen deficiency, white = oxygen excess). The coating of half
the boat gradually builds up within 8 min (the other half is held with gloves).
After the boat has cooled down, the second half of the boat is coated, making
a continuous porous SiO2 layer.

Figure 2.18: Schematic of the triaxial burner utilized for the quartz smoke
coating of quartz boats. The flame is presented by the yellow and orange
color.

2.4.2

Material Preparation

The starting material from the graphite boats (net charge carrier density
<1013 cm−3 ) has been etched in HF + HNO3 for 4 minutes and subsequently
rinsed with deionized water with an electrical resistivity of 17 - 18 MΩcm.
Afterwards, the material was blown dry with N2 . The processing time is kept
as short as possible to avoid contamination by dust accumulation. Hence, the
material was etched and then dried in parallel, while the boats were coated.
The etched material is then directly loaded in a coated quartz boat and loaded
in the zone-refiner, as seen in Figure 2.17a.
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2.4.3

Multiple Zone-Refining

As elaborated before, ZR gets less efficient with a progressing number of cycles. The final purity of ZR is mainly determined by the purity of the starting
material. Hence, the highest purity is reached by cutting out the piece of
the bar with the lowest impurity concentration (filet piece) and using it in a
subsequent ZR process. Hence, the material was first purified for 20 cycles in
ultra-pure H2 . Afterwards, the material was analyzed by a four-point resistivity measurement under LN. Finally, the high-purity filet piece was cut out
and purified for another 20 cycles. The final polycrystalline Ge bars in the
quartz boats are depicted in Figure 2.17b. The final purity assessment was
conducted by the van der Pauw method by the characterization group. For
this purpose, several single-grain samples (5x5x1 mm3 ) have been cut from
large grains of the bar in different places, named A, B, C, D, E, and F. The
results are summarized in Table 2.11.
sample #
A
B
C
D
E
F

n [cm−3 ]
+1.5·1011
+2.1·1011
+3.0·1011
+7.0·1011
+2.7·1011
-3.0·1013

ρ [Ωcm]
2010
2240
1050
480
1940
13

µ [cm2 V−1 s−1 ]
35000
23000
32000
31000
17000
25000

Table 2.11: Net charge carrier density n, resistivity ρ, and Hall mobility µ
determined by the van der Pauw method of the Ge bar of Figure 2.19.
The material has a p-type net charge carrier of around 1011 cm−3 , with
relatively high carrier mobilities for zone-refined material. The respective calculated charge carrier density is shown in Figure 2.19.
The simulation was performed with a zone length of 60 mm and segregation coefficients of 0.35, 0.8, and 7 for P, Al, and B, respectively. Additionally,
the contamination arising from the boat has been accounted for. The concentration of different impurities is shown in different line styles, while the red
and blue line shows the net charge carrier density for p- and n-type material,
respectively. The results of the electrical characterization are indicated by dots
labeled A-F. The calculated profile fits quite well and can be explained by the
segregation behavior of Al and P. Sample E has a lower charge carrier density
than D due to compensation with an n-type impurity (most likely P, due to
the segregation behaviour). This is furthermore supported by the sudden drop
of charge carrier mobility from sample A-D (∼30000 cm2 V−1 s−1 ) to sample E
(only 17000 cm2 V−1 s−1 ).
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Figure 2.19: Net charge carrier density of zone-refined Ge bar after 2x20 cycles
quartz smoke coated boats determined by the van der Pauw method (A-F)
correlated with the calculation based on effective segregation coefficients of
Al, P, and B. The red and blue line marks the net charge carrier density for
p- and n-type Ge, respectively.
A four-point resistivity measurement along another polycrystalline zonerefined Ge bar is shown in Figure 2.20a. These measurements are not accurate for assessing the material purity (voltage drop at grain boundaries)
but were shown to serve as a general indicator [18]. The filet pieces of the
Ge after 20 cycles of ZR were again refined for another 20 cycles in quartz
smoke coated boats. The polycrystalline bars were first measured at room
temperature (300 K), revealing that the bar is perfectly intrinsic for most of
the length (>90%). Afterwards, the bar was completely submerged in liquid
nitrogen. The resistivity was analyzed for both current directions (forward
and reversed), since generally, a p-n junction is expected in every Ge bar due
to the different segregation behavior of B and P. The resistivity reached about
700 Ωcm at the beginning of the bar (B end). The grains of the material were
relatively small, and it was difficult to cut single-crystalline Hall samples from
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them. The Hall measurement in A and C revealed a net charge carrier density
of around +2·1010 cm−3 and 3·1011 cm−3 , respectively. The samples B and C
did not give a reliable Hall voltage. In this case, the resistivity together with
the mobility in A has been utilized to calculate a net charge carrier density
value; hence it is unknown whether C is p- or n-type. The calculated net
charge carrier density is depicted in Figure 2.20b. In contrast to Figure 2.19
lower initial Al and P concentration in the starting material is assumed. The
simulation is in good agreement with the experiment (purity in A and C) and
suggests n-type material at C.

2.4.4

Conclusion

Material previously purified in carbon coated boats exhibited net charge carrier
densities of 1011 to 1012 cm−3 in the filet piece and was n-type (P dominated).
The achievable purity in highly-pure parts of the bars with the quartz smoke
coating in our experiments was consistently around 1010 to 1011 cm−3 . The
material was primarily p-type. This, together with the segregation calculations, indicates Al as the major remaining contamination. Once the purity is
obtained in larger parts of the bar, the material is utilized for the growth of
single crystals. In the following chapters, research to Vacancy-related defects
and dislocation structure in Czochralski crystals is presented.
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Figure 2.20: (a) resistivity of zone-refined Ge bar after 2x20 cycles in quartz
smoke coated boats measured at room temperature (300 K) and liquid nitrogen
temperature (77 K) in both directions (forward and reversed). A and C mark
the positions of the Hall measurements. (b) the calculated net charge carrier
density of the same bar.

Chapter 3

Crystal Growth &
Vacancy-related Defects
The Ge crystals utilized in 0νββ decay experiments require charge carrier
lifetimes much larger than the carrier drift time in the detector. Hence, a
large charge carrier mobility lifetime product of >1 cm2 V−1 is required. This
results in a charge carrier lifetime requirement much higher than 25 µs for a
typical electron mobility of single-crystalline HPGe in liquid nitrogen (77 K)
of 40000 cm2 V−1 s−1 .
These high lifetimes can only be acquired by ensuring a low density of structural defects such as dislocations and vacancy-related defects [66]. However,
completely dislocation-free Ge is unfavorable since there the vacancies dominate the defect landscape, resulting in vacancy-related complexes such as V2 H
[67, 68] and vacancy clusters in the form of voids [69], rendering the material
worthless for detector applications. At the melting point the concentration of
vacancies is somewhere between 1014 and 1015 cm−3 , while the concentration
of self-interstitials is only 109 cm−3 [70, 71]. Therefore, the Frank-Turnbull
reaction:
VGe + Gei ↔ GeGe

(3.1)

is not sufficient to annihilate the vacancies during the cooling process of
the crystal [72]. The presence of dislocations with edge character would allow
the dislocation climb to be an effective sink for vacancies, but since there are
almost no dislocations, the vacancies ultimately have to cluster [69]. Hence,
it is preferred to have a dislocation density between 102 and 104 cm−2 , to
avoid vacancy-related defects on the one hand, but also avoid recombination
at dislocation clusters. In order to successfully grow detector crystals, it is
of crucial importance to be able to determine the concentration of structural
defects inside the crystal reliably. For this purpose, several HPGe crystals have
been grown in our lab by the Czochralski method under optimized conditions
to demonstrate the defect control necessary for detector crystal applications.
The vacancy clusters in the form of voids are especially difficult to detect
since they typically occur in low densities and are small in size. Synchrotron
white beam X-ray imaging and the use of dynamical diffraction imaging are
applied to show direct evidence for voids in dislocation-free HPGe. Comparable investigations are reported for nearly perfect silicon crystals by [73] and
[74]. However, HPGe has specific material properties allowing one to conclude
without any doubt that the localized tensile strain fields detected by X-ray
topography are, in fact, vacancy clusters in the form of voids, hence allowing
47
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us to confirm their observations. Since in Ge, the only effective mechanism for
the reduction of the vacancy concentration originating from the growth process
is dislocation climb, no voids are expected in parts of the crystal with moderate dislocation density. Therefore, it is shown here that the voids are only
observed in dislocation-free parts of the crystal, whereas no voids are observed
in parts of the crystal with a homogeneous dislocation density of around 2600
cm−2 .
Furthermore, it was shown that etch-pit density analysis is not always reliable to determine dislocation density for crystals with low dislocation density
(close to zero). It was possible to prove this by utilizing complimentary white
beam X-ray topography measurements to show the actual dislocation density,
as well as the presence of voids in dislocation-free parts of the crystal. It was
shown that the etching figure of dislocation-free Ge can be differentiated from
dislocated Ge, where etch pits represent dislocation lines cutting the surface.
The charge carrier lifetime was significantly lower in the dislocation-free part,
on average below 100 µs, which is insufficient for large Ge detectors. Beyond,
the material had a sufficient carrier lifetime up to 500 µs in dislocated parts.

3.1

Czochralski Method

HPGe crystals detectors are grown by the Czochralski (Cz) method [75–77].
Other growth methods suitable for Ge, such as the Bridgman method or vertical gradient-freeze method, are disadvantageous in terms of structural defects
or purity levels [78]. The crucible-free float zone technique suffices in terms of
chemical purity but can only produce single crystals of small diameter (typically <20 mm) due to the unfavorable ratio between mass density and surface
tension of the Ge melt [79].
A basic schematic and a photograph of crystal pulling of HPGe by the
Czochralski method is depicted in Figure 3.1. The polycrystalline starting
material from the zone-refiner is melted in a high-purity synthetic fused silica
(in the field often shortly referred to as quartz) crucible. The crucible sits in a
graphite susceptor that is heated by an induction heater. The crystal growth
ambient is either Argon (6N purity) or ultra-pure hydrogen. The seed crystal
is fabricated from previous crystals and generally oriented in a crystallographic
direction. The pulling direction for the standard detector technology is [0 0 1]
[16]. This seed is dipped into the melt close to the melting point (1211 K
for Ge). By slowly pulling the seed up (pulling rate) and carefully adjusting
the heater power (and consequently the temperature), the crystal grows. The
growth conditions are further influenced by the melt dynamics, which is a
function of the crystal- and crucible rotation. These parameters (pulling rate,
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heater power, crystal- and crucible rotation) directly influence the diameter
and mechanical stress during crystal growth and further impact the final defect
landscape in the crystal. The art of crystal growth is to optimize and control
these parameters to create crystals with the desired properties.

Figure 3.1: Basic schematic of a HPGe Czochralski crystal growth setup and
a photograph of a HPGe crystal during the crystal growth process in [0 0 1]
direction.

3.2

Experimental

3.2.1

Crystal Growth

Single-crystalline 2-inch diameter HPGe crystals (net charge carrier density in
the order of 1011 cm−3 ) were grown by the Czochralski method using zonerefined germanium bars with high purity, which is described in great detail
elsewhere [80]. A 4-inch quartz crucible was employed within a custom-built
crystal growth setup. The hot-zone and growth conditions were optimized
by continuous experimental investigation of the crystals and numerical simulations, as could be shown in the work of [81]. In particular, the shape and
radial uniformity of the melt/crystal interface has been optimized by adjusting
crystal growth parameters to reduce thermal stress during crystal growth and
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consequently the dislocation multiplication, which was necessary to control the
dislocation density of the grown crystal.
The investigated crystals were grown from [0 0 1] HPGe seeds with a 5 x 5 mm2
cross-section under different gas atmospheres. One crystal was grown under
constant Ar flow, while the other was grown under a constant flow of ultrapure H2 purified in a Pd cell, shown in Figure 3.2 and 3.3, respectively. The
Dash-necking technique [82] was used to control the initial dislocations, growing up to 90 mm long and down to 1 mm thin neck with high growth speed.
Within the crystal shoulders, the diameter was continuously increased to 2inch by adjusting the heater power and keeping the pulling rate constant at
0.5 mm/min. The crystal grown in Ar had a total length (excluding the Dash
neck) of 174 mm and a mass of 1037 g. The length of the crystal grown in H2
was 220 mm (excluding the Dash neck), with a crystal mass of 1569 g.
Along the growth direction of these crystals, wafers with (0 0 1) surface
orientation and thicknesses ranging from 350 to 700 µm were cut. They were
oriented within an angular tolerance <1◦ by utilizing X-ray diffraction. The
position of the wafers within the crystal is shown in Figure 3.2 and 3.3. The
wafers were chemo-mechanically polished on both sides for X-ray topography
investigations.

Figure 3.2: A [0 0 1] Ge single crystal grown in Ar with a shaft diameter above
2 inches. The wafer cut from the crystal is marked and denoted C.

3.2.2

White Beam X-ray Topography

White beam X-ray imaging has been performed at the Karlsruhe Research
Accelerator (KARA) synchrotron of Karlsruhe Institute of Technology (KIT),
a 2.5 GeV electron storage ring. The measurements were conducted at the
topography station at the imaging cluster of the KIT light source, which is
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Figure 3.3: A [0 0 1] Ge single crystal grown in H2 with a diameter well above
2 inches. The seed of the crystal can be seen on the left side, followed by a
long and thin Dash neck. For further investigation and characterization, three
wafers have been cut from the crystal, which are denoted by A, B, and C.
described in detail elsewhere [83]. A two-dimensional detector with a pixel size
of 2.5 µm and a Slavich high-resolution photographic film VRP-M with a size of
about 100 x 125 mm was used to record the topographs. The Ge samples have
been measured in transmission geometry with a distance between film/detector
and samples of 95 mm and with several minutes of exposure time. The beam
size at the sample was approximately 8 mm x 5 mm. For the investigation
of the 1 3 1 topographs the samples were tilted around the [1 1 0] axis by an
angle of 28◦ . The samples were tilted by an angle of 14◦ around the [1 1 0]
direction (Fig. 3.4) to obtain the 4 0 0 and 0 4 0 stereo pairs, as well as the
2 2 0 topographs on one film.
The reflections of the Laue patterns have been identified by using the software LauePt [84]. For this purpose, the films were digitized and overlapped
with the calculated diffraction pattern, as depicted in Figure 3.5. The sample
detector distance of 95 mm and the sample orientation were given, and the
slight angular off-cut/misalignment was compensated.

3.2.3

Microwave Photoconductance Decay

The bulk carrier lifetime τ has been determined by microwave photoconductance decay (µ-PCD) on an ”MDP map” instrument, which is a commercially
available tool from Freiberg Instruments. The setup consists of a laser mounted
next to a microwave spectrometer above the sample and a microwave cavity
beneath the sample table. The sample table is freely rotatable and movable for
lateral scanning. The details of the experimental setup are explained elsewhere
[85]. The main advantage of this technique is the possibility to measure the
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Figure 3.4: The measurement geometry of the (0 0 1) Ge wafers, which were
tilted around the [1 1 0] direction by 14◦ to obtain the 4 0 0 and 0 4 0 stereo pair
as well as the 2 2 0 topograph on one film.

carrier lifetime contactless and without fabrication of electrical contacts. The
measurement principle is based on the change of microwave reflectivity as a
function of excess carrier concentration, which is initially generated by a laser
[86–88]. After illumination, the decay of the excess carrier concentration is
approximated with a single exponential fit to obtain the carrier lifetime from
its exponent coefficient − τ1 , which is valid if the lifetime is independent of the
carrier density. Hence, the bulk carrier lifetime is measured by the decay of the
excess carrier density, which is sufficient if surface recombination does not significantly affect the change in carrier density and consequently the microwave
reflectivity. This was ensured by preparing the wafers by chemo-mechanical
polishing on both sides to eliminate any surface defect originating from cutting and polishing. The wafers have been measured under ambient conditions
at 22◦ C. Two different lasers have been tested, a near-infrared laser with a
wavelength of 980 nm and a red laser with a 660 nm wavelength. The laser
power has been modulated between 20 - 100 mW and 10 - 30 mW for the nearinfrared and the red laser, respectively. The most stable results were obtained
by the 980 nm near-infrared laser at a power of 80 mW, which was utilized for
all presented µ-PCD measurements. However, one should mention that the
laser power and wavelength had no significant impact on the average lifetime.
For every measurement, laser illumination was carried out for 1000 ms to ensure complete saturation, and for every spot on the wafer, an average over ten
independent measurements has been performed. The laser can be focused to a
spot size with a diameter of approximately 0.5 mm. Therefore a measurement
step size of 0.2 mm has been chosen to ensure slight oversampling.
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Figure 3.5: X-ray topography film of crystal grown in Ar and the correlated
diffraction pattern calculated by LauePt using the detector sample distance of
95 mm, a film size of 102x126 mm2 , and a tilt around the [1 1 0] direction by
14◦ .

