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Abstract 

Accurate description, understanding and control of the high temperature interface behavior between 

the SiC single crystal and liquid phase is critical for further development of SiC solution growth. The 

different parameters which create morphological instabilities, such as step bunching, micro-faceting 

and solvent trapping, remain unclear because they are very difficult to address in high temperature 

experiments. We combined experiments and numerical simulation to design a specific sessile drop 

approach where the liquid is removed before cooling down. The advantage of this method that it 

activates or suppresses the solute (carbon) transport by an AC magnetic field and thus separates the 

physical-chemical and hydrodynamic contributions. The method was demonstrated through 

observation of the morphological evolution of a 4°off 4H-SiC (0001) surface in contact with pure 

liquid silicon at 1600 °C according to the time factor. Several parasitic effects were also analyzed and 

suppressed in order to obtain a well-controlled uniform interface. 

Keywords : Silicon Carbide, solid/liquid, crystal growth, reconstruction, sessile drop 

 

1. Introduction  

Silicon carbide (SiC) is an advanced functional ceramic offering a unique combination of chemical, 

physical and mechanical properties. It is also a wide bandgap semiconductor which is currently 

bringing about an in-depth change to power electronics because it significantly improves the 

efficiency of electric energy conversion and distribution [1, 2]. Today, high quality 6-inch diameter 

4H-SiC single crystalline wafers are available. These wafers are all produced by a seeded sublimation 
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technique, often referred to as physical vapor transport (PVT) method [3]. Over the past decade, the 

top seeded solution growth (TSSG) method has been studied with the aim of obtaining ultimate 

quality 4H-SiC wafers. If TSSG is carried out at lower temperatures and with lower temperature 

gradients than for the PVT process, it is inherently more suitable for reducing residual stress and 

associated defect density [4]. Furthermore, TSSG has been observed to have a very efficient 

dislocation conversion mechanism based on the interaction between the dislocation lines and the steps 

moving along the crystal growth front [5, 6]. Whether the surface is nominal or vicinal, growth occurs 

through the movement of steps at the crystal surface associated with one or a combination of 

mechanisms, namely the layer-by-layer, step flow and spiral growth mechanisms [7]. However, the 

formation of macro-steps by step-bunching, and the occurrence of micro-faceting give rise to 

macroscopic surface roughening, the formation of trenches and the inclusion of solvent which all 

severely degrade the quality of the crystal [8, 9]. Understanding and controlling the behavior of steps 

during SiC solution growth are still critical to obtain a stable growth front.  

Several approaches have been suggested to reduce step bunching such as the addition of metallic 

elements into molten silicon [10, 11] or the use of seeds with different orientations and azimuth angles 

[12]. Yet the behavior of the steps at the Liquid-SiC interface remains unclear because of the 

complexity of the growth environment, i.e. the strongly coupled energetic, kinetic or hydrodynamic 

phenomena which influence the steps. In situ observation research also provided some fundamental 

data on the step behavior [13, 14] but the conditions applied to the interface in this kind of small 

observation device meant isolating the different contributing parameters was not possible. In fact, 

work on the description of the surface reconstruction of 4H-SiC single crystal in contact with the high 

temperature solution is still in progress.  

We developed a methodology that ensures a reproducible and accurate ex situ observation of the 

liquid/solid interface. The experimental concept is based on the sessile drop method and makes it 

possible to apply a well-controlled environment to the interface. The interface structure between 4H-

SiC and liquid silicon and the morphological evolution associated to dissolution of the SiC can be 

demonstrated as an illustration of this method. This approach can be extended to many other 

ceramics/solvent systems.  

2. Experimental 

This experiment consists of making a silicon droplet react on a SiC single crystalline substrate in a 

well-controlled environment. After a given time and at a given temperature, the liquid is removed at 

a high temperature to “freeze” interfacial reconstruction and avoid any further evolution. The SiC 

surface is then examined ex-situ.  

