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1. Introduction

Poly-Si is used in many modern technology
applications, for example, in micro-
electronics devices such as metal-oxide-
semiconductor field-effect transistors, in
photovoltaic and photonics devices like
solar cells, in microelectromechanical
systems, thin film transistors, in displays,
sensors, and actuators, and in low-loss
coatings of Si wafers in radio frequency
(RF) applications,[1–8] and future appli-
cations such as integrated poly-silicon
avalanche mode light-emitting device[9]

and gate-all-around transistors.[10] Poly-Si
is also a good choice in terms of sustainable
development because it is recyclable and
nontoxic. Moreover, Si is the second most
abundant element in the Earth’s crust.

Like in single-crystal Si, the doping
affects the electrical properties of poly-Si.
However, poly-Si has another complemen-

tary engineering parameter that affects its electrical, optical, and
mechanical properties: grain size, which is highly dependent on
the deposition conditions. The grain size typically increases as
the annealing time increases. Controlling the grain size of
poly-Si is an active area of research.[8,11–13] Through the crystal-
lizationmethods, an engineer can control the size of the grains in
poly-Si and vary the physical properties of poly-Si.

Amorphous Si (a-Si) is deposited, e.g., using physical vapor
deposition, chemical vapor deposition (CVD), plasma-enhanced
CVD, very high-frequency CVD, and magnetron evaporation.
a-Si can be used in the same applications as poly-Si unless
the lower mobility of charge carriers of a-Si poses obstacles.
Low-pressure CVD is the most popular method for depositing
polysilicon films. There are two general types of manufacturing
methods for poly-Si, to deposit the poly-Si from the beginning or
to deposit the a-Si and then annealing the a-Si for crystalliza-
tion.[10] Various methods such as laser-annealed crystalliza-
tion,[12,14] metal-induced crystallization,[15,16] and solid-phase
crystallization[17–19] have been used to obtain high-quality poly-
Si films. Large amounts of poly-Si are produced using the
Siemens process (solar cells and electronics) and the fluidized
bed reactor (granular poly-Si).
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Polycrystalline silicon (poly-Si) has been and still is a pivotal material, particularly
in the electronics and solar energy industries. Controlling crystallization is one of
the challenges, e.g., in producing poly-Si films for radio frequency applications.
Since film growth by deposition is a random process, producing a specific grain
size distribution for poly-Si is challenging. By combining molecular dynamics
simulation data with surface diffusion physics, novel transparent models are
constructed that shed light on the physics behind the deposition of poly-Si thin
films and assist the selection of simulation parameters. Both probabilistic and
geometric approaches are used to find relevant simulation parameters and their
bounds to describe the complex grain–grain boundary interactions in the growth
of poly-Si thin films. Poly-Si growth simulations provide valuable information to
better understand the features of optimal growth conditions. The constructed
parameterized deposition model is fitted to the simulation data. In addition
to further refining the simulation of customized poly-Si films, the presented
modeling concept can also be used more generally in the analysis of physical
vapor deposition.
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The charge carrier mobility is greatly improved due to the
increased grain size because a large grain size means fewer grain
boundaries and thus reduced charge carrier scattering from the
grain boundaries.[20] On the other hand, there are application
areas in which high resistivity is a bonus instead of high conduc-
tivity. For instance, silicon substrates of microelectronics appli-
cations operating in the RF range suffer from losses and
nonlinear behavior due to parasitic conductivity in the substrate.
A thin poly-Si layer with a small grain size with more grain
boundaries, inserted between the substrate and the device,
improves device performance.[21–23] Developing poly-Si films
to mitigate parasitic conductivity in RF applications is one of
the motivations of the present study.

Grain size affects the absorption coefficient of polycrystalline
thin-film materials because the grain boundaries serve as light-
scattering centers. Microcrystalline films show effective absorp-
tion coefficients up to an order of magnitude higher than mono-
crystalline silicon at photon energies above 1 eV.[24]

Poly-Si films fabricated on glass or plastic substrates have
attracted much attention because of their applications in electro-
optical devices. The reason is that the charge carrier mobility of
the poly-Si thin film is 10–100 times greater than that of the
a-Si thin film. The performance of devices made of poly-Si
strongly depends on the grain size since grain boundaries act
as traps and recombination centers for charge carriers.[20]

We investigate in this work the deposition conditions of sim-
ulations leading to poly-Si films with a certain polycrystalline
ratio. The polycrystalline ratio is defined in this work as the ratio
of the volume of the crystalline phase to the total volume of poly-
Si. We use data from our previous work.[25] By analyzing the
deposition process, the deposition model is constructed and fit-
ted to the data. Then the model parameters are given a physical
interpretation, which forms a link between the micro- and mac-
roscale silicon.