3.2.4

Etching

An etch pit density (EPD) analysis has been conducted to investigate the
dislocation density since dislocation cores can be the preferred etching sites.
The surfaces have to be of low roughness and without a major defect layer.
This is achieved by grinding/lapping the wafers with SiC abrasive, followed
by a chemo-mechanical polishing procedure by our preparation lab colleagues.
The etching solution was a modified CP-4 etch (HF+HNO3 ) [89]. The wafers
were submerged into the acid in a Teflon vessel at 22◦ C. A large amount of
acid compared to the volume of the wafers (≈ 800 ml acid) was used to avoid
significant warming of the etching solution. After a duration of 60 minutes, the
etchant was replaced by deionized water with a resistivity of 17 - 18 MΩcm.
The etched wafers were then investigated by optical microscopy in differential
interference contrast (DIC). The EPD values are determined by counting the
etch pits originating from the dislocation cores (big, faceted) and dividing their
number by the investigated area.
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Results and Discussion
Voids in Crystals Grown in Ar

A 4 0 0 and 0 4 0 stereo pair of wafer C of the Ge crystal grown in Ar (Figure 3.2)
was measured in transmission geometry. The stereo pair was recorded on
the same X-ray film and is presented in Fig. 3.6. Remarkable are the two
round, slightly overlapping features with a diameter of approximately 60 µm.
They show a black-white contrast following the diffraction vector, where black
indicates high intensity and white low intensity. The small black dots in both
topographs are defects in the X-ray film itself, and the small line in the top
of the 4 0 0 topograph (Fig. 3.6b) is an artifact related to the light path of the
optical microscope used to analyze the films. The total area investigated by
X-ray topography was in the order of cm2 and is, in fact, dislocation-free.
The fundamental excitation wavelengths of the topographs were determined
and turned out to be λ = 0.52 Å (E = 23.8 keV) and λ = 0.45 Å (E = 27.6
keV) for the 4 0 0 and 0 4 0 topographs, respectively. This slight asymmetry
is caused by the offcut angle to the [0 0 1] direction of about 1◦ , which might
originate from the thinning of wafers by a grinding process. The black-white
image in the topographs is related to localized tensile strain fields close to the
exit surface of the crystal. In the crystals grown in this study, the black-white
contrast can only be explained by vacancy clusters in the form of voids.

3.3.2

Imaging Principle of Voids

We follow the reasoning of [73], and [90] to give a qualitative explanation for
the observation of the black-white contrast. The two-beam case of dynamical
diffraction theory is applied to describe the experimental observations, which is
justified by the high crystalline perfection of the crystal, namely being singlecrystalline, dislocation-free, and of high purity. In this picture, the beams
inside the crystal (transmitted and diffracted beam, as in Figure 3.7) interfere
with each other, exchanging energy, leading to two dispersion branches separated by the forbidden Bragg gap [91, 92]. The wavefields related to branch 1
of the dispersion surface undergo anomalous absorption, while the wavefields
of branch 2 are strongly absorbed. The product of the absorption coefficient
µ0 and the wafer thickness t (350 µm) is for 4.6 for the 4 0 0 topograph and
3.4 for the 0 4 0 topograph [93], which is sufficiently high to omit the wavefields of branch 2 in our investigations. Regarding the anomalous transmission
of branch 1, the product of the anomalous absorption coefficient µi and the
thickness of the wafer is 0.17 and 0.13 (estimated from [94]) for 4 0 0 and 0 4 0,
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Figure 3.6: Stereo pair of synchrotron transmission topographs of voids in
dislocation-free HPGe. The voids are situated close to the exit surface of the
beam and are only visible due to a dynamical diffraction phenomenon.
respectively. Therefore, in the following argumentation, only the wavefield
related to branch 1 is considered.
The crystal lattice around the void is distorted and bends inwards in close
proximity to the void as a result of its tensile stress field. The deformations
cause a strongly increased absorption since the effective absorption coefficient
depends on the deviation from the precise Bragg condition. However, if the
void is situated close to the exit surface of the crystal (Fig. 3.7), the increased
absorption due to the distorted lattice is negligible. The deformations are so
small that locally the crystal is still perfect enough to apply the dynamical
diffraction theory [95]. The local tensile strain fields tilt the lattice planes
(h k l) towards the void, which leads to a local variation of the reciprocal lattice
vectors δHL,hkl and δHR,hkl (L left, R right) as can be seen in Fig. 3.8. In first

56

3. CRYSTAL GROWTH & VACANCY-RELATED DEFECTS

Figure 3.7: Ge crystal with distorted lattice due to a void close to its exit
surface. The diffraction vector is indicated by g, the wavevector K0 represents
the incident beam, while k0 and kH represent the transmitted and the diffracted
beam, respectively. The short black arrows labeled with B (black image) and
W (white image) indicate the direction of energy flow of the wavefields left
and right of the void. A schematic transformation of the distorted lattice close
to the void into reciprocal space is shown, indicating the distorted reciprocal
space vectors left and right of the void HL,hkl and HR,hkl .
approximation, the structure factor does not change, and consequently, the
Lorentz point of the deformed lattice must lie on the sphere with origin 0 and
radius r = n·k0 . Subsequently, the whole dispersion surface shifts up left of the
void and down right of it as indicated in Fig. 3.8, due to the local deformations
if the void is situated close to the exit surface. The bold arrows at the tie
points of the deformed lattices are the Poynting vectors of the wavefield PR
and PL . The associated wavefields must fulfill the continuity of the tangential
components of the wave vectors at the crystal surface.
The tie point PL is shifted to the right relative to the vertex of the dispersion surface, while PR is shifted to the left of it. The ratio of the diffracted
amplitude relative to the transmitted one depends on the position of the tie
point relative to the vertex of the dispersion surface, indicated by ddh0 , where
dh is the electric displacement field of the diffracted, and d0 of the transmitted
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Figure 3.8: The relationship between the changes of the dispersion surfaces
with a change of reciprocal lattice vectors, associated with a distorted lattice.
The shift of the tie points relative to the vertex of the dispersion surface
explains the change in intensity left and right of the void.

beam. Within the hyperbolic approximation of the dispersion surface close to
the Bragg gap, the amplitude ratio ddh0 vanishes left of the void, while it goes
towards infinity right of it. Therefore, an increased intensity of the diffracted
beam is observed left of the void (B for black image), while right of it the
intensity is decreased (W for white image). As a consequence, a black-white
contrast following the diffraction vector g can be observed.
Therefore, the black-white contrast can be described as a modulation of
diffraction intensity caused by a change in the tie point position due to the
inward bending of lattice planes next to local tensile strain fields close to the
exit surface of the crystal.
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Voids in Crystals Grown in H2

White beam X-ray topographs of two (0 0 1) wafers from the top and the
tail part of an HPGe crystal grown in H2 (Figure 3.3) were recorded. Wafer
A has been investigated first with a low-resolution film to know the desired
reflections’ exact positions and get a first impression of the dislocation density.
The investigated area in the middle of the wafer was free of dislocations in all
reflections. Therefore, the 2 2 0 reflection has been chosen for a wafer map,
which was stitched together by topographs recorded on a two-dimensional
detector, which can be seen in Figure 3.9. This reflection was chosen since it is
reachable with a simple rotation around the horizontal [1 1 0] axis of the wafer,
making it easy to adjust the detector correctly spatially.

Figure 3.9: 2 2 0 X-ray topograph of wafer A in Figure 3.3 with the dislocations
marked by white arrows indicating their crystallographic orientations. The red
insets show dislocations in detail. The total dislocation density throughout the
wafer turned out to be below 1 cm−2 . Furthermore, the white circles indicate
the positions of voids on the wafer.
The growth ridges can be seen on the wafer edge, which originate from the
thermodynamic dominance of the {1 1 1} facets in Ge during crystal growth.
The wafer is primarily free of dislocations. Only a few dislocations can be
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identified, which are highlighted by arrows, which also indicate their crystallographic direction. The total dislocation density of the wafer was calculated
from the length of the dislocations divided by the wafer volume (wafer thickness 700 µm) and turned out to be below 1 cm−2 . One should mention that
the dislocations seem to be located in the edge regions of the wafer. This
is most likely to be explained by a completely dislocation-free crystal shortly
after the Dash neck and new dislocations originating from the surface of the
crystal during growth. A region in the order of 1 cm2 in the wafer center was
completely dislocation-free.
Furthermore, voids can be observed on the wafer, which are visible due to
the black-white contrast following the diffraction vector. The voids are highlighted in the image by white circles in Fig. 3.9 and can be seen in detail in Fig.
3.10a. The small white spots are detector artifacts. The voids originate from
vacancy clustering during crystal growth since in Ge, the dominant intrinsic
defects are vacancies and not self-interstitials.
Since the method is only sensitive to voids close to the exit surface of the
sample, it is not trivial to estimate the void density from the experimental
investigations. Simply dividing the number of observed voids (black-white
contrasts) by the volume of the whole wafer would always underestimate the
present void density nvoid , for the wafer map it would yield a void density of
10 cm−3 , which is not realistic. This can be shown by an estimation of the
void density by thermodynamic considerations.
A vacancy density nV at the melting point of Ge of 1015 cm−3 [70, 71]
is assumed. Furthermore, we assume that these vacancies can condense into
spherical voids, which are well separated from each other (no overlapping).
Then, the void density can be estimated by:
nvoid ≈

nV
· d−3 ,
nGe

(3.2)

where nGe is the number of Ge atoms per cm3 - which is 4 · 1023 cm−3 at
the melting point - and d is the diameter of the void. If we estimate the void
density based on the experimental observation as calculated before, but correct
that the technique is only sensitive to voids close to the exit surface, where close
means in the order the size of the void d. Then, one obtains that the observed
void density is nvoid ≈ 10 cm−2 · d−1 . These two relations yield the same void
density of 105 cm−3 for voids of 100 nm diameter. This makes it a challenging
task to find direct evidence of voids by any means of microscopy. Reported
simulations of the thermal history of 100 mm diameter Ge crystals resulted in
vacancy clusters of 1 to 6 µm [96]. These crystal-originated particles (COPs)
were experimentally identified by etch pits of 10 µm diameter on polished Ge
wafers by optical microscopy.
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Figure 3.10: (a) 2 2 0 topograph of the top end of the crystal grown in H2
shows the crystal to be free of dislocations and contains few of the striking
features with a black-white contrast indicating the presence of voids. (b) 1 3 1
topograph of the very same crystal (tail part) revealing a dislocation density
of 2600 cm−2 and showing no sign of voids.
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In contrast to wafer A, wafer C from the crystal grown in H2 has a moderate homogenous dislocation density of around 2600 cm−2 , forming characteristic pseudo-hexagonal loops with dislocation lines strictly oriented along
the <1 1 0> directions of the crystal as can be seen in the 1 3 1 topograph of
Figure 3.10b. The dislocation density was estimated by measuring the total
length of dislocation lines in the topographs and dividing it by the measurement volume based on the sample thickness and measured area. The lines
in the topograph represent single dislocation lines, and the average length of
undisturbed, straight dislocation line segments is in the order of several hundred µm. In the right section of Figure 3.10b, dislocation lines start to interact,
forming dislocation bundles. However, the total length of the dislocation lines
could be determined with sufficient accuracy. The small black dots are again
defects in the film.
As stated before, this clustering of vacancies only occurs due to a lack of
vacancy absorbing mechanisms in dislocation-free crystals. Consequently, in
crystals with moderate dislocation density, one would always expect dislocation
climb to be a sufficient mechanism to avoid clustering of vacancies into voids.
As expected and argued before, no voids can be found in any regions of the
crystal with significant dislocation density, as, for example, in Figure 3.10b. In
fact, in all our investigations, the black-white contrast indicating voids could
only be found on dislocation-free parts of the crystals.

3.3.4

Microwave Photoconductance Decay

Spatially resolved µ-PCD measurements have been carried out to obtain the
bulk lifetime maps depicted in Fig. 3.11, for the three wafers A, B, and C of
the crystal grown in H2 at the positions indicated in Fig. 3.3. Most remarkable are the differences in average lifetime between the three wafers, which is
represented by a common color scale on the side of Fig. 3.11. The average
lifetime τ̄ increases along the crystal length, while it is only 83 µs at the very
crystal top (wafer A), it increases to 285 µs for wafer B and finally reaches 423
µs at the crystal tail (wafer C). Direct comparison with the X-ray topography
results shows that wafer A with the lowest dislocation density (nearly zero)
has the lowest charge carrier lifetime. While wafer C with a dislocation density of 3000 cm−2 (homogeneously distributed) has the highest charge carrier
lifetime. Although the lifetime measurement was done at room temperature,
it is entirely consistent with the results obtained in [97] with HPGe detectors.
The reduced lifetime of wafer A may be due to vacancy-related recombination
centers because the voids only cannot explain an influence on the lifetime.
Furthermore, a certain inhomogeneity within the lifetime maps of the
wafers can be observed, especially in wafers A and B. However, this inhomo-
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geneity could not be directly correlated with the dislocations/voids observed
in the X-ray topograph of A in Fig. 3.9. Locally the lifetime on wafer A drops
below 20 µs. Wafer B exhibits the biggest non-uniformity in lifetime, which we
attribute to the transition between dislocation-free and dislocated parts of the
crystal. Wafer C shows the required lifetime values for detector application all
over the wafer surface.

Figure 3.11: µ-PCD bulk carrier lifetime maps for the wafers A, B, and C at
the positions indicated in Fig. 3.3 with a common lifetime scale bar situated
on the right.

3.3.5

Etching

In order to get insight into the defect density and uniformity of the crystal
grown in H2 , an etch pit density (EPD) analysis has been carried out. EPD is
the most common technique to assess the detector material quality, combining
the possibility to investigate extensive areas with a high sensitivity to crystal
defects. However, much crystal-specific knowledge is required to interpret etch
patterns correctly.
The etched wafers A, B, and C were investigated by optical microscopy in
DIC, which can be seen in Fig. 3.12. Evidently, all the wafers exhibit etch pits
after etching. On all three wafers, the large etch pits are composed of {1 1 1}
facets (octahedral-shaped) with a rounded bottom, as described elsewhere [98,
99]. The calculated EPD values from a representative square centimeter-sized
area are shown in Fig. 3.13. The EPD values are 5000 cm−2 for A, 5700 cm−2
for B, and 3200 cm−2 for C. Only distinct faceted etch pits have been taken
into consideration for this value. Astonishingly, the dislocation-free wafer A
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has a high EPD value of 5000 cm−2 , where one would expect none. On the
other hand, the wafer C has an EPD value which represents the actual value
of the dislocation density (3000 cm−2 estimated from X-ray topography) very
well.
While the shape and the distribution of the etch pits seem similar in all
parts of the crystal, wafer A shows a high density of tiny etch pits, which
seem to be distributed all over the sample surface. In B and C, the area
between the etch pits is entirely homogeneous in the differential interference
contrast microscopy image, which points towards a roughness of only a few
nanometers. In this regard, the vacancy clusters in the form of voids can
not be distinguished from etch pits arising from dislocations. The anticipated
etch pit density for voids (10 - 100 cm−2 ) is far lower than the observed one.
One can conclude that these tiny pits in A arise due to different preferred
etch sites (small prismatic dislocation loops arsing from V condensation or V
associated complexes) than in parts of the crystal with moderate dislocation
density, as in B and C. Hence, it is possible to distinguish dislocation-free
areas of the crystal with voids from parts with moderate dislocation density
by observing the whole etch figure. One should point out that this can cause
misinterpretations of EPD values and might lead to wrong interpretations of
dislocation multiplication mechanisms [100].

