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Abstract
Polycrystalline silicon (poly-Si) significantly expands the properties of the ICT
miracle material, silicon (Si). Depending on the grain size and shape and grain
boundary structure, the properties of poly-Si exceed what single-crystal (c-Si)
and amorphous (a-Si) silicon can offer, especially for radio frequency (RF)
applications in microelectronics. Due to its wide range of applications and,
on the one hand, its theoretically and technologically challenging microstruc-
ture, poly-Si research is the most timely (Ding et al 2020 Mater. Charact. 161
110174; Zhao and Li 2019 Acta Mater. 168 52–62). In this report, we describe
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how we simulate and analyse the phenomena and mechanisms that control the
effect of poly-Si deposition parameters on the structure of the deposited poly-Si
films using classical molecular dynamics simulations. The grain shape and size,
degree of crystallinity, grain boundary structure and the stress of poly-Si films
are determined depending on the growth temperature, temperature distribution
in the growing film, deposition flux, flux variation and the energy transferred
to the film surface due to the deposition flux. The main results include: (i)
the dependence of the crystallinity profile of the deposited poly-Si films on
the stress, temperature and the different parameters of the deposition flux, (ii)
growth modes at the early stages of the deposition, (iii) interaction and stability
of seed crystallites at the early stage of the deposition of poly-Si films and the
transition from the isolated crystallite growth to the poly-Si growth, (iv) inter-
play of the temperature, crystallinity, crystal shape and heath conductivity of
different Si phases, (v) four different stages of crystallite growth are described:
nucleation, growth, disappearance and retardation.

Supplementary material for this article is available online

Keywords: polycrystalline silicon, deposition, computational materials
physics, classical molecular dynamics

1. Introduction

Polycrystalline silicon (poly-Si) is an excellent functional material for microelectronics
radio frequency (RF) applications to reduce their harmful electrical losses, nonlinearity and
crosstalk. [1] Devices that contain Si/SiO2 interface suffer from its inherent property of indu-
cing a highly conductive layer at the Si surface close to the interface, called the parasitic surface
conductive (PSC) effect (figure 1). Due to the PSC phenomenon, the resistivity of Si decreases,
which can cause large currents, leading to harmful losses, non-linearity and crosstalk in RF
applications. One way to prevent these harmful phenomena is to deposit a layer of poly-Si on
top of Si. Then the mobile charge carriers induced by the PSC effect are trapped in the trap
states existing in large amounts in the grain boundaries of poly-Si. [2–7]

The density of the trap states and their effectiveness in reducing loss, non-linearity and
crosstalk depend on the detailed atomic structure of the grain boundaries, which in turn
depends on the poly-Si growth parameters and post-treatments. [8] Starting from the growth
parameters of poly-Si films, we investigate the structural properties of poly-Si grains and grain
boundaries. For example, we solve the range and extent of the interaction between Si seed crys-
tallites embedded in a-Si and how the thermal conductivity difference between c-Si and a-Si
affects the growth of poly-Si. The information and data obtained pave the way for the design of
poly-Si films for even more challenging applications. Besides RF-applications, poly-Si is used
e.g. in solar cells, thin film transistors and waveguides of photonics circuits. Before presenting
the details of our work, we briefly review some experimental and theoretical studies related to
our research.

Using scanning electron microscope (SEM) Ogane [9] studied substrate preparation
and grain size controlling of poly-Si films. He also studied surface structures of poly-Si
using Kelvin force microscopy. Kočka et al [10] showed the transition from amorphous
Si to microcrystalline and polycrystalline Si. In addition, Raman spectroscopy was used
to evaluate the crystalline fraction; elastic recoil detection analysis as well as conductiv-
ity and photoconductivity measurements. Grazing incidence x-ray diffraction was used by
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Figure 1. Illustration of the PSC in a metal-oxide-semiconductor device. (a) High res-
istive p-type Si (HR-Si) is oxidised and provided with a metal contact. At the Si-SiO2

interface an inversion layer is induced. The mobile electrons in the inversion layer lead
to PSC at the interface. (b) Positive bias even enhances this effect (negative bias induces
accumulation of mobile holes, which in turn leads to PSC). High electrical conductivity
causes many harmful phenomena in RF applications. (c) The detrimental effect of PSC
can be mitigated by depositing a layer of poly-Si (grey) on top of the HR-Si. The charge
carrier traps of poly-Si effectively reduces PSC.

Orapunt et al [11] to study amorphous-to-crystalline phase transition in Si-films. Raman spec-
troscopy was used to determine the crystalline volume fractions.