The experimental apparatus is a laboratory scale, high temperature induction furnace as shown in 

Figure 1. The chamber consisted of a vertical water-cooled quartz jacket. It was closed by two 

stainless steel flanges, fitted with openings for measurements, observations and sample handling. The 
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external induction coil was fixed on a vertical translation to change its relative position with respect 

to the crucible. This meant the temperature distribution inside the crucible could be adjusted, 

especially the axial temperature gradient. The heating zone was composed of high density, high purity 

graphite parts insulated with rigid graphite felt. The external graphite part acted as a susceptor for 

direct induction heating which is mainly performed at medium frequency and was at 22 kHz in these 

experiments. The inner part of the heating zone was mainly heated by the thermal radiation emitted 

by the susceptor. The samples consisted of SiC substrate with a silicon piece on top and were placed 

on a flat graphite holder, located approximately in the center of the heating zone. Some experiments 

were performed with a Ta tube placed around the sample to shield it from the electromagnetic field. 

The temperature was measured both from the top (on the sample holder) and the bottom (at the back 

side of the sample holder, very close to the SiC substrate) using bi-chromatic optical pyrometers 

which were periodically calibrated with a set of fixed points. The heating power was adjusted 

according to the bottom temperature measurement. A tool which was slightly inclined with respect to 

the symmetry axis was used to remove the liquid from the SiC substrate at high temperature, i.e. 

before cooling down. It consisted of a graphite rod, terminated by a Tantalum sheet. The high affinity 

of liquid Si with the high melting point metals such as W, Nb, and Ta means that liquid silicon wets 

the tantalum sheet very well and very quickly. The whole liquid silicon droplet could thus be removed 

in less than one second by wetting the Ta sheet.  

 

Figure 1 Schematic drawing of the experimental apparatus used for the interface 

reconstruction experiments. The heating zone (external surfaces of the graphite 

insulations) was 300 mm high with a diameter of 130 mm. Red arrows indicate the 

locations of the temperature measurements.  

 

A 2 mm-thick electronic grade silicon wafer was used as the silicon source. Small squares of 2.0*2.0 

mm² were cut using a high precision dicing saw, ensuring a precise and reproducible amount of 

silicon. The SiC pieces came from commercial 4H-SiC substrates with a miscut angle of 4° towards 
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the <11-20> direction. The Si-terminated surface was chemical mechanically polished (CMP) to 

ensure a surface free of subsurface damage. After degreasing in acetone followed by ethanol using 

an ultrasonic bath, both the Si piece and the SiC substrate were deoxidized in dilute HF solution for 

10 mins, rinsed by deionized water for 1 min and then transferred onto the graphite sample holder in 

the crucible. The chamber was firstly vacuumed during the heating stage to outgas the crucible and 

then filled with Argon (6N, up to 950 mbar) at high temperature. Then, the crucible was heated up to 

the required temperature at a rate of 20 °C/min. During the heating phase, the Si piece melted on the 

SiC substrate forming a droplet. The experiments were kept for various times and temperatures. At 

the end of the experiments, the liquid droplet was quickly absorbed before cooling down. This ensured 

the real high temperature interface structure was conserved for further ex-situ characterizations, by 

preventing any crystallization of SiC from the saturated liquid droplet during cooling down. The SiC 

sample was then dipped in a HF: HNO3 aqueous solution to remove the Si residues. After rinsing and 

blowing, the surface morphology was systematically observed using an optical microscope in the 

Nomarski differential interference contrast (NDIC) mode. The global 3D topography of the liquid 

Si/SiC interface was scanned with a mechanical profilometer (Talysurf 50, Taylor Hobson) and areas 

of interest were probed using an atomic force microscope (AFM) in tapping mode (Dimension 3100, 

Digital instruments). 

