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Kurzfassung
Die vorliegende Arbeit befasst sich mit der Züchtung und Charakterisierung von BleiiodidEinkristallen. Das Halbleitermaterial Bleiiodid (PbI2) eignet sich für die Anwendung als
Röntgen- bzw. Gammastrahlendetektor bei Raumtemperatur. Es besitzt gegenüber anderen
Materialien wie HgI2, CdTe, Si, GaAs entscheidende Vorteile: aufgrund einer Bandlückenenergie von 2.32 eV, einer hervorragenden Absorptionsfähigkeit sowie eines hohen spezifischen Widerstandes stellt PbI2 eine vielversprechende Alternative zur Herstellung von
rauscharmen Detektoren dar, die ohne zusätzliche Kühlung auskommen.
Eine besondere Herausforderung in der Anwendung von PbI2 als Detektormaterial bedeutet
jedoch die Züchtung und Präparation von chemisch und strukturell hochqualitativen Einkristallen. Vor diesem Hintergrund wurden die Effektivität der Zonenreinigung des für die Züchtung verwendeten PbI2 spektroskopisch bestätigt sowie technologische Aspekte während der
Weiterverarbeitung von gereinigtem PbI2 untersucht. Anhand von thermischen Analysen konnte ein Zusammenhang zwischen dem Grad der Einwirkung von Luftsauerstoff auf das
Quellmaterial und der strukturellen Qualität der resultierenden Kristalle gefunden werden.
Der Einsatz von Wasserstoffgas als effektive Methode zur Beseitigung oxidischer Verunreinigungen wurde auf PbI2 übertragen und führte zu einer signifikanten Reduzierung struktureller Defekte wie polykristallinem Wachstum oder Spannungsrissen.
Die Züchtung von PbI2-Einkristallen erfolgte u. a. nach der Bridgman-Stockbarger-Methode,
wobei hier besonders die Einflüsse von Ampullendesign und -vorbereitung untersucht wurden. Erstmals wurde auch das Czochralski-Verfahren erfolgreich bei PbI2 angewandt, das
gegenüber der Bridgman-Stockbarger-Methode eine deutlich schnellere Züchtung von nahezu
rissfreien Kristallen und eine reproduzierbare Orientierungsvorgabe ermöglicht.
Durch eine Optimierung der Präparation von PbI2 ist es außerdem gelungen, Oberflächen zu
erzeugen, die senkrecht zur üblicherweise genutzten Spaltebene orientiert sind. Dies ermöglicht die Bestimmung von Eigenschaften entlang bisher nicht zugänglicher Gitterrichtungen.
So konnte z. B. das Anisotropieverhältnis der Wärmeleitfähigkeit (Thermotaxie) von PbI2
mittels Laser-Flash-Analyse (LFA) quantifiziert werden. Die präparierten Oberflächen zeichnen sich, wie mittels Rückstreuelektronenbeugung (EBSD) gezeigt wurde, durch eine geringe
strukturelle Störung aus.
Schließlich wurde anhand von elektrischen Messungen gezeigt, dass sich die gezüchteten
PbI2-Kristalle und die Präparationsmethode zur Herstellung von Strahlungsdetektoren eignen.
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Introduction

Introduction
Lead iodide (PbI2) was first discovered in 1814 by H. Davy´s fundamental work on iodine as
a “new” chemical element [DAVY 1814]. However, it was not until the 1930´s that photoconductivity of PbI2 was observed [AUDUBERT 1935]: and in 1970, that S. Roth and W. R. Willig
first described PbI2 as a suitable semiconductor for the detection of nuclear radiation [ROTH
1971]. Their work was motivated by the search for a material with improved γ photon absorption working at temperatures > 100°C, up to which Si, Ge, or CdTe were used.
Until today, PbI2 is regarded as a promising candidate for X- and γ-ray detection owing to the
following properties: With an average atomic number Z of 62.7, PbI2 has a high ability to
absorb radiation in comparison to materials like HgI2 (62), CdTe (50), or GaAs (32). Because
of the high band gap energy EG (2.32 eV at 300 K [GERRISH 1995], 2.58 eV at 77 K [BLOSSEY
1971]), PbI2 detectors maintain low dark currents and reduce the signal to noise ratio at room
temperature. A supporting factor is the high electrical resistivity ρe of PbI2 (up to 1013 Ωcm),
which allows the detector to be operated at desirable electric field intensities ≥ 10 kV/cm
without additional cooling. On the other hand, the charge carrier mobility and lifetime lie 2-3
orders of magnitude below desired values of μeτe = 10-2 cm2 V-1 and μpτp = 10-4 cm2 V-1, respectively. This is mainly due to active impurities and defects contained in both the bulk and
surface. Furthermore, PbI2 is known to form at least 50 polytypes, of which the basic 2H
structure is by far the most common one at room temperature. Polytypic admixtures regularly
appear within PbI2 crystals and present centres of charge trapping. Therefore, a deeper understanding of the growth conditions responsible for the formation of polytypes presents a key
possibility to optimise the detector performance.
PbI2 exhibits some similarity to HgI2 with respect to its electrical properties and anisotropic
(layered) structure. But in comparison to HgI2, which undergoes a destructive phase transformation at 130°C [JEFFREY 1967], PbI2 remains stable up to its melting point (≈ 410°C) and
shows a lower vapour pressure. Therefore, PbI2 can directly be grown from the melt. This is
usually carried out by the vertical Bridgman or Bridgman-Stockbarger (BRS) technique owing to its simple implementation. Unfortunately, the contact of the growing crystal to the ampoule wall induces thermal strains, which result in cracking of the crystals. Moreover, no reproducible method of predetermining the crystal orientation has been found so far.
In order to improve the purity and structural quality of PbI2 single crystals, the processing of
source and growth material are critical steps. Promising results have been achieved for direct
1
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synthesis of PbI2 from the pure elements [MATUCHOVA 2005a]. By subsequent zone refinement, a significant increase of the detector efficiency was achieved (see for example
[CHAUDHARY 1983] or [LUND 1988]). But only little is known about the influence of ambient
air during material handling or the usage of process gases during the growth experiments.
Just as material processing and crystal growth conditions have a crucial impact on the detector
quality, an insufficient mechanical preparation is considered often to be the reason for a low
charge collection efficiency. Owing to the low mechanical stability of PbI2 the preparation of
sample surfaces suitable for analytical investigation and detector application is extremely
challenging. Because of its layered structure, PbI2 crystals are usually cleaved along the layered planes. Therefore, in most cases investigations are carried out for cleaved samples, which
leads to a lack of information on the properties along other crystallographic directions. In addition, cleaving causes additional defect states by strong surface delamination, which are difficult to reduce by further preparation steps [FORNARO 2001].
The main motivation for the work at hand was to investigate in detail the whole process chain
of producing PbI2 single crystals in order to drive the material quality towards an improved
detector efficiency. It was the aim to develop technological strategies to optimise the source
material preparation and grow PbI2 crystals of adequate chemical and structural quality.
Within this context, a high value was put on finding suitable ways of sample preparation even
for unusual surface orientations. Finally, the possibility of the Czochralski (Cz) technique as a
novel growth method for PbI2 was examined, having been discarded hitherto [LUND 1992],
[LUND 1995], [HERMON 1997].
Outline
In the first two chapters, the relevant properties of PbI2 and the requirements of materials used
for heterogeneous seeding are presented. The next chapter deals with the fundamentals of
source material preparation and growth methods, among which the Bridgman-Stockbarger
and Czochralski techniques are emphasised. The fourth chapter specifies the experimental
procedures applied for synthesis, zone refinement, and single crystal growth of PbI2. This is
followed by a brief description of the characterisation methods used. Chapter six concentrates
on the preparation of PbI2 sample surfaces and detectors. The results of source material investigation and single crystal growth experiments are presented in chapters seven and eight. Finally, the applicability of the grown PbI2 crystals as detector material is demonstrated by
means of basic electrical characterisation. The thesis is concluded by a summary and outlook.
2

Chapter 1: Properties of PbI2

1 Properties of PbI2
In order to closely understand the benefits and challenges of PbI2 within the scope of the current work, the known material properties will be presented in this chapter. Structural, physical, and chemical characteristics are emphasised, which are relevant for the whole process
chain from synthesis to detector application.

1.1 Structural Properties
A major difficulty in the growth and application of PbI2 as room temperature detector material
is based on its highly anisotropic nature as well as the appearance of nearly 50 polytypes, of
which 21 structures were solved by 1991 [TRIGUNAYAT 1991]. For this reason, a description
of the crystal structure of PbI2 is presented first.
According to Chand et al. [CHAND 1977] about 95 % of the PbI2 crystals investigated were
found to be of the basic polytype 2H (figure 1-1, left), which is considered the stable room
temperature modification (melting temperature 410°C, see chapter 1.2). It crystallises in the
layered CdI2 structure (space group P3̄m1) with a = 4.557 Å and c = 6.979 Å [WYCKOFF
1963]. The layers are arranged perpendicular to the c-axis and consist of stacks formed by two
planes of hexagonal closest packed I atoms with the Pb atoms located at the octahedral positions in between. Data on the binding character within the layers are contradictory. Erler
states a polar covalent bonding of the Pb-I atoms [ERLER 1992], while recent results assume a
largely ionic binding [CHAUDHARY 2011]. Between the I-Pb-I stackings, the layers are
bonded by weak van der Waals forces along the c-axis, which explain both a perfect cleavage
along the (0001) plane similar to mica minerals and a strong tendency to form stacking faults
owing to a low stacking fault energy [PRASAD 1973]. If the alternated stacking sequence persists for a certain number of layers, a new polytype is defined. Thus, all other polytypes of
PbI2 can be derived from the basic polytype 2H and are distinguished by their lattice constant
c, which is an integral multiple of c in the 2H case.
According to Hanoka et al. [HANOKA 1967] and Chand et al. [CHAND 1977], the predominant
polytype of PbI2 apart from 2H is the polytype 12R (space group R3̄m), which is most frequently found in melt-grown crystals. Its stacking sequence repeats after six I-Pb-I layers
(figure 1-1, right), which correlates with a lattice parameter c = 41.874 Å [MITCHELL 1959].
3
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Fig. 1-1: Structures of PbI2 polytypes 2H and 12R. 12R results from alteration of the stacking
sequence of basic polytype 2H along the c-axis with c(12R) = 6c(2H) [KELLER 1999].

Polytype 12R is considered to be the high-temperature modification of PbI2 [MINAGAWA
1975], but is frequently observed to exist metastable even after two years of storage at room
temperature [SEARS 1979]. Several other authors describe a solid-solid phase transformation
2H ↔ 12R, but quote varying transition temperatures (≤ 260°C [PRASAD 1974]; 94°C [SALJE
1987]; 150°C [SOUDMAND 1989]). The polytypism of PbI2 in general and its phase transformations in particular are subject to ongoing scientific discussion. No contribution to this diverse topic is intended within the investigations at hand, and therefore it is referred to the fundamental works of Mitchell [MITCHELL 1959], Minagawa [MINAGAWA 1979], and Palosz
[PALOSZ 1989]. Nevertheless, a general agreement exists that impurities and dislocations contained in the PbI2 lattice strongly influence the formation of stacking faults, polytypic admixtures, and phase transformations. Chaudhary et al. [CHAUDHARY 2011], for example, concluded from investigations on melt-grown single crystals that the transformation 2H ↔ 12R
during heating is governed by temperature, while the opposite, 12R ↔ 2H, only appears in the
4
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presence of impurities. Thus, a solid-solid phase transformation can be avoided if impurity
concentrations and growth conditions are optimised. This distinguishes PbI2 from comparable
materials like HgI2, which undergoes destructive phase transformation at 130°C. Therefore,
single crystals of HgI2 are grown by time consuming vapour phase methods [LUND 1995].

1.2 Physical Properties
In the following section, basic physical properties of PbI2 are presented in the first place.
Some of the data, e. g. on electrical properties or thermotaxy, which are especially relevant for
crystal growth and detector application, will be described separately.
Owing to the high absorption of X- and γ-rays (average Z = 62.7), the thickness of PbI2 detectors is less than those of other materials like CdTe or HgI2. In addition, the maximum detector
thickness td of PbI2 is limited by the electron drift length, which is 500 μm for typical electric
field intensities of 5 kV/cm [LUND 1989]. Efficient detectors should therefore have thicknesses of less than 500 μm.
The density of PbI2 is ρS = 6.16 g/cm3 [WEAST 1974] and ρL = 5.6247 g/cm3 [PIETSCH 1969]
for the solid and melt, respectively.
The linear thermal expansion coefficient αL of PbI2 is different for directions parallel and perpendicular to the c-axis: αL(c) = 40 · 10-6 K-1 ( c) and αL(c) = 36 · 10-6 K-1 [SEARS 1979].
This anisotropy in thermal expansion leads to cracking of Bridgman-grown crystals in nearly
all cases because of the contact of the cooling crystal with the ampoule walls.
A moderate melting temperature Tm allows crystal growth of PbI2 from the melt using wellestablished crystal growth equipment, e. g. fused silica as melt containers. As summarised in a
literature overview by Pietsch et al. [PIETSCH 1969], melting of PbI2 was observed in a relatively large range between 373-412°C. This is mainly owing to varying material purities and
different measurement accuracies. Recently, Chaudhary et al. [CHAUDHARY 2011] published a
melting temperature of 410°C for zone-refined PbI2. The quoted material purity (Ag and Mn
< 1 ppm) and thus Tm are expected to be similar to the material used in this work.
From the vapour pressure of I2, which is relatively high already at room temperature, a strong
dissociation of PbI2 in the vapour phase is sometimes concluded. But according to Pietsch et
al. [PIETSCH 1969], no dissociation of PbI2 is observed in vacuum up to its boiling point at
872°C. Later, this was confirmed by Rybak et al. [RYBAK 2002], who carried out thermody5

Chapter 1: Properties of PbI2
namical calculations on the vapour composition in the Pb-I2 system for total pressures of 102105 Pa. According to their results, PbI2 is by far the dominant vapour species, which is all the
more the case the higher the total pressure is. At 410°C and 1 bar total pressure, the partial
pressure of PbI2 is approximately three orders of magnitude greater than the partial pressures
of I2 and I, respectively. Significant dissociation starts above 700°C. During the growth of
PbI2, alterations of the stoichiometry are therefore expected to be very low and can further be
optimised if total pressures ≥ 1 bar are applied.
The temperature dependence of the equilibrium partial pressure p has been derived from experimental investigations by Duncan et al. [DUNCAN 1964], who presented the relation

log p  A 

B
,
T

(eq. 1-1)

with p expressed in mmHg and T the absolute temperature in K. The factors A and B were
found to be A = 11.4860 and B = -8304 in the temperature range 290-340°C and A = 8.081,
B = -5936.02 in the range 645-872°C. Later, A and B were refined by Srigouri et al.
[SRIGOURI 1986], who quote A = 8.933, B = -6712.60 in the temperature range 479-644°C
and A = 8.081, B = -5936.02 in the range 645-872°C. According to the latter results, the partial pressure of PbI2 is approximately 0.17 mbar.

1.2.1

Electrical Properties

PbI2 is a semiconductor material with a direct band gap [GREENAWAY 1965]. The first measurement of the band gap energy EG was carried out by Nikitine et al. [NIKITINE 1964], who
determined EG = 2.57 eV (4.2 K) using optical absorption methods. This is in agreement with
the results by Blossey [BLOSSEY 1971], who obtained EG = 2.58 eV (77 K). In his theoretical
investigations on electroabsorption in direct band gap solids he calculates an exciton binding
energy of 2.55 eV, which accounts for the typical orange colour of PbI2 (absorption edge
≈ 486 nm). Gerrish quotes a room temperature EG = 2.32 eV [GERRISH 1995]. A first model of
the PbI2 band structure was presented by Tubbs [TUBBS 1964], who proposed a split valence
band. This was in principle confirmed and refined by Dugan et al. [DUGAN 1967b], who determined a splitting of 0.048 eV for the upper valence band edge consistent with their optical
investigations on the photoconductivity of PbI2. In general, the results on the band structure of
6
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PbI2 strongly vary for different authors and specimens. This is especially owing to nonstoichiometry as well as intrinsic and extrinsic defects, which are little investigated.
Intrinsic PbI2 shows p-type conductivity due to Pb vacancies or excessive I, which introduce a
double acceptor level 0.26 and 0.46 eV above the valence band [DUGAN 1967a], [NIGLI
1986]. An overview of the works on residual impurities and their influence on the electrical
properties of PbI2 is given by Ponpon et al. [PONPON 2008], e. g.:


Ag: main impurity; shallow acceptor level 0.1 eV above valence band



Cu: acceptor level 0.32 eV above valence band



Na, K: acceptor dopants



Sb3+: deep traps at 0.21-0-27 eV and 0.35-0.41 eV (depending on field direction)

There is a complete lack of information on the influence of oxygen on the electrical properties
of PbI2. But owing to the fact that part of the material processing is usually carried out in air,
an oxidisation of PbI2 cannot be ruled out completely. Since oxidic compounds usually remain insoluble in the melt and cannot be removed by zone refining methods [PALOSZ 1997], a
pollution of the growth material appears very likely.
Ponpon et al. [PONPON 2008] carried out investigations on compensating for intrinsic defects
in polycrystalline PbI2 layers by Sn doping (0.01-1 wt. %). A significant increase of the electrical resistivity ρe was observed and accounted for by the Sn doping acting as a deep level
donor. For pure PbI2 very high electrical resistivity was measured. Values ≥ 1012 Ωcm along
the c-axis are frequently described in literature, e. g. in [DUGAN 1967b], [ROTH 1971],
[MANFREDOTTI 1977], [LUND 1995], [SHAH 1996], [SHOJI 1998], or [MATUCHOVA 2010]. A
positive influence of rare earth elements (especially Tm and Ho) was described by Matuchova
et al. [MATUCHOVA 2007] and [MATUCHOVA 2010]. The authors observed an increase of electrical resistivity by more than two orders of magnitude and attributed the effect to the gettering of impurities during zone refinement. Owing to the difficulty of preparing samples with
their surface not parallel to the (0001) cleavage plane, no values ρe for directions inclined to
the c-axis are known.
Among the drawbacks of PbI2 as compared to HgI2, for example, are its low values of carrier
mobility μ and lifetime τ. The highest values published, were found by Shah et al. [SHAH
1996], who determined μe = 65 cm2 V-1 s-1 and τe = 150 ns (μeτe = 1 · 10-5 cm2 V-1) for electrons and μp = 20 cm2 V-1 s-1 and τp = 100 ns (μpτp = 2 · 10-6 cm2 V-1) for holes (measured
along the c-axis). According to unique theoretical calculations by Hermon et al. [HERMON
7

Chapter 1: Properties of PbI2
1997], an improvement of the charge carrier mobility is expected if intrinsic and extrinsic
impurities are reduced, which cause scattering of electrons and holes. The authors quote a
theoretical maximum electron mobility of 110 cm2 V-1 s-1 (100 K) and 20 cm2 V-1 s-1 (300 K)
along the c-axis as well as 140 cm2 V-1 s-1 (100 K) and 25 cm2 V-1 s-1 (300 K) perpendicular to
it. The room temperature hole mobility was determined as 15 cm2 V-1 s-1 (along the c-axis)
and 34 cm2 V-1 s-1 (perpendicular to the c-axis). These values are already achieved (or even
exceeded) by the aforementioned authors, which demonstrates the necessity of further investigations for a deeper understanding of the electrical properties.
Finally, as mentioned in chapter 1.1, the detector efficiency is also affected by polytypic admixtures. This is largely due to a reduced band gap energy as well as electrical resistivity for
polytypes of higher stacking periodicity [RAO 1980]. A detector purely consisting of polytype
2H is therefore favoured.

1.2.2

Mechanical Properties

One of the most challenging properties of PbI2 is its weak mechanical stability. On the one
hand, PbI2 is very soft. Krah [KRAH 2011] measured a Vickers hardness HV of 10-50 (Mohs
hardness 1-2) on the (0001) surface. On the other hand, PbI2 shows perfect cleavage along the
(0001) layers caused by the weak van der Waals forces between them. Cleaved surfaces usually are highly defective due to delamination and shearing, and thin samples are easily deformed.

1.2.3

Thermal Conductivity and Thermotaxy

Another challenge in growing oriented single crystals of PbI2 is its anisotropic nature, which
is related to the layered structure (see chapter 1.1). This anisotropy is, for example, reflected
by the tendency of PbI2 to form platelets parallel to the (0001) plane when it is grown from
aqueous solutions or from the vapour phase. It therefore appears reasonable to assume also
that the thermal conductivity of PbI2 varies for different crystallographic directions since crystals grow faster along the direction of higher thermal conductivity. This behaviour is called
thermotaxy and was first described for PbI2 by Eckstein et al. [ECKSTEIN 1992a]. The authors
8
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found, that the (0001) plane of a BRS-grown crystal is oriented with a low angle towards the
growth direction, which usually is the direction of highest heat flux. Similar observations
were made by Fornaro et al. [FORNARO 2001], who grew PbI2 by vapour transport in the cold
part of a fused silica ampoule at approximately 225°C. The platelets formed were preferentally oriented perpendicular to the walls of the fused silica ampoule. This is further evidence
for thermotactic behaviour of PbI2, since the thermal conductivity of fused silica (approximately 1.6 W m-1 K-1 between 200 and 300°C [HERAEUS 2010]) is higher than that of argon
(0.0268 W m-1 K-1 at 227°C [YOUNGLOVE 1986]), which was used for the vapour transport.
Thus, it is very likely that the orientation of the forming nuclei is influenced by the higher
thermal conductivity towards the wall of the fused silica ampoule.
The thermal conductivity λ along the c-axis of PbI2 was investigated by Silva et al. [SILVA
1998], who measured approximately 2.7 W m-1 K-1 by photoacoustic spectroscopy. Nayak et
al. [NAYAK 1999] carried out theoretical calculations and determined a much smaller value of
λ = 0.1 W m-1 K-1. In addition, Nayak et al. estimated λ = 10 W m-1 K-1 by comparing PbI2
to other layered materials like graphite. Their values would account for a thermotactic ratio of
1:100, which roughly matches the typical dimensions of PbI2 platelets (size: 1-6 mm and
0.05-0.25 mm thickness [FORNARO 2001]). Nevertheless, experimental analysis of λ and
λ under the same measurement conditions is necessary in order to investigate the deviating
results and estimate the influence of thermotaxy on the orientation of melt-grown single crystals (see chapter 8.1.5). It is worth mentioning, that λ has not been determined until today
owing to the difficulty of preparing samples oriented perpendicular to the (0001) plane.

1.2.4

Hygroscopic Behaviour

Very little is known about the hygroscopic behaviour of PbI2. In general, hygroscopic behaviour is a physical process and defined as the property of a concentrated aqueous solution of a
salt to attract H2O for example from air moisture. This occurs if the H2O vapour pressure (at
room temperature) of the solution is lower than the partial pressure of the H2O vapour contained in the surrounding air. The solid salt would thus be dissolving in the air moisture until
saturation is reached [HOLLEMANN 1995]. As the limit solubility of PbI2 in water is only
4.2 g/l at 100°C [STEPHEN 1963], hygroscopic behaviour of PbI2 is expected to be very small.
So far, no direct evidence of hygroscopic behaviour has been described, and PbI2 remains
macroscopically unaltered. Nevertheless, a slight blurring or variegated tarnishing of cleaved
9
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or polished surfaces can sometimes be observed for samples stored in air for several months.
But it has yet not been investigated if this alteration is due to contact with moisture, oxygen,
or any other physicochemical reaction. Rodova et al. [RODOVÁ 1997] deduce hygroscopic
behaviour of PbI2 from differential thermal analysis (DTA), because an additional thermal
effect was observed for samples that came into contact with air. This phenomenon will be
discussed in detail in chapters 7.2.2.2 and 7.2.3.

1.3 Chemical Properties
The number of precise investigations into chemical reactions of PbI2 with other substances is
very limited – a scarcity which contributes to contradictory interpretations of phase analysis
results. Therefore, an overview of the known studies of chemical decomposition, reaction
schemes, and phase systems will be presented in the following section. This is important to
understand sources of pollution in ambient air as well as during melting of PbI2 and find appropriate processes to reduce or even avoid impurities, which have a detrimental influence on
the crystallographic perfection of grown crystals.

1.3.1

Chemical Decomposition

PbI2 only decomposes into metallic Pb and I2 under extreme conditions: either due to thermal
dissociation starting at 727-1027°C (depending on total pressure) [RYBAK 2002] or during
prolonged exposure of fine particles to electrons [FORTY 1960] or light of high intensity. The
latter, the so-called photodecomposition, was first described by Dawood et al. [DAWOOD
1962] and extensively investigated by Dawood et al. in the following years [DAWOOD 1963],
[DAWOOD 1965]. The authors observed formation of metallic Pb, precipitated as finely dispersed particles, which occurred at temperatures near 170°C when the sample was heated in
the light of a tungsten lamp.
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1.3.2

Hydroxylation and Oxidation

PbI2 reacts with H2O forming leadhydroxyiodide (PbOHI) according to the equation

PbI 2 + H 2O 
 PbOHI + HI .

(eq. 1-2)

Owing to an endothermic standard free enthalpy of reaction ΔrH0 of +139.4 kJ/mol (calculated from tabulated data [LIDE 2010]) the reaction proceeds only at elevated temperature.
Pietsch et al. [PIETSCH 1969] describe formation of PbOHI in hot water, but do not state the
necessary temperature. By X-ray analysis, Erler [ERLER 1992] also found PbOHI as an impurity in PbI2 synthesised by precipitation from aqueous solution. According to Ramamurthy et
al. [RAMAMURTHY 1970], PbOHI decomposes at approximately 280°C by dehydroxylation

2 PbOHI 
 PbO  PbI 2  H 2 O

(eq. 1-3)

and remains stable without being transformed into PbOHI again when the material is cooled
down [PIETSCH 1969].
In contrast to stepwise hydroxylation and oxidation during heating, the direct oxidation of
PbI2 already begins at room temperature according to the reaction

PbI 2 

1
O 2 
 PbO  I 2 .
2

(eq. 1-4)

This can be considered as a more vigorous process, since the reaction is exothermic with a
standard free enthalpy of reaction ΔrH0 = -43.5 kJ/mol. As pointed out by Palosz [PALOSZ
1997], PbO (tetragonal modification litharge) is the most stable compound of lead oxide since
Pb2O, Pb2O3, PbO2, and Pb3O4 decompose to PbO below 400°C. According to Palosz, oxidic
impurities are found at levels of 100 ppm or higher in many electronic compounds. In PbI2,
for example, these affect the electronic properties and increase sticking of the crystals to the
growth container (formation of silicates in fused silica ampoules), leading to undesired strains
and structural imperfections [MALKOVA 1997].
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1.3.3

Reduction of Oxides with H2

Palosz therefore investigated the possibilities of oxide removal from several metal and semiconductor materials and found that chemical reduction in an H2 atmosphere is feasible among
other methods. This refinement method has so far not been applied to PbI2 and will therefore
be subject to investigations within this work. According to the reaction
PbO  H 2 
 Pb  H 2O ,

(eq. 1-5)

which is already running at room temperature (ΔrH0 = -22.8 kJ/mol [LIDE 2010]), PbO is reduced to metallic lead. The released water can be extracted by subsequent evacuation of the
system. But metallic Pb remains in the matrix and has to be removed (if necessary) in a separate process. As estimated by Palosz, only a few cubic centimetres of H2 are sufficient to remove a quantity of 10-4 mol (22 mg) of oxide within a closed system. He found that 98 % of a
PbO sample is transformed within 30 min if heated to 500°C.
The reduction of PbI2 itself according to

PbI 2  H 2 
 Pb  2 HI

(eq. 1-6)

is less probable and takes place only if the material is heated owing to the endothermic nature
of the reaction (ΔrH0 = +228.5 kJ/mol [LIDE 2010]).

1.3.4

Phase Diagrams

Only very few phase studies exist for PbI2. The phase diagrams of Pb-PbI2 and PbI2-PbO are
presented in this section because Pb and PbO are assumed to be the major impurities in PbI2.
Pb-PbI2 System

As can be seen from the phase diagram of the Pb-PbI2 system presented by Konings et al.
[KONINGS 1995] (figure 1-2), metallic lead is almost immiscible with molten PbI2 and completely immiscible in the solid phase. Pb, which is formed during reduction of PbO, therefore
precipitates as metallic inclusions inside the PbI2 matrix.
12
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Fig. 1-2: Phase diagram of the system Pb-PbI2 [KONINGS 1995].

PbI2-PbO System

The phase diagram of PbI2-PbO is shown in figure 1-3 according to Klooster et al. [KLOOSTER
1935]. It is in principle affirmed by Rolls et al. [ROLLS 1984]. The PbI2-PbO system will be
discussed in detail in chapter 7.2.

Fig. 1-3: Phase diagram of the system PbI2-PbO [KLOOSTER 1935].
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2 Seed Materials
A major aim of the growth experiments was to find a way of reproducibly realising oriented
growth of PbI2 crystals. This was tested by using different seeding methods during the BRS
experiments. Apart from applying spontaneous seeding in conical-tipped ampoules, heterogeneous seeds, i. e. materials other than PbI2, were investigated. The required properties of these
materials will be presented in the following sections.

2.1 General Requirements for Heterogeneous Seeding
In order to achieve oriented growth on heterogeneous seeds, the materials have to match a
number of the PbI2 properties and have to remain unaltered during the growth process. This is
also true for homogeneous seeding, which was applied for the Cz growth of PbI2 (see chapter
4.4.2). But since the difference between seed and crystal is very small in the case of homoge-

neous seeding, it will be neglected within this context. The general requirements for the seed
materials are a) a matching epitaxial relationship, i. e. a structural similarity to the growth
material, b) similar thermal expansion behaviour, c) physical and chemical stability, and d)
suitable thermal conductivity.
a) Epitaxial Relationship

The oriented growth of a crystalline substance on a crystalline substrate depends most of all
on the structural similarity between the two materials. According to the fundamental work of
Royer [ROYER 1928], this phenomenon is called epitaxy. A detailed description of epitaxial
processes is given, for example, in Hadamovsky [HADAMOVSKY 1990].
The substrate, which is called seed in bulk crystal growth, needs to have an epitaxial, i. e.
structural, relationship to the material to be grown. This comprises a comparable symmetry
and a low lattice mismatch of corresponding lattice planes. Concerning PbI2, suitable seed
materials should have a 3-fold symmetry axis coinciding with the 3-fold axis  c of PbI2, if the
desired orientation (c  growth direction) is to be obtained. Thus, corresponding lattice planes
are those crystallographic forms, which both have 3-fold symmetry. In order to match the two
different lattices, these corresponding lattice planes also need to have a low difference in their
lateral lattice spacings, i. e. parallel to the epitaxial interface. The degree of mismatch is called
14
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lattice mismatch mr and is calculated by

mr 

d (hkl)  d (HKL)
d (HKL)

(eq. 2-1)

with d(HKL) and d(hkl) being the relaxed lattice spacings of the seed and growth material, respectively. The term “relaxed” refers to the true (and normally tabulated) mismatch values of
the materials, when they are separated from each other [BOWEN 1998]. The value of mr should
not exceed more than a few percent [KLEBER 1998]. On the other hand, epitaxial growth with
a mismatch of 16 % is successfully being applied on a technological relevant scale (GaN on
Al2O3 [LESZCYNSKI 1999]). Furthermore, a high structural perfection of the seed surface (low
defect density and contaminations) is important to maintain the structural relationship and
prevent polycrystalline growth due to an enlarged number of nucleation centres.
b) Thermal Expansion

An optimum seed material has to have a linear thermal expansion coefficient αL, which is
similar to that of the material to be grown. Otherwise, mechanical strain may be induced on
the grown crystal when it is cooling down. For PbI2, linear thermal expansion values which
lie between αL(PbI2) = 36 · 10-6 K-1  c and αL(PbI2) = 40 · 10-6 K-1  c (for T = -23-127°C
[SEARS 1979]) are favoured. Especially in the case of BRS growth, cracking of the ampoule
or the seed itself is risked, if the thermal expansion is too high (especially in radial direction),
because the expanding seed might become wedged inside the ampoule.
c) Physical and Chemical Stability

The seed material must remain stable up to temperatures considerably higher than the melting
temperature of the growth material. It must not melt within the temperature range of the experiment to maintain its structure. During cooling of the crystallised material, no solid-solid
phase transformations should occur in the seed, which would generate mechanical strain on
the crystal. The seed also has to have a high degree of chemical stability (low vapour pressure, low degree of diffusion and decomposition) in order to prevent any unintended introduction of extrinsic defects into the crystal. Finally, chemical reactions of the seed surface with
the surrounding atmosphere, cleaning agents, or with the growth material itself can alter the
structural relationship to such an extent, that epitaxial growth becomes impossible.
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d) Thermal Conductivity

Owing to the assumed thermotactic behaviour of PbI2 (see chapter 1.2), a strong influence of
the thermal conductivity of the seed material used in BRS experiments on the resulting crystal
orientation is expected. If an orientation of the (0001) plane perpendicular to the growth direction is desired, a heat flux which is higher along the radial than the axial direction of the ampoule appears favourable during first nucleation. The seed material should therefore have a
very low thermal conductivity in order to suppress heat transport along the axial direction. For
Cz growth a seed with high thermal conductivity is advantageous in order to effectively dissipate the heat from the crystal into the seed holder.

