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Abstract

-Yu Zhong?

- Adam C. Powell IV2® . Uday Pal*

This paper describes a computational and experimental approach to electrodeposition of silicon using a
MgF,-CaF,-Ca0-Y,05-SiO, molten salt electrolyte and a yttria-stabilized zirconia solid oxide membrane at the anode. A
secondary and tertiary current density distribution model shows anodic current density between 0.5 and 1 A cm™2 with a
fairly even distribution along the anode surface except at the ends of the anodes. Finite element analysis of industrial cell
magnetohydrodynamics (MHD) shows electrolyte flow to be 23 times slower compared to a calculated analytical model. The
experiments demonstrate formation of highly pure silicon in the melt with particle sizes ranging from a few pm to clusters
of 2 ~ 3 mm. Finally, the mechanism of Si formation based on a short thermodynamic analysis was discussed.
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1 Introduction

Silicon is an important industrial element that has seen wide-
spread usage and adoption in the solar, electronic, and metallur-
gical industries. It plays an important role especially in the solar
industry where polysilicon and mono-silicon-based solar cells
dominate the market due to their abundance of availability, low
cost, and efficiency [1]. Conventionally, high-purity solar-grade
silicon is manufactured using the Siemens process. Silicon
modules are known to last long ~ 25 years and retain 80% of
their original efficiency [2]. But today’s polysilicon industry is
extremely energy-intensive, consuming 300 kWh kg~ silicon,
and its use of hazardous chlorosilanes has resulted in multiple
fatal accidents in recent years. It also emits CO, during the
first carbothermic reduction step [3]. Therefore, having a clean,
safe, cost-competitive source of silicon could advance lower
costs and even wider usage of solar technology. Combined with
uncertainty and volatility in silicon prices, newer methods of
refining silicon to solar grades need to be explored [3-5].
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Currently, to produce solar grade silicon, 99.8% pure silica
is carbothermically reduced to form metallurgical-grade sili-
con which is about 98% pure using the following reaction:

Si0, + C — Si + CO,

This metallurgical-grade silicon is further refined into
solar-grade silicon by the conventional Siemens process
which involves hydro-chlorination using hydrochloric acid,
followed by distillation to form purified trichlorosilane which
is an intermediate product then deposited by chemical vapor
deposition in bell jars onto high-purity polysilicon filaments
[6]. Hydrogen chloride is formed as a by-product of this reac-
tion. As noted, this process is energy intensive and needs criti-
cal temperature control to get high-purity uniform deposits.
Also, this process is a batch process. Another popular process
is the fluidized bed approach which is continuous and also
can be done at a lower temperature of 750 °C. Silane gas is
reduced to pure silicon and deposited on the surface of silicon
seeds in a fluidized bed reactor. These seeds are removed from
the bottom of the reactor to give high-purity silicon which
requires further processing before being used in solar cells [7].

Both these processes use unsafe halogenated compounds,
produce CO, along the supply chain, and consume large
amounts of energy. The carbon reductant also introduces con-
siderable impurities into the silicon product. Therefore, alter-
native methods such as electrodeposition using liquid salts are
being explored [8—11]. Electrodeposition of silicon using molten
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chlorides, molten fluorides, and mixed chlorides and fluorides
has been studied in the past. Though a considerable amount of
work has been done, large-scale production has not been practi-
cally achieved using liquid salts. The challenge also remains of
preventing salt trapping in dendrites during electrodeposition.
An innovative method that has been previously proven in
the direct single-step reduction of metals from oxides is solid
oxide membrane (SOM) electrolysis [12—15]. The solid oxide
membrane used in these processes is a yttria-stabilized zirco-
nia (YSZ) membrane similar to that used in a solid oxide fuel
cell. A novel flux developed by Villalén et al. [16] at Boston
University shows promise in depositing high-purity silicon in
a single step. The flux contains a CaF,-MgF, eutectic with
Ca0, Y,0;, and SiO,. This flux has a high ionic conductivity,
low viscosity, and high solubility of silica due to formation of
Si-O-F complex anions at 1100 °C [17]. It has been previously
used to deposit silicon using a liquid tin and molybdenum
cathodes. The challenge lies in getting a high-density deposit
using a solid cathode towards direct application in this system.
Towards these goals, macroscopic finite element modeling and
experiments have been carried out and reported in this article.

