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For the growth of silicon carbide (SiC) crystals, the physical vapor transport (PVT) method has 
matured to become the industrial standard route [1-4]. The wafer quality has improved continuously 
making micropipe (MP) free material commercially available. By the optimization of the process 
conditions, the generation of new defects during growth is reduced as far as possible, leading to a 
steady reduction of defect densities in the wafers.  Besides the suppression of defect formation also 
a distinct reduction of defects is possible in SiC crystals, for example by the conversion of defects as 
observed in the solution growth method [5]. It is believed that due to high surface steps threading 
defects are deflected into the basal plane. Using our in-situ computed tomography system we can 
observe the effect of changed process conditions directly during the growth. A different evolution of 
the growth interface shape was observed during crystal growth runs, caused by the application of 
insulation materials of differing thermal conductivity. A higher thermal conductivity leads to a larger 
radial thermal gradient in front of the growing crystal as confirmed by numerical simulation. 
Insulation material with lower thermal conductivity leads to a smaller radial temperature gradient at 
the crystal growth interface. Therefore, differently shaped growth interfaces evolve and different 
step morphologies are formed.    

 
Fig. 1: micropipes in the stepflow area changing their position from bottom (a) to top (b) in the crystal.  

(c) micropipe penetrating the crystal surface in the step-flow area 
 

Due to the higher radial temperature gradient a smaller facet and steeper crystal flanks evolved 
compared to the growth run using an insulation material of lower thermal conductivity. The steep 
crystal flanks feature high surface steps as visible in Figure 1c, which strongly interact with the 
crystal defects. Two different mechanisms for the bending of micropipes (MPs) away from the 
[11�00] direction were found. Figure 1 a and b depicts the step flow area where the MPs are 
deflected collectively in the direction of the step flow by big surface steps. In the facet area the 
repulsive interaction of selected MPs led to a slight deflection restricted to the {11�00} prismatic 
plane in the 〈112�0〉 direction as depicted in Figure 2, caused by repulsive interaction. 

c 
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Fig. 2: micropipes in the facet area changing their position from bottom (a) to top (b) in the crystal.  

(c) illustration of the repulsive interaction of two MPs with the same burgers vector 
 

The defect densities listed in table 1 indicate that the large surface steps on the surface of crystal B 
convert a large amount of TEDs into BPDs leading to a reduction of this defect during the growth 
process.  
 
Table 1: Densities of defects for crystal A grown under smaller radial thermal gradient and Crystal B grown 
under larger radial thermal gradient. Wafer #1 denotes the Wafer closer to the growth surface and Wafer #2 
denotes the Wafer closer to the seed, respectively.  

 
For the growth of large SiC boules the application of large radial gradients for defect reduction 
seems not appropriate as large radial strain will lead to the generation of new defects. Therefore, 
the application of an off-axis angle to produce a surface morphology featuring large steps would be a 
better method. Measurements of the angle between the facet plane and the crystal flanks, reveal an 
inclination angle of 10° directly around the rim of the facet and going up to 20° further away at the 
steepest regions.  The growth on seeds cut with a large off-axis angle between 10-20° can be a 
promising approach to achieve defect reduction in PVT grown SiC by large surface steps, while 
avoiding large radial thermal gradients.         
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 TED [1/cm2] TSD [1/cm2] BPD [1/cm2] 
Crystal A Wafer #1 (2.33 ± 0.03)E4  (0.94 ± 0.02)E3 (4.58 ± 0.05) E3 
Crystal A Wafer #2 (2.18 ± 0.02)E4 (1.00 ± 0.03)E3 (5.27 ± 0.05) E3 
Crystal B Wafer #1 (0.44 ± 0.08)E4 (0.88 ± 0.29)E3 (3.14 ± 0.61) E3 
Crystal B Wafer #2 (1.12 ± 0.30)E4 (1.00 ± 0.33) E3 (3.07 ± 0.58) E3 
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Summary  
 
Certain condition including a high supersaturation, a silicon-rich gas phase and a high vertical 
temperature gradient during the growth of 3C-SiC are key challenges to obtain high quality material. 
We have developed a transfer method creating high-quality 3C-SiC-on-SiC (100) seeding stacks, 
suitable for use in the so-called sublimation “sandwich” epitaxy (SE) [1]. A series of growth runs with 
different source to seed distances were performed and characterized by XRD and Raman 
spectroscopy. The measurements revealed a decrease in material quality with increasing source to 
seed distances.  
 

 
 

Fig. 1: From simulation data calculated supersaturation of the growth-limiting gas species SiC2 as a function of 
temperature for varying source-to-substrate distances. Highlighted areas are extracted from the literature 

and experiments were performed on (100)-oriented material. The dashed line marks the minimal necessary 
supersaturation for stable growth of 3C-SiC. 
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For a better understanding, simulations of the used SE setup were carried out using COMSOL 
Multiphysics. Thereby a quantitative estimation for the temperature gradient and consequently the 
supersaturation of the growth limiting gas species SiC2 was created. Different source-to-seed distances 
were taken into account as well as various temperatures. The simulated data showed a decrease in 
supersaturation of the growth-limiting SiC2 gas species with increasing source-to-seed distances 
(Fig. 1). The observed decline in crystal quality during the growth runs with increasing spacing could 
therefore be explained by the reduction in supersaturation.  
The main defect limiting the growth of cubic silicon carbide appears to be the protrusion defect which 
is already present in the seeding layers [2]. Morphology analysis of as-grown material indicates an 
increasing protrusion dimension with increasing crystal thickness. This effect limits the achievable 
maximal thickness. During growth of an approximately 2.7 mm thick crystal additional polytype 
inclusions could be observed. They began to occur at low supersaturation (S ≤ 0.06) and prolonged 
during growth (increase of carbon gas-species). Nevertheless, switch-backs to the cubic polytype could 
be observed at later growth stages. Together with the simulated data, we were therefore able to 
suggest a necessary minimal supersaturation of 0.1 for the stable growth of 3C-SiC.  

 

             
 

Fig. 2: Crosscut from an approx. 2.7 mm thick one-inch sample in through-light set up viewed with an optical 
microscope. The growth conditions were near the limit of stable 3C-SiC growth (yellow areas) as can be seen 
by the white inclusions representing polytype switches to 6H. Backside sublimation also occurred during the 