2.2 Properties of Materials for Heterogeneous Seeding
The properties of the heterogeneous seeds applied during the BRS growth experiments will be
described in this section. The following ten materials were chosen1:
crystalline materials: Al2O3, 6H-SiC, Si, SiO2, natural muscovite
amorphous materials: glassy carbon, fused silica, aerogel, Pb melt, H2.

In order to study the influence of the thermal conductivity on the growth of PbI2 more closely
by excluding any structural relationship, amorphous “seeds” were used, too:
Glassy Carbon

Glassy carbon (SIGRADUR®K, HTW Thierhaupten, Germany) is a pyrolysed polycarbonate
and consists of pure carbon. Its structure is composed of graphite crystallites of only a few
lattice planes, which surround foam-like pores of 1-5 nm in diameter. The physical properties
of glassy carbon (e. g. high thermo-chemical stability and hardness, low thermal expansion)
are isotropic on a macroscopic scale.
Fused Silica

Fused silica (Heraeus, Kleinostheim, Germany) is a high purity synthetic glass of pure SiO2
thermally stable up to 1000°C. Since the BRS ampoule is made of the same material, cylindrical plugs several centimetres long can thoroughly be fused into it without causing breakage
1

The preparation of muscovite, glassy carbon, fused silica, aerogel, and Pb are described in appendix D.
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of the ampoule. Using this technique, defects at the edge of the polished plugs are eliminated
reducing creation of additional PbI2 nuclei.
Aerogel

Aerogel (or silica aerogel) is produced by a complex hydrolysis reaction of silicon alkoxides
with water. During the subsequent sol-gel process an alcogel is formed, which consists of two
parts: a solid and a liquid part. If the liquid part is removed, a three-dimensional network of
linked SiO2 particles remains, the aerogel. Aerogel is extremely brittle, has a very low bulk
density (0.003 - 0.5 g cm-3 [HÜSING 1998]) and can be destroyed by sudden pressure changes
and most liquids, e. g. water, alcohols, acetone. Nevertheless, it was chosen for “seeding”
because of its extreme low thermal conductivity of 0.02 W m-1 K-1 (world record for solids!).
Owing to the thermotactic behaviour of PbI2 it was expected to realise nucleation with the
(0001) plane perpendicular to the growth direction.
Pb

With a reservoir of a pure (5N) Pb at the ampoule bottom, the results of Hayashi et al.
[HAYASHI 2008a] should be verified. The authors quote that the surface of a Pb melt offers a
horizontal platform for PbI2 platelets in the initial stage of crystal growth when the Pb is still
molten (Tm = 327°C) and realised a crystal orientation with the c-axis parallel to the ampoule
axis.
H2

For one BRS ampoule a free surface of the PbI2 melt with the H2 filled into it was realised.
The intent was to investigate the orientation of the first PbI2 portion crystallised by excluding
any contact to a solid material. In addition, owing to the low thermal conductivity of H2, it
was expected that the axial heat flux is reduced increasing the probability of spontaneous nucleation with the (0001) plane perpendicular to the growth direction.
Homogeneous seeding could not be applied to BRS growth: Since the melting progress cannot be observed directly and melting of a PbI2 seed would thus be risked in the beginning of
BRS growth experiments, seeds with a height of at least 5 mm are necessary. It was not possible to prepare such cylindrical samples out of PbI2 single crystals without cleaving them
accidentally.

17

Chapter 2: Seed Materials

2.2.1

Lattice Mismatch of Al2O3, 6H-SiC, Si, and SiO2

The values of relaxed in-plane lattice mismatch mr of Al2O3, 6H-SiC, Si, and SiO2 were calculated using equation 2-1 and are listed in table 2-1.

Tab. 2-1: Structural properties of the crystalline seed materials (at room temperature) and
relaxed in-plane lattice mismatch m of corresponding lattice planes.

seed
space
material group

unit cell parameters*:
a = b [Å] c [Å]
reference

Al2O3

4.763

R3̄c

6H-SiC P63mc 3.08129
Si

F4̄3m

SiO2

P3221 4.9136

13.003

[KYOCERA 2011] (0001) (101̄0)

15.11976 [BAUER 1998]

5.431073 5.431073 [OKADA 1984]
5.4051

surface corresp. planes
orient. seed
PbI2

[LIDE 1992]

mr
[%]

(101̄0)

-4

(0001) (101̄0)

(101̄0)

48

(111)

(101̄0)

3

(101̄0)

-7

(1̄10)

(0001) (101̄0)

* a, b are equivalent to a1 = a2 = a3 of hexagonal/trigonal lattice parameters using (hkil) notation

The lattice mismatch of Al2O3, Si, and SiO2 to PbI2 is only a few percent and lies significantly
below values of other systems, where epitaxial growth has been realised (see chapter 2.1)
(e. g. 16 % for GaN on Al2O3 [LESZCYNSKI 1999]). With a lattice mismatch of 48 %, it is
unlikely that SiC allows heterogeneous seeding of PbI2. Nevertheless, SiC has been chosen in
order to compare growth results with matched seed materials. Moreover, Al2O3, SiC, Si, and
SiO2 can be purchased (CrysTec GmbH Berlin, Germany) as epi-ready polished discs with a
certified miscut tolerance of less than 0.5° and a high structural quality. X-ray diffraction
measurements of the Al2O3 seeds used, for example, revealed a full width at half maximum
(FWHM) of the symmetrical 0006 reflection of only 4.11(4) arcsec. The seeds listed in table
2-1 were unpacked from sealing directly before use and introduced into the ampoule without

further pre-processing.

2.2.2

Lattice Mismatch of Muscovite

For one of the ampoules, a platelet of natural muscovite (monoclinic sheet silicate,
KAl2(OH)2(Si3Al)O10) has been used, which was cleaved parallel to its (001) plane. In contrast to the other crystalline seed materials listed in table 2-1, the muscovite structure shows
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no close relationship to PbI2 since the monoclinic lattice contains no 3-fold axis.
The layered muscovite structure (figure 2-1) has space group C 2/c [GÜVEN 1971] and consists of repeated stacks parallel to the a-b-plane, each comprising two Si(Al)O4 tetrahedral
layers and an octahedral layer (Al position) in between them (T-O-T layer). Potassium cations
are located between each of the T-O-T stacks, which are linked together by weak van der
Waals forces. For this reason, muscovite can be cleaved very easily parallel to the layers.

Fig. 2-1: Projection of the muscovite structure perpendicular to the c-axis. Green lines: tetrahedra sheet; black lines: octahedra sheet (according to [TRIGUNAYAT 1991]).

Yet, if the 2D lattice of the muscovite cleavage plane, on which epitaxial growth has been
observed, is compared to the PbI2 lattice, a structural relationship becomes obvious: Figure
2-2 shows the oxygen network (green) of the uppermost oxygen layer of a T-O-T stack. The

plane group (p31m) of the ring-like arranged tetrahedra planes contains 3-fold symmetry axes
(all mirror and glide planes are neglected in figure 2-2 for visual clarity). Since the tetrahedra
are only slightly rotated from the ideal structure, it is also referred to as a pseudo-hexagonal
[TRIGUNAYAT 1991] or di-trigonal [RADOSLOVICH 1960] symmetry.
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The analogy to the PbI2 structure becomes visible if the iodine positions of an I-Pb-I stack are
compared to the oxygen layer. The iodine atoms (pink circles in figure 2-2) follow plane
group p6mm. Its 6- and 3-fold symmetry axes coincide with those of the oxygen layer1 since
it is energetically more favourable that the iodine atoms are situated in the centre of the tetrahedra rings to maintain close packing.

Fig. 2-2: Epitaxial relationship of the relaxed oxygen and iodine layers of muscovite and
PbI2, respectively (projection along the c direction). Green: Uppermost oxygen layer of a
muscovite T-O-T stack with plane group p31m. Violet: Iodine atoms of one PbI2 layer with
plane group p6mm. Black: Unit cell of muscovite and corresponding lattice planes. All mirror
and glide planes are neglected; the oxygen structure is according to [GÜVEN 1971].

Thus, the following epitaxial relationship can be assumed for the growth of PbI2 on cleaved
muscovite surfaces: [100]PbI2  [100]musc. The corresponding lattice planes, i. e. those showing
a 3-fold symmetry, therefore are (011̄0)PbI2 and (11̄0)musc. A lateral mismatch of 8 % follows
as summarised in table 2-2.

1

If the tetrahedra rotation were neglected, the oxygen layer would also take on plane group p6mm.
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Tab. 2-2: Structural properties of muscovite and mismatch between the uppermost oxygen
layer of a T-O-T stack and the iodine layer of PbI2 structure. The unit cell parameters of
natural muscovite are taken from [GÜVEN 1971].

seed
material

space/plane
group

muscovite C 2/c

unit cell parameters*:
a [Å]
b [Å]
c [Å]

surface corresp. planes
orient. seed
PbI2

mr
[%]

5.1906 9.0080 20.0470

(001)

8

(11̄0)

(011̄0)

* a, b are equivalent to a1 = a2 = a3 of hexagonal/trigonal lattice parameters using (hkil) notation; β = 95.757°

This epitaxial relationship has already been observed experimentally by Roche et al. [ROCHE
1961], who achieved oriented growth of thin evaporated PbI2 crystallites on muscovite. Roche
also found another epitaxial correlation between muscovite and PbI2, which is realised by a
30° rotation of the PbI2 lattice about the c-axis: 2 [210]PbI2  3 [100]musc. But this epitaxial
growth appeared in less than 1 % of the cases.
In addition, Eckstein et al. [ECKSTEIN 1992a] describe heterogeneous seeding for one BRSgrown PbI2 crystal on a cleaved, natural muscovite platelet and achieved single crystal growth
parallel to the c-axis. Eckstein et al. speculate about the observed epitaxial correlation in the
following way: The iodine atoms, which terminate a (0001) layer in the PbI2 structure, could
react with the potassium atoms. On the other hand, the oxygen affinity of Pb is considered to
play a key role. In this case, a monolayer of PbO or PbO • PbI2 might form a solid solution
with PbI2. The epitaxial growth on muscovite is therefore assumed by the authors to be a
combination of both mechanisms, the structural relationship between the iodine and oxygen
layers as well as the oxygen affinity of lead. These results were to be reproduced by our own
experiments in order to investigate the possibility of oriented BRS growth on muscovite.

2.2.3

Thermal Properties of the Seed Materials

The relevant thermal properties of seed materials, i. e. their linear thermal expansion coefficient αL and thermal conductivity λ, are summarised in table 2-3. Wherever it was possible,
data depending on the crystallographic direction are given.
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Tab. 2-3: Thermal properties of the seed material with references.

seed
material

Tm
[°C]

thermal properties at Tm(PbI2)
direction αL [·10-6 K-1]
λ [W m-1 K-1]

Al2O3

2053
[KYOCERA 2011]

 c
c

7.6
6.5
[KYOCERA 2011]

≈ 17
[KYOCERA 2011]

6H-SiC

2700 [LIDE 1992]

 c
 a

4.0
4.4
[LI 1987]

≈ 145
[MIYANAGI 2002]

Si

1410
[LIDE 1992]



4.0
[OKADA 1984]

52
[GLASSBRENNER 1964]

SiO2

1610
[LIDE 1992]

 c
c

15.0
25.0
[AMATUNI 1966]

4.3
[YOON 2004]

muscovite

750*
[MACKENZIE 1987]

 c
c

18.9
11.2 - 11.8
[CATTI 1989]

0.52 - 0.84
3.14 - 5.10
[STURM 2008]

glassy
carbon

3650
[AESAR 2003]

isotropic 3.6
[HTW 2011]

5.8
[HTW 2011]

fused
silica

1600**
[HERAEUS 2010]

isotropic 0.54
[HERAEUS 2010]

1.84
[HERAEUS 2010]

aerogel

1200
isotropic 2.0 - 4.0
0.02
[BEREVOESCU 2009]
[GUILDFORD 2009] [HÜSING 1998]

H2***

-

[111]

isotropic -

3.2
[SAXENA 1970]

* Beginning of dehydroxylation. ** Softening temperature. *** Tm and αL are not relevant in this context.

As can be seen from table 2-3, the chosen seed materials have varying thermal conductivities
covering about four orders of magnitude in order to investigate the influence on the resulting
crystallographic orientation. Unfortunately, no material with a linear thermal expansion coefficient αL in the range of PbI2 (see chapter 2.1) can be found, which also fulfils the other conditions in question. The closest matching value of the seed used is that of muscovite with
2 × αL(musc) ≈ αL(PbI2).
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2.2.4

Stability of the Seed Materials

The melting temperatures of the seed materials used are at least 4 × Tm(PbI2). Only muscovite
shows decomposition reactions at lower temperatures, but the onset temperature of dehydroxylation (750°C) still lies above the maximum temperature Tmax ≈ 450°C during crystal
growth. Muscovite recrystallisation reactions take place at temperatures above 1000°C
[MACKENZIE 1987].
The vapour pressure of the seed materials is several orders of magnitude lower than that of
PbI2 at Tmax ≈ 450°C; its influence on crystal growth can thus be neglected (see [KNACKE
1991] for SiC, SiO2, aerogel; [TOMOOKA 1999] for Si; [PROOST 2004] for Al2O3;
[MACKENZIE 1987] for muscovite; [HTW 2011] for glassy carbon; [HERAEUS 2010] for fused
silica).
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3 Single Crystal Growth of PbI2
In the following chapter, the theoretical background of all process steps preceding single crystal growth as well as the growth methods applied are presented: direct synthesis of PbI2, purification by multipass zone melting, Bridgman-Stockbarger, and Czochralski growth.

3.1 Synthesis of PbI2
PbI2 does not appear as a natural mineral and has therefore to be synthesised artificially. The
most important methods for the synthesis of PbI2 source material will briefly be described in
the following section:
a) Precipitation Method

As mentioned in chapter 1.3, PbI2 is poorly soluble in water. Larger amounts of PbI2 can easily be obtained from aqueous solutions of lead and iodine salts: Pb(NO3)2 (lead nitrate) or
Pb(CH3COOH)2 (lead acetate) on the one hand and NaI (sodium iodide) or KI (potassium
iodide) on the other. If the solutions of each kind are mixed together, PbI2 is precipitating
immediately from the solvent. The precipitate can then be filtered off and dried. This method
was first mentioned in 1827 by Boullay [BOULLAY 1827] for lead nitrate and in 1834 by
Brandes [BRANDES 1834] for lead acetate. A variation of the precipitation method is also applied for gel growth of PbI2 crystals. These procedures are described in detail by Erler [ERLER
1992]. Furthermore, the precipitation method is applied for the growth of polycrystalline thick
films on different substrate materials (see also chapter 3.3).
b) Electrolysis

Electrolytic synthesis of PbI2 has first been described by Wilkinson [WILKINSON 1909]. In his
work on the phosphorescence of inorganic salts he gained thin films of PbI2 on Pb electrodes
during electrolytic reaction in a KI solution. Only small amounts of PbI2 can be produced owing to its high electrical resistivity, which interrupts the charge transport after a certain film
thickness is reached.
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c) Synthesis from Lead Compounds

in 1814, the famous French chemist and physicist Gay-Lussac synthesised PbI2 by heating
lead oxide (PbO) and I2 to red heat [GAY-LUSSAC 1814]. Today, this method is no longer favoured for the synthesis PbI2 owing to the reduction of detector performance by residual oxidic impurities.
d) Direct Synthesis

The first synthesis of PbI2 was carried out by Davy in 1814, when he investigated the chemical behaviour of iodine, which has been discovered only two years previously [DAVY 1814].
As in Davy´s experiment, PbI2 can be obtained by direct reaction (direct synthesis) of its constituents, the pure elements lead and iodine. I2 sublimates readily at low temperatures, owing
to its high vapour pressure: 0.02 mbar at 20°C and 400 mbar at 150°C at a total pressure of
1 atm [KNACKE 1991]. If the sublimation of I2 is carried out in an evacuated ampoule, the
vapour pressure is even higher. Thus, the I2 vapour can easily be transported to a reservoir of
molten lead (T > Tm, where Tm = 327°C) within the same ampoule, where it diffuses into the
Pb melt and reacts to form PbI2 following the equation

Pb (l) + I 2 (g) 
 PbI 2 (l) .

(eq. 3-1)

By this method, several hundred grams of PbI2 can be produced under air exclusion within a
matter of days, and, once initialised, the reaction process does not need to be controlled continuously. Another benefit is the possibility to introduce dopant materials like pure metals or
metal iodide compounds, which are placed inside the ampoule together with the Pb source
material.
Matuchova et al. consider direct synthesis of PbI2 to be advantageous in comparison to the
precipitation method, because fewer preparation stages are required [MATUCHOVA 2005a],
and the resulting purity is higher, which also applies in comparison to commercial material
[ECKSTEIN 1992b], [MATUCHOVA 2005b], [HAYASHI 2008b]. For these reasons, direct synthesis has exclusively been carried out for PbI2 source material used in this work.
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3.2 Zone Refinement of PbI2
In order to increase detector performance, it is essential to reduce trapping of charge carriers,
which would result in lowering the μτ product [AKUTAGAWA 1969]. Lund et al. [LUND 1988]
investigated the influence of extrinsic defects in PbI2 crystals and showed that the degree of
purity plays an important role for detector efficiency. They also state that the dominant reason
for trapping is lattice imperfection rather than the extrinsic impurity content [LUND 1992].
However, these two causes are not independent, because the grain size is larger for purified
parts of PbI2 ingots [LUND 1989]. Moreover, Prasad et al. [PRASAD 1973] state that structural
disorder is introduced during crystal growth by formation of additional polytypes due to impurity-induced lowering of stacking fault energy. Thus, purification leads to a reduction of
structural defects in the crystals used for detector application and is therefore a required process step.
The possibility of removing extrinsic impurities from a congruently melting material is based
on the segregation phenomenon: the different solubility of impurities (solutes) in the solid or
molten material. This theory is described in detail, for example, by Pfann [PFANN 1966]. In
the following part, only the most important aspects will be described in order to allow interpretation of the chemical analysis presented in chapter 7.1.
The removal of an impurity element depends on its distribution coefficient k0 defined as

k0 

cs
cl

(eq. 3-2)

with cs and cl the initial impurity concentrations in the solid and liquid phase, respectively. In
the usual case of non-equilibrium conditions, k0 is replaced by keff, the effective distribution
coefficient, as described by the theory of Burton, Prim & Slichter [Burton 1953]. Refinement
is possible only for elements with keff < 1 as the impurity is enriched in the liquid phase.
Use is made of this effect during zone melting (ZM) as shown in figure 3-1: A small zone of
length l is melted by an external ring heater and moved horizontally through an ingot with a
total length L of the material to be purified, which is usually contained inside an ampoule.
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Fig. 3-1: Schematic view of zone melting arrangement [PFANN 1966].

If the ZM process is repeated by the so-called multipass zone refinement, the impurities with
keff < 1 are enriched in that part of the ingot that solidifies last, while the main part of the ingot (approximately 1/2 to 2/3) is purified and used for crystal growth.
The calculation of the resulting impurity distributions for a finite number n of passes is complicated. For a detailed description of calculation models, the reader is referred to further literature like the works of Reiss [REISS 1954], Lord [LORD 1953], and Hamming (see [PFANN
1966]), whose theory has been enhanced by Burris et al. [BURRIS 1955]. After an infinite
number of passes, the distribution in the ingot can be approximated according to Pfann
[PFANN 1966] by the exponential function

cs (x)  A eB x ,

(eq. 3-3)

where x is the crystallised ingot fraction of the total length L. A and B are constants obtainable from

Bl
e 1

(eq. 3-4)

c0 B L
.
e Bl  1

(eq. 3-5)

k eff 

A

Bl

These equations can also be used to derive keff and the initial impurity concentration c0 in the
unrefined ingot from fitting measured concentration distributions cs(x). Equation 3-3 can only
be an approximation because it does not describe the impurity distribution within the last
crystallising zone, which, in addition, reflects back into the preceding zone if ZM is repeated.
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In the context of this work, the approximation of equations 3-3 to 3-5 is satisfactory, because
the end part of the ingot was always excluded for crystal growth (more sophisticated mathematical approaches can be obtained from the references in [PFANN 1966], pp. 43).
For an effective purification of the ingot, the propagation rate of the zone should be as slow as
possible (for PbI2 in the range of 10 mm/h [LUND 1995]), because keff is reduced for high
crystallisation (or growth) rates υ, which would make more passes necessary to obtain the
same purification level.
Compared to other semiconductor materials, not much is known about the distribution coefficients of impurities in PbI2. But keff is less than unity in most cases [LUND 1995], which indicates that zone refinement is also very effective for PbI2. Hayashi et al. [HAYASHI 2008b]
qualitatively determined keff for a number of elements after single vertical normal freezing
(growth rate 2 mm/h):
keff < 1: P, S, Cl, Ti, Cu, Zn, Br, Se, Ag, Tl, Bi
keff > 1: Pr, Ce, La.

Schlesinger et al. [SCHLESINGER 1996] determined values of keff for six different elements
(table 3-1) after multipass zone refinement (n = 100, v = 20 mm/h):

Tab. 3-1: Elemental segregation coefficients keff for PbI2 [SCHLESINGER 1996].
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element

keff [ ]

Cr

0.84

Mn

0.71

Ag

0.66

Fe

0.65

Cu

0.59

Ca

0.55

Chapter 3: Single Crystal Growth of PbI2

3.3 Growth Methods
The growth of PbI2 crystals has been achieved by a great variety of methods, which can be
categorised as a) growth from aqueous solutions, b) growth from the vapour phase, and c)
growth from the melt.
a) Growth from Aqueous Solutions

As described in chapter 3.1, PbI2 can be grown from aqueous solutions of lead and iodine
salts. Apart from producing PbI2 source material for subsequent processing, the precipitating
material can be deposited directly on substrates for the growth of polycrystalline thick films.
Ponpon et al. [PONPON 2001], for example, investigated the properties of 30-170 μm thick
layers grown from solutions of PbI2 in hot water. Solution growth is also used in the growth
from aqueous silicate gels, which has been extensively investigated since the 1970s, e. g.
[HEINISCH 1970], [CHAND 1977], and which has enabled important contributions to the study
of PbI2 growth kinetics and polytypism. However, these methods are unlikely to become of
technical relevance for detector fabrication: PbI2 grown from aqueous solutions is characterised by large amounts of impurities, structural imperfections due to the polycrystalline
growth, and low growth rates (especially for gel growth).
b) Growth from the Vapour Phase

The growth of PbI2 crystals from the vapour phase by chemical vapour transport (CVT) techniques was described in 1971 by Roth et al. [ROTH 1971], who investigated the nuclear detection properties of 15-20 μm thick platelets. The first bulk crystallisation from the vapour
phase was reported by Eckstein et al. [ECKSTEIN 1993], who used the vertical Piper-Polich
technique [PIPER 1961]. Although some works, e. g. Manfredotti et al. [MANFREDOTTI 1977],
recognise improved electrical properties for crystals grown from the vapour phase as opposed
to melt-grown PbI2, little research has been reported on vapour growth of PbI2 in general. This
is primarily attributed to the low growth rates (millimetres per day) and a lack of suitable
transport agents, which do not cause dendritic, i. e. polycrystalline growth [ERLER 1992]. On
the other hand, these disadvantages are immaterial for film growth. Zentai et al. [ZENTAI
2006] deposited 200 μm thick films of polycrystalline PbI2 by physical vapour deposition
(PVD) on thin film transistor (TFT) arrays. These assemblies show promising properties for
X-ray imaging applications, but still have long image lag due to deep impurity states caused
by the disoriented polycrystalline structure of the films.
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c) Growth from the Melt

Owing to the lack of a solid-solid phase transition and the moderate melting temperature
(≈ 410°C) melt growth techniques can readily be applied to PbI2. Among these, the Bridgman
or Bridgman-Stockbarger (BRS) method is the most common method and has widely been
investigated during the last decades, e. g. [PETKOV 1971], [MANFREDOTTI 1977], or
[ECKSTEIN 1992a]. According to Lund et al. [LUND 1995], the well-known Czochralski (Cz)
technique would be an attractive alternative for the growth of PbI2 single crystals. As yet, no
such works have been published. Both techniques, which have been applied within this work,
will be described in the following chapters. The advantages and disadvantages with respect to
the growth of PbI2 single crystals will be pointed out.

3.3.1

Bridgman and Bridgman-Stockbarger Method

The Bridgman method for the growth of single crystals from the melt was developed by P. W.
Bridgman in the 1920s [BRIDGMAN 1925]. Until today, Bridgman-related techniques play an
important role for industrial crystal production, e. g. CdTe, CdZnTe, Bi2Te3, GaAs.
The basic principle of the Bridgman technique is straightforward: The growth material contained in an ampoule is melted by a tubular furnace. When the ampoule is slowly moved out
of the furnace (horizontally or vertically) into a temperature region below Tm, the melt starts
to crystallise at one end of the ampoule. The material will solidify as a single crystal, if only
one nucleus has formed initially. The crystallisation rate υ is thus controlled by the translation
rate of the ampoule or, in general, the relative velocity υd between the ampoule and furnace
movements. Typical values for PbI2 are υd ≈ 1 mm/h [ECKSTEIN 1992a].
Although the Bridgman method presents a simple way of growing single crystals from many
materials, it has two distinct disadvantages, which arise from the unfavourable temperature
decrease outside the furnace down to room temperature: For alloys and compounds like PbI2,
a high temperature gradient T > 10 K/cm at the phase boundary between melt and crystal is
desired in order to prevent constitutional supercooling [WILKE 1988]. This cannot be realised
by the original Bridgman method. In addition, the non-linear temperature gradient along the
cooling part causes the generation of stress fields on the crystallised material [DRESSLER
1986]; the creation of defects such as cracks is likely.
In 1936, Stockbarger [STOCKBARGER 1936] further developed the Bridgman apparatus improving the axial temperature profile. The so-called Bridgman-Stockbarger (BRS) apparatus
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is shown schematically in figure 3-2. Stockbarger introduced a distinct modification of the
original Bridgman apparatus by adding a second heater, which can be controlled independently and thus divides the setup into two thermally-isolated furnace zones. The inner part of
the furnace between the zones is separated by an annular baffle (metal plate). In this way
thermal transfer by radiation between the zones is suppressed and, in addition to closing both
ends of the furnace tube, air convection due to the chimney effect is prevented. By the BRS
method, steep temperature gradients T between the zones and, in ideal cases, regions of constant temperature along each zone can be realised. The lower zone can thus be used for additional annealing procedures, too.

Fig. 3-2: Bridgman-Stockbarger apparatus and resulting axial temperature profile (schematic) according to Wilke et al. [WILKE 1988]. 1) Dropping motor, 2) resistance heated tube
furnace, 3) melt, 4) radiation baffle, 5) heat isolation, 6) crystal, 7) thermocouple.

In order to realise a convex phase boundary (seen from the melt) and thus achieve an outgrowing of dislocations towards the crystal periphery, temperatures TZ1 and TZ2 of the zones
have to fulfil the following condition according to Chang et al. [CHANG 1974]:

 

Tm  TZ1
 0.5 .
TZ2  TZ1

(eq. 3-6)
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On the other hand, the more convex the phase boundary, the greater the axial and radial thermal gradients, and thus the greater the stress on the grown crystal. Therefore, values of θ, the
so-called reduced isotherm, near 0.6 are favoured. In addition, the phase boundary shape is
also sensitive to the translation rate and the thermal conductivity of the material. The latter is
expressed by the Nusselt number NNu, which is large for materials of low thermal conductivity like PbI2 [WILKE 1988].
The major advantages of the Bridgman and BRS techniques are their relatively simple implementation, and the possibility of growing single crystals under high purity conditions since
the material is processed inside a closed container with a defined atmosphere (high purity gas
or vacuum). As will be discussed in this work, melting PbI2 in a high purity H2 gas atmosphere is the most effective way to reduce lead oxide impurities. The high purity of the source
material can thus be maintained by adequate filling processes (see chapter 4.3.2).
One of the drawbacks of the BRS method is the contact of the growing crystal with the ampoule walls. In addition to creating origins of parasitic nucleation and introducing contamination from the ampoule material, differences in the thermal expansion coefficient between
crystal and ampoule material lead to large stresses in the cooling crystal during growth [LUND
1995]. PbI2 crystals grown by the BRS method usually contain cracks, which run parallel to
the (0001) plane of perfect cleaving.
Another unsolved problem for the BRS growth of PbI2 is to predetermine the crystal orientation. No reproducible seeding method is found in literature. Since PbI2 can be cleaved very
easily parallel to the (0001) plane, an orientation with the c-axis parallel to the longitudinal
axis of the cylinder-shaped crystals (= ampoule axis = growth direction) is desired. Thus,
cleavage of uniform, round “wafers” would be possible. But BRS crystals of PbI2 usually appear to grow with their c-axis strongly inclined to the longitudinal axis of BRS ampoules.
Many investigations concerning BRS growth of PbI2 concentrate on finding a suitable seeding
method to realise the desired crystal orientation. Hitherto, this was achieved only occasionally, e. g. by Zhang et al. [ZHANG 1992], who used a fused silica ampoule with a tilted nucleation chamber, by Eckstein et al. [ECKSTEIN 1992a] by seeding on the cleavage plane of a mica
platelet, and by Hayashi et al. [HAYASHI 2008a], who initiated growth on the surface of a Pb
melt. Nevertheless, in neither case proof of reproducibility could be made, which is inevitable
for a standardised preparation of detector samples.
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3.3.2

Czochralski Method

As mentioned above (chapter 3.3), the Czochralski method is an attractive alternative for melt
growth of PbI2 but has not yet been successfully applied to this material [LUND 1995]. The
method was invented by J. Czochralski in 1918 [CZOCHRALSKI 1918]. It is by now wellestablished owing to a vast research especially on the growth of Si, Ge, GaAs, oxides, and
many other materials [WILKE 1988]. Its outstanding advantage is the possibility to grow crystals without any contact to a container and thus reduce the creation of defects.
A basic principle of this method is depicted in figure 3-3. The polycrystalline source material
and possible dopants are melted inside a crucible, e. g. by a resistance heater. When the melt
has stabilised at a temperature slightly above the melting point, the seed crystal is slowly lowered towards the melt surface and carefully brought into contact with it. If the temperature is
adjusted correctly, the seed will melt back a little but stay in contact with the melt due to capillary force.

Fig. 3-3: Czochralski technique (schematic) according to Wilke et al. [WILKE 1988]. 1) Seed
holder, 2) seed crystal, 3) seeding location, 4) crystal neck, 5) shoulder, 6) crystal, 7) meniscus, 8) crucible, 9) melt, 10) resistance heater.

In order to approach axisymmetric temperature distribution and to influence the melt convection, the crucible and/or the seed attached to a holder are constantly rotated with a frequency
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fr. By slowly withdrawing the seed from the melt at a pulling rate υp, growth of a single crystalline rod is possible. The effective growth rate υeff depends on the volume rate of crystallising material and thus on the crystal radius r. υeff is larger than the pulling rate υp owing to the
continuously reducing hight of the melt surface. According to Wilke et al. [WILKE 1988] υeff
can be calculated for an assumed flat phase boundary by

 eff 

p R2
R 2  r 2 ( S /  L )

(eq. 3-7)

with R as the inner crucible radius and ρL, ρS the densities of crystal and melt, respectively.
The growth is carried out in four steps: After seeding (no. 3 in figure 3-3), the crystal is grown
with a high ratio of crystal length (centimetre range) to radius (millimetre range). This “neck”
(no. 4 in figure 3-3) effectively reduces dislocations originating from the seed as they terminate at the side surface of the neck. This especially applies for materials with strong chemical
bonding, where dislocation dynamics are comparatively slow, e. g. Si, Ge, Cu, Ag etc. In the
following step, the crystal radius is enlarged to a “shoulder” (no. 5 in figure 3-3) followed by
growth at a constant radius of the desired size (no. 6 in figure 3-3).
The control of the crystal radius is usually carried out by measuring the change in weight. But
it is also possible by optically observing the height of the meniscus formed by the melt, which
is in contact with the crystal (no. 7 in figure 3-3). A detailed description of this technique is
presented in Wilke et al. [WILKE 1988].
In general, it is desired to achieve growth with a flat interface shape between the growing
crystal and the melt in order to avoid the creation of facets. As described by Wilke et al.
[WILKE 1988], facets locally change the kinetic growth conditions (different growth rates and
segregation coefficients) and cause chemical and structural inhomogeneities.
A constant radius and flat phase boundary can only be achieved at thermal equilibrium. But to
initiate crystal growth, equilibrium conditions have to be left behind, which automatically
alters the meniscus and phase boundary shape. These alterations have to be compensated by
adjusting the growth parameters, e. g. the rotation frequency, to a quasi-equilibrium state.
Depending on the growth material, the rotation can lead to a favourable melt convection,
which has a flattening effect on the phase boundary. In addition, the melt convection can improve the homogeneity of thermal and impurity distributions in the melt and thus reduces the
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risk of anisotropic growth (so-called dendritic growth1).
Another requirement for realising quasi-equilibrium conditions is that all heat fluxes Qi in the
crystal (figure 3-4) have to be balanced as expressed by the following equation:

Q1  Q 2  Q3  Q 4 .