Numerical simulations were carried out using the finite element method (FEM) with the COMSOL 

MultiphysicsTM software package. A stationary study was carried out with a two-dimensional 

axisymmetric model to replicate the geometry of the real reactor including the induction coil and with 

a droplet of fixed shape. The electromagnetic problem was solved in the frequency domain and 

coupled with the calculation of the temperature distribution in the system. Based on the latter, the 

density of AC current circulating in the coil was adjusted to meet a temperature of 1600 °C at the 

SiC/liquid interface. Furthermore, effective electromagnetic force acting in the drop was introduced 

in the Navier-Stokes equation. The Si melt was considered to be an incompressible Newtonian fluid 

and the fluid flow generated by the Lorentz force was assumed to be laminar. We did not consider 

buoyancy convection related to the solutal gradient because the carbon solubility was very small, 

typically less than 0.1 at% within the temperature range under study [15]. Details of such numerical 

calculations can be found elsewhere [16, 17]. 

3. Results and discussion 

3.1. Thermal design  

The relative position between the crucible and the coil was chosen by means of numerical simulation 

to obtain minimum temperature gradients in and around the liquid droplet (Figure 2). The temperature 

in the central part of crucible was homogeneous, with typical temperature gradients being 1 °C.cm-1, 

along 5 cm from the droplet center, both in radial and axial directions (Figure 2a). The samples were 

subjected to very low temperature gradients because of the small size of the droplet (typically 4 to 5 
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mm in diameter) as compared to the large homogeneous hot zone. This is illustrated by the close-up 

on the droplet shown in Figure 2b, where the temperature variation inside the droplet, and particularly 

along the liquid-solid interface, was found to be less than 0.1 °C at a sample temperature of 1600 °C. 

 

 

Figure 2 a) computed temperature distribution in the crucible; b) focus on the temperature 

distribution in the droplet. Temperature isoline step: 0.01 °C. 

3.2. Formation of the liquid-solid interface 

To limit vaporization of liquid silicon at high temperature, all the experiments were carried out under 

argon pressure close to the atmospheric one (>900 mbar). For practical reasons, the temperature was 

kept constant while filling the chamber with Ar, which explains the presence of a temperature plateau 

of a few minutes during Ar injection. Figure 3 shows two different temperature/argon injection 

profiles, the first (a) with Ar filling at 1100 °C and the second (b) with Ar filling at 1450 °C, i.e. 

respectively before and after the melting of Si. The NDIC images of the substrate surface obtained in 

these experiments are shown in the insets to the graphs. The temperature at which Ar was injected in 

the reactor had a very strong effect on the interface morphology, as will be discussed hereafter.  
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Figure 3 two different temperature profiles for 4H-SiC, 4°off Si-face surfaces treated at 

1600 °C for 30 minutes. The main difference is the temperature at which the reactor is 

filled with Ar: a) at 1100 °C, b) at 1450 °C (just after Si melting). The insets are the 

corresponding surface morphologies observed using NDIC optical microscopy.  

As liquid silicon is a solvent for SiC, and despite the very limited solubility of the latter, the first stage 

of the formation of the liquid-solid interface is the dissolution of the top surface of SiC. The initial 

SiC surface obtained right after CMP polishing is composed of steps with typically one Si-C bilayer 

height (0.25 nm) [18]. During the dissolution process, these bilayer steps bunched together forming 

ordered step-terrace arrays with larger terraces and higher steps. This dominant feature was observed 

on both NDIC pictures of Figure 3, where the Si-terminated 4°off 4H-SiC surfaces were in contact 

with liquid silicon at 1600 °C for 30 minutes. Also many circular prints were observed, randomly 

scattered on the SiC surface (Figure 3a) when the argon was injected at 1100 °C during the heating 

stage. However, these features did not appear when the argon was injected at 1450 °C, i.e. just after 

the melting of silicon (Figure 3b). An AFM picture of one of the circular prints is shown in Figure 

4a. The height profile along the white line was plotted in Figure 4b. The circular hillock was 

characterized by a flat top surface, with an appearance similar to the pristine surface. All around, the 

surface evolved significantly, generating a train of steps with width in the micrometer range. The 

hillock thus appeared as a discontinuity of the interface morphological evolution. In addition, the 

height difference between the top of the hillock and the average altitude of the surrounding was 
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measured at about 220 nm. For comparison, an assessment of the thickness of SiC dissolved during 

equilibration of SiC and the liquid Si droplet was carried out (see Figure ESM-1 in supplementary 

material). Based on the solubility dataset from Scace et al.[15], the computed dissolved depth was 

found to be of around 143 nm at 1600 °C, within the same range as the measured height of the hillock. 