Keblinski et al [12] performed molecular-dynamics simulations using the Stillinger–Weber
potential to synthesise nanocrystalline silicon by crystallisation from the melt. The obtained
grain size was up to 7.3 nm. Grain boundaries were found to be similar to amorphous silicon.
Molecular dynamics simulations of atom and cluster deposition of silicon has been studied by
Biswas et al in 1988 [13] and by many others since [14–16]. Ohira et al [17] have investigated
the growth process of silane-based chemical vapor deposition of microcrystalline silicon using
molecular dynamics. Zhu et al [18] investigated the growth of coupled silicon grains under
various growth velocities using the phase field method. Mei et al [19, 20] have developed a
grain-growth model for poly-Si.

The rest of the paper is organised as follows. The simulation methods are presented in
section II, where, for the sake of completeness, it is also explained how the values of the
numerical parameters used in the simulations have been determined. In the third section, we
analyse the deposition of poly-Si films with respect to external conditions like temperature,
pressure and strain and internal conditions that play a role in the growth and quality of poly-
Si films. Finally, we summarise our main findings from the simulation results, the physical
cause-and-effect relationships involved in poly-Si fabrication, and the relationships between
material properties and poly-Si deposition conditions.

In Part II [21], we study the structure of poly-Si films: distribution of the grain size, aver-
age thickness of grain boundaries, crystal orientation of the grains and distribution of 3-, 4-,
and 5-coordinated atoms, i.e. properties that are directly related to the electrical properties
of poly-Si.

2. Methods of simulation

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) molecular
dynamics simulator [22] is used to investigate the fabrication of poly-Si films. Atomsk program
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[23] is used to generate special atomic structures. For the visualisation and characterisation of
the simulated structures OVITO visualisation tool [24] is used.

A typical simulation cell is a rectangular parallelepiped with a square base with sides from 6
to 10 nm and height from 20 to 30 nm (about 1 00 000–2 00 000 atoms). The largest simulation
cell is 40× 40× 20 nm3 (about 10 00 000 atoms). At the sides of the simulation cell, periodic
boundary conditions were used, whereas fixed boundary conditions were used at the bottom
and the top of the cell.

The following eight different interatomic potentials were tested: Stillinger–Weber (SW)
[25], Tersoff and two modified Tersoff [26–28], Edip [29], two meam/spline -potentials [30,
31] and snap-potential [32]. First, the following quantities were considered: lattice parameter,
melting temperature and elastic constants. The calculated values were compared with the cor-
responding experimental data. Based on these four potentials (SW, Tersoff/mod, Tersoff/mod/c
and Edip) were selected for further tests.

The epitaxial growth of single-crystal Si is the second test for the potentials. SW and
Tersoff/mod lead quite similar crystalline growth, whereas Tersoff/mod/c produces amorph-
ous Si. The Edip potential results are in between. Based on these tests, we chose SW poten-
tial for our polycrystalline Si investigations. The SW potential is widely used in Si studies.
It provides a fairly good description of different defects [33], which are of relevance when
dealing with grain boundaries. In addition, it is not very heavy computationally, which is a
significant advantage when performing large-scale simulations.

While in the epitaxial growth simulations the substrate was single-crystal Si, we used poly-
Si as the substrate in finding the optimal values of the computational parameters of the poly-Si
deposition. Optimisation of the parameters is discussed in more detail in the supplementary
material.

The flux of Si atoms (Φ) to the surface depends on the time between the successive Si
atom additions to the system (∆t) and the surface area of the substrate (A), (Φ = 1/(∆tA)).
Typically in simulations fluxes Due to the limited sizes of simulation cells, we found differ-
ing results when applying the same flux to different surface areas. This necessitates separate
consideration of the flux components. One of the figures of merit for the quality of the poly-Si
films we use is the ratio of atoms in the crystalline phase to the total number of atoms. To
reach about 90% diamond structure level in the deposited film the base area of the simula-
tion cell should be at least about 40 nm2 and the time interval between the successive Si atom
depositions should be at least about 300 fs. (Unless otherwise stated, the flux in this study
is Φ ≈ 8× 10−5(nm2 × fs)−1). The lower limits of ∆t and A to obtain a good polycrystal-
line film can be understood because crystallisation mechanisms require a certain amount of
time and space to complete before too many amorphous Si layers are deposited on the surface
burying and locking the previously deposited deeper layers in a non-crystalline phase.

The ratio of the atoms in the crystalline phase to the total number of atoms in simulated
poly-Si films was considered and the function KA,∆t = c1/A+ c2/∆t+ c3 was fitted to the
data (at 900K) obtained from the simulations. The crystallinity ratio is found to follow the
formula (equation (1)) (more details in supplementary material).