(eq. 3-8)

Fig. 3-4: Heat fluxes for Czochralski growth (schematic) according to Wilke et al. [WILKE
1988].

According to equation 3-8, the heat flux arising from the melt (Q1) and the latent heat of crystallisation (Q2) must be dissipated away from the phase boundary by transport through the
crystal into the seed holder (Q3) and by radiation from the crystal surface into the surroundings (Q4). Since the heat fluxes along the crystal are changing with varying diameter and
length, the growth conditions are unstable. In order to balance the heat flow and achieve constant growth rate and radius, all growth parameters have to be controlled continuously.
Since PbI2 as a “new” substance is intended to be grown by the Cz method and little information can be derived from comparable materials, the optimum growth parameters need to be
determined experimentally. However, a qualitative understanding of the major influences on
the Cz growth is helpful in order to also succeed in the case of PbI2. As pointed out by Lund
et al. [LUND 1995], PbI2 exhibits disadvantageous physical properties, which argue against
using the Cz method at reasonable growth rates and high crystal quality. These properties are:
a) low thermal conductivity λ, b) low radiative heat loss of the crystal, and c) high vapour
transport from the melt.

1

An accumulation of impurities in front of the phase boundary results in locally changing the growth rates due to
varying segregation coefficients.
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a) Thermal Conductivity

Low thermal conduction limits the maximum achievable growth rate υmax, which is proportional to the thermal conductivities of the crystal (λS) and the melt (λL), respectively. This can
be seen from the following equation according to Hadamovsky [HADAMOVSKY 1990]:

 max 

S

S  L f

TS 

L

L  Lf

TL .

(eq. 3-9)

The first term relates to the heat flux Q2 (figure 3-4) along a temperature gradient TS from
the phase boundary layer into the crystal of density ρS. The second term represents the heat
flux Q1 (figure 3-4) arising from the melt. Lf is the latent heat of crystallisation (equal to enthalpy of fusion ΔfH tabulated in handbooks), ρS and ρL are the densities of crystal and melt,
respectively. For semiconductors, a ratio λS : λL of approximately 1 : 2 can be assumed
[BACHRAN 1998].
Q1 is proportional to the temperature gradient TL in the melt, which can either be positive or
negative. For a positive gradient, heat is transported from the melt through the phase boundary layer into the crystal. This additional heat flux leads to a reduction of υmax, since it also
has to be removed from the crystal in order to achieve quasi-equilibrium state. If the temperature gradient in the melt is negative, the latent heat of crystallisation is also dissipated into the
melt, which would in fact increase the growth rate. Although this appears desirable, one usually tries to avoid negative temperature gradients, because they provoke constitutional supercooling and introduce undesired dendritic growth.
b) Radiative Heat Loss

For the majority of technologically relevant Cz-grown materials, the heat generated is mainly
dissipated away from the crystal surface into the surroundings by radiative heat flux, the socalled radiative heat loss (Q4 in figure 3-4). According to the Stefan-Boltzmann law (see, for
example, [KUCHLING 2004]), the total radiative heat flux Φrad per unit area of a gray body
interacting with the radiation from the surroundings is defined as

 rad    '(Tc 4  Ts 4 )

(eq. 3-10)

with the Stefan-Botzmann constant σ = 5.6704 · 10-8 W m-2 K-4, ε’ < 1 the emissivity of the
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gray body, and Tc and Ts the temperatures of the crystal and the surrounding, respectively. An
exact evaluation of Φrad is difficult because many uncertainties exist for the surrounding temperature: Ts is influenced by the radiation originating from the melt surface and the walls of
the apparatus etc. [HART 1981]. In addition, the radiative heat exchange depends on the local
temperature distribution of the surrounding and on the crystal length. Finally, the emissivity
of PbI2 is unknown. For a qualitative comparison with Si, neglecting radiation from the surroundings and assuming ε’(PbI2) = 0.8, i. e. that of HgI2 [LOUCHEV 1994], one finds that the
radiative heat flux of PbI2 is by a factor of 26 smaller than that of Si at Tc = Tm (with
ε’(Si) = 0.55, Tm(Si) = 1410°C [GUO 1999]).Thus, low growth rates are expected for PbI2 (the
typical rate for Si is 30-200 mm/h [HILLERINGMANN 1999]).
c) High Vapour Transport from the Melt

The vapour pressure of PbI2 (0.17 mbar at Tm, see chapter 1.2) is 2-3 orders of magnitude
higher than that of Si (4 · 10-4 mbar at Tm(Si) [TOMOOKA 1999]). If materials with high vapour pressures are to be grown by the Cz technique, technological difficulties occur: The
evaporating PbI2 is released into the atmosphere surrounding the growing crystal. First of all,
the toxicity of PbI2 vapour demands a secure enclosure of the crucible etc. by a process chamber. In order to continuously observe the growth process, the chamber has to be made of a
transparent material (e. g. fused silica). The PbI2 vapour will further resublimate on all colder
parts and cover the inside of the chamber obstructing the observability. In addition, the resublimation may also lead to parasitic growth causing defects and polycrystals. Moreover, these
disadvantageous effects will be amplified owing to the expected long duration of the growth
experiment originating from the low growth rate.
A possible solution of these problems, which applies to materials with high vapour pressures
like GaAs or InP, is to cover the melt with an encapsulant (liquid encapsulated Czochralski
method, LEC). Boric oxide (B2O3), commonly used as encapsulant, has a melting temperature
of 450-465°C [BORAX 2011], which is too high for the use with PbI2. For the same reason,
mixtures of KCl and NaCl cannot be applied because they melt above 600°C [NACKEN 1918].
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4 Experimental Procedures
In the first two sections of this chapter, the technological parameters for the synthesis and
zone refinement of PbI2 source material will be described. These process steps were carried
out at the Institute of Chemical Technology in Prague and are described in detail by Matuchová et al. [MATUCHOVA 2009] and Feyrer [FEYRER 2009]. The following section focuses on
the technical details and process parameters of the BRS experiments including the design and
preparation of BRS ampoules. In the final section, an outline of the experimental setup for the
Cz growth of PbI2, the seeding methods applied, and the process parameters will be given.

4.1 Direct Synthesis
As pointed out in chapter 3.1, synthesis was exclusively carried out by direct synthesis from
pure Pb and I2 using evacuated fused silica ampoules. The source material used consisted of
lead wires (purity 6N or 5N) and small iodine balls ( ≈ 2 mm, purity p. a.). While Pb was
rinsed with ethanol before synthesis, no further treatment was carried out for I21. The source
elements were immediately placed inside the two sections of a fused silica ampoule as depicted in figure 4-1. A smaller fused silica ampoule containing the I2 is placed within one section, while Pb is inserted directly into the other section.

Fig. 4-1: Schematic diagram of direct synthesis ampoule according to [MATUCHOVA 2009].

The ampoule is evacuated to a pressure of approximately 10-6 mbar in order to increase I2
evaporation and remove impurities originating from the surrounding atmosphere and the ampoule surface. After sealing, the inner ampoule containing the I2 is cracked open by hitting the
thin sphere at the far end against the thorn formed at the outer ampoule. After placing the am1

Latest experiments by Matuchova [MATUCHOVA 2011] show that considerable amounts of bromine can be
removed, if I2 is sublimated before synthesis.
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poule inside a two zone horizontal resistance furnace, it is heated to temperatures of
T1 ≈ 150°C in the I2 and T2 ≈ 700°C in the Pb section, respectively. The temperature is maintained for approximately two weeks until the reaction has completed. Afterwards, the PbI2
melt is cooled down to room temperature and removed from the furnace. For further preparation, the synthesised ampoules are transferred into a glove box in order to prevent contamination from air, when the ampoule is opened. The whole PbI2 content is taken out and divided
into smaller pieces in order to fill it into the zone melting ampoules (see chapter 4.2).
In order to investigate the influence of stoichiometry on all subsequent process steps as well
as on optical and electrical properties [MATUCHOVA 2009], the relative portions of Pb and I2
were varied to achieve an excess amount of either element. For the same reason, small quantities of impurities (e. g. Ag, Gd, Tm, Ho) were added to the Pb section for some of the ampoules. Gd and Ho were introduced as iodides (GdI3, HoI3). The source compositions of the
material investigated in this work are summarised in table 4-1.

Tab. 4-1: Composition of synthesised PbI2 investigated in this work.

synthesis
#

purity
Pb
I2

excess
[wt. %]*

element

impurity
[at. %]**

element

15

5N

p. a.

5

I2

-

-

34

6N

p. a.

15

I2

-

-

41

5N

p. a.

5

I2

0.484

Tm

50

6N

p. a.

5

I2

0.5

Ag

64

6N

p. a.

5

I2

-

-

65

6N

p. a.

5

I2

-

-

72

6N

p. a.

5

I2

0.06

Gd

75

6N

p. a.

-

-

-

-

76

6N

p. a.

5

I2

0.094

Ho

83

6N

p. a.

5

Pb

-

-

85

6N

p. a.

5

Pb

-

-

91

6N

p. a.

-

-

-

-

92

6N

p. a.

-

-

-

-

94

6N

p. a.

-

-

0.101

Sn

96

6N

p. a.

-

-

-

-

97

6N

p. a.

5

Pb

0.082

Sn

* relative to stoichiometric composition, ** relative to Pb content
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4.2 Multipass Zone Refinement
The synthesised PbI2 (≈ 180 g) was transferred into vertically positioned fused silica ampoules (inner/outer diameter: 27/30 mm). The ampoules were sealed under vacuum before
multipass ZM was carried out in a horizontal ZM apparatus as shown in figure 4-2.

Fig. 4-2: Zone melting apparatus with PbI2 filled ampoule inside the resistance preheater
(inner tube) and ring heater (left). Photograph: A. Danilewsky.

The ampoule was placed inside a horizontally arranged fused silica tube and melted with a
resistance heater to level the ingot. The resulting ingots had lengths ranging between 130 and
270 mm with a thickness of approximately 15 mm. After solidification of the ingot, it was
preheated to 200°C. The molten zone of length l = 20 mm had a temperature of approximately
420°C and was moved through the ingot at a rate of 30 mm/h. The number of ZM passes for
the PbI2 charges used in this work is given in table 4-2 and varied between n = 20 to 60.

Tab. 4-2: Number of ZM passes for the different charges of PbI2 synthesised.
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synthesis #

ZM passes

15, 72

20

64

25

65, 75, 83, 85, 91, 96

30

92

38

34

44

41, 76

60
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4.3 Bridgman-Stockbarger Experiments
With the BRS growth experiments of this work, the main goal was to achieve oriented growth
of PbI2 single crystals. Another, but equally important, challenge was to ensure high chemical
and structural quality, which are significantly influenced by the design and preparation technique of ampoules and by the growth parameters applied. These factors were investigated in
20 BRS growth experiments using 16 ampoules with different designs and seeding methods.

4.3.1

Ampoule Designs

For the BRS growth of PbI2, 16 ampoules made of dry fused silica (Herasil®, Heraeus, Kleinostheim, Germany; concentration of OH groups < 20 ppm) were shaped by oxyhydrogen
flame. These ampoules varied in the design of the lower ampoule parts (figure 4-3) in order to
test six different seeding methods.

Fig. 4-3: Schematic view of the different ampoule types with different seeding methods for the
Bridgman-Stockbarger growth experiments of PbI2. For dimensions see table 4-3.
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Type 1 (Figure 4-3, 1)

Growth is initiated on a cylindrical plug of fused silica (15.5 mm × 14.8 mm), which was
chemomechanically polished on the upper surface (for preparation method see appendix D).
Type 2 (Figure 4-3, 2)

Spontaneous seeding was carried out with conical tipped-end ampoules; the tips having a
height of 20 mm.
Type 3 (Figure 4-3, 3)

In order to achieve a free surface of the PbI2 melt at the lowest part, an ampoule with an elongated tip with a height of 74 mm was constructed. Due to capillary forces, the melt could not
flow down to the very end and has a free surface with the free volume underneath.
Type 4 (Figure 4-3, 4)

This simple type of ampoule with a rounded bottom was used to initiate the growth of PbI2 on
top of a molten Pb reservoir.
Type 5 (Figure 4-3, 5)

A seed platelet is placed at the lowest part of the ampoule for heterogeneous seeding. Directly
above the seed, the ampoule diameter is reduced (neck) in order to prevent the seed from ascending to the top (ρseed < ρPbI2) and achieve seed selection, if grains of different orientations
are formed. During crystal growth, it cannot be avoided that a small gap (< 1 mm) occurs between the seed and the supporting surface of the ampoule bottom. Due to the heat expansion
during ampoule shaping with an oxyhydrogen flame (locally >> 1000°C), the seed or ampoule might crack, if the neck is applied in close contact directly above it.
Type 6 (Figure 4-3, 6)

By using a double-walled ampoule, the gap between seed and ampoule bottom can be reduced. The inner ampoule is freely movable and is carefully placed on the seed platelet to fix
it in position. The orifice of the inner ampoule is flame polished and has a diameter less than
that of the seed platelet to prevent contact of the crystallising melt with the edge of the seed.
Thus, defects originating from damage by mechanical processing are eliminated [ECKSTEIN
1967]. The ampoule design also avoids additional thermal stress on the seed because no subsequent shaping of the ampoule is necessary in the vicinity of the seed. On the other hand,
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PbI2 melt can flow into the gap between inner and outer ampoule influencing the heat transport and slightly reducing the amount of material available for crystal growth.
Table 4-3 summarises the designs for the ampoules used in BRS growth experiments. The
seed materials will be described in detail in the following chapter.

Tab. 4-3: Design of the Bridgman-Stockbarger ampoules used, and seeding methods for crystal growth experiments.

crystal amp. ampoule
#
type design

size [mm]* seeding
length  method

seed size [mm]
height


F01

2

short tipped-end

150

14.8 spontaneous

-

-

F02

2

short tipped-end

110

14.8 spontaneous

-

-

F03

5

3.0 mm wide neck 120

14.8 (0001) Al2O3, polished

14.0

0.50

F04

5

1.5 mm wide neck 130

14.8 (0001) Al2O3, polished

14.0

0.50

F05

6

double-walled

101

15.1 (0001) Al2O3, polished

14.0

0.50

F06

4

rounded bottom

130

17.0 11.84 g Pb melt reservoir

-

-

F07

6

double-walled

101

15.0 (0001) SiC (6H), polished 14.0

0.25

F08

6

double-walled

101

15.0 (111) Si, polished

14.0

0.50

F09

6

double-walled

101

15.0 (0001) SiO2, polished

14.0

0.50

F10

6

double-walled

102

15.2 glassy carbon, polished

13.6

0.96

F11

6

double-walled

100

15.2 (001) muscovite, cleaved

14.0

0.07

F12

1

flat bottom

113

14.8 fused silica plug, polished 14.8

15.5

F13

6

double-walled

98

15.0 aerogel, ground

2.75

F14

3

long tipped-end

130

14.8 spontaneous, contact to H2 -

-

F15

1

flat bottom

120

14.8 spontaneous

-

-

F16

1

flat bottom

120

14.8 spontaneous

-

-

14.0

* Length measured from lowest part of PbI2 ingot to top of ampoule;  = inner ampoule dimensions.

4.3.2

Preparation and Filling of Growth Ampoules

When the zone-refined PbI2 is transferred into the BRS growth ampoules, great care has to be
taken not to introduce additional impurities. Ampoule preparation was therefore carried out
under high purity conditions. Before filling, all fused silica parts were carefully cleaned and
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baked out at ≈ 1100-1150°C under vacuum ( 1 · 10-5 mbar) for at least 1 h. Seeds, however,
were not baked out, in order to avoid any undefined influence on them, except in two cases
where it was necessary to do so: ampoules of type 5 with a neck above the Al2O3 seed (see
figure 4-3); and ampoule F05G (table 4-3), the first ampoule of type 6 prepared (figure 4-3),
where the fitting accuracy of the Al2O3 seed needed to be tested at elevated temperatures.
PbI2 is usually grown in evacuated ampoules [ECKSTEIN 1992a], [MANOEL 1999]. In order to
counteract the relatively high vapour pressure of PbI2 (see chapter 1.2) and reduce the risk of
decomposition, the ampoules were filled with a defined gas atmosphere. For the experiments
in hand, the maximum pressure was limited to approximately 900 mbar in order to avoid ampoule explosion during crystal growth1. The gases used were Ar (5N) and H2 (5N) supplied by
Air Liquide (Kornwestheim, Germany). H2 was refined to approximately 7N quality [SCHÖN
2005] by a Pd diffusion cell (PA 150, Leybold-Heraeus) for most of the experiments. Table
4-4 lists the remaining gas impurities according to supplier’s specifications2.

Tab. 4-4: Impurity concentrations (related to volume) of the gasses used according to supplier’s specifications. Typical values of Pd-diffused H2 are taken from [SCHÖN 2005].

gas type

quality

impurity

concentration

Ar

5N

N2

<5 ppm

H2O

<3 ppm

O2

<2 ppm

H/C*

<0.2 ppm

N2

<5 ppm

H2O

<5 ppm

O2

<1 ppm

CO/CO2

<0.1 ppm

H/C*

<0.1 ppm

H2O

<1.5 ppb

N2

<1 ppb

CO

<1 ppb

CO2

<0.1 ppb

CH4

<0.1 ppb

H2

H2
(Pd-diffused)

5N

7N

* H/C = hydrocarbon
1
2

The pressure inside the ampoules is estimated to be 2-3 bar at 450°C if filled with 900 mbar.
The actual quality is expected to be slightly reduced due to inevitable diffusion from gas pipes and sealings.
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In addition, the type of gas applied during melting and growth plays a key role for the crystal
quality as will be shown in chapters 7.2, 8.1.2, and 8.2.5.
For the filling process two different pumping systems were available, which allowed melting
of the growth material in defined gas atmospheres and high purity conditions. Details of the
type of equipment and their arrangement can be obtained from figure 4-4 and appendix E.

(a)

(b)

Fig. 4-4: Apparatus for growth ampoule preparation. (a) Apparatus 1 with 1) connection to
ampoule, 2) standard membrane roughing pump, 3) molecular drag pump MDP 5030 CP
(Alcatel), 4) cooling trap, 5) H2/Ar gas connection, and 6) Pd diffusion cell, 7) tubular resistance furnace. (b) Apparatus 2 with 1) connection to ampoule, 2) roughing pump (Alcatel
2012A rotary vane pump), 3) diffusion pump Diffstak MK2 (Edwards), 4) cooling trap, 5)
H2/Ar gas connection, 6) oxyhydrogen gas torch, and tubular resistance furnace (not shown).

The two filling apparatuses both allowed processing between atmospheric pressure and high
vacuum (down to approximately 1 · 10-6 mbar). They were both equipped with an Ar/H2 gas
connection, N2 cooling trap, and a tubular resistance furnace for melting the PbI2 inside the
ampoules1. Nevertheless, they differed in some decisive features, which allowed a flexible
configuration depending on the experimental requirements:

1

A temperature profile of the tubular furnace used at filling apparatus 1 can be found in appendix F.
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Apparatus 1 (Figure 4-4a)

The enclosed Pd diffusion cell was used to improve the H2 quality from 5N to approximately
7N. The oil-free molecular drag pump excludes diffusion of hydrocarbon compounds into the
process atmosphere.
Apparatus 2 (Figure 4-4b)

The diffusion pump allows faster pumping to high vacuum. A slow connection to the vacuum
pump is possible owing to the applied bellow valve with precision setting, which reduces the
risk of light PbI2 particles becoming airborne inside the ampoule.
All ampoules were prepared according to the following process steps:
1)

If applicable, transfer of seeding material and inner ampoule into the growth ampoule.

2)

Loading of weighed PbI2 into the growth ampoule as chunks or large ZM ingot parts
(mm3 to cm3 range).

3)

Flanging of the ampoule to the filling apparatus under Ar flow.

4)

Pumping down to high vacuum.

5)

Flushing with H2 or Ar to approximately 900 mbar.

6)

Melting of PbI2 ingot with tubular resistance furnace.

7)

Cooling of PbI2 ingot to room temperature.

8)

Pumping down to high vacuum.

9)

Only for ampoule type 6 (see figure 4-3): Flushing with Ar to atmospheric pressure. Disconnection of the ampoule from the filling apparatus under Ar flow and introduction of a
fused silica cap. Evacuation to high vacuum or low Ar pressure. Pointwise fusing of the
cap to the outer ampoule. Pumping down to high vacuum.

10) Flushing with H2 or Ar to approximately 900 mbar.
11) Ampoule sealed off by oxyhydrogen flame.
12) Attachment of a fused silica rod ( = 8 mm, length ≈ 400 mm) at the ampoule bottom for
mounting it underneath the growth furnace.
The most important parameters of the ampoule preparation steps and the synthesised material
used are summarised in table 4-5. The pressure at high vacuum range was measured by vacuum gauges of the Penning type for each of the two filling apparatuses. These vacuum gauges
were calibrated for N2 atmosphere. Thus, measured values were corrected according to Wutz
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et al. [WUTZ 1992] using the following equation:

p  p´ K

(eq. 4-1)

with p the true pressure, p´ the measured pressure, and K the correction factor depending on
the type of gas which is pumped (0.83 for Ar and 2.44 for H2).

Tab. 4-5: Details of preparation of BRS ampoules.

amp.
#

filling synth.
app. #

m [g]
(PbI2)

gas
at step 5

p [mbar]
before step 10

gas
p [mbar]
at step 10 after step 10

F01

1

75

46.18

Pd-H2*

4.9 · 10-3

Pd-H2

900

F02

1

75

45.79

Pd-H2

1.7 · 10-5

F03

2

72

51.33

H2

Pd-H2

900

-5

H2

899

-6

2.0 · 10

F04**

2

41

47.17

H2

9.8 · 10

H2

900

F05

2

83

38.14

H2

1.1 · 10-5

H2

904

F06

1

64

89.97

Pd-H2

1.4 · 10-5

Pd-H2

900

F07

1

15

36.72

Pd-H2

4.6 · 10-5

Pd-H2

900

F08*** 1

15

37.72

Pd-H2

2.5 · 10-5

Pd-H2

860

-5

F09

1

15

24.14

Pd-H2

3.6 · 10

Pd-H2

860

F10

1

34

27.83

Pd-H2

1.4 · 10-5

Pd-H2

860

F11

1

34

27.88

Pd-H2

4.1 · 10-6

Pd-H2

860

F12

1

92

64.64

Pd-H2

3.4 · 10-6

Pd-H2

860

F13

2

91

≈ 32

H2

3.2 · 10-6

H2

900

F14

1

91

32.02

Pd-H2

3.4 · 10-6

Pd-H2

860

-5

Ar

860

7.5 · 10-6

Ar

860

F15

1

96

40.80

Ar, H2**** 1.2 · 10

F16

1

96

40.10

H2

* “Pd-H2“ stands for Pd-diffused hydrogen. ** Seed cracked during bakeout. *** Preparation repeated because
of seed breakage during first filling process. **** PbI2 molten two times; first in Ar, than H2 atmosphere.
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4.3.3

Growth Apparatus

A major task of this work was the development and assembly of a suitable BSB growth facility, which enabled reproducible BRS experiments under defined growth conditions. As outlined in chapter 3.3.1, a temperature profile with a high axial gradient T at the phase boundary and a flat region in the cooling part are desired. Figure 4-5 presents an overview of the
main devices of the growth facility, which was constructed for the purpose and used exclusively for all BRS experiments (a list of type designations is given in appendix G).

Fig. 4-5: Bridgman-Stockbarger growth facility. 1) 3-zone resistance furnace, 2) lifting device, 3) lifting controller, 4) multimeter for control of translation rate and rotation frequency,
5) electronic temperature control system, 6) switchbox (see appendix H), 7) PC, 8) rotation
unit and drill chuck for fixing the ampoule, 9) rotation controller, and 10) temperature monitoring devices (data logger). The transformers are not visible in this picture.

The most important features are a resistance furnace with three separately controllable zones,
a device for lifting the furnace, and three separate Eurotherm control circuits each consisting
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of a standard self-optimising PID controller and a thyristor power supply. During growth, the
ampoule remains at a constant height, fixed in a motor driven drill chuck. Ampoule rotation
frequency and furnace translation rate are controlled by potentiometers applying voltage to
the individual motors. The correlation between voltage and translation rate of the furnace is
linear (see appendix I). Thus, the translation rate can be adjusted to any value between 01500 mm/h.
Figure 4-6 shows cross-sections of the two furnace setups used for BRS growth experiments.
In both cases, direct observation of the growth process is not possible because of the opaque
housing of the furnace. Since this is also difficult for transparent setups [ECKSTEIN 1992a]
owing to the deep black colour and opacity of the melt, this disadvantage was accepted. In
addition, any sudden phase change, especially the beginning of the crystallisation, was expected to be observable in the temperature data.

Fig. 4-6: Schematic cross-sections of the 3-zone Bridgman-Stockbarger resistance furnace
used and position of the type K thermocouples (details are described in the text). Setup 1(left)
was used for F01 (first run) and F02, only. Setup 2 (right) was applied for all other growth
experiments. In the picture, growth ampoule F09 (second run) is shown.
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The effective travelling length along the vertical axis zB of the furnace is 260-310 mm (depending on ampoule length); the maximum (outer) ampoule diameter is 25 mm for the setup
used, but could be extended considerably after minor reconstruction. In both setups a thermal
accuracy of approximately ±0.1 K is achieved by hardened ceramic fibre rings between the
zones and at the top and bottom of the furnace, as well as by ceramic fibre cloth wrapped
around the furnace windings. During the growth process, the lower furnace opening is closed
by a piece of ceramic fiber to prevent a chimney effect. Temperature control of the zones is
achieved by three type K thermocouples (T1-T3) placed within a distance of 1 cm from the
windings of the resistance furnace. At least one type K thermocouple (T4) was always used to
measure the temperature at the outer ampoule surface during the crystal growth process. It
was fixed in such a way, that the sensing junction was close to the lowest part of the PbI2
melt. Axial positions zB mentioned in the following are always related to this point, i. e. the
sensing junction of thermocouple T4. For some experiments, up to three more type K thermocouples (T5-T7) were placed on the outer ampoule surface at different heights.
After testing various furnace setups beforehand, the arrangement was changed once again
from setup 1 (figure 4-6, left) to setup 2 (figure 4-6, right). Setup 1, which was only used for
growth experiments F01 (first run) and F02, had an end-to-end ceramic pipe as well as two
isothermal furnace liners outside zone 1 (steel, 1.5 mm thick) and inside zone 3 (steel, 2 mm
thick). For all other growth experiments, setup 2 was used. Here, the ceramic pipe was replaced by three separate aluminium pipes divided by ceramic fibre, which was in addition
increased in thickness to stabilise the setup and improve isolation. The control temperatures at
T1-T3 were 440/305/310°C respectively for setup 1 and 420/300/337°C for setup 2.
The resulting axial temperature profiles of the setups were measured along the zB axis without
an ampoule inside the furnace and are presented in figure 4-7. It is obvious that setup 2 has a
well suited profile and meets the requirements of BRS growth (see chapter 3.3.1): For
zB  350 mm (hot region, > Tm) a nearly constant temperature distribution is achieved with
TZ1 = 447°C and ΔTmax ≈ 4 K. The same holds for zB  286 mm (cold region, < Tm) with
TZ2/3 = 374°C and ΔTmax ≈ 2 K. Thus, the basic condition for a convex phase boundary according to equation 3-6 is fulfilled owing to a reduced isotherm value θ = 0.51 (for setup 1, θ
is estimated to be between 0.7-0.8). Between zones 1 and 2 a steep temperature gradient with
a maximum value of T = 24.2 K/cm results.

50

Chapter 4: Experimental Procedures

Fig. 4-7: Axial temperature profiles of Bridgman-Stockbarger furnace setups 1 and 2 shown
in figure 4-6. The profiles were measured without an ampoule inside the furnace and for control temperatures at thermocouples T1-T3 of 440/305/310°C (setup 1) and 420/300/337°C
(setup 2), respectively.

Some technological difficulties arose during the growth experiments concerning temperature
stability and data logging. The air conditioner in the room produced strong temperature fluctuations of up to 4 K and was therefore permanently switched off before crystallisation of the
first ampoule started. For the same reason, the window blinds were closed during all experiments. It was found out later on that the magnetic field of the cathode ray tube monitor, the
residual heat radiated from the sunlit blinds and, even more, from the operator himself affect
the temperature data logger (see appendix G for type designations) used for T4-T7 as depicted
in figure 4-6. Apparent temperature alterations of up to ±1.5 K were caused. For these reasons, a TFT monitor was used (beginning with experiment F05), and the data loggers were
placed behind an acrylic glass window (beginning with experiment F10), which covered the
complete front side of the furnace (green framing in figure 4-5). The maximum error was
thereby reduced to ±0.4 K (±0.1 K if the room is not entered and the monitor switched off). In
addition, one of the data loggers repeatedly showed an apparent temperature jump between
442-443°C, which was found out to be due to a IC-related switch of the measurement ranges.
The data logger was therefore replaced by a different one (beginning with experiment F09/2).
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4.3.4

Process Parameters

The growth experiments were carried out according to the following process steps, which are
schematically shown in the temperature programme of figure 4-8:
1)

The polycrystalline ingot is molted in the hot region (zone 1) at T > Tm. If applied1, rotation of the ampoule was carried out during the whole growth experiment at frequency fr.

2)

The melt is homogenised for a period Δth.

3)

The crystallisation is initiated by lifting the furnace with a translation rate υd. Thus, the
ampoule is moving downwards (relative to the furnace) along the distance ΔzB.

4)

The crystal is annealed in the cold region (zone 2) during a period Δta without changing
the temperatures of the zones. The annealing period starts at that moment when the uppermost thermocouple (T5) showed a positive signal, i. e. when the final melt portion
crystallised. If this signal was not detectable, the time was measured from that moment
when T4 reached approximately 395°C, where PbI2 is sure to have finally crystallised.

5)

The crystal is cooled down while it remains at a fixed position within zone 2. Depending
on the experiment, 2-3 cooling steps are carried out at a cooling rate Rc, each followed by
a holding period Δtc.

6)

The furnace is switched off; the crystal cools down to room temperature (20°C) by itself.

Fig. 4-8: Temperature programme (schematic) for Bridgman-Stockbarger growth experiments. The curves of T4 (lowest ingot position) and T5 (uppermost ingot position) are shown
(see also figure 4-6). See text for explanations of individual process steps.

1

Rotation was only applied in a minority of experiments, in order to reduce vibrations of the growth ampoule.
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The growth parameters of step 1 (melting) to step 4 (annealing) applied for the different ampoules are summarised in the following table 4-6 (for cooling parameters see appendix J):

Tab. 4-6: Process parameters for the BRS growth experiments. The cooling parameters are
listed in appendix J.

growth set- homog. υd
[mm/h]
exper. up th [h]

fr
ΔzB
[r. p. m.] [mm]

end of annealing at temp. T [°C]
T4
T5
T6
T7
ta [h]

F01/1

1

103.2

0.5

2.8

101.7

358

-

-

-

21.4

F01/2

2

85.0

0.5

2.9

87.1

371

-

-

-

32.2

F01/3* 2

-

-

-

-

374

375

-

-

106.4

F02

1

16.8

0.4

3.0

128.0

345

-

-

-

28.4

F03

2

25.0

1.0

-

133.3

374

-

-

-

24.5

F04

2

14.1

0.5

-

122.4

374

-

-

-

77.3

F05

2

15.7

1.0

-

97.1

375

-

-

-

12.3

F06

2

18.4

1.0

-

120.7

375.0 380.0 -

-

27.0

F07

2

0.6

1.0

-

78.0

376.0 379.9 -

-

29.9

F08

2

13.7

1.0

-

77.3

376.7 382.7 -

-

29.0

F09/1

2

16.2

1.0

-

80.0

375.9 380.3 -

-

45.7

F09/2

2

21.5

1.0

-

77.8

376.8 378.2 378.7 381.1 36.2

F10

2

8.3

1.0

-

83.8

376.0 376.8 378.5 380.1 42.8

F11

2

22.2

0.5

-

99.8

375.3 376.1 378.1 378.9 6.7

F12

2

5.8

1.0

-

126.3

375.5 376.2 378.0 376.5 61.0

F13

2

15.0

1.0

-

114.3

374.7 375.6 376.3 373.7 155.6

F14

2

10.9

1.0

-

145.3

377.1 376.4 377.6 378.1 44.9

F15*

2

156.2

0.02/0.5

-

84.3

376.2 377.8 -

-

94.5

F16/1

2

24.1

0.1/1.0

-

73.9

375.5 383.0 -

-

24.0

-

-

-

-

-

-

-

F16/2* 2

-

-

* See comments below.