growth (removed areas located at the bottom).  
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Silicon carbide (SiC) used as semiconductor material for high power devices often degrades the 
device’s performance by a high variety and density of defects [1]. The wafers of several 4H-SiC crystals, 
grown by Physical Vapor Transport [2, 3] at various growth conditions were characterized. For each 
crystal, one wafer close to the crystal seed and one wafer close to the crystal cap was investigated.  
Synchrotron White Beam X-ray Topography (SWXRT) measurements in back-reflection geometry were 
carried out at the topography station at imaging cluster of KIT light source [4] to investigate and 
distinguish the different defect types. Further, High Resolution X-ray Diffractometry (HRXRD) 
measurements were performed at selected wafer areas, capturing the interplay between different 
dislocations or one specific dislocation type. The same defect types occur in all investigated wafers, 
namely Threading Screw Dislocations (TSD), Micropipes (MP), Small-angle grain boundaries (SAGB) in 
form of Threading Edge Dislocation (TED) arrays and Basal Plane Dislocations (BPD). Full wafer 
mappings, recorded in 0004 reflection show an inhomogeneous distribution of the mentioned defects 
(see Fig.1 (a) and (d)). In all wafer mappings, the defect density is lowest in the wafer center and 
increases towards the wafer border. The region between wafer middle and  border is made up by a 
BPD network (see Fig.1 (b)), which corresponds to the crystal area with the highest calculated resolved 
shear stress distribution inherent during the growth temperature of 2250 °C [5]. In this area the shear 
stress exceeds a critical value for the formation of BPDs [6]. The network shows a connection to TSDs, 
whereas MPs are mostly isolated. Near the border there’s a spontaneous change of the BPD network 
to an area of dominating SAGBs with a connection to MPs (see Fig. 1(c)). This change can be caused 
by a transition of BPDs into TEDs due to changing temperature and stress gradients during the cool 
down phase. By comparing the wafer close to the seed with the one close to the crystal cap, it becomes 
apparent that density, types and distribution of the occurring defects do not change along the crystal. 
Further, by using one wafer as seed for the next growth, defect types, density and distribution remains 
similar. Therefore, all types of threading dislocations and SAGBs continue during growth. HRXRD 
measurements were performed at different wafer areas to investigate the crystal quality more 
quantitatively. Rocking curves in 0004 reflection show a difference in their curve shape and full-width 
at half maximum (FWHM) depending on the crystal quality, which is in good agreement with the 
SWXRT results. More meaningful are the recorded Reciprocal Space Maps (RSM), to separate the 
effect of different defects on crystal lattice strain and tilt.  Depending on the dominant defect type in 
the measured area the shape of the RSM and the relation of crystal lattice strain to crystal lattice tilt 
changes. A pure BPD network results in pure crystal lattice tilt, whereas mixed types of dislocation 
result in different amounts of strain and tilt. Even for the largest MPs, in combination with any type of 
edge dislocation, the contribution of pure lattice strain decreases. So in conclusion, there is no far-
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reaching influence of one type of dislocations on the crystal lattice. Further, since most of the defects 
propagate through the whole length of the crystal, the crystal lattice strain and tilt conditions remain 
similar on the same wafer areas, irrelevant on the wafer position inside the crystal.  
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Fig. 1: (a) SWXRT wafer mappings recorded in 0004 of wafer A1, close to the crystal seed. (b) Circular 
arranged BPD network around the wafer center. (c) Abrupt transition from BPD network area to area with 
increased SAGBs. (d) SWXRT wafer mapping recorded in 0004 of wafer A2, close to the crystal cap. The 
mapping shows a similar defect arrangement as for wafer A1. 
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Summary 
 
The extraordinary electrical properties of silicon carbide (SiC) established it as one of the currently 
relevant wide-band gap semiconductor materials for high power, high temperature, and high 
frequency electronic applications. Due to the increasing industrial standard size for SiC wafers from 
100 mm up to 200 mm in the future, a fundamental understanding of the growth process and the 
corresponding conditions are crucial to achieve a crystal quality high enough for further processing. 
Commonly, SiC is grown by the physical vapor transport (PVT) method [1]. Changes of the growth 
conditions like axial and radial temperature gradients due to the growth of the SiC boule and 
shrinkage of the SiC source material lead to thermoelastic stresses and, as a result, defects are 
formed [2, 3]. The adaption of thermal gradients inside the hot zone is one way to reduce such 
defect generation. However, the high process temperatures prevent a straightforward in situ data 
acquisition from specific points inside of the crucible via thermocouples. Instead, numerical 
modeling can be used for hot zone engineering and to facilitate a better understanding of the 
complex dynamics during the PVT growth of SiC [4-6]. A major obstacle in the accurate modeling of 
the PVT growth process is the lack of precise material data at temperatures well above 2000°C of the 
applied carbon-based thermal isolations and crucible parts, as well as the highly dynamic SiC powder 
source. Moreover, material inhomogeneities can lead to further deviations of expected results. In 
this work, a quantification of the effects of these uncertainties on numerical modeling was done by 
utilizing the temperature data of growth runs inside a 75 mm PVT and two different 100 mm PVT 
setups and creating a simulation tool accurate enough to depict the process temperature fields with 
high accuracy covering a wide range of hot zone geometry and process parameters. Complementing 
X-ray imaging was done to characterize the evolution of crystal and source during the growth 
processes and further verify the numerical calculations [7, 8]. In addition, experimental validation 
was carried out by the comparison of simulated isothermals with experimental doping striations of 
the axial and radial temperature gradient and the evolution of the shape of the crystal growth 
interface (see fig. 1). This validated model enabled us to study the influence of changing materials 
properties of the graphite crucible, the SiC powder source or the graphite isolation on the accuracy 
of the simulation.  
The impact of the cooling solution of a PVT setup either based on water or air on the temperature 
gradients inside the hot zone was investigated by growing two 100 mm crystals in two different PVT 
setups. It could be proved numerically and experimentally that the cooling solution has no influence 
on thermal gradients and the resulting crystals. Two additional 100 mm crystals were grown with 
varying source powder packaging densities. Using X-ray imaging, a correlation between the sources’ 
packaging density and the curvature of the resulting crystal growth front could be demonstrated. 
Radial and axial temperature gradients will be influenced by the porosity of the source charge, as 
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validated by our model. Furthermore, the evolution of the source charge and its properties was 
investigated using an in situ CT-system. The insignificance of the source powder’s electrical 
properties due to limited induction heating could be shown. While changing the thermal properties 
of the graphite hot zone will impact the radial gradient only to a minor degree, the axial gradients 
will be altered by a moderate amount. In case of unreliable thermal isolation material data the 
uncertainty can be lessened by adjusting the applied power in the simulation according to measured 
temperatures without losing too much accuracy. This however requires reliable temperature data on 
top and below the hot zone. Finally, the influence of the process pressure on the isolation has been 
investigated. The simulation is expanded by implementing a dependency between the pressure 
acting on the isolation and the resulting changes in thermal conductivity. With this implementation, 
the model can predict changes in temperature based on different growth pressures with high 
accuracy. 
   

  
Fig. 1: Cross-section of a crystal grown with increasing power between 12.6 kW and 14.4 kW overlaid with 

isothermals derived from the simulation at a) the beginning of the growth and b) after 20 h growth. The seed 
and grown crystal is outlined in by the dashed line. c) In-situ 3D-CT-image of changing mass distribution inside 

the growth chamber. 
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NdScO3 belongs to the group of the rare-earth scandates which has the perovskite structure. Concer-

ning the laCce cell parameters, those rare-earth scandate perovskites meet other important perov-

skites, and so they are suitable  substrates for the epitaxial growth of perovskite thin Hlms because

they are structurally, chemically and thermally compaIble with them [1].

As most other perovskite-type rare-earth scandates, NdScO3 melts congruently, NdScO3 single cry-

stals can be grown by the convenIonal Czochralski method with rf-heaIng and automaIc diameter

control. The most challenging property of NdScO3 crystals is probably the semitransparency concer-

ning internal radiaIve heat transfer.

In the present invesIgaIon, for solving of the heat transfer problem we have used the soPware

CGSimTM [2] which is a tool for modelling crystal growth from the melt. For the soluIon of the radia-

Ive transport equaIon, CGSimTM   uses a variant of the Discrete Transfer Method, that was adjusted

to  treat  axisymmetric  problems in  complex  domains,  i.e.  CGSimTM is  able  to  solve  the  radiaIve

transport equaIon for the full range of opIcal thickness.

Currently, NdScO3 Czochralski crystals can be sucessfully grown up to a geometry of 45 mm length

and 18 mm radius. However, from Ime to Ime they crack during wafer preparaIon, for that reason

we are interested in the invesIgaIon of thermal stresses.

For treaIng the radiaIve heat transfer, as a Hrst approache,  we have deHned di\erent value ranges

of a grey absorpIon coe]cient μ in order to meet the various branches of the dimensionless opIcal

thickness τ: for  μ= 0.01 ... 3 m-1  we get τ: < 0.1, i.e. the medium is opIcal thin, for μ= 400... 800 m-1

we get τ > 10, i.e. the medium is opIcal thick, and for for  μ= 10 ... 200 m-1, the medium is modelled

as moderately opIcal thick.

The computaIons are performed in two steps: A: axisymmetric calculaIon of the temperature Held in

the enIre furnace and of the Held distribuIon of velocity for  melt  and gas using CGSim, whose

algorithms performs power control in order that the temperature at the contact line between crystal,

melt  and  gas  keeps  the  melIng  point  temperature  and carries  out  the  relocaIon of  the  Hnite-

element mesh in order to track the shape of the crystal/melt interface. Then step B: from the crystal

we take geometry and temperature Held and expand them to 3D by rotaIng their data along 360

degree. This new data structure is put into soPware COMSOL[3]: now the anisotropic coe]cients of

thermal expansion and elasIcity can take e\ect in order to make 3D displacements and thermal

stresses in terms of the von Mises stress.