Our current research is closely related to the effort to increase
the performance of poly-Si to improve the properties of sub-
strates for RF microelectronics components. The effect of
poly-Si in these applications is to inhibit parasitic surface
currents in the substrates, reducing harmful energy losses, cross
talk, and nonharmonic distortions. The beneficial effect of poly-
Si in these applications is due to the electronic trap states formed
in the grain boundaries to trap the mobile parasitic charge car-
riers. The ability to trap the charge carriers is therefore directly
related to the ratio of the volumes of the crystalline grains and
noncrystalline grain boundaries. In the present work, we focus
on the polycrystalline ratio of poly-Si. A lower polycrystalline ratio
is better for the performance of poly-Si substrate in RF applica-
tions. Specifically, the aim of the present study is to shed more
light on the deposition process of poly-Si and provide guidance
for choosing the optimal parameters for efficient simulations of
poly-Si deposition.

Our previous studies on poly-Si[25,26] focused on simulating
the deposition of poly-Si using classical molecular dynamics
and analyzing the obtained films. These investigations covered
phenomena ranging from the Ångström scale to the 0.1 μm
scale. We explored the impact of growth temperature on grain
structure and grain boundaries, as well as the interaction and
stability of seed crystallites during the transition from isolated
crystallites to poly-Si growth. Additionally, we examined grain

size and orientation, grain boundary thickness quantization,
and the density of miscoordinated atoms. However, the role
of atomic interactions in relation to the simulation conditions
was not addressed in these earlier studies. The current work fills
this gap by providing an explanation for the highly nonlinear
trend observed in the polycrystalline fraction of the simulated
films as a function of simulation parameters, including cell size
and deposition rate. Furthermore, our work offers valuable
guidelines for designing the computer simulations of polycrys-
talline material deposition.

With the help of physical data fitting, it is possible not only to
expand the area of use of the data itself but also to reveal the
underlying physics of phenomena and processes related to
certain data. Even more valuable connections to basic physical
principles can be obtained if a working physical model is con-
structed based on the data. The development of the physical
model is the core of the research discussed next. It opens up pos-
sibilities to use the fitted model also for studying other similar
systems and phenomena. The physical interpretation of the fit-
ting parameters is useful for the optimization of the deposition
conditions of poly-Si films. Furthermore, conducting a similar
analysis across a range of deposition temperatures and
rates could yield valuable operational guidelines applicable to
real-world physical vapor deposition processes. By extending the
corresponding analysis to the growth of multicomponent films, it
is possible to gain additional insight into, e.g., molecular beam
epitaxy and the deposition of III–V semiconductors on silicon.

The article is organized as follows. The Methods of
Simulations first presents the most relevant information related
to the simulations and analysis of the deposition of poly-Si films
done in ref. [25], followed by a description of the construction of
the deposition model. In Section 3, the deposition model is con-
structed and used to fit the deposition simulation data obtained
in ref. [25]. Section 4 details the physical interpretation of the
model and its parameters. The conclusions are presented in
Section 5.

2. Methods of Simulations

The simulation data of poly-Si film depositions are taken from
our previous work.[25] The simulations were done using the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).[27] The interatomic potential used in LAMMPS
was chosen based on the test simulations for the lattice parame-
ter, the elastic constants, and the melting temperature of Si.
Stillinger–Weber,[28] Tersoff, and two modified Tersoff,[29–31]

environment-dependent interatomic,[32] two modified embedded
atom method,[33,34] and spectral neighbor analysis[35] potentials
were tested. The Stillinger–Weber potential (Equation (1)–(3))
was found to perform best for our project.

V ¼ εA
X
ijð Þ
v 2ð Þ
ij rij
� �þ λ

A

X
ijkð Þ

v 3ð Þ
ijk rij, rik
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v 3ð Þ
ijk rij, rik
� � ¼ exp

γ

rij=σ � a
þ γ

rik=σ � a

" #

cos θjik
� �� cos θ0ð Þ� �

Θ a� rij=σ
� �

Θ a� rik=σð Þ
(3)

where v 2ð Þ
ij rij
� �

and v 3ð Þ
ijk rij, rik
� �

are the two and three body terms,

respectively. Θ is the Heaviside step function and θ0 ¼ arccos
�1=3ð Þ is the tetrahedral angle. The parameters are given in
Table 1.

Simulation cells were rectangular parallelepipeds with a
square base and sides from 5 to 10 nm and height from 20 to
30 nm (max 200 000 atoms). The substrate of the depositions
was a poly-Si layer generated using the Atomsk program[36]

and relaxed using LAMMPS. The number of deposited Si atoms
is over 80% of the total number of atoms corresponding to about
20 nm thick Si films. At the sides of the simulation cell, periodic
boundary conditions were used, whereas fixed boundary condi-
tions were used at the bottom and the top of the cell.