Three exceptions have to be mentioned, which differed significantly from the temperature
programme usually applied (labelled with “*” in table 4-6):
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F01/3

After ampoule F01 had been crystallised twice (1st and 2nd run), the ampoule was reheated
from room temperature to approximately 374°C to carry out a long-lasting post-growth annealing experiment for approximately 10 days including cool-down (for parameter settings
see appendix J).
F15

As suggested by Eckstein et al. [ECKSTEIN 1992a], the furnace movement was reversed after
the crystallisation point was identified from an exothermic temperature jump at thermocouple
T4. Since the PbI2 melt tends towards constitutional supercooling, the spontaneous crystallised volume is expected to be very defective. Thus, by re-melting the solid portion, introducing crystallisation at very low translation rate υd = 0.02 mm/h, and interrupting the furnace
movement shortly afterwards (ΔzB ≈ 0.06 mm) for approximately 3 days, the defects created
should have been annealed. Afterwards, growth was continued at higher translation rates of
υd = 0.5 mm/h.
F16/2

After crystallisation experiment F16/1, i. e. F16 1st run, the ampoule was placed within the
constant temperature range of zone 1 again. In order to determine melting and crystallisation
onset, the furnace was slowly heated and cooled at a rate of 0.1 K/min. Temperatures were
recorded with type K thermocouples attached to the outer ampoule wall at the upper and
lower part of the ingot.

4.4 Czochralski Experiments
The Czochralski (Cz) growth experiments carried out are the first published in literature.
Therefore, it was primarily intended to identify the major technological difficulties of growing
PbI2 by the Cz technique and determine fundamental process parameters as a basis for future
experiments. Secondly, by comparing the resulting material properties with those of the BRSgrown crystals, the potential of the Cz method was to be evaluated. Cz growth was carried out
eight times using homogeneous seeds of different orientations as well as various source materials, which were doped with Sn in two cases.
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4.4.1

Growth Apparatus

The Cz apparatus available at the Crystallographic Institute (University of Freiburg, Germany) was modified for the growth of PbI2 crystals, and the setup was continuously optimised
after each of the eight experiments. Figure 4-9 shows the main components of the growth facility (see appendices L and M for complete type designations). The main components are the
growth chamber and a surrounding resistance furnace, a lifting and rotation device (translation
rate υp = 0-50 mm/h; rotation frequency fr = 0-85 r. p. m.) with controller, and an electronic
temperature control system.

Fig. 4-9: Czochralski growth facility. 1) Resistance furnace and growth chamber, 2) connection to rotary vane pump, 3) lifting and rotation device, 4) lifting and rotation controller, 5)
power supply for switching the magnetic coupling at the lifting device, 6) electronic temperature control system, 7) cardboard box containing temperature monitoring device (data logger), 8) laptop for temperature logging. Not visible in the picture is the vacuum gauge.
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For the first experiments (FCZ01 to FCZ04), sealing of the growth chamber was carried out
by two Viton® shaft seals with an aperture of 8 mm surrounding the pull rod ( = 10 mm).
The sealing appeared to be ineffective in terms of leak tightness and durability. For safety
reasons, initially Ar, rather than H2 had to be used for these growth experiments. The PbI2
vapour and elevated temperatures lead to considerable friction at the shaft seals, which produced abraded Viton® particles and caused vibrations of the pull rod at moderate rotation frequencies. Therefore, the sealing was replaced by a Ferrofluidic® seal. In addition to perfect
sealing, the ferrofluid is oil-based and thus shows no friction at the shaft. To achieve translation, the seal is connected to a diaphragm bellow underneath it realising an effective travelling
length along the vertical axis zC of up to 88 mm.
Figure 4-10 shows two basic setups, which were – disregarding minor variations – used for
the first (setup 1) and second half (setup 2) of the growth experiments. Both setups consist of
a fused silica growth chamber, into which a fused silica crucible is placed containing the PbI2
source material.

Fig. 4-10: Schematic cross-sections of the Czochralski growth chamber used and positions of
the type K thermocouples. Setup 1(left) was used for FCZ01 to FCZ04, setup 2 (right) for
FCZ05 to FCZ08. 1) Growth chamber, 2) pull rod, 3) seed holder (see also figure 4-11), 4)
seed, 5) crystal, 6) melt, 7) crucible, 8) socket, 9) resistance heater, 10) inspection window,
11) gas inlet, 12) heating cable, 13) halogen lamp, 14) nozzle, 15) magnet, 16) Teflon® ring.
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The growth chamber allows processing under a defined gas atmosphere and pressure (a slight
overpressure of up to 2 bar is possible) and prevents toxic vapours from being released into
the surrounding. At one side of the growth chamber, a tube is attached, which is terminated by
a fused silica window for optical process control (no. 10 in figure 4-10). In order to observe
the growth process, the crucible was seated on a fused silica socket. For experiments FCZ01
and FCZ02 a cylindrical crucible was used, which was then replaced by a conical shaped crucible. Beginning with FCZ04, a notch was cut out of it at the side directed towards the window to avoid obscuring the view onto the melt surface.
The upper rim of the resistance furnace was isolated by flexible ceramic fibre (Fiberfrax®
blanket). The furnace temperature was controlled by a type K thermocouple (T1) placed close
to the windings. Depending on the growth experiment, the temperature was measured by up to
three type K thermocouples (T2-4) at different positions outside and inside the growth chamber as well as inside the melt.
A major difficulty during growth experiments was keeping the inspection window free from
resublimated PbI2. For this purpose, a gas flow was introduced at the top of the tube in order
to transport sublimated PbI2 away from the window. Owing to turbulence inside the tube, it
was not possible to completely prevent resublimation. Therefore, additional heating was applied to the gas and the inspection window: A heating cable and a halogen lamp positioned in
front of the window still did not prevent complete coverage of the window and therefore observation of the growth process was constrained after a while. This problem was solved by a
magnetic steel nozzle (no. 14 in figure 4-10, setup 2), which effectively reduced resublimation
on the inspection window during the whole growth process. It was fixed at the uppermost part
of the tube with a magnet and sealed by a Teflon® ring, which also reduced the risk of damaging the window. The lower opening reduced the field of view to an angle of 28°, but still enabled observation of the contact between crystal and melt.

4.4.2

Homogeneous Seeding

For Cz growth, homogeneous seeds prepared from PbI2 single crystals were used. Seed platelets can easily be clamped into a seed holder with the c-axis oriented horizontally, i. e. perpendicular to the growth direction. Mounting a seed with the c-axis oriented vertically is very
difficult, because the thin platelets cannot be clamped from the side without risking unintended cleavage. In addition, the growing crystal may tear off from a defective seed contain57
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ing stress cracks parallel to (0001) as soon as a critical weight is exceeded.
Two different types of seed holders were constructed: Seed platelets cleaved from single crystals were clamped into the seed holder by a steel platelet as depicted in figure 4-11a (corresponding to figure 4-10 setup 1). The c-axis is thus oriented perpendicular to the growth direction. For the use of seeds with the c-axis oriented parallel to the growth direction, a special
seed older was developed (figure 4-11b, corresponding to figure 4-10 setup 2), which allowed
“hanging” trapezoidal-shaped seeds between two steel platelets, whose separation can be
finely adjusted by screws. These platelets are bent parallel to the wedge-like seed reducing the
risk of accidentally cleaving the seed along the (0001) plane. The seed itself was cleaved (top
and bottom plane) and carefully cut with a razor blade from a PbI2 single crystal. In order to
prevent the seed from slipping out of the seed holder, it was kept in position by a small aluminium cylinder placed on top of the seed and fixed to the holder by screws.

(a)

(b)

Fig. 4-11: Seed holders for fixing PbI2 seeds with different orientations. (a) c-axis perpendicular and (b) parallel to growth direction.

4.4.3

Process Parameters

When all parts of the apparatus had been assembled, the growth chamber, fittings, and pipes
were evacuated and flushed with process gas 2-3 times to remove air and test leak tightness.
Then, a constant gas flow was employed, which needed to be controlled by a bubble counter
or a flow meter throughout the whole experiment. An absolute determination of flow rates
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was not possible, because resublimating PbI2 tends to block up constricted parts (especially at
the bellow valve) and changes the weight of the float ball inside the flow meter. An overpressure between of 1-2 bar inside the growth chamber was chosen in order to counteract the relatively high vapour pressure of PbI2 and reduce possible decomposition reactions (see also
BRS ampoules in chapter 4.3.2). The gases used were Ar or H2 (both 5N, for impurity contents see table 4-4) as well as a mixture of Ar (97.6 %) and H2 (2.4(5) %) from Air Liquide
(Kornwestheim, Germany; type ARCAL® 10). According to the supplier’s specifications, the
impurities of the Ar-H2 mixture are N2 (80 ppmv), H2O (40 ppmv), and O2 (20 ppmv).
The growth experiments were carried out according to the following process steps, which are
schematically shown by the temperature programme of figure 4-12:
1)

The rotation is switched on (continuously running during the whole experiment, frequency fr) and the polycrystalline ingot is melted in the crucible at T > Tcryst.

2)

The melt is homogenised for a period Δth.

3)

The crystallisation point is determined.

4)

The seed is brought into contact with the melt surface. After temperature stabilisation,
crystallisation is carried out at translation rate υP along distance ΔzC. The parameters vary
depending on the growth step (seeding, necking, growth of shoulder, crystal growth).

5)

After the crystal is withdrawn from the melt surface; T is reduced to room temperature.

Fig. 4-12: Temperature programme (schematic) for Czochralski growth experiments. The
curve of T1 (furnace control temperature) is shown (see also figure 4-10). See text for explanations of individual process steps.
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Basic process parameters of the starting material, of the seeds, and of the gases used are
summarised in table 4-7 for the individual growth experiments. Detailed information on temperatures, translation, and rotation rates can be found in chapter 8.2.3 and appendix N. The
average pressure and standard deviation values presented in table 4-7 are derived from the
measured values p´ between complete melting of PbI2 and end of growth. The true pressure p
is considerably higher, because a Pirani type sensor (N2-calibrated) was used, which is optimised for the range 0-1000 mbar. Thus, p´ values can only be considered as relative, not absolute measurement values.

Tab. 4-7: Basic process parameters for the Cz growth experiments.

growth
exper.

synth.
#

m [g]
(PbI2)

seed orientation*

gas
type

average p´
[mbar]

comment

FCZ01

85

103.51

 c

Ar

1373(3)

unintentionally remelted

FCZ02

76

132.73

c

Ar

1950(4)

FCZ03

15

103.03

c

Ar

-

FCZ04

34

105.51

c

Ar

1717(61)

FCZ05

92

101.60

 c

H2

-

crystal torn off at seed

FCZ06

92

≈ 100

 c

Ar

1341(5)

mat. reused from FCZ05

FCZ07

91

101.59

 c

Ar/H2

1331(24)

unintentionally remelted

FCZ08

91

≈ 100

c

Ar/H2

1406(38)

mat. reused from FCZ07

seed holder failure

* Seed orientation with respect to pulling direction.

Growth experiments FCZ03 and FCZ04 were part of the BSc thesis of Hofherr [HOFHERR
2010], from which further details can be obtained. To the source material of FCZ07, 43.8 mg
of pure Sn were added to test the possibility of directly doping PbI2. This remaining material
was than reused for growth experiment FCZ08.
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5 Characterisation Methods
This chapter presents the basic principles of the analysis techniques applied to chemical,
structural, or optical investigations of PbI2.
Atomic Absorption Spectroscopy (AAS)

The concentration of chemical elements contained in a solid or liquid sample can be investigated quantitatively by atomic absorption spectroscopy (AAS). The method makes use of
measuring the optical absorption I0/IT of light transmitted through the sample according to the
Lambert-Beer law:

A E  l og

I0
 A  c  tA .
IT

(eq. 5-1)

The absorbance AE of a sample is expressed in terms of the transmitted light intensity IT with
respect to the incident light intensity I0. Its logarithm is proportional to the concentration c
and the absorption coefficient εA of the absorber with a thickness tA. The absorber has to be
brought into the atomic state and is therefore heated to several hundred or thousand °C. Different AAS apparatuses exist for atomisation of the sample, e. g. flame or electrothermal atomisers, with the latter allowing a higher measurement precision. In order to determine the
concentration of the excited element, the measured absorption has to be compared to a standard sample with known concentration. With AAS, more than 70 elements can be investigated
with a high precision. The resolution limit for the concentration of Ag, for example, is approximately 10 ppb.
Atomisation of the sample is achieved in stages: first the sample is dissolved in a solvent, then
the solvent is evaporated, leaving nano-particles of the sample, which are then evaporated and
dissociated into free atoms. Certain difficulties arise in dissolving the sample, which is necessary to achieve a fine aerosol sprayed into the atomiser. The sample has to remain dissolved
completely in the liquid medium and must not form gaseous or solid compounds. This is especially challenging in the case of Ag, which tends to form compounds of low solubility. After a series of pre-tests, a practicable way of solving PbI2 was found (chapter 7.1.1). A measurement of the PbI2 stoichiometry by AAS was not possible owing to alterations of the iodine
oxidation state during dissolution, which lead to erroneous concentration values.
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The devices used for the work in hand are a flame AAS Vario 6 (Analytik Jena, Germany)
and an electrothermal AAS 4110 ZL Zeeman (Perkin Elmer, Waltham, Massachusetts, USA).
The instruments were available at the Institute of Geosciences (Mineralogy-Geochemistry),
University of Freiburg (Germany) and are described in detail by Feyrer [FEYRER 2009].
Glow Discharge Mass Spectrometry (GDMS)

This analytic method is a powerful tool for the determination of trace elements in inorganic
solids and has gained increased importance over the last years. The major advantages of glow
discharge mass spectrometry (GDMS) are its application to the whole periodic table (except
hydrogen) and the excellent resolution down to the ppt (parts per trillion) range. On the other
hand, GDMS equipment is very cost-intensive, which limits the availability of this technique.
In a GDMS device, the sample serves as the cathode for the generation of an argon plasma.
The positively charged Ar ions produced in the plasma chamber, which is operated at a low
pressure (mbar range), are accelerated towards the sample. The neutral atoms released from
the sample surface are ionised by the plasma, which leads to a separation of the elements with
respect to time and location, which can subsequently be analysed by a mass spectrometer.
The preparation of GDMS samples is a critical step, and care has to be taken to prevent contamination of the sample. Rod-shaped samples, 2 × 2 × 20 mm3 in size, were needed. This led
to difficulties because the samples easily broke owing to the pronounced cleavage of PbI2, or
bent during the preparation. Nevertheless, suitable samples could be produced by carefully
cutting the crystal under investigation with a clean razor blade.
Measurements were carried out with a VG9000 (Thermo Scientific, Waltham, Massachusetts,
USA) at the GDMS Laboratory CMK s. r. o. in Zarnovica (Slovakia).
Scanning Electron Microscopy (SEM)

Morphological studies of the PbI2 samples were carried out with the secondary electron (SE)
detector of the field emission scanning electron microscope LEO 1525 Gemini (Carl Zeiss,
Thornwood, New York, USA). The instrument is available at the Institute of Geosciences
(Crystallography), University of Freiburg (Germany). For a detailed description of the SEM
technique, refer to Flegler et al. [FLEGLER 1995].
The PbI2 samples were attached to aluminium sample holders without further electrical contacting methods, because the holders could be used for subsequent preparation processes
without dismounting the samples. In addition, structural analysis of the surface was intended,
which excluded the application of conductive coatings. This results in some restrictions in
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achieving large magnifications, due to electrical charging of the samples, which is caused by
the high electrical resistivity of PbI2. Nevertheless, magnifications of up to 35,000 × were
possible. In contrast to HgI2 [ERLER 1996], no degradation of the PbI2 sample surfaces was
observed even for 20 kV acceleration voltage and high vacuum conditions (10-6 mbar).
Energy Dispersive X-ray Analysis (EDX)

The SEM is equipped with a detector for energy dispersive X-ray analysis (EDX). The electrons of the beam interact with the shell electrons of atoms down to a depth of a few micrometers. If an inner shell electron is completely separated from the atom during inelastic collision
processes, the hole created within this shell is filled by an electron of the outer shells. This
incident is associated with a quantised lowering of the energy of the atom, which results in the
release of a characteristic X-ray photon. The emitted X-ray photons impinge on a silicon drift
detector, which measures the photon energy by the amount of ionisation created. Owing to the
dependence of the emitted photon energy on the atomic number as well as the participating
electron shells, the source element can be deduced.
For the EDX investigations carried out in this work, an X-Max Silicon Drift Detector by Oxford Instruments (High Wycombe, UK) with an active area of 80 mm2 was available. In contrast to the traditional liquid nitrogen cooling, the high purity of the silicon used in the EDX
detector allows cooling by a Peltier device and, at the same time, offers the possibility to detect even very light atoms down to an atomic number of Z = 4 (Be). The EDX system was
used for qualitative investigations only, because the expected impurity concentrations are below sensitivity for a quantitative analysis. The obtained data were evaluated by the appendant
software package INCA.
Electron Backscatter Diffraction (EBSD)

Another SEM-based technique, which was available simultaneously to the SE and EDX detectors, is electron backscatter diffraction (EBSD). This method allows orientation and texture
analysis as well as phase identification of the sample surface.
For some fraction of the electrons striking the sample (figure 5-1) elastic scattering appears at
the surface. According to the well-known Bragg law

n e  e  2  d hkl  sin  e ,

(eq. 5-2)

the electrons are diffracted by each lattice plane (hkl) with lattice spacing dhkl. ne and λe are
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the diffraction order and electron wavelength, respectively. θe is the angle between the incident electron beam and the diffracting planes (hkl), the so-called Bragg angle.

Fig. 5-1: Schematic view of the EBSD setup according to Danilewsky [DANILEWSKY 2011].

Each plane (hkl) gives rise to two diffraction or Laue cones, which produce a band, the socalled Kikuchi band, on a phosphor screen. Owing to the short wavelengths of electrons
(λe ≈ 10 pm), θe is much smaller than in X-ray diffraction (λX ≈ 100 pm). The diffraction
cones of many lattice planes therefore lie close together and produce a specific band pattern
on the phosphor screen (two examples are presented in chapter 6.1). In order to increase the
detection yield, the sample is tilted by 71°.
The pattern contrast is related to the degree of diffraction at the sample surface, i. e. the crystallinity of the top 10-100 nm. This makes EBSD very sensitive to the applied sample preparation technique and allows estimation of the resulting structural surface damage with a lateral
resolution down to sub-micrometer range. It should be noted that the sample roughness,
which is sometimes used to determine the surface quality, describes the surface topography
rather than its structural damage. Since the latter is the more important influence on the performance of electrical contacts, the EBSD technique is much more suitable for the investigation of sample surfaces to be used for detector application.
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The pattern arrangement is unique for the crystal structure. Thus, identification of crystal
phases, e. g. different PbI2 polytypes, and orientation is possible. If a significant area of the
sample is mapped, the surface texture can be determined by recording each pattern with a
Peltier-cooled CCD camera placed at the opposite side of the phosphor screen. The bands of
the patterns are automatically indexed by software-based processing and compared to the
structure data of the (expected) crystalline phases.
The determined orientations can be displayed in the form of pole figures for any desired crystallographic direction [hkl]. For each position where the EBSD pattern could be solved, the
intersection point of the pole [hkl] with a sphere centred at the measurement position is projected onto a plane parallel to the sample surface (stereographic projection). Thus, the orientation at any point of the investigated sample area is related to a coordinate system of the sample, and the tilt between different grains or the crystal orientation with respect to the growth
direction etc. can be derived. The angular resolution is limited to approximately 1° for relative
comparisons of different sample areas and to 3-5° for absolute values owing to deviations
originating from sample mounting.
The EBSD detector applied for the current investigations was a Link Opal by Oxford Instruments (High Wycombe, UK). Data processing was carried out with the software package
INCA.
Powder X-ray Diffraction (XRD)

Phase analysis was also carried out by powder X-ray diffraction (XRD) with a STADI-P
powder diffractometer by STOE (Darmstadt, Germany). The diffractometer is operated in
transmission mode with Cu-Kα1 radiation with a wavelength of 1.54051 Å after monochromatisation by a Ge crystal. Phase identification was realised with the help of the software package Match! 1.2 using the structure database ICSD (version 2000).
Since the powder XRD method was used for qualitative analysis and in a few cases only, it is
referred to the textbooks of Kleber [KLEBER 1998] and Massa [MASSA 2007]. It has to be
pointed out that the powder XRD method is not suitable for the determination of PbI2
polytypes. As discussed by Erler [ERLER 1992], the number of reflections increases for
polytypes of higher stacking periodicity, which can therefore hardly be resolved. Moreover,
the preparation of PbI2 powders in a mortar may lead to strong polytype alterations, because
stacking faults are easily introduced.
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Optical Microscopy

Optical investigations of PbI2 samples and determination of the electrical contact dimensions
was carried out with an Axio Imager.Z1m by Carl Zeiss Imaging (Göttingen, Germany),
which was operated with transmitted and reflected light. The microscope is equipped with a
variety of optical components, of which the analyser was used to improve the contrast of
polytypic admixtures and grain structures in reflected light. Pictures were recorded with the
CCD camera AxioCam HRm and processed with the software package AxioVision.
Differential Thermal Analysis (DTA)

The melting points of PbI2 and the temperatures of possible phase transitions were investigated by differential thermal analysis (DTA) with a DTA 404 S by Netzsch-Gerätebau GmbH
(Selb, Germany).
For DTA, a small quantity (< 1 g) of the sample under investigation and a reference sample
simultaneously undergo the same thermal cycle of heating or cooling. The samples are usually
kept inside open alumina or platinum crucibles in an inert gas atmosphere to prevent undesired chemical reactions. For the current investigations, however, sample and reference were
enclosed inside fused silica ampoules. During the process, any temperature difference
ΔT = T(sample) - T(reference) is recorded and plotted as a function of time or temperature.
Due to endothermic or exothermic phase transitions like melting or structural transformations,
distinct temperature peaks result, which are characteristic for the material. Using DTA, the
composition of phase mixtures can also be determined if the phase diagram of the components
is known.
Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC)

In order to investigate a possible hygroscopic behaviour of PbI2, thermogravimetry (TG)
measurements were carried out. The sample, contained in an open crucible, is placed inside a
closed chamber at a constant Ar flow of 15 ml/min. During heating of the sample above the
melting temperature, any change of weight is measured with a resolution of 0.1 μg. Thus, desorption of water or other volatile components can be registered and correlated to the ambient
temperature.
Simultaneously to the TG measurement, differential scanning calorimetry (DSC) was applied
using the same device, a STA 449C Jupiter by Netzsch-Gerätebau GmbH (Selb, Germany).
This method is comparable to DTA, but measures the energy required, i. e. the heat flow, to
sustain sample and reference at the same temperature during a phase transition. Thus, the re66

Chapter 5: Characterisation Methods
sulting DSC curves also contain information on phase transition temperatures and can be
compared to the DTA results.
A more detailed description of the DTA and TG/DSC measurements for PbI2 is presented in
chapters 7.2.2 and 7.2.3. A broad overview of the application and interpretation of thermal
analysis can be found in Hemminger et al. [HEMMINGER 1989].
Laser Flash Analysis (LFA)

The thermal conductivity λ of single crystalline PbI2 was investigated by laser flash analysis
(LFA). During this measurement, the time-dependent temperature increase at one side of a
PbI2 sample due to a short laser impulse on the opposite side is registered. By enclosing the
sample in a furnace chamber, the variation of λ with ambient temperature may be determined.
Two samples were investigated by Fraunhofer IPM in Freiburg (Germany) using a
NETZSCH-LFA 457 MicroFlash (run 1). In order to validate the reproducibility of the results, the measurement was repeated (run 2) with a device of the same kind for two similar
samples at Netzsch-Gerätebau GmbH (Selb, Germany).
The planar samples were coated with carbon spray prior to the measurement, in order to increase the absorption and emission efficiency. The furnace chambers were operated at constant flows of either N2 (run 1) or He (run 2). At each step of the temperature programme, the
samples were excited at the bottom side by a short laser pulse in the millisecond range. An IR
detector (InSb) recorded the time response of the temperature increase at the top side of the
samples. From the resulting ΔT-t curve, the average thermal diffusivity a' was analysed by the
NETZSCH software Proteus for a series of up to 5 laser shots per temperature step. Finally,
the thermal conductivity λ was calculated according to

 (T)    c p (T)  a '(T)

(eq. 5-3)

with ρ the density and cp the specific heat capacity of PbI2.
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6 Sample Preparation
In the first section of this chapter the general difficulties of preparing PbI2 surfaces and an
improved method suitable to any sample orientation will be presented. The resulting reduction
of the damage layer is evaluated by EBSD patterns in comparison to the usually applied
cleavage of PbI2 single crystals.
The second section describes the preparation of detectors, which, disregarding minor modifications, has been carried out in the same way for all samples used for basic electrical measurements.

6.1 Surface Preparation
Owing to its weak mechanical properties (see chapter 1.2), special care has to be taken during
the preparation of PbI2 surfaces. Common preparation processes as used, for example, in Si or
CdTe technology cannot be applied to PbI2. Its low hardness and anisotropic character demand adapted techniques, which are likely to differ depending on the individual sample orientation. Therefore, as pointed out by Lund et al. [LUND 1995], material investigation and detector application should always be evaluated in the light of the preparation method applied. In
any case, surfaces with a high degree of crystallinity, i. e. with a low damage layer, are required in order to achieve efficient charge carrier transport or analytical response. This can
hardly be achieved in the case of the usual method of cleaving PbI2 parallel to the (0001)
plane, because severe plastic deformation is induced. Thus, homogeneous and smooth surfaces are excluded. In general, only a few attempts of polishing PbI2 surfaces have been carried out so far. Moreover, no data on the preparation of surfaces different from (0001) can be
found in the literature, although beneficial properties like a reduction or even complete avoidance of flaking are expected to result if the surface is cut inclined to the layers.
An increased crystallinity of the (0001) surface was achieved by Schlesinger et al.
[SCHLESINGER 1996], who used a preparation method described in detail by Hermon et al.
[HERMON 1997]. The crystals were cut by a diamond wheel saw or a thread saw immersed in
25 % KI solution. Afterwards, the samples were chemo-mechanically polished on a soft cloth
wetted by a 10 % NaI aqueous solution. Finally, the remaining damage was reduced by etching the samples in a NaI solution (10-30 %) for a few minutes. These process steps served as a
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starting point for a large number of own preparation experiments1. In the following, an improved preparation process will be described:
Cleaving

Figure 6-1a shows the SEM picture of a typical PbI2 surface after cleaving along the (0001)
plane with a razor blade. Even though some areas appear relatively smooth (right part of figure 6-1a), the EBSD pattern contrast is poor (figure 6-1b). The majority of measurements
produced no analysable patterns. This speaks for a strong surface deformation, which is likely
to result from bending of the uppermost layers. Similar results were already published for
comparable samples by Matuchova et al. [MATUCHOVA 2010].

(a)

(b)

Fig. 6-1: (a) SEM picture of a BRS-grown PbI2 sample manually cleaved along the (0001)
plane. Strong deformations and flaking of the surface can be seen especially in the left half.
(b) Low-contrast EBSD pattern measured at the marked spot within the smooth sample area.

Sawing

In order to apply polishing to surfaces of different orientations, the samples used in this work
were cut by a wire saw (steel wire,  = 0.2 mm). The abrasion of PbI2 was achieved by a
slurry containing Al2O3 microgrit (17 μm), dispersed in 875 ml ethylene glycol and 50 ml
H2O. Difficulties arose for cuts inclined to the (0001) plane, because the wire was usually
forced into a sideward direction creating curved cuts. As can be seen in figure 6-2a, the wire
aberration does not appear randomly: both cuts are changed into the same direction, i. e.
nearly perpendicular to the (0001) plane.
1

All type designations of the preparation consumables used are listed in appendices B and C.
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(a)

(b)

Fig. 6-2: Avoidance of uncontrolled aberrations during wire sawing of sample surfaces inclined to the (0001) direction. (a) Two parallel, but curved cuts (BRS crystal F01,
 = 14.8 mm, on ceramic carrier). (b) A straight cut is achieved, if the crystal is covered with
Crystalbond® along the cutting direction (BRS crystal F06,  = 17.0 mm).

Straight cuts (figure 6-2b) could be achieved by partly covering the ingot surface with Crystalbond® along the cutting direction1. Crystalbond® was also used to attach the crystal onto a
carbon plate, which guaranteed a complete cutting of the crystal without damaging the aluminium holder, which is then screwed into the sawing device. This technique finally allowed
parallel cuts along any direction, e. g. inclined at 0, 45, or 90° to the (0001) plane. The resulting surfaces were smooth with a maximum roughness of ±100 µm and suitable for further
preparation. Owing to the stabilising effect of the Crystalbond® covering, cutting of several
neighbouring slices with thicknesses down to 1 mm were realised without bending the samples. The thickness of samples cut inclined to the (0001) plane is only limited by cracks,
which sometimes lead to sample breakage.
Grinding

In order to reduce the damage caused by sawing and to realise the desired sample thickness,
the surfaces were manually ground inside a flow box. This preparation step was carried out
for approximately 2 min with water on SiC abrasive papers (grit 1200 and 4000). For this
purpose and for all following preparation steps, the samples were mounted with Crystalbond®
onto a SEM sample holder screwed into a steel stamp, that fitted into a guidance ring. By us1

Crystalbond® is a transparent polymer with a softening point at approximately 71°C and is used for mounting
in material science. During application of Crystalbond®, large thermal gradients within the crystal should be
avoided by slow and uniform heating to reduce the risk of unintended crack formation.
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ing the SEM sample holder, handling of samples for accompanying analytical purposes and
adjacent application of electrical contacts was simplified, because the samples do not have to
be demounted from its bearing surface.
As expected, the mean abrasion rates (measured at 5 points by a height gauge) strongly differed depending on the sample orientation: Surfaces parallel to the (0001) plane abraded faster
and were therefore ground on grit 4000 only. The abrasion rates of surfaces perpendicular to
the (0001) plane were more than one order of magnitude lower. Therefore, grinding samples
of the latter kind can be controlled much better. In addition, samples parallel to the (0001)
plane tend to flaking during the grinding step, which produces severe deformations of the surface. The flaking can be reduced to a minimum if sufficient amounts of water are used during
the grinding step.
Lapping

Best results were achieved, when the samples were manually lapped inside a flow box for
≈ 15 min on a soft velvet cloth. As an abrasive, 6 μm diamond microgrit in a glycol/water
suspension was used. No significant differences resulted with respect to the surface orientation. In some cases, the surface quality could be improved if an additional lapping step with
1 μm diamond microgrit was carried out. Residual grains of the 6 μm diamond microgrit were
carefully removed from the sample edges by a bristle brush and water rinse beforehand.
Polishing

Chemo-mechanical polishing was carried out with a 10 % aqueous solution of NaI on a velvet
cloth. After 4 min of polishing, the samples were immediately rinsed with methanol and dried
by blowing with N2 gas. No subsequent etching step was necessary as the EBSD patterns did
not show any further improvement.
Cleaning

After polishing, the steel stamp was carefully heated until the Crystalbond® melted and the
sample could be demounted. Residual quantities of Crystalbond® were removed by placing
the sample on a Teflon® carrier, which was dipped into an acetone bath. The cleaning process
was accelerated by heating the bath to 45°C on a hotplate stirrer. Afterwards, samples were
successively rinsed with acetone and methanol and dried by blowing with N2 gas. Cleaning in
an ultrasonic device could not be applied owing to the strong tendency of the samples to disintegrate.
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An example of PbI2 preparation is given in figure 6-3, which shows a longitudinal section
through Cz-grown crystal FCZ06, which was cut perpendicular to the (0001) plane (see chapter 8.2 for details). After grinding, lapping, and polishing (figures 6-3a-c), the surface is uniformly smooth and shiny (except for a saw kerf remaining at the bottom right corner). The
resulting EBSD pattern (figure 6-3d) was recorded with the same measurement settings as the
cleaved sample (figure 6-1b), but shows a significantly higher contrast. This indicates an efficient reduction of the damage layer in contrast to the cleaved sample.

Fig. 6-3: Preparation of PbI2 (Cz-grown crystal FCZ06). The figures show a longitudinal
section perpendicular to (0001) plane after (a) grinding on SiC paper (grit 1200), (b) lapping,
and (c) polishing. (d) The resulting high-contrast EBSD pattern was recorded with the same
measurement conditions as the cleaved sample of figure 6-1b.

6.2 Preparation of Detectors
For the determination of basic electrical and detector properties, several methods of applying
contacts were tested, which are described in detail in Krah [KRAH 2011]. The most feasible
method was found to be deposition of Au contacts by the sputtering technique. These contacts
are likely to realise a low electronic noise and have already been proven to work well [LUND
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1995]. In addition, sputtering allows application of contacts only a few nanometres thick,
which do not absorb alpha particles during the intended determination of the μτ product according to the Hecht relationship [HECHT 1932].
The preparation of detector samples was carried out in the following way: After polishing one
side of the sample as described in chapter 6.1, the SEM carrier bearing the sample was unscrewed from the steel stamp and transferred into the sputtering device (SC7640 Sputter
Coater, Quorum Technologies, Newhaven, UK). A foil with a hole of approximately 4 mm in
diameter was carefully placed on the polished surface to serve as a mask during the sputtering
process (figure 6-4a). Approximately 35 nm of Au were deposited on the PbI2 sample resulting in a circular contact of 4.5 mm in diameter. Afterwards, the sample was taken off the
SEM carrier, cleaned (see chapter 6.1), and placed upside-down on a copper disc (figure
6-4b). The disc was covered with molten Crystalbond® and attached directly to the steel

stamp. Before the steel stamp cooled down to room temperature, the sample was aligned with
the Au contact in the middle of a 6 mm wide hole contained in the copper disc to prevent any
mechanical damage to the contact. Now, the second side of the sample was ground, lapped,
and polished to a thickness of approximately 500 μm. Then, the copper disc was taken off the
steel stamp. The Crystalbond® was partly removed from one side of the sample by successive
acetone and methanol rinses. After drying the sample by blowing with N2 gas, a drop of
Fixogum® was placed at the cleaned part of sample and copper disc (figure 6-4c). By this
means, a separation of the sample from the supporting copper disc was guaranteed for the last
cleaning step, during which the residual Crystalbond® was removed. Finally, a similar Au
contact was deposited directly above the first by sputtering. In some cases, both sides of the
sample were completely covered with silver paint (0.2-0.5 mm thick), when only the measurement of I-V curves was intended.