3.4

Conclusions

HPGe crystals grown under Ar and H2 have been investigated in terms of
structural defects by X-ray topography, more specifically in terms of dislocation
distribution and formation of voids. It was possible to show the presence of
voids in dislocation-free parts by white beam X-ray topography.
These voids are not easily detectable by other methods since they are too
small for optical microscopy, but they also appear in such low densities that
they are also not detectable by electron microscopy. Thus, X-ray topography
in this regard is the perfect characterization technique since it combines a
large field of view in the order of mm2 to cm2 with a high sensitivity to the
strain field of the voids, which is much larger than the defect itself. This
is especially due to the sensitivity of the dynamical diffraction effect to the
bending of the lattice planes and ultimately to the strain field of the voids,
which is significantly more extended than the void itself.
Furthermore, it was possible to confirm the observations of [73] and [74] on
nearly perfect silicon crystals. They could not manifest that the observed dynamical diffraction patterns are, in fact, due to voids, which can be supported
with this work. One should also state that compressive strain field from, for
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Figure 3.12: Etching figure of the wafers A, B, and C in differential inference
contrast microscopy. The large well-defined etch pits originate from dislocation
cores. The dislocation-free wafer A shows a differentiated etch figure than the
dislocated B and C wafer.
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Figure 3.13: The EPD values of the three wafers determined on a representative square centimeter-sized area by counting the large well-defined etch pits
superimposed with the dislocation density observed in the X-ray topographs.
The EPD value perfectly matches the dislocation density in wafer C but does
not represent dislocations at all in wafer A.
instance, precipitates or inclusions can cause an opposite white-black contrast
following the diffraction vector, as has been shown for a rare earth vanadate
[91].
A general technique based on whitebeam X-ray topography is proposed,
which can be used to detect voids in any crystalline material with high crystalline perfection. The theoretical description of the black-white contrast based
on dynamical diffraction theory does not assume any material-specific properties. Therefore, it is universal for any crystalline material, which was shown
experimentally for Si crystals and here for HPGe crystal grown under different
atmospheres.
The crystals were growing initially completely free of dislocation (< 1 cm−2 )
due to dislocations growing out efficiently in the Dash neck (as indicated by
combined EPD analysis and X-ray topography). The crystal grown in Ar was
also dislocation-free in the tail part of the crystal. However, the dislocation
density in the crystal grown in H2 increased to 3000 cm−2 towards the tail
part. The void density in the dislocation-free part is estimated to be 105 cm−3

66

3. CRYSTAL GROWTH & VACANCY-RELATED DEFECTS

with an approximate void diameter of 100 nm. The dislocations form straight
line hexagons with the segments oriented in to the <1 1 0>directions. They
are homogeneously distributed, which is suitable for detector application.
The dislocation density in HPGe was characterized by an EPD analysis using a CP-4 etchant. However, it was possible to show by comparison to X-ray
topographs that the observed EPD values do not represent the dislocation density in parts of the crystal where the dislocation density is close to zero. On the
other hand, in wafer C with moderate dislocation density, the EPD value corroborates the dislocation density observed by X-ray topography. The etching
patterns differ slightly between the dislocation-free parts and the dislocated
parts of the crystal, but the characteristic octahedral etch pits do not allow to
distinguish between voids and dislocations. However, additional tiny pits can
be observed all over wafer A, while in wafer B and C, the sample surface is
perfectly smooth, as observed by differential interference contrast microscopy.
This is suggested as an indicator that the wafer is, in fact, dislocation-free and
dominated by V-related defects. This can lead to discrepancies between actual
and simulated dislocation density in crystal with high structural quality [100].
The lifetimes measured by µ-PCD reached average values above 250 µs
throughout the bulk crystal, which is sufficient for detector applications. The
average lifetime was only 83 µs at the very crystal top (wafer A), increased to
285 µs for wafer B, and finally reached 423 µs at the crystal tail (wafer C). The
low lifetime at wafer A (dislocation-free) may be explained by charge trapping
based on vacancy-related defects [66].

Chapter 4

Growth Direction and
Dislocation Structure
The dislocation structure in bulk germanium crystals is essential for radiation detector applications. The detectors are generally fabricated from Ge
crystals grown by the Czochralski method in [1 0 0] direction and require a homogeneous charge depletion throughout the entire detector. This can only be
achieved by growing crystals with a homogeneous dislocation density between
102 and 104 cm−2 , which requires a well-optimized thermal field and growth
process [67, 68]. Dislocation densities exceeding 104 cm−2 result in a reduced
charge carrier lifetime due to recombination at dislocation clusters, having a
detrimental impact on the energy resolution of the detector, rendering the
detector material useless [101].
The standard technology mainly focuses on [1 0 0] germanium crystals for
high-energy resolution radiation detectors, and the effect of the growth direction on the detector properties is only poorly investigated and understood [80,
102]. The growth of [1 1 1] crystals was investigated and showed similar properties to [1 0 0] crystals, hence a dislocation density between 102 and 104 cm−2 is
a necessity [103]. Hubbard et al. reported the growth of a [3 1 1] detector crystal with a dislocation density >104 cm−2 which, in contrast to [1 0 0] crystals,
did not show broadened or asymmetric peaks in the gamma-ray spectrometer
performance [104]. However, the reason for this increased tolerance of [3 1 1]
crystals towards dislocation distribution was not further investigated.
The crystals grown in this work exhibit a special dislocation structure since
they were grown in [2 1 1] and [1 1 0] direction. These growth directions are
parallel to at least one glide plane and therefore prevent that all dislocations
can grow out during the Dash neck procedure. The dislocations that stay
after the Dash neck are then confined within this glide plane that is parallel
to the growth direction. The dislocations are additionally confined within the
<1 1 0> directions within this glide plane, hence a dislocation line orientation
selection occurs.
The dislocation structure in the germanium crystals grown in [2 1 1] and
[1 1 0] direction has been investigated by white beam X-ray topography in terms
of distribution, dislocation line orientation, Burgers vector, and hence dislocation type. An understanding of the dislocation structure in these crystals
enables future detector technologies with improved charge collecting properties. Furthermore, this yields a qualitative material scientific explanation for
the observation of the improved gamma-ray spectrometer performance in [3 1 1]
detector crystals.
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The dislocation structure of the crystals was additionally investigated using etching techniques. A slice of the crystal was polished and immersed in
an etchant that reacts selectively to crystal defects. This reveals the macroscopic distribution of dislocation throughout the whole crystal, which would
be very tedious to achieve with imaging techniques such as transmission electron microscopy (TEM) and X-ray topography with limited to small fields
of view (especially for TEM). However, dislocation studies using etching techniques can lead to inaccuracies in the determination. Depending on the etchant
and etching parameters, etch pits might also arise from other possible defects
(e.g., vacancy-related). Furthermore, due to the dislocation glide system of
the crystal and depending on the orientation of the analyzed surface, the real
dislocation density is not exactly represented by the number of dislocation
intersection points (EPD).
Etching the sample is a destructive investigation technique, and non-destructive
macroscopic ways of verifying the material quality regarding detector properties are highly desirable for industrial crystal growth. Charge carrier lifetime is
more expressive for the detector material quality than the dislocation density.
Mapping the charge carrier lifetime by microwave-detected photoconductance
decay (µ-PCD) was used as a potential and quick technique that can be utilized
to verify the required material quality without destroying the sample [105].

4.1

The Dash Neck and Growth Directions

The central technology for controlling dislocation density in Si and Ge crystals
within the Czochralski process is the Dash neck [82]. At the beginning of the
crystal growth process, the crystal is grown with a high growth speed and a
small diameter. This allows for dislocations - which in Ge glide primarily in the
dense-packed {1 1 1} planes - to grow out to the surface of the crystal (assuming a well-optimized thermal field of the growth setup with low temperature
gradients) [106]. This is illustrated in the sketch in Figure 4.1a. For Si, this
procedure is utilized to grow large dislocation-free crystals for microelectronic
applications. While this is also possible for Ge, it is not desirable for radiation
detector applications, as elucidated before. However, for Ge, the Dash neck is
used to control the initial dislocation density that arises from the seed crystal to a moderate level, which then can be maintained or at least controlled
throughout the remaining growth process.
Such a Dash neck requires the {1 1 1} glide planes to be non-parallel to
the growth direction. If a glide plane is parallel to the growth direction, not
all dislocations can grow out. This is illustrated in sketch Figure 4.1b for
the [1 1 0] direction. Other ways of dislocation movement are, in this case,
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Figure 4.1: (a) and (b) show a sketch of dislocations growing out during Dash
necking in [1 0 0] and [1 1 0] direction, respectively.
negligible since the cross-slip of screw dislocations in Ge occurs only between
the {1 1 1} glide planes, and dislocation climb is too slow for efficient Dash
necking. Hence, growing dislocation-free crystals in such growth directions
is impossible, at least not by the standard Dash necking procedure. This
difficulty of growing dislocation-free crystals in, for instance, [1 1 0] growth
direction has been already addressed for Si before, and an alternating Dash
neck procedure has been reported to get rid of the residual dislocations after the
standard Dash neck [107]. Furthermore, Ge crystals grown in [1 1 0] direction
have been investigated in terms of etch pit density distribution before by E.
Billig [108].
A [3 1 1] crystal has no glide plane directly parallel to its growth direction,
but one of the glide planes deviates by only 10◦ from being parallel, leading only
to a very slow grow out of the dislocations within the crystal. Furthermore, the
existence of only a remaining glide plane leads to a kind of dislocation selection,
meaning the remaining dislocations in the detector crystal are mostly confined
to one glide plane and can be even further selected in terms of dislocation line
orientation and type. This leads to a more even distribution of dislocations
and avoids bundling of dislocations and the related recombination centers.

4.1.1

Choice of Growth Directions

The dislocation line selection is most effectively shown by using a growth direction that is parallel to exactly one glide plane. The four {1 1 1} glide planes
are non-parallel to each other, so there can be no crystallographic orienta-
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tion that is parallel to all glide planes. Two distinct planes can only cut each
other in a line, so a growth direction can only be parallel to a maximum of
two glide planes. This is exactly and only the case for the <1 1 0> directions,
since they are the intersections between the {1 1 1} planes. In the case of the
(1 1 1) and (1 1 1) glide planes, the intersection is the [1 1 0] direction. There
exist infinitely many crystallographic directions which are parallel to one of
the {1 1 1} planes. A crystallographic direction [u v w] which is parallel to
the (1 1 1) plane must fulfill that the scalar product between [u v w] and the
normal vector to the plane [1 1 1] (true for cubic crystals) equals zero.
This is the case when -u + v + w = 0, or u = v + w. Hence, all the
directions with the form [v + w v w] are parallel to the (1 1 1) glide plane. If
we set w = 0, we get again the [1 1 0] direction, for w = 1 and v = 0 we get
[1 0 1], another direction from the <1 1 0> family, for the same w = 1, but
for v = 1 [2 1 1], for v = 2 [3 2 1],and for v = 3 we obtain [4 3 1]. There are
infinitely many further non-trivial directions with higher Miller indices.
An outstanding solution is the [2 1 1] direction, since it is the solution with
the lowest sum of miller indices (next to solutions from <1 1 0>) and has a
unique geometric significance for dislocations, being normal to a <1 1 0> direction - the primary dislocation line and Burgers vector orientations - and being
parallel to one {1 1 1} plane. With analogous reasoning, one can show that all
directions from <2 1 1> have these properties, but no other of the non-trivial
solutions. From this geometric reasoning, we decided to investigate the growth
of Ge crystals using a Dash necking procedure in [2 1 1] and [1 1 0], the crystal
coordinate system has been chosen accordingly throughout this work.

4.1.2

Dislocation Line Selection in [211] and [110] Ge
Crystals

The illustration in Figure 4.1 is somewhat simplified, and the true nature of
the dislocations resigning in [2 1 1] and [1 1 0] crystals after the Dash neck is
described in more detail. The dislocation glide in Ge is confined to the {1 1 1}
planes, while the high Peierls potential in the diamond cubic (DC) crystal
structure confines the dislocation lines of glissile (mobile) dislocations to the
<1 1 0> directions [109, 110]. The Burgers vectors in Ge are also of <1 1 0> and
due to this, the dislocations are primarily screw or 60◦ dislocations.
A very appealing way to represent the orientation of the dislocation glide
planes and dislocation line orientation is the Thompson tetrahedron notation
shown in Figure 4.2a. The orientation of the tetrahedron has been chosen deviating from the standard crystallographic convention to ensure positive Miller
indices in the growth directions and the associated dislocation line orientations
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Figure 4.2: The Thompson tetrahedron notation for the DC slip system is depicted in (a). (b) shows an equivalent notation by using the dual polyhedron
of the tetrahedron, the octahedron, which accurately represents the point symmetry group of the DC structure m 3 m. The most important crystallographic
directions are denoted with a black arrow, and the investigated growth directions [2 1 1] and [1 1 0] are further marked with an asterisk. (c) and (d) shows
this octahedron from the [2 1 1] and [1 1 0] direction, respectively. The glide
planes parallel to the growth directions are marked orange. (e) and (f) show
the dislocation lines (black lines) and Burgers vectors (red arrows) emitted by
a figurative Frank-Read source within the glide planes (orange) that can not
completely grow out in the Dash necking procedure.
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throughout this work.
In the Thompson tetrahedron, the four {1 1 1} glide planes are depicted in
a tetrahedron configuration, where the edges of the tetrahedron correspond to
the six possible <1 1 0> dislocation line orientations. Each <2 1 1> direction
is the bisectrix between two <1 1 0> directions and thus the height of an equilateral triangle face of the tetrahedron, showing that they are each normal to
a <1 1 0> direction.
It was first conceptualized for the visualization of the slip system of the
densely-packed face-centered cubic (FCC), and related crystals [111, 112].
Even though the tetrahedron also fully represents the slip system of the diamond cubic (DC) Ge crystals, for reasons of clarity and comprehensibility, four
point-symmetrically equivalent {1 1 1} planes were added so that an octahedral
representation of the DC slip system is acquired, as shown in Figure 4.2b. In
the Figure, the most important crystallographic directions are denoted with
black arrows. The investigated growth directions are further marked with
an asterisk. From this octahedral representation of the DC slip system, one
can immediately see that - in the case of [1 0 0] and [1 1 1] growth directions
- all four glide planes are highly non-parallel, which allows for efficient Dash
necking. Figure 4.2c and d show the octahedron from the [2 1 1] and [1 1 0]
direction, respectively. The glide planes parallel to the growth directions are
marked orange in Figure 4.2c, d, e, and f. In the case of a [2 1 1] crystal, there
is only one remaining glide plane (1 1 1), and for [1 1 0] crystal there are two
remaining glide planes (1 1 1) and (1 1 1). The dislocations within the other
glide planes grow out within the Dash necking.
In Figure 4.2e and f the pseudo-hexagonal dislocation loops emitted from
figurative Frank-Read source are depicted with their possible Burgers vectors
(red arrows) [113]. In the case of the [2 1 1] crystal it possible to confine
the dislocation lines to one glide plane (1 1 1) with down to two dislocation
line orientations [1 1 0] and [1 0 1]. Where for the [1 1 0] crystal there are two
remaining glide planes (1 1 1) and (1 1 1) with two possible dislocation lines in
each glide plane [0 1 1] and [1 0 1] as well as [1 0 1] and [0 1 1], respectively.

