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GENERAL INTRODUCTION

1. This thesis presents the investigations of the
reactions involving silicon halides especially silicon-
trichloride and silicon tetrachloride. These compounds are
vitally important in preparation of semiconductor grade

silicon.
1.1 Background

Silicon is the most important material in modern
semiconductor industry. The general features which favour
its key role in semiconductor as well as in photovoltaic
industry are : (i) the energy gap of silicon (eg = 1.12 eV)
which permits silicon devices to operate at high ambient
temperatures (130°C) with very small leakage current,

(ii) the long life-time of charge carriers, (iii) the
relatively high mobility of charge carriers, (iv) the
knowledge of most of the basic physical properties of
silicon including radiation damage effect, (v) the knowledge
of the effect of electrically inactive impurities on

carrier lifetime and optical properties of silicon and

(vi) its abundant availability, its mature technology and

its low toxicity.

The number of surface states which can be realized
at the SiOQ-Si interface is surprisingly small. This is

the basis of all metal-oxide semiconductors (MOS) type



transition structure and of surface passivation of other

devices.

The diffusion coefficient of almost all impurity atoms
in 3102 is small and hence SiO2 layers are eminently suitable
as a masking layerl. Minute SiO2 layers can be produced
and can be removed by simple chemical reaction. 8102 layers
which are formed are well suited to mask material for the
fabrication of all types of integrated circuits. This has
led to the success of photolithographic techniques for
masking very large scale integrated circuits of phenomenal
capability and complexity. However, the most important
features which have been responsible for the tremendous
success of silicon technology relate to the properties of

SiO2 and Si—SiO2 interface.

Solar cells scem more and more likely to supply part
of the world's future energy needs. Single crystal silicon
solar cells are the most advanced of all photovoltaic devices.
Nearly all the commercial solar cells sold to date have been
silicon cells. This dominance has resulted from the
availability of techniques for growing the large defect
free silicon single crystals required by the clectronic
industry. High quality single crystal silicon with moderate

resistivity (about 1 to 10 ohm cm) and an adequate diffusion



length is readily available., The p-n junction cells with
cfficiencics higher than 104 have been routinely reported
since the late 19502. Progress during the past decade
demonstrates that silicon can be fabricated into devices

3
with efficiencies approaching 19% .

However certain elements (Ti, Zr, Mo, V, Cr, Fe, P, B
ctc.) have been found to be detrimental to the operation of
solar silicon cell by acting as rccombination trap when
present in concentration of as little as 1 ppba4’5. Further-
more, the cost of silicon solar cell is still too high for
cconomic energy production and the cost of pure elemental
silicon is itself a major problem in achieving the cost
objective of g 100 to g 300 per KW by 2000 AD6. Low cost
silicon of high purity is therefore required to hasten the

continucd development of solar photovoltaic svstem.

Elemental ultrapure silicon used in transistors,
rectifiers, ICs and clectronic components require cven higher
purity. For many applications boron content has to be less
than O.1 ppba. Zonec refining cannot be uscd for removing
boron from silicon due to the unfavourable scegregation
coefficient (0.8), hence one has to resort to chemical

purification method.

=



Any chemical purification process involves conversion
of silicon to some intermediate material which can be casily
purified upto some desired purity and which can be reduced

to elemental silicon without contamination.

1.2 Intermediate Silicon Compounds

The various silicon intermediate compounds which have
been tried for the preparation of high purity silicon are

as follows:

L.2.1 Silicon tctrafluoride (SiF,)

SiF4 can be prepared by the action of moisturce free
hydrofluoric acid on silica. Moisturc frce HF is first
nrepared by reacting calcium fluoride with concentrated

sulphuric acid. This then reacts with silica as
SiO2 + 4HF ) SiF, + 2H,0.

SiF4 is also obtained as a byproduct in the wct process

manufacture of phosphoric acid from fluorapatite CaS(PO4)3F

which is present in phosphate rocks:
4Ca5(PO4)3F + 4HQSO4 + SiO2 —D 4C35(PO4)3HSO4+(2H20+SiF4)
BSiF4 + 2H20 e ) 2H281F6 + SiO2

The decomposition of SiF, with sulphuric acid gives SiF,,
6 4
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HySiF, —2—%—> SiF, + 2HF.