We thus concluded that these hillocks corresponded to undissolved areas, or, in other words, areas 

where the liquid silicon was not in contact with SiC, most probably because of the presence of bubbles 

trapped at the liquid/SiC interface.  

 

Figure 4 a) AFM picture showing the effect of a bubble trapped at the liquid/solid 

interface upon melting. b) Height profile along the hillock. This sample corresponds to a 

Si-face treated at 1600 °C for 30 minutes. The <112ത0> direction is indicated in a). 

A first scenario for explaining these hillocks was that these were caused by the generation of SiO(g) 

at the interface, due to the reaction between the Si and the native SiO2 layer on the SiC substrate [19] 

:  

Si(l)+SiO2(s)→2SiO(g)  (1) 

At room temperature, a thin oxide layer of few nanometers is usually formed on the surface of SiC 

wafer [20]. Even if the oxide layer was still partially present at the interface before the melting of 

Silicon, a complete conversion into SiO(g) could not explain the amount of circular prints observed. 

In addition, previous works showed that in Ar of commercial purity (lower in purity than the Ar we 
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used), there is no longer an oxide layer at the SiC surface at temperatures T>1100 °C due to active 

oxidation [21]. Thus, at the Si melting point, both Si and SiC are deoxidized which means a gapless 

liquid/solid contact should be formed instantaneously, thus ruling out this first scenario.  

A second scenario was suggested by the experimental result shown in Figure 3 and involved the 

entrapment of argon at the interface during melting. Mitani et al. demonstrated that during TSSG of 

SiC, the formation of voids in the grown crystal could be attributed to the entrapment of Ar bubbles 

at the growth front [22]. To explain this, they speculated that Ar, initially dissolved in the solvent, 

vaporized and formed bubbles during the crystal growth process. In our case the effect was similar 

but the origin of the bubbles was different. If the bubbles had come from dissolved argon, we would 

have observed hillocks along the whole liquid/SiC interface and yet hillocks were only found where 

the solid Si piece was originally located, before melting (see figure ESM-2). This suggests that the 

argon was already present between the two solid pieces and then entrapped at the interface upon 

melting. Therefore, by melting the silicon under a vacuum and filling the Argon at 1450°C - i.e. once 

the liquid/solid interface was formed - no more hillocks were observed at the surface.  

3.3. The effect of electromagnetic mixing 

There was a dual aim to using the AC electromagnetic field (EMF) in the experiment. Firstly, it 

allowed inductive heating of the susceptor. Secondly, at a certain AC frequency, the EMF can be used 

to generate forced convective flow in the droplet. These effects are discussed in detail in this section.  

When an alternative magnetic field penetrates an electric conductor, its magnitude decreases 

exponentially owing to the energy loss. The penetration depth (δ) defines the distance at which the 

magnetic field has been attenuated to 1/e of its magnitude at the conductor’s surface [23]. The value 

of δ is expressed as:  

𝛿 = ට
ଶ

ఠఓఙ೐೗
= ට

ଵ

గ௙ఓೝఓబఙ೐೗
  (2) 

where f is the frequency of the EMF (or alimenting electric current AC) (Hz), μr is the relative 

permeability of the material (usually =1 for conductors), μ0 is the permeability of the vacuum (= 4π 

×10-7 H.m-1) and σel is the electrical conductivity of the material. The electrical conductivity of 

Tantalum and graphite as a function of temperature are given in equations (3) and (4) respectively, 

expressed in S.m-1. For Ta, this was obtained from the data reported by Desai et al. [24]. For graphite, 

it is the optimized polynomial form, used for numerical simulation of SiC sublimation growth process 

[25].  

