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Abstract

The problem of gaseous hydrogen—hydrogen chloride mixture separation with the use of chlorosilanes
as sorbents is considered. The possibility of hydrogen purification from HCIl up to 0.1 mol. % and its re-
entry into the process cycle at the stage of trichlorosilane reduction with hydrogen is demonstrated. The
hydrogen chloride purified from admixed chlorosilanes can be used as a reactant for the trichlorosilane

production from metallurgical silicon.

INTRODUCTION

Ultra-pure hydrogen and hydrogen chloride
are the most important reactants for the trichlo-
rosilane technology of semiconductive polycrys-
talline silicon preparation. Hydrogen chloride with
a dew point not higher than —70°C is used at
the stage of trichlorosilane preparation. Hydro-
gen of the same purity is used to reduce trichlo-
rosilane to silicon. The vapour—gas mixtures
generated by this reaction contain hydrogen,
hydrogen chloride and chlorosilanes. Upon con-
densation of chlorosilanes, it is necessary to
solve the problem of hydrogen—hydrogen chlo-
ride mixture separation with the aim of recy-
cling the reactants to the process cycle.

Judging from the physicochemical charac-
teristics of hydrogen chloride, its freezing out
is not improbable, however this procedure is
energy consuming. The use of the traditional
adsorbents in this case is also undesirable for
reasons of possible pollution of gases by uncon-

trolled impurities. The mixtures HCl-H, contain
traces of chlorosilanes, that is why the water-
free chlorosilanes would be appropriate for use
as absorbents. In this case hydrogen as well as
hydrogen chloride can be recycled as reactants
to the corresponding stages of the process.
According to [1, 2], the deviation of the lig-
uid solution SiCl,—SiHCl; from an ideal is no
more than 10 %; that is, the heat of mixing is
less than 200 kJ/mol of mixture. Solutions
SiCl,—SiH,Cl, and SiHCl;—SiH,Cl,; have similar
properties. The data [2] appear as highly reli-
able, since the heat of mixing for a related
system CCl,—CHCI;—CH,Cl, also is no more than
~200 kJ/mol of mixture [3]. A different situa-
tion arises with the liquid solutions SiCl,—HCI
and SiHCI;—HCI. As an example, the measure-
ments [4] show that the heat of mixing HCI
with SiCl, at 203—293 K comprises 10.6 kJ/maol,
whereas the enthalpy of mixing SiHCl; and HCI
under these conditions is equal to 9.7 kJ /mol.
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From these results it may be deduced that
Raoult’s law is valid for silicon-containing com-
ponents of solution, whereas for HCI there is a
need to introduce the corresponding corrections
for Henry’s constant.

The temperature dependence of Henry’s
constants in the range 203—293 K was found in
[4]: In KSiCl4 (atm.) = 5.13 — 687/T (enthalpy of
desorption intogas AdHSiC14 = 5.69 kJ/mol);
In KSiHC13 (atm.) = 5.37 — 800/T (AdHSiHC13 =
6.67 kJ/mol). Analysis of [4] shows that these
equations are workable on condition that the
molar fraction of HCI in the liquid (xy¢) is no
more than 0.3. Although SiHCI; does better as
a sorbent, sometimes technologically it is con-
venient to use the mixtures of chlorosilanes.
Effective Henry’s constant in this situation can
be estimated on the principle of additivity:

In Koy (atm.) = xgipey In Kgincy,

+(1- LsiHcl, )In Kgicy,

Molar volume of the vapour-gas mixture (VGM)
can be expressed as V = RT/P,,. The inlet and
outlet volumes of gas are identical. Then,
according to the conservation laws, the following
number of moles passes into solution at a given
temperature:

Msincy, /1 mol of VGM = (PSiHC13(in)

~ Pgincy,(0ut))/ Pt @)
Msicl,/1 mol of VGM

= (Pgic),(in) = Pg;cy,(0ut))/ Py @)
nSinclz/l mol of VGM

= (Psin,c1,(in) = Pgig ), (0ut))/ Pioay 3)
Nyci/1 mol of VGM

= (Pyc (in) = Py (out))/Pigia 4)

This is a system of four equations with four
unknowns which correspond to the quantities
of compounds passing into the condensed phase.