KA,∆t (A,∆t) =−315.3nm2

A
− 882.6fs

∆t
+ 98.09 [%] . (1)

An important technological parameter in film growing processes is the temperature of the
substrate (T). We performed test simulations at different temperatures from 600 to 1400K to
find the suitable simulation temperature range for our chosen interatomic potential. The best
polycrystalline growth (least amount of a-Si between the grains) is obtained approximately
within the temperature range 900–1200K.
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During the deposition simulation, the surface temperature of the deposited film tends to rise
due to the energy brought to the surface by the deposited atoms. Depending on the damping
parameter of the thermostat in LAMMPS (τ ), the speed of the deposited atoms and the time
between the successive launches of the atoms (∆t) the final surface temperature of the poly-Si
film in our simulations was 100–200K higher than the temperature set to the thermostat. Toku
et al [34] have studied experimentally the surface heating due to the deposition process of TiO2

film. They report the surface to reach 50–80K higher temperature compared to the bottom of
the film. (Unless otherwise stated, temperature in this study refers to thermostat temperature.)

The speed of the atoms landing on the surface has a significant effect on the quality of
the deposited poly-Si film. This was investigated by simulations at 900K and using the ini-
tial speed of the atoms perpendicular to the substrate surface (6× 6 nm2) from 0.1 nmps−1 to
20 nmps−1. If the time between successive Si atom additions ∆t is short ≲ 100 fs, no crys-
talline growth is observed or the crystallinity is poor. For these ∆t, increasing the speed of
deposited atoms does not significantly improve the quality of the poly-Si film. If∆t≳ 250 fs,
the quality of the poly-Si film improves with increasing speed of the deposited atoms up to
about 10 nmps−1. More information on the effects of computational parameters on Si depos-
ition can be found in the supplementary material.

3. Simulations of the deposition of poly-Si films

The typical evolution of the poly-Si growth process during simulations is such that in the initial
phase the growth continues as amorphous. Embryos of crystallites are then formed, some of
which develop into Si crystallites. Eventually a poly-Si structure is formed. The transition from
the growth type of a sparse network of small Si crystallites to the growth type of complete
poly-Si occurs typically quite suddenly and simultaneously in the whole simulation cell. In
figure 2 an example of the final grain structure is presented with each colour representing a
grain (non-grain atoms have been removed for clarity).

Issues such as temperature distribution within the simulation cell, stress, stability of crystal-
lites embedded in an amorphous substance and interactions between crystallites were investig-
ated to further understand the formation of poly-Si layers. These topics are discussed in more
detail in the following subsections.

3.1. Growth on amorphous Si substrates

In section 2 the simulation parameters were optimised using polycrystalline substrates
enabling immediate poly-Si growth and saving the simulation time. The following depositions
consider the growth of poly-Si starting from homogeneous substrates. In simulations, it is
challenging to grow polycrystalline film starting from a perfect single-crystal substrate or a
single-crystal with point defects. Using optimal simulation parameters leads to single-crystal
growth, whereas if the simulation parameters were not well optimised crystalline growth was
not obtained. However, if the substrate is a single-crystal covered by an amorphous film, poly-
crystalline growth is obtained.

In our simulations of the deposition of poly-Si films the substrate typically consists of a
single-crystal slab (10× 10× 1 nm3) with an amorphous Si layer (10× 10× 1.5 nm3) on top.
Usually, the surface of single-crystal wafers is amorphous after typical chemical treatments.
Before the simulations, the substrate is relaxed by LAMMPS energy minimisation (except the
0.5 nm layer at the bottom of the cell). The thermostat in the simulations is set to 900K. The
velocity of the depositing Si atoms is 0.1 nmps−1 towards the substrate. The direction of the
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Figure 2. An example of a deposited poly-Si film. Each colour represents an indi-
vidual grain (atoms in non crystalline phase have been removed). Note the simultaneous
appearance of the tiny crystallites that grow into big grains. Crystallites were typically
present also in the lower part as well, but they disappeared before reaching the critical
size.

velocity of the depositing atoms is sightly randomised by selecting the velocity component
parallel to the substrate surface randomly within the range (−0.005 nmps−1, 0.005 nmps−1),
for both x- and y-directions. The total number of deposited Si atoms is 875 00, which leads to
about 20 nm thick Si films.

Figure 3(a) is taken halfway through the simulation (about 10 nm thick deposited film).
The simulation starts with amorphous (grey) growth with small crystalline (coloured) droplets.
When about 10 nm film thickness is achieved, the first larger crystallites start to emerge. As
the deposition continues, these larger crystallites grow and meet each other and a columnar
growth mode begins forming a packed poly-Si layer (figure 3(c)). The simulation is stopped
when the poly-Si layer is about 10 nm thick. Figure 3 shows four different stages of poly-Si
film growth: (a) first crystallites are formed, (b) crystallites grow, (c) some crystallites meet and
grain boundaries start to form, and (d) poly-Si film starts to form. The transition zone from
the sparse crystallite phase to the poly-Si phase is about 3 nm thick. The interface between
the amorphous phase and the poly-Si phase is quite sharp in 10×10 nm2 and smaller simu-
lation cells. In 40×40 nm2 simulation cells, the interface between the amorphous phase and
the poly-Si phase is rougher. Small Si crystallites interact with each other and increase each
other’s growth rate. However, the range of this interaction is short, only a few nanometers (see
section 3.4.2). In larger simulation cells, the short-range interaction cannot accelerate the crys-
tallite growth in the whole simulation cell simultaneously and the interface becomes rougher.
The poly-Si film grows slowly also downwards due to the crystallisation of the amorphous Si.