In Fig. 1 is shown the von Mises stress at the crystal surface for the 12 cases of absorpIon coe]-

cients (ranging from opIcally thin via intermediate to thick). AddiIonally we see at the x-y line plots

the dehecIons of the crystal/melt interface and the maximum values of the von Mises stress: we see

that the cases with the largest stress values have intermediate absorpIon. Exactly these data sets

have a similar dehecIon of the crystal/melt interface as in experiments: between 3 and 4 mm. This

could explain the large residual stresses which lead to mechanical cracking at wafer preparaIon. For

those cases (enboxed in Fig. 1) in Fig. 2 is shown the stress distribuIon within the crystals along a

cross cut plane, for both cases: with and without the iniIal seed cone. The absence of the iniIal seed

cone does not essenIally change the thermal stress distribuIon near the crystal/melt interface.  
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Fig. 1: Top: Von Mises stress at the crystal surface and at the crystal/melt interface (the circle below) as a

result of the acIon of the absorpIon coe]cient (see gray-scaled row from 0.01 … 800 1/m),

Bo)om: Some results items in dependence of the absorpIon coe]cient along the full range.

                             

Fig. 2: Top: Temperature Held and Von Mises stress at a crystal cross cut for the cases where the crystal/melt

interface is in the range of the experimentally observed values:

Top: Case with crystal conus aPer seed, bo)om: Case without crystal conus aPer seed.
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Summary  
 
NaYbO2, KYbO2 and NaYbS2 feature the same space group 𝑅3̅𝑚 as the spin liquid candidate 
YbMgGaO4 but evade structural disorder pertinent to that compound. Here, we present a way to 
synthesize polycrystalline NaYbO2 and KYbO2 as well as KYbS2 single crystals.  
 
The NaYbO2 samples as well as the non-magnetic reference compound NaLuO2 were synthesized via 
solid state reactions: 

Na2CO3 + Yb2O3 → 2NaYbO2 + CO2 
Na2CO3 + Lu2O3 → 2NaLuO2 + CO2 

The precursors were weighed in the ratio of Na/Yb = 11. The excess of Na2CO3 is necessary, since at 
temperatures above 900°C some Na2CO3 is lost due to evaporation. They were pressed into pellets 
and subsequently heated according to the heating program shown in Fig. 1.  Polycrystalline NaYbO2 
was synthesized by this method, no impurity phases were detected in synchrotron XRD 
measurements. Heat capacity measurements down to 100 mK in various magnetic fields revealed a 
field-induced order. Furthermore, spin-liquid behavior was demonstrated in NaYbO2 [1].  

  

                     
Fig. 1: Temperature profile used for the synthesis of NaYbO2. The abbreviations MHR and MCR  
stand for the maximum heating rate and maximum cooling rate, respectively. 

 
The approach of preparing KYbO2 is based on the synthesis reported in [2]. The starting materials 
(Yb2O3 and KO2) were weighed in a glove box filled with argon gas to prevent a reaction of KO2 with 
the air moisture. As suggested in [2], an excess of KO2 was used, the percentage of additional KO2 
was varied. In this case 75% additional KO2 yields the best synthesis result. The precursors were filled 
into a platinum crucible and heated to 650°C in a horizontal furnace under argon flow. After the heat 
treatment the samples were stored in a glovebox under argon atmosphere since they are sensitive 
to the air moisture. XRD measurements revealed minor impurity phases of Yb2O3 and KOH∙H2O in the 
KYbO2 samples. 
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KYbS2 single crystals were synthesized using the KCl flux, with the ratio of Yb:S:KCl=2:3:80 [3]. S and 
KCl were weighed accordingly and thoroughly mixed in a mortar. Small pieces of Yb were placed in a 
quartz tube and covered with the S-KCl mixture. Subsequently, the precursors were sealed in the 
quartz tube under argon atmosphere. The sealed ampoule was placed in a furnace and heated in 
accordance to the heating program shown in Fig. 2 (left). Small KYbS2 single crystals (<0.5mm) were 
formed shown in Fig. 2 (right). The success of the synthesis was verified via powder XRD 
measurements. 
 
 

             
                     

Fig. 2: Left: Temperature profile used for the synthesis of KYbS2. Right: KYbS2 single crystal. 
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Summary 
 
This project investigates the influence of sodium dodecyl sulfate (SDS) on the morphology and 
structural properties of triglycine sulfate (TGS). TGS crystallises monoclinic in the space group 
P21 and shows a high pyroelectric effect parallel to the [010]-direction. The highest growth 
velocity of pure TGS is in the [010]-direction, as a result the (010)-faces disappear and will only 
appear as a corners or edges. For a facilitated production of TGS infrared detectors the 
enlargement of the (010)-face is of great interest, if the pyroelectric figures of merit (FOM) 
are not heavily impacted. 
J. Fammels [1] and S. Mihalic [2] started with several detergents to slow down the growth 
velocity in the [010]-direction. Sodium dodecyl sulfate (SDS) showed most promising results as 
described by R. Ghane [3,4]. The addition of SDS did not affect the pyroelectric coefficient (pc) 
of 168 C/(m2K) at room temperature. However, the relative permittivity of 105 of TGS is 
decreased to 75 if SDS is added during growth. As a result, the figures of merit for voltage 
generation and for energy harvesting increased by 29 % to 201 kV/(mK) and 42,52 J/(m3K2) 
[4]. The pyroelectric coefficient was determined using a dynamic measuring method [3]. 
In this work a more suitable concentration of SDS was determined to further enlarge the 
(010)-face of the triglycine sulfate (TGS) crystals. Accordingly, the crystals were grown from 
aqueous solution with various concentrations of 0,00302 - 0,00306 Mol% of SDS, by the 
means of the temperature lowering method. The concentration of 552,04 g/l TGS resulted in 
a saturation temperature of 48,00 °C of the initial solution. The temperature was decreased 
at a rate of 0.08 °C/day, while continuously stirring with 60 rpm to ensure a homogenous 
concentration and temperature distribution during growth, without disturbing crystal growth.  
In all experiments, parasitic growth occurred on the bottom of the growth vessel, this however 
did not disturb the crystal growth. At higher concentrations of SDS (0.338 Mol% SDS), the 
parasitic crystals showed a needle-like structure [1,2], whereas parasites that formed during 
crystal growth of TGS with lower concentrations of SDS (<0.00306 Mol% SDS) showed a 
tabular habitus. The parasitic crystals were investigated and compared by the means of X-ray-
powder-diffraction (XRD). The powder diffractometry of pure TGS, the tabular and needle 
shaped parasites show entirely different results. This leads to the assumption that the 
parasites are composed of different substances than TGS, the substance has not been 
identified yet. 
 



German Conference on Crystal Growth DKT 2020, March 11 – 13, 2020,  
Physics Department, Technical University Munich, 85748 Garching, Germany     

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V. 

One of five crystals, grown from solutions with low concentrations of SDS 
(<0.00306 Mol% SDS) developed monocrystalline (Fig. 2) with clear and well-developed faces, 
whereas four crystals started twinning (Fig. 1) in the course of the growth process. The 
twinning was initiated by sudden temperature changes and oversaturation of the solution and 
caused an acceleration of growth in [010]-direction. Thus, the (010)-face did not develop in 
the twinned crystals as shown in Fig. 1. Assuring a stable temperature reduction of 0.08 °C/day 
prevents the crystals from twinning.  
Accordingly, monocrystalline TGS crystals with an enlarged (010)-face can be produced.  The 
addition of 0,00306 Mol% SDS caused the largest reduction of growth velocity in 
[010]-direction. A monocrystalline crystal with a large (010)-face resulted, as shown in Fig. 2. 
The grown crystals were characterized by Laue measurements and X-ray-powder diffraction 
(XRD). The XRD analysis did not show any changes compared to pure TGS. Furthermore, IR-
spectra of TGS crystals grown with 0,39 Mol% SDS, show the same peaks as pure TGS, thus no 
incorporation of SDS in the TGS crystals occurs [4]. 
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Fig. 2: Monocrystalline TGS crystal grown with 
0,00306 Mol% SDS. The crystal inhibits a large 
(010)-face. 

