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undercooled silicon melt is consumed (diminishing of the grey liquid particles), highlighting the 193 

transient nature of the solidification front. One of the difficulties with the FS model is tracking the 194 

interface temperature and position because of the movement of the growth interfaces until the 195 

entire simulation domain is crystallized, so the thermostat temperature is generally taken as the 196 

interface temperature. 197 

3.2. Atomic Evolution of Crystallite 198 

In Fig. 2, the crystal-melt interfaces remained atomically flat for relatively large undercooling and 199 

growth rates. The observation of flat interfaces is not surprising from MD simulations as Buta et 200 

al. [19] reported silicon solid-liquid interfaces at undercooling up to 40 K. Fujiwara [53] attributed 201 

the molecular-scale planar interface to high step velocities measured on the Si (111) interfaces. In 202 

this section, by back-tracking the trajectory of a monolayer-thick slice to observe the changes in 203 

the atomic arrangement of atoms inside the slice as they approach the interface from the melt 204 

phase, we discuss the origins of the planar interface seen in MD for Si (111) facet and 205 

fundamentally explain the mechanism of 2D nucleation. An example from the FVS simulation at 206 

a pulling speed of ~0.01 Å/ps is presented in Fig. 3a. The inset figures show the crystal coverage 207 

of the interface with liquid atoms removed for a more precise observation of the process. From 208 

Fig. 3a, ~ 50 crystal atoms (crystallites) emerge from the melt at a distance of ~3.13Å, equivalent 209 

to one layer thickness away from the stationary interface. However, crystallites growth was slow 210 

until an interface coverage of 0.4 was reached due to the competition between the formation and 211 

dissolution of crystallites. Interestingly, the surface coverage of 0.4 corresponds to a cluster size 212 

of ~ 150 atoms, consistent with the approximate critical cluster size required for the growth of 213 

silicon crystallites [23], [24]. As the slice moved closer to the interface, the clusters grew more 214 

rapidly, and their atomic arrangement became more orderly. Other samples layers (not shown here) 215 

from both MD models showed a similar crystallite growth trend.  216 

Also, in Fig. 3b, we illustrate the mechanism for continuous growth in the FVS domain by 217 

considering the trajectory of a single layer (upper panels) sitting atop a flat one-layer thick Si (111) 218 

substrate (bottom panels) that had earlier evolved from the melt phase. The circles in the upper 219 

panel at 30 ps show nucleation sites inside a pool of undercooled melt. As simulation time 220 

proceeded to 90 ps, smaller adjacent clusters grew and merged to form an oversized island that 221 

expanded to create a nearly complete layer at 200 ps. The corresponding snapshots of the substrate 222 
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 646 

Figure 1: Periodic simulation domain measuring 46.33 × 53.50 × 300.69 Å3  and comprising of 647 

36,644 atoms. The blue, grey and light-green balls represent crystal, melt and interfacial atoms, 648 

respectively. (a) forced-velocity solidification (FVS) model showing the thermostatted regions 649 

colored in red (hot and cold zones kept at 2125 K and 1525 K, respectively) and direction of 650 

pulling, v (downward arrow) (b) Free-solidification (FS) model equilibrated at a uniform 651 

temperature (T) below melting point 1677 K. 652 
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Figure 2: OVITO visualization of crystal growth in the (a) FVS model at approximately ~ 0.02 659 

Å/ps with the red atoms showing the movement of atoms (in the crystal and liquid phases) within 660 
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reference frame during cyclic melting and solidification. Based on the extended CNA, grey balls 661 

are liquids while the blue, green, orange and yellow balls signify cubic, cubic-first neighbor, 662 

hexagonal, hexagonal-first neighbor diamond crystal structures (b) FS model at an undercooling 663 

of 24 K with red reference layers showing the symmetry between both crystal-melt interfaces 664 
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 672 

Figure 3: Evolution of a single layer from FVS model at a constant pulling of ~0.01 Å/ps (a) 673 

illustrates the nucleation-mediated growth of crystallites inside a thin slice of one atomic layer 674 

thickness as it approaches the crystal-melt interface from undercooled melt with insets showing 675 

two-dimensional expansion of Si (111) clusters (b) formation, merger and growth of smaller 676 

crystal clusters (top panels) on a completely crystal Si(111) substrate layer (bottom panels) 677 

illustrates the mechanism of layer-by-layer growth. The reference time is the point when the 678 
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substrate layer is about 90% filled with crystal atoms that had previously evolved from the melt 679 

phase. 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 



27 
 

 691 

Figure 4: (a) Axial temperature profile (bin size is 3.13 Å) of  FVS simulation domain at a pull 692 

speed of ~0.01 Å/ps showing the determination of interface position and temperature from 693 

intersection of linear fits of the solid and liquid parts of the solidification front. The light blue and 694 

red column shows the positions of the cold and hot thermostats kept at 1525 K and 2125 K, 695 

respectively. (b) Growth by addition of crystal layers as a function of solidification temperature in 696 

the FS model. (c) Molecular dynamics nucleation rates (units in m-2s-1) as a function of the 697 

reciprocal of undercooling. The black dotted line represents the nucleation rate equation fitted for 698 