The microcanonical (NVE) thermodynamical ensemble was
used in the critical parts of the simulations. The data used in
the present study were obtained by adjusting the thermostat
(Langevin) at 900 K and the speed of the injected Si atoms
was 5 nm ps�1 perpendicular to the film surface. The direction
of the velocity of the depositing atoms is slightly randomized by
selecting the velocity component parallel to the substrate surface
randomly within the range (�0.005, 0.005 nm ps�1) for both
x- and y-directions.

Since the polycrystalline ratio also depends on temperature,
we refer to it here for completeness. The effect of temperature
was studied at temperatures from 600 to 1450 K with 25 K steps
using 36 nm2� 20 nm simulation cell and a deposition period of
250 fs. The polycrystalline ratio (in %) changes with temperature
according to Equation (4) (see also Figure 1):

rpc ¼ �7.96� 10�5 T=Kð Þ2 þ 0.179 T=Kð Þ � 7.46 (4)

More details of the properties of the simulated poly-Si films
can be found in refs. [25,26]. In the present work, the noncrys-
talline parts of the films (top and bottom) are cut out and only the
polycrystalline parts are considered. We analyze the structures of
the poly-Si films using the polyhedral template matching (PTM)
algorithm of OVITO visualization package.[37,38] Data fittings are
done using the curve_fit function from Python SciPy library.[39]

In the present study, we start with considering the distribution
and kinetics of the deposited atoms on the target surface. By
assuming that an adatom needs on average a certain relaxation
time to diffuse from the landing site to the optimal site (to con-
tinue crystalline growth) and assuming that there is an upper
limit of the number of simultaneously diffusing adatoms per
the surface area (to avoid collisions and agglomeration with ada-
toms that have not yet reached their optimal sites), we arrive at a
probabilistic expression for the crystalline growth. Relating this
expression to the polycrystalline ratio of the deposited poly-Si
film (Figure 2) we obtain a formula for the polycrystalline
ratio as a function of the deposition rate and size of the cell.

Table 1. Stillinger–Weber potential parameters.

Parameter Value

ε [eV] 2.1683

A 7.049556277

B 0.6022245584

σ [Å] 2.0951

p 4

a 1.80

λ 21.0

γ 1.20

Figure 1. In addition to the deposition parameters, the polycrystalline
ratio is also affected by the growth temperature. The second-order curve
is a guide for the eye. Three examples of the simulation cells of the depos-
ited poly-Si films are also shown. Their position on the horizontal axis
refers to their deposition temperature. The colored regions are in the
crystalline state and the gray regions are in the noncrystalline state.

Figure 2. Left: an example of the simulation of the deposition of poly-Si: a
simulation cell after the deposition and a top view of the cell after the
noncrystalline part have been cut away. Right: examples of simulated
poly-Si films with 60, 70, 80, and 90% polycrystalline ratio. The colored
regions, cubic diamond (blue) and hexagonal diamond (orange), are
crystalline grains and the gray areas are in the noncrystalline state. The
simulations lead to noncrystalline parts at the bottom and top of the
simulation cell. They (including the substrate at the bottom) have been
removed before the polycrystalline ratio rpc is calculated using the
OVITO PTM method. Polycrystalline ratio rpc is the ratio of the (colored)
volume of the crystalline part to the total volume of the film.
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To determine the values of the parameters of the obtained
formula, it is fitted to the deposition data obtained in ref. [25].

3. A Model for Controlling Polycrystalline Ratio in
the Simulation of Poly-Si Film Depositions

Plotting the time interval between the successive depositions of
atoms (Δt) as a function of the surface area of the simulation cell
(A) for a set of fixed crystallinities (rpc) (rpc is calculated as the
ratio of the number of atoms in the crystalline phase to the total
number of atoms in the film) shows a characteristic feature for
every rpc (Figure 3). There seems to be limiting values of A and
Δt. Decreasing A below the limiting value requires a significant
increase in Δt, and vice versa, decreasing Δt below the limiting
value requires a significant increase in A to keep the polycrystal-
line ratio rpc at the preset value. This feature raised the question
of what physics could be behind the observed phenomenon. We
seek an answer to this question by examining both the kinetics of
the adsorbed atoms and the probabilities of adsorption events.

3.1. Probability Analysis of the Growth

We estimate the probabilities of atomistic deposition events
related to the interactions between adsorbed atoms. Let us
assume the surface of the simulation cell (area A) is divided into

smaller subcells (area A0). From the point of view of crystalliza-
tion, it is disadvantageous if several adatoms are adsorbed in the
same subcell within a short time. For instance, the activation
energy of a single-adatom diffusion on Si(001) is 0.67 eV whereas
for a Si dimer it is 1.09 eV along the dimer row and 0.70 and
1.36 eV double barrier across the dimer row.[40,41] Although in
our case the surface consists of grains with different crystal
orientations and noncrystalline grain boundaries between the
grains, and in addition, the surface is under constant bombard-
ment of adatoms, the essential point is that the diffusion of a
group of adatoms is slower than the diffusion of a single adatom.
Therefore, from the point of view of crystalline growth, it is
advantageous that no more adsorbate atoms are added to A0

before the previous adsorbate adatoms have had time to diffuse
to energetically favorable crystal positions.

