ABSTRACT

RODUCTION

' The Enhanced Selective Ionization Method [1] is an im-
rovement of the Selective Ionization process developed by
(ASA in the ’80s [2][3] to extract oxygen from the soil of
xtraterrestrial planetary bodies. The process take advantage
f the fact that at the same temperature the ionization level of
xygen is much lower than the ionization level of a number of
common metals and metalloids. In this perspective the vapor-
zation and heating of an oxide or a mixture of oxides up to a
emperature at which this ionization gap is substantial allows to
emove by electromagnetic means the metal ions, and to recover

X

he neutral gaseous oxygen. This interesting concept can be ap-
plied to a number of devices developed in the past for isotope or
mass separation such as the Calutron [4], the Archimedes mass
filter [S] or the plasma separation process by ion cyclotron res-
onance [6].

In this paper the Enhanced Selective Ionization is applied to the
silicon production from silica. Focusing on a single oxide al-
ows to effectively trim the separation process improving the
ecovery yield and reducing the energy requirements.

THE Si-O IONIZATION GAP

Considering an operating pressure of 10~ mbar compatible
with the technologies mentioned above, which operate in vac-
uum conditions, we can calculate the Saha equations 1 for sili-
con and oxygen.
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The partition functions Z; and Z; are taken from [7]. Fig.1 is
obtained considering solely the ionization potential of the two
elements, one independent from the other. These curves repre-
sent the equilibrium ratio of ionized to neutral atoms vs. temper-
ature. As can be seen the ionization levels of the two elements
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to verify the concept is presented. The energy cost per unit of silicon is compared with traditional production processes.

are very different at about 7000 K. Oxygen is ionized below
1.4% while silicon above 74%. In a device in which the sil-
ica is vaporised and ionized, the silicon-oxygen ionization gap
can be used to remove the neutral oxygen from the silicon an-
ions: the first is insensitive to EM fields while the latests can
be properly manipulated end extracted with a combination of
electric or magnetic fields. It is for this reason that in Eq.1 only
the first ionization level is assumed, in order to have the same
mass-to-charge ratio for each atom of the same element: this
strongly eases the plasma manipulation procedures, other than
being reasonable from an energetic point of view due to the
much higher second ionization energy that has to be provided
to the ions to remove an additional electron. Being the Saha
equation obtained for an element in equilibrium with itself it is
not totally correct its application on a mixture: however in the
real situation the presence of multiple species at the same time
would produce an interaction between ions of the two elements,
with the electrons lost by ionization being acquired by the most
electronegative ions. In this way it is reasonable to state that
the equilibrium situation, respect to the ionization values found
with the Saha equation, would present lower percentage of ion-
ized oxygen and an higher percentage of ionized silicon, making
our estimation more conservative.

Summarizing, the ionization gap allows to consider in a sepa-
rating device only the silicon ions behavior, because the neu-
trals are pumped away by the vacuum pump. Consequently the
system can be greatly simplified respect to a device devoted to
separate a range of elements, and can achieve higher efficiency
and silicon yield.

POWER REQUIREMENT ESTIMATION
To provide an estimation of separation yields and required

power an approach similar to those used by [3] is considered.
The separation process can be subdivide into three phases:

1. vaporization of the input material and atomization at 298 K
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according to [8]

Ey(Si02) = —AsH(Si0,,298K)+
+A7H(Si(g),298K) +24H°(0(g), 298K)

2 iﬁmzatlon and temperature rise to equilibrium condition at
he tempfgtgléf T; required for the separation. It is assumed
that AH's of ions is the same of neutral atoms.

Ear (Si(8) +20(8),Ty) = isiE} (Si) +2i0E} (0)+
+AH" K (Si(g)) +2AHT 2K (0 (g))

3. separation of the ions by EM means.

v}vlhere isi and ip are ionization level of silicon and oxygen at
the temperature 75, which in this case is 7000 K. Calculations
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Table 1. Sum of the silica vaporizati
porization enerqy, ionizati
heating up to 7000 K gy, ionization energy and

SiO; kWh/mol

0.81

kWh/kg KkWh/ton
13.5 13459

Ey+Ear
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Following the approach of [9], to est
ment of a demonstrator capable ’of pe
we need to take into account an heati
vice, a ionization equipment and a se
B field is created. The demonstrator
in Fig.2 and is a modification of the
th.e vaporization and ionization stage
stituted by a plasma torch and an RF
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F;gu.re 2. Enhanced Selective lonization Concept for oxide separation
applied to Calutron technology