2 Macroscopic Cell Modeling

Electrolysis cell modeling is done using COMSOL mul-
tiphysics, and the modules used are electrochemistry (ec),
transport of diluted species (tds), and laminar flow (spf) [18].
The primary goals of the model are to understand the current
density distribution involving charge and mass transfer and
magnetohydrodynamics (MHD) of the electrolyte to enable
better cell design. These modules mentioned have the req-
uisite predefined couplings to simulate the most significant
effects to understand the dynamics of the salt and behavior
of the cell. The primary current density (ohmic resistance) of
the cell has previously been described in Moudgal et al. [19].

2.1 Governing Equations

This article describes secondary and tertiary current density
distributions, i.e., current density that involves charge and
mass transfer. The secondary current density distribution is
a combination of the electrolytic resistance and activation
overpotential of the cell [20]. The activation overpotential
is governed by the Butler-Volmer equation at the electrode-
electrolyte interface. The tertiary current density distribution
is governed by ohmic polarization, activation polarization,
and concentration polarization. Concentration polarization
is change in species concentration on the electrode surface
and electrolyte during the duration of electrolysis, and
depends strongly on electrolyte flow conditions.

The primary current density is modeled based on the Ohm’s
law for both the electrode and electrolyte which is given by
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J = —oV¢ with current conservedV - J = Q0 (D)

where o is the electrolyte conductivity, J is the flux, and ¢ is
the potential. In the primary current density, the local potential
at the anode and cathode is equal to the potential of the elec-
trolyte next to each electrode, and Q is charge density change.

The secondary current density is similar to the primary
current density in that Ohm’s law is used to model the solu-
tion resistance and resistance of the electrodes as described in
Eq. 1, but the electrode-electrolyte interface resistance is gov-
erned by a standard equation that describes electrode kinet-
ics such as the Butler-Volmer equation or Tafel equation. In
this article, we model the interface using the Butler-Volmer
equation [21]. The electrode-electrolyte interface is given by

n= d)electrode - ¢eleclrolyte - Eeq 2)

where 7 is the overpotential, ®jecirode a0 Pejeciroryte are the
potential of the electrode and electrolyte, respectively, in
volts, and Eg is the equilibrium potential also in volts.

The charge transfer is denoted by

o ( a (anode), Fn  a (cathode), Fn)
=1l e — e

RT RT 3)
where i is current density (A m™?), iy is the exchange current
density (A m~2), a (anode) and a (cathode) are the symmetry
factors for the anode and cathode, Fn is the faradaic overpo-
tential, R is the universal gas constant (J K! mol_l), and T
is the temperature (K).

The electrolyte in the tertiary current density distribution
is governed by the Nernst-Planck equation, an extension of
the Fick’s law. Diffusivity and species concentration both
affect the cell in the tertiary current density distribution. The
electrodes still follow Ohm’s law. The current density of the
electrolyte is described by

il =F Z“?Zi(_l)ivci —Z; uiFCin)electrolyte) (4)

with current conserved Vi, = Q, where i, is the current
density of the electrolyte, F is Faraday’s constant (C mol™"),
z; 1s the charge number of species i, D; is the diffusion coef-
ficient of species i (m2 s_l), c; is the concentration of ions of
species i (mol m~), and u; is the mobility (velocity vector)
of species i (S mol kg™!).

The electrolyte neutrality is maintained by

2izic;=0 (5)

The electrolyte-electrode current density expression is
shown below

.. a (anode), Fn a (cathode), Fn
i=iyle —e
RT RT

(6)
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Fig. 1 Arrangement of cells in
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where C,.q and C,,, are the concentrations of the reduced
and oxidized species, respectively.

These current densities thus calculated can tell us the
nature of the deposit. An even current density along the
anode or cathode predicts a uniform deposit.

The MHD effect is described using a combination of
Maxwell’s equations with the Navier-Stokes equations

including the Lorentz force. It describes the flow of the

Fig.2 a Close-up view of
anode and cathode arrange-
ment. b Primitive unit cell used
for modeling. ¢ Temperature-
dependent electrical conductivi-
ties of cell materials

electrolyte in a magnetic field since the electrolyte is ioni-
cally conductive. Considering an external magnetic field B,
due to the flow of current through the conductor, the total
field acting on the electrolyte is

B=B;+b @)

The conservation equations of the Navier Stokes equa-
tions with the Lorentz force that is generated are
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Fig.3 Experimental setup of cell

Table 1 Initial bath composition Salt

. Original % Modified %
using YF; and Y,0;