When a subcell has newly adsorbed atoms, it needs a certain
time (trel) without further adsorptions for crystallization to occur.
The probability that n consecutive adatoms are adsorbed in the
same subcell is A0=Að Þn. The probability that this will not happen
(a beneficial case concerning the crystallization, no clumps of
adatoms) is

P1 ¼ 1� A0=Að Þn (5)

During time trel, trel=Δt atoms are adsorbed on the surface and
the probability that no n consecutive adatoms are adsorbed in the
same subcells is

P2 ¼ P trel=Δtð Þ=n
1 ¼ 1� A0=Að Þn½ �trel= nΔtð Þ (6)

In our case Δt > 0 because otherwise there will be no
crystalline growth. Implementing the lower limit (Δt0) of Δt
into the exponent in P2 by shifting the origin as follows
Δt ! Δt� Δt0, assuming trel=n ≈ Δt0, and equating the
probability P2 with the target polycrystalline ratio rpc leads to
Equation (7):

1� A0=Að Þn½ �
Δt0

Δt�Δt0 ¼ rpc (7)

We see that the exponent has the correct limiting values:

ið Þ Δt0
Δt� Δt0

! ∞, whenΔt ! Δt0

iið Þ Δt0
Δt� Δt0

! 0, whenΔt ! ∞

Case (i) means that probability P2 ! 0 and in the deposition
there are only few subcells having n or less simultaneous
unrelaxed adatoms (low polycrystalline ratio expected). Case
(ii) means that probability P2 ! 1 and in the deposition there
are many subcells having n or less simultaneous unrelaxed ada-
toms (high polycrystalline ratio expected). Taking the logarithm
of both sides of Equation (7) leads to Equation (8):

Δt ¼ Δt0
ln 1� A0=Að Þn½ �

ln rpc
� � þ Δt0 (8)

where the parameters n, Δt0, and A0 are to be fitted to the
(A, Δt, rpc) data from simulations (ref. [25]).

Figure 3. The data obtained from the simulations are plotted (for four
fixed rpc) as the time interval Δt of adatoms arriving on the surface as
a function of the cross-sectional area of the simulation cell A (colored con-
tinuous curves). The dashed black curves show the fit function
(Equation (8)) for each polycrystalline ratio rpc ¼ 0.9, 0.8, 0.7, and 0.6
(for rpc ≤ 0.8 the fit function and the simulation data practically coincide).
The values of the fitting parametersΔt0, A0 and n are shown in Table 2. The
light blue wedge is the area of recommended values for A and Δt (see
Section 4). The target polycrystalline ratio rpc increases continuously
when moving in the direction of the opening in the blue wedge.
The fitting parameters (A0, Δt0) for the polycrystalline ratios rpc ¼ 0.9,
0.8, 0.7, and 0.6 are shown by dots with the same color as the curves
of the corresponding polycrystalline ratios. The fitting parameters are
approximately on the line Δt ¼ c � A, c ¼ 4 fs nm�2. The effect of temper-
ature on the polycrystalline ratio of A= 36 nm2, Δt= 250 fs film is shown
in Figure 1.
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3.2. Fitting the Model to the Poly-Si Deposition Simulation
Data

Deposition is a method based on atomistic random processes for
the fabrication of thin films. This also causes random variations
in the end products. It is therefore challenging to perform sim-
ulations that produce poly-Si films with a predetermined precise
polycrystalline ratio. To overcome this, we performed several
simulations with different growth conditions and used the result-
ing dataset of (A,Δt, rpc) triplets to estimate A and Δt for films
with polycrystalline ratios rpc= 0.9, 0.8, 0.7, and 0.6. This was
done in our previous work[25] where we found that the polycrys-
talline ratio Function (9) (note, in Function (9) polycrystalline
ratio is in %) represents well the simulated data. Here, we
use the Function (9) to extract the A,Δtð Þ data for fixed rpc values:

K A,Δtð Þ ¼ � 315.3 nm2

A
� 882.6 fs

Δt
þ 98.09 %½ � (9)

The 3D map of the polycrystalline ratio K A,Δtð Þ as a function
of A and Δt is shown in Figure 4.

The function, shown in Equation (9) and in Figure 4, is based
on the data from 36 deposited poly-Si films. The polycrystalline
ratio was determined by OVITO using the PTM method, which
gives the number of atoms in the crystalline and noncrystalline
phases of the film. The height curves corresponding to the
crystallinities rpc ¼ 0.9, 0.8, 0.7, and 0.6 are also shown on
the plotted K A,Δtð Þ surface in Figure 4. On the bottom plane
are the projections of the height curves, which are also shown
in Figure 3.