This compound is a2 colourless gas at room temperature. 1Its
vapours arec pungent, fuming and with moist air it forms a

dense white mist and hydrolyses to hydrofluorosilicic acid

and silica.

1.2.2 silicon tetrachloride (SiCl,)

When silicon is heated in chlorine gas it ignites and
burns forming SiCl4. This condensces to liquid on cooling.
SiCl4 can also be prepared by rcacting dry HCl gas with
ferrosilicon in presence of catalyst at about 400-500°C.

The reactions that take place are:

Si + 2Cl2 ~—> SiCl,
4

Si + 4HCl1 — > SiCl, + 2H2

4

These reactions arc highly exothermic.

SiCl4 is a transparent, colourless, fuming liquid «t
room temperature. When exposed to moist air the liquid
fumes with a white cloud of Si02. The reduction of SiCl4
with hydrogen at elevated temperatures (== 1200°C) gives

silicon:

SiCl, + 2H, e 158 9 4BICH .



1.2.3 Trichlorosilanc (SiHCl,)

This compound is also known as silicochloroform. It
can be preparcd by the rceaction of dry HCl gas with ferro-
silicon in presence of copper catalyst at temperatures around
180--230°C. At room temperature, SiHCl3 is a colourless
volatile liquid with a smell like that of silicon tetra-
chloride. It immediately hydrolyses in prescnce of moisture
giving SiO2 and HCl. On heating with hydrogen at about
900--1100°C it gives elemental silicon:

; 3 Si + 3HCL.
SlHCl3 + H2 S ———

1.2.4 Dichlorosilane (Sinclz)

It is a byproduct obtained in the preparation of

SiHCl3. It is also prepared by disproportionating SiHCl3 as
2SiHCl3--————> SiCl4 + SiH2Clz.
However, its technology for large scalc production is still

under development.

This is also a colourless mobile liquid which boils
at 12%. It decomposes immediately on coming in contact
with HQO forming silica and HCl. With alkali it forms

sodium salt with evolution of hydrogen.



1.2.5 Silane (SiH4)

Silanc may be prepared by (a) the action of hydro-
chloric acid on metal silicides like Mg,Si, (b) recaction of
SiCl4 with LiAlH4 in tetrahydrofuran. The reactions that

take place are:
Mg28i + 4HCl ) 2MgCl2 + SiH4
SiCl4 + LLA1H4-«-> SiH4 + LiCl + AlCl3.

(¢) disproportionating Sincl2 on a suitable catalxst:
QSiHQClz-——N—-> SiH4 + SiCl4.

SiH§$42 is also a colourless gas, having repulsive
smell. The dry gas decomposcs on exposurce to light. When
it comes in contact with oxygen or chlorine it bursts
explosively and catches fire. It is insoluble in distilled
deionized watcr but if the water contains traces of impuritiecs

it decomposes to SiO..

The physical properties of all the above compounds

arc given in Table-l.

1.3 Processes for Preparation of Silicon

T

The processes successfully used for the preparation of

silicon are:
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(a) recduction of SiCl4 by metal like Zn or H27,
(b) reduction of trichlorosilanc (SiHCl3) with

hydrogon8,

(¢c) pyrolytic decomposition of SiH,, Sil,, SiBr,,
SLHC1,””

(d) reduction of Sil, and SiBr, with Hy'1 12, and

(¢) reduction of SiCl, with Nal3.

In the process where SiH4 or chlorosilane c.g. SiCl4
SiHCl3, atc. arc used, upgraded ferrosilicon is first chlori-
nated either by chlorine or by dry HCl using Cu as a catalyst
(5',4)14 at about 200-300°C. The products are collected at
about =70°C C by solid=- 002 and acetone mixture and then purified

by fractional distillation.