The SEM investigations (figure 4) suggest that a similar kind of growth occurs also in com-
mercial poly-Si fabrication processes; the growth starts with small crystallites which grow and
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Figure 3. Snapshots of the growth of the poly-Si film. (a) First crystalline droplets form,
(b) droplets grow and form crystallites, (c) crystallites continue to grow, meet each
other and the grain boundaries start to form, and (d) continuous polycrystalline film
is growing.

form a structure consisting of approximately parallel rods whose diameter increases towards
the surface.

The effect of a short pause (0.2 ns) in the deposition process is shown in figure 5. During the
pause, the crystallisation at the surface of the film continues producing larger grains than what
would have been possible during the continuous flow of deposited atoms on the surface. When
the deposition starts again the polycrystalline growth adapts to the larger crystals formed on
the surface. This suggests one possible method to make interfaces and layers in poly-Si films.
Ogane [9] has experimentally observed a similar phenomenon and explained that it is due
to the increase in crystallite size during the deposition pause. However, the time scale in the
experiments is orders of magnitude longer than in our simulations.

The post-annealing of the just-grown poly-Si film leads to a slight narrowing of the grain
boundaries. This is due to the crystals growing slightly towards grain boundary regions (recrys-
tallisation). As a result, the average size of the crystallites increases slightly.

3.2. Effect of growth temperature on the grain size

The previous simulations were repeated at 700K and 800K temperatures and from the res-
ulting poly-Si films the crystallinity was analysed by using the OVITO program. Assuming
equally sized grains and equal grain boundary thicknesses, the average grain size and bound-
ary thickness is estimated based on the crystallinity fraction. The effect of temperature on these
is shown in table 1. Increasing the growth temperature increases the average grain diameter
and decreases the average thickness of the grain boundaries. Increasing the growth temperat-
ure from 700K to 900K has quite substantial effect on both quantities. Because the increase in
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Figure 4. Left: a scanning electron microscope (SEM) image of the cross-section (side
view) of a poly-Si film (above the light-grey step) deposited on a c-Si wafer (below
the light-grey step), yellow bar shows 500 nm distance. The light-grey step is due to
the sample preparation (the etch rate of poly-Si is higher than that of c-Si). SEM image
(µm scale) can be compared with a typical simulation (red∼25 nm long parallelepiped),
the yellow dashed line separates an∼25 nm thick initial layer of poly-Si (black). Above
that line larger grains can be seen (different shades of grey, magnification in the upper
left corner). Right, low: SEM image (top view of the same poly-Si wafer) the surface
consists of rounded cross-sections of crystallites, yellow bar shows 1µmdistance. Right,
up: distribution of the cross-sectional areas of the grains obtained from the surface SEM
image.

Figure 5. A distinct interface produced by a short break (0.2 ns) in Si deposition. Left
side shows the structure during the break, right shows the resulting structure after we
have continued the deposition. During the break the grain size in the surface increases,
similar to post annealing. After the break the growth continues with a larger grain size.
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Table 1. The effect of the growth temperature (T) on the average grain diameter (dG)
and the average thickness of the grain boundaries (dGB), obtained from LAMMPS
simulations.

T (K) dG (Å) dGB (Å)

700 23.1 5.6
800 23.8 5.1
900 30.2 4.3

average grain diameter is larger than the decrease in the average thickness of the grain bound-
aries it means that some of the smaller grains have disappeared.

3.3. Surface temperature

Deposited atoms bring energy to the surface, which raises the temperature at the surface. The
key considerations here are: the number of deposited atoms per surface area per time unit,
how quickly the simulation thermostat can react to the local temperature changes and how the
temperature changes affect the poly-Si layer and its formation.