The (A, Δt) data from function 9 are then used to fit the
Function (8) for the polycrystalline ratios rpc ¼ 0.9, 0.8, 0.7,
and 0.6. The fitted functions are shown in Figure 3 (black dashed
curves) and the fitted values of the parameters Δt0 and A0 are
shown in Table 2. The n ¼ 4 leads to the best fit to the simulated
data for every rpc. Fitting is done using the curve_fit function
from Python library SciPy.[39] The ratio A0/Δt0 is almost constant
over different polycrystalline ratios.

The fitted parameter pairs (A0, Δt0) for different rpc values are
shown in Figure 3. The points are approximately on the straight
line, which means that interpolation or extrapolation of the
parameters to any target polycrystalline ratio can be done
conveniently with a linear function.

Considering random walk statistics suggests a relation
between A0 and Δt0. With the assumption that there are only
nearest-neighbor jumps, according to the random walk statistics
the ratio Δr2h i=t ¼ a2Γ. a2Γ is constant at constant temperature
and Δr2h i, t, a, and Γ are the mean squared displacement of an
atom, the diffusing time, the jump distance, and the jump rate,
respectively.[42] Comparing our result A0=Δt0 ≈ constant
(Table 2) with the above random walk result suggests that the
basic parameters A0 and Δt0 are related to fundamental diffusion
parameters.

4. Interpretation of the Results

4.1. Optimal Flux

To interpret the results, let us first take a closer look at two
features of molecular dynamics simulations of the deposition
processes. The flux Φ of atoms deposited on the surface depends
on the surface area A and the average atom import frequency
1=Δt to the surface, Φ ¼ 1= ΔtAð Þ. As our simulations show,
the level of polycrystalline ratio of the deposited poly-Si film
depends on the flux, but not only on the flux. Especially in cases
where the target polycrystalline ratio of the poly-Si film is lower
than 80%, the flux is not the determining factor for the level of
polycrystalline ratio.

When a deposited atom comes to the surface, the first adsorp-
tion site is most likely not the most energetically optimal site for
it. Therefore, the adatom diffuses some distance from its first
adsorption site over some time before it finds the optimal
low-energy adsorption site. If the deposition flux is high, it is
possible that other atoms are deposited close to the first one
and the deposited atoms form a clump that locks onto the surface
at a point that might not be optimal for subsequent crystalliza-
tion. These features are to some extent captured in the
Functions (8) and (7) with the parameters A0, Δt0, and n.

Fitting the Function (8) to the simulation data leads to the
values of A0 and Δt0 shown in Table 2. When the target polycrys-
talline ratio of the deposited poly-Si film decreases, both A0 and
Δt0 decrease accordingly. This can be understood in the follow-
ing way: as the target polycrystalline ratio decreases, a smaller

Figure 4. Plot of the function KðA,ΔtÞ (Equation (9)). The figure shows the
cutting curves of the function KðA,ΔtÞ and the constant polycrystalline
ratio planes rpc ¼ 0.9, 0.8, 0.7, and 0.6, as well as the projections of
the cutting curves onto the base plane (these are the curves shown also
in Figure 3).

Table 2. The values of the fitted parameters Δt0 and A0 (Function (8)) for
polycrystalline ratios rpc ¼ 0.9, 0.8, 0.7, and 0.6.

rpc
a) Δt0 [fs] A0 [nm2] A0/Δt0 [nm2 fs�1]

0.9 147.5 37.3 0.25

0.8 70.8 18.0 0.25

0.7 49.2 11.9 0.23

0.6 39.3 8.9 0.23

a)The optimum value of the parameter n is 4. The ratio A0/Δt0 is almost constant.
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area and a shorter time interval (a higher probability of forming
clumps is allowed) are still sufficient to produce a poly-Si film
with the required polycrystalline ratio. The optimal value of
the parameter n is 4 regardless of the target polycrystalline ratio.
This can be understood as parameters A0 and Δt0 already include
the major effects of the change in the target polycrystalline ratio.

As Figure 3 shows, the fit is not perfect for the rpc ¼ 0.9. The
curvature of the simulation data at about A ¼ 50 nm2 is higher
than the curvature of the fit function. This is because the fit
Function (8) approaches 100% crystallinity when A and Δt
approach infinity whereas the extrapolation from the simulation
data leads to 98% polycrystalline ratio. However, the 100% crys-
tallinity is irrelevant in our case because we are interested in poly-
Si, which in any case contains noncrystalline grain boundaries.

Figure 5 shows the deposition flux Φ as a function of the sur-
face area A of the simulation cell for four target polycrystalline
ratio. Φ Að Þ ¼ 1= ΔtAð Þ, where Δt ¼ Δt Að Þ, for each fixed rpc, as
shown in Figure 3.

