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Abstract 

 

 A new method for silicon crystal growth using granulate as feedstock material has 

been proposed recently. This method bears resemblance to the well-known float zone growth 

but also places new challenges for both hardware design and numerical modeling. In this 

study we focus on the high-frequency induction heating. We compare and validate numerical 

models implemented in the commercial software package Comsol and open source software 

GetDP, using both analytical solutions and measurements of the 3D magnetic field 

distribution for real inductor shapes. The options to improve the overall modeling accuracy 

are discussed. Results from direct measurements of the inductor current and of the 

temperature-dependent electrical conductivity of silicon granulate are presented. 

 

Introduction 

 

 Four decades of float zone (FZ) growth of large-diameter silicon crystals at IKZ clearly 

point to the design of high-frequency (HF) electromagnetic (EM) induction as one of the main 

challenges. This includes development of HF generators considering the risk of arcing at high 

voltages, inductor design for an optimal induced current distribution, and numerical modeling 

of 3D HF EM fields for a continuous support of the aforementioned tasks. A recent 

development at IKZ is silicon crystal growth using a granulate crucible (Si-GC), see [1]. In 

this process, silicon granulate in a quartz container is first partly melted from above by an HF 

inductor, preserving a solid layer at the container walls. Then a cylindrical crystal is pulled 

through the inductor central hole out of the continuously replenished melt. The increased 

inductor voltage on the one hand and the use of special susceptors during melting and seeding 

on the other hand lead to new challenges compared to FZ growth and require precise 3D HF 

models for the hot-zone and process development in a limited parameter range. 

 

1. Experimental setup 

 

 In this study we consider only selected parts of the growth setup, which are relevant for 

EM calculations: 1) inductor; 2) graphite dummy load or container with silicon granulate 

below the inductor; 3) graphite susceptor in the inductor center hole; see Fig. 1. The inductor 

typically consists of a circular plate of copper with a central hole and a main slit where the 

current supplies are connected. The supplies together with the water cooling channel are 

connected to a coaxial vacuum-sealed feedthrough leading to the HF power supply behind the 

furnace. The inductor, the feedthrough, and a capacitator form a heater resonance circuit 

which is inductively coupled to a tank circuit fed by a vacuum tube generator [2]. 

Consequently, the inductor frequency depends both on the inductor load as well as on the 

resonance in two coupled circuits. 
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Fig. 1. Experimental setup: (a) 2 inch inductor (60 mm hole) with silicon granulate; (b) 4 inch 

inductor (130 mm hole) with graphite dummy load; (c) heater (C2) and generator tank (C1, 

L1) resonance circuits 

 

2. Numerical models 

 

 For the 3D electromagnetic calculations we use Comsol Multiphysics with the ACDC 

module (MF physics interface). The time-harmonic equation for the magnetic vector potential 

is solved using the finite element method. The typical working frequency is 2.5 MHz, leading 

to very small skin depth both in the copper inductor (0.04 mm) and graphite parts (1.4 mm). 

Such skin depths can be hardly resolved for realistic 3D geometries; therefore, the Boundary 

coil model is applied to the inductor while the Surface impedance boundary condition (SIBC) 

is applied to all other electrically conducting surfaces [3]. Several aspects of these modeling 

assumptions have not been yet discussed in the literature: 

• What should be the effective inductor thickness in the Boundary coil model and how 

accurate are the resulting values for the inductor power, voltage, and inductance? 

• In what range of skin depth can the SIBC model be used with reasonable accuracy? 

These questions can be answered by comparing the 3D model to 2D simulations with a fully 

resolved skin depth for an axisymmetric geometry. We consider a conducting sphere 

(R=10 mm) in a homogeneous axial magnetic field (2.5 MHz); see Fig. 2. This setup allows 

for an analytic solution and has been used frequently in the literature as a benchmark case. 

The total induced heat in the sphere is calculated in a 3D model in Comsol as described 

above, a 2D model in GetDP with fully resolved skin depth, and a simplified boundary 

element (BEM) calculation often used in the literature for FZ simulations [4]. The resulting 

values agree between all cases within 5% for a skin depth of 0.3 mm (liquid silicon). Small 

deviations below 5% probably occur because the magnetic field in Comsol and GetDP is 

generated by an axisymmetric coil (R=0.2 m) which also contains a small 3 mm gap in the 3D 

case. The resulting magnetic field is nearly vertical close the rotation axis, but not perfectly 

homogeneous. For the skin depth of 7 mm (solid silicon at low temperatures), the induced 

power in the cases with SIBC and BEM models can be overestimated by more than 100%. 