Fig. 6-4: Preparation of the detector samples (schematic). (a) Before sputtering the first Au
contact. (b) Before preparation of the second side. (c) Before the last cleaning step.
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In order to connect the detector to the electronics, the copper disc was glued to a circuit board
as shown in figure 6-5. Gold wires ( = 0.1 mm) were connected to the Au contacts by silver
paint. In the case of the upper contact (cathode), the silver paint was positioned slightly outwards of the Au contact to secure efficient transmission of alpha particles through the Au contact. It has to be noted, that this may lead to distortions of the electric field between the two
Au contacts. Much attention was paid to the electronic separation of the lower Au contact
from the copper disc.

Fig. 6-5: Contacted PbI2 detector (sample FCZ06G2a). 1) PbI2 polished perpendicular to
(0001) plane, 2) upper Au contact, 3) silver paint for attaching 4) the upper Au wire (cathode), 5) copper disc glued to the circuit board.
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7 Source Material Characterisation
The results of chemical investigations will be presented for two zone-refined PbI2 ingots in
order to evaluate the efficiency of the experimental parameters applied (chapter 7.1). In the
second section the possibility of removing oxidic impurities prior to crystal growth is derived
from observations made during melt treatment of PbI2 in argon and hydrogen and from the
results of thermal analysis.

7.1 Chemical Analysis of Zone-Refined PbI2
This section describes the results of chemical investigations on zone-refined PbI2. Two different ingots are analysed using AAS, EDX, and GDMS methods.

7.1.1

Ingot #50

The efficiency of zone melting was investigated by AAS and EDX analysis for an ingot containing a small amount of silver, which was deliberately added as pure metal during direct
synthesis. The AAS analysis was carried out with the assistance of J. Feyrer in the context of
his BSc thesis [FEYRER 2009].
This ingot was chosen because the concentration of silver can be determined by the AAS
method with very high precision (10 ppb). The ZM ingot is shown in figure 7-1a and had a
total weight of approximately 187 g. During direct synthesis, 214.34 mg of metallic Ag, i. e.
c0 = 0.5 at. % relative to the total Pb content, and an iodine excess of 5 wt. % were added.
After 31 passes, the ingot of length L = 130 mm was taken out of the ZM ampoule and immediately divided into segments by cutting perpendicular to the longitudinal axis with a razor
blade at different positions x (figure 7-1b). 10 slices (0.3-0.5 mm thick) were separated from
each of these segments and ground in an agate mortar. Approximately 40 mg of the powder
were immediately transferred into a 100 ml glass beaker. A fresh solution of aqua regia (21 ml
of 37 % HCl mixed with 7 ml 69 % HNO3) was poured into the beaker containing the PbI2
and stirred in a water bath at 50°C for 1 h (the powder from the very end of the ingot could be
dissolved only by stirring overnight). The whole solution was carefully transferred into a flask
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and replenished to 50 ml with concentrated HNO3. After all nitrogen oxide was outgassed
(≈ 60 h), the solution was again replenished to 50 ml with concentrated HNO3 (< 1 ml) and
used for AAS analysis.

(a)

Fig. 7-1: (a) Zone melting ingot #50 (see table 4-1) after extraction from fused silica ampoule. Multipass zone refinement was carried out 31 times. Note the increased darkening of
the ingot along the ZM direction (left to right). (b) Segmentation of ingot according to
[FEYRER 2009]. The positions of AAS samples are indicated by grey regions.

The concentrations cs(x) measured by AAS at 10 different positions along the ingot are shown
in figure 7-2 according to Feyrer [FEYRER 2009]. The measured profile was fitted using equation 3-4, and an effective distribution coefficient for Ag in PbI2 of keff = 0.68(2) was calculated. This confirms the value determined by Schlesinger et al. (0.66, table 3-1), who carried
out 100 passes at a similar propagation rate of 20 mm/h.
Figure 7-2 also shows simulations by Feyrer of the intermediate distribution (Hamming,
n = 31) as well as the final distribution according to equation 3-3 using keff = 0.68 and
c0 = 0.5 at. %. It can be seen that the final distribution of Ag is nearly reached after 31 passes
because the Hamming simulation approaches the final distribution of Pfann. The kink in the
simulated curve at x/L = 0.85 results from the fact that the Hamming simulation includes a
separate model for the crystallisation of the final zone, while the calculation of the final distribution according to Pfann is based on an exponential equation only [FEYRER 2009].
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Fig. 7-2: Distribution cs of Ag (relative to Pb content) within ingot #50 after 31 passes. Comparison of measurements with Hamming simulation, final distribution (Pfann, equation 3-3)
using keff = 0.68, and c0 according to [FEYRER 2009]. The error bars (standard deviation of
cs) of measured values are too small to be resolved (4 × 10-6 - 2 × 10-3 at. %).

According to equation 3-5, the measured distribution reveals an effective initial Ag concentration c0´ = 0.08(6) at. %, which is by a factor of 6.25 lower than the actual added amount of Ag
(c0 = 0.5 at. %). This effect has also been observed by Grym [GRYM 1999]. The difference is
too large to only be explained by the approximating nature of the Pfann equation (see chapter
3.2). In addition, any metallic Ag would still have been registered by AAS measurements too

as it is dissolved by strong oxidising acids like aqua regia [JANDER 1995]. For the same reason, the reaction of significant amounts of Ag with PbI2 to form AgxPb1-xI2-x compounds
[BRIGHTWELL 1983] can also be excluded.
It is in fact more probable, that major quantities of Ag (≈ 180 mg) were not dissolved during
synthesis and sank down to the bottom of the synthesis ampoule, since the density of Ag
(ρ = 10.5 g/cm3) is greater than that of molten PbI2 (ρ = 5.6247 g/cm3). During transfer of the
PbI2 into the ZM ampoule the undissolved Ag presumably remained inside the synthesis ampoule. On the other hand, dark metallic spherules (figure 7-3) were found at the bottom of a
segment taken from the middle of ZM ingot #50.
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Fig. 7-3: Metallic inclusions (average diameter approximately 0.1 mm) in PbI2 matrix at the
bottom of ZM ingot #50.

In order to confirm that the “missing” Ag was actually not transferred into the ZM ampoule,
EDX measurements (figure 7-4) were carried out on one of the spherules, which was mechanically separated from the ingot.

Fig. 7-4: Results of EDX measurements (6 kV) at a metallic inclusion from middle part of ZM
ingot #50 (see figure 7-3). (a) SEM picture and measured positions. (b) and (c) Mappings of
Pb and I content. (d) and (e) EDX spectra of spot measurements at two positions.
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The SEM picture (figure 7-4a) shows the drop-shaped inclusion ( ≈ 0.3 mm) with some
lamellar material on the surface. The EDX mappings for Pb and I (figures 7-4b and 7-4c) of
the area within the square in figure 7-4a clearly indicate that the inclusion mainly consists of
Pb, while the lamellae contain large amounts of I. From a series of about 20 measurements at
different positions, figures 7-4d and 7-4e show typical EDX spectra measured at the marked
spots 1 and 2. The EDX measurements confirm that the inclusion (spot 1) is pure lead with
minor amounts of oxygen presumably originating from oxidation in air. The lamellar material
on the surface is PbI2. Both phases also show strong carbon signals, which are most probably
due to the preparation method since the sample was mounted on carbon paste. Similarly, the
low Al and Fe signals likely result from the aluminium holder and pollution caused by the
razor blade used for preparation. Furthermore, both spectra reveal minor amounts of sulphur.
The sulphur peak is doubtful owing to its low intensity and an overlap of the S-Kα peak
(2.3075 keV) with Pb peaks. Ag was only detected inside the PbI2 matrix. Further spot measurements at different positions within PbI2 showed significant variations in the heights of the
Ag peaks indicating local inhomogeneities. Owing to the distinct peaks in figure 7-4e, the
amount of Ag locally appears to exceed 0.1 at. %, which is, according to Reed [REED 1993],
the approximated detection limit of Ag in PbI2. On the other hand, all EDX spectra measured
in the Pb inclusion revealed no Ag peaks at all. This can be expected, since the maximum
solid solubility of Ag in Pb is ≤ 0.01 at. % at room temperature [KARAKAYA 1987], which is
lower than the detection limit.
In summary, these results confirm that metallic Ag was not present in the ZM ampoule and is
therefore likely to have been removed before zone refining. Small amounts of Ag were found
within the PbI2 matrix only. It is therefore concluded, that the maximum solubility of Ag in
PbI2 is reached at c´0 = 0.08(6) at. % determined from the AAS measurements. Similar results
were achieved by Matuchova et al. [MATUCHOVA 2006], who observed no further increase of
the electrical conductivity of PbI2 for Ag concentrations higher than 0.05 at. %. In the same
publication, no further increase of the electrical resistivity was possible after 20 ZM passes of
Ag-containing PbI2. This confirms that the removal of Ag is already very effective after only
31 ZM passes. Within the first half of the ingot the Ag concentration is reduced by at least one
order of magnitude with respect to the calculated initial concentration of c´0 = 0.08(6) at. %.
100 ZM passes [SCHLESINGER 1996] or even up to 200 [LUND 1992], [ZHANG 1992] appear
unnecessary, provided the propagation rate of the molten zone is kept at a similar value of 1030 mm/h.
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7.1.2

Ingot #94

GDMS analyses of the impurity concentrations of a series of other elements were carried out
before and after zone melting by GDMS. The evaluation of these measured element distributions allows further determination of the zone refinement efficiency.
For GDMS measurements, material from synthesis #94 was chosen, and samples were prepared by Matuchova [MATUCHOVA 2011]. Metallic Sn (337 ppm at.) was deliberately added
to this material before synthesis (see also table 4-1). The first sample measured was taken
from the synthesised ingot. After 40 ZM passes, 5 samples (ZM1-5) with an approximate size
of 20 mm × 2 mm × 2 mm were prepared by cutting with a razorblade from equidistant positions of the ingot1. The travelling direction of the zone was from ZM1 to ZM5. The measured
concentration values are summarised in figure 7-5. Note that the concentration unit (ppm at.)
is in this case relative to PbI2.

Fig. 7-5: Impurity concentrations of different elements measured by GDMS method before
(“synth.” = synthesis) and after zone melting at equidistant positions ZM1-5 within zonerefined ingot #94. The white arrow indicates the direction of zone melting. Metallic Sn was
added before direct synthesis with a concentration of 337 ppm at.

1

No sample from the very end of the ingot could be prepared.
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From the GDMS measurements, a trend to segregate towards the end part of the ingot is
clearly visible for most of the elements. In addition, the impurity concentrations of all elements are significantly reduced within the main part of the ingot if compared to the synthesised material. Thus, all elements investigated have distribution coefficients keff < 1, which
agrees with the results of Schlesinger et al. [SCHLESINGER 1996] and Hayashi et al. [HAYASHI
2008b] as listed in chapter 3.2. Moreover, with less than 10 ppm at. all impurity concentrations in the ZM ingot lie below the values measured by these authors. The results also reveal
values of keff < 1 for Si and Sn, which have not been published before. For Si, an absolute
determination of the distribution coefficient and the initial concentration could be carried out
using equations 3-3 - 3-5. The resulting values are keff = 0.73(1) and c0 = 0.8(1) ppm at.
The Sn concentration (19.4 ppm at.) measured in the synthesised ingot is much lower compared to the amount of Sn added (337 ppm at.) to the Pb section or to the determined maximum solubility of Ag (267 ppm at. according to chapter 7.1.1). This is possibly due to inhomogeneous Sn distribution, which is also expressed by the varying colour of synthesised ingots as shown in figure 7-6 for an ampoule of the same kind. The Sn concentration is therefore likely to differ depending on the position from which the sample was taken, while all
other elements can be assumed to have been homogeneously distributed.

Fig. 7-6: Synthesised ampoule showing strong variations in colour due to inhomogeneous Sn
distribution. Initial concentration of Sn: 0.082 at. % relative to Pb content. Left section initially containing I2; right section initially containing Pb and Sn. Ampoule size:
600 mm × 30 mm.

In contrast to the statement of Ponpon et al. [PONPON 2008] that Ag probably is the main residual impurity in PbI2, the GDMS analysis revealed Ag concentrations below the resolution
limit of 0.1 ppm at. for all samples from the ZM ingot and below 0.6 ppm at. for the synthesised material (not shown in figure 7-6). Finally, high concentrations of Ca measured in the
synthesised ingot (334 ppm at.) were reduced by approximately two orders of magnitude after
zone melting.
Similarly to the results of AAS analysis on the distribution of Ag (chapter 7.1.1), the GDMS
measurements confirm that zone refinement after 40 passes efficiently reduces the concentrations of Mn, Ti, Cr, Cu, Tl, Fe, Si, Al, Mg, Sn, and Ca by 1-3 orders of magnitude in at least
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2/3 of the PbI2 ingot. The resulting high purity PbI2 is of excellent quality and suitable for
single crystal growth and detector application.

7.2 Oxidic Impurities
A major aim of this work was to develop a suitable way of processing the high purity material
gained from zone melting for the crystal growth experiments. In order to find a suitable gas,
which counteracts evaporation of PbI2 during BRS growth and, at the same time, improves
crystalline and chemical quality, preliminary tests of melting PbI2 in hydrogen and argon atmospheres were carried out. During the course of these experiments, a beneficial influence on
the reduction of oxidic impurities in PbI2 was observed, which is confirmed by thermal analyses (DTA, DSC, TG) as described in the second part of this section. Derived from these observations, a new approach to the optimised processing of PbI2 prior to crystal growth is presented.

7.2.1

Melt Treatment in Argon and Hydrogen Atmospheres

Similar amounts of PbI2 (3.4 g for H2, 3.7 g for Ar) originating from the same zone-refined
ingot #65 (see tables 4-1 and 4-2) were successively melted at the bottom of a cleaned fused
silica ampoule attached to filling apparatus 2 (figure 4-4b). After evacuation to 3 · 10-5 mbar,
the ampoule was filled with gas to a pressure of 766 mbar (H2) or 764 mbar (Ar). The lower
part of the ampoule was inserted into a tubular resistance furnace, and equal portions of the
ampoule were gently heated (approximately 2 h) twice in each case. After first melting in H2
atmosphere, the ampoule was evacuated and refilled with fresh H2, while in the case of Ar no
gas exchange was carried out. The temperature was measured with a type K thermocouple,
which was attached about 5 mm away from the PbI2 at the outer surface of the ampoule as
shown in figure 7-7. Simultaneously, the pressure inside the ampoule was recorded.
As shown in the top row of figure 7-7, molten PbI2 is black and opaque. The melt properties
and surface shape differ depending on the type of gas present in the ampoule: The contact
angle between melt and ampoule is significantly higher in the case of H2, i. e. the melt does
not wet the ampoule walls as much as in Ar atmosphere.
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Fig. 7-7: PbI2 molten and crystallised in H2 or Ar. Top row: PbI2 melt in fused silica ampoule
with thermocouple. Impurities are visible as dull particles on the melt surface. Middle row:
crystallised ingots in reflected light. Left: top surface. Right: bottom surface. Bottom row:
crystallised ingots in transmitted light with dark impurities.

Different amounts of a pale grey impurity were observed on the melt upper surface: After the
first melting process, the impurities in H2 atmosphere are already less than those in Ar. The
impurities are considerably further reduced after exchanging H2 and remelting. Similarly, the
crystallised PbI2 shows many dark impurities in the case of Ar if examined in transmitted
light (bottom row in figure 7-7). It was found that the impurities preferentially congregated at
some pieces of lint, with which the source material was inadvertently polluted (presumably
during sample preparation on a filter paper beforehand). For this reason, the observed impurities were swimming on the melt surface. Furthermore, the grains are of a larger size (up to cm
range) for the ingot melted in H2 atmosphere, and the ingot is completely self-detaching from
the fused silica after crystallisation. It could easily be removed from the ampoule.
At the bottom surface of the ingot melted in H2 circular dark metallic droplets were observed
(figure 7-8), which were not present in the ingot melted in Ar. The spherules with a diameter
of approximately 20-30 μm are arranged along parallel lines inclined to the (0001) plane, and
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are irregularly distributed in between the lines. Owing to their size >> 1 μm, the spherules can
be attributed to melt inclusions as opposed to precipitates, which usually have diameters in
the nanometre range [RUDOLPH 1995].

Fig. 7-8: Pb spherules at the bottom side of PbI2 ingot melted in H2 atmosphere. The diagonal
lines (top left to bottom right) are cracks running parallel to (0001) plane. The dark red colour is due to digital contrast optimisation.

A powder XRD diagram (figure 7-9) of a sample containing this material revealed that the
inclusions are metallic Pb in a PbI2 matrix. The PbI2 polytype shown in the diffractogram
mainly is 2H. But peak broadening, e. g. at 23° and 25.5°, indicates admixtures of polytypes
with higher stacking periodicity.

Fig. 7-9: Powder XRD diagram of inclusions at bottom side of the PbI2 ingot melted in H2
(see figure 7-7). The detected peaks belong to PbI2 and Pb (red arrows).
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An attempt to identify the dark impurities located at the surface of the ingot melted in Ar
failed. The impurities were investigated by powder XRD, but no other material than PbI2 (2H
with admixtures of higher stacking periodicity as in figure 7-9) could be detected. The impurity concentration might either be below the detection limit, or the impurity is an X-ray amorphous material.
The bottom side of the ingot melted in H2 (middle row in figure 7-7) contains large bubbles
indicating the formation of a volatile component in the melt. Differing properties of the gas
atmospheres were also observed, using the measured p/T values recorded during the separate
melt processes. For low pressures and high temperatures Ar and H2 can be assumed to be
ideal. Thus, Amonton’s law (also known as Gay-Lussac´s law) for isochoric change of state
can be applied, which means that the pressure is directly proportional to the temperature
[EGGERT 1960]. The measured p/T data were linearly fitted and plotted in a p/T diagram accordingly. As shown in figure 7-10 the gradient p(H2) is lower than in the case of (inert) Ar
atmosphere. It is therefore very likely that the volatile component caused a deviation of H2
from its ideal character. This deviation is reduced for the second heating process as the gradient p(H2) approaches p(Ar).

Fig. 7-10: p/T diagram of argon and hydrogen during repeated melting of PbI2. Depicted are
the gradients, which were taken from a linear fit of the measured values.

The experiment and analysis clearly demonstrate the expected effectiveness of oxide removal
by H2 treatment. This is justified for the following reasons: The reduced wetting and the self85
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detachment of the crystallised ingot confirm the chemical reduction of PbO to form metallic
lead and H2O (equation 1-5). According to Nitsch et al. [NITSCH 1993], a low wetting behaviour, i. e. a high wetting angle, indicates a reduced concentration of oxidic impurities, which,
if not removed, cause the formation of silicates due to the contact with the fused silica
[PALOSZ 1997]. This leads to sticking to the ampoule walls as observed for melting in Ar atmosphere. The gas bubbles contained in the H2-molten ingot reveal the formation of H2O vapour, which was removed by evacuation of the ampoule and formed to a significantly lower
extent during second heating in fresh H2. Finally, metallic lead was only found in the case of
H2 treatment. Surprisingly, despite the existence of Pb inclusions the resulting grain size was
larger than in the case of the ingot melted in Ar. Removal of the lead inclusions would for
example be achievable by vibrating the ampoule while the material is still molten. According
to the Pb-PbI2 phase diagram (figure 1-2), lead is nearly immiscible in molten PbI2 and would
concentrate at the bottom of the ampoule owing to its higher density (11.342 g/cm3) as compared to PbI2 (6.16 g/cm3, both values according to [WEAST 1974]).

7.2.2

Thermal Analysis

DTA and DSC/TG measurements were carried out in order to further characterise the influence of the melt treatment in Ar or H2 atmosphere on the resulting material purity. At the
same time, different sample textures and the effect of air contact were also investigated. The
hygroscopic behaviour of PbI2 was evaluated by the results of a TG measurement.

7.2.2.1

DTA

Figure 7-11 shows two DTA ampoules filled with PbI2 (each 0.1 g) from the clean part of an
undoped, zone-refined ingot (synthesis #75, 30 passes), which was stored inside a plastic foil
for several months. Thus, it is very likely that PbI2 is partly oxidised to PbO due to the contact
with air. In order to also investigate the influence of the sample texture on the degree of pollution in contrast to powders, the samples were not ground prior to encapsulation in fused silica
ampoules (length 35 mm, outer  = 6 mm). After evacuation to 1 · 10-4 mbar, the ampoules
were sealed under 5N Ar (sample 1) or 5N H2 (sample 2) at approximately 900 mbar. In both
cases, the material did not melt during ampoule preparation. The samples were then stored in
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darkness and at room temperature for 9 days before the measurements were started. During
storage, a dark, lead-like layer formed at the surface of the sample that was inside the H2filled ampoule.
For the DTA measurements, the ampoules were successively heated from room temperature
to 500°C with a heating rate of 3 K/min. An empty, evacuated ampoule of the same kind
served as reference sample. The ampoule containing PbI2 in H2 atmosphere was subsequently
measured again for heating (sample 2a) and cooling (sample 2b).

(a)

(b)

Fig. 7-11: DTA ampoules filled with PbI2 from zone-refined synthesis #75 (see table 4-1) in
Ar (sample 1) and H2 (sample 2). (a) Directly after sealing the ampoules. (b) 9 days later before measurement (note the darkened sample in the H2-filled ampoule).

In figures 7-12a and 7-12b the resulting DTA curves are depicted. They show distinct features
in different temperature regions:
Low Temperature Region (0 - 375°C)

First, a weak exothermic peak extending from approximately 80°C to 110°C repeatedly appears in all DTA heating curves independent of the gas applied. This peak is more prominent
in the case of Ar (sample 1). Its origin could not be clarified, but discontinuous heat conduction changes and rearrangement of the PbI2 grains due to thermal expansion are conceivable.
This is supported by the fact that irregular signal leaps (exothermic and endothermic) up to
350°C appear only for the heating curves and are reduced in number during second heating
(figure 7-12b). A comparison with the literature is not possible for the lower temperature region because DTA curves are usually published for temperatures > 150°C.
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(a)

(b)

Fig. 7-12: DTA curves of PbI2 samples (synthesis #75, see table 4-1) as shown in figure 7-11.
(a) Heating in Ar or H2 atmosphere (samples 1+2). (b) Repeated heating (sample 2a) and
cooling (sample 2b) of sample 2 in H2 atmosphere.

High Temperature Region (375 - 500°C)

In the high temperature region several peaks appear, which are endothermic for heating and
exothermic for cooling runs. Melting of PbI2 is expected at temperatures near 400°C (see
chapter 1.2). Thus, the strong endothermic peaks above 400°C can be considered as the liquidus temperature. For samples 1 (Ar) and 2 (H2), a liquidus temperature T1 is registered at
407.3°C and 406.7°C, respectively. During second heating in H2 (sample 2a), T1 is measured
at a slightly higher temperature of 408.6°C. When this melt is cooled down again (sample 2b),
T1 is 406.1°C. All onset temperatures were graphically determined from the intersection of
the inflexion tangent with the base line of the peak according to Hemminger et al.
[HEMMINGER 1989] and are summarised in table 7-1. Small errors may arise for the liquidus
temperature of heated samples, as they are usually determined by the onset temperature in the
cooling curve, if no significant supercooling occurs.
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In the temperature region 385-400°C, a small additional peak appears for all measured DTA
curves at T2 (see table 7-1), which varies depending on the type of gas and the process (heating or cooling). For heating in H2 (samples 2 and 2a) the onset temperature is higher than in
the case of Ar (sample 1). If cooled in H2 (sample 2b), the onset is drastically reduced as
compared to heating. The peak is slightly higher in the case of cooling.
This additional peak cannot be caused by the existence of metallic Pb in the system, because
no change of the liquidus temperature was registered by Koonings et al. [KONINGS 1995] in
the PbI2-Pb phase diagram up to a Pb content of at least 80 mol % (see figure 1-2).

Tab. 7-1: Onset temperatures of the DTA peaks recorded (see figure 7-12) after heating and
cooling two PbI2 samples in Ar and H2 atmosphere.

sample

process

T1 [°C] melting/cryst.

T2 [°C] additional peak

1

heating in Ar

407.3 (endoth.)

391.3 (endoth.)

2

heating in H2 (1)

406.7 (endoth.)

395.4 (endoth.)

2a

heating in H2 (2)

408.6 (endoth.)

397.9 (endoth.)

2b

cooling in H2 (2)

406.1 (exoth.)

385.0 (exoth.)

7.2.2.2

DSC and TG

Since PbI2 is claimed by Rodová et al. [RODOVÁ 1997] to be hygroscopic, but no evidence of
this was found during the present experiments, a TG measurement was carried out to evaluate
this statement. Simultaneously, the apparatus allowed recording of the DSC signal.
PbI2 from the same source as for the DTA experiments (see chapter 7.2.2.1) was ground in an
agate mortar and kept in air for 9 days at room temperature. Directly before the actual measurement, a calibration run was carried out using an empty alumina crucible with a loose cover
of the same material and an open Pt crucible filled with 15.5 mg Al2O3 as reference. Then,
17.1 mg of the PbI2 powder were placed into the alumina crucible and heated (sample 3a)
together with the reference at a rate of 10 K/min. An Ar flow of 15 ml/min was applied. Cooling (sample 3b) at -10 K/min directly followed after heating and a short temperature plateau at
500°C. The temperature programme and the DSC and TG curves are presented in figure 7-13.
All onset temperatures were determined as explained in chapter 7.2.2.1.
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Fig. 7-13: TG (green) and DSC curves (blue) of sample 3 (PbI2 from synthesis #75, see table
4-1). Dotted line (red): temperature programme with a heating (cooling) rate of 10 (10) K/min.

TG Curve

As can be seen from the TG curve, the sample weight remains constant up to approximately
450°C (0.16 % maximum signal variation, graphically determined). No evidence for evaporation of residual H2O is detected within this range. Significant weight loss sets in after complete melting at approximately 468°C and has a total value of -1.52 % until the material solidifies again (table 7-2). In the constant temperature region (500°C) the rate of evaporation is
approximately 0.1 % min-1. In the course of the experiment, a bright yellow condensation was
observed inside the exhaust tube.
DSC Curve

From the strong peaks of the DSC curve, the temperatures T1 of the onset of liquidus during
melting and crystallisation of PbI2 were determined to be 405.4°C and 402.8°C, respectively
(table 7-2). The melting temperature appears 1.9 K lower as in the case of melting in Ar during DTA measurement. Additional peaks also occur in the DSC curve but are less pronounced
than in the case of DTA. Again, the cooling peak is slightly higher. The onset temperatures T2
of these peaks are determined to be 367.3°C for heating and 354.8°C for cooling, respectively.
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Tab. 7-2: Onset temperatures of the DSC peaks recorded (see figure 7-13) as well as the beginning of PbI2 evaporation and its relative weight loss after approximately 24 min in the
molten state.

sample

process

T1 [°C]
melting/cryst.

T2 [°C]
additional peak

Tonset [°C]
evaporation

Δm [%]

3a

heating

405.4 (endoth.)

367.3 (endoth.)

468.2

-1.52

3b

cooling

402.8 (exoth.)

354.8 (exoth.)

-

-

7.2.3

Impact of Thermal Analysis on Material Processing

The melting experiments described in chapter 7.2.1 already indicate the effective removal of
oxides by H2 treatment. But the results of thermal analysis presented above also allow conclusions to be drawn on the avoidance of PbO pollution during material processing before the
PbI2 source material is used for crystal growth. This becomes evident when the DTA and
DSC curves are analysed in detail with respect to the PbI2-PbO phase system:
The measured DTA and DSC curves consistently show the existence of a small peak in the
temperature range between 350°C and the onset temperature of PbI2 melting (tables 7-1 and
7-2). This thermal effect is subject to ongoing scientific discussion. It was first described by

Sumarokova et al. [SUMAROKOVA 1956], who also found an additional temperature effect at
372°C in their experiments of heating powdered PbI2, which melted at 403°C. The temperature effect was interpreted as the transition temperature of a solid-solid polytype transformation in high purity material. Erler [ERLER 1992] also detected an additional peak at 372°C
during cooling experiments with chemically untreated material (crystallisation of the melt set
in at 395°C). The additional peak was interpreted by Eckstein et al. [ECKSTEIN 1992a] as
solid-solid polytype transformation, too. Rodová et al. [RODOVÁ 1997] oppose this theory and
attribute the thermal effect to an eutectic temperature plateau due to sample pollution with
oxidic impurities originating from contact with air moisture. Their experiments with dried,
high purity material and PbI2 deliberately mixed with PbO showed the existence of the additional DTA peak to be dependent on the PbO content. The results of Rodová et al. confirm the
PbI2-PbO phase diagrams of Klooster et al. [KLOOSTER 1935] (see figure 1-3) as well as of
Rolls et al. [ROLLS 1984], who both assume that PbO is completely immiscible with PbI2 in
the solid state.
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These phase diagrams are in conflict with the significantly varying onset temperatures (362.3397.7°C) of the additional peak measured during the present DTA and DSC experiments (see
tables 7-1 and 7-2). If the eutectic line exists up to 100 % PbI2, the onset of the additional
peak has to appear at constant temperature TE always. It is therefore rather likely, that the
varying onset temperatures measured in this work are in fact solidus temperatures on the PbI2rich side of the PbI2-PbO system. This would mean the system contains a solid phase α, which
shows partial miscibility of PbO in PbI2 forming a compound PbI2-xOy. How can the discrepancy between the measurements of the present study and literature values be explained?
As described by Boettinger et al. [BOETTINGER 2006], different DTA curves will result from
melting/solidifying a mixture in each of the following cases: The solid phase either exhibits
spatial gradients of composition (Scheil-Gulliver approach), i. e. the system is in chemical
disequilibrium and no diffusion occurs in the solid, or it is characterised by a uniform distribution of its components (full equilibrium condition). The two cases are exemplified in figure
7-14 for a hypothetical binary phase diagram with partial miscibility in the solid phase (α).

The resulting enthalpy, enthalpy/temperature, and DTA curves are also given. Let the denoted
composition be the amount of an impurity in the binary system. If a mixture containing a low
impurity concentration is heated (figure 7-14a-d, left column), the enthalpy curve shows an
isothermal jump at TE for the Scheil-Gulliver case (red) corresponding to the eutectic. A discrete rise in the dHS/dTS curve is observed, which results in a measurable DTA response (here
at 1530 K). This peak is not recorded by DTA, if the system follows equilibrium condition
(blue). In this case, the first peak is measured when the solidus temperature TS is reached. The
solidus peak is due to an increase in the rate of change of enthalpy with respect to temperature
(here at 1630 K) and is more pronounced for low heating rates. In both cases, the liquidus
temperature TL is seen in the DTA curve. If the impurity concentration is increased, the peaks
at TE (Scheil-Gulliver) and TS (equilibrium) approach each other. For an impurity concentration, which is higher than the saturation concentration in the solid phase (figure 7-14a-d, right
column), the enthalpy curves of both cases (Scheil-Gulliver and equilibrium) have the same
isothermal rise corresponding to eutectic melting, i. e. the solidus is the eutectic temperature.
It can thus be concluded that the system remains in chemical equilibrium throughout, because
the additional peak appears at varying onset temperatures and no constant-temperature eutectic peak was found in the DTA curves. A sufficient degree of diffusion in the solid state can
truly be expected since in the case of DTA experiments a relatively low heating rate of
3 K/min was applied, and the additional DTA peaks are in fact more pronounced as compared
to the DSC measurement with a heating/cooling rate of 10 K/min.
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(a)

(b)

(c)

(d)

Fig. 7-14: Correlation of the heating of an alloy in two different concentration regions (left
and right column) in a hypothetical binary phase system with partial miscibility of the solid
phase according to Boettinger et al. [BOETTINGER 2006]. (a) Phase diagram. (b) Enthalpy
during cooling along dotted line in the phase diagram. (c) dHS/dTS diagram. (d) Resulting
DTA response (computed). Red: Scheil-Gulliver approach. Blue: equilibrium approach.