All the Φ Að Þ curves have the maximum at A ≈ 2A0. There are
two different poly-Si deposition regions separated byΦmax. When
A < 2A0, the crystallization of Si strongly depends on the simu-
lation cell size which can, however, be compensated with chang-
ing the flux Φ (i.e., Δt). The hard limit for each polycrystalline
ratio (rpc) is A ¼ A0 rpc

� �
, below which the growth of poly-Si is

not possible. In the range A > 2A0, as A increases, the size of
the simulation cell limits crystallization less and less. For large
A, the polycrystalline ratio is determined mainly by the flux.
Although the polycrystalline ratio remains constant in the curves
of Figure 5, it is expected that the grain size and shape distribu-
tions will change. However, a more detailed study of this would
require a considerable number of simulations, to achieve reliable
statistics, which was not possible.

The value of Φmax increases with decreasing target polycrystal-
line ratio. The reason is that as the target polycrystalline ratio
decreases, the Δt ¼ Δt Að Þ curves (Figure 3) shift lower and
extend to smaller A values with smaller Δt, which increases Φ.

However, moving to even smaller A values, the deposition flux
drops very steeply for 60, 70, and 80% polycrystalline ratio cases.
This is due to the sharply increasing Δt compensating the very
small A values (Figure 3). In the case of 60% polycrystalline ratio,
the maximum possible deposition flux is about 4 times the small-
est deposition flux, while in the case of 90% polycrystalline ratio,
the deposition flux does not vary much. In cases of high-target
polycrystalline ratio, the deposition conditions are more strin-
gent than in cases of low polycrystalline ratio, limiting the possi-
ble (Δt, A) values in the case of 90% polycrystalline ratio.

If the target polycrystalline ratio in simulations is lower than
80%, it would be beneficial to use Equation (8) to estimate the
optimal combination (Δt, A) to use the highest possible flux
(shortest computational time) to save computational resources
in simulations, which is a great advantage if a large number
of simulations are required.

To explain the shapes of the curves shown in Figure 5, it is
necessary to consider the physics behind the deposition param-
eters. A key issue arises when comparing poly-Si deposition
simulations with different-sized simulation cells. Let the cross-
sectional areas of the cells in two simulations (1 and 2) be
denoted as A1 and A2. If A1 ¼ αA2, where α > 1, the fluxes in
both cases are equivalent if the time durations are related as
Δt2 ¼ αΔt1. However, equal fluxes do not imply identical physics
in simulations since the probability of the two successive depos-
ited atoms landing near each other (denoted as Pcl) differs
between the two systems.

For a given time period t, Δt1 < t < Δt2, the probability of
close landing in simulation 2 is Pcl ¼ 0 while in simulation 1
it is Pcl 6¼ 0. To maintain more similar physics between the
two simulations, the flux must be increased in simulation 2
(which has a smaller cross-sectional area A). This explains
why the fixed rpc curves rise when the simulation cell cross sec-
tion (A) decreases. This trend continues until the cross-sectional
area A becomes sufficiently small (at point 2A0 in Figure 5) at
which point there is not enough space in the simulation cell
to receive the required rpc at such a high flux and the flux starts
to drop for A < 2A0.

For lower rpc values, this flux reduction occurs at smaller
A values, as lower rpc allows for more misplaced atoms in
poly-Si. Since rpc ¼ 0.9 is a stringent requirement, the flux is
constrained to lower values over a wide range of A.

Thermodynamically, the crystallization of Si can be studied
with the Gibbs free energy G.

G ¼ U � TSþ PV (10)

where U, T, S, P, and V are internal energy, temperature,
entropy, pressure, and volume of the considered system, respec-
tively. The ground state (crystalline) of Si corresponds to mini-
mum Gibbs free energy of Si. The production of polysilicon,
on the other hand, is a nonequilibrium process, resulting in a
material that is only partially crystallized due to kinetic restric-
tions. In our simulations, the restriction on crystallization is
determined by the area of the simulation cell (A) and the time
interval between successive atom depositions (Δt). Mathe-
matically, this is expressed in Equation (7), which connects A,
Δt, and rpc. Graphically their relation is shown in Figure 5.

Figure 5. Deposition flux (1=ðΔtAÞ) as a function of A for polycrystalline
ratios rpc ¼ 0.9, 0.8, 0.7, and 0.6 (the lower the polycrystalline ratio, the
higher the corresponding curve locates). The vertical dotted lines show the
positions of A0 (Table 2). The flux for each rpc at 2A0 is shown with a dot in
the color of the curve.
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The Gibbs energy minimization with constraints can be done
using the method of Lagrange undetermined multipliers.[43]

In the present case, the constraint function is g ¼ Nc=
Nc þ Nnð Þ � rpc, where Nc and Nn are the number of atoms
in the crystalline and noncrystalline phases, respectively, and
rpc is obtained from Equation (8). The final state of the system
is obtained by minimizing the Lagrangian L ¼ Gþ λg by solving
its stationary points as the zero points of its partial derivatives,
∂L
∂Nc

¼ ∂L
∂Nn

¼ ∂L
∂λ ¼ 0.