1 cm 

(100) 

[001] 

(010) 

Fig. 2: Twinned TGS crystal grown with 
0,00304 Mol% SDS. The twinning plane is parallel 
to the (100)-face. 
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Summary  
 
The results are presented of the experimental investigation of the magnetic properties 
of the orthorhombic perovskite TbFeO3. This compound hast two magnetic sublattices resulting in 
complex magnetic phases. Furthermore, using neutron diffraction it was shown that it hosts a 
magnetic soliton lattice, a complex and anharmonical magnetic structure [1]. In the presented work, 
single crystal TbFeO3 was synthesized by means of a combination of a solid-state reaction and the 
optical floating zone technique. X-ray powder diffraction patterns recorded at different 
temperatures revealed an anomaly in the thermal expansion at the antiferromagnetic ordering 
temperature of the iron spins at TN = 688 K. Measurements of the zero-field magnetic susceptibility 
and of the heat capacity between 2 K and 300 K revealed the presence of two magnetic phase 
transitions, namely a ordering of the terbium spins around 8 K and a spin-reorientation of the two 
magnetic sublattices around 3 K. Based on measurements of the longitudinal ac susceptibility, 
various magnetic spin configurations were identified in detailed phase diagrams at low temperatures 
for magnetic fields applied along the three major crystallographic axes of the orthorhombic system. 
The main result, in particular, concerned the observation of the soliton lattice state by means of 
measurements of the transverse susceptibility when the external magnetic field is applied along the 
c-axis. 
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Summary  
  
Li2(Li1-xFex)N shows fascinating magnetic properties with high magnetic anisotropy and huge 
hysteresis. The spin reversal is dominated by quantum tunneling of the magnetization and the system 
can be considered a single atom magnet [1]. Here, we present a method for growing Li2(Li1-xTx)N single 
crystals doped with iron and other transition metals T = {Mn, Co, Ni, Cu} from a lithium-rich melt. 
Liquid lithium has a low melting point as well as a high solubility for nitrogen already at comparatively 
low temperatures of 800°C and below [2]. The low solubility of transition metals in pure lithium can 
be considerably improved by adding a third element, in this case nitrogen. Both these properties make 
lithium a promising flux for the growth of nitride-based single crystals.  
Crystal growth of Li2(Li1-xTx)N  is performed using a three-cap-crucible which is made from a niobium 
tube, two caps and a strainer also made from niobium. Due to the high reactivity of lithium and the 
air and moisture sensitivity of the reactants and the final product, all manipulations were carried out 
in an argon-filled glovebox (with O2 and H2O bellow 0.5 ppm). After loading the starting materials (Li, 
Li3N and T), the crucible is sealed by welding the cap to the tube using an arcmelter. This crucible is 
again sealed in a quartz ampoule under argon atmosphere to prevent the niobium from oxidation and 
placed in a furnace. The mixture is then heated to a maximum temperature of 850°C, cooled down to 
750°C within an hour and slowly cooled down to 500°C over typically 150 hours. After the growth 
process is finished, the crystals are separated from the flux via high temperature centrifugation which 
is performed within seconds after the sample has been removed from the furnace at 500°C [3]. 

Fig. 1: As-grown Li3N single crystal obtained from lithium-rich flux on a millimeter grid. 
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The obtained single crystals show a hexagonal symmetry and a side length of several millimeters. In 
some cases, the size of the crystals is limited by the diameter of the used niobium crucible of 12mm.  
A significant amount of lithium in the crystals grown using this method can be substituted with 
transition metals, e.g. x = 30 % for T = Fe. The habit and size of the resulting crystals are significantly 
influenced by the introduction of the different transition metals. Structural characterization was 
performed using X-Ray diffraction and chemical analysis by means of inductively coupled plasma 
optical emission spectrometry measurements.  
The size and quality of the single crystals allow for a plethora of experiments to be performed such as 
measurements of the anisotropic magnetic, thermodynamic and optical properties. 
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Summary 

Magnetic field annealing is a valuable tool for influencing microstructure and texture. The origin of 
this approach lies within the interaction of an external magnetic field with the sample’s magnetic 
anisotropy. Although anisotropic magnetic susceptibility may even be found in diamagnetic materials, 
magnetic field annealing is especially interesting for materials with exceptional ferromagnetic 
properties. Among these materials with high response to external magnetic fields are Heusler related 
intermetallics - like Mn3Ga, showing a D022 structure.  
The Mn-Ga phase diagram being rather complex, this phase cannot be obtained by a simple melting 
process. In such cases magnetic field annealing provides another advantage. With the aid of the 
magnetic contribution to Gibbs free energy the applied external magnetic field may act as key to 
promoting phase formation or even enable new phase formation routes. For Mn3Ga, Ener et al. 
depicted the magnetic field-assisted formation of the D022 phase [1].  
Referring to those previous findings, Mn3Ga samples were annealed for up to two weeks within this 
study. The results of conventional annealing were contrasted with those of magnetic field annealing 
in a superconducting magnetic using a magnetic flux density of 7 T (Figure 1). Beforehand the arc 
melted samples received rotary swaging to increase the defect concentration, which further forwards 
the phase transformation. In the course of characterization, we focused on the progression of 
microstructure using microscopical methods, supplemented by some analysis via X-ray diffraction and 
SQUID magnetometry.  
 

               
Fig. 1: Experimental setup for magnetic field annealing in a superconducting magnet. 

 
The achieved differences in microstructural evolution with and without application of an external 
magnetic field will be discussed. Furthermore, the example of Mn3Ga will be used to sketch the 
capabilities of magnetic field processing for tailoring the microstructure of intermetallics in general. 
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Macroscopic properties of (magnetically ordered) materials are inseparably linked to their (local) 
structure. Hence, any specific functionality can only be understood and tailored if the structure-
property relationships are taken into account.  
Nuclear magnetic resonance spectroscopy (NMR) is a known standard technique for structure analysis 
on a wide range of materials. The basis of NMR is the interaction of the nucleus’ spin with an external 
magnetic field, neighboring nuclei and the surrounding electrons. The externally applied field is the 
determining factor in paramagnetic and diamagnetic matter. However, for magnetically ordered 
materials the strongest contribution stems from the hyperfine field originating in the hyperfine 
interaction of the nuclear magnetic moment with the magnetic field deriving from the spin and orbital 
currents of the surrounding electrons. Therefore magnetically ordered materials can be probed with 
ease under zero external field. Zero-field nuclear magnetic resonance spectroscopy (ZF NMR) is a tool 
to probe the local environment of the NMR active nuclei on an integral scale. This tool enables a variety 
of local properties, such as local crystallographic defects, lattice strain, magnetic stiffness, local 
magnetic moments and even the local electronic structure [1-3].  
We use ZF NMR to investigate Co thin films with the different thicknesses t = 10 nm and t = 25 nm.  
The objective in this work is to explain the increase in magnetic anisotropy with increasing film 
thickness [4]. The investigation with ZF NMR as a local probe gives us information about the ratio and 
magnetic stiffness of different crystallographic phases and stacking faults present in the films. Figure 
1 shows the 59Co ZF NMR spectrum for the sample t =25 nm. The spectrum is fitted with an appropriate 
Gaussian model to extract the exact resonance frequencies of each specific crystallographic 
environment and their corresponding ratio in the overall film. The resonance frequencies are 
compared with the literature and assigned accordingly [5]. Two allotropes can be found within the 
thin film: fcc (blue line) and hcp (magenta line). While hcp Co is the stable allotrope under ambient 
condition, Co grows in the fcc structure on top of Pt due to lattice mismatch. Between the fcc and hcp 
environment two distinguishable stacking fault (sfs) environments can be found. Concerning the 
magnetic anisotropy and how this is linked to the structural finding, there are two possible sources for 
the increase in this property. Either the observed magnetic anisotropy stems from a 
magnetocrystalline (intrinsic) effect due to the larger contribution of hcp Co in the thicker film which 
is inherently more anisotropic than fcc Co or the anisotropy originates in the magnetoelastic (extrinsic) 
effect, due to defect pinning on the sites of the stacking faults between the fcc and hcp Co.  We will 
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give an answer to this question as well as more examples from our recent research underlining the 
potential of ZF NMR to understand structure-property relationships in modern materials.  
 