The condensation of chlorosilanes is carried
out at —5...—60 °C. Depending on the pressure
in the reactor of hydrogen reduction, the molar
fraction of HCI in gas makes up 0.6—1.6 % (for
starting relation between trichlorosilane and
hydrogen flows that is equal to 1 : 3.5) and 0.8—
2.5 % (for the relation that is equal to 1 : 6). For
definiteness, we shall assume that P, for the
condensation unit is equal to 4 atm.

To reduce HCI content in hydrogen to
0.1 mol. %, for example, at HCl concentration
in gas (ygc) equal to 0.006, it is necessary that
0.005 mol of hydrogen chloride of every mole
of gas mixture should be transferred to solu-

tion. The residual partial pressure of HCl may
not exceed 0.001P, . According to Henry’s law,
this pressure is calculated as the product of
Henry’s constant at given temperature and of
the molar fraction of HCI in solution:
0.001Po) = Kage) = Knger/ (Maer T Msorn)
where ny is the number of hydrogen chloride
moles of one mole of gas; ng,,, is the required
amount of sorbent.

In our case 0.001P,,,; = K0.005/(0.005 + ng,).
Hence it is easy to evaluate that 6.3 mol of
SiHCl; absorb 0.005 mol of HCI from 1 mol of
gas phase at —60 °C; 5.2 mol of SiHCl; are re-
quired at —70°C and 4.25 and 2.63 mol at
—80 and —100 °C. In a similar manner, the required
quantity of one or other sorbent may be calculat-
ed for gas mixture of a different composition.

Thus hydrogen incorporating no more than
0.1 mol. % HCI and only a tolerable content of
water can be recycled to the reactor of trichlo-
rosilane reduction with hydrogen.

To make an estimate of HCI content in the
liquid mixture, let us call attention to the fol-
lowing facts. It is known that HCI concentra-
tions in gas mixture (ygc), prior to the onset
of condensation and absorption, vary from
0.006 to 0.025. As a result of performing these
processes, essentially all chlorosilanes (molar
fraction y., ;) and hydrogen chloride are trans-
ferred to liquid phase, and the calculated num-
ber of sorbent moles (n,,,) is added to solution
in the process.

By this means one mole of gas phase (ny
+ Nepys T Ny, = 1) gives rise to liquid phase
(N = nger + Menys T Ngopy) leaving practically
pure hydrogen in the gas phase. We emphasize
that the values for concentrations y,in the case
of one mole of gas agree with the correspond-
ing quantities n; Prior to the onset of conden-
sation and absorption the quantity Yu, is known,
that is why N =1 + ng,y, = ng,. Consequently,
the molar fraction of HCI in the liquid is de-
fined as xyc = nuc/N = Yua/N.

The desorption of hydrogen chloride is to
be carried out at higher temperatures, in so
doing standard distillation may be used with
one or more dephlegmators [5, 6]. Let us build
a model of such a set-up at different tempera-
tures of the evaporation (distillation) still and
one dephlegmator. For simplicity, we shall con-
sider a solution involving only two components
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— HCI and SiHCI;. In this case we have for a
still: Pyoy = K(T)ape + P(1 — 2pq), and &pe; =
(Pyoral — PUT))/(K(T) — P%T)), where K is Hen-
ry’s constant at the distillation temperature; g
is the molar fraction of HCI in solution; P’ is
the pressure of pure SiHCl,;. Equations (1)—(4)
demonstrate that a change to situations with
different starting conditions is readily available.

The characteristics of gas phase are present-
ed in Table 1 as functions of solution composi-
tion, still and dephlegmator temperatures. The
liquid composition and the distillation tempera-
ture determine pressures of HCl and SiHCl; in
the still, the total pressure is the sum of par-
tial ones, and the mole fraction of HCI in the
gas (Yycy) is the ratio of partial pressure to to-
tal one. The dephlegmator temperature T, is
below the still temperature T. Consequently, the
partial pressure as well as the total one are re-
duced before condensation: Pgyey, = T1Pgn/T
= Pjner- The concentrations of SiHCl; and dis-
solved HCI from 1 mol of gas mixture can be
found from a set of equations:

TABLE 1

Pinet(HCI) K(T)nge/(nger T Msinc,)
= Pye(total)nye

Pinet(SIHCL3) = PO(Tl)nSiHC13/(nHC1 + nSiHClg)
= Piyer(total)ngnc,

Using the obtained data for the solution as
the basis, one may easily calculate the purity
of gas as it leaves the dephlegmator.