FVS and FS MD data. The red solid line represents nucleation rate model from Monte Carlo 699 

simulations determined by ref [32]. 700 
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 702 

Figure 5: Si (111) facet velocity as a function of undercooling. Black curve is extrapolated from 703 

MD-derived 2D kinetic coefficient while the red curve is the prediction from MC-derived kinetic 704 

coefficient [32]. The black dotted horizontal lines represent growth rates reported from horizontal 705 

ribbon growth experiments. The inset shows the Czochralski growth rate with the blue dotted 706 

vertical line representing the experimentally reported [56] undercooling.   707 
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 717 

Figure 6: Description of crystal-melt interface movement and thermal profile during growth of 718 

silicon from the changes in (a) potential energy and (b) temperature profiles with increasing pull 719 

speed from the FVS model. The axial profiles are plotted using a bin size of 3.13 Å with dotted 720 

lines aiding the visualization of transition from liquid to solid energy potential, and the arrows 721 

show the direction of interface movement. The light blue and red column show the positions of 722 

the cold and hot thermostats kept at 1525 K and 2125 K, respectively. 723 
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The solidification process

Figure 2: OVITO visualization of crystal growth in the (a) FVS model at approximately ~ 0.02 Å/ps with the red atoms showing the movement of 
atoms (in the crystal and liquid phases) within reference frame during cyclic melting and solidification. Based on the extended CNA, grey balls are 
liquids while the blue, green, orange and yellow balls signify cubic, cubic-first neighbor, hexagonal, hexagonal-first neighbor diamond  crystal 
structures (b) FS model at an undercooling of 24 K with red reference layers showing the symmetry between both crystal-melt interfaces 
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Figure 6: Description of crystal-melt interface movement and thermal profile during growth of silicon from the changes in (a) potential energy and (b) temperature profiles with increasing

pull speed from the FVS model. The axial profiles are plotted using a bin size of 3.13 Å with dotted lines aiding the visualization of transition from liquid to solid energy potential, and the

arrows show the direction of interface movement. The light blue and red column show the positions of the cold and hot thermostats kept at 1525 K and 2125 K, respectively.
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Supporting Information 1

Figure S1: Summary of FVS model with a small thermal gradient of 0.36  K/Å across the solidification front and pulling (vpull) applied in the downward direction. (a) The initial 
solid-liquid cell with larger liquid (grey atoms) region compared solid region (blue atoms) and the uneven thermal gradient across the axial direction. (b) The density profiles (bin 
size of 3.13 Å) with arrow showing the leftward movement of the point of transition from bulk liquid (upper dotted line) to bulk solid (lower dotted line) densities with increasing 
pull speed. The grey, blue and red blocks represent the positions of the cold, hot and melting zones are kept at 1670 K, 1710 K and 2000 K, respectively. 
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0.01 Å/ps 0.015 Å/ps

Figure S2: The axial temperature profiles (with bin size of 3.13 Å) at pulling speeds of (a) 0.01 Å/ps (b) 0.015 Å/ps (c) 0.02 Å/ps, (d) 0.025 Å/ps and (f) 0.03 Å/ps. The insets zooms 
in on the vicinity of the thermodynamic phase change with the region highlighted in green showing the thermal gradient across the transition region. The grey, blue and red blocks 
represent the positions of the cold, hot and melting zones are kept at 1670 K, 1710 K and 2000 K, respectively. 
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Supporting Information 3

Figure S4: Possible crystalline atomic arrangements in a Si(111) monolayer using the extended CNA implemented in OVITO. (a) cubic (b) cubic-hexagonal (c) hexagonal-
cubic and (d) hexagonal diamond structures. Samples taken from simulation FVS simulations with imposed pull speed of 0.035 Å/ps.
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Figure S5: FVS model with 4.63  K/Å thermal gradient across the solidification and melting fronts. (a) Evolution of steady-state potential energy profile (with bin size of 3.13 Å) at 
pull speed of 0.02 Å/ps. (b) Comparison of input pull and observed pull speeds. 
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