  

               
Fig. 1: 59Co ZF NMR frequency spectrum of a Co thin film (thickness t = 25 nm).  
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Among the 122 compounds which crystallize in the ThCr2Si2-type structure, the compounds LnMn2Ge2, 
where Ln ist a rare earth element, stand out since they exhibit a complex magnetic behaviour. At high 
temperatures, the magnetism is dominated by the ordering of the 3d electrons of Mn, while at low 
temperatures it is determined by the ordering of the rare earths local moments [1, 2]. 
There are many studies of polycrystalline samples or small single crystals, but large and pure single 
crystals suitable for spectroscopic studies are missing. In previous work, the possibility of the growth 
of single crystals from indium flux was reported [3].  Our attempts to grow the LnMn2Ge2  (Ln=Nd, Sm, 
Dy)  from indium or tin flux failed. Instead, we succeeded to grow these compounds from a 
stoichiometric mixture of the elements.  
In this contribution, we present the details of the growth by Czochralski method. Preliminary 
differential thermal analysis (DTA) showed that the compounds do not grow congruently. Furthermore 
it turned out that the evaporation of Mn from the stoichiometric melt is considerably large. Therefore,  
we applied the Czochralski method using a levitating melt under enhanced Ar pressure for the growth 
(Fig. 1, left). Recently, this procedure was developed and successfully applied to the single crystal 
growth of the ferromagnetic quantum-critical compound YbNi4P2 [4]. From the grown samples, mm-
sized single crystals of LnMn2Ge2 were extracted (Figs. 2 and 3). In this contribution, we will present 
the chemical and structural characterization of the Czochralski grown LnMn2Ge2 crystals and some 
physical measurements around the magnetic transitions. 
 

 
 
 
Fig. 1: Left: Crystal growth by Czochralski method from a levitating melt. Right: ThCr2Si2-type structure of the 
LnMn2Ge2 compounds. 
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Fig. 2: Left: SmMn2Ge2 Czochralski grown sample. Middle: Laue pattern view along the tetragonal axis. Right: 
Extracted single crystal grain of SmMn2Ge2. 
 
 
 

   
Fig. 3: Left: NdMn2Ge2 Czochralski grown sample separated from the residual flux. Middle: Laue pattern, view 
along the tetragonal axis. Right: Extracted single crystal grain of NdMn2Ge2. 
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Summary  
 
The material system of Cu(In,Ga)(S,Se)2 (CIGS) is well-established among high efficiency thin film solar 
cells. The physical properties of CIGS throughout the absorber layer depend on the depth distribution 
of composition profiles, especially elemental profiles of Ga and S. Thus a reliable quantification 
technique is required, especially to tune the optoelectronic properties like the band gap energy. 
In this work a nontoxic and adjustable etching process was used to prepare wedge-shaped samples 
for further direct analysis – both from CIGS absorbers on glass substrates (provided by Helmholtz 
Zentrum Berlin) as well as from exfoliated CIGS films. Large area energy dispersive X-ray spectroscopy 
(EDX) with different acceleration voltages from the front (CIGS on substrate) and from the back side 
(exfoliated CIGS film) was used to acquire a first determination of the element composition. The CIGS 
wedges were characterized by field emission scanning electron microscopy (FESEM) to evaluate the 
morphology, EDX at 10 kV to determine the local element composition and distribution, and 
photoluminescence (PL) to investigate the optoelectronic properties. A schematic of the sample 
preparation and characterization processes can be seen in Fig.1. 
 

 
Fig. 1: Schematic of the CIGS wedge sample preparation and the performed characterization measurements. 
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In Fig.2 the different sample types are compared concerning their Cu(In+Ga) and Ga(In+Ga) ratios as well as 
their Sulfur and Selenium content throughout the CIGS film. The respective amounts were measured by area 
EDX with different acceleration voltages from the front side and the back side. After etching the CIGS on 
substrate and exfoliated CIGS films, low voltage EDX measurements are used to further analyze and confirm 
the expected elemental profiles. 
 

  
 

  
 

Fig. 2: Values of Cu(In+Ga), Ga(In+Ga) and S content throughout the layer as measured with area EDX with 
different acceleration voltages from the front (CIGS on substrate) and from the back (exfoliated CIGS films). 

 
The directly measured (PL) minimum band gap energy is slightly lower than the estimated value from 
the composition gradients that were measured by glow discharge optical emission spectroscopy 
(GDOES). Moreover throughout the CIGS film a rise in band gap energy can be measured, as the 
amount of Ga increases towards the back contact. 
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Cadmium zinc telluride ((Cd,Zn)Te) has been considered a promising material for the fabrication of 
room temperature X- and Gamma-Ray detectors, owing to its excellent electrical properties and its 
high density. Travelling Heater Method (THM), which is a solution growth technique, allows the 
preparation of monocrystalline material with the required electrical properties regarding high 
resistivity and high carrier mobility-lifetime-products. The THM method provides a uniform crystal 
composition of ternary materials such as (Cd,Zn)Te.  
Nevertheless, the application is limited by the presence of material defects, such as Te inclusions, 
twins and even cracks. The growth of defect-free quality (Cd,Zn)Te crystals still remains a challenge. 
Microgravity conditions provide unique possibilities to improve the quality of the crystals owing to 
suppression of buoyancy convection. To study the influence of microgravity on the crystal quality, 
two space experiments ‘VAMPIRE-F’ are scheduled for 2021. The preparation of these experiments 
includes the growth of several crystals using THM and the characterization of these crystals as well 
as the growth of seed material in our 3 inch THM facility.  
Some of the important parameters of the ground experiments are shown in Tab. 1. After performing 
the first two ground experiments, two problems have been found. Firstly, there was a large zinc 
concentration variation at the boundary between the seed and the grown crystal. And secondly, 
both of the seeds were almost not dissolved. Therefore, some parameters have been adjusted for 
the third experiment aiming to solve these problems. First, the CdTe concentration in the Te Zone 
was increased from 5 % to 10 %. In addition, the heater temperature at the beginning of the 
translation was increased and then went back slowly. At last, the starting position of the heater was 
moved 5 mm towards the seed direction.  
 

Tab. 1: experimental parameters of the three ground experiments 

sample No. doping CdTe % in   
Te Zone heater temperature RMF heater position 

F1-01-GM In (5 ppm) 5% 1080-1100 ° no Zone centre 
F1-02-GM In (5 ppm) 5% 1100-1110 ° 2 mT, 100 Hz Zone centre -2 mm 
F1-03-GM In (5 ppm) 10% 1110-1100-1110 ° 2 mT, 100 Hz Zone centre -5 mm 

 
In this study, Infrared Transmission Microscope was used to analyze the defects distribution, like Te 
inclusions. Birefringence measurement and optical microscopy were performed to analyze the stress 
distribution in the crystals. Further, X-ray Diffraction (XRD) and Energy Dispersive X-ray Spectroscopy 
(EDX) were done to obtain further information of the Zn concentration and defects in the crystals. In 
addition, Contactless Resistivity Mapping (COREMA) was used to measure the resistivity of the 
crystals. 
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Fig. 1: IR images of F1-02-GM (left) and F1-03-GM (right). The seed of the second sample F1-02-GM was not 
dissolved, while the seed of F3-03-GM was dissolved for 7.4 mm after adjustment of the experimental 

parameters. 
 