4.2
4.2.1

Experimental and Methods
Crystal Growth

Ge crystals have been grown by the Czochraslki method in pulling equipment
used for growing up to 3-inch semiconductor crystals. The crystal growth
apparatus is equipped with a graphite resistance heater, a weight sensor, and
thermal shielding described in detail elsewhere [114–116].
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The crystals were grown from seed crystals oriented in [2 1 1] and [1 1 0]
direction with a deviation <1◦ , fabricated from carefully selected Ge single
crystals. The starting material was polycrystalline electronic grade Ge, purified
by zone-refining. The material and the seeds have been etched in HF + HNO3
and subsequently rinsed with deionized water with an electrical resistivity of
17 - 18 MΩcm. Afterwards, the material was blown dry with N2 . To avoid
contamination by foreign atoms, which could interfere with the dislocation
dynamics within the crystals, a 75 mm diameter high purity graphite crucible
with a pyrolytic carbon coating and a constant 6N Ar flow of 500 l/h was
utilized. The Van der Pauw method revealed that the final crystals were
entirely intrinsic, which correlates to a room temperature charge carrier density
of 1013 cm−3 [117].
The crystals shown in Figure 4.3 were grown with a Dash neck of over
50 mm length and with growth speeds between 110 mm/h and 180 mm/h.
Thereafter, the crystal shoulder was realized by reducing the pulling rate gradually to 60 mm/h, which was kept constant throughout the entire remaining
crystal growth process to have the crystal with constant diameter. The heater
power has been modulated accordingly to achieve the desired growth conditions. The total mass of the [2 1 1] and [1 1 0] crystal is 730 and 610 g,
respectively. The diameters reached up to 45 mm.
For the characterization of the crystals in terms of dislocation structure
and charge carrier lifetime, (1 1 1) wafers (parallel to the growth direction)
with a thickness of 1 mm have been fabricated by diamond abrasive cutting.
The crystals have first been halved to prevent cracking of the slices, which is
referred to as upper and lower crystal part throughout this work, as can be
seen in Figure 4.3. Next, the slices were chemo-mechanically polished with the
aim to avoid surface and subsurface damage for undisturbed etching results
and charge carrier lifetime investigations. The areas A and B, which have been
investigated by X-ray topography, are marked by red boxes in Figure 4.3.
The dislocation densities in the crystal reach from almost dislocation-free
close to and after the Dash neck, to several thousand cm−2 in the crystal
shaft, proving a very high crystalline perfection. This was determined by
preceding etch pit density (EPD) analyses and confirmed by subsequent X-ray
topography investigations.

4.2.2

White Beam X-ray Topography

White beam X-ray topography has been performed at the Karlsruhe Research
Accelerator (KARA) synchrotron of Karlsruhe Institute of Technology (KIT),
a 2.5 GeV electron storage ring. The measurements were conducted at the
topography station at the imaging cluster of the KIT light source, which is
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Figure 4.3: Ge crystals grown in (a) [2 1 1] and (b) [1 1 0] direction. The areas
A and B investigated by white beam X-ray topography are marked with red
boxes.
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Figure 4.4: The alignment of the [2 1 1] and the [1 1 0] crystal within the white
beam X-ray topography transmission measurements relative to the crystallographic orientations is shown in (a) and (b), respectively.
described in detail elsewhere [83]. The topographs have been recorded with a
Slavich high-resolution photographic film VRP-M. The beam size at the sample
was approximately 8 mm x 5 mm. The crystal slabs have been measured in
transmission geometry as depicted in Fig. 4.4, with a distance between film and
sample of 90 mm and with several minutes of exposure time. The crystal slabs
were tilted around [1 1 2] and the [0 1 1] by θ (Fig. 4.4a and b) for the [2 1 1]
and the [1 1 0] crystal, respectively, to reach enough reflexes for the Burgers
vector analysis.
The [2 1 1] sample was tilted by θ = 0◦ and θ = 15◦ to evaluate the 1 3 3,
3 1 3, 3 1 3, and 3 3 1 and the 2 2 0, 2 0 2, 2 4 2, and 2 2 4 Bragg reflections,
respectively. The [1 1 0] sample was tilted by θ = 0◦ and θ = 12◦ to evaluate
the 3 3 1, 3 1 3, 3 3 1, and 1 3 1 and the 2 0 2, 1 1 1, and 0 2 2 Bragg reflections,
respectively.

4.2.3

Burgers Vector Analysis

With white beam X-ray topography, several reflexes are simultaneously recorded
on a film (with varying exposure). If sufficient reflexes can be analyzed, a
Burgers vector analysis can be conducted. This method is sensitive to the
small displacements caused by a dislocation since these cause deviations in
diffraction intensity.
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Figure 4.5: Different visibility of dislocation lines in Ge in a 1 3 1 and a 4 0 0
topograph of 1x1 mm2 size.
The electron density ρe (~r) of a perfect crystal deformed by a displacement
~u can be expressed by a Fourier series as:
ρe (~r) =

1 X
F~g exp [−2πi ~g · (~r + ~u)]
V ~g

(4.1)

where V is the crystal volume, ~g the diffraction vector, and F~g the structure
factor. A dislocation is invisible in a topograph if the deviation in diffraction
intensity is zero. This is trivially the cause if the displacement is zero ~u = 0,
but also if ~g · (~r + ~u) = ~g · ~r or when ~g · ~u = 0. The displacement field of a
general mixed dislocation with line orientation ~l and Burgers vector ~l resulting
for linear elastic theory is:
~u = A~b + B(~b × ~l) + C(~l × ~b × ~l)

(4.2)

with A, B, and C depending on the elastic constants. For the special case
of a screw dislocation - which is characterized by ~b × ~l = 0 - the displacement
field can then be rewritten as ~uscrew = A~b. Hence, the screw dislocation is
completely invisible when:
~g · ~uscrew = 0 or ~g · ~b = 0.

(4.3)

As an example, the different visibility of the same dislocation lines in different topographs is shown in Figure 4.5a and b. The dislocation lines well
visible in the 1 3 1 topograph are invisible in 4 0 0 (indication of screw dislocations) and the dislocation lines visible in 4 0 0 are barely visible in 1 3 1. By
evaluating further reflexes, the Burgers vector of each dislocation line can be
determined.
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Another interesting case is the edge dislocation - which is characterized
~
by l × ~b × ~l = −~b - the displacement field can then be rewritten as ~uedge =
(A − C)~b + B(~b × ~l). Hence, the edge dislocation is invisible when:
B
~g · (~b × ~l) = 0.
(4.4)
A−C
Since the constants B and C are usually much small than A, the fraction
B
can be approximated by zero. Hence, perfect diffraction is again given by
A−C
~g · ~b = 0.
As a general rule for the invisibility of dislocations in the topography ~g ·~b = 0
is sufficient. The same argumentation hold for any mixed dislocation. However,
mixed dislocations can never be completely invisible. Hence, to conduct a
Burgers vector analysis, one has to analyze the visibility of dislocation lines
in multiple reflexes (different diffraction vectors) and determine the Burgers
vector from the resulting set of linear equations.
~g · ~b +

4.2.4

Etching

A higher etch rate at the crystal defects (such as dislocation cores) compared
to undisturbed crystal regions results in revealing faceted etch pits at every
dislocation line intersecting the sample surface. The number of etch pits per
surface area, the so-called etch pit density (EPD), is then used to estimate the
dislocation density, which is defined as the dislocation line length per crystal
volume. EPD analyses of the whole crystal can give a deep insight into the
dislocation evolution during crystal growth on a macroscopic scale.
The (1 1 1) longitudinal crystal sections have been etched with the Sirtl
etchant, which is a 1:1 mixture of 40% HF and the stock solution, which is
50 g CrO3 in 100 ml H2 O [118]. The slices were etched at room temperature
for a duration of 45 min and subsequently rinsed with water. The volume
of the etchant was chosen so that no significant temperature increase of the
etchant occurs. The resulting etch pits have a typical size of 20 - 40 µm. The
etched slices were then investigated with optical microscopy using differential
inference contrast (DIC).

4.2.5

Microwave-Detected Photoconductance

The bulk carrier lifetime τ has been mapped over the whole longitudinal crystal sections by microwave-detected photoconductance decay (µ-PCD) on an
”MDP map” instrument, as described in section 3.2.3 [85].
All measurements have been carried out under ambient conditions. The
near-infrared excitation laser has a wavelength of 980 nm. The measurements
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have been conducted with a laser power of 80 mW. For every measurement
spot, the laser illumination time has been chosen to be 1500 µs to ensure
complete saturation. The exponential decay of the photovoltage was evaluated
for 2000 µs since the charge carrier lifetime in the crystals reaches values up
to 700 µs (1/e drop of the voltage). For every scanning spot, the lifetime
measurement has been averaged over ten independent measurements. The
980 nm laser can be focused to a spot size of 0.5 mm, so the scanning step
size has been chosen to be 0.2 mm for slight oversampling. These parameters
exhibited the most reliable charge carrier lifetimes and have been chosen based
on experience from previous investigations on Ge.

4.3
4.3.1

Results and Discussion
White Beam X-ray Topography

The dislocation structures of the crystals were investigated by white beam Xray topography in transmission geometry since this technique combines high
spatial resolution for dislocations with a macroscopic image field. This makes
it possible to distinguish and analyze individual dislocations on a square millimeter scale. Furthermore, white beam X-ray topography allows the analysis
of several Bragg reflections of the investigated areas, which makes a Burgers
vector analysis possible [119].
The top part of the crystals was investigated, right after the Dash neck
(region A), as well as the middle part of the crystal, where the remaining
dislocations had time to react and multiply (region B) as marked in Figure 4.3.
Dislocation Structure in the [211] Crystal
A 3 3 1 topograph of region A in the [2 1 1] crystal is shown in Figure 4.6.
The dislocations are mostly long undisturbed line elements, with lengths in
the range of up to millimeters. The dislocation density was determined to be
280 cm−2 by summing up the total length of the dislocations and dividing it
through the sample volume. They clearly follow crystallographic orientations,
so some representative line elements were numbered and marked by a red
line. The line orientations can be unambiguously determined in the (1 1 1)
plane - see Thompson tetrahedron - under the assumption that they are of
<1 1 0> type. The line orientation are noted in Table 4.1. There are two
predominant dislocation line orientations [1 0 1] and [1 1 0], while the [0 1 1]
dislocation line could not be observed, all being within the same glide plane
(1 1 1), showing that the dislocation line selection by using a Dash neck in
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#
1
2
3
4
5
6
7
8
9

~l
[1 0 1]
[1 0 1]
[1 0 1]
[1 0 1]
[1 0 1]
[1 0 1]
[1 1 0]
[1 1 0]
[1 1 0]

133
3
3
3
3
3
3
3
3
3

313
3
3
3
3
3
3
3
3
3

220
3
3
3’
3
3’
3
3
3
3

202
3
3
3
3
3
3
3
3
3

242
7
7
7
7
7’
7
3’
3
3

224
3
3
3
3
3
3
7
7
7

313
3
3
3
3
3
3
3
3
3’

331
3
3
3
3
3
3
3
3
3

~b
[1 0 1]
[1 0 1]
[1 0 1]
[1 0 1]

type
screw
screw
screw
screw

[1 0 1]
[1 1 0]
[1 1 0]
[1 1 0]

screw
screw
screw
screw

Table 4.1: Summary of the Burgers vector analysis for dislocation line elements
of the [2 1 1] crystal depicted in Fig. 4.6. The tick 3 indicates visibility of the
line element in the respective topograph, while the cross 7 indicates invisibility,
an apostrophe marks marginal visibility or invisibility. The resulting Burgers
vectors and dislocation types are presented in the last two columns of the table.
[2 1 1] crystals works.
The visibility of the dislocation line elements in all the well-recorded Bragg
reflections is summarized in Table 4.1. The topographs other than 3 3 1 can
be found the Supplementary Information Figure 7.6. The [1 0 1] dislocation
lines (line element 1 - 6) were visible in all reflections except for the 2 4 2
reflection. From this, the Burgers vector was determined to be [1 0 1] for all
these dislocation lines, revealing that they are all screw dislocations. Screw
dislocations are the least harmful for the electrical properties of the material
since they contain no dangling bonds and were shown to be electrically inactive
in Ge [120].
If the visibility or invisibility was not completely clear, the checkmark or
cross was marked with an apostrophe. The visibility of dislocation line elements 3 and 5 in 2 2 0, and the invisibility of 5 in 2 4 2 was marginal. Hence,
no Burgers vector was determined for line element 5. Furthermore, the visibility of line element 7 in 2 4 2 and 9 in 3 1 3 was relatively low. However,
these variations in visibility can be explained due to differences in the quality
of the recording on the film, since all reflexes on a film are measured with one
exposure time, but the intensity is generally different.
The dislocation lines 7 - 9 were all in [1 1 0] directions and visible in all
Bragg reflections except for 2 2 4. Hence, their Burgers vector was determined
to be [1 1 0], showing that again all dislocation line elements are of screw type.
That means that the dislocation selection did not only work as elucidated
before, by selecting dislocations within the glide plane parallel to [2 1 1], but
also a kind of dislocation type selection took place.
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Figure 4.6: A 3 3 1 topograph showing the dislocation structure in region A,
shortly after the Dash neck of the [2 1 1] crystal. The diffraction vector g is
indicated by a white arrow. The dislocation density of the investigated area
is 280 cm−2 . The straight dislocation line elements were marked by red lines
and numbered consecutively, and their crystallographic orientation is noted in
Table 4.1.
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Figure 4.7: A 1 1 1 topograph showing the dislocation structure in region B, in
the middle part of the [2 1 1] crystal. The dislocation density of the investigated
area is 4000 cm−2 .
The 1 1 1 topograph depicted in Figure 4.7 shows the dislocation structure
in region B of the crystal. The dislocation density increased to 4000 cm−2 , but
the dislocations are still evenly distributed, and no intense dislocation bundling
occurred. This is a perfect dislocation structure for detector applications.
Dislocation Structure in the [110] Crystal
A 0 2 2 topograph of region A in the [1 1 0] crystal from Figure 4.3 is shown
in Figure 4.8. There are only a few up to a millimeter long single dislocation
lines. The dislocation density was determined to be 40 cm−2 , being below the
102 cm−2 anticipated for detector use. However, no vacancy clusters such as
voids could be observed. The dislocation line elements were numbered and
their orientations were analyzed in Table 4.2. The observed dislocation line
elements from <1 1 0> are [0 1 1], [1 0 1], and [1 0 1] and are all within the two
glide planes parallel to [1 1 0], (1 1 1) and (1 1 1). There are also dislocation
lines from the <2 1 1> family, which is not typical for Ge and is probably the
result of dislocation interactions.
The dislocation lines 3, 4, 5, 12, 13, and 14 for which a clear Burgers
vector analysis could be conducted are presented in Table 4.3. The topographs
other than 0 2 2 can be found the Supplementary Information Figure 7.7. All
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Figure 4.8: A 0 2 2 topograph showing the dislocation structure in region A
of the [1 1 0] crystal, shortly after the Dash neck. The dislocation density
of the investigated area is 40 cm−2 . The straight dislocation line elements
were numbered consecutively, and their crystallographic orientation is noted
in Table 4.2.
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#
#

1
[1 0 1]
10
[1 2 1]

2
[1 0 1]
11
[2 1 1]

3
[0 1 1]
12
[0 1 1]

4
[1 0 1]
13
[1 2 1]

5
[1 0 1]
14
[1 0 1]

6
[1 2 1]
15
[1 2 1]

7
[2 1 1]
16
[1 0 1]

8
[1 0 1]
17
[1 0 1]

9
[1 2 1]

Table 4.2: The crystallographic orientation of the numbered dislocation line
elements of the [1 1 0] crystal indicated in Fig. 4.8 .
#
3
4
5
12
13
14

~l
[0 1 1]
[1 0 1]
[1 0 1]
[0 1 1]
[1 2 1]
[1 0 1]

022
3
3
3
3
3
3

202
3
3
3
3
3
3

313
3
3
3
3
3
3

331
3
3
3
7
7
7

331
7
7
3
7
7
7

131
7
7
3
7
7
7

1 1 1 ~b
3
[1 1 0] or [1 0 1]
7
[1 1 0]
7
[1 1 0] or [0 1 1]
7
[1 1 0]
7
[1 1 0]
7
[1 1 0]

type
60◦
60◦
60◦
60◦
30◦
60◦

Table 4.3: Summary of the Burgers vector analysis for dislocation line elements
of the of Fig. 4.8. The tick 3 indicates visibility of the line element in the
respective topograph, while the cross 7 indicates invisibility. The resulting
Burgers vectors and dislocation types are presented in the last two columns of
the table.
dislocations from the <1 1 0> family are 60◦ dislocation, the [1 2 1] dislocation
line 13 for which a Burgers vector could be determined, turned out the be a
30◦ mixed dislocation. The dislocation lines 3 and 5 did not have sufficient
reflexes available on the high-resolution photographic film to determine the
Burgers vector without ambiguity. However, it was possible to narrow it down
to two Burgers vectors for each dislocation line, namely [1 1 0] and [1 0 1] as well
as [1 1 0] and [0 1 1], for dislocation line 3 and 5, respectively. This means it is
possible that all dislocations in region A share the same Burgers vector [1 1 0].
Hence, the Dash necking procedure leads again to the expected dislocation line
selection within the two glide planes parallel to the growth directions, as well
as to a kind of 60◦ mixed dislocation selection.
As mentioned before, the crystalline perfection of the crystals is very high,
with very low impurity concentration and dislocation density. This can be
appreciated in the enlarged image of the 0 2 2 topograph of region A of the
[1 1 0] crystal depicted in Figure 4.9. Here the dislocation lines 8 - 15 can
be seen in great detail. The dislocation lines 10 and 15 show Pendellösung
fringes parallel to the diffraction vector g, where they exit the sample surface,
a dynamical diffraction effect that is only occurring in “nearly-perfect” crystals
[121].
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Figure 4.9: An enlarged image of the dislocation line elements 8 to 15 of Fig.
4.8. The dislocation lines 10 and 15 end in the (1 1 1) sample surface and
show Pendellösung fringes parallel to the diffraction vector, indicating very
high crystalline perfection.
The 2 0 2 topograph depicted in Figure 4.10 shows the dislocation structure
in region B of the [1 1 0] crystal. The dislocations are evenly distributed and
show no significant dislocation clustering. The dislocation density of the investigated area was again determined by dividing the length of all dislocation
lines by the sample volume and is around 2000 cm−2 , which is again the perfect
requirement for the detector material.