3.3.1. Temperature distribution in poly-Si during the deposition. To examine the temperature
distributions in the deposited films during growth, a simulation cell is created with a starting
substrate of roughly 7× 7× 2.5 nm3 (two unit cells thick c-Si layer at the bottom, the rest a-
Si). The atomic positions in the first few atomic layers (0.6 nm) are fixed. Silicon atoms are
deposited towards the surface at the speed of 0.7 nmps−1 with five different deposit paces
(time interval between the subsequent atoms (∆t)). The thermostat used in the simulation is
the LAMMPS Nosé–Hoover style thermostat [35]. The thermostat is set to 900K. When using
LAMMPS, a key parameter of the thermostat is the damping parameter (damping (τ )) given
in time units. A damping value of 100 fs would mean that the thermostat attempts to relax the
temperature roughly in 100 fs. We test the effect of the damping parameter first. After an initial
scan for the suitable range, five damping values are chosen for testing.

For the temperature distribution analysis, the simulation cell is vertically divided into 1 nm
thick blocks (≈2500 atoms per block) and the temperature is calculated for each block, which
gives us the vertical temperature distribution in the simulation cell. The temperature is found
to be close to the thermostat values at the bottom of the cell. The temperature increases fairly
linearly as a function of the height of the poly-Si film. How much the surface temperature is
higher than the thermostat temperature depends on the rate of atoms coming to the surface.
Once the deposition ends, the temperature differences in the cell become smaller and the whole
system relaxes to the thermostat temperature at a rate determined by the thermostat damping
parameter.

With five deposition rates and five damping values, we get a total of 25 simulations whose
temperatures can be analysed. The average temperatures of the topmost (fully deposited) tem-
perature calculation block are shown in figure 6. Two extreme cases (according to the crys-
tallinity percentage) of these depositions are presented in figure 7. In the left side case, the
deposition pace of atoms is higher, leading to higher surface temperatures and the poly layer
starting to form earlier. The resulting poly-Si film contains only a few large grains. In the right
side case, the average temperature at the surface is nearly a 100K lower and consequently the
poly-Si layer can be seen to start later and consist of many small grains.
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Figure 6. Temperature at the surface (average temperature in the 1 nm thick surface
layer) with different deposit paces and damping values of the thermostat.

Figure 7. Grain structure after deposition with 300 fs deposit interval and 40 fs damping
parameter (left) and with 700 fs deposit interval and 20 fs damping parameter (right). In
the case on the right, the average surface temperature is almost a 100K lower than on
the left. Atoms in the figure are colored based on the grain they belong to.

The effect of the damping parameter on the surface temperature is not as clear as the effect of
the deposition interval. However, a damping value of 40 fs seems to regulate the temperatures
best (compared to the thermostat value of 900K) (figure 6). With this limited data, the effect of
damping on the structure of the poly-Si layer appears to be more coincidental than observable.
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Figure 8. Surface temperature (average temperature in the 2 nm thick surface slice) as
a function of deposition time in red (left vertical axis) and the portion of atoms within
the surface slice that are in the crystalline structure in blue (right vertical axis). The
criterion of the threshold for the start of the polycrystalline growth is marked with the
blue horizontal dashed line. The vertical dashed line at about 6 ns marks the beginning
of the exponential growth of crystalline phase and the vertical dashed line at about 9 ns
marks its end.

3.3.2. Temperature and crystallinity at the growth front during depositions. We further ana-
lyse the simulation data to obtain more detailed information about the internal state of the
growing poly-Si films. Surface temperatures and percentages of atoms in the crystalline struc-
ture near the surface are monitored as a function of the deposition time. Figure 8 shows the
temperature (red) and the proportion of crystalline Si (blue) in the topmost 2 nm thick surface
slice of the deposited film as a function of deposition time. The deposit pace was chosen to be
400 fs and the damping parameter was 40 fs. We are interested in the height (thickness) of the
film and the surface temperature of the film just at the region where the amorphous layer at
the surface transforms to poly-Si (critical height and temperature). In this context, we consider
the start of the polylayer when the degree of crystallinity exceeds 10% at the topmost 2 nm.
At this threshold, the bottom part of the analysed 2 nm block is still amorphous but crystallite
seeds have formed at the top of block, which based on manual visual analysis develop to the
polysilicon structure in each of our cases. This threshold crystallinity is indicated in figure 8
by a blue horizontal dashed line.

This kind of analysis was done for all previously discussed 25 simulations. The critical film
height (at the moment the poly-Si starts to form) and the critical surface temperature averages
are shown in figure 9. The surface temperature and the film height are inversely proportional.
Doubling the deposition pace halves the height where the poly-Si starts to form. The halved
height and doubled deposition speed mean that it takes only a quarter of the simulation time
for the poly-Si to start to form with the higher deposition interval (estimated from figure 9).