1.3.1 Zinc reduction of SiCl,

The earlier method of reducing SiCl, with Zn was
re--examined by Blotcher and Browninng, Both solid and
vapour Zn feeding systems were utilized in the fluidized bed
reactor with solid Zn granules. No silicon was deposited on
the seed particles but silicon needles were formed in the
down stream of the bed.16 When Zn was fed as a vapour at a

temperature from 900°~1027°C, Si was deposited on the seed

particle. Si and ZnCl2 were obtained as :

2Zn(g) + SiCl,(g) > Si(s) + 2ZnCl,(g)



Zn and chlorine can be recovered from ZnCl2 by electrolysis
and then recycled. The efficiency of this reaction is
about 75%.1'7 This work was done at Battelle-~Columbus
Laboratory and the investigations claim a good possibility

of meeting the target of g 10 per Kg.l8

1482 Hydrogen reduction of Séﬁg£3

Ultrapure SiHCl3 and H2 are fed in a reactor tube
generally made of quartz which is heated to 1000°-1050°cC.
The reaction SiHCl3 + H2 &===2 Si + 3HCl occurs and Si gets
deposited on the tube. This reaction is reversible i.e. at
this temperature the gencrated HCl reacts with Si as

follows:

Si + 4HCl === SiCl4 + 2H2

In Siemens process, the deposition of Si is done on electri-
cally heated silicon rods. This is a batch process that
consumes large amount of energy and hence is energy intensive

and therefore expensive.19

This reaction can be carried out in a fluidized bed,
however, SiCl4 is an undesired by-product which comes out

along with unrcacted H2 and SiHCl3.



1.3.3 Pyrolytic decomposition

High purity Si can be obtained by thermal decomposi-

tion of Sil,, SiBr,, SiHCl,, SiH,Cl, or 51H420“26 as follows:

Sil, >  Si + 21,
SiBr4-w-—~> Si + 2Br,
4S51HCL 5 > Si + 35iCl, + 2H,
SiH,Cl, > Si + 2HC1
SiH, > Si + 2H,

SiI4 can be obtained by heating high quality ferrosilicon
with iodine at about 600°C while SiBr, can be obtained by
reacting MG-silicon with HBr at about 400°C. The chemical

recactions involved are :

(MG)Si + 4HBr -——-=——-> SiBr, -+ 2H,

4

or (MG)si + 4I — SiI4

Because of the high cost of iodine it is essential to recover
it after cracking. However, there is always some loss of

12 during the recovery. Secondly the cracking of SiI4 requires
low pressurc. Hence, the process has not become commercially

fcasible.



1.3.4 Reduction of halo silanes with Na_or K

27

[a] Reduction of SiCl, : Dickson ct al. and Olson

ct a1.28 have taken the advantagce of continuous high tempera-
ture reaction of alkali metal and silicon halides especially
SiCl4 to produce Si in large quantities. It is known that
rcaction of gascous Na or K with Siw~halides like SiCl4 or

SiF4 is highly cxothermic and luminiscent and produces high

adiabatic flame temperature. The reactions are :

SiCl4 + 4Na > Si + 4NaCl

SiF4 + 4Na

> Si + 4NaF

The flame temperature produced by the © action is a functio:
of pressure in the system which goes to 2bout 3000°K. The
reaction products are NaCl (g) and Si (1). The sodium sal®t
exists as a gas from the reaction chamber and silicon is
present as a condensced phase. The method is adopted by

wQstinghouse‘29’3o

The company claims that the process
aghieves the target of § 10 per Kg. However therc are
difficulties in selecting the material of construction. Hence

it is at present in a laboratory scale.

31 have

[b] Reduction of Na,SiFg : Nanis et al.
developed a method to produce low cost silicon by reducing

SiF4 with Na. The basic principlce is as narrated above.



SiF4 is obtained from NaQSiF6 which is obtained from HQSiFé.
This is a by-product of fertilizer industry. Na2SiF6 is

obtained by the rcaction HQSiF6 + 2NaF we———> 2HF «+ NazsiFé.
fihen Na2SiF6 is decomposcd at about 7OOOC, SiFi is obtained:

NaQSiF6 ——————) 2NaF + SiF4

Rcduction of SiF4 starts as soon as sodium chips are dropped

into the reactor,

SiF4 + 4Na > Si + 4HF.

The reaction is highly exothermic and self-igniting above
150°C. The rcaction products are Si, NaF and