MgF, 39.74% 39.74%
CaF, 49.76% 52.97%
CaO  4.00% 1.69%
YE,  4.00%
Y,0, 3.10%
Si0, 2.50% 2.50%
av 1 2 1.
—+WVy=—=Vp+vViv+— (jXB
o T Vv=—"Vp S By ®)
withV - v = 0 ®)

Combining the above equations with Maxwell’s equations
and Ohm’s law, we get

J Butler-Volmer kinetics
— »V =0,
> V=0,
g ——V(-xVg)=0

Fig. 4 Boundary conditions for secondary and tertiary current distribution
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J=c(E+uxB) 9)

and F =J X B (10)

2.2 Current Density Model Geometry

The cell geometry depicted here is done considering a cell
in a potline with a 300 kA current bus. Figure 1 shows the
layout of the cells in what is envisioned to be a silicon plant.
The cells are considered to have cylindrical anodes and slab
cathodes as depicted in Fig. 2a. The modeling geometries
consider (1) a primitive cell consisting of half the thickness
of the cathode and one quarter of a single anode and (2) a
larger geometry with three anodes surrounded by electro-
lyte. This is done to save on computation time. Temperature-
dependent conductivities of the cell materials taken from
literature are shown in Fig. 2c. The relatively higher conduc-
tivity of silicon and nickel shows that electrical resistance of
the solid and liquid electrolytes (YSZ and CaF,-MgF, eutec-
tic molten salt) mostly limit cell current density distribution.

3 Experimental Method

Figure 3 below shows the apparatus for SOM electrolysis of
silicon. The setup consists of a stainless steel crucible coated
with boron nitride, a silver anode with a graphite current
collector inside a YSZ membrane rod closed at one end, and
a silicon wafer cathode with a 304 stainless steel current col-
lector. The silicon wafer was attached to the stainless steel
current collector mechanically by inserting the wafer into a
slit machined using a wire electric discharge machine and
held tightly by stainless steel screws. The setup is enclosed
in a 310 stainless steel tube and suspended in a furnace. The
process operating temperature is between 1100 and 1150 °C.
Argon or Ar-H, forming gas is continuously passed through
the system to maintain an inert environment and prevent the
reaction of oxygen with the molten salts and silicon. The cell
is run potentiostatically using a DC power supply.

-

*>Butler-Volmer kinetics

»V =@

® > Direction of flow of electrolyte

=V=®s

g ———V(-«V4)=0
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Fig.5 a Geometry and b
secondary and tertiary current
density

Based on the work by Villalén on flux properties [16], the
initial composition of the flux using either Y,0; or YF; is
shown below in Table 1. Based on experimental results, the
bath composition was changed and this is described in Sect. 4.

4 Results and Discussion

4.1 Secondary and Tertiary Current Density
Distribution

Figure 4 below shows the boundary conditions that have
applied to the secondary and tertiary current density distri-
bution. The cathode-electrolyte interface is governed by the
Butler-Volmer kinetics in secondary current density and a
combination of secondary and concentration polarization in
the tertiary as mentioned previously. The change in concentra-
tion of the electrolyte is due to flow which is dependent on the
magnetic field due to the flow of current in the electrodes. The
direction of flow is dependent on the direction of the magnetic
field and is into the plane depicted by the cross symbol. The
conductivity of silicon was taken to be 1.87 X 10*Sm™' [22].

Figure 5 depicts the secondary and tertiary current den-
sity for a pair of distinct geometries considering three anodes
based on the boundary conditions mentioned. The current

density appears to be evenly distributed over the surface, but
it is primarily high at the bottom of the SOM tube.

4.2 Magnetohydrodynamics

An analytical resolution to the Lorentz force was established
and compared with the model derived from COMSOL soft-
ware. This analytical computation showed the ionic velocity
to be six orders of magnitude more elevated than the corre-
sponding value derived from the COMSOL model.

The Lorentz force is first determined by calculating the
magnetic field strength. The principal distribution contributes
a current density of 0.5 A cm™. The magnetic field strength
associated with this current density, positioned 1 m away from
the conductor immersed in the electrolyte, can be computed
using the following expression:

B = (uyx1)/Qxr)

where “B” represents the magnetic field strength, “I”
denotes the total current through the cell (300 kA), “r” is
the distance from the conductor, and “u” corresponds to the
permeability of free space. The given parameters are r = 2.7
m and y, =41 x 107 T m A~!. Upon inserting these values
into the above equation, we get:
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Fig.6 COMSOL simulation showing velocity of electrolyte

Exp 19: Current vs Time plot
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Fig.7 Measured current vs time plot showing a current of approx ~ 1
A passing through the cell
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Electron Image 5

100pm

Fig.8 SEM image after electrolysis

B=(4xx 107 TmA™") x (300,000 A)/(2 X 7 X 2.7 m) = 0.0223 T

Consequently, the magnetic field emanating from the
conductor on the opposite side, situated 8.1 m away,
results in a field strength of 7.41 X 1073 T. Hence, the
total field strength equates to 0.0291 T.