4.3.2

Etch Pit Density Analysis

The [2 1 1] and [1 1 0] Ge crystals (Figure 4.3) were analyzed in an etched longitudinal section with (1 1 1)-orientation by optical microscopy with differential
interference contrast (DIC).
The micrographs of these sections were stitched together to investigate the
macroscopic distribution of etch pits,as can be seen in Figure 4.11. Here, the
<1 1 0> dislocation glide directions within the (1 1 1) surface and the growth
direction (asterisk) are indicated with black arrows.
The samples were etched with the Sirtl etchant, which preferentially etches
the {1 1 1} facets in Ge, and hence produces tetrahedral etch pits at dislocation cores on the (1 1 1) sample surface. The edge pits can be seen as black
tetrahedral pits on the gray sample surface in the optical micrograph.
The EPD distribution throughout the [2 1 1] crystal is depicted in Fig-
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Figure 4.10: A 2 0 2 topograph showing the dislocation structure in region B,
in the middle of the [1 1 0] crystal. The dislocation density of the investigated
area is 2050 cm−2 .
ure 4.11. The EPD is close to zero after the Dash neck and gradually evolves
to 103 cm−2 in the top part and 104 cm−2 in the bottom part, which is in
agreement with the X-ray topography data. The etch pits are aligned along
the [1 0 1] and [1 1 0] directions, which are the directions of the dislocation lines
selected during Dash necking.
The EPD of the [1 1 0] crystal in Figure 4.3 is close to zero shortly after
the Dash neck and evolves from about 103 cm−2 in the top part of the crystal
towards 104 cm−2 at the bottom, similar to the [2 1 1] crystal. It is obvious that
the etch pits are aligned along the <1 1 0> directions, namely [1 0 1] and [0 1 1].
These directions are also the ones of the dislocation lines selected during the
Dash necking procedure.
The results of the Burgers vector analysis presented in Table 4.1 and 4.3
and the fact that the etch pits of the [2 1 1] and the [1 1 0] crystal show an
identical morphology (Figure 4.12 - 4.14) suggests that the Sirtl etchant does
not distinguish between 60◦ and screw dislocations.
[211] Crystal
A single micrograph (DIC) of the etched surface of the top part of the [2 1 1]
crystal is depicted in Figure 4.12. The etch pits are the tetrahedral-shaped
black features on the nanometer rough (1 1 1) sample surface (blue). The long
lines on the sample surface are scratches that arose from sample handling.
There are some other features seen and are most likely surface contamination.
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Figure 4.11: Optical micrograph (DIC) of the etched (1 1 1) longitudinal sections of the Ge crystals grown in (a) [2 1 1] and (b) [1 1 0] direction. The black
arrows indicate crystallographic directions within the (1 1 1) plane and the
growth direction is marked by an asterisk.
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Figure 4.12: Optical micrograph (DIC) of the etch pits on the [2 1 1] crystal.
The black arrows indicate crystallographic directions within the (1 1 1) plane
and the growth direction is marked by an asterisk. The insets on the top and
bottom left corners show the shape of a tetrahedral etch pit and a bowl pit in
greater magnification, respectively.
The inset at the top left corner of the image shows the etch pit morphology in great detail. The etch pits have a tetrahedral shape, which is slightly
rounded. The edges of the pits are oriented in the <1 1 0> directions within
the (1 1 1) plane, namely [1 0 1], [1 1 0], and [0 1 1]. The dislocation glide directions and line orientations coincide with the edges of the etch pits on the
(1 1 1) sample surface. It is also evident that the etch pits are aligned along
the [1 0 1] and [1 1 0] directions.
The etch pits distribution (in large area) at the crystal surface close to
the Dash neck of the [2 1 1] crystal is depicted in Figure 4.13. The lines in
the image are scratches on the sample surface. In the center, the crystal is
basically free of etch pits. The pit shapes are homogeneous; only tetrahedral
pits can be observed. The etch pits that homogenize in distribution and density throughout the crystal arise from the surface and go towards the center
along the [1 0 1] and [1 1 0] direction on each side of the crystal, indicating the
presence of surface dislocation sources.
[110] Crystal
A micrograph of the etched (1 1 1) longitudinal section of the [1 1 0] crystal
can be seen in Figure 4.14. The etch pits are rather uniform in size, and
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Figure 4.13: Optical micrograph (DIC) of surface dislocation sources indicated
by etch pits on the (1 1 1) sample surface. The white arrows indicate crystallographic directions within the (1 1 1) plane, and the growth direction is marked
by an asterisk.
the morphology of the etch pits shown in the top left corner is, as expected,
identical to the ones in the [2 1 1] crystal. The pits are rotated by 30◦ relative
to the ones in the [2 1 1] crystal due to the different crystal growth directions,
as can be easily visualized by comparing the orientations of the three glide
directions depicted by black arrows in Figure 4.12 and Figure 4.14. The etch
pits are aligned along the [1 0 1] and [0 1 1] directions, which can be found
within (1 1 1), one of the two glide planes parallel to the [1 1 0] growth direction.
An optical micrograph (DIC) of a second type of etch pit can be observed
in the insets on the bottom left corner of Figure 4.12 and Figure 4.14. These
pits are entirely rounded and bowl-shaped. Their origin is not completely
understood, but they have been regularly observed in Ge. They were also
reported in Si in different crystallographic planes with different etchants [122].
The optical micrographs (DIC) were stitched together in Figure 4.11 have
been utilized to create spatially resolved EPD maps. For this purpose, the
microscopy data has been converted to a binary image (etch pits black, rest
white). The adjacent etch pit pixels have been condensed to one black pixel
that represents the whole etch pits (good approximating for low dislocation
densities). Afterwards, a simple code counted the etch pits per square millimeter and plotted it as a heat-map that can be seen in Figure 4.15a and
Figure 4.16a. To support the visibility of the differences in dislocation density,
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Figure 4.14: Optical micrograph (DIC) of the etch pits on the [1 1 0] crystal.
The black arrows indicate crystallographic directions within the (1 1 1) plane,
and the growth direction is marked by an asterisk. The insets on the top and
bottom left corners show the shape of a tetrahedral etch pit and a bowl pit in
greater magnification, respectively.
the etch pit density heat-map has different linear scale bars for the top and
bottom parts of the crystals. It is evident that the upper part of both crystals
has an EPD beneath 104 cm−2 . Only the bottom part of the crystals contains
areas with high dislocation density above 104 cm−2 .
The radial dislocation density distribution of the [2 1 1] crystal is homogeneous in the top part of the crystal. In the bottom part, the dislocations seem
to cluster in ring-like structures, with increased dislocation density in the center and the at the surface. The high dislocation densities at the very bottom
of the crystal are related to the thermal conditions at the end of the crystal
growth process. The ring-like dislocation distribution is also evident in the
[1 1 0] crystal, where a homogeneous radial distribution can only be observed
in the first few centimeters after the Dash neck.

4.3.3

Correlation to Charge Carrier lifetime

The entire longitudinal section of both the crystals has been investigated in
terms of charge carrier density by microwave-detected photoconductance decay
maps.
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Figure 4.15: (a) Etch pit density map based on the stitched micrographs of
the [2 1 1] crystal shown in Figure 4.3 with two different scale bars for the top
and bottom part of the crystal. (b) charge carrier lifetime of the same crystal.
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[211] Crystal
The EPD heat-map and charge carrier lifetime map of the [2 1 1] crystal is
depicted in Figure 4.15a and Figure 4.15b, respectively. The upper part of the
crystal has a high average charge carrier lifetime of 620 µs, which is sufficient
for detector applications. This can be explained by the low and homogeneous
dislocation density throughout the majority of the crystal.
The correlation between the charge carrier lifetime and the EPD of the
[2 1 1] crystal is depicted in Figure 4.17. The multitude of outliers towards
lower lifetimes is due to the edge effects of the µ-PCD measurement. The
lifetime shows no clear correlation with the EPD up to a threshold somewhere
between 2·104 cm−2 to 4·104 cm−2 , where the lifetime drops drastically. This
can be associated with the dislocations acting as recombination centers for
charge carriers. One should also mention comparable investigations carried
out in multicrystalline Si ingots that could be explained by an extended theory
of Donolato [123–125].
The structural differences in the EPD heat-map (high dislocation density
areas) can also be seen in the lifetime map. The lifetime drops beneath 200 µs
in the very bottom and the center slightly above the bottom part of the crystal.
It is related to the areas that exhibit a dislocation density above the threshold
of around 3·104 cm−2 . This is slightly higher than the reported upper limit of
104 cm−2 for good detector material, which could be attributed to the predominant presence of screw dislocations. It was shown that screw dislocations in Ge
can be interpreted without dangling bonds and are not electrically active [120].
Furthermore, the correlation between high dislocation densities and the charge
carrier lifetime suggests that microwave-detected photoconductance decay as
a contactless, non-destructive method can be utilized to verify the detector
quality of the material. Furthermore, it is worth mentioning that charge carrier lifetimes at room temperature of 130 µs have been reported for 7N pure
Ge, while the lifetime of HPGe crystals show a lifetime of up to 1000 µs [105].
[110] Crystal
The EPD heat-map and charge carrier lifetime map of the [1 1 0] crystal is
depicted in Figure 4.16a and Figure 4.16b, respectively. The upper part of the
crystal shows a lower average charge carrier lifetime than the [2 1 1] crystal of
280 µs. Only the crystal part shortly after the Dash neck has a charge carrier
lifetime similar to the [2 1 1] crystal (>600 µs).
The correlation between the charge carrier lifetime and the EPD of the
[1 1 0] crystal is depicted in Figure 4.17. The lifetime seems to be primarily
uncorrelated to the EPD throughout the crystal. In contrast to the [2 1 1]
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Figure 4.16: (a) Etch pit density map based on the stitched micrographs of
the [1 1 0] crystal shown in Figure 4.3 with two different scale bars for the top
and bottom part of the crystal. (b) Charge carrier lifetime of the same crystal.
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Figure 4.17: Correlation between the charge carrier lifetime and EPD of the
[2 1 1] and [1 1 0] crystal from Figure 4.15 and 4.16. The EPD threshold at
which the charge carrier lifetime drops drastically is marked by a red line.
crystal, the lifetime drops rapidly at an EPD threshold of 2.3·104 cm−2 . It
seems like the predominance of 60◦ dislocations is just more detrimental for
the lifetime than the screw dislocations in the [2 1 1] crystal.
The dislocation density has a ring-like distribution in the bottom part of
the crystal, which seems to have an impact on the charge carrier lifetime that is
also lower close to the crystal surface and the center, which in agreement with
research on the energy resolution of Ge radiation detectors [20]. These are the
regions associated with the lifetime drop at 2.3·104 cm−2 in Figure 4.17. The
charge carrier lifetime drops beneath 150 µs only at the bottom of the crystal.

4.4

Conclusion

Single-crystalline Ge crystals have been grown in [2 1 1] and [1 1 0] direction
by the Czochralski method, to show that these growth directions lead to a
dislocation line selection when utilizing a thin Dash neck and hence exhibit a
unique dislocation structure. The dislocation structure has been investigated
by white beam X-ray topography, shortly after the Dash neck and in the
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middle of the crystals. The dislocation densities of all crystals were well below
104 cm−2 in all X-ray topographs.
For the [2 1 1] crystal it was possible to confine all dislocations to one glide
plane (1 1 1), where only the two dislocation line orientations [1 1 0] and [1 0 1]
were predominant. Furthermore, screw dislocations were predominant. This
effect can be utilized to grow future generations of germanium detector crystals
with superior energy resolution to [1 0 0] crystals. The fabrication of actual
detector crystals containing only screw dislocations, grown under ultra high
purity conditions will be the scope of future investigations.
In the case of the [1 1 0] crystal the dislocations were mainly confined within
the two glide planes (1 1 1) and (1 1 1) with mostly [0 1 1], [1 0 1], and [1 0 1]
dislocation lines, with exception for a few dislocations from the <2 1 1> family.
There is a strong indication that all dislocations share the same Burgers vector
[1 1 0], which makes all dislocations 60◦ dislocations with exception of the ones
with <2 1 1> line orientations.
This dislocation type selection is not fully understood. However, it is expected that the difference in Peach-Köhler forces between 60◦ and screw dislocations in [2 1 1] and [1 1 0] crystals lead to different dislocation velocities
that lead to a dislocation selection by dislocation type during the Dash neck
growth.
Hence, it was possible to show that a well-executed Dash neck for germanium crystals with growth directions like [2 1 1] or [1 1 0], which are parallel to
dislocation glide planes, lead to a dislocation line selection. The dislocation
selection was especially striking for the [2 1 1] growth direction, where a crystal containing purely screw dislocations could be produced. The same effect
is to be expected in [3 1 1] crystals but less pronounced like in [2 1 1], since
[3 1 1] is parallel to [2 1 1] and also to (1 1 1) but only with an angle <10◦ . This
explains why the reported [3 1 1] detector crystal by Hubbard et al. does not
show broadened peaks in the gamma-ray spectrometer analysis.
The sections have been etched by the Sirtl etchant and revealed the macroscopic distribution of dislocation throughout the crystal, which was in agreement with the X-ray topography investigations. The etch pit morphology of
both crystals was identical, suggesting that screw and 60◦ dislocations produce
the same type of etch pits.
The etch pits in the [2 1 1] crystal were aligned along the [1 0 1] and [1 1 0]
directions, while the etch pits in the [1 1 0] crystal were aligned along the
[1 0 1] and [0 1 1] directions. Furthermore, it was possible to determine surface
dislocation sources by investigation of the etched samples using an optical
microscope with differential interference contrast.
The correlation between the charge carrier lifetime and the etch pit density
heat-map in the [2 1 1] crystal (mainly screw dislocations) revealed that the
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lifetime is about 600 µs up to a dislocation density of 3·104 cm−2 and then
significantly decreases. On the other hand, the lifetime in the [1 1 0] crystal
was worse, showing 600 µs only close to the Dash neck. This can be explained
with the high density of 60◦ dislocations in the top part of the crystal. Above
a dislocation density value of 2.3·104 cm−2 the lifetime significantly decreases.
Furthermore, the mapping of the charge carrier lifetime by microwavedetected photoconductance decay was successfully utilized to assess the material quality of the crystals, and we suggest it as an applicable technique
to potentially substitute the EPD investigations in terms of detector quality
under controlled conditions.
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Chapter 5

Discrete Dislocation Dynamics
5.1

Introduction

The Ge detector crystals must exhibit a specifically tailored dislocation structure with a homogeneous dislocation density in the order of 102 to 104 cm−2 .
This is a great challenge considering the thermal stresses and high dislocation
mobilities during the growth process. Ge crystals outside this narrow window
of dislocation densities suffer from defects significantly reducing their charge
carrier lifetime, and mobility [2, 67]. Hence, a quantitative understanding of
the dislocation dynamics and, ultimately, the dislocation multiplication occurring during crystal growth is essential.
Here, the dislocation multiplication and dislocation dynamics are studied
by discrete dislocation dynamics (DD) simulations. An appropriate dislocation
mobility module for Ge was developed based on experimental data from the
literature. The dislocation structure arising in the simulation under typical
growth conditions was correlated with the dislocation structure recorded by Xray topography in the previous chapter to understand the dislocation dynamics
in Ge.
Discrete DD studies are numerically too expensive to investigate the growth
process directly since it involves crystal volumes of cubic centimeters and time
scales of hours. Hence, in crystal growth research, dislocation evolution is
investigated by continuum theories like the Alexander-Haasen (AH) model,
which describes dislocations collectively as dislocation densities [126, 127].
However, the AH model requires highly material-specific descriptions of the
average dislocation velocity, the strain hardening, and the dislocation multiplication mechanisms (that are generally not available and are either approximated or fitted).
Here, an average dislocation velocity law and a reliable, quantitative dislocation multiplication law for Ge based on a more fundamental discrete DD
study are reported for the first time. The movement of dislocations is tracked
individually. The dislocation velocity and multiplication law can then be derived as a collective property of a set of dislocations, which results from a
material-specific dislocation mobility law for individual dislocations based on
experimental data.