A more detailed analysis of figure 8 reveals new features of poly-Si deposition and provides
useful atomic-level information on the crystallisation of poly-Si films. Crystallisation in the
2 nm thick surface slice of the poly-Si film was monitored for 13 ns. During the first nano-
second, the first crystallite cores develop. The rates of creation and disappearance of crystallite
cores balance each other (the volume of crystalline Si is constant) up to 6 ns from the beginning
of the deposition. At that point, the temperature of the surface slice has risen to about 1000K
and the rapid three-dimensional growth of the crystallites begins. This can be seen as an expo-
nential increase in the total volume of crystalline Si in the surface slice. This 3-dimensional
growth continues for about 3 ns. After that, the crystallites in the surface slice start to touch
each other, poly-Si is formed and the grain growth becomes 1-dimensional towards the open
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Figure 9. Temperature of the 2 nm thick surface slice when the poly-Si starts to form as a
function of deposition interval (left vertical axis) presented in red with circles. Position
(height) of the surface slice from the bottom of the simulation cell when the poly-Si
starts forming (right vertical axis) presented in blue with squares.

surface of the growing film. This can be seen as the termination of the exponential growth of
the volume of the crystalline part in the surface slice.

3.3.3. Rate of heating. In the surface slice, taking into account the rate of temperature rise,
three different regions are clearly distinguished, just like in the crystallinity. During the first
6 ns, the temperature rises by about 25K ns−1, which then drops to about 17K ns−1 at 6 ns.
At about 9 ns the temperature rise drops to 7K ns−1. These three temperature sections can
be related to the heat conduction of different phases of Si. According to experiments, the
thermal conductivity of a-Si is about 100 times lower than that of c-Si, and for poly-Si, it is
between those of a-Si and c-Si [36–38]. During the first 6 ns, the surface slice consists mainly
of a-Si, whose thermal conductivity is low leading to slow dissipation of the thermal energy
brought to the surface by the deposited atoms. Therefore, the temperature rise at the surfasc is
fast. When larger crystallites start to form at 6 ns, the average thermal conductivity increases
leading to a slower increase in the temperature of the surface slice. At 9 ns, such crystalline
grains begin to form that extend almost through the surface slice. That increases the thermal
conductivity further, leading to a significantly slower temperature rise at the surface slice.
These three distinct temperature rise phases were also observed in other simulations.

3.4. The nucleation and growth of the seed cores of the Si crystallites

The stability of the seed cores of crystallites in a crystallising amorphous medium depends
on the size of the crystallite cores. There is a threshold size below which the crystallite core
tends to disappear and above which it tends to grow (a collection of simulated newly born
primary crystalline Si cores can be seen in figure 3) [39, 40]. We investigated the stability
of isolated crystalline Si cores in amorphous Si using our simulation setup: LAMMPS, SW
potential and Nosé–Hoover thermostat. We can then compare these with the predictions from
classical nucleation theory [41]. The possible mutual effect of two neighbouring crystalline Si
cores on their stability and growth was also investigated.
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Figure 10. Radial distribution function (g(r)) of the melted silicon and the amorphous
end result.

3.4.1. Single-crystal Si cores in an amorphous Si medium. To study the stability of the
c-Si cores, an amorphous Si block is first constructed. This is done by a melt-cooling pro-
cess. Single-crystal Si block is melted at 3000K and cooled down at the rate of 1012 Ks−1.
Radial distribution functions for the melted Si and the amorphous Si are shown in figure 10.
The obtained radial distribution function of amorphous Si compares well with that by Fusco
et al [42].

From the prepared amorphous Si block, the atoms can then be removed from a sphere of a
certain radius and replaced by a sphere cut similarly from a single-crystal Si block. The total
number of atoms is ensured to remain the same in this substitution. The obtained Si block is
then relaxed with LAMMPS energy minimisation. Finally, these amorphous Si blocks with
a c-Si core at the centre were set to a temperature of 900K (similar temperatures as used
in the growth simulations) and simulated to examine the evolution of the crystalline cores.
Different radii are tested with individual Si cores as well as Si core pairs with different separ-
ation distances.

At different points in the simulations, we used a method based on the atomic energy [40] to
determine the radius of the c-Si core, see figure 11. The average energy per atom as a function
of the radial distance from the centre of the c-Si core is calculated. The curve has two plateaus,
the amorphous phase at the higher energies and the crystalline phase at some 0.3 eV lower
energy. A sigmoid function is fitted to the energy values and the position of the midpoint value
of the sigmoid curve is taken to be the radius.

The simulations are performed in a cubic cell of amorphous Si with a side length of 15 nm.
The investigated c-Si cores had radii 0.8, 1, 1.2, 1.4, 1.6 and 1.8 nm. For each radius, seven
different simulations are performed (for better statistics). The radius development during the
simulation is shown in figure 12, where the radius of the Si core is plotted as a function of the
simulation time. The curve shows the averaged values from the seven simulations per initial
radii. The Si cores that disappeared during the simulation are not counted at this point. Such
Si cores were found at the three smallest initial radii (0.8 nm, 1 nm and 1.2 nm). Test cases
with smaller radii all disappeared. Classical nucleation theory, based on the values found in
the work of Spinella et al [41], estimates the critical radius to be about 0.6 nm which aligns
with our observations.
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Figure 11. Radial average energy per atom as a function of the distance from the centre
of a c-Si core and a sigmoid function fitted to the energy values. Midpoint (red mark) is
used for radius determination.