Given these parameters, the magnetic field strength
sums up to approximately 0.0291 7. Utilizing the derived
values of the magnetic field strength and electric current
density of 0.5 A cm~2, the Lorentz force “F” can be cal-
culated by the formula:

F=JXxB
where B = 0.0291 T and J = 0.5 A cm™> By substituting
the above values, we get:

F =(0.0291 T) x (5000 A m™*) = 145.5 N m™>

Therefore, the Lorentz force acting on the conductor is
approximately 145.5 N m~>.

We can approximate flow between electrodes using the
solution for fully developed laminar flow between parallel
plates at the center of the cell, which is:

_Bi hz_yz
u—# 5

Substituting B; = 0.02917, viscosity = 3.5 mPa s, dis-
tance between the anode-cathode being 10 cm, and velocity
calculated at the center, we get the value for velocity to be

0.0415m - s~

This is approximately ~ 23 times higher than the model
shows us. Much of this discrepancy is likely because the
active anode area is a small fraction of the cathode area,
which would reduce the average current density.
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Fig. 9 EDS scans of Fig. 8
showing pure Si in melt and

Si Katl

Ca Kal

CKal,2

MgO in the flux
100pum
M 00um !
100pm
Table 2 Flux composition with Salt Wi
the elimination of CaO and
Y,0; MgF, 43.25%
CaF, 49.62%
CaO 0%
Y,0; 0%
Sio, 11.56%

It is noteworthy that the maximum flow velocity regis-
tered in the COMSOL model is observed proximate to the
cell’s anode, at a scale of 1.8 mm s~ (Fig. 6).

F Ka,2

100pum

Mg Ka1,2

M 00pm !

O Kal

f 100pum

4.3 Experiments

In the initial experiments, small islands of pure silicon
were seen in the melt near the cathode, but no silicon
deposits were observed attached to the cathode, indicat-
ing that the experimental conditions or parameters may
require further optimization or reconsideration. The cur-
rent vs time plot for experiment 19 which is a long dura-
tion electrolysis is shown below in Fig. 7. Figure 8 shows
an SEM image of the flux-wafer interface. Figure 9
shows composition maps, indicating there are islands
of pure silicon in the bath adjacent to the cathode, but
indicates the presence of MgO at the cathode-electrolyte

@ Springer
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Fig. 10 Current vs time plot for
CaO and Y,0; free flux. The
potential of the cell Vis 1.8 V.
The anode was rotated at certain
intervals to promote better mix-
ing and mass transfer

GENERAL

V=18

150 200 250 300 350 200

T (min)

Fig. 11 SEM image and EDS compositional map of electrolyte-cathode interface after electrolysis

interface and in the bath. Several factors could be respon-
sible for the absence of silicon deposits in these experi-
ments, including the electrolyte composition, applied
voltage, cathode material, or the presence of impurities.
It is possible that the chosen molten salt did not provide
sufficient ionic conductivity or that the silicon ions were
hindered from migrating towards the cathode. Alterna-
tively, the experimental conditions may have promoted

@ Springer

some side reactions, and mass transfer limiting condi-
tions preventing silicon deposition.

To overcome the challenges of MgO passivation, several
thermodynamic calculations and experiments were performed
and the composition of the flux was changed. Initially, the
oxide content of the flux was reduced by elimination of CaO
and Y,0Os;, but the silica content was increased to promote
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Fig. 12 EDS point scan show-
ing composition after electroly-
sis

Fig. 13 Current vs time plot
(unit: V) showing a decrease in
current over a short period of
time indicated lower viscosity.
The second peak indicates rota-
tion of the cathode to promote
mass transfer
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Fig. 14 SEM and EDS scans
showing formation of larger
particles of silicon
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availability of silicon ions and the composition of the flux is
shown below (Table 2).

This flux composition was melted and electrolyzed using
a carbon anode. The current vs time plot for this composition
is shown in Fig. 10.