5.1.1

Alexander-Haasen Model

The AH model is a continuum theory describing the deformation of a crystal
based on the dislocation density evolution under a given external stress state.
97
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The shear rate γ̇ of the crystal is described by the Orowan equation:
γ̇ = b · vavg · ρm

(5.1)

with b being the Burgers vector, vavg the average dislocation velocity, and
ρm the dislocation density of mobile dislocations. The Orowan equation is a
fundamental relation derived under the basic assumption that mobile dislocations move freely through the crystal with an average dislocation velocity to
eventually reach the crystal surface and cause each a plastic shear deformation
of the crystal in the order of the Burgers vector b.
The dislocation density evolution in time is described by a dislocation multiplication law which is a function f in the form of:
ρ̇m = f (vavg , ρm , τeff )

(5.2)

where τeff is the effective shear stress, which is the average shear stress
acting on the dislocations. This generally takes into account strain hardening
of the crystal, which was experimentally derived for Ge from creep experiments
[126]:
τeff =

q

J2 − A ·

√

ρm

(5.3)

with J2 the second invariant of the stress tensor, and A = 5.5·10−3 [N/mm].
The strain hardening becomes comparable to relevant stress states during crystal growth (1 MPa) for very high dislocation densities of 109 cm−2 . Hence τeff
can be approximated with τeff ∼ τ for crystal growth. The average dislocation
velocity is a function g of temperature T and stress:
vavg = g(τeff , T ).

(5.4)

The form and parameters in the relations described by the equations (5.2) (5.4) in the AH model are highly material-specific and not straightforward to
derive from theory or determine by experiment.
The approach utilized in literature is either by addressing macroscopic experiments like creep tests at high temperatures or using certain constants in
the model as fit parameters [81, 100]. However, the dislocation multiplication studies throughout the science history of Ge are not consistent, and one
has to highlight that creep tests involve typical dislocation densities of 108 to
1010 cm−2 and applying these parameters to the low dislocation densities relevant for semiconductor crystals is a significant extrapolation. Furthermore,
fit parameters in exponential dislocation multiplication laws can easily lead to
wrong predictions. Discrete DD is the perfect tool to derive the relations (5.2) (5.4) from more fundamental material inputs.
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5.1.2

Dislocation Multiplication Models for Ge

There are several proposed models that generally describe the dislocation density evolution of mobile dislocations ρm in time t during dislocation multiplication [128]. The most important model for Ge is the one proposed by Alexander
and Haasen for covalent crystals [126]:
dρm = ρm · vavg · dt · δ

(5.5)

where δ is the multiplication parameter, which is a constant for metals,
n
. Relewhile it is proportional to the effective shear stress for Ge, δ = K · τeff
vant dislocation densities in crystal growth are <106 cm−2 , which means strain
hardening can be neglected, and the effective shear stress τeff can be approximated by the resolved shear stress τ acting on single dislocations.
The equation (5.5) can be interpreted as the dislocation density change dρm
being proportional to the dislocation line length (ρm ), the distance travelled
by the dislocation (v · dt), and δ the multiplication parameter. This can be
expressed as:
ρ̇m ≡

∂ρm
n
· ρm
= K · vavg · τeff
∂t

(5.6)

a model with ρ̇m ∝ ρm , which results in exponential growth of the dislocation density over time. This law is commonly used in continuum dislocation
dynamics studies, even though the value for K and n is quite controversial
throughout literature. Alexander and Haasen proposed K = 10−3 [m N−1 ]
with n = 1, based on the analysis of dislocation densities versus local strain in
compression creep experiments for Ge [126].
One should also mention the model proposed by Moulin et al. [129, 130]:
ρ̇m = K · vavg ·

√

τeff · ρm

(5.7)

which was obtained by lattice-based DD simulations for a constant density
√
of Frank-Read sources in Si and with ρ̇m ∝ ρm does not show exponential
growth in dislocation density.
Discrete DD simulation enables us to let a simple configuration of dislocations interact with one another under a given stress state in periodic boundary
conditions. The resulting dislocation density evolution in time can be analyzed
to derive a quantitative dislocation multiplication law.
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Numerical Method
Discrete Dislocation Dynamics

In discrete DD simulations, dislocations are treated as discretized line defects
moving through an elastic medium. The open-source code ParaDiS (Parallel
Dislocation Simulator) v2.5.1., originally developed at the Lawrence Livermore
National Laboratory, was extended and used [131]. In contrast to the latticebased discrete DD simulation like microMegas, ParaDiS is node-based [132].
Hence, the dislocation network is represented by a set of nodes connected by
line elements as presented in Figure 5.1.

Figure 5.1: Concept of discretization of a dislocation line in nodal based discrete dislocation dynamics simulations.
The nodes that lie on the dislocation line and discretize it, are indexed and
characterized by their spatial coordinate Xi . The line element li,i+1 between the
nodes i and i+1 have a corresponding Burgers vector bi,i+1 . The Burgers vector
has to be conserved for the entire dislocation network during the simulation,
therefore every segment must suffice the convention bi−1,i = −bi,i+1 and every
P
node satisfy the condition j bi,j = 0 [133].
The force Fi acting on the node i is calculated as the gradient of the spatial
coordinates of node i ∇i of the total energy of the network E:
Fi = −∇i E(Xi , bi,j )

(5.8)

which is a function of the spatial position of the node Xi and the line elements between the neighbouring nodes, described by the corresponding Burgers vectors bi,j . The respective nodal line force fi (force per unit length) is
calculated by fi = L1 Fi , where L = 12 (|Xi − Xi−1 | + |Xi+1 − Xi |).
Based on a dislocation mobility model, a nodal law of motion in the form
of vi = M (fi ) is utilized to calculate the nodal velocities vi from the nodal line
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forces. The nodal displacements during a time step ∆t are calculated from this
nodal velocity, as illustrated in Figure 5.2. In each time step for every node of
the network, the conditions:
~li,j < lmax

& ~li,j > lmin

(5.9)

are checked, with lmax and lmin being the maximal and minimal segment
length (simulation parameters), respectively. According to that a node is added
between or removed to fulfill the conditions (5.9), as shown in Figure 5.2.

Figure 5.2: The nodes are displaced after a time step ∆t according to the forces
acting on them and the nodal law motion. If line elements do not satisfy the
conditions (5.9), a node is added or removed.
ParaDiS was initially developed to study the plastic deformation behavior
of metals. Hence, basic mobility models for body-centered cubic (bcc) and
face-centered cubic (fcc) crystals are implemented. Germanium is a diamond
cubic (dc) semiconductor crystal, which behaves fundamentally different than
metals. Therefore, a new mobility module was established to study its collective dislocation dynamics and thereby the dislocation multiplication.
A significant part of a dislocation mobility model in discrete DD simulations is a nodal law of motion in the form of ~vi = M (f~i ), where ~vi and f~i are
the velocity and the line force at node i, respectively. The forces acting on
the nodes are generically calculated by the DD code based on the elastic energies associated with the external elastic stress state, the specific dislocation
arrangement, and minimal material-specific parameters such as the elastic constants and the core energy of dislocations [134]. The nodal velocities resulting
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from the forces acting on the nodes, on the other hand, are highly material
specific.

Figure 5.3: Reported experimental values and our model yielded values for the
dislocation velocity in germanium as a function of resolved shear stress and
temperature as published by Schäfer and Chaudhuri. [135, 136]

5.2.2

Dislocation Velocity in Ge

For Ge the nodal law of motion is a function M :
~vi = M (f~i , ~l, ~b, ~n, T )
(5.10)
where f~i is the nodal line force, ~l is the dislocation line element, ~b the
respective Burgers vector (together defining the dislocation type), ~n the glide
plane normal vector, and T the temperature.
The nodal law of motion was based on published theoretical models of
dislocation motion for Ge supported by experimental data. The most comprehensive research in the field of dislocation mobilities in Ge has been carried
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out in the 1960s and 1970s [109, 110, 137, 138]. Later studies are consistent
but far less accurate and extensive [128]. The preferred technique to study the
velocity of individual dislocations is the tracking of pseudo-hexagonal dislocation loops (<1 1 0> dislocation lines on {1 1 1} glide planes) introduced by a
surface defect by etching techniques during bending tests. This enables the
study of screw and 60◦ dislocations separately.
The dislocation velocities of screw and 60◦ dislocations are similar at relevant temperatures. Other dislocation types are barely present in Ge; hence
they are treated like 60◦ dislocations in our model. Furthermore, independent
research indicates a thermally activated dislocation velocity v ∝ e−Q/kB T and
a weak polynomial dependence in resolved shear stress v ∝ τ m , where m ≈ 1
[135, 136]. The derived empirical dislocation velocity law proposed by Schäfer
is then:
v =B·τ

m

Q
· exp −
kB T




(5.11)

where B = 10−2 m s−1 · Pa−1 , m = 1, kB is the Boltzmann constant, and
Q = 1.62 eV for both screw and 60◦ dislocations. Equation 5.11 for given values
of the effective shear stress as a function of temperature is shown in Figure 5.3,
together with the corresponding experimental data of Chaudhuri et al. and
Schäfer [135, 136]. Experimental data are available in the temperature range
from 550 to 950 K, but there is no experimental data close to the melting point
Tm = 1211 K. Hence, the equation (5.11) is extrapolated to 1211 K to derive
the dislocation velocities relevant for crystal growth.
Taking into consideration the dislocation velocity law (5.11), one can express the nodal velocity (5.10) utilized in the DD code as a product of a scalar
parameter Mtype,T (mobility) with the nodal line force:
~vi = Mtype,T · f~i
M60◦ ,T ≈ Mscrew,T

(5.12)

Q
B
= exp −
b
kB T




(5.13)

with a magnitude of the Burgers vector b of 4.03 Å, resulting in a dislocation
mobility at the melting point of Mtype,T = 4.5 Pa−1 s−1 [139].

5.2.3

Diamond Cubic Dislocation Mobility Law

The implemented fcc mobility module was modified to develop a dislocation
mobility law for dc crystals like Ge, since they both share dislocation glide
in the close-packed {1 1 1} planes, and <1 1 0> glide directions [140, 141].
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Figure 5.4: Sketch showing a dislocation line (black bold line) with a node i
(black dot) on a {1 1 1} dislocation glide plane n (gray). The <1 1 0> Peierls
valleys going through i are indicated by dashed lines. The line force acting on i
is represented by the black arrow fi , fi,{111} is its projection into the glide plane
n, and fi,<110> (red arrow) is the projection of fi,{111} into the closest Peierls
valley.
The module includes dislocation glide, cross slip of screw dislocations, and
dislocation climb.
The high Peierls potential in Ge restricts the dislocation lines preferentially
to <1 1 0>, which requires significant adjustments to the existing C code. A
sketch of a dislocation line on a {1 1 1} glide plane in Ge with a node i is
depicted in Figure 5.4. The <1 1 0> Peierls valleys are represented by dashed
lines. First, the nodal line force fi gets projected to the respective glide plane
fi,{111} . Furthermore, fi,{111} gets projected to the closest Peierls valley to get
the final acting nodal force fi,<110> , presented by a red arrow. The developed
extension to the C code that accomplishes that can be seen in the Supplementary Information, Figure 7.8. Screw dislocations can cross slip since no glide
plane can be defined, and the activation energy at Tm allows it [142]. The
nodal movement of dislocations with mixed character is restricted to the glide
plane and within the closest Peierls valley.
The parameters defining the line energy are the elastic parameters and
the modeling of the core region of the dislocation. A series of dislocation
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loops emitted by a Frank-Read source with vanishing core energy and varying shear modulus is presented in Figure 5.5a-c. The dislocation loop is of
perfect pseudo-hexagonal shape for vanishing line energy (low shear modulus)
and becomes more and more rounded with increasing line energy (high shear
modulus). The average Young’s modulus close to the melting point has been
chosen to be 120 GPa with a Poisson ratio of 0.28, which results in a shear
modulus µ of 47 GPa [143]. The impact of the core energy can be seen in Figure 5.5d-f for the shear modulus of Ge. The core was modeled by a constant
energy cutoff at a core radius of 5 Å, with a core energy of 1 eV/b [144]. This
combination of shear modulus and core energy for Ge (Figure 5.5e) results
in a geometry of the hexagonal loops that resembles the experimental data
of Frank-Read sources in dc crystals, confirming the validity of the mobility
module [113, 145, 146].

Figure 5.5: Dislocation loops with different line energy (modulation of shear
modulus µ and core energy Ecore/b ) emitted by a Frank-Read source of length
2.8 µm.
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Dislocation Climb
Dislocation climb is generally much slower than glide, but due to the nature of
intrinsic point defects in Ge and the corresponding supersaturation of vacancies
during crystal growth in dislocation-free Ge, the maximal possible climb rate is
estimated. There exist several models for dislocation climb based on diffusion
of point defects [147, 148]. The model of [147] is applied here. A steady-state
absorption of vacancies of a climbing dislocation in a crystal supersaturated in
vacancies with vacancy concentration nV is assumed, as depicted in Figure 5.6a.

Figure 5.6: (a) shows the steady-state concentration of vacancies around a
climbing dislocation and (b) shows the corresponding dislocation climb velocity
as a function of temperature.
The vacancy concentration in the crystal is the equilibrium concentration
at the melting point nV,eq (Tm ). Every dislocation is modeled as a hollow cylindrical region with an inner radius r0 = 5 Å (core radius) and an outer radius R
depending on the dislocation density by R = (πρm )−1/2 . The dislocation absorbs vacancies at the core, and hence the vacancy concentration is assumed to
be minimal (thermal equilibrium) at this temperature nV,eq (T). The limiting
factor for the climbing velocity is the diffusion of vacancies, which is described
by the diffusion equation. The flux of vacancies resulting from the solution of
this equation can be utilized to express the average dislocation climb velocity
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vclimb as:
vclimb = 2πa2 D(T )

nV,eq (Tm ) − nV,eq (T )
ln(R/r0 )

(5.14)

with a being the lattice constant and D(T ) being the diffusion coefficient
as a function of temperature. The dislocation climb velocity for two dislocation densities, D(T ) = 2 · exp(−1.2 eV /kT ) cm2 s−1 , and nV,eq (T) = 1.85 ·
exp(−1.9 eV /kT ) cm−3 is presented in Figure 5.6b. The velocity is zero at
the melting point (no vacancy concentration difference at the core), peaks at
Tmax = 1150 K and decays exponentially above. The theoretical estimations
suggest dislocation climb velocities at least three orders of magnitude lower
(at Tmax ) than dislocation glide (Figure 5.3), hence it is neglected in the dislocation mobility module.