The skin depth in the inductor was 0.04 mm in both cases. Heat losses in the inductor 

as well as voltage and inductance agreed between GetDP and Comsol models within 4% if the 

theoretical skin depth was specified as the Boundary coil thickness in Comsol. The same 

results were obtained in Comsol if the SIBC was applied directly on the inductor surface. 

Furthermore, 2D models in Comsol agreed well with 3D models. 
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Skin depth 0.3 mm 7 mm 

 Induced heat 

Comsol 

3D 

13.6 W 186 W 

GetDP 2D 13.3 W 77.6 W 

BEM 2D 14.4 W 381 W 

Analytic 

(given B) 

13.9 W 81.1 W 

 

Fig. 2. Verification of the numerical model: (a) 3D & 2D benchmark geometry; (b) typical 

power density distribution in the sphere; (c) induced heat in the sphere 

 

3. Validation experiments 

 

3.1. Material properties 

 While the electrical conductivity for copper and graphite is well known, the value for 

solid silicon granulate depends on material microstructure and impurities as well as on 

temperature. Therefore, a special setup has been developed for the electrical conductivity 

measurements for a single granulate particle. The setup consists of a sample heater and a 

standard four-point resistivity measurement device [5] with tungsten carbide needles at 

0.6 mm distance, see Fig. 3. First measurement results in Fig. 3 show the typical temperature-

dependence, but with much higher resistivity than known from the literature for crystalline 

silicon [6]. This could be explained with the production process of silicon granulate by 

deposition from a gas phase, resulting in a very fine grain structure. These measurements will 

be repeated with different setups including also a package of many granulate particles. 
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Fig. 3. Measurements of electrical conductivity of undoped silicon granulate: (a) 

experimental setup; (b) results compared to literature (undoped crystalline silicon) 

 

3.2. Inductor current and frequency measurements 

 The HF inductor current is an important input parameter for numerical simulations. 

However, the HF generator is usually controlled by setting generator voltage or power, which 

are only remotely related to the inductor circuit parameters. To measure the inductor current 

directly, contactless Rogowski sensors around the feedthrough could be used or 
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voltage probes could be attached to the capacitors. 

However, suitable probes for HF currents in the MHz 

range, at currents over 1000 A or voltages over 4 kV, are 

hardly available. Therefore, a simple 1-winding coil was 

placed near the feedthrough as shown in Fig. 4. It picks up 

a HF voltage of typically 10 Vrms. This voltage can be 

related to the inductor current either analytically or by a 

comparison to current or voltage measurements at low 

generator powers using commercially available probes. 

The first results indicate that the HF current amplitude 

reaches 800...1200 A in a 2 inch growth process. 

 The HF inductor resonance frequency is usually 

continuously measured with a high-resolution counter and 

is a sensitive indicator of changes in inductor loading. In a 

similar manner, a general-purpose sinus generator, a 

reference capacitor, and an oscilloscope can be used to determine the resonance frequencies 

and hence inductances of separate parts in the inductor circuit. The following values were 

determined for a detached/ attached inductor: L = 148/ 190 nH and L = 203/ 240 nH for the 

2 inch and 4 inch inductor, respectively. Consequently, the inductance of the coaxial 

feedthrough can be estimated as about 40 nH. The inductance of a detached inductor shows a 

good agreement with numerical calculations for the 2 inch case. These measurements are 

useful to develop a circuit model to predict the resonance frequency or to relate inductor 

voltage (relevant for arcing) to the electric parameters of the generator. 

 

3.3. Magnetic field measurements 

 An experimental setup for measurements of the 3D magnetic field of HF inductors has 

been developed at IKZ previously [7]. It allows one to analyze various inductor shapes and 

validate numerical simulations. The inductor is attached to a low-power test generator while 

the magnetic field is measured by miniature coils. Fig. 5 shows the setup during a 

measurement and the result for the 2 inch inductor compared to 3D simulations with the real 

inductor geometry. A good agreement can be observed using an analytically estimated 

calibration coefficient for the measurement coils. For further measurements, these coils will 

be calibrated in a HF Helmholtz coil with a precisely known magnetic field. 
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Fig. 5. Measurements of inductor magnetic field: (a) experimental setup; (b) results compared 

to a 3D simulation of the inductor (horizontal line 2.5 mm below the inductor) 
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4. Modeling of the heating process 