𝜎்௔(𝑇) = 2.3923 ∙ 10଻ ∙ 𝑒ቀ
ష೅

భభల
ቁ + 7.1739 ∙ 10଺ ∙ 𝑒ቀ

ష೅

యయఴ
ቁ + 2.6234 ∙ 10଺ ∙ 𝑒ቀ

ష೅

భఱళమ
ቁ + 4.9657 ∙ 10ହ (3) 

𝜎஼(𝑇) = −6.519 ∙ 10ିଽ ∙ 𝑇ସ + 6.091 ∙ 10ହ ∙ 𝑇ଷ − 1.915 ∙ 10ିଵ ∙ 𝑇ଶ + 2.242 ∙ 10ଶ ∙ 𝑇 + 3.247 ∙ 10ସ (4) 
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The dependence of the penetration depth on temperature in graphite and Ta was calculated for 

different AC frequencies (Figure 5). For f=22 kHz, at 1600°C (1873 K), the penetration depth was 

10.5 mm in graphite, which is thicker than our graphite susceptor. That means that at this AC 

frequency a fraction of EMF propagates through the crucible and may affect the electrically 

conducting sample (the droplet). A shield made of Ta can be introduced into the furnace to avoid the 

EM field having a direct effect on a drop. Computation of the power volumetric loss density in the 

crucible, both with and without the Ta shield (Figure ESM-3) showed that the Ta tube dissipated a 

large part of the EMF through Joule losses, significantly reducing the magnetic field density applied 

on the droplet. Our experiments were performed using these configurations. Alternatively, the direct 

effect of the electromagnetic field on the droplet can be reduced by increasing the AC frequency 

which makes the penetration depth of the magnetic field smaller according to eq.2. For instance, at 

280 kHz, the penetration depth in graphite was reduced to 3 mm which is thus much smaller than the 

thickness of the susceptor.  

 

 

Figure 5 Penetration depth as a function of temperature in graphite and tantalum 

calculated from equation 2. For graphite, two different frequencies were considered for 

the calculation.  

Interestingly, the effect of the electromagnetic field on the droplet can be revealed through 

characterization of the liquid/ SiC interface. To demonstrate this, the whole liquid/SiC interface 

topography was characterized by a mechanical profilometer, for two different experiments: in the 

first, the configuration is as shown in Figure 1, and in the second with the sample and graphite holder 

placed in a 1 mm-thick Ta tube (Figure 6).  

 In the experiment performed without Ta tube, the interface was concave, with the edge of the 

droplet at a higher level than the central area, and even higher than the initial SiC surface. 

This implies that mass transport could occur, from the center to the edge of the droplet.  

 In the experiment performed with the Ta tube, the interface was almost flat, though slightly 
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below the initial surface level due to the SiC dissolution. 

  

 

Figure 6 3D topography of the whole liquid/solid interaction area, mapped with a 

mechanical profilometer. These two samples were treated using the same conditions 

(1600 °C, 30 min) except: a) without Ta shield; b) with a Ta shield. c) Plot of the measured 

height profile along the radius of the liquid-solid interface shown as white line in a) and 

b).  

In electrically conductive liquids subjected to monophase AC electromagnetic field, the motion of 

the liquid can come from the action of Lorentz forces. Their action takes place inside the liquid Si 

droplet near its surface and generates liquid motion along the droplet basis from its edge to the center 

which is compensated by the downward flow along the droplet free surface (see Figure ESM-4). The 

calculations were performed with the fixed shape of the droplet assuming a no-slip condition at the 

SiC/liquid interface and the absence of shear on the droplet free surface. The use of the Ta shield does 

not change the character of the flow, i.e. the shape of the convective vortex. However, its presence 

makes the intensity of the fluid velocity (size of the velocity vectors) significantly weaker. Again, 

this has to be linked with the shielding effect of the Ta tube with respect to the electromagnetic field.  