Still it has to be noted, that an additional peak can only appear at the solidus temperature, if
the system is in thermal disequilibrium. I. e., the last-to-freeze melt (rich in PbO) must have
been supercooled and crystallised under sudden release of latent heat. Indeed, the observed
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cooling peaks are slightly higher for both DTA and DSC measurements. In addition, PbO
(P4/nmm) and PbI2 (P3̄m1 or R3̄m) show no structural relationship, which would reduce the
probability of supercooling. Nevertheless, further investigations have to be carried out for
samples of a known composition and with different heating/cooling rates to prove this.
Finally, the results of thermal analysis are contrary to a solid-solid polytype transformation:
The onset temperatures of the additional peak are varying and lie far above 260°C, the maximum temperature at which phase transformation 2H ↔ 12R of low and high temperature
polytypes was observed (see chapter 1.1).
Taking these considerations into account, the additional temperature effect described by the
authors mentioned above has either: been misinterpreted as the onset of eutectic rather than
solidus temperature above the phase region α; or, refers to melting of samples which are polluted by PbO to a degree higher than the maximum amount dissolvable in solid phase α. The
additional peak would then remain constant at eutectic temperature. The published data were
therefore re-evaluated, which is reliably possible only for the results of Rodová et al.
[RODOVÁ 1997] since all other authors do not present the original DTA heating curves. Table
7-3 summarises the onset temperatures of Rodová et al. in comparison with our own meas-

urements. The table also includes the sample properties to allow relative estimates of the
amount and sources of oxide pollution.

Tab. 7-3: Solidus and liquidus temperatures (only heating runs) and sample properties of
Radová et al. [RODOVÁ 1997] andour own measurements.

reference sample

TS [°C]

TL [°C]

sample properties

Radová

I2

393

407

grains*, ZM ingot, no contact with air

Radová

I4

367

394

grains*, ZM ingot, 0.93 wt. % PbO added

Radová

I3

367

386

powder, commercial material

Radová

I1

365

373

powder, from aqueous solution, dried

own

2a

397.9

408.6

massive, reused from sample 2, H2, 2nd run

own

2

395.4

406.7

grains, in air for several months, H2, 1st run

own

1

391.3

407.3

grains, in air for several months, Ar

own

3a

367.3

405.4

powder, 9 days in air before DSC, Ar flow

* Assumption, since the samples were prepared from ZM ingot.
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It has to be noted, that, in contrast to the analysis of Rodová et al., the DTA curve of their
sample I2 is likely to also contain an additional peak as shown in figure 7-15.

additional
peak

Fig. 7-15: The DTA curve of sample I2 published in [RODOVÁ 1997] is likely to show an additional peak with an onset temperature at approximately 393°C.

Finally, the onset temperatures of table 7-3 can be transferred into the PbI2-rich part of the
PbI2-PbO phase diagram (figure 7-16), which is, in contrast to the ones published by Klooster
et al. [KLOOSTER 1935] (see figure 1-3) and Rolls et al. [ROLLS 1984], amended by an existence range of solid phase α with partial miscibility. The ordering of onset values in the diagram has been chosen with respect to the solidus/eutectic temperatures, because they can be
considered to have been determined with acceptable precision of approximately ±1 K. The
eutectic temperature of TE = 367°C is therefore determined by taking the mean value of samples 3a, I4, I3, and I1. The liquidus temperature is likely to contain larger errors, since it usually has to be derived from cooling curves (see figure 7-14). But owing to the expected supercooling of PbI2 melts, the determined TL from heating runs are preferred. Thus, melting at
Tm = 409°C for 100 % pure PbI2 can only be an approximation, but still matches the values
published.
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Fig. 7-16: Approximation of the onset temperatures given in table 7-3 for the PbI2-PbO phase
diagram (PbI2-rich side). Blank circles: values published by Rodová et al. [RODOVÁ 1997].

According to this phase diagram, it is now possible to estimate the amount of PbO contained
in the samples and, together with table 7-3, derive valuable information on the optimum processing of PbI2 in order to achieve high purity source material:
High PbO concentrations result from samples which were in contact with ambient air before
melting (sample 1). The amount of PbO appears drastically increased if the samples were
powdered (samples 3a, I3, I1). This can readily be explained by the significant increase in the
surface area / volume ratio of the sample, leading to increased oxidation in air according to
equation 1-4. The sample texture seems to play a more important role than the duration of air
contact: Sample 1 (grains in mm size) was stored in air for several months. When the same
material (sample 3a) is powdered and exposed to air again for nine days, the solidus temperature TS is reduced by -24 K implying an increased proportion of PbO.
The lowest PbO concentrations were achieved for samples 2 and 2a, which were heated in H2
atmosphere. Like sample 1 (heated in Ar), sample 2 consisted of grains of mm size; both were
stored in air for some months before measurement. But the higher solidus and liquidus temperatures of sample 2 argue for an effective purification by H2 with respect to the PbO content. Finally, the material quality could further be improved when the melting process in H2
was repeated (without exchanging the gas). This confirms the estimate made by Palosz
[PALOSZ 1997], that even a relatively small amount of H2 is able to effectively reduce the PbO
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content. The duration of H2 treatment appears to be the governing parameter. If, for sample
2a, which is closest to pure PbI2, the solidus and liquidus lines are approximated to be linear
between Tm and the onset temperatures TS and TL, the van’t Hoff equation [HEMMINGER
1989] can be used to approximate the molar portion xn of PbO contained in the material:

x n   Tm  TL 

f H
R m  Tm2

(eq. 7-1)

with Tm = 682.2 K (409°C) the (approximate) melting temperature of 100 % pure PbI2,
TL = 681.8 K (408.6°C) the liquidus temperature of the polluted material, ΔfH = 23.4 kJ/mol
[LIDE 2010] the enthalpy of fusion, and Rm the molar gas constant. The resulting impurity
concentration is 0.2 mol %. The liquidus temperature of 408.6°C of this sample is the highest
one published. The values presented in the 1930s by Germann et al. [GERMANN 1931] and
Klooster et al. [KLOOSTER 1935], who each measured 412°C as maximum temperature, are
doubtful because of the accuracy possible at that time (Klooster et al. assume ±10 K). In addition, no measured curves are presented to compare the results.
Summarising the results of thermal analysis it can be concluded, that the degree of PbI2 oxidation is strongly dependent on material processing. In order to achieve the maximum purity
possible for crystal growth, any contact of PbI2 with oxygen from ambient air has to be excluded. Fragmentation, in particular powdering, of PbI2 promotes oxidation and therefore has
to be avoided. A melt treatment in H2 atmosphere can remove significant amounts of PbO
from the source material. As can be seen from the formation of a dark metallic layer on PbI2
stored in H2, reduction of PbO is already starting at room temperature. The purification effect
appears to depend mainly on the duration of the treatment, since repeated annealing reduces
the amount of PbO even without exchanging the gas. Finally, the results of thermal analysis
argue against hygroscopic behaviour of PbI2: No evidence for vaporisation of residual water
was observed during TG analysis. This is corroborated by the low solubility of PbI2 in water
(see chapter 1.2.4). The dependence of an additional thermal effect in the DTA recordings on
contact with air moisture quoted by Rodová et al. [RODOVÁ 1997] can likewise be explained
by oxidation of PbI2 in air.
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8 Results of Single Crystal Growth
The results of Bridgman-Stockbarger (BRS) and Czochralski (Cz) growth experiments will be
presented in this section in order to allow a qualitative comparison of the methods. On the one
hand, the control of crystal quality and orientation are important aims of the present investigations. On the other hand, the newly-applied Cz growth of PbI2 will be introduced, together
with the determination of the design and operating parameters of its apparatus. Concluding
this chapter, a structural comparison between BRS- and Cz-grown crystals will be given.

8.1 Bridgman-Stockbarger Growth
20 ampoules were processed in the BRS apparatus (see table 4-6). Besides presenting some
general observations made during crystal growth experiments, a few examples will be described in detail, which reflect the most important findings of the investigations at hand.

8.1.1

Macroscopic Features of Bridgman-Stockbarger Crystals

First of all, typical macroscopic features of the BRS crystals will be pointed out, which can be
determined directly after growth. This investigation is possible by eye or binocular microscope and, as will be shown for three examples, allows a quick estimation of the crystal quality. Illustrations of all processed ampoules can be found in the overview of appendix K .
Colour

At room temperature, the grown crystals of PbI2 appeared in two different types of colours
(figure 8-1): While pure PbI2 (e. g. F12) was intensively orange, Sn-doped crystals like F14
appeared dark red (see chapter 8.2.2 for details). As can be seen for the ampoules (a) before
and (b) after BRS growth, the material is darker in colour the more polycrystalline it is.
Sublimation of PbI2

During ampoule sealing with oxyhydrogen flame, minor amounts of PbI2 vaporised and re98
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sublimated as a thin film above the polycrystalline ingot in the upper part of the ampoules
(figure 8-1a). After growth, the amount of PbI2 from these films was reduced (figure 8-1b).
Most of the ampoules did not contain any resublimated PbI2 after crystal growth. Thus, applying a pressure of about 900 mbar before sealing (during growth: 2-3 bar at 450°C) effectively
prevented evaporation of PbI2.

Fig. 8-1: Typical colours of PbI2 (F12) and PbI2:Sn (F14) for ampoules (a) before and (b)
after growth experiment in reflected light. Note the reduced amount of PbI2 films above the
grown crystals.

Crystallinity and Transparency

These features were judged by comparing the number and arrangement of cracks inside the
bulk of the crystal. Since cracks appear parallel to the (0001) cleavage plane, the resulting
crystal orientation and tilt between grains can be estimated with the unaided eye. In general,
the BRS-grown crystals are characterised by numerous cracks. Therefore, the resulting crystallinity and transparency appears relatively low.
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Bubbles

As described for the melting experiments (chapter 7.2.1), bubbles are regularly found at the
contact area of the ingot to the ampoule walls, when the melt is treated with H2. This is not the
case in Ar atmosphere. The bubbles initially seem to be formed during ampoule preparation
and remain there even after remelting in the BRS furnace as can be seen from growth experiment F15: The material was melted in H2 during ampoule preparation (see table 4-5). Numerous bubbles formed in this process, which were preserved after crystallising the material and
transferring the ampoule to the growth furnace. The number of bubbles remained unaltered
after the crystal growth process, which was carried out in Ar atmosphere, i. e. the formation of
new bubbles can be excluded. Thus, in order to effectively reduce the number of bubbles
formed during H2 treatment and hence avoid structural disturbances of the crystals, it appears
reasonable for future BRS growth experiments to briefly vibrate the ampoule while PbI2 is
still in the molten state. By this method, the bubbles could ascend to the melt surface, where
they are liberated into the surrounding gas atmosphere.
Impurities

Dark grey to black impurities were observed between ingot and ampoule walls especially for
crystal F15 (figure 8-2), while all other crystals were nearly free of these impurities. During
the first ampoule preparation step in Ar atmosphere (table 4-5), the same kind of impurities
already appeared in this material. These were reduced by repeating the treatment in H2, but
could not be removed completely. Analysis of the composition of these impurities, e. g. by
powder XRD, has not yet been successful.
Lead Inclusions

In six of the crystals (F06, F11, F12, F13, F14, F15), metallic droplets were observed in particular at the ampoule walls in the upper part of the crystals (especially in crystal F15, figure
8-2). Owing to its similarity to the material described in chapter 7.2.1 – a vigorous metallic

lustre and a size of 20-30 μm – the droplets can also be assumed to be inclusions of a pure
lead melt. The origin of excessive lead could not definitely be identified, but a correlation to
material processing and the duration of melt treatment in H2 is assumed, as pointed out in
chapter 7.2.1. The inclusions are arranged in two different ways: as several millimetre long
pipes or in the form of chains of isolated droplets. Both types are elongated parallel to the
growth direction. Since lead is nearly insoluble in solid PbI2 (see phase diagram 1-2), and the
pipes sometimes are only partly filled (figure 8-2a+b), the liquid Pb (Tm = 327.9°C) is be100
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lieved to be pushed upwards by the solidifying PbI2 crystal, or it is included into the PbI2 ingot as small droplets (figure 8-2b). As can be seen in figure 8-2c, some pipes initiate at the
inner part of the crystal. At least temporarily, the phase boundary therefore must have had a
convex shape (seen from the melt) displacing the liquid Pb towards the ampoule walls. In
some cases, e. g. crystal F12, the inclusions were also observed randomly distributed at the
bottom face of the crystals, where they were entrapped when the supercooled melt suddenly
crystallised.

Fig. 8-2: Impurities and metallic lead inclusions in crystal F15 in the reflected light of a binocular microscope.

Shape of Terminating Face

As explained in chapter 3.3.1, a convex phase boundary, as seen from the melt, is desired during BRS growth. Owing to the metal housing of the furnace, an in-situ observation of the
phase boundary shape was impossible. An analysis of the terminating crystal face was therefore carried out after the growth experiments to estimate the success of temperature control
(figure 8-3).
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Fig. 8-3: Shapes of terminating faces for a series of some BRS crystal (schematic, original
scale). Except for F02, all crystals were grown in optimised BRS setup 2 (see table 4-6).

The face shapes shown were derived qualitatively from a series of BRS crystals. For furnace
setup 1, a strong convex shape resulted (F02) because of a reduced isotherm value θ ≈ 0.7-0.8
(see chapter 4.3.3 and equation 3-6). After optimisation of the furnace (setup 2), the terminating face was nearly flat for all growth experiments, but alternated between concave and convex shape, which is owing to a reduced isothermal θ close to 0.5. No influence of varying
rotation and translation rates within the range applied (see table 4-6) could be observed.
As an example of estimating the crystal quality directly after growth, crystals F10, F12, and
F15 were judged by the macroscopic features listed above. The determination of these characteristics is easily possible in transmitted light without opening the ampoules, even though it
was sometimes more difficult for crystals like F10, which were grown in double-walled ampoules of type 6 (see chapter 4.3.1). In these experiments, some PbI2 melt had partially ascended in the gap between inner and outer ampoule.
When comparing the photographs of the crystals shown in figure 8-4, significant differences
in crystallinity and transparency immediately become obvious. While crystal F12 contains
comparably few cracks, which all run parallel to each other, the total number and apparent
orientations increase for F10 and F15, making these crystals more polycrystalline and less
transparent. The re-melting of the first crystallised portion of crystal F15 by reversing the furnace movement and continuing growth after an annealing time of 3 days (see chapter 4.3.4)
therefore had no significant influence on the crystal quality. One crack at the top of crystal
F10 even opened up after crystallisation to form a gap approximately 0.5 mm wide (for further investigations of cracking and orientations see chapters 8.1.3 and 8.1.6). While crystal
F12 contained just a few bubbles in the upper part (top left corner in figure 8-4), crystal F10
showed large bubbles along the whole surface. Crystal F15 contained the most bubbles and
the greatest amount of impurities as described above. In addition, a grey rim of impurities
(approximately 0.5 cm high) formed on the inner ampoule wall directly above this crystal (top
right in figure 8-4). As shown in figure 8-2, crystal F15 contained numerous Pb inclusions.
However, no general correlation between the presence of Pb inclusions and the crystallinity
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can be observed at the macroscopic scale, as becomes evident at the top part of crystal F12,
where numerous chains of Pb inclusions were observed, too. Crystal F10 was completely free
of inclusions.

Fig. 8-4: Overview of Bridgman-Stockbarger crystals F10, F12, and F15 inside the ampoules
in transmitted light (ordered by decreasing macroscopic quality from left to right).

By evaluating these macroscopic features as shown in table 8-1, a classification of the crystals
with respect to their quality can be carried out.

Tab. 8-1: Macroscopic features of BRS crystals F10, F12, and F15. The colour signature
reflects the classification of high (green), average (yellow), and poor (red) crystal quality.

ampoule

crystallinity

transparency

bubbles

impurities

Pb inclusions

F12

high

high

few

few

many

F10

medium

medium

medium

few

none

F15

low

low

many

many

many
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8.1.2

PbO Pollution

As will be shown in this section, the differences in crystal quality can be predicted by investigating the temperature recordings during crystal growth. Moreover, correlating the results
with the individual ampoule preparation steps allows valuable information about the optimum
pre-processing of PbI2 to be derived.
As shown in chapter 7.2.3, measuring the onset of solidus (TS) and liquidus (TL) temperatures
and comparing them to the amended PbI2-PbO phase diagram (figure 7-16) allows an estimate
of the PbI2 purity with respect to PbO pollution. In order to demonstrate that TS and TL can
also be recorded during BRS crystallisation, ampoule F16/2 was reprocessed after first crystallisation (F16/1) as described in chapter 4.3.4. Contrary to the usually applied BRS process,
in this case the complete PbI2 ingot (40.10 g) was crystallised in an Ar filled ampoule at a
fixed position within the constant temperature region of zone 1. The goal of this procedure
was to allow a sudden release of latent heat by slowly lowering the temperature of the furnace
at similar rates at the bottom (T4) and top (T7) part of the ingot. Figure 8-5 shows the resulting temperatures T4 and T7 during crystallisation of the homogenised melt. The furnace was
cooled at the lowest possible rate (-0.1 K/min) in order to approach equilibrium conditions
and increase the probability of detecting TS. The resulting cooling rates measured at T4 and
T7 were even lower: -0.086 K/min before (left half of figure 8-5) and -0.001 K/min after the
controlling thermocouples reached the set-point temperature (right half of figure 8-5). Owing
to its thermal mass, the ampoule continues to cool slightly until it reaches a steady state. A
constant offset between T4 and T7 of, at most, 1.6 K due to a slight axial temperature gradient
and variations in the radial thermocouple positions. Because of the displacement of the thermocouples with respect to the PbI2 melt and the fused silica wall in between, T4 and T7 may
differ from the corresponding temperatures in the melt by approximately ± 3 K; however the
difference, T7 - T4, is thought to reflect the temperature gradient in the melt accurately.
The traversals of both liquidus and solidus temperatures are each registered simultaneously at
both thermocouples: Crystallisation sets in at TL(4) = 408.5°C with a sudden temperature increase of 0.8-0.9 K due to constitutional supercooling of the melt. The crystallisation process
can be observed for ≈ 100 min until the remaining melt volume is too low to release a measurable quantity of latent heat. At TS(4) = 394.2°C, the solidus temperature is reached, and a
small signal is recorded with a peak height of 0.4 and 1.3 K for T4 and T7, respectively. The
sudden increase of temperature reflects constitutional supercooling of the last-to-freeze melt
and thus supports the assumption of thermal disequilibrium conditions (see chapter 7.2.3).
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Fig. 8-5: Recorded temperatures of thermocouples T4 (lower curve) and T7 (upper curve)
attached to ampoule F16/2 during cooling of the molten PbI2 ingot in the constant temperature region of zone 1 (setup 2 in figure 4-7). The onsets of liquidus and solidus are clearly
visible.

If the difference between TL(4) and TS(4) of 14.3 K is compared to the amended PbI2-PbO
phase diagram (figure 7-16), it can be inferred that the amount of PbO pollution of this material (F16/2) is comparable to samples I2 and 1 and matches the pre-treatment of these samples
(table 7-3): the ZM ingot used for F16/2 (1 compact piece, 6-7 cm3) had contact to air (worse
than sample I2), but was treated with H2 during ampoule preparation (better than sample 1).
The same temperature effects were also recorded during actual growth experiments F10, F12,
and F15 as shown in figure 8-6. The respective onset temperatures determined from the temperature curves are presented in table 8-2.

Tab. 8-2: Onset temperatures of liquidus (TL) and solidus (TS) measured with thermocouple
T4 during growth experiments F10, F12, and F15. Rc is the cooling rate during the event.

ampoule

TL [°C]

Rc(L) [K/min]

TS [°C]

Rc(S) [K/min]

TS - TL [K]

F12

401.6

-0.036

390.7

-0.014

-10.9

F10

410.0

-0.028

386.1

-0.009

-14.1

F15

404.6

-0.003

384.6

-0.006

-20.0
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The liquidus and, after lowering the ampoule towards the cooler temperature region, solidus
temperatures were most evident for thermocouple T4, which was positioned close to the area
of initial crystallisation at the bottom part of each ampoule. The individual onset temperatures
of the peaks are normalised to the liquidus of each ampoule, since the absolute temperature
values are assumed to contain a significant deviation from the real temperature inside the ampoule. In addition, all peak onset times are normalised to t = 0 min in order to allow comparison of the duration of each event.

Fig. 8-6: Temperature curves of thermocouple T4 recorded at the bottom part of growth ampoules F10, F12, and F15. Depicted are the normalised differences ΔT4 between liquidus (top
graph) and solidus temperatures.

All liquidus peaks (top graph in figure 8-6) show a sudden temperature increase of 0.4-0.6 K,
which, by comparison with F16/2 (figure 8-5), also expresses constitutional supercooling of
the PbI2 melt. The translation rates υd of the furnace (table 4-6) and thus the resulting cooling
rates Rc (table 8-2) do not significantly influence the degree of constitutional supercooling at
the liquidus, because the peak heights are similar even for F15, which was cooled at a rate one
order of magnitude lower than F10 and F12.
On further lowering the ampoule towards cooler temperatures, the onset of solidus appears at
increasing differences ΔT4 = TS - TL relative to the liquidus temperatures. These ΔT4 values
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can now be utilised to estimate the degree of PbO pollution by relating them to the amended
PbI2-PbO phase diagram presented in figure 7-16. As shown in figure 8-7, the PbO concentration of the crystals is increasing in the order c(F12) < c(F10) < c(F15).
This is supported by comparing the areas of the solidus peaks. As described by Hemminger et
al. [HEMMINGER 1989], the peak area does not depend on the cooling rate1. Instead, it is directly proportional to the released latent heat of crystallisation Lf. Since crystallisation sets in
when a critical impurity concentration of the supercooled melt is reached, the volume of the
last-to-freeze melt, and therefore the latent heat released, is greater for a higher PbO content
in the system. Thus, also from the peak areas an increasing PbO pollution and hence a decreasing crystal quality can be derived: quality(F12) > quality(F10) > quality(F15).

Fig. 8-7: PbI2-PbO phase diagram with liquidus and solidus onset temperatures measured
during growth of crystals F10, F12, and F15.

What are possible reasons for the different quality of crystals F10, F12, and F15? As shown
for DTA and DSC samples (chapter 7.2.3), material processing after zone refinement plays a
key role in achieving high-quality material. During ampoule preparation (table 8-3), different
behaviours of the material were observed: The PbI2 melt, which was directly treated in H2
(F10, F12), was characterised by lower ampoule wetting and improved detachment from the
fused silica. The opposite was the case for material melted in Ar atmosphere (F15). The second melt treatment of F15 in H2 for 25 min led to improved material properties (reduced
1

This does not account for the enthalpy.
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amount of dark impurities, lower wetting, easier detaching), but was not sufficient to reach the
same quality as F10 or F12. The significantly higher quality of crystal F12, even though it
was treated much more briefly (11 min) in H2 during ampoule preparation than F10 (52 min),
can further be explained by a lower degree of fragmentation (10-20 pieces ≥ 1 cm3), which
leads to reduced oxidation in air. Another, possibly much more decisive difference, is the
processing prior to ampoule preparation: These materials were taken from the remains of Cz
growth experiments, during which the PbI2 melt was flushed for 9 h each in streaming H2
(F12, FCZ05)1 or Ar (F10, FCZ04). Thus, an effective reduction of PbO was achieved in the
case of F12, before the compact material was used for ampoule preparation.

Tab. 8-3: Process steps during ampoule preparation of experiments F10, F12, and F15,
which influence the resulting crystal quality.

number of
pieces

size
[cm3]

melt treatment
gas
t [min]

wetting

detachment

F12*

10-20

≥1

H2

11

low

good

F10**

> 100

≤1

H2

52

medium

good

F15

> 100

≤1

a) Ar
b) H2

17
25

high
medium

poor
medium

ampoule

* Taken from FCZ05 (melted in H2 for 9 h). ** Taken from FCZ04 (melted in Ar for 9 h).

From the investigations presented in this section, the following conclusions can be drawn:
The crystal quality is sensitive to source material processing. It is higher, the less fragmented
the sample has been in air before crystal growth, and the greater the duration of melt treatment
in H2 as, in both cases, the amount of PbO is reduced. The degree of PbO pollution is reflected by the temperature recording during BRS growth experiments. The determination of
liquidus and solidus temperatures allows evaluation of the success of material processing. The
smaller the difference TL - TS, the lower is the amount of PbO and the higher is the resulting
crystal quality.

1

The material for Czochralski experiment FCZ05 was afterwards reused for FCZ06 (Ar) atmosphere (table 4-7).
But no manipulation of the growth material was applied in between. Thus, a further oxidation of PbI2 can be
neglected before transferring it into ampoule F12.
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8.1.3

Crack Formation

A typical feature of PbI2 crystals grown by the BRS method is the formation of cracks during
cooling of the ingot. This could not be prevented in any instance of the BRS growth experiments, even though cooling rates as low as 0.09-0.22 K/min (see appendix J) were applied.
The conditions which led to cracking of BRS-grown PbI2, have not been investigated so far.
In order to contribute to a deeper understanding of crack formation in PbI2, temperature recordings during BRS growth experiment F12 were analysed and related to the cracks found in
the crystal (see figure 8-4). This crystal was well suited for analysis because of a relatively
low number of cracks (approximately 20 cracks along the 6.45 cm long crystal). Therefore,
crack formation could be studied with a low probability of overlapping events.
Figure 8-8 shows details of the temperature curves recorded simultaneously during crystal
growth at four different positions T4, T6, T7, and T5 (from bottom to top) in the vicinity of
the outer ampoule wall. Two deviations from cooling curve (rates Rc < 0.03 K/min) appear
time-delayed at all four thermocouples (for T5 only the first is shown). The onset of these
signals (: first, : second) was defined as the moment immediately followed by two consecutive increases in measured temperature (measuring interval 10s). Each of the two signals is
first registered at T6 (green) as positive temperature deviations. The same two-stage signals
are consecutively observed at T4 (blue, endothermic), T7 (orange, positive), and T5 (red,
positive). The last of these, of which only the first stage is shown in figure 8-8 (red), appears
significantly later and is less pronounced.
Owing to the similarity of the temperature signals, it appears reasonable to attribute these to
the same two events, which caused abrupt changes in the heat fluxes. The sources of these
events can be localised by the delay time and therefore must have been close to thermocouple
T6. From the different directions of temperature changes it can be concluded that the thermal
conductivity within the crystal was suddenly reduced between T4 and T6. This can only be
explained by instantaneous formation of cracks in the crystallised lower part of the ingot (the
temperatures measured at the three lower thermocouples lie beneath the liquidus temperature
TL = 401.6 K; see table 8-2). These two events were in fact two stages of the same crack (1
and 2, right in figure 8-8) since only one single crack completely divides the crystal into two
separate parts between T4 and T6 (bottom part in figure 8-4, left).
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Fig. 8-8: Left: Detail of the temperature curves of growth experiment F12 during first (1, )
and second (2, ) step of crack formation (second step is not imaged for T5). Note the different temperature scaling for T4-7. Right: Schematic cross section of ampoule F12 during crystallisation with positions of thermocouples and propagating crack.

The crack is a region of lower thermal conductivity and acts as a barrier for the downwardsdirected heat flow driven by the axial thermal gradient within the crystallised PbI2. If the heat
transported axially along the ampoule wall is neglected (this is reasonable because of the low
cross-sectional area as compared to the crack plane), the heat is suddenly accumulated in the
region above the crack – the temperature measured at T6 increases. To the same extent, heat
continues to be extracted from the region below the crack towards the lower, i. e. cooler part
of the ampoule without being replaced at the same rate from above – temperature T4 therefore
decreases. The temperature signals at greater distances from the crack, i. e. at T7 and T5, are
characterised by a later, and less distinct, onset owing to the (low) thermal diffusivity a' of
PbI2. A new steady state is achieved again after approximately 30 min, when the discontinuities in the axial temperature profile are compensated.
One reason for the appearance of cracking is nonuniform sticking of the crystal to the fused
silica due to oxidic impurities [NITSCH 1993]. During cool down and contraction, the stress
caused is released by instantaneous crack formation. Thus, as shown in the previous sections,
the number of cracks is reduced for crystals like F12 containing a low amount of PbO. An
aggravating factor is the existence of temperature gradients within the crystal causing additional thermal stress. For crystal F12, an axial gradient T of 10.5 K/cm was calculated from
figure 8-8 for the moment when the first temperature alteration was was registered.
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8.1.4

Post-growth Annealing

In order to reduce the cracks formed, a post-growth annealing experiment at 374°C lasting
approximately 10 days was carried out for crystal F01/3 after it had been cooled down to
room temperature (see also chapter 4.3.4). The crystal showed no macroscopic improvement,
which tends to confirm the difficulty of defect reduction by post-growth heat treatment
[RUDOLPH 1999].

8.1.5

Anisotropic Thermal Conductivity of PbI2 (Thermotaxy)

In order to allow detailed interpretation of the resulting crystal orientations, the analysis of the
dependence of thermal conductivity on crystallographic orientation will be presented in this
section. The reasons for assuming that the anisotropy of thermal conductivity (thermotaxy)
influences the orientation of melt-grown PbI2 crystals have been explained in chapter 1.2.
Since no experimental data exist on the thermal conductivity λ perpendicular to the c-axis,
i. e. along the (0001) planes, and the published values of λ parallel to the c-axis differ by one
order of magnitude (2.7 W m-1 K-1 [SILVA 1998]; 0.1 W m-1 K-1 [NAYAK 1999]), λ and λ of
two sets of samples were measured by the LFA method under the same measurement conditions. From these measurements the degree of thermotaxy was determined.
The dependence of thermal conductivity on the temperature of BRS-grown single crystalline
PbI2 was measured by two separate LFA devices of the same kind (run 1 and 2), which are
described in chapter 5. Two sets of samples of each orientation were prepared, originating
from two different crystals (F03 and F06). Prior to LFA, the surface orientation of the samples sawn perpendicular to the (0001) plane (F03GA and F06G5) was determined by EBSD
measurements. Both samples turned out to be oriented parallel to (112̄0) with an accuracy of
≤ 5°. The samples prepared parallel to the (0001) plane (F03Gc7 and F06G3) were cleaved
from the crystals before further preparation. Thus, a deviation from (0001) orientation of ≤ 5°
can be assumed also for these samples. All four coplanar platelets of 1-2 mm thickness
(measured at 5 points by a height gauge) were then manually ground on SiC abrasive paper
(grit 4000) and coated with carbon spray. The samples were placed inside the furnace of each
LFA device, which allowed the measurements to be carried out during a controlled temperature programme. Table 8-4 summarises the sample properties and measurement conditions.
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Tab. 8-4: Sample properties and conditions of LFA measurements.

sample

orientation

thickness [mm]

run

process gas

cp determined by

F03GA

2.060(8)

2

He

DSC

F06G5

1.15(1)

1

N2

LFA

F03Gc7

1.60(3)

2

He

DSC

F06G3

1.191(9)

1

N2

LFA

The specific heat capacity cp was measured simultaneously to the LFA measurement for run 1
(F06G3, F06G5) with an error of ≤ 5 %. For run 2 (F03GA, F03Gc7), cp was determined
separately by DSC with a NETZSCH DSC204F1 applying the ratio method (error ≤ 3 %). For
this measurement, a sample (F03Gc7a) was prepared from a region adjacent to F03Gc7. Since
the specific heat capacity does not depend on the crystallographic direction, the cp values can
directly be used to calculate λ for both samples of run 2 according to equation 5-3. The resulting curves of cp are depicted in figure 8-9 as a function of the sample temperature.

Fig. 8-9: Specific heat capacity of BRS-grown single crystalline PbI2 as function of temperature.
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The cp curves differ for the two LFA runs. The values measured for F06G3 and F06G5 (run 1)
show significant variations with temperature, which appear simultaneously for both samples.
Thus, an instability of the measurement conditions is assumed. The cp curve measured by
DSC (sample F03Gc7a, run 2) is slightly higher but increases constantly with the temperature.
Nevertheless, within the range of precision, the specific heat capacities of all samples measured at room temperature match cp ≈ cv = 176.3 J kg-1 K-1 (27°C), the only value published
until today [KUBASCHEWSKI 1958].
For the samples listed in table 8-4, the values of thermal conductivity λ and λ are depicted in
figure 8-10 as a function of temperature.

Fig. 8-10: Thermal conductivity of BRS-grown single crystalline PbI2 as function of temperature (parallel and perpendicular to the c-axis).