5.2.4

Simulation Conditions

The dislocation multiplication in Ge was studied in a cubic simulation space
with periodic boundary conditions, at which external stress states are applied.
The simulation space is aligned with the crystallographic lattice vectors, as
depicted in Figure 5.7a.
A typically studied initial dislocation configuration consists of two FrankRead sources (Figure 5.7a), which are based on two spatially fixed nodes with
dislocation lines oriented in [0 1 1]. They were chosen to be on different dislocation glide planes (1 1 1) and (1 1 1), as well as with different Burgers vectors
[1 1 0] and [1 1 0], respectively. If a uniaxial stress state in [0 1 0] direction is applied, both Frank-Read sources are activated equally and experience the same
resolved shear stress with a Schmid factor of √16 . The dislocation sources interact with each other and, over time, create complicated dislocation networks,
as depicted in Figure 5.7b and c. A typical dislocation density evolution can
be seen in Fiugre 5.7d. The dislocation density change in time is then calculated by dividing the finite differences in dislocation density between two
m (t1 )
sequential time steps ρm (t2t2)−ρ
. Subsequently, the data were filtered by a
−t1
moving median filter in the following way:
ρ̇m (ti ) = median{ ρ̇m (ti ) : ρ̇m (ti+N ) }

(5.15)

where the median between time step ti and ti+N is evaluated, with N being
one-thousandth of the total number of data points.
The dislocation density change plotted over dislocation density reveals the
underlying dislocation multiplication law and the corresponding parameters
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Figure 5.7: Dislocation multiplication in Ge by discrete DD. (a) shows the
initial condition with two Frank-Read sources. (b) shows a dislocation configuration after the initial period, where dislocation density evolution depends
on the initial condition, and (c) shows a final simulation state. (d) shows
the dislocation density evolution in time. (e) the dislocation density change
over dislocation density for the respective simulation is shown, revealing the
underlying dislocation multiplication law.

(Figure 5.7e). Other initial configurations were tested but yielded the same
multiplication law, as shown later.
The critical shear stress τcrit = 2Gb
to activate a Frank-Read source with
x
length x, derives from the balance between the bowing stress and the dislocation line tension. This critical activation energy for Frank-Read sources has
to be reproduced by the code with appropriate inputs and can be used as a
test for the mobility module. For this purpose, the bowing of a dislocation line
under a constant shear rate around two fixed points with a spatial distance
of 2.8 µm (τcrit =14.3 MPa) has been studied (Supplementary Information,
Figure 7.9). The activation stress in the simulation was with 14.7 MPa in
remarkable agreement with theory, within an error of less than 3%.
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Simulation Space and Stress States

The size of the simulation space is a function of the lowest meaningful stress
state (activation of the dislocation source) and the dislocation density, due
to the nature of Frank-Read sources. The dislocation density of a simulation
space with volume L3min filled with two Frank-Read sources with length x is
then:
ρm =

4Gb
2x
= 3
3
Lmin
Lmin · τcrit

(5.16)

which gives a minimal simulation space size Lmin of:
Lmin =

4Gb
ρm · τcrit

!1/3

(5.17)

which is in the order of Lmin = 2.5·106 b ≈ 1 mm for relevant dislocation
densities of 102 cm−2 at stress states down to τ = 0.1 MPa. The only way
to make the simulation expense for such big simulation spaces feasible was to
go up with the minimum and maximum segment length of the simulation to
2·103 and 2·104 b, respectively. This can be justified by the low probability that
three dislocation lines meet in one point at such low dislocation densities. The
simulation time stepping is variable, and the ’trapezoid’ timestep integrator
was utilized, which results in typical time steps of 10 ns at relevant dislocation
densities.
The DD code spatially partitions the cubic simulation space into ’domains’
and ’cells.’ Each domain is assigned to a single processor within the simulation.
The domain decomposition is performed recursively in three dimensions so that
each section equals a similar computational cost. For a standard simulation,
a domain decomposition of 3x3x3 (27 processors) was used. The cellular partition defines the cutoff distance where the dislocation interaction is treated
as a direct segment to segment interaction or a far-field interaction. A cellular partition of 4x4x4 and the Fast Multipole Method (FMM) with a Taylor
expansion order of 5 and a multipole expansion order of 2 for treating the
far-field dislocation interactions was chosen.

5.3

Results

The dislocation multiplication in periodic boundary conditions (PBC) with the
developed Ge mobility module has been studied under uniaxial stress states in
[0 1 0] direction (σy ) at T = 1211 K (melting point).
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Constant Density of Frank-Read Sources

As another test for the dislocation mobility module, the dislocation multiplication law equation (5.7) is reproduced. A constant density of Frank-Read
sources was established (one source in PBC), which was activated by high shear
stresses of 100 MPa. The size of the simulation space was Lmin = 2.5·105 b ≈ 100 µm,
with minimum and maximum segment lengths of 2·102 and 2·103 b. The resulting pseudo-hexagonal dislocation loops emitted by the Frank-Read source
and the change in dislocation density over dislocation density are seen in Figure 5.8. The dislocation density change drops after each emission of a loop
due to the annihilation of the opposite Burgers vector dislocation lines. The
√
dislocation multiplication follows the equation (5.7) with ρ̇m ∝ ρm , as illustrated by the fit (red dashed line). However, the assumption of a constant
density of Frank-Read sources is generally not true and can only be found in
approximation in close to dislocation-free crystals.

Figure 5.8: Emission of pseudo-hexagonal dislocation loops by a Frank-Read
source showing the dislocation multiplication mechanism proposed in [129, 130]
as indicated by the red dashed line.
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Simulated Growth-Related Dislocation Structure

The investigation of the whole crystal growth process by discrete DD is numerically too expensive. Here, one can only try to elaborate on the necessary
computational resources.
Resources Required for Crystal Growth Simulation
The crystal growth process for a 2-inch diameter Ge detector crystal (400 cm3 )
with moderate dislocation densities (<104 cm−2 ) requires around 10 h (36.000 s)
from dipping to finished crystal (excluding the cooling procedure after growth).
The simulations conducted here with comparable dislocation densities under
representative stress states (1-3 MPa) involved a volume of 1 mm3 (10−3 cm3 )
and utilized 3x3x3 = 27 logical CPUs (Intel(R) Xeon(R) Gold 6134, 3.20 GHz)
on a computer cluster in parallel. The physical time scale of the simulations
was around 1 s, which took a simulation time of several days (5 days).
Hence, to simulate a crystal growth process, the simulation volume has to
be increased by a factor of 4·105 . This requires for the same time step length
and same dislocation density around 107 logical CPUs. The parallelization of
ParaDiS has been demonstrated up to 132.000 processors, so 107 would not
be such a big issue. However, additionally, the time scale of the simulation
has to be increased by a factor of 36.000, which equals a simulation time
of >100 years. Furthermore, the crystal growth process requires complicated
boundary conditions and stress states that are ultimately coupled to all growth
parameters. Hence, it is concluded that the simulation of the whole crystal
growth process by discrete DD will not be feasible in the near future.
Dislocation Structure in PBC
A more simplistic approach is to assume a constant representative stress state
throughout the growth process (average stress from thermal simulations [81])
and study the arising dislocation structure. For this purpose, the two dislocation sources described in Figure 5.7 have been utilized as an initial configuration representing a nearly dislocation-free crystal after the Dash neck. The
size of the simulation space was chosen to incorporate dislocation densities up
to 104 cm−2 with Lmin = 2.5·106 b ≈ 100 µm, with minimum and maximum
segment lengths of 2·103 and 2·104 b. A stress of σy = 5 MPa has been applied
until the desired dislocation density was reached. The dislocation density evolution over time is presented in Figure 5.9. The dislocation density increased
exponentially over time. The respective simulated dislocation structure at a
dislocation density of 7230 cm−2 is shown in Figure 5.10a.
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Figure 5.9: Dislocation density evolution over time of two interacting FrankRead sources under a stress state occurring during crystal growth.
This dislocation structure is compared to experimental X-ray topography
data from the crystal in Figure 3.3 wafer C with a similar dislocation density
of 8150 cm−2 in Figure 5.10b. The simulated dislocation structure reproduces
the experimental data qualitatively. One should mention that the thickness
of the simulation cell (in [0 0 1] direction) is 1 mm, while the thickness of the
wafer was 0.5 mm, which causes the difference in the number of line elements.
The projections of the <1 1 0> directions into the image plane are indicated by
black arrows. The dislocation density as a function of dislocation line orientation is presented in Table 5.1. The directions [1 0 1] and [1 0 1], as well as [0 1 1]
and [0 1 1] can not be distinguished in the X-ray topograph. The dislocation
density is similarly distributed between the dislocation orientation. The [1 0 1]
and [1 0 1] seems to be more absent in the experiment. In the experiment, the
dislocation lines tend to stand orthogonal to each other, but this seems far
rarer in the simulated dislocation structure. However, further investigations
conclude that the dislocation mobility and reaction mechanism included in the
code represent the real defect dynamics very well. Hence, this is addressed to
the fact that the dislocation structure arising from growth has several hours
to equilibrate (continuous grow out and generation of dislocations), while the
simulation has just a second.
Experiments and all simulations indicate that the dislocation multiplication
law is essentially a function of stress, temperature, and dislocation density.
Hence, it is possible to determine the form and quantify parameters of the

113

5.3. RESULTS
dislocation orientation
[1 1 0]
[1 1 0]
[1 0 1] or [1 0 1]
[0 1 1] or [0 1 1]
all orientations

density simulation
1280 cm−2
960 cm−2
1760 cm−2
1120 cm−2
7230 cm−2

density experiment
1920 cm−2
1700 cm−2
260 cm−2
1600 cm−2
8150 cm−2

Table 5.1: Dislocation densities of Figure 5.10a and b as a function of dislocation line orientation. The total dislocation density also incorporates the
curved dislocations (not aligned with <1 1 0>).
dislocation multiplication, even if the dislocation structure does not entirely
resemble the grown-in structure.

Figure 5.10: (a) simulated dislocation structure with a density of 7230 cm−2
acquired with σy = const. = 5 MPa and (b) dislocation structure with a comparable dislocation density recorded in wafer C of the crystal shown in Figure 3.3.
The projections of the <1 1 0> directions into the image plane are indicated
by black arrows, and the corresponding dislocation densities are presented in
Table 5.1.

5.3.3

Interacting Frank-Read Sources

The dislocation multiplication of two crystallographically different, interacting
Frank-Read sources (as in Figure 5.7) has been studied in different simulation
volumes to address a bigger range of dislocation densities and stress states.
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The dislocation density over time for σy = 3 to 15 MPa is depicted in Figure 5.11a. The corresponding resolved shear stresses at the Frank-Read sources
are between 1.2 and 6.1 MPa.

Figure 5.11: Dislocation multiplication under σy = 3 to 15 MPa (a, b) and
σy = 0.5 to 5 MPa (c ,d) in a simulation volume of V = (100 µm)3 and
V = (1000 µm)3 , respectively. The dislocation density change over dislocation
density reveals a linear relationship after a certain initial dislocation density,
indicating exponential dislocation multiplication.
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The size of the simulation space was Lmin = 2.5·105 b ≈ 100 µm, with
minimum and maximum segment lengths of 2·102 and 2·103 b, respectively.
The validity of the simulation can be questioned if the average distance between dislocations √ρ1m equals the maximum segment length, which yields a
maximum meaningful dislocation density of ρm = 1.5·106 cm−2 for a segment
length of 2·103 b. The size of the dislocation source was x = 28 µm, which
results in a minimal dislocation density of 5.6·103 cm−2 and a critical activation shear stress of 1.35 MPa. Hence, the lowest stress state (σy = 3 MPa)
does not activate the sources, and no dislocation multiplication occurs. The
dislocation density evolutions for the activated sources (σy = 5 to 15 MPa)
show an initial regime up to 105 cm−2 , where the dislocation multiplication is
still dominated by the initial dislocation sources. Above 105 cm−2 the dislocation multiplication seems to occur in the same way independently of the initial
dislocation configuration. This suggests that the actual dislocation multiplication nature of the material is probed and not an input-specific evolution.
The slope of dislocation evolution increases with increasing stress. The final
dislocation configurations of the simulations are shown in Figure 5.12.
The dislocation density change over dislocation density is shown in Figure 5.11b. After the initial period, there is clearly a linear relationship between
dislocation density change in time and dislocation density, confirming exponential growth of the dislocation density as proposed in the model (5.6). The
slopes increase with increasing stress, and the respective values for the slopes
k were determined by linear regression (least squares) and are presented in
Table 5.2. The dips in the dislocation density evolution are related to single
major dislocation annihilation events, but on average, the dislocation density
always increases.
Decreasing the Initial Dislocation Density
The size of the simulation space (Lmin ) and related dimensions were increased
by a factor 10 to address lower dislocation densities and stresses. This is especially relevant for crystal growth applications, where the stress and dislocation
density are below 8 MPa and 104 cm−2 , respectively [81].
Hence, the size of the simulation space was Lmin = 2.5·106 b ≈ 1000 µm,
with minimum and maximum segment lengths of 2·103 and 2·104 b, respectively. This yields a maximum meaningful dislocation density of 1.5·104 cm−2 .
The size of the dislocation source was x = 284 µm, which results in a minimal dislocation density of 5.6·102 cm−2 and a critical activation shear stress of
0.135 MPa.
The dislocation density over time for σy = 0.5 to 5 MPa is depicted in
Figure 5.11c, while dislocation density change over dislocation density is shown
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Figure 5.12: The final dislocation configurations from the simulations depicted
in Figure 5.11a. The dislocation density in (d) is around the maximal meaningful dislocation density considering the maximal allowed segment length of
the line elements.
in Figure 5.11d. The influence of the initial dislocation sources lasts up to
about 103 cm−2 . Afterwards, a clear slope between dislocation density change
and dislocation density could be determined by linear regression. The values
for the slopes k are presented in Table 5.2.
Benchmark Test
The dislocation multiplication law as a material-specific law should not change
with simulation-specific assumptions, for e.g., the initial dislocation configuration. Therefore, several calculations have been performed at σy = 3 MPa
in a simulation space of size Lmin = 2.5·106 b. The results are depicted in
Figure 5.13a and b. Here, simulation I is identical to the one presented in
Figure 5.11c and d. In II, the crystallographic orientation of the dislocation
source was changed (changed stress state), in III, the dislocation sources were
moved to each other in space, and in IV, the size of the dislocation source was
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increased (different critical activation stress). The dislocation density change
over dislocation density shown in Figure 5.13b shows again a linear relationship
after an initial phase (up to around 500 cm−2 ). The values for k are 5.5, 5.2,
5.5, and 5.7 s−1 for I, II, III, and IV, respectively. The values are consistent
and indicate an average error between simulations of around 5%.

Figure 5.13: (a) shows the dislocation density evolution over time for simulations that have been performed under an uniaxial stress of σy = 3 MPa in
a simulation volume of (V = 1000 µm)3 with different initial conditions. In
I, the simulation from Figure 5.11c and d has been repeated; in II, the orientation of the dislocation sources was changed, in III, the relative distance
between sources was varied, and in IV, the size of the Frank-Read sources was
increased. (b) shows the respective dislocation density change in time over
dislocation density.