3.4. Discussion: 

High temperature experiments are always very challenging, especially when the aim is to uncouple 

the complex mixture of phenomena. A quasi-isothermal condition, achieved through the proposed 

sessile drop method, is the requirement for observing the formation of the “native structure” of the 

solid-liquid interface. This ensured that after the initial, transient dissolution of the SiC surface, there 

was no more temperature driven evolution of the SiC/liquid interface. Then, once the liquid was 

thermodynamically equilibrated with SiC, the activity of carbon in the liquid becomes uniform. All 

the carbon transport phenomena related to the temperature gradient can be ruled out. This is the case 

for i) Fick’s diffusion as the carbon activity is uniform, ii) natural convection as the liquid density is 



 

11 
 

uniform, iii) Marangoni convection, as the surface tension of the liquid is uniform. This is very 

important for the latter contribution as Marangoni convection can be activated by a very small 

temperature gradient along a free liquid silicon surface, of about 2 °C.cm-1 [16].  

Electromagnetic forces thus remain the only actuator that can be used to activate or suppress carbon 

transport in the droplet. Figure 7 summarizes our sessile drop approach, by describing the evolution 

of the dissolved thickness at the droplet center as a function of time, t0 corresponds to melting of 

silicon, taken here as the starting time. This diagram has to be correlated with Figure 8, where the 

surface morphology and step statistics are displayed for the different cases, taken beyond t1. Here the 

substrates were treated at 1600 °C for different times, with and without the Ta tube. All the pictures 

were taken using NDIC microscopy at the center of the wetting area. The corresponding distributions 

of step spacing were obtained by picture processing, using the ImageJTM software.  

 

Figure 7 schematic drawing of the dissolved thickness at the droplet center as a 

function of time. (1) chemical contribution, (2) transport contribution due to 

electromagnetic field, (1) + (2) sum of both. t1-t0 is the time needed to saturate the liquid 

while t2-t0 denotes the total reconstruction time before removing the liquid, indicated 

states a,b,c and d are discussed in the text.  

Initially, the pure Si melt was not in thermodynamic equilibrium with SiC (Figure 7a). The first step, 

from t0 to t1, thus consists in the dissolution of the SiC wafer to saturate the Si droplet with carbon 

(Figure 7b). Once the system is equilibrated at t1 , a dynamic dissolution/precipitation equilibrium 

takes place at the interface. There will be apparently no further evolution of the system (curve (1)). 

This is the case when the Ta tube is used, screening the electromagnetic field and thus reducing the 

carbon transport issued from electromagnetic convection. The shape of the interface remains flat 

(Figure 6b and 7d), and the surface morphology does not exhibit major evolution between 30 mins 

and 240 mins (Figure 8c,d), a result which is also supported by the statistical treatment of the step 

spacing (Figure 8f). It should be noted that this kind of wavy morphology was already obtained after 

5 mins at 1600 °C (see Figure ESM-5), suggesting that the initial dissolution stage (t1) is rather fast, 

taking less than a few minutes.  
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The contribution of the EM convection is depicted with curve (2) in Figure 7. We assume that it 

corresponds to a stationary transport of carbon from the center to the edge, giving rise to a constant, 

slow dissolution rate at the center (slope of the curve). The actual interfacial reconstruction process 

without the Ta tube is thus the sum of curves (1) and (2). After the fast initial dissolution, a stationary 

dissolution state applies at the center of the droplet area. The interface slowly becomes concave due 

to the carbon transport from the center to the edge. In this case, the surface morphology is rather 

different and evolves with time. Between 30 mins and 180 mins, the steps were progressively bunched 

up, as evidenced by the step spacing statistics (Figure 8a,b,e). Assuming that Figures 8c,d (without C 

transport) correspond to a stabilized morphology, Figures 8a, b can be associated to morphological 

evolution at certain degree of undersaturation close to the interface and can thus be described by the 

standard BCF theory of crystal growth [27].  The significantly different morphologies observed 

whether the dissolution is transient (the initial one, without EM field) or stationary (with EM field) 

supports the proposed methodology, which offers the possibility to activate/deactivate the stationary 

transport of solute from the liquid/SiC interface.   