As can be seen from figure 8-10, a significant anisotropy of the thermal conductivity of PbI2
is evident. The heat is conducted approximately twice as fast along the [112̄0] direction, i. e.
along the (0001) plane, than along the [0001] direction, i. e. perpendicular to the (0001) plane.
Again, one finds the same variations of λ for the samples of run 1 (samples F06G3 and
F06G5) as already observed for cp (see figure 8-9). Nevertheless, the measured thermal conductivity curves are almost identical for samples of the same orientation, if the errors of λ are
assumed to be of the same range as those of cp and taking into account that two different LFA
devices were used.
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The thermotaxy of PbI2 parallel and perpendicular to the c-axis increases from a ratio of
1:2.0(1) at -100°C to 1:2.4(1) at 350°C. At room temperature, the measured thermal conductivity λ = 0.35(2) W m-1 K-1 along the c-axis is almost one order of magnitude lower than the
value published by Silva et al. [SILVA 1998], who measured approximately 2.7 W m-1 K-1 by
photoacoustic spectroscopy. The results are a close match to the theoretical calculations of
Nayak et al. [NAYAK 1999] in the case of λ (0.1 W m-1 K-1). As opposed to the measured
value λ = 0.73(2) W m-1 K-1 in the current work, Nayak’s value of 10 W m-1 K-1 appears
questionable, because it was derived from a qualitative comparison with graphite, which has
significantly different properties (higher electrical conductivity, higher specific heat capacity,
lower density and atomic number). Thus, the typical growth morphology of PbI2 platelets
(thickness to surface ratio 1:100) grown from aqueous solutions or from the vapour phase
cannot exclusively be explained by the thermotactic behaviour.
However, the measured values of λ and λ are very similar to those of α-HgI2, which is, with
respect to thermal transport properties, comparable to PbI2 (as cited in [BURGER 1991]:
ρ = 6.37 g/cm3; cp = 173 J kg-1 K-1; layered structure parallel to (001) planes with van der
Waals bonding between them; EG = 2.14 eV). Accordingly, Burger et al. [BURGER 1991] determined λ = 0.113 W m-1 K-1 and λ = 0.408 W m-1 K-1 at 25°C. In further investigations,
Burger et al. [BURGER 1992] found that the (001) layers orient parallel to the direction of
highest heat flux in the growth apparatus used. The anisotropic thermal conductivity (ratio
1:3.6) is therefore believed to be responsible for the resulting orientation of α-HgI2 crystals.
This supports the observation of a similar correlation in the case of PbI2, as will be shown in
the following section.

8.1.6

Orientation of Bridgman-Stockbarger Crystals

A major aim of the BRS growth experiments was to investigate different ampoule setups in
order to overcome the difficulties of anisotropic growth and to find a reproducible seeding
method. The resulting orientations of all BRS-grown crystals were therefore determined and
correlated to the ampoule design and seed material (see chapters 4.3.1 and 2.2). In the following, a short overview of all resulting crystal orientations as well as some peculiarities observed will be presented, allowing conclusions for future BRS growth of oriented PbI2.
The crystallinity and orientation of BRS crystals can easily be derived from the stress cracks
running parallel to the (0001) cleavage plane. In figure 8-11 the traces of (0001) planes are
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depicted for three different BRS-grown crystals. A comparison of the orientation is possible
by determining the angle ε, which is drawn by the lines of (0001) traces and the axial direction of the ampoule, i. e. the growth direction.

Fig. 8-11: Orientation of crystals F01/1, F03, and F05 indicated by angle ε between (0001)
cleavage plane and growth direction (transmitted light).

Within the bulk, all crystals turned out to be almost monocrystalline showing only low angle
tilts between grains of sizes in the cubic centimetre range. Surprisingly, single crystal growth
was also realised for all ampoules containing amorphous “seeds” such as porous aerogel.
Conversely, no growth was observed matching the orientation of the crystalline seed materials
(see tables 2-1 and 2-2). This applies even for seeds possessing a relatively low mismatch to
the PbI2 lattice like Al2O3 (-4 %), Si (3 %), SiO2 (-7 %). In accordance with Hayashi et al.
[HAYASHI 2008a], the orientation of PbI2 crystals varies greatly for different growth experiments. In addition, the narrow neck of ampoules F03 and F04 (see table 4-3) did not lead to
seed selection because the orientation changed within the neck (middle in figure 8-11).
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In order to investigate if there is any pattern to the resulting orientations, the angles ε were
estimated macroscopically for the bulk of all crystals. In addition, the orientation of the contact surface between PbI2 and the particular seed material was determined by EBSD for the
following growth experiments: F05 (Al2O3), F07 (SiC), F08 (Si), F11 (muscovite), F12 (fused
silica), and F13 (aerogel). In the case of crystal F14, determination of the contact surface between PbI2 and the underlying H2 gas (ampoule type 3 in figure 4-3) was also possible.
Owing to the thermotactic behaviour of PbI2, the thermal conductivity λ of the material, on
which first nucleation appears, was expected to influence the crystal orientation. Therefore, all
measured orientation angles ε were plotted against λ of the seed materials (see table 2-3) as
shown in figure 8-12.

Fig. 8-12: Plot of measured crystal orientations with respect to the thermal conductivity of
the seed materials. The values of ε are likely to contain errors of ≤ 3°.

The following conclusions can be drawn from the plot:


The orientation of BRS-grown crystals varies greatly between the individual experiments.



The orientation of the contact surface usually differs from that of the bulk, e. g. Si,
muscovite, aerogel.
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No correlation exists between the bulk orientation and the ampoule design or the
thermal conductivity of the seed material.



Contrary to the observations of Zhang et al. [Zhang 1992], no preferred crystal orientation appears for tipped-end ampoules.



Different orientations result even for repeated growth in the same ampoule (SiO2).



The results of Eckstein et al. [Eckstein 1992a], who achieved ε = 90° on a muscovite substrate, could not be reproduced.



The results of Hayashi et al. [Hayashi 2008a], who achieved ε = 90° on a Pb melt,
could not be reproduced.

Nevertheless, a repeated result was achieved for ampoules of type 1, where growth was initiated on a polished plug of fused silica (figure 4-3). In all three cases (F12, F15, F16/1) the
crystals show grains at the contact surface which were oriented with the (0001) plane nearly
perpendicular to the growth direction at angles ε of 82-87° (grey squares in figure 8-12). In
the case of crystal F12 (figure 8-13), for example, this applies for approximately 2/3 of the
contact surface (grain A), while the remaining portion (grain B) is strongly inclined at 42° to
the growth direction. The orientations of (0001) cleavage planes can clearly be seen in figure
8-13b (grain A was partially bent downwards, when it was recovered from the ampoule). Dur-

ing further growth of F12, grain A grew out after 7 mm, while grain B prevailed leading to a
bulk orientation of approximately 48°. Similar observations were also made for crystals F15
and F16/1, respectively.

(a)

(b)

Fig. 8-13: Two different orientations of grains A and B appear in the initial growth region of
crystal F12 (reflected light). (a) Contact surface to fused silica plug (seen from underneath
the crystal). (b) Side view of the same region.
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The reasons for repeated formation of A-type grains become evident when ampoule type 1
used for crystal F12 (figure 8-14, left) is compared, for example, to double-walled ampoule
type 6 for crystal F07, in which a SiC seed platelet was used (figure 8-14, right). Because of
the higher thermal conductivity of SiC (145 W m-1 K-1 at Tm of PbI2, table 2-3), the isotherms
lie closer together resulting in an increased heat flux in the lower melt region of ampoule type
6. In contrast to this, the axial heat flux is lower for ampoule type 1, where growth was initiated directly on fused silica (1.84 W m-1 K-1 at Tm of PbI2). Owing to the thermotactic behaviour of PbI2, which leads to preferred growth along the direction of largest thermal conductivity, i. e. parallel to the (0001) plane, the probability of forming nuclei with the (0001) plane
horizontally is increased. This is supported by an orientation angle ε for F07 of 2° at the interface, i. e. the (0001) plane is oriented nearly parallel to the growth direction (see figure 8-12).

Fig. 8-14: Qualitative comparison of the isotherms for ampoules of type 1 and 2. A reduced
axial heat flux is appearing for growth experiment F12 (left) owing to the lower thermal conductivity of fused silica as compared to F07 (right), where a SiC seed platelet was applied.

An additional benefit of ampoule type 1 is the reduction and delay of heterogeneous nucleation at the periphery of the seed/melt interface. The crystallisation of PbI2 can be assumed to
commence in the middle region, because the axial heat flux directed downwards leads to a
stronger temperature reduction in the central part as compared to the periphery. Since the distance between the middle of the interface and the outer walls (green circles in figure 8-14) is
larger for ampoule type 1, the onset of heterogeneous nucleation will appear delayed and to a
lower extent as compared to the rounded and more narrow end of the inner ampoule of type 6.
Finally, the polished surface of fused silica reduces the number of nucleation centres, i. e.
polycrystalline growth due to heterogeneous nucleation is reduced. Although some seed mate118

Chapter 8: Results of Single Crystal Growth
rials applied have even lower thermal conductivities, e. g. aerogel (F13) and muscovite (F11),
which were both applied in ampoule type 6, their surface roughness is likely to be much
higher: aerogel is highly porous and natural muscovite was manually cleaved without further
preparation. Out of the presumably much higher number of grains initially formed at the
aerogel and muscovite surface, those whose (0001) planes are less inclined towards the
growth direction will grow faster and therefore become dominant.
In summary, a reproducible orientation of PbI2 crystals with the c-axis parallel to the growth
direction is unlikely to be achieved for the following reasons: Since the heat flux usually is
highest along the axial direction of vertical BRS experiments, the (0001) planes tend to orient
parallel to the ampoule axis, if an axisymmetric temperature distribution is assumed. Moreover, axisymmetry can scarcely be realised: An asymmetric temperature distribution of the
furnace is almost always inevitable. A deviation of the ampoule axis from the gravity vector
direction by only 0.5° already leads to strong changes in temperature distribution and melt
flows [BACHRAN 1998] varying the crystal orientation nearly unpredictably.
For future BRS growth experiments, it should rather be attempted to grow crystals with the
(0001) plane oriented parallel to the growth direction. This way, the heat flux conditions of
the Bridgman or BRS setup match the thermotactic behaviour of PbI2 and increase the probability of reproducible oriented single crystal growth. In addition, owing to the improvements
shown in preparing sample surfaces oriented perpendicular to the (0001) plane, the need for
crystals which can be cleaved into uniform round wafers is no longer a requirement.

8.2 Czochralski Growth
Owing to the drawbacks of the BRS technique described above – such as cracking of the crystals, random orientation, or long growth durations – a different technique for melt growth of
PbI2 single crystals was looked for. Contrary to common opinion, Cz growth experiments
turned out to be a promising alternative in growing oriented single crystals of PbI2. Being the
first of their kind, these experiments are partly published in Tonn et al. [TONN 2011].
In the following sections, the macroscopic features of four crystals grown by this method will
be presented. This is followed by a description of important technical findings and optimum
growth parameters. After discussing the beneficial effect of cooling the growing crystal by the
gas flow applied, an analysis of the resulting crystal orientations will be given.
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8.2.1

Macroscopic Features of Czochralski Crystals

As summarised in table 4-7, eight Cz growth experiments were carried out altogether, during
which it was possible to produce four crystals (FCZ02, -04, -06, -08). The remaining experiments had to be aborted owing to technical difficulties. After growth of FCZ01, the resulting
crystal of approximately 10 cm length was completely remelted owing to unintentionally lowering the pull rod. During experiment FCZ03, the seed holder slipped off because of inadequate mounting. Thus, seed and crystal were melted again. Crystal FCZ05 tore off from the
seed after a critical weight was exceeded as described in chapter 4.4.2. At the end of experiment FCZ07, the grown crystal came into contact with the fused silica capillary containing
thermocouple T3 (measuring the melt temperature) and was torn off, too. The upper part (approximately 2.5 cm) consisting of seed, neck, and shoulder could however be recovered and
was used for characterisation.
Figure 8-15 shows the four crystals of PbI2 grown by the Cz technique as well as the orientation of the homogeneous seeds applied.

Fig. 8-15: Illustration of the Cz-grown PbI2 crystals decorated with resublimated PbI2 platelets at the regions of neck and shoulder. FCZ08 is Sn-doped (see also chapter 8.1.1). The arrows denote the c-axis direction of the seed relative to the pulling direction.

Similarly to the BRS-grown crystals (chapter 8.1.1), the following macroscopic characteristics
of the grown Cz crystals can be summarised as follows:
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Size and Shape

The resulting crystals were 3-4 cm in length. In addition, a neck of 7, 5, 6, and 18 mm was
achieved for the crystals shown in figure 8-15. The shape of the crystals differs depending on
the growth parameters applied. Crystals FCZ02 and FCZ04 exhibit many re-entrant angles,
multiple protrusions, and irregular shapes in the lower parts. Improved growth stability was
observed for crystals FCZ06 and FCZ08, which were characterised by a more cylindrical
shape. Factors influencing the growth stability will be discussed in the following sections.
Colour

Similar to the BRS experiments, the pure PbI2 crystals grown by Cz technique are intensely
orange (FCZ04 and FCZ06). The colour of crystal FCZ02 appears much darker due to the
incorporation of many dark impurities. A strong red colour resulted for crystal FCZ08 because of the Sn doping (see chapter 8.2.2 for details).
Crystallinity and Transparency

These features strongly vary for the different crystals grown. While crystal FCZ02 is nearly
opaque due to many dark impurities, the transparency increases for the subsequent growth
experiments. As shown by Hofherr [HOFHERR 2010], crystal FCZ04 turned out to be polycrystalline due to strong vibrations of the pulling rod during repeated attempts to grow a
shoulder. Crystals FCZ06 and FCZ08 are highly transparent and macroscopically appear to
exhibit a high degree of crystallinity.
Cracks

Owing to the high degree of transparency, crystals FCZ06 and FCZ08 could be completely
investigated for macroscopic cracking. The crystals were nearly free of cracks. Only two
short-ranging cracks < 5 mm in length were observed in the periphery of each of the crystals.
This result is even more important owing to the fact that the temperature gradients inside the
cooling crystals are assumed to be much higher than in the case of BRS growth.
Impurities

Many impurities were found inside crystals FCZ02 and FCZ04, which mainly originated from
particles abraded from the two Viton® shaft seals (see also chapter 4.4.1). After replacing the
shaft seals by a Ferrofluidic® seal, no impurities were macroscopically observed for crystals
FCZ06 and FCZ08.
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Lead Inclusions

In comparison to the BRS-grown crystals (see figure 8-2), none of the Cz crystals revealed
metallic Pb inclusions. One metallic spherule was observed inside the material remaining
from growth experiment FCZ07 (see chapter 8.2.5 for further explanations).
Sublimation of PbI2

The vaporisation of PbI2 could not be prevented within the pressure range applied (1-2 bar),
but did not cause significant technological problems after the described nozzle had been applied. Nevertheless, yellow PbI2 vapour resublimated in the form of small platelets (μm range)
at colder parts of the crystal and growth chamber. Since resublimation on the growing crystal
always took part at a sufficiently large distance above the melt surface, no parasitic growth at
the phase boundary was observed. The crystallites can easily be wiped off the crystal after
growth (figures 8-17d and 8-15). Therefore, there is no need of an appropriate encapsulant.
It seems worth noting that locally restricted photodecomposition of resublimated fine PbI2
crystallites (see chapter 1.3.1) appeared at those parts of the inner growth chamber walls,
which were directly illuminated by fibre-optic light guides of a 100 W cold light source.
Shape of Terminating Face

Usually, the interface shape of Cz-grown crystals changes from concave to convex (seen from
the crystal) at a critical value, when the rotation frequency is increased. This effect is reinforced for materials with low thermal conductivity like PbI2 [WILKE 1988]. Surprisingly, the
opposite effect was observed for the terminating face shapes of the crystals under investigation. As shown in figure 8-16, the interface changes between 2.6 and 6 r. p. m. from convex
towards concave shapes.

Fig. 8-16: Shapes of terminating faces for the Cz crystals (schematic). The numbers at the top
represent the rotation frequency in r. p. m. at the end of each growth experiment.
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Thus, for the setup described, it appears beneficial to apply rotation frequencies greater than
6 r. p. m. in order to achieve concave phase boundaries and thus achieve outgrowing of dislocations during Cz growth of PbI2. But it has to be noted, that the shape of the growth interface
during actual growth might differ from the terminating face, because of varying parameters
like rotation frequency, decreasing filling height, melt convection, temperature distribution
etc.

8.2.2

Doping of PbI2 During Czochralski Growth

An important criterion for the growth of semiconductor materials is the ability to dope the
crystal in order to optimise its electrical properties. During the experiments it was tested to
what extent this can be carried out for the Cz growth of PbI2.
As shown by Ponpon et al. [PONPON 2008], doping polycrystalline PbI2 layers with 0.011 wt. % Sn significantly increased the electrical resistivity due to an assumed compensating
(donor) effect. In order to investigate this effect for melt-grown PbI2 and examine the practicability of doping during Cz growth, 0.043 wt. % of pure Sn1 was directly placed into the crucible together with the source material of crystal FCZ07. From the deep red colour of the material resulting from the growth experiment, dissolution of Sn can surely be assumed. The
material was subsequently reused without manipulation of the experimental setup for FCZ08.
A sample prepared from this crystal was analysed by GDMS and revealed a Sn concentration
of 0.042 wt. % (1.3 · 1019 atoms/cm3). Within the error of measurement (5 %), the whole
amount of Sn can therefore be assumed to have been dissolved.
The experiment shows that doping of PbI2 can in principle be carried out by loading the
dopant directly into the crucible together with the PbI2 source material. But, owing to the relatively small quantity of PbI2, difficulties arise in adjusting low doping concentrations, because
very small amounts of pure metals have to be handled. A possible solution for future experiments may be the use of powdered salts of the doping metals (SnI2 etc.), which can be
weighed with higher precision.

1

See appendix D for preparation of Sn prior to the growth experiment.
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8.2.3

Determination of Optimum Process Parameters

Since no data on the Cz growth of PbI2 exists so far, basic growth parameters had to be found
experimentally. Therefore, the growth apparatus was optimised after each experiment as described in chapter 4.4.1 and finally allowed control of all important growth steps. Figure 8-17
gives some impressions of the crystal-melt interface during seeding, growth of neck, shoulder,
and bulk crystal. Direct control of the crystal radius by observing the meniscus height was
difficult owing to the formation of PbI2 vapour and an unfavourably large angle of view of
60° with respect to the melt surface. Nevertheless, the meniscus is visible in figure 8-17 as a
bright rim around the crystal-melt interface, which at least enabled the operator to ensure the
contact of the crystal to the melt surface.

Fig. 8-17: Visual inspection of Cz growth. (a) to (c): View through the inspection window
during growth experiment FCZ07 showing seeding, growth of neck, and growth of shoulder
(the observable diameter of the melt surface is approximately 2.5 cm). (d) View through the
side wall of the inspection tube: Seed, neck, and growing crystal (FCZ08) with resublimated
PbI2 crystallites (length from seed to melt approximately 3.3 cm).

An efficient way of influencing the crystal radius was to control the temperature of the furnace (T1) and the melt (T3). The latter was measured by a thermocouple placed 15 mm away
from the rotation axis and 5 mm below the melt surface at the beginning of the experiment
(see setup 2 in figure 4-10). Difficulties arose in trying to achieve a constant melt temperature,
because turbulent melt convection produced fluctuations of up to ±3 K. Nevertheless, the correlation of T3 to the resulting radius can clearly be seen, for example, for the temperature re124
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cordings of the final growth experiment FCZ08 (figure 8-18, similar diagrams for crystals
FCZ02, -04, and -06 can be found in appendix N).

Fig. 8-18: Growth parameters and crystal FCZ08. The photograph of the crystal is rotated by
90° (anti-clockwise). The dark red colour is due to doping with Sn (see chapter 8.1.1). See
text for explanation of labels A to F.

Several important parameters can be derived from the diagrams: After successful seeding at
approximately T3 = 420°C, a 17 mm long neck was grown. During necking, the melt temperature was varied between 420 and 440°C. Nevertheless, the radius of the neck appeared
not to be influenced above 422°C, because an increasing radius was registered only as soon as
T3 dropped below this temperature (A in figure 8-18). Owing to a low cooling rate of the furnace temperature (B, approximately -1 K/h), only a flat shoulder was achieved as the radius
slowly increased during bulk crystal growth. A low cooling rate was chosen because freezing
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of the melt surface started after lowering the melt temperature by a few degrees. It occurred
first at the periphery when T3 reached 414°C (C) and continued down to 412°C (D) until rising the furnace temperature stopped a further cooling of the melt. On the other hand, the radius decreases parallel to the increasing melt temperature (E) and remains nearly constant for
the final 7 mm of growth (F).
Throughout the experiment, no significant influence of the pulling speed υp and rotation frequency fr on the radius could be observed. Although υp was constantly increased during bulk
growth (5-25 mm/h), the radius increased, too. Nevertheless, higher rotation frequencies
> 30 r. p. m. turned out to efficaciously reduce perturbations of the crystal surface and also
prevented dendritic growth if, at the same time, high pulling speeds were applied. This can be
seen, e. g., for the growth of the first 33 mm (figure 8-18), during which the surface roughness
was constantly reduced with increasing rotation frequency. A very strong dendritic growth
was observed for crystals FCZ02 and FCZ04 (see figure 8-15 and appendix N), which were
grown at fr < 10 r. p. m. and a pulling speed of 8-15 mm/h. Table 8-5 summarises the optimum growth parameters estimated from figure 8-18. These values are likely to vary for the
individual setup and can thus be regarded as guidance only. In addition, the effective growth
rate υeff is included in table 8-5 according to equation 3-7 for a maximum crystal radius
r = 6 mm and an inner crucible radius R = 19 mm.

Tab. 8-5: Optimum growth parameters for Cz growth of PbI2 derived from experiment
FCZ08.

growth step

T(start)
[°C]

T(end)
[°C]

rate
[K/h]

fr
[r. p. m.]

υp
[mm/h]

υeff
[mm/h]

melt./homog.

450

420

-30

35

0

0

seeding

420

420

0

35-50

0

0

neck

420

430

+10

50

5

5.6

shoulder

430

417

-25

50-60

12

13.5

bulk growth

417

414

-1

85

12-30

13.5-33.7

8.2.4

Improved Growth by Active Cooling with Gas

Another important parameter for a successful Cz growth of PbI2 is the gas flow applied. As
will be shown in this section, growth stability is improved at higher flow rates.
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The major obstacles to growing PbI2 by the Cz method are its low thermal conductivity and
low radiative heat loss from the crystal surface into the surroundings (see chapter 3.3.2). According to equation 3-10, the radiative heat loss of low-melting-temperature materials like
PbI2 is relatively small, because of its strong dependence on the temperature difference between the crystal (Tc4) and the surrounding (Ts4). These factors lead to an inefficient heat dissipation. Thus, the heat balance condition (equation 3-8) is not fulfilled, and a negative axial
temperature gradient is easily generated at the phase boundary: As soon as the crystal diameter exceeds a critical value, the latent heat of crystallisation can no longer be dissipated into
the crystal alone and will be transported into the melt, too. According to equation 3-9, the
growth velocity is increased leading to unstable (dendritic) growth. This effect is aggravated
for crystals with a thin neck, because the heat conduction into the pulling rod is further reduced. Indeed, strong growth instabilities appeared for crystals FCZ02 and FCZ04 (see figure
8-15), which had a neck of only 2-3 mm in diameter (1/10 of the maximum bulk diameter)

and were grown with a low gas flow of < 5 l/h. On the contrary, the growth experiments with
increased gas flows, especially FCZ06 and FCZ08, exhibit higher radial symmetry expressing
improved growth stability. The effect becomes especially apparent for FCZ08, which had a
long neck along 30 % of the whole crystal length (see figure 8-18). It can therefore be concluded, that the high gas flow plays a key role for an effective dissipation of heat. This is supported by the significantly reduced dendritic growth observed for experiments FCZ06 and
FCZ08, which were carried out applying gas flows of up to 30 l/h.
In order to verify this cooling effect, numerical simulations were carried out by Zähringer
[ZÄHRINGER 2012] using the software package ANSYS Fluent®. The main emphasis of the
study was on the effect of the applied gas flow on the change of the temperature gradient
within the cooling rod. Figure 8-19 shows schematic views of the growth chamber, steel fittings, and exhaust pipe of the Cz setup 2 (see figure 4-10) for gas flows of a) 5 and b) 30 l/h.
The simulated part was reduced to the actual growth chamber between the bottom of the fused
silica chamber and the seal of the pulling rod at the top. The calculations were carried out for
argon, because it nearly matches the gas mixture applied (see chapter 8.2.5 for details). The
total number of cells is approximately 370,000. A k-epsilon turbulence model (steady state)
was chosen for the gas flow, and the influence of gravity (-9.81 m/s2) was included. Any melt
convection was neglected in order to reduce the calculation time necessary. By adjusting the
heater power, the isothermal line of the melting point (≈ 683 K) was positioned at the contact
between crystal and melt surface. A temperature of 300 K was assumed for the outer surface.
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Fig. 8-19: Numerical simulations of the Cz growth chamber (setup 2). An increase of the temperature gradient within the lower part of the pulling rod (right) can be observed indicating a
cooling effect in dependence of the gas flow applied (5 and 30 l/h).
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The simulations support the idea of an increased cooling effect for higher gas flow rates. At
any given position in the pulling rod, the temperature gradient is increased by up to 40 %
when the gas flow is increased from 5 l/h to 30 l/h. Another beneficial aspect of the gas flow
is the direct cooling of the crystal itself. This effect is not included in the actual simulations
and will be subject to further investigations. It has to be noted that applying flow rates considerably above 30 l/h turned out not to be practicable for the experimental setup used, because
the melt surface was observed to start freezing. An improvement in effectively dissipating the
heat from the growing crystal without lowering the temperature of the melt surface too much
is therefore likely to be achieved by using a water-cooled pulling rod.
From these results it can be concluded that Cz growth of PbI2 presumably was realised mainly
owing to the active cooling of the gas flow applied. The low dissipation of heat is thus compensated for, and Cz growth of PbI2 at stable conditions and suitable growth velocities has
been shown to be possible.

8.2.5

Influence of Gas Type on Czochralski Growth

In accordance with the investigations into growth material preparation (chapters 7.2, 8.1.2),
the type of gas used during Cz growth of PbI2 also has a significant influence on the process.
The growth under a flow of pure Ar shows less vaporisation and resublimation of PbI2 as
compared to using pure H2. Therefore, a forming-gas mixture of 97.6 % Ar and 2.4 % H2 was
applied for growth experiments FCZ07 and FCZ08. This mixture actually turned out to have a
positive influence both reducing vaporisation and promoting the efficient refinement of oxidepolluted PbI2. The latter claim was derived from the following observations:
A large metallic spherule ( = 2 mm), found at the bottom of the crucible, was formed during
experiment FCZ07. The molten material was exposed to the forming-gas for 7 h. No such
metallic inclusions were observed after experiment FCZ05, which was carried out under pure
H2 flow for an equal duration. Both source materials were prepared in a similar way: each was
taken out of freshly opened ZM ampoules containing pure PbI2, cut into three bars, and placed
together with the crucible inside the growth chamber. But whereas the growth experiment
FCZ05 was already started less than 1.5 h after opening the ZM ampoule, it was stored in air
for 14 h in the case of FCZ07. It is therefore very likely that the latter was oxidised forming a
significant amount of PbO on the surface. According to equation 1-5, the oxidic pollution was
than chemically reduced to metallic Pb and H2O during the growth experiment.
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The following important conclusions can be drawn from the results: During Cz growth, a constant H2 flow effectively reduces oxidic pollutions in the melt. The forming H2O vapour is
continuously being extracted from the growth chamber. The reaction also takes place if Ar gas
containing a low H2 concentration is applied. From the fact that the source material polluted
by oxide also produces crystals of high transparency and crystallinity (FCZ08), a simplified
preparation process can be expected as compared to the BRS technique, in which contact with
air has to be excluded completely. In addition, any metallic Pb already present in the source
material or forming during the growth experiment does not have to be removed. Owing to the
higher density, ρ(Pb) ≈ 2 · ρ(PbI2), the Pb inclusions aggregate at the bottom of the crucible,
and the probability of incorporating Pb inclusions during crystal growth is reduced.

8.2.6

Orientation of Czochralski Crystals

For the growth experiments, homogeneous seeding with the c-axis parallel or perpendicular to
the growth direction was applied (see table 4-7 and figure 8-15). In order to investigate if the
orientation of the seed was transferred to the bulk crystal, EBSD measurements were carried
out for cross sections of all Cz crystals except FCZ04, which was found to be polycrystalline
[HOFHERR 2010]. The samples were sawn from the bulk at different distances ΔzC to the seed
and prepared according to chapter 6.1. One example is presented in figure 8-20a. From single
spot measurements or mappings within areas of several mm2, pole figures were produced.
Concerning crystal orientation, two sets of <hkil> pole figures were investigated: From the
<0001> pole figure, the orientation of the c-axis was derived (figure 8-20b). And by searching
for the (low-indexed) pole figure <hkil>, whose poles match the sample normal direction as
close as possible, the crystallographic growth direction of the crystal was determined (figure
8-20b) with an accuracy of ±5°.

As shown in figure 8-20, the orientation of the seed (c-axis perpendicular to the growth direction) was successfully transferred to the growing crystal. At cross section C, the <0001> poles
are oriented horizontally. Within the accuracy of the measurement and neglecting a slight
blurring of the poles due to low angle tilts, the c-axis is parallel to that of the seed. The crystal
grew approximately along the [112̄0] direction. Further EBSD measurements for cross sections along the crystal revealed that the orientation continues for at least 80 % of the crystal
bulk. Only at the outermost lower left part in figure 8-20a, was a different orientation observed.
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Fig. 8-20: Results of orientation analysis for crystal FCZ02. (a) Position of cross section
(sample C at distance ΔzC from the seed), along which an EBSD mapping was carried out.
The resulting pole figures are presented for the (b) <0001> and (c) <112̄0> directions.

By analogy with the example described above, the crystal bulk orientations of all successful
Cz experiments are summarised in table 8-6 and compared to the orientation of the seeds applied. The c-axis orientations, i. e. the <0001> poles, of the crystal bulk were derived from
measured pole figures as shown in figure 8-20b (only poles of the upper hemisphere are depicted). The last column contains the approximated crystallographic directions along which
the crystal grew during the experiment.

Tab. 8-6: Summary of the crystal bulk orientations in comparison to the seeds applied for Cz
growth of PbI2. Each pole figure qualitatively reflects the orientation of the c-axis as determined from EBSD mappings for cross sections at distance ΔzC from the seed.

crystal

<0001> pole fig. projected on plane  to zC
seed
bulk

ΔzC
[cm]

mapping area
[mm2]

growth
direction

FCZ02

1.8

7.9

[112̄0]

FCZ06

2.8

14.8

[0001]

FCZ07*

2.1

15.0
(10 spots)

[0001]

FCZ08

5.3

16.1

[101̄0]

* Only the upper part of crystal FCZ07 could be recovered.
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These results clearly show, that, for the first time, reproducible growth of oriented PbI2 crystals was realised by homogeneous seeding. Apart from low angle tilts and growth of mixed
polytypes (discussed in chapter 8.3), the crystals grown by the Cz technique are single crystalline within major parts of the bulk.

8.3 Structural Comparison of Bridgman-Stockbarger and
Czochralski Crystals
The structural properties play an important role for the detector application. Crystals with a
defined orientation and a high degree of structural homogeneity are needed. In this section,
the structural properties of a BRS- and a Cz-grown crystal are compared (figure 8-21).
For each of the crystals investigated, a sample was sawn from the crystals and polished according to the procedure described in chapter 6.1. A surface orientation perpendicular to the
(0001) layers was desired in order to investigate possible alterations in the stacking sequence.
In the case of the BRS-grown crystal F01 (figure 8-21a, left), the observed cracks served as
an indicator of the (0001) plane. The orientation of the Cz-grown crystal FCZ06 (figure 8-21,
right) was already determined, from another sample, to be identical to the seed applied, i. e.
with the c-axis parallel to the growth direction (see chapter 8.2.6). Therefore, a longitudinal
cross section was produced and investigated by optical microscopy (polarised reflected light).
A number of structural peculiarities can be observed in figure 8-21a (right): Elongated grains
become visible, whose boundaries are predominantly running parallel to the growth direction.
Within the grains, layers of alternating contrast can be seen perpendicular to the growth direction. The darker layers were determined by EBSD phase mapping (figure 8-21b, right) to be
lamellar admixtures of polytype 2H (yellow) within a 12R matrix (red). According to the resulting polefigure of the 12R phase1 (figure 8-21c, right), the sample surface is oriented close
to the (101̄0) plane, because one of the symmetry equivalent <101̄0> pole accumulations lies
close to the centre of the pole figure, i. e. parallel to the sample normal. Each of the pole accumulations shows a slight separation of 5-10°, which is attributed to low angle tilts between
neighbouring grains.

1

The 2H pole figure (not shown in figure 8-21) is identical to 12R, i. e. the same orientation results for 2H.
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Fig. 8-21: Structural comparison of BRS- and Cz-grown crystals. (a) Photograph and optical
micrograph (polarised reflected light) indicating position of samples for EBSD mapping. (b)
Phase map of detected polytypes. (c) Polefigures of directions  to the sample surface.