5.3.4

Average Dislocation Velocity

The study of the dislocation multiplication law in equation 5.6 requires the
knowledge of the average dislocation velocity vavg in Ge. The average dislocation velocity was approximated with the average nodal velocity in the DD
simulation. This is a reasonable approximation that converges with increasing nodal points on a dislocation line. After a fixed number of time steps,
the average nodal velocity of all nodes in the simulation cell was determined.
The average velocities for a given stress as a function of time is shown in Figure 5.14. In general, the dislocation velocity increases with time and plateaus
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Figure 5.14: Average dislocation velocities as a function of time for various
stress states. The inset on the top right shows the average velocity values as
a function of the resolved shear stress.
after the initial period. We want to stress the logarithmic time scale; hence
the plateau makes up most of the data points of every simulation. The average dislocation velocity vavg for a stress state was determined by the average
dislocation velocity in the plateau and is presented in Table 5.2. vavg as a
function of the resolved shear stress is depicted in the inset of Figure 5.14.
The slope determined by linear regression was m = 1.01, showing a perfect
linear relationship. The dislocation velocity law averaged over all dislocations
is then:
vavg = Bavg · τ

m

Q
· exp −
kT




(5.18)

with Bavg = 0.69 · 10−2 m s−1 · Pa−1 and m = 1. The notation was chosen in analogy to the dislocation velocity of single dislocations presented in
equation (5.11) since the collective dislocation motion shows the same stress
dependence. The average dislocation velocity for a given stress is about 69%
the velocity of individual dislocations. This is addressed to the dislocation
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interactions like the formation of less mobile dislocation junctions.
σy [MPa]
0.5
1.0
3.0
5.0
5.0*
7.0*
10.0*
15.0*

τ [MPa]
0.2
0.4
1.2
2.0
2.0
2.9
4.1
6.1

k [s−1 ]
0.13 ± 0.08
1.00 ± 0.09
6.1 ± 0.4
15 ± 1
19 ± 5
44 ± 5
99 ± 7
236 ± 10

vavg [m s−1 ]
2.1·10−4
4.6·10−4
1.28·10−3
2.36·10−3
2.40·10−3
2.96·10−3
4.5·10−3
6.7·10−3

Table 5.2: Parameters derived from the dislocation multiplication under the
load σy . τ represents the resolved shear stress acting on the initial Frank-Read
sources, k is the slope between ρ̇m and ρm , and vavg is the average dislocation
velocity in the simulation after the initial period. The data marked by asterisk
was derived in a simulation space of volume (100 µm)3 , the other data in a
volume of (1000 µm)3 .

Quantitative Dislocation Multiplication Law
If the slopes k presented in Table 5.2 agree with the dislocation multiplication
law (5.6) and the average dislocation velocity (5.18) they have to suffice:
Q
k = K · Bavg · exp −
kB T




· τ m+n

(5.19)

which can be used to determine the parameters K and n of dislocation
multiplication law. For this purpose, k with the respective resolved shear stress
τ is presented in Figure 5.15. The data was acquired using different simulation
volumes over a wide range of dislocation densities. The k for σy =5 MPa
(τ = 2 MPa) was derived for both V = (100 µm)3 and V = (1000 µm)3 . The
data is all over consistent with the dislocation multiplication model. The best
fit function in Figure 5.15 (dashed line) reveals a stress exponent m+n of 2.12,
which gives n = 1.12. This results in K = 7.1 ± 1.5 ·10−4 [m1.24 N−1.12 ]. If we
follow the model proposed by Alexander and Haasen we can set the m+n := 2
shown in Figure 5.15 (continuous line), which gives n = 1 [126]. This yields
K = 4.0 ± 0.9 ·10−3 [m N−1 ], which is in the same order of magnitude as their
experimental results. This can be justified within the uncertainties in k.
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Figure 5.15: The slopes k [s−1 ] of Figure 5.11b and 5.11d plotted over the
resolved shear stress. The best fit linear model is indicated by a dashed line
and has a slope of 2.12. The best fit model with m + n := 2 (proposed by
Alexander and Haasen [126]) is indicated by a continuous line.

5.4

Conclusion

Discrete dislocation dynamics simulations have been performed for Ge crystals,
employing the ParaDiS code. For this purpose, a novel dislocation mobility
module for the diamond cubic, covalent semiconductor crystal Ge has been
developed based on experimental data. The model includes dislocation glide
in {1 1 1} along the <1 1 0> Peierls valleys and dislocation cross slip for screw
dislocations. Dislocation climb was shown to be at least 3 orders of magnitude
smaller than glide and therefore neglected. The Poisson ratio was chosen to
be 0.28 with an average shear modulus µ of 47 GPa. The core was modeled by
a constant energy cutoff at a core radius of 5 Å, with a core energy of 1 eV/b.
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The mobility module reproduced the activation stresses for dislocation sources
proposed by theory within an error of less than 3%. Furthermore, the mobility
√
module correctly reproduced the dislocation multiplication model ρ̇m ∝ ρm
for a constant density of non-interacting Frank-Read sources in Ge, as proposed
for Si by lattice-based discrete DD simulations [129, 130].
Based on the computational setup currently used for discrete DD simulation, the required computation effort for a simulation of a crystal growth process has been estimated. Even with 107 state of the art CPUs, this task would
take over 100 years, and hence will not be possible in the near future. However, the dislocation structure arising in the simulation under typical growth
conditions was correlated with the dislocation structure recorded by X-ray
topography in the previous chapter to understand the dislocation dynamics
in Ge. The simulated dislocation structure reproduces the experimental data
qualitatively. The dislocation density was similarly distributed between the
dislocation orientation in simulation and experiment. However, in the grown
dislocation structure, the dislocation lines tend to stand orthogonal to each
other, which was far rarer in the simulated dislocation structure. This was
addressed to the long relaxation times of the grown structure compared to the
simulated one.
Furthermore, a quantitative general dislocation multiplication law for Ge
based on discrete dislocation dynamics simulations has been proposed for
the first time. Exponential dislocation multiplication under different stress
states close to the melting of Ge was observed, independent of the exact initial dislocation configuration. The equation of the average dislocation velocity was shown to have the
as the one of single dislocations, with
 same form

[eV]
vavg = Bavg · τ · exp − 1.62
,
where
Bavg = 0.69 · 10−2 [m s−1 Pa−1 ]
kB T
and m = 1. The coefficient Bavg was around 30% lower than the one in the
single dislocation velocity law, which was explained by the formation of immobile dislocation junctions. The best fit dislocation multiplication law was
determined to be ρ̇m = K · vavg · τ n · ρm , with an n of 1.12 and a K of
7.1 ± 1.5·10−4 [m1.24 N−1.12 ]. However, within numerical uncertainty the data
is also in agreement with the proposed model of Alexander and Haasen with
an n of 1 and a best fit K of 4.0 ± 0.9 ·10−3 [m N−1 ].
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Chapter 6

Summary and Outlook
In this work, the material processing, crystal growth, defect characterization, and fundamental defect description of HPGe for neutrinoless double-beta
decay detectors were investigated. The processing was studied with Ge isotopically enriched in 76 Ge. The crystal growth was studied with natural Ge at
present, and is planned with isotopically enriched material in the future.
The enriched Ge is supplied by the enrichment plant in the form of GeO2 ,
which first has to be chemically reduced by hydrogen. Here, a hydrogen reduction process for isotopically enriched Ge was developed and optimized by
utilizing 20 kg of natural Ge towards maximal yield and minimal exposure to
cosmic rays for the 76 Ge 0νββ decay experiment LEGEND-200. The unreacted shrinking core model was employed to predict the reaction rates, which
were kept constant and at the highest tolerable level by controlling the furnace temperature. In total, 49.9 kg GeO2 enriched to up to 90% 76 Ge were
reduced to 34.9 kg semiconducting Ge for the LEGEND-200 experiment. The
total average reduction yield (including material recovery) was >99.5% with
an exposure to cosmic rays of 69 h, which was significantly better than other
comparable operations [31].
The purity of this reduced material is not sufficient for detector fabrication
and has to be further improved. In total, 41.0 kg enriched Ge was processed by
zone-refining to reach intrinsic purity (net charge carrier density <1013 cm−3 ),
with a yield of intrinsic Ge of 95.11% and 74 h exposure. Further purification
up to 1010 cm−3 will be done by other partners. Additionally, a monosilanebased quartz smoke coating technology for zone-refining in quartz boats was
developed and demonstrated for future enriched Ge processing operations. A
net charge carrier density down to 2·1010 cm−3 was achieved in some parts of
the bars. Once the purity is obtained in larger parts of the bar, the material
is utilized for the growth of single crystals. The know-how will be used to setup an underground facility for hydrogen reduction an zone-refining, if further
reduction of the surface exposure to cosmic radiation is needed.
The polycrystalline zone-refined material was used in an HPGe Czochralski
crystal growth setup to grow single crystals of high crystalline perfection in
H2 and Ar. Detector material must exhibit a specifically tailored defect structure that allows a high charge carrier lifetime and mobility product. White
beam X-ray topography performed at the KARA synchrotron revealed that
significant parts of the grown crystals were completely dislocation-free after
the Dash neck. The homogeneous dislocation density gradually increased to
3000 cm−2 towards the tail part, which is perfect for detector crystals. In
123

124

6. SUMMARY AND OUTLOOK

the dislocation-free parts, vacancy clusters in the form of voids could be detected by a black-white contrast following the diffraction vector in the X-ray
topographs. This contrast could be described by dynamical diffraction theory
as a modulation of diffraction intensity caused by a change in the tie point
position due to the inward bending of lattice planes next to local tensile strain
fields close to the exit surface of the crystal. These results confirm the observations on nearly perfect silicon crystals by T. Tuomi et al. and R. Deslattes
[73, 74] and the theory also explains the white-black contrast following the
diffraction vector around inclusions in rare earth vanadates [91]. The void density was estimated at around 105 cm−3 with a void diameter of 100 nm in the
dislocation-free parts, while no voids were observed in parts with homogeneous
dislocation density. This was explained by climbing dislocations acting as vacancy sinks during crystal growth. Hence, only the dislocation-free regions are
dominated by vacancy-related defects with a threshold for the dislocation density of about 102 cm−2 . These defects compromise the charge carrier lifetime
in the detector material, which was shown by microwave photoconductance
decay (µ-PCD) experiments. The lifetime in the parts with homogeneous dislocation density was on average above 400 µs and dropped below 100 µs in
the dislocation-free part. Furthermore, it could be demonstrated that etch pit
density (EPD) analysis is not a reliable tool when the material has low dislocation densities and is consequently dominated by vacancy-related defects.
Here, µ-PCD mapping as a non-destructive alternative to EPD analyses for
assessing material quality with regards to detector applications is proposed.
The impact of the growth direction on the dislocation structure during
Czochralski crystal growth was discussed. In particular, growth directions
parallel to at least one dislocation glide plane turned out to exhibit a special
dislocation structure. Hence, [2 1 1] and [1 1 0] crystals were grown with a long
and thin Dash neck in an optimized thermal field [114]. All dislocations grew
out, except for the ones in the glide planes parallel to the growth direction,
which were consequently selected. In the [2 1 1] the [1 1 0] and [1 0 1] dislocation line orientations were dominant, while in the [1 1 0] crystal the [0 1 1],
[1 0 1], and [1 0 1] orientations. Additionally to this selection by dislocation
line orientation, the dislocations in the [2 1 1] and [1 1 0] crystals turned out to
be mostly of screw and 60◦ type, respectively. This dislocation type selection
was not fully understood but was addressed to the difference in Peach-Köhler
forces between 60◦ and screw dislocations in the [2 1 1] and [1 1 0] Dash neck.
This effect can be utilized to grow future generations of germanium detector
crystals with superior energy resolution to [1 0 0] crystals and also explains the
high peak resolution in the gamma-ray spectrometer analysis of [3 1 1] crystals
reported by Hubbard et al. [104]. It was possible to demonstrate that the Sirtl
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etchant is dislocation selective for {1 1 1} Ge (independent of dislocation density), but not selective to screw and 60◦ dislocation type. The µ-PCD charge
carrier lifetimes of the crystals were up to 600 µs, and the correlation to the
EPD analysis revealed a significant decrease in lifetime at a dislocation density
of 3·104 cm−2 and 2.3·104 cm−2 for the [2 1 1] and [1 1 0] crystal, respectively.
This demonstrates one more time the equivalence/dominance of µ-PCD measurements over EPD analyses to assess the semiconductor material quality for
detector fabrication.
The dislocation dynamics and dislocation multiplication mechanisms relevant during crystal growth were analyzed by discrete dislocation dynamics
(DD) simulations using ParaDiS. Hence, a novel dislocation mobility module
for the diamond cubic, covalent semiconductor crystal Ge has been developed
based on experimental data. The Ge mobility module correctly reproduced the
critical activation stress for dislocation sources and the dislocation multiplica√
tion model ρ̇m ∝ ρm for a constant density of non-interacting Frank-Read
sources in Ge, as proposed for Si by lattice-based discrete DD simulations [129,
130]. It was demonstrated that the simulation of the crystal growth process
by discrete DD is beyond the current numerical capabilities (simulation time
>100 years). However, the dislocation multiplication under conditions occurring during crystal growth was investigated. The simulated dislocation structure reproduced the experimental data qualitatively. The dislocation density
was similarly distributed between the dislocation orientation in simulation and
experiment. The differences in the dislocation arrangement were addressed to
the longer relaxation times of the grown dislocation structure compared to the
simulated one.
Furthermore, the relevant dislocation multiplication mechanisms were investigated, and consequently, the parameters of the Alexander-Haasen model
were determined. Dislocation dynamics simulations in periodic boundary conditions close to the melting point under different stress states were conducted.
Exponential dislocation multiplication independent of the simulation parameters and exact initial conditions could be confirmed. The average dislocationvelocity of
 dislocations in Ge was determined to be vavg = Bavg · τ ·
1.62 [eV]
exp − kB T , where Bavg = 0.69 · 10−2 [m s−1 Pa−1 ] and m = 1. The
exponential dislocation multiplication was in agreement with ρ̇m = K ·
vavg · τ n · ρm . For the first time, a quantitative dislocation multiplication
law for Ge based on discrete DD was determined with a best fit n of 1.12
with a K of 7.1 ± 1.5·10−4 [m1.24 N−1.12 ], while for n = 1 the best fit K is
4.0 ± 0.9 ·10−3 [m N−1 ]. These results are in the order of magnitude in agreement with Ge creep experiments (n = 1 and K = 10−3 [m N−1 ] [126]). In
future studies, these parameters will be employed to predict the macroscopic
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dislocation structure during crystal growth by the Alexander-Haasen model.
The results of the thesis presented here are part of the ongoing research
effort of the IKZ (Leibniz-Institut für Kristallzüchtung) to process, grow, characterize, and produce Ge for neutrinoless double-beta decay detectors within
the GERDA/LEGEND project funded by the BMBF. It paves the way to the
next generation of low background, high energy resolution, enriched Ge radiation detectors for the upcoming ton scale neutrinoless double-beta decay
experiment LEGEND-1000.

Chapter 7

Appendix
7.1

Supplementary Information

Figure 7.1: Numerical solution to the solute distribution resulting from multiple zone-refining as described in section 2.2.1. L indicates the bar length, l
the zone length, k the segregation coefficient, Co the average starting concentration, and n the number of cycles.
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Figure 7.2: Finished 50 Ωcm enriched Ge bars after zone-refining and cutting.

Figure 7.3: Schematic showing the gas flow of the quartz smoke burner. YZ1,
YZ2, YZ3, and YZ4 are unidirectional valves, V1 - V8 are adjustable needle
valves, P is a pump, PIB1 is the pressure regulator of the gas bottle, D is the
quartz burner nozzle.
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Figure 7.4: Experimental setup of the quartz smoke burner in fume hood
equipped with H2 sensors.

Figure 7.5: O2 rich H2 flame burning with 1% SiH2 in Ar fed trough the
middle pipe of the quartz nozzle. The quartz smoke coats the quartz boat
with a porous SiO2 .
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Figure 7.6: White beam X-ray topographs utilized for the Burgers vector
analysis of the [2 1 1] crystal summarized in Table 4.1.
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Figure 7.7: White beam X-ray topographs utilized for the Burgers vector
analysis of the [1 1 0] crystal summarized in Table 4.3.
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Figure 7.8: Essential C code extension for the ParaDiS mobility module for
Ge, projecting the nodal force into the Peierls valley.
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Figure 7.9: Simulation of a Frank-Read source in Ge with a theoretical
critical activation shear stress of 14.3 MPa. The dislocation mobility module
with material parameters for Ge results in a simulation activation stress of
14.7 MPa, which is in agreement within less that 3% error.
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