The SEM images and EDS point scan shown in Figs. 11 and
12 show that there is silicon formation but the time taken for
the current to drop still indicates a flux that is highly viscous.

To eliminate high viscosity, the flux composition was
further changed by reducing the amount of silica further
eliminating oxide ions in the melt.

Salt wt%
MgF, 47.21%
CaF, 50.42%
Ca0 0%
Y,0; 0%
Si0, 2.35%
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The current against time plot is shown in Fig. 13 below
for the flux composition.

This flux composition also resulted in formation of silicon,
but on further analysis, it was observed that the flux was still
highly viscous from the current vs time plot. To further lower
viscosity, an experiment with an optimal amount of CaO and
Si0, was done (Fig. 14). The flux composition was as follows:

Salt wt%
MgF, 51.7%
CaF, 40.9%
CaO 491%
Y,0; 0%
Sio, 2.56%

In this flux composition, the amount of CaO to
be added to the flux to reduce viscosity was calcu-
lated considering the thermodynamics of the system.
The initial thermodynamic calculations were done
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Fig. 15 System components along with SiO, precursor. The shaded
region indicates initial region considered in Thermo-Calc
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Fig. 16 Calculated phase diagram of MgF,-CaF,-CaO at 1073 °C

using the CALculation of PHAse Diagrams (CAL-
PAD) approach. CALPHAD is a computational ther-
modynamic approach which has proven to accelerate

material design and reduce experimental trial and
error attempts [23-25]. Initial calculations checked
if the electrolyte was completely liquid at the elec-
trolysis temperature. This was done using Thermo-
Calc and the TCOX11 database, an inbuilt option in
the software which is mainly for oxides [26, 27]. The
system considered did not include Y,0; shown in
Fig. 15 below.

In the intended experiments, the electrolysis bath com-
ponents of MgF,-CaF,-CaO are expected to be fully liquid
before adding SiO,. An initial plot of this at a temperature of
1073 °C shows us the region of the liquid phase in Fig. 15.

The liquid region was replotted as shown in Fig. 16,
and this showed that the maximum mole fraction of
CaO which can be added without forming MgO during
electrolysis is 0.05 at the MgF,-rich side and slightly
less than 0.04 at the CaF,-rich side. Based on Villalon
et al. [16], CaF, activity has an effect on SiF, which
removes Si from the bath (Fig. 17). Therefore, moving
towards the MgF,-rich side was determined to combat
MgO passivation.

Based on these calculations and the flux composition,
the flux was melted and electrolyzed using a carbon anode.
The current vs time plot is shown below in Fig. 18.

As observed, we see a far more stable current indicating a
lesser viscosity in the flux. The cathode was also rotated dur-
ing this experiment. Rotating the cathode promotes local elec-
trolyte movement which in turn increases mixing of species,
a higher mass transport, reduced thickness of the diffusion
layer, a higher current density, and lower overpotential. The
SEM images and the EDS scans shown below in Fig. 19 show
an even formation of silicon in the flux, but we still observe
some formation of MgO.

5 Conclusions

The role of secondary and tertiary current density dis-
tribution has been found to be important in decipher-
ing the complex nature of the electrolysis process. The
current density was found to be in the range of 0.3 ~
0.7 A cm~2. This can be aimed towards improving elec-
trolytic cell design, adjustment of electrode geometry,
and modification of electrolyte composition, all aimed
towards improving cell efficiency and the quality of the
resultant silicon deposition process.

The MHD model in correlation to the viscosity observa-
tions of the electrolyte tells us that we need more viscos-
ity data to better understand the melt at these temperatures.

@ Springer
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Fig. 17 Phase diagram of spe- 0.10
cific composition range in the
MgF,-CaF,-CaO ternary 0.09

Liquid+MgO+MgF, s

Liquid+MgO Liquid+MgO+CaF,
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0.00 A 7A\ N N ~ 7~ 7A)
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Fig. 18 Current vs time plot 0.9 V=1.9

with a modified flux composi-

tion containing CaO 0.8 A\\.

o
0.8
g
)1
: ) 50 5 200 250 300 350 400
T (min)
MgO passivation is observed, and changing the flux compo-  Further improvement in these parameters will lead to growth

sition has shown us that pure silicon is formed in the melt. ~ of silicon on the cathode.
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Fig. 19 SEM and EDS scans
showing even distribution
of silicon in flux with trace
amounts of MgO formation
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