In the case of BRS-grown crystal F01, only polytype 12R (cyan) was detected in the EBSD
phase mapping1 (figure 8-21b, left). Minor amounts of 2H admixtures were observed at some
other samples of this crystal, but with a much lower quantity compared to the Cz-grown crystal. Low angle tilt is also less pronounced for this sample, since no separation of the <112̄0>
pole accumulations is observed in the pole figure (8-21c, left). But in the lower part of the
crystal (figure 8-21a, left), tilt angles of up to 14° are estimated from the cleavage planes.
1

Other polytypes appear only as isolated pixels in the vicinity of surface defects (black pixels). These are likely
to be misinterpreted by the EBSD software due to low-contrast patterns and can therefore be neglected.
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The different amounts of 2H admixture in the BRS- and Cz-grown crystal can be explained
according to Trigunayat [TRIGUNAYAT 1991]: When the melt crystallises, initially polytype
2H is formed. The subsequent phase transformation 2H → 12R, which is activated immediately after solidification, is assisted by thermodynamical considerations. It readily takes place
owing to the low energy necessary to create stacking faults [PRASAD 1973]. It will be completed in two different cases: Either a) for crystals of high structural quality containing a low
number of dislocations, because the transformation front can only be “pinned” by lattice defects [PALOSZ 1990], or b) for crystals containing a high amount of impurities, which act as
nucleation centres for stacking faults. Only in the case c) of intermediate impurity concentrations will the transformation be complete and some portion of polytype 2H remain existing in
the crystal. This is the case for the Cz-grown crystal, where considerable amounts of polytype
2H were found. In contrast, a much lower amount of polytype 2H was found in the BRSgrown crystal, which is most likely owing to a higher amount of impurities. The source material used for this latter crystal was zone-refined by 30 passes and then stored in a plastic foil in
air (see tables 4-6, 4-5, 4-2 and chapter 7.2.2.1), while the Cz material was taken from a
freshly opened ZM ampoule refined by 38 passes.
From the 2H lamellae in crystal FCZ06, which are slightly tilted for grains at the periphery of
the crystal, the existence of a convex phase boundary (seen from the crystal) during crystal
growth seems likely (figure 8-21a, right), which does not change along the growth direction.
Dislocations are therefore accumulating within the whole crystal, which promotes the formation of low angle tilt due to gliding and two-dimensional aggregation of dislocations (polygonisation). According to Wilke et al. [WILKE 1988], the observed elongated low angle grain
structure, which is also called lineage structure, can be caused by high growth rates, large
temperature gradients, impurities, or a rough growth interface. A concave phase boundary is
likely to reduce these unfavourable influences. This is supported by the smaller amount of low
angle grain structures found in the BRS-grown crystal, which presumably exhibited a flat
phase boundary at the end of crystal growth (see figure 8-3) and was grown at lower growth
rates.
From the results of structural investigations it can be concluded, that in comparison to the
BRS-method, the Cz technique allows oriented growth of PbI2 single crystals without deterioration of the source material purity. The higher amount of polytype 2H found in the Cz-grown
crystal indicates a reduced amount of impurities and reflects appropriate material processing.
From the fact that the BRS-grown crystal shows a much higher degree of cracking even
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though more polytypic admixtures are found in the Cz crystal, it can be concluded that partial
polytype transformations do not lead to detrimental mechanical stress. The reduced appearance of cracking in the Cz crystals can therefore mainly be attributed to the absence of any
contact with a growth container. Furthermore, the high quantity of solved EBSD patterns for
both samples speaks for a well suited surface preparation (reduced damage layer) by the polishing process applied.
The fact that the appearance of low angle tilt is slightly more prominen in the Cz-grown crystal indicates an increased amount of dislocations due to an unfavourable phase boundary
shape. As already mentioned in chapter 8.2.3, the quoted optimum parameters for Cz growth
of PbI2 can therefore only be regarded as guiding values. For further optimisation it is essential to investigate the co-dependency of these parameters in order to achieve reduced dislocation density. This will not only reduce sources of charge trapping but also prevent “pinning”
of the 12R → 2H transformation. As explained in chapter 1.2.1, polytype 2H is favoured owing to its advantageous detector properties (higher EG and ρe).
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9 Detector Properties of PbI2 Crystals
A series of detectors was prepared as described in chapter 6 in order to measure the dependency of I-V characteristics on the surface orientation and on the preparation technique applied. In addition, the response to alpha particle exposure was investigated with the aim of
determining the μτ product according to the Hecht relation [HECHT 1932].

9.1.1

I-V Characteristics

The I-V curves of four detector samples prepared from one Cz- (FCZ06) and two BRS-grown
crystals (F01 and F03) were measured with a setup similar to the one described by Greiffenberg [GREIFFENBERG 2010]. The preparation details and basic electrical properties of the detectors are listed in table 9-1.

Tab. 9-1: Preparation details and electrical properties of the detector samples investigated.

detector

surface prepaorient. ration

contact properties
material A [cm2]

td
[μm]

dark current at
[nA]
[V]

ρe
[Ωcm]

F03Gc3

(0001)

cleaved

Ag

1.62

1038 -4.6(5)

-500

9(1) · 1011

F03Gc6

(0001)

polished

Ag

1.76

801

-2.05(8)

-500

2.5(3) · 1012

F01GB7

(0001)

polished

Au

0.24

407

-19.4(6)

-600

2.7(4) · 1011

FCZ06G2a (101̄0)

polished

Au

0.16

456

-47.2(3)

-700

2.0(4) · 1011

The orientation of detector FCZ06G2a was determined by EBSD measurements (see chapter
8.3). From the contact area Ad and the detector thickness td the values of dark current density

J = I/Ad and electric field intensity E = U/td were derived. The electrical resistivity values of
the detectors were calculated from the gradient of I-V curve at U = 0 V according to equation
9-1. Owing to the high resistivity of PbI2, the contribution of the contact resistivity can be

neglected if ρe > 109 Ωcm for detector dimensions of the kind investigated [HORNUNG 1991].
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 dI 
.

 dU  U  0

e  A d  

(eq. 9-1)

Figure 9-1 depicts the dark current densities as a function of the electric field intensity (biased
between ± 500 V). The two samples originate from the same BRS crystal and were cleaved
(F03Gc3) or polished (F03Gc6) parallel to the (0001) plane. Both samples have a high electrical resistivity in the range of 1012 Ωcm. The I-V characteristic of cleaved sample (squares) is
unsteady for electric field intensities > ± 1 kV/cm. The quasi-ohmic I-V curve of the polished
sample (circles), however, shows a reduced leakage current and is nearly symmetrical.

Fig. 9-1: I-V characteristics of two PbI2 samples with (0001) surface orientation from BRS
crystal F03. The polished sample shows a reduced leakage current in comparison to the
cleaved surface.

A comparison of the I-V curves for samples with different surface orientation is presented in
figures 9-2 and 9-3. Sample F01GB7 (figure 9-2) was prepared from a BRS crystal and contacted with Au on the polished surfaces. During I-V measurement, the sample was biased between ± 600 V. The resulting symmetric curve shows ohmic behaviour between ± 10 kV/cm,
but becomes slightly non-linear when bias is increased. The material is sensitive to X-rays:
When X-rays of a tungsten tube are exposed to the negatively biased side of the detector
(cathode), a photocurrent is measured, which is significantly higher than the dark current.
Similar results were achieved for sample FCZ06G2a (figure 9-3) prepared from Cz-grown
crystal F06. In this case, the surface orientation is parallel to the (101̄0) plane, i. e. perpendicular to the (0001) layers. Ohmic behaviour is also observed up to an electric field intensity
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of -10 kV/cm, but the dark current rapidly increases with the bias applied (in this case
> 500 V). The determined electrical resistivity (2.0(4) · 1011 Ωcm) is comparable to the BRSgrown material, and the detector also shows good sensitivity to X-ray exposure.

Fig. 9-2: I-V characteristics of a PbI2 sample F01GB7 with (0001) surface orientation from
BRS crystal F01 without and with X-ray exposure.

Fig. 9-3: I-V characteristics of a PbI2 sample FCZ06G2a with (101̄0) surface orientation
from Cz crystal FCZ06 without and with X-ray exposure.

From the I-V measurements it can be concluded, that the grown PbI2 crystals show promising
electrical properties, which fulfil the basic requirements of room temperature detector applica138
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tion: High electrical resistivity in the range of 1011 to 1012 Ωcm was measured. This lies 1-2
orders of magnitude below known values for melt-grown PbI2. A possible reason for a lower
electrical resistivity is the predominant presence of polytype 12R in the grown crystals F01
and FCZ06 (see chapter 8.3). Nevertheless, the investigated crystals axhibit suitably low dark
currents and sustain electric field intensities of up to 10 kV/cm. An improvement of electrical
properties is expected if the quantity of polytype 2H is increased or material for detector fabrication is selected from 2H regions. Sensitivity to X-rays and similar electrical properties
were shown for the BRS- and Cz-grown crystals, even though a higher degree of polytypic
admixtures was found in the Cz-grown crystal (see chapter 8.3). Finally, the advantage of
improved surface preparation was demonstrated, as the applied polishing leads to a reduction
of dark currents in comparison to cleaved samples. Thin detectors of less than 500 μm, which
exhibit similar electrical properties, could be fabricated also for sample orientations perpendicular to the (0001) plane. This has been shown for the first time.

9.1.2

Alpha Particle Detection

For three differently oriented PbI2 samples (td = 230-500 μm), the detector response during α
particle exposure was investigated in the context of a diploma thesis by Krah [KRAH 2011].
For this purpose, a

241

Am source emitting α particles with an energy of 4.5 MeV was placed

5 mm above the detector inside a vacuum chamber. Irradiation with alpha particles took place
through the negatively biased contact, i. e. the cathode, owing to the greater charge collection
efficiency of electrons in PbI2 detectors than compared to holes [LUND 1995]. As described in
Krah [KRAH 2011], detector signals could in general be detected, but practical difficulties
appeared during the measurements: One of the detectors underwent electrical breakdown at
only 50 V, even though the bias voltage was applied slowly. For the second detector, the signal could not be observed above a bias voltage of 250 V. The third detector showed a reasonable detector response up to 450 V, but underwent electrical breakdown at 550 V.
Owing to the limited bias range at which charge collection could be registered, a determination of the μτ product was not possible. According to Lund et al. [LUND 1995], the main reason for low charge collection efficiencies is polarisation of the detector sample. Due to trapping centres within the bulk material or in the vicinity of the contacts, the electric field degrades within seconds to hours. Here, it is conceivable that the observed oxidation of PbI2
also plays an important role by creating an oxygen-rich surface layer during preparation.
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10 Summary and Outlook
In this thesis, the successful growth of PbI2 single crystals from the melt was demonstrated
using zone-refined source material of high purity as confirmed by chemical analysis. An effective method of improving the structural quality by reducing the amount of oxidic impurities was found: As observed during experiments of melting PbI2 in different gas atmospheres,
H2 is able to remove oxygen from the growth material by chemical reduction of lead oxide.
Fragmentation and storage of the zone-refined ingot in air were identified as major sources of
oxidation. This is supported by the results of thermal analysis, during which a commonly observed thermal effect slightly below the melting temperature of PbI2 was identified as the
solidus temperature TS of a PbI2/PbO mixture. TS increases if air contact is reduced and H2
treatment is applied. According to these results, the published PbI2-PbO phase diagram was
amended on the PbI2-rich side by the existence range of a solid phase α with partial miscibility. By measuring the solidus temperature, the quality of the PbI2 growth material can thus
easily be determined. Future investigations should concentrate on a chemical analysis of the
residual oxygen content to further determine its influence on the detector performance.
16 crystals were grown by the Bridgman-Stockbarger method, and the beneficial influence of
the H2 treatment on the crystal quality was confirmed. The resulting crystals exhibit fewer
cracks and a higher degree of crystallinity. In order to identify possibilities for the reproducible growth of crystals with the same orientation, different ampoule designs and seeding methods were investigated. That no solution to this difficulty could be found, was attributed especially to the strongly anisotropic thermal conductivity of PbI2. The assumed thermotaxy of
PbI2 was analytically confirmed by LFA, which revealed a thermal conductivity parallel to the
PbI2 layers more than two times as great as that in the perpendicular direction.
In contrast to the Bridgman-Stockbarger experiments, oriented growth of PbI2 was realised by
the Czochralski method, which was shown for the first time to allow bulk growth of single
crystals with comparable electrical properties. The assumed limiting factors, such as vapourisation of PbI2 and poor dissipation of heat from the growing crystal, were technically solved,
and basic growth parameters could be determined as a basis for future investigations. In comparison to the Bridgman-Stockbarger technique, the Czochralski growth offers the following
advantages:
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The pre-processing is simplified as the zone-refined PbI2 can directly be used for
crystal growth.



The growth duration is reduced from approximately one week to several hours.



Continuous optical control of the growth process is possible.



Reproducible predetermination of the crystal orientation can be achieved by homogeneous seeding.



The reduction of oxidic impurities is more efficient because they can constantly be
extracted by H2 contained in a permanent Ar/H2 flow.



No macroscopic Pb inclusions were contained in the crystals since the forming metallic Pb sinks down to the crucible bottom.



The crystals are nearly free of cracks owing to the absence of any contact with a
growth container.

Four crystals were grown by the Czochralski method with a volume of up to 12 cm3. The resulting structural quality is comparable to the Bridgman-Stockbarger crystals but still shows
low angle grain boundary formation. This is likely to be reduced in future experiments by
optimising the phase boundary shape. From the existence of significant amounts of polytype
2H in a Czochralski-grown crystal, an appropriate material processing was demonstrated preserving the high purity of the zone-refined ingot.
Progress was also made in the surface preparation of PbI2. In contrast to the usual cleavage of
samples parallel to the (0001) plane, an improved sample preparation technique was developed, which also allows production of detectors oriented in different orientations. The samples prepared perpendicular to the (0001) plane were proven by EBSD measurements to also
show a low structural surface damage and exhibit equally good electrical properties
(ρe > 1011 Ωcm; E ≥ 10 kV/cm). In addition, the preparation of such surfaces has been shown
to be much more controllable since they appear harder and do not lead to flaking. A sample
thickness down to ≈ 400 μm was achieved, which lies below typical electron drift length values. For the future, preparation of detectors with the surface oriented perpendicular to the
(0001) plane is therefore suggested. Owing to the shown reproducible Czochralski growth of
oriented PbI2 single crystals it is thus now possible to reliably produce crystals with the
(0001) plane parallel to the growth direction and cut wafers from it in the suggested orientation.
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A

Abbreviations



diameter

#

number



parallel



perpendicular

a'

thermal diffusivity

a1, a2, a3 unit cell parameters  to c-axis (hex., trig. notation)

a1, a2, a3

length of crystallographic unit cell parameters  to c-axis (hex., trig. notation)

a, b, c

unit cell vectors

a, b, c

length of crystallographic unit cell vectors

A

constant in equation for ultimate zone melting distribution

Ad

area of detector contact

AE

absorbance of an absorber

at. %

atomic per cent

B

constant in equation for ultimate zone melting distribution

BRS

Bridgman-Stockbarger

c

concentration

c0

initial impurity concentration before zone refinement

c0 ´

effective initial impurity concentration before zone refinement

cl

impurity concentration in melt

cp

specific heat capacity at constant pressure

cs

impurity concentration in solid

cv

specific heat capacity at constant volume

CVT

chemical vapour transport

Cz

Czochralski

d

distance

dhkl

spacing of lattice planes (hkl)

DSC

differential scanning calorimetry

DTA

differential thermal analysis

E

electric field intensity
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EG

band gap energy

fr

rotation frequency

(hkl)

lattice planes with Miller indices h, k, l

(HKL)

corresponding lattice planes of seed materials with Miller indices H, K, L

(hkil)

lattice planes with Miller indices h, k, i, l (hex., trig. notation)

HV

Vickers hardness

I

electric current

I0

incident intensity

IT

intensity of transmitted light after passing an absorbing medium

IC

integrated circuit

ICSD

Inorganic Crystal Structure Database

J

dark current density

k0

equlibrium distribution coefficient

keff

effective distribution coefficient

K

correction factor for pressure measurements of different types of gas

L

total length of ingot

Lf

latent heat of crystallisation (equivalent to tabulated enthalpy of fusion ΔfH)

LEC

liquid encapsulated Czochralski method

mr

mismatch between two corresponding lattice planes (hkl) and (h´k´l´)

n

number of zone melting passes

ne

order of electron diffraction

NNu

Nusselt number

p

pressure, true pressure

p´

measured pressure

p. a.

pro analysi

PID

Proportional/Integral/Derivative (control concept)

PVD

physical vapour deposition

Q

heat flux in W

r

crystal radius

R

crucible radius

Rc

cooling rate

Rm

molar gas constant (8.314472 J · mol-1 · K-1 according to [KUCHLING 2004])

t

time

tA

absorber thickness
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td

detector thickness

T

temperature

T0

melting temperature of a 100 % pure material

Tc

temperature of the crystal

Tcool

lower temperature with respect to Thot

Tcryst

crystallisation temperature

TE

eutectic temperature

Thot

higher temperature with respect to Tcool

TL

liquidus temperature

Tm

melting temperature

Tm’

crystallisation temperature of undercooled melt

TR

temperature of the reference

Ts

temperature of the surrounding

TS

solidus temperature

TZ1

temperature of zone 1

TFT

thin film transistor

TG

thermogravimetry

U

voltage

Vg

gas flow

wt. %

weight per cent

x

crystallised fraction of ingot

xn

molar portion of material A contained in material B

XRD

X-ray diffraction

zB

axial (= vertical) position of thermocouple T4 within BRS furnace

zC

axial (= vertical) direction within Cz apparatus

Z

atomic number

ZM

zone melting

α, β, γ

crystallographic unit cell angles

αL

linear thermal expansion

Δf H

enthalpy of fusion in kJ/g or kJ/mol

ΔrH0

standard enthalpy of reaction (298.15 K, 1 bar) in kJ/mol

p

pressure gradient

Δta

annealing period

Δtc

holding period during cooling
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Δth

period of melt homogenisation

ΔT

temperature difference

ΔzB

difference in axial (= vertical) direction within Bridgman-Stockbarger furnace

T

temperature gradient

TL

temperature gradient in the melt

TS

temperature gradient in the crystal

ε’

emissivity

εA

absorption coefficient

ε

angle between (0001) plane and growth direction of PbI2 crystals

θ

reduced isotherm

θe

angle between incident electron beam and diffracting planes (Bragg angle)

λ

thermal conductivity

λe

electron wavelength

λL

thermal conductivity of the melt

λS

thermal conductivity of the crystal

λX

X-ray wavelength

μ

charge carrier mobility

μe, μp

charge carrier mobility for electrons and holes

ρ

density

ρe

electrical resistivity

ρL

density of the melt

ρS

density of the crystal

σ

Stefan-Boltzmann constant (5.6704 · 10-8 W m-2 K-4)

τ

charge carrier lifetime

τe, τp

charge carrier lifetime for electrons and holes

υ

crystallisation (or growth) rate

υd

relative velocity (translation rate) between ampoule and furnace movement (BRS)

υeff

effective growth rate (Cz growth)

υmax

maximum growth rate (Cz growth)

υp

pulling speed (Cz growth)

Φcond

conductive heat flux in W m-2

Φrad

radiative heat flux in W m-2
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B

Type Designations of Preparation Consumables

Wire (Sawing)

steel wire,  = 0.2 mm: Kreutz Stahlhandels GmbH (Freiburg, Germany)
Mounting

Crystalbond® 509 Amber: Aremco Products (Valley Cottage, New York, USA);
Fixogum®: Marabu (Bietigheim-Bissingen, Germany)
Hotplate

Ceran®: Schott (Mainz, Germany)
Grinding Papers

SiC paper, grit 1200 and 4000 ( = 200 mm): Struers GmbH (Willich, Germany)
Lapping Cloth

DP-Pan® ( = 250 mm), DP-Mol® ( = 250 mm): Struers GmbH (Willich, Germany)
Polishing Cloth

DP-Nap® ( = 200 mm), OP-Chem® ( = 250 mm): Struers GmbH (Willich, Germany)
Microgrit (Lapping, Slurry for Sawing)

Al2O3, 9 μm, WCA: Pieplow & Brandt GmbH (Henstedt-Ulzburg, Germany);
Al2O3, 17 μm: P. F. Dujardin & Co. (Düsseldorf, Germany);
SiC, 75-45 μm (F220): Stöcker Schleifmittel (Much, Germany)
Lapping Paste

diamond, 0.25, 1, 6, and 25 μm, DP-Paste P®: Struers GmbH (Willich, Germany)
Lubricants

DP-Diamantschmiermittel ROT®, OP-U Syton® (pH 9.8): Struers GmbH (Willich, Germany)
Latex Gloves

powder-free: Munitec (Augsburg, Germany); cleanroom gloves RS 100: Riverstone Resources (Malaysia)
Paper Wipes

Kimwipes® Lite, delicate task wipes: Kimberly-Clarke (Dallas, Texas, USA)
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C

Type Designations of Chemicals

Pb

6N: VÚK Panenské Břežany a.s. (Odolená Voda, Czech Republic)
I2

p. a. (ca. 3N): Sigma Aldrich (Prague, Czech Republic)
Sn

2.0 mm wire, Puratronic® 99.9985 % (metals basis): Alfa Aesar (Karlsruhe, Germany)
Gases

Ar (5N), N2 (5N), H2 (5N), forming-gas (Ar 97.6 %, H2 2.4(5) %): Air Liquide (Kornwestheim, Germany)
Acetone

VLSI Selectipur®: BASF (Ludwigshafen, Germany); p. a.: redistilled at University of
Freiburg (Germany)
Methanol

VLSI Selectipur®: BASF (Ludwigshafen, Germany)
Water

ultra pure H2O (18 MΩcm): TKA Micro® Purification (Niederelbert, Germany)
Ethylene Glycol

VLSI Selectipur®: Merck (Darmstadt, Germany)
Nitric Acid

69 %, VLSI Selectipur®: BASF (Ludwigshafen, Germany)
Hydrochloric Acid

36 %, VLSI Selectipur®: BASF (Ludwigshafen, Germany)
NaI

EMSURE® (p. a.) and Suprapur® (99.99 %): Merck (Darmstadt, Germany)
NaClO

aqueous solution (12 % Cl): Carl Roth GmbH (Karlsruhe, Germany)
Conductive Silver Paint

LS 200: Hans Wolbring (Höhr-Grenzhausen, Germany)
162

Appendix

D

Detailed Preparation Process (Bridgman-Stockbarger Seeds)

Glassy Carbon



2 mm thick plate SIGRADUR®K by HTW (Thierhaupten, Germany)



production of round disc with diamond hollow drill bit ( = 13.6 mm)



mounting with Crystalbond® onto steel stamp (216 g) for manual preparation



lapping with SiC powder (F220 grit) and H2O on glass plate (40 μm/min) down to
approximate favoured thickness



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



lapping for 5-10 min with Al2O3 (9 μm grit) and H2O on glass plate (8 μm/min)



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



lapping for 12-15 min with diamond paste (6 μm grit) and Lubricant (ROT) on lapping cloth DP-Pan® (< 1 μm/min)



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



lapping for 15-20 min with diamond paste (1 μm grit) and Lubricant ROT® on lapping cloth DP-Pan® (< 1 μm/min)



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



removing sample from holder and placing on Teflon® carrier



cleaning for 5 min in acetone (p. a.) on hotplate stirrer at 45°C



rinsing with acetone (VLSI Selectipur®) and methanol (VLSI Selectipur®)



cleaning sample for 1 min in ultrasonic bath (in H2O)



blowing dry with N2 gas



dried for 24 h at 80°C in a cabinet dryer directly before use

Fused Silica Plug



sawing cylinder (appr. 15 mm high) from fused silica rod ( = 14.8 mm)



mounting with Crystalbond® onto steel stamp (216 g) for manual preparation



lapping with SiC (F220 grit) and H2O on glass plate (25 μm/min) down to favoured
thickness



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



lapping for 20 min with diamond paste (25 μm grit) and H2O on DP-Pan®
(2 μm/min)



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



lapping for 20 min with diamond paste (6 μm grit) and H2O on DP-Pan®
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(< 0.5 μm/min)


cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



lapping for 20 min with diamond paste (1 μm grit) and H2O on DP-Mol®
(< 1 μm/min)



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



lapping for 20 min with diamond paste (0.25 μm grit) and H2O on lapping cloth
DP-Mol® (< 1 μm/min)



cleaning sample and holder for 3 min in ultrasonic bath (in H2O)



polishing for 30 min with suspension of 25 ml Syton OP-U, 23 ml H2O, and 2 ml
NaClO aq. solution (12 % HCl) on polishing cloth OP-Chem®



rinsing with methanol (VLSI Selectipur®)



blowing dry with N2 gas



dried for 24 h at 80°C in a cabinet dryer directly before use

Aerogel



sawing of a 4 mm thick plate with wire saw without liquid, air cooling



manual grinding for 2 min (either side) on SiC abrasive paper (grit 1200), no H2O



production of round disc with diamond hollow drill bit (resulting diameter
13.6 mm) at high rotation rate (1200 r. p. m.)



blowing with N2 gas

Muscovite



natural muscovite window stamped out with round die cutter (14 mm) on paper



rinsing with acetone (VLSI Selectipur®) and methanol (VLSI Selectipur®)



dried for 24 h at 80°C in a cabinet dryer directly before use

Metallic Pb and Sn
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filling metal into Schlenk flask with two stopcock valves



applying of constant N2 flow at one valve



etching for 20-30 s in nitric acid (69 %)



decanting with H2O to neutrality



decanting four times with methanol (VLSI Selectipur®)



drying in N2 flow



filling into growth container under Ar flow

Appendix

E

Construction Design Bridgman-Stockbarger Ampoule

Example: double walled ampoule F05 as connected to filling apparatus
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F
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Temperature Profile of Tubular Furnace for Ampoule
Preparation

Appendix

G

Type Designations of Bridgman-Stockbarger Apparatus

3-Zone Bridgman-Stockbarger Resistance Furnace

Fibrothal® heating module, 6 mm Kanthal windings: Kanthal (Mörfelden-Walldorf, Germany)
Ceramic Fibre Rings

top and bottom: hardened ceramic fiber, Fibrothal®: Kanthal (Mörfelden-Walldorf, Germany);
between zones: ceramic fiber cloth, Fiberfrax®: supplier unknown; hardened with Rigidizer
W®: Carborundum (Niagara Falls, New York, USA)
End-to-End Ceramic Heatpipe (Setup 1)

inner/outer  = 37/47 mm, length 467 mm, Alsint® 99.7: Buntenkötter (Neuss, Germany)
3 Separate Heatpipes (Setup 2)

inner/outer  = 27/40 mm, length 146/123/136 mm (zones 1/2/3), AlMg3, supplier unknown
Thermocouples

furnace control: type-K (Ni/CrNi),  = 1.5 mm, length 300 mm, KMQXL-IM150G-300;
ampoule: type-K (Ni/CrNi),  = 0.5 mm, length 600 mm, KMQXL-IM050G-600;
both: Newport Electronics (Deckenpfronn, Germany)
Ceramic Pipes Supporting the Thermocouples

furnace control: inner/outer  = 5.5/1.7 mm, length 153 mm; ampoule: inner/outer
 = 1.8/0.7 mm, length 153 mm; both: Alsint® 99.7, Buntenkötter (Neuss, Germany)
Temperature Monitoring Devices

BRS exp. F01-F09/1: data logger 175-T3, 2 channels;
BRS exp. F09/2-F16: data logger 735-2, 3 channels; both: Testo AG (Lenzkirch, Germany)
Temperature Control Circuits (3×)

PID controller: model 3216N, 1/16th DIN, self-optimising;
thyristor: TE10A, maximum inductive load 3.5 kVA, 230 V, 50 Hz, air-cooled;
both: Eurotherm (Limburg, Germany)
Transformers (3×)

single-phase isolating transformers, Cu, 230 V, 50-60 Hz (primary), 50 V, 70 A (secondary):
Trafo-Schneider (March-Buchheim, Germany)
Multimeter

Voltcraft® VC 920 TRMS-DMM: Conrad Electronic (Hirschau, Germany)
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Circuit Diagram of Switchbox

Appendix

I

Translation Rate of Bridgman-Stockbarger Apparatus

Speed Level 1

Speed Level 2
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J

Cooling Parameters Bridgman-Stockbarger Experiments

cooling step 1

cooling step 2

cooling step 3

growth

to temperature

experi-

T4

T5

T6

T7

Rc

tc

T4

to temperature
T5

T6

T7

Rc

tc

T4

T5

T6

T7

Rc

tc

ment

[°C]

[°C]

[°C]

[°C]

[K/min]

[h]

[°C]

[°C]

[°C]

[°C]

[K/min]

[h]

[°C]

[°C]

[°C]

[°C]

[K/min]

[h]

F01/1

202

-

-

-

0.22

14.4

60

-

-

-

0.11

0.0

-

-

-

-

-

-

F01/2

209

-

-

-

0.18

22.7

64

-

-

-

0.12

2.2

-

-

-

-

-

-

F01/3*

343

342

-

-

0.10

13.0 172

171

-

-

0.05

46.8 40

40

-

-

0.12

0.0

F02

333

-

-

-

0.11

0.0

157

-

-

-

0.19

26.0

-

-

-

-

-

-

F03

210

-

-

-

0.19

40.0

73

-

-

-

0.12

0.0

-

-

-

-

-

-

F04

210

-

-

-

0.19

5.0

68

-

-

-

0.12

1.4

-

-

-

-

-

-

F05

213

-

-

-

0.10

11.9

67

-

-

-

0.23

9.7

-

-

-

-

-

-

F06

212.1

215.9 -

-

0.10

10.8 69.6

70.3

-

-

0.22

15.0 -

-

-

-

-

-

F07

212.8

214.5 -

-

0.09

8.5

68.0

68.2

-

-

0.22

9.1

-

-

-

-

-

-

F08

212.5

214.6 -

-

0.11

6.7

67.8

67.9

-

-

0.22

13.7 -

-

-

-

-

-

F09/1

212.6

214.2 -

-

0.09

7.8

67.7

67.8

-

-

0.22

8.3

-

-

-

-

-

F09/2

342.4

343.6 344.2 346.9 0.13

63.7 189.1 189.6

190.2 188.6 0.13

23.6 69.4

69.5

69.4

69.7

0.22

10.8

F10

352.2

352.9 354.6 355.8 0.10

2.4

187.3 187.8

188.8 187.3 0.12

1.3

68.8

68.8

69.2

70.1

0.12

17.8

F11

350.1

350.8 352.9 353.2 0.10

13.8 188.1 188.3

189.8 188.2 0.12

2.5

25.1

25.1

25.5

25.7

0.10

69.6

F12

350.5

350.7 352.1 349.8 0.10

20.6 191.6 190.3

190.5 186.5 0.12

2.2

32.0

32.2

32.5

31.4

0.23

0.0

F13

348.7

349.5 350.4 348.5 0.10

14.9 189.2 189.1

189.7 187.1 0.12

1.8

32.0

32.1

32.0

31.4

0.12

0.0

F14

352.9

350.9 351.7 350.7 0.10

16.2 197.6 190.9

190.8 186.5 0.12

27.0 26.2

25.6

25.2

24.7

0.12

0.0

F15

350.5

350.6 -

-

0.14

23.9 192.6 189.1

-

-

0.12

2.3

35.4

35.8

-

-

0.22

0.0

F16

349.3

350.2 -

-

0.12

7.4

-

-

0.12

2.5

28.0

28.0

-

-

0.22

0.0

190.4 188.8

to temperature

-

* Only annealing; intermediate cooling steps neglected.
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Complete Collection of Bridgman-Stockbarger Crystals
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L

Schematic View of the Optimised Czochralski Apparatus

Figure according to [Hofherr 2010].
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M

Type Designations of Czochralski Apparatus

Numbering according to appendix L:
1.

lifting and rotation controller

2.

electromechanic lifting and rotation device with two motors

3.

power supply for switching the magnetic coupling (Volkcraft®, 0-30 V, 1.2 A)

4.

sliding carriage for x/y translation

5.

pull rod (silver steel,  = 10 mm)

6.

Ferrofluidic® seal, axially kept at a fixed position

7.

diaphragm bellow (steel), effective travelling length zC = 88 mm

8.

rotary vane pump (Edwards E2M5)

9.

butterfly valve (CIT Alcatel, type 5519)

10. steel fitting
11. Pirani type pressure sensor (Edwards EPS 10, 0-1000 mbar)
12. Penning type vacuum gauge (Edwards EMV 251)
13. right angle bellow valve (VACOM DN16 KF)
14. bubble counter with water
15. flowmeter with float and fine-adjusting needle valve (similar to Krohne DK 700)
16. fused silica growth chamber with observation window and gas inlet
17. control valve (Serto)
18. diaphragm sealed blocking valve (Nupro, SS-DLS6MM)
19. Oxisorb-W cartridge (Air Liquide)
20. diaphragm pressure reducer (TESCOM Europe, MiniLabo 2 MS)
21. resistance furnace with Kanthal wire ( = 1 mm)
22. temp. controller (FCZ01-04: Eurotherm 91e Miniature PID; FCZ05-08: WEST 6100)
23. temperature indicator for type K thermocouple (Schwille, DPM 635)
24. temperature data logger for type K thermocouple (TESTO, 735-2)
25. temperature data logger for type K thermocouple (TESTO, 735-2)
26. laptop for temperature logging
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Growth Parameters of Czochralski Experiments

Growth Parameters and Crystal FCZ02

Red line: observability completely obstructed (beginning of uncontrolled growth).
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Appendix
Growth Parameters and Crystal FCZ04
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Appendix
Growth Parameters and Crystal FCZ06

The gaps in the temperature curves are due to data logger failure. Red circles: Increase of melt
temperature during partial crystallisation of the melt surface.
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