 

 The validated 3D numerical model is applied in this section for the optimization of the 

heating process (the first stage in the Si-GC growth process). Experiments with the 4 inch 

system showed more problems with arcing and unstable generator operation than with the 2 

inch system. For a theoretical comparison of both systems, a somewhat idealized geometry is 

considered here, with a dummy load with variable electric conductivity (5·10
4
 S/m for 

graphite, 1.39·10
6
 S/m for silicon melt, 2·10

3
 S/m for solid silicon granulate at about 1200 °C 

after Sec. 3.1). A constant frequency of 2.5 MHz and inductor current amplitude of 1000 A is 

assumed in all calculations. 

 The typical heat source distributions in Fig. 6 show the highest heating in the dummy 

and susceptor at the positions closest to the central inductor hole, where the HF current on the 

inductor flows predominantly. A “cold spot” forms at the center of the dummy. This area 

should be heated in the initial melting stage by heat radiation from the susceptor. Hence, the 

vertical positions should be adjusted to increase the power fraction induced in the susceptor. 

Radial slits in the susceptor could be also used to move the heat sources closer to the center. 

 

2 inch 

 

4 inch 

 

Fig. 6. 3D EM calculations: geometry and induced heat distribution [W/m
2
] for the case with 

solid silicon dummy and graphite susceptor (using two color scales, with dummy on the left) 

 

 The electrical parameters of the system were evaluated for various inductor loads as 

summarized in Tab. 1. Some important conclusions are as follows: 

• The calculated inductance of the 4 inch inductor is only 13% higher than for the 2 inch 

inductor (37% higher in resonance measurements). The supply geometry obviously plays 

an important role. The lower inductance in simulations indicates further optimization 

possibilities of the inductor geometry with regard to the risk of arcing at high voltage. 

• All considered loads decrease the total inductance and inductor voltage by up to factors 

1.3 and 2.0 for the 2 inch and 4 inch cases, respectively. This effect emphasizes the 

decisive role of the load for the risk of arcing. The difference between the 2 inch and 4 

inch systems hints at the influence of the spatial size of the load. 

• The absolute inductor voltage for realistic power levels may exceed 2 kV which is close to 

the previously measured critical breakdown voltage of 2.1 kV/ 3 mm in argon at 

temperatures exceeding 800 K [8]. 

• In the model, a low electrical conductivity of the load results in a large increase of the 

induced power, theoretically reaching 50...100 kW for solid granulate. In experiments,  

strong damping of the resonance circuit was observed, so that HF oscillations decayed and 
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power transfer to the load was stopped. In such cases, the graphite or silicon had to be 

moved farther from the inductor to decrease the damping effect. Further experiments with 

a different HF generator consisting of a single resonance circuit are planned. 

It should be noted that a fixed resonance frequency was assumed in this study. A decrease of 

the inductance by factor of 2 would increase the frequency 1.4 times. For more precise results, 

this effect should be taken into account. 

 

Tab. 1. 3D EM calculations for 2 inch/ 4 inch systems: inductance L[nH], inductor voltage 

U[kV], induced power in dummy (160 mm/ 230 mm diameter, 10 mm distance to inductor) 

Qd[kW] and susceptor (52 mm/ 110 mm diameter) Qs[kW] 

Case 2 inch 4 inch 

 L U Qd Qs L U Qd Qs 

Inductor without load 151 2.37 - - 170 2.68 - - 

Ind. + dummy (5·10
4
 S/m) 121 1.90 12.4 - 87 1.37 25.6 - 

Ind. + Si solid (2·10
3
) 128 2.00 47.2 - 100 1.58 101 - 

Ind. + Si melt (1.39·10
6
) 120 1.88 2.5 - 84 1.32 5.2  

Ind. + susc. (5·10
4
) 130 2.05 - 19.6 135 2.12  19.3 

Inductor + Si solid + susc. 118 1.86 27.9 10.6 92 1.45 75.7 6.5 

 

Conclusions and outlook 

 

 Numerical analysis of the heat induction reveals that inductor design and choice of 

suitable process parameters and geometry is crucial to prevent arcing and ensure stable 

generator operation in the 4 inch Si-GC process. A precise numerical model including 

validated material properties, realistic inductor current values, and resonance frequency 

adjustment has been proposed and will be applied for further process development. Topics 

such as suitable susceptor geometry, decrease of the generator frequency, or further reduction 

of the inductor inductance will be considered in particular.  
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