4.2. Geometric Consideration

A geometric study of the poly-Si surface can also provide useful
information. Since polysilicon tends to consist of needle shape
grains perpendicular to the growth surface, we model poly-Si
films as consisting of beam-like grains, oriented perpendicular
to the surface. We first consider grains of equal-sized square
shape cross-sectional area (Figure 6). The square cross-sectional
area of the grains at the surface is A ¼ L2 and the thickness of the
grain boundaries is d. (In this subsection, A refers to the cross-
sectional area of the grain, not the area of the simulation cell, as
before.) The grains are assumed to be crystalline and the grain
boundaries between the grains are noncrystalline. We fix the
polycrystalline ratio of the film (rpc= A/Atot, Atot ¼ Aþ Ad,
where Ad is the grain boundary area belonging to one grain).
Within this approximation, d is given by

d ¼ 1� ffiffiffiffiffiffi
rpc

p� � ffiffiffiffiffiffiffiffi
Atot

p
(11)

Plotting d as a function of Atot for crystallinities rpc ¼
0.6, 0.7, 0.8, and 0.9 yields a series of square-root type curves.
The four thinnest grain boundary thicknesses obtained in the
simulations of poly-Si[26] are shown with dashed horizontal lines
in Figure 6.

According to the geometric model (Equation (11)), as the sur-
face area (Atot) decreases, the grain boundary thickness (d) also
decreases, provided the polycrystalline ratio (rpc) is kept constant.
Since the crystal directions of adjacent grains are not coherent,
grain boundary thinning becomes more difficult as the grain

boundary thins. According to our simulations, the lower limit
of the grain boundary thickness is 0.46 nm.[26] To get very thin
grain boundaries in simulations of poly-Si depositions the rate of
deposition should be decreased, i.e.,Δt should be increased. This
effect can be seen in Figure 3 as a sharp increase in Δt while
reducing the size of the simulation cell.

As the size of the simulation cell decreases, the maximum
grain size also decreases because matching a multiple of
the Si lattice parameter to the size of the simulation cell
becomes more challenging. Thus, the square grain model
(Equation (11)) is in line with the following three features
observed in Figure 3: 1) Δt starts to increase in the order of
rpc= 0.9, 0.8, 0.7, and 0.6. As shown in Figure 6, the d-curves
(Equation (11)) cross the four dashed lines of the smallest grain
boundary thicknesses (0.46, 0.61, 0.79, and 0.95 nm)[26] in the
order of decreasing rpc; 2) The rise of Δt gets steeper with
decreasing rpc because the d-curves in Figure 6 sweep in a more
and more steeply manner through the horizontal dashed lines
with decreasing rpc; 3) The distance between successive Δt rising
points in the A-axis shortens when going to smaller A values.
This is due to the increasing slope of the d-curves near the point
Atot ¼ 0 as the polycrystalline ratio rpc decreases (Figure 6).

Next, we investigate a few other grain shapes to show that
the result obtained for the square grain model is not a special
case but a manifestation of a general geometric-dimensional
phenomenon.

First, we present a theorem related to the thickness of the
grain boundary and the total area of the grain and grain boundary
for tessellations of the surface: If there is a quantity X and real
numbers α, β, and γ such that the area A of a grain is A ¼ αX2

and the combined area Atot of the grain and the grain boundary is
Atot ¼ γ X þ βdð Þ2, where d is the grain boundary thickness, then
d and Atot are related as (see Supporting Information for proof )

d ¼ 1
β
ffiffiffi
α

p
ffiffiffi
α

γ

r
� ffiffiffiffiffiffi

rpc
p� � ffiffiffiffiffiffiffiffi

Atot

p
(12)

Based on Equation (12), the functions d ¼ d Atotð Þ for rhombi,
equilateral triangles, and regular hexagons are shown in
Equation (13). Equation (12) does not apply to circles because

Figure 6. Left: schematic of the square grain model. The surface cross-sectional area of the grains is L2 and the thickness of the grain boundaries is d.
Right: The grain boundary thickness (d) as a function of the surface area (Atot) for the polycrystalline ratios rpc ¼ 0.6, 0.7, 0.8, and 0.9. The four
horizontal dashed lines show the values of the four thinnest possible grain boundaries[26] found in the simulations of the deposition of polycrystalline
Si, 0.46, 0.61, 0.79, and 0.95 nm.
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it is impossible to tile a surface by circles seamlessly. The out-
come is expected, as the cross-sectional area of the grain bound-
ary is proportional to the length of the grain circumference,
which, in turn, is proportional to the square root of the cross-
sectional area of the grain.