Figure 12. Radius of the Si core during the simulation averaged from the seven simula-
tions for each initial radius. Cases where the Si core disappeared during the simulation
have been removed from the averaging. Initial radii (cut-radii from the crystalline Si)
in the legend are given in nm. The slopes of the fitted lines at the different radii can
be found in figure 13. The curves do not start exactly at the radii shown in the legend
because the Si cores are first relaxed in amorphous Si and then the radii are obtained
using the method as shown in figure 11.

Lines have been fitted to the curves and the slope is used to compare the growth rates of the
Si cores. The average slopes for the unstable (0.8 and 1.0 nm), semi-stable (1.2 and 1.4 nm)
and stable (1.6 and 1.8 nm) starting radii are shown in figure 13.

Disappearing/non-growing Si cores were found only at the three smallest starting radii. To
highlight the instability of the Si cores with smaller initial radii, the deviation from the average
radius is calculated for each simulation and shown in figure 14. The larger radii produce quite
predictable results of growth leading to small deviations. At the smaller radii some simulations
exhibit very low to negative growth rates (some outright disappearing) with only few exhibiting
comparable positive growth than those of larger initial radii. Possibilities of outcomes therefore
are more varied, which lead to the higher deviations found in figure 14.

As c-Si cores grow, their centre moves due to randomly different growth rates on different
sides of the Si cores. To analyse this movement of the Si cores, the centre points are determined
both at the beginning and at the end. This was done by identifying the Si core with the Ovito
Polyhedral template matching structure identification algorithm, selecting the atomic positions
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Figure 13. The results in figure 12 have been classified into three groups: unstable ones
with the smallest starting radii, stable for the largest starting radii and semi-stable for
the in-between ones. Average growth rates for the three are calculated from the slopes
of the linear fits in figure 12.

Figure 14. Standard deviation of the Si core radii at the end of the different simulations
as a function of different starting radii.

in the Si core and calculating the centre point of the atomic positions. The average shift of the
centre point determined from five simulations per starting radius are from 0.2 to 0.4 nm during
5 ns simulations at the thermostat temperature of 900K. The calculated displacements were
mostly within a few tenths of nanometers, except for a few larger deviations, the largest of
which is 0.7 nm. The determination of the centres of the c-Si cores does not account for the
shape change so the centre point shift can be also due to the change in the shape rather than
the movement of the Si core.

3.4.2. Interaction between crystalline Si cores. To test whether neighbouring c-Si cores
have an impact (mediated by atoms in between) on each other, two Si cores were placed in
an amorphous cell large enough to minimise the effects of the periodicity (Si core interacting
with its periodic counterpart). The distance between the Si cores is varied and their time devel-
opment at the 900K temperature is analysed. The Si cores are initially spheres with an initial
radius of 1 nm and edge-to-edge separation distances of 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 2.25 and
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Figure 15. Growth rate of the crystalline Si cores in the presence of a nearby Si core as
a function of the distance between the Si cores.

3.0 nm are investigated. The increase in the number of crystalline atoms per ps (growth rate)
with the different separation distances are shown in figure 15. The marks shown are the growth
rates of individual Si cores (two per simulation cell) with the points marked with red being
ones where the Si core disappeared during the simulation (one at 1.5 nm, both at 3.0 nm).

These simulations suggest that nearby c-Si cores aid each other in growing. The highest
growth rates are seen with the shortest distance whereas at the largest distance both Si cores
disappeared. This type of phenomenon can lead to the explosive-like formation of a polycrys-
talline phase when the density of crystalline cores has reached a critical level. The statistical
nature of the growth process and the limited amount of data somewhat limit the conclusions
that can be drawn from our Si core simulations. The results obtained here are in line with our
growth simulations where in all base area 10× 10 nm2 cases the transition from the isolated
crystallite phase to the poly-Si phase is very sharp and occurs at the same level and time in the
whole simulation cell (see figure 3).

The phenomena related to the c-Si cores studied here could have a connection to the dir-
ectionality of the interatomic interactions. For instance, Fusco et al [42] state that there is
a connection between local plastic activity and coordination defects in amorphous systems
depending on the nature of the interatomic interactions. In particular, the directionality of the
bonds, as quantified by the three-body term in Stillinger–Weber-like interactions affects not
only the role of local defects, but also the size of the plastic rearrangements, and the global
stress–strain behaviour.