 

Figure 8 Surface morphologies observed by NDIC optical microscopy of 4H-SiC, 4°off 

Si-face surfaces treated at 1600 °C. a) for 30min, without EM shield; b) for 180min, 

without EM shield; c) for 30min, with EM shield and d) for 240min, with EM shield. The 

pictures were taken in the centre area. At the right the corresponding distribution of step 

spacing are displayed: e) without EM shield and f) with EM shield. The <112ത0> direction 

is marked with white arrow in all the NDIC photos. 

To get rid of any parasitic effect linked with the Ta tube, like local temperature variations due to 

modification of radiative heat transfer, we tried to reduce the EM contribution by using a higher 

frequency furnace (280 KHz). This was expected to significantly reduce the penetration depth in 

graphite, as calculated in Figure 5. With the other conditions being identical, the surface morphology 
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of both samples, with Ta tube at 22 kHz and without Ta tube at 280 kHz, were found to be very 

similar (Figure ESM-5). This validated the idea that the Ta tube only affected the magnitude of the 

EM field. This further implies that EM forces worked as the main actuator for the carbon transport 

and consequently the morphological evolution.  

Another important aspect to discuss is the behaviour of the free surface (the liquid-vapour LV 

interface) and especially of possible mass transfers at the LV interface. In our system, we considered 

that the SiC wafer is the only source of carbon, through dissolution (curve 1 in Figure 7). This 

supposes that there is no carbon flux crossing the LV interface. Working under reactive gases, such 

as CH4 or any carbon precursor, or with species able to react with carbon like H2 or O2, would either 

supply carbon to or extract carbon from the droplet. This phenomenon has been widely used in the 

case of the Vapour-Liquid-Solid growth process for instance [26, 27]. However, this would imply a 

continuous dissolution or growth of the SiC surface, i.e. that it would add a constant slope like in 

curve 2 of Figure 7. This was not observed in our case for long experiments carried out with EM 

shielding. We can thus assume that carbon transfer through the LV interface is negligible and that the 

purity of the gas ambient is sufficient to suppress any interaction with the gas phase of a chemical 

nature. The same idea applies to silicon atoms of the solvent that can vaporize at the LV surface. This 

would produce two effects: i) supersaturation of the droplet due to the progressive loss of solvent, ii) 

cooling of the free surface due to the latent heat of vaporization. Both effects would result in SiC 

crystallization, but not necessarily in the same location of the droplet. At 1600 °C we could not detect 

any significant loss of silicon even after a long time. Nevertheless, this effect should be seriously 

considered at higher temperature, as the vaporization rate is expected to increase exponentially with 

temperature.  

Finally, it is important to mention the so called ridge effect, described in works on wetting [28]. This 

effect would basically produce a similar shape to the one observed close to the droplet edge in figure 

6a. When induced by a very local force balance at the VLS triple line which enhances the interfacial 

reconstruction, this is usually effective over a much smaller spatial extent that our observation. If this 

is present, it should not disappear when EM shielding is used. Consequently, we do not consider this 

to be a determining factor in our experiments.  