Refracto;y material such as SiO; requires an heat flux up to
IOQ MW/m to be vaporized [10]. For a demonstrator as a first
estimation an evaporator area of 10 cm? can be considered ac-
ceptable, requiring about 100 kW of vaporization and ionization
power. To heat the plasma we can assume to use as an interme-
diate §tage an antenna as used in the VASIMR Thruster VX-100
experiment [11], in which a 75 kW RF source is used to heat
the plasma up to 500 eV thanks to the ion cyclotron resonance
mechamsm.. The required pumping power can be estimated in
25 kW (Va.nan NHS-35 pump) while the separation stage was
already estimated in [9] in about 25 kW, for a total of 225 kW

for about 7.43 kg/h of processed silica. Yields are reported in
Tab.2.

Table 2. Separation yields for silica

SiO;m  Siyield O,yield Waste
(kg/h)  (kg/h)  (kg/h)  (kg/h)
7.43 2.56 3.91 0.96
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¢ can be seen the waste product, which is simply calculated
e silicon which is not ionized plus the oxygen which is ion-
. gccount for about 13%. It is not a small value but as said
< (0 be considered that in a mixture of gases the ioniza-
tes are reasonably shifted towards an higher Si ionization
', Jower O ionization, making this loss an upper limit value.
_sideration are also to be made in comparison with present
_,n production processes. The total energy required to pro-
o | kg of silicon with the Enhanced Selective Ionization can

quantified in:

225kW

%W 87.8kWh/kg =316MJ/k
2.56kg/h /ke /ke

oMPARISON WITH PRESENT PRODUCTION PRO-
ESS

The above calculated power can be compared with the energy
reakdown to produce 1 kg of pure silicon with the conventional
10CESS. According to [12] the lower bound of the required en-
gy to obtain 1 kg of electronic grade silicon wafer is 2127
Wh, which can be reduced to 1056 kWh if the process stops to
fie production of the electronic grade single crystal silicon in-
oot or even to 403 kWh if the process is stopped at the creation
‘ the polysilicon. No estimations can be made, at this stage,
bout the purity of the Silicon collected at the end of the En-
janced Selective Ionization device, but a consideration is pos-
sible about impurities: oxygen is removed in two steps, neutral
soms are pumped away while the 1.4% of oxygen that ionizes
s directed outside the silicon collector due to the different mass
o charge ratio and cyclotron radius. The same happens to other
impurities present in the silica, which follows different trajec-
‘ories than silicon ions and are collected elsewhere. In order
have a comparison, Tab.3 shows the aforementioned energies
‘and the yields at the different steps of the conventional process
‘long with the 87.8 kWh/kg of the Enhanced Selective Ioniza-

tion Process (ESI).
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Table 3. Enhanced Selective lonization and conventional process com-
- parison

Energy Energy Siyield
[kWh/kg]  ratio [%]
ESI 88 1 34.5
Polysilicon 403 4.6 34.0
Single crystal ingot 1057 12 17.0
Silicon wafer 2127 242 9.5

CONCLUSIONS

|
- Itis evident from Tab.3 that the Enhanced Selective Ioniza-

~ tion obtains the same yield of the Polysilicon stage with about
one fifth of the required energy. It must also to be remarked
that the energy estimation for the Enhanced Selective Ioniza-
. tion is an upper limit, while as declared in [12] the calculation
for the conventional process is a lower limit. In addition here

A

is not considered the consumption of chemicals and waters that
is required for the silicon production with the conventional pro-
cess, and the unavoidable related pollution. The energy saving
can be theoretically raised by 24 times if an electronic grade fi-
nal product is obtained with the implementation of a procedure
for the direct uniform deposition of silicon in wafer shape. In
conclusion we can state that Enhanced Selective Ionization is
a possible efficient alternative to the present silicon production

process.

NOMENCLATURE

H Enthalpy (kJ /mol)

A¢H® Enthalpy of formation (kJ Jmol)
E} First ionization energy (kJ/mol)
Exr  lonization and heating energy (kJ /mol)
Eu Atomization energy (kJ/mol)

h Plank constant (J/s)

I Tonization energy(J)

ky, Boltzmann constant (J/K)

e Electron mass (kg)

1o Neutral density (m>)

Ne Electron density (m=3)

n; Ton density (m™>)

T Temperature (K)

Z;i Ion partition function (—)

Z; Neutral partition function (—)
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