3.5. Effect of pressure and material stress on poly-Si growth

3.5.1. Pressure. In the fixed pressure simulations, due to the free surface of the film, the
simulation cell does not change in the vertical direction. In the lateral direction, the cell expands
about 4‰–6‰. This is so small change that it does not have discernible effects on the produced
poly-Si film. The statistical variation between different simulations produces typically larger
effects than the 4‰–6‰ lateral expansion.

3.5.2. Stress in the simulation box. One possible key to increasing understanding of the
growth process is to look at stress inside the simulation cell. To analyse this, we calculated the
stress per atom within the cell. LAMMPS outputs the stress tensor for each atom. To visualise
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Figure 16. A poly-Si film analysed according to stress (left) and structure (right). On
the left is the colormap of per atom stresses with darker colours representing lower
stress and brighter colour higher stress. On the right is the structure identification of the
same simulation (blue for cubic diamond, orange for hexagonal diamond and white for
amorphous).

Figure 17. Stress as a function of the height (within the deposited film) with the different
regions highlighted from the starting base with the crystalline part to amorphous layer,
the transition region, the proper poly layer and the surface layer.

the stress, the data eigenvalues are solved for the stress tensor to get the principal stresses and
the largest of these is taken and shown with the colour mapped simulation box shown on the
left in figure 16. Average stress as a function of the height of the poly-Si layer is calculated
and shown in figure 17.

If we compare these with the structure identification data (on the right in figure 16) we
see that stresses mostly show similar information with higher stress areas corresponding with
amorphous, grain boundaries and other non-ordered regions and lower stress areas correspond
with crystalline areas.
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4. Conclusions

We have studied crystallization in the fabrication of polycrystalline silicon (poly-Si) films
using the LAMMPS molecular dynamics package [22]. The interaction between atoms was
modeled with the Stillinger–Weber potential [25]. The largest simulation cells used contain
about 10 00 000 atoms. The investigated phenomena range from the Ångström scale to the
0.1µm scale.

Depositing Si on substrates with crystalline Si on the bottom and an amorphous Si (a-Si)
film on top, the deposition starts in amorphous form. Depending on the values of the deposition
parameters, after a certain time, the amorphous growth first changes to the form of crystalline
pockets in a-Si and later to the polycrystalline form, continuing in the mode of increasing grain
size. At least part of the increasing average grain size can be related to the increasing surface
temperature during deposition. Features of the sudden onset of the poly-Si formation and the
gradual increase of the grain size as a function of poly-Si film thickness were observed also in
larger scales in SEM studies.

A short total break of the deposition caused a clear interface in the poly-Si film due to an
increase in grain size at the surface during the break. When the growth starts again, the pro-
duced average grain size is larger than before the break. According to the simulations, raising
the deposition temperature increases the crystallinity of the poly-Si film up to 1120K, after
which the crystallinity starts to decrease. The higher crystallinity is mainly due to the increase
in the average grain size. The thickness of the grain boundaries is decreased as well. Post-
annealing of the just grown poly-Si film slightly reduces the thickness of the grain boundaries.

A typical deposition of poly-Si in a nanosecond scale proceeds as follows. During the
first nanosecond, the first crystallite cores develop but the rates of their creation and disap-
pearance balance each other up to 6 ns. At that point, rapid three-dimensional growth of the
crystallites begins producing exponential increase in the total volume of crystalline Si. This
3-dimensional growth continues for about 3 ns. After that, the crystallites start to touch each
other and the grain growth becomes 1-dimensional towards the open surface of the growing
film. The three different observed phases of crystallinity can be related to the three different
rates of the increasing surface temperature during the deposition, which in turn is related to
the different heat conduction of a-Si and poly-Si.

Studying the seed nuclei of Si crystallites shows that there is a threshold size of the nuclei
beyond which most of them continue to grow rather than decay. This threshold radius of the
nuclei is estimated to be 1.2–1.4 nm. Si cores also have a clear impact on each other. Placing
two crystalline Si cores in an a-Si cell and increasing their distance gradually suggests that
their growth rate at a distance of 0.5 nm is twice the growth rate at a 5 nm distance. This kind
of interaction can explain the explosive-like formation of a polycrystalline phase observed in
the simulations.

No discernible differences were obtained in poly-Si growth using fixed volume or fixed
pressure in the simulations. In fixed pressure depositions, the lateral dimensions of the unit
cell changed only 4‰–6‰. Calculating the stress per atom within the simulation cell shows
that amorphous-like grain boundaries possess higher stress than the crystalline grains.

Since the electrical properties of poly-Si are strongly dependent on their structure, the struc-
tural data and its relation to the growth parameters of poly-Si films provides useful information
for future research on the electrical properties of poly-Si films.
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