4. Conclusions 

A new method, based on a sessile drop approach, was implemented for the study of the high-

temperature interface morphology between 4H-SiC and silicon solvent. An isothermal environment 

was designed to get rid of any contribution from temperature gradients (Marangoni convection, 

diffusion, etc.). An AC magnetic field was used as an actuator for carbon transport and its effect was 

demonstrated based on a coupled approach, using experiments and numerical simulation. Without 

electromagnetic forces, after the initial dissolution of the SiC surface, there is almost no evolution of 

the interface structures and the morphology can be considered as in an equilibrium after a few 
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minutes. While applying electromagnetic forces onto the liquid droplet, a stationary solute transport 

is generated along the interface, maintaining a constant undersaturation (dissolution) at the center of 

the droplet. Using the electromagnetic field thus allows switching from static to dynamic dissolution 

of the SiC crystal, which is ideal for studying the interface behavior, and especially the step dynamics. 

Additionally, the temperature at which the reactor is filled with argon was found to be a critical factor 

in avoiding bubbles forming at the interface. We believe that such an approach could be of great help 

in understanding the crystal/solvent interface behavior in SiC solution growth and could also be 

potentially applied to many other high temperature chemical systems.  
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interface reconstructions 

 

Xinming Xing, Takeshi Yoshikawa, Olga Budenkova, Didier Chaussende * 

* corresponding author: Tel : +33 476825258 ; Email : didier.chaussende@grenoble-inp.fr  

 

ESM-1. Calculation of the dissolved SiC thickness 

The computed dissolved depth was based on the solubility dataset from Scace et al. [1]. A value of 

about 143 nm was found at 1600 °C, within the same range as the measured height of the hillock. The 

calculated value was slightly smaller, but the solubility curve is still controversial to date. The data 

from Scace et al. have the benefit of having been measured along the widest temperature range 

reported. They are also considered by some authors as underestimating the solubility. Accordingly, 

we think that both the calculated and the experimental values were in agreement.  

 

Figure ESM-1 calculated thickness of SiC dissolved as a function of temperature, for a 

droplet diameter of 4.0 mm at equilibrium. 

ESM-2. Illustration of the location of the hillocks 

After melting, the hillocks were only observed at the initial interface between the solid Si piece and 

the SiC substrate. Thus, the hillocks are all inscribed in a square, which corresponds to the face of the 

Si cube initially in contact with the SiC substrate. 
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Figure ESM-2 Schematic drawing illustrating the location of the hillocks, formed at the 

Si/SiC interface. 

ESM-3. Computation of the power volumetric loss density in the crucible 

Computation of the power volumetric loss density in the crucible, both with and without the Ta shield. 

The other parts were made of graphite. The Ta tube dissipated a large part of the electromagnetic field 

through Joule losses, reducing significantly the magnetic field density applied on the droplet. It thus 

acted as an electromagnetic shield. 

 

 

Figure ESM-3 computed volumetric loss density into and around the sample a) without 

and b) with the Ta tube (shield). Representations are given for half of the inner part of the 

crucible as it is considered as axi-symmetrical. 
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ESM-4. Computation of the electromagnetic convection contribution 

 

  

Figure ESM-4 Mass transport as computed in the droplet. The white arrows correspond 

to magnitude of the fluid velocity. Left) without EM shielding and right) with an EM 

shielding (Tantalum tube); Note here that only a half droplet is presented.  

 

ESM-5. Short time morphology 

 

 

Figure ESM-5 a) surface morphology observed by NDIC optical microscopy of 4H-SiC, 

4°off Si-face surfaces treated at 1600 °C after 5 min. The picture was captured in the 

centre area. At the right b) is displayed the corresponding distribution of step spacing.  
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ESM-6. Comparison of surface morphologies, shielding the EMF by two different methods 

 

 

Figure ESM-6 Surface morphology observed by NDIC optical microscopy of 4H-SiC, 

4°off Si-face surfaces treated at 1600 °C after 30 min. a) experiment carried out with Ta 

tube at 22 kHz and b) without Ta tube at 280 kHz. All other conditions being identical. 

 

[1] Scace RI, Slack GA (1959) Solubility of Carbon in Silicon and Germanium. J Chem Phys 

30:1551–1555. https://doi.org/doi:http://dx.doi.org/10.1063/1.1730236 

 