It is evident from Table 1 that 1 mol of gas
transfers from solution yyc mol9% HCI dissolved
in (Yucl/Tae)) moles of liquid. This is a heat-
absorbing process that for SiHCl; is accompa-
nied by energy consumption E = yHClAdHSiHCIB'
Figure 1 illustrates a character of the change
of this consumption as a function of the de-
gree of solution purification as well as the
change of the derivative of the energy con-
sumed for desorption. From this figure we no-
tice that the derivative shows a rise as the HCI
content of the liquid is reduced. By this means
the process is progressively retarded as hydro-
gen chloride is removed.

The content of hydrogen chloride in the gas
phase is plotted in Fig. 2 as a function of the

Composition of liquid and gas phases in the process of hydrogen chloride desorption

Still Dephlegmators
T =40 °C —40 °C =170 °C —100 °C

xyc (i), Prci, Piotats Yua®),  Pucn Py Yuci(8), Py Piotalr Yuci(8), Puct,  Priotar  Yuci(8),
mol. % Torr Torr mol. % Torr Torr mol. % Torr Torr mol % Torr Torr mol%
0.05 6.3 437.6 145 45 111 40.21 38 44 8645 3.05 308 99.253
0.10 12.7 443.8 2.86 89 155 57.38 76 82 9274 6.10 613  99.626
0.15 19.0 449.9 423 134 20.0 66.90 11.3 119 9505 915 918  99.751
0.20 25.4 456.0 556 17.8 244 72.95 151 157 9624 1220 1223 99813
0.25 31.7 462.1 6.86 223 289 77.14 189 195 9697 1525 1528  99.8501
0.50 63.4 492.8 1287 445 511 87.14 378 384 9847 3048 3050  99.926
0.75 95.1 5234 1817 66.8 734 91.08 56.7 573 9898 4567 4569 99951
1.00 126.8 554.0 2289 89.1 95.6 93.18 755 761 9924 60.84 6086 99.964
1.50 190.2 6153 3092 133.6 1400 95.39 1133 1138 9950 91.08 9110 99.976
2.00 253.6 6765 3749 178.1 1845 96.53 150.9 151.5 99.63 121.20 121.22  99.982
2.50 317.0 737.8 4297 2225 2289 97.23 1885 189.1 99.70 151.18 151.20 99.986
3.00 380.4 799.0 4761 267.0 2733 97.70 226.1 2266 99.76 181.02 181.04 99.989
4.00 507.3 9215 5505 355.8 3620 98.29 301.1 3016 99.82 240.28 240.30 99.992
5.00 634.1 1044.0 60.73 4446  450.7 98.65 375.8 376.3 99.86 298.89 29891 99.994
6.00 760.9 1166.5 6523 533.3 5392 98.89 450.3 450.8 99.89 356.82 356.84 99.995
7.00 887.7 1289.0 6887 621.8  627.7 99.07 524.6 5251 9991 413.98 414.00 99.996
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Fig. 1. Dependence of energy consumption in HCI removal
from liquid by 1 mol of gas phase on the hydrogen chloride
concentration in this liquid.

liquid composition in the still and the
dephlegmator temperature. It is evident that
practically complete removal of chlorosilane
impurities is possible only at —100 °C. But for
practical purposes the product purity of such
a level is not needed because the presence of
chlorosilane impurities in minor amounts in
hydrogen chloride recycled to the process at the
stage of trichlorosilane preparation is not of
crucial importance.

Workers of SverdNIIKhimMash JSC have
designed and realized the set-up for the ab-
sorption separation of hydrogen chloride and
hydrogen. The foundation of this development
is the design presented in this paper. Charac-
teristic property of this set-up is a combina-
tion of two inverse processes: sorption and de-
sorption. This combination allows a more effec-
tive redistribution of heat and material flows

100+
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Fig. 2. Content of hydrogen chloride at inlet and outlet of
desorption unit.

between the units corresponding to processes
of sorption and desorption. The blocks of hy-
drogen purification are designed to be operat-
ed at low temperatures and elevated pressures.
The pressure in the still is nearly equal to at-
mospheric one, and the top temperature is 48 °C.
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