     
 

Fig. 2: Birefringence mappings of F1-02-GM (left) and F1-03-GM (right). Some stress was found at the 
boundary of F1-02-GM, while the boundary of F1-03-GM is free from dramatic stress. 

 

 
 

Fig. 3: histogram of the two areas with the same size in sample F1-03-GM. The grown crystal has much more 
inclusions but with smaller mean diameter (10.57 um) when compared to the seed (6.17 um). 
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Summary 
Solution growth is a powerful tool for single crystal growth of various materials [1] and 
particularly useful for basic research in solid state physics and chemistry. Compared to 
procedures like Czochralsky or Bridgeman growth it doesn’t depend on congruent melting of 
the respective compound. In contrary, a decrease of the formation temperatures of the 
desired compounds by several hundred degrees as well as reduced vapor pressures and 
higher diffusion rates can be achieved. Accessing the exact onset and temperature of 
nucleation on the other hand remains almost impossible. A prediction of this instant gets 
also hampered by the uncertainties of the published liquidus temperatures (if available at 
all). This gets aggravated by supercooling, which stays undetected during the growth 
procedure. The difference between the displayed furnace temperature and the actual 
sample temperature makes this even more difficult. 
Here we present a way to accurately measure the complete time-temperature profile 
including small temperature changes caused by dissolution or nucleation.  This is achieved 
by contacting the growth crucible (ceramic) with a measurement wire of high thermal and 
mechanical stability such as pure or alloyed tungsten. By sawing groves into the crucible`s 
bottom side and placing the wire into them in a meandering way, the wire gets as close as 
possible to the melt without direct contact covering a major part of the crucible bottom. An 
alumina based high temperature ceramic glue with high thermal conductivity covers and 
stabilizes the wire inside the grooves. By connecting the thin wire with massive metallic rods 
(3 mm in diameter) of tungsten or molybdenum that lead from the heating zone to the 
outside of the furnace the voltage at the measurement wire can be detected directly by 
using a Lock-in amplifier. Due to the linear temperature dependence of the wire resistance, 
the measured Lock-In voltage directly follows the crucible temperature. Additional 
contributions by released or absorbed heat inside the solution cause anomalies within this 
curve. Information about the absolute temperature is provided by a thermocouple the 
crucible is placed onto during growth.  
Without the necessity of a reference crucible, the signal-to-noise ratio approaches the level 
of conventional DTA-signals. The detection of nucleation enables seed selection using 
oscillations within a well-defined temperature range. The system can be applied to various 
solvents including aqueous solutions and has been proven up to 1300°C. Furthermore, 
promising tests on metallic crucibles such as tantalum have been successfully conducted.  
The entire measurement setup is placed in a tube furnace, providing high heating and 
cooling rates, a temperature accuracy of 0.5 Kelvin and stable atmosphere conditions. The 
reaction chamber can be flooded with inert gas allowing the growth of air sensitive samples 
as well as protecting metallic crucibles and the measurement wire. The processes are 

mailto:andreas-gabriel.schneider@physik.uni-augsburg.de
mailto:anton.jesche@physik.uni-augsburg.de
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controlled by a graphical user interface offering the possibility of real time observation of 
the sample state together with in-situ analysis tools. 
Eight well explored binary systems showing phase transitions between 147°C and 1121°C 
have been investigated and compared with DTA measurements of the same composition. 
Obtained results are in good agreement with the literature as well with DTA. Single crystals 
of binary PdBi were investigated in detail and the growth optimized. The obtained crystals 
were successfully enhanced in size in comparison to conventionally grown ones. 
Furthermore they are not only significantly larger but also of excellent quality as shown by 
the emergence of dHvA-oscillations at comparatively high temperatures and low fields of 3 
Tesla at 2 Kelvin. Besides the liquid-solid phase transitions also a solid-solid phase transition 
of β-PdBi2 to α-PdBi2 [2] and vice versa has been detected successfully, showing the 
sensitivity and versatility of the system.   
The established setup offers a considerable increase in efficiency and accuracy for various 
solution growth processes, suitable for a wide variety of systems. The application to other 
such growth systems as well as further improvements of sensitivity and precision are 
anticipated. 
 

        
 

Fig: Conventional grown PdBi-crystals from a box furnace (left) in  
direct comparison with seed selected PdBi-crystals (right) 
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Introduction  
ß-Ga2O3 has recently become of great interest because it is an excellent candidate for power 
electronics and optoelectronic applications [1,2]. Large progress has been made in the homoepitaxy 
by MBE, MOVPE, and HVPE. Nevertheless, many details of the process are not yet known. Kinetic 
Monte Carlo methods are one possibility to gain a deeper inside into the surface kinetics. A set of 
experiments followed by surface analysis using STEM and AFM give us the possibility to compare both 
experimental and numerical results.  We consider only MOVPE on (100) planes because this was the 
only surface where step growth was achieved [3–5]. 
 
Kinetic Monte Carlo Method 
We set up a KMC model, which reflects the structure of Ga2O3 with its 8 Ga atoms and 20 O atoms in 
the unit cell. Ga and O2 can adsorb. The sticking coefficient is set according to the particular atomic 
configuration of the surface atoms (details see [6]). Ga and O atoms can diffuse, also GaOx species can 
diffuse in c-direction. There is evidence from experiments that Ga2O can desorb [7] and thus, we 
consider this in KMC. We make a list of all possible events with their probabilities and chose in every 
iteration one event randomly with respect to its relative probability to the sum of probabilities of all 
events. The diffusion energies were set in the range of 1.5 eV because a 1D mean field approach for 
island growth gave a value of this order by comparison with experimental results [4]. 
 
Results 
We performed runs on flat (on-oriented) and vicinal (6o miscut) surfaces. STEM HAADF images of the 
surfaces reveal that the terraces are always B1 or B2-plane (see Fig. 1) [8].           

               
Fig. 1: Surface planes as observed in the STEM analysis. Atoms are labeled according to their number in the 

KMC code. 
 
On flat surfaces we modify the ratio O/Ga. For small O/Ga ratio no critical nucleus could be formed.  The larger 
the ratio the fast the growth. Nevertheless, no 3D growth is observed but first the next B-plane is filled 
up. This corresponds with the experimental observations. Choosing a fixed O/Ga ratio we performed 
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runs for 750oC, 800oC, and 850oC. For the latter we observe large 2D islands as in the experiments [6]. 
At lower temperature the growth is faster but structure sizes are smaller. 
On the vicinal surface we change the desorption rates. For an intermediate desorption rate (as used 
for the flat surface) we obtain step growth (case B in Fig. 2). For high desorption rate (case C) we 
observe step bunching because every fluctuation in edge growth leads to a growth instability. In the 
opposite case (case A) we observe random growth on the terraces but eventually ending up in a double 
step. The final morphology looks similar to that of Case C. Please note that we have only two steps in 
our KMC run and cannot make any realistic statement beyond the 20 s shown in Fig. 2. 
 
 
 
 

  
 

 

 
Fig. 2: Surface morphologies for runs with different desorption rates. Left: 10s, Right: 20s. 
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The requirements for industrial semiconductor materials used for device applications are constantly 
rising – one example is the upcoming development of the 5G mobile network technology and the 
following advancement of autonomous driving. Therefore, high quality bulk crystals are needed – to 
solve the technical obstacles, a profound comprehension of the respective material systems is 
required. Especially in mixed systems, additional challenges concerning the homogeneity of the grown 
material are rising due to varying properties of the different chemical composition of the components, 
such as germanium and silicon. 
GexSi1-x is an elemental semiconductor material which is extremely attractive for various applications 
like thermoelectrica, microelectronics, photovoltaic, or various functional applications due to its 
lattice constant and band gap tuning based on the composition. A major challenge in growing high 
quality GexSi1-x bulk crystals from melt, is the fact that the surface tension of silicon is 30% higher than 
germanium, while on the other hand the density is only half as large (see table 1). 
 