d ¼ ffiffiffiffiffiffiffiffiffiffi
sin θ

p
1� ffiffiffiffiffiffirpc

p� � ffiffiffiffiffiffiffiffi
Atot

p ðrhombuswith an angle θÞ
d ¼

ffiffiffiffiffiffiffi
4

3
ffiffi
3

p
q

1� ffiffiffiffiffiffirpc
p� � ffiffiffiffiffiffiffiffi

Atot
p ðequilateral triangleÞ

d ¼
ffiffiffiffiffi
2ffiffi
3

p
q

1� ffiffiffiffiffiffirpc
p� � ffiffiffiffiffiffiffiffi

Atot
p ðregular hexagonÞ

d ¼ 2ffiffiffiffi
3π

p
ffiffiffiffiffiffiffi
π

2
ffiffi
3

p
q

� ffiffiffiffiffiffirpc
p� � ffiffiffiffiffiffiffiffi

Atot
p ðcircleÞ

(13)

The square case, discussed at the beginning of this subsection,
is a special case of rhombi with an angle θ ¼ 90. The coefficientffiffiffiffiffiffiffiffiffiffi
sin θ

p
of the term 1� ffiffiffiffiffiffirpc

p� �
reflects the ratio of the volume to

the circumference of a polygon. When this ratio becomes
smaller, the cofactor decreases. The cofactors of equilateral trian-

gles, squares, and regular hexagons,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4= 3

ffiffiffi
3

p� �q
≤ 1 ≤

ffiffiffiffiffiffiffiffiffiffiffiffi
2=

ffiffiffi
3

pq
,

increase with the area to the circumference ratio. The grain
boundary area of circles, consisting of the pockets between
the circles, reaches a finite value when the circles approach each
other. This is why, in the case of circles, the constant term in

parentheses is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π= 2

ffiffiffi
3

p� �q
instead of 1.

Considering the grain boundary thickness curves in Figure 6,
the whole set of curves shifts down for equilateral triangles and
up for regular hexagons, as compared with that of squares. It
should also be noted that the average d of the mixture of different
grain shapes scales like

ffiffiffiffiffiffiffiffi
Atot

p
in line with the model presented

above.
If the grain size distribution is known, the obtained grain

boundary thickness results can also be used to analyze poly-Si
surfaces with different size grains. For instance, the average
grain boundary thickness d is obtained by integrating the grain
size distribution with the grain boundary thickness function
(Equation (11) or (13)):

d rpc
� � ¼ Z Amax

0
d A, rpc
� �

f Að ÞdA (14)

where d A, rpc
� �

is the grain boundary thickness and f Að Þ is the
grain size distribution. In many cases, the log-normal distribu-
tion f xð Þ ¼ exp � ln xð Þ � μð Þ=σÞ2=2ð Þ= xσ

ffiffiffiffiffi
2π

p� �
is a good approx-

imation for the grain size distribution. In f xð Þ, μ and σ are the
location and scale parameters. Using μ ¼ 3, σ ¼ 1 (log-normal
distribution with mean 33), and rpc ¼ 0.8 results in d ¼ 0.58 nm,
which is close to the grain boundary thickness of a homogeneous
distribution of 33 nm2 square grains in the case of rpc ¼ 0.8
(Figure 6).

5. Conclusion

The constructed deposition model (Equation (8)) was fitted to the
data of 36 simulated depositions of poly-Si films. The physical
interpretation of the fitting parameters of the model can pave

the way for more precise control of poly-Si film growth. Ourmain
findings are listed below. 1) The ranges of the size of the simula-
tion cell (A) and the deposition period (Δt) for the efficient (high
flux) simulation of the deposition of poly-Si films (Figure 3 and 5)
were obtained; 2) The function Δt ¼ Δt A, rpc

� �
, containing phys-

ically transparent parameters Δt0 and A0 (Equation (8)), can be
used as a guide to select the correct Δt and A to simulate poly-Si
with specified polycrystalline ratio; 3) The simulation cell size of
about A ¼ 10 nm2 seems to be so small that films containing
crystallites cannot be achieved at any Δt. This can be linked to
the cell size limit where crystallite growth is inhibited; 4) The
physical meaning of the parameters A0 and Δt0 of the poly-Si
growth model (Equation (8)) has been clarified. The parameter
A0 reflects the size of the smallest possible simulation cell that
can be used in poly-Si growth simulations. The geometric
consideration reveals that parameter Δt0 has connection to the
lower limit of the grain boundary thickness of poly-Si; 5) The
illustrative geometric model (Equation (13) and Figure 6)
explains qualitatively the main features observed in the simula-
tions of the deposition of poly-Si.
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