Table 1: Surface tension and density of Ge and Si. 

 germanium silicon 
surface tension gamma (T) = 591 - 0.08*(T - Tm) mN/m [1] gamma (T) = 765 - 0.016*(T - Tm) mN/m [2] 

density 5.323 g/cm3 at 20 °C [3] 2.336 g/cm3 at 20 °C) [3] 
 
Due to the large segregation coefficient of Si in Ge of k0 ≤ 5, germanium is enriched in front of the 
solid/liquid interface, which leads to a strong soluto-capillary convection and solutal buoyancy 
convection. It is shown that this specific type of convection is significantly influencing the shape of the 
solid-liquid interface and consequently the complete growth process, if a growth technique with free 
melt surfaces is used (e.g. Float-Zone, detached Bridgman, etc.). Therefore, a deeper understanding 
of the influence of convection flux and capillary phenomena on the resulting crystal quality is needed. 
Under normal gravity conditions on earth (1g), it is not possible to investigate the effect of the 
buoyancy force and different surface-tension-driven convections separately on the crystal growth 
process – in microgravity (µg) the influence of density-driven convection is suppressed including the 
strong buoyancy convection. These experiments under µg conditions provide the possibility to 
investigate the flow behavior in-situ on and in the liquid phase without the disturbing impact of the 
buoyancy convection. 
Therefore, we perform experiments in parabolic flights (see fig. 1) which provide several µg phases up 
to 22 seconds, where we can quantitatively and qualitatively determine the effect of soluto-capillary 
convection in the Ge-Si system. In the used setup, the solid/liquid interface is running perpendicular 
to the melt surface so that impacts of surface tension driven flows and their effects on the growth 
front can directly be observed. By analyzing the movement of small boron nitrite tracer particles on 
the melt surface during solidification we can track the movement processes and estimate the 
velocities of these particles. Different GexSi1-x mixtures (3-35 at% Si) are used to investigate the effect 
of the composition on the soluto-capillary Marangoni convection. 
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To handle the short parabolic phases, we have to ensure that we can heat up and cool down the 
samples rapidly – therefore we use a double ellipsoid mirror furnace with an argon atmosphere as 
inert gas (scheme of used furnace in fig. 2). To record the tracer paths (e.g. fig. 3), we use a top 
mounted high-speed CCD camera. A current view on the results of the parabolic flight campaigns of 
the last years will be presented. 
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Figure 1: Parabolic flight setup during one 
parabola (image by Novespace, France). 
One flight day offers 30 parabolas with 20 
seconds of microgravity each. Guaranteed 
maximum deviations of ± 0.005g.  

Figure 3: Four stages during a μg 
experiment: (1) In the initial state, the 
sample is completely molten. The pBN 
tracers remain on the starting position. (2) 
Solidification starts on the top. The tracer is 
moved by soluto capillary convection and 
thermocapillary convection. (3) 
Solidification starts also on the lower 
crucible wall. Second tracer movement is 
initiated. (4) In the final state, the complete 
sample is solid and will be heated again for 
the next parabola. 

Figure 2: Left: Double ellipsoid mirror 
furnace allows rapid heating and 
cooling of the samples. Right: A high-
speed camera above the top window 
records tracer movements on the 
solidifying melt surface. The crucible 
consists of SiC coated graphite. 
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Nowadays multicrystalline silicon (mc-Si) produced by directional solidification (DS) is the most 
popular substrate material for manufacturing of solar cells. It covers more than 60% of PV market and 
is expected to keep a significant share in the next decade. The trend towards high efficiency and low 
cost solar devices results in multiple changes and improvements both in solar cell technology and 
crystallization methods. One of the most promising concepts is solar cells and modules based on n-
type crystalline silicon material, which already demonstrates world record efficiencies and is the most 
suitable candidate to be the next industry standard. In general, crystallization of standard n-type 
material does not imply any dramatic changes in comparison to p-type growth. However, some 
specific differences related to the peculiarities of dopant element still exist. For instance, strong 
segregation of phosphorus in silicon leads to broader resistivity variation of n-type phosphorus-doped 
ingots in comparison to p-type ones, which in turn results in lower yield and higher cost of crystalline 
material. 

Recently the method for reduction of resistivity variation in phosphorus-doped directionally 
solidified mc-Si was proposed. It is based on the ability of phosphorus to evaporate from silicon melt 
surface not only in case of high vacuum but also at pressures typical for DS crystallisation [1]. The 
method implies controlling and altering phosphorus transport both in liquid and gaseous phases by 
the complex arrangements of ambient pressure, gas flow and melt mixing performed by travelling 
magnetic fields (TMF). It was shown that this approach can be effectively used to control and tailor 
resistivity distribution along the ingots height. However, it has not yet been investigated how the 
manipulations with gas pressure and melt mixing affect other parameters of multicrystalline ingots, 
which are important for solar cell operation. 

In this work we present the results for n-type DS-Si ingots, which were grown using complex 
arrangements on influencing phosphorus transport during growth process. These involve variation of 
melt stirring, ambient gas flow and gas pressure. In the row of experiments on homogenization of 
resistivity profiles different process conditions and their combinations were tested on G1-size (22 x 22 
x 12 cm3) n-type DS ingots, including both conventional and high performance mc-Si material. The 
quality of ingots was characterized in terms of minority carrier lifetime, as well as the presence of 
impurities and inclusions (Cs, Oi, SiC, Si3N4, metals etc.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: The shape of solid-liquid 
interface of mc-Si ingots: 
a) without TMF stirring, 
b) with TMF stirring 

a) 

b) 
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The influence of each process parameter on material quality will be discussed. It will be shown 
that enhanced melt stirring with double-frequency TMF not only promote uniform resistivity profile 
in the first half of mc-Si, but also ensures flatter crystallization front (Fig. 1.), which is beneficial for 
stable crystal growth [2]. 

A particular attention will be given to the influence of gas pressure on ingot quality and process 
safety. It is well known that low ambient pressure during crystallization provokes erosion of crucible 
coating as well as migration of oxygen from a crucible into silicon melt and its evaporation from melt 
surface [3]. It will be shown that even at the process pressure of 50 mbar no sticking between a quartz 
crucible and the ingot was observed and no harmful Si3N4 inclusions were found in crystallized ingots. 
The used crucibles were coated with Si3N4 according to a developed in-house procedure. Furthermore, 
although such low pressures result in somewhat increased concentration of Oi in the second half of 
mc-Si ingots, it was on an acceptable level and significantly lower than regular elevated values at the 
bottom of DS ingots (Fig. 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
                

It will be shown that a complex approach to melt stirring and gas transport ensure not only 
improved resistivity distribution along the height of n-type phosphorus-doped DS-Si ingots, but also 
provide multicrystalline material of high quality suitable for production of high efficiency solar cells 
and modules. 
 
Acknowledgment 
The authors are thankful to M. Imming-Friedland and T. Wurche for sample preparation. 
 
 
[1] I. Buchovska, N. Dropka, S. Kayser, F.M. Kiessling, J. Cryst. Growth, 507, 299 (2019) 
[2] F.M. Kiessling, F. Büllesfeld, N. Dropka, Ch. Frank-Rotsch, M. Müller, P. Rudolf, J. Cryst. Growth, 
360, 81 (2012) 
[3] X.M. Huang, K. Saitou, S. Sakai, K. Terishima, K.Hoshikawa, Jpn.  J. Appl. Phys. 37, 3188 (1998) 
 
 
 

  

Fig. 2: Distribution of interstitial oxygen for mc-Si 
ingots grown with different ambient pressure Fig. 3: Distribution of substitutional carbon for mc-Si 

ingots grown with different ambient pressure 
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Investigation of directionally solidified quasi-mono silicon for future gravitational-
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4Maastricht University, P.O. Box 616, 6200 MD Maastricht, The Netherlands 

5Nikhef, Science Park 105, 1098 XG Amsterdam, The Netherlands  
*email: frank.kiessling@ikz-berlin.de  In 1916, Albert Einstein predicted the existence of gravitational waves (GW). A century later on 09-14-2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) observed GW from the merging of two black holes for the first time [1]. In order to detect more gravitational waves from a wider range of sources, the detection sensitivity has to be continuously improved. The European Einstein Telescope (ET) is a vision for the next (3rd) generation of GW detectors [2]. One component of the conceptual ET design study are 200 kg test-mass mirrors from single crystalline silicon.  Although there exist various techniques to produce silicon single crystals, the diameter of the crystals is the first criterion to consider. Since the size of a mirror has to be about 50 cm in diameter, single crystalline silicon of highest perfection cannot be provided by the crucible-free float zone technique. Even dislocation free silicon single crystals, which have been grown by the Czochralski (Cz) method, might not fulfill the proposed size and purity required for the Einstein Telescope [2, 3]. An interesting approach to overcome the size problem is the use of silicon grown by directional solidification (DS). DS-Si can be grown as quasi-mono ingots with far bigger sizes needed here and might be available on the market by request. Unfortunately, this quasi-mono silicon has the lowest material quality compared to the dislocation-free silicon crystals mentioned above. But, since the oxygen level in directional solidified silicon material is lower than the one in Cz-Si and even magnetic Cz-Si crystals, the use of DS-Si might be a promising approach. Thus, the defect limits have to be investigated in order to evaluate its suitability for the use as a future gravitational-wave detector test-mass mirrors material.  Samples of different sizes have been prepared using a quasi-mono silicon ingot grown by directional solidification. The material has been characterized regarding carrier lifetime, concentration of substitutional carbon Cs, interstitial oxygen Oi and electrical resistivity. Microwave detected photoconductivity method, FTIR and conductivity measurements are performed, respectively. Additionally, photoluminescence measurements reveal possible recombination active dislocation clusters. These data will be discussed in relation to preliminary results of mechanical loss (which determines the level of thermal noise) and optical absorption (a crucial parameter for maintaining cryogenic operating temperature) values.  

References  [1] B. P. Abbott et al., Phys. Rev. Lett.116, 061102 (2016). [2] http://www.et-gw.eu/index.php/etdsdocument [3] J. Steinlechner, Phil. Trans. R. Soc. A 376, 20170282 (2018).  
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Summary  
 

According to recent studies, intermetallic compounds may have better catalytic properties than 
presently used industrial catalysts that are based on noble metal elements or substitutional alloys 
from them [1]. The latter ones suffer diffusion and segregation under operation conditions, while 
intermetallics have well-defined structures with the catalytically active atoms at specific atomic sites. 
Therefore, they may have better long-term stability and considerably higher catalytic selectivity, 
according to the active-site isolation concept [2]. 

Several binary compounds in the Ga-Pd system have already been grown with the Czochralski 
technique from Ga-rich solutions as cm3-sized single crystals [3], which are required for fundamental 
studies in surface physics and crystallography. The intermetallic compound GaPd2 has been shown to 
be the best candidate for heterogeneous catalysis in hydrogenation processes, with catalytically active 
Pd sites, being well isolated. More recently, it has been found that partially replacing Ga by Sn in GaPd2 
may further increase the activity of this catalyst [4].  

Substituting a part of the Ga atoms by an element from the fourth group in the periodic table, 
thus growing solid solutions, e.g. (Ga,Ge)Pd2 or (Ga,Sn)Pd2, allows to study the electronic influence of 
an additional valence electron on the material’s catalytic properties while the crystal structure remains 
almost unchanged. Unfortunately, little is known about the ternary Ga-Ge-Pd and Ga-Sn-Pd phase 
diagrams. In the pseudobinary GaPd2-GePd2 system, the substitution of Ga by Ge is restricted since 
GaPd2 crystallizes in the Co2Si structure type (Pnma) and GePd2 in the Fe2P structure type with 
hexagonal symmetry (𝑃6̅2𝑚). An isothermal section through the ternary phase diagram at 700°C has 
been published as early as 1975 [6] indicating a maximum Ge substitution according to approx. 
Ga0.57Ge0.43Pd2. GaPd2 and SnPd2 are isostructural in the Co2Si structure type (Pnma) and therefore 
form a complete solid solution series. However, pure SnPd2 cannot be grown from a liquid phase, but 
decomposes in a peritectoid reaction at 820°C [5]. Thus, ternary Ga1-xSnxPd2 solidification from a native 
melt or solution is expected to result in an upper limit of Sn substitution for Ga.  

  
Fig. 1: Ga0.7Sn0.3Pd2 single crystal, grown with the 

Czochralski technique in [010] direction. 
Fig. 2: Ga0.8Ge0.2Pd2 single crystal, grown with the  

Czochralski technique in [001] direction. 
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This contribution presents the results of a high number of slow-cooling experiments in order to 

investigate parts of the unknown liquidus surface, i.e. to study the primary crystallization fields of the 
1:2 phase solid solutions and the relevant tie-lines for the crystal growth in the two ternary systems 
Ga-Ge-Pd and Ga-Sn-Pd. These small-scale experiments were done with typically less than 1 g of 
material in graphitized fused silica ampoules. The obtained spherical samples were investigated using 
X-ray powder diffraction, optical microscopy and electron-probe microanalysis. The maximum Ga 
substitution by Sn has been determined as Ga0.46Sn0.54Pd2 that primarily crystallized from a solution of 
composition (Ga0.4Sn0.6)0.38Pd0.62. Based on these findings, Czochralski growth experiments from 
incongruent melts, being either (Ga,Sn)- or (Ga,Ge)-rich, were successfully done using binary GaPd2 
seeds of different crystallographic orientations. As already known from growth experiments with 
binary GaPd2, extremely low pulling rates down to 25 µm/h were necessary to avoid fluid inclusion 
formation. Weak segregation effects along the pulling direction (Fig. 3) indicate pseudobinary 
segregation coefficients that are only slightly lower than unity. 

 

 

 
 
 
 
 
 
Fig. 3: Axial composition profiles of single 

crystals of the Ga1-xSnxPd2 solid 
solution grown from different 
starting melts. The Sn content of the 
starting charge is given in terms of 
the pseudobinary mole fraction xL 
according to (Ga1-xLSnxL)1-yLPdyL[7]. 
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 Previously, the dislocation behavior from the view point of photovoltaics was studied during melting and crystallization of large-area single crystal seeds at near-equilibrium conditions using the so-called NeoGrowth technique [1], [2]. Alternatively, the authors investigated the crucible-free growth of low-defect single crystals on large-diameter silicon seeds by a new, modified FZ- technique [3] without using the common Dash technique. All grown crystals, independent of the seed structure or preparation procedure, reproducibly developed a dislocation network in the temperature range between 900 °C and 1200 °C already during heating to the melting temperature and before the growth started.          In the present study, a long dislocation-free crystal with a diameter of 20 mm and smaller than the inner hole diameter of the RF-coil was grown using the standard Floating Zone method. Then the grown crystal, without any mechanical or chemical treatment, was stepwise heated up in the temperature range from 700 °C till 1180 °C controlled by a pyrometric system. After reaching a quasi-stationary state for a chosen temperature, the crystal was shifted by a certain distance relative to the fixed coil. The crystal was then cut into segments of about 100 mm in length. Plates with a thickness of 2 mm were cut parallel to the growth direction and double-side polished. Additionally, wafers were cut perpendicular to the growth direction between the segments. The samples were analyzed by Lateral Photovoltage Scanning (LPS), photoluminescence (PL) and etch pit density (EPD) as well as the lifetime were measured.        Comparing the results of the different methods a strong correlation between the dislocation density and the lifetime was found in dependence of the temperature increase in the investigated range. The region of the dislocations generation and its spreading behavior could be revealed. Possible origins and correlations will be discussed.  

                Fig. 1                 Fig. 2               
Figure 1 – Temperature (pyrometer)(left) and crystal picture (right) during the heating.                                        
Figure 2 – Lifetime (left) and EPD (right) measured on a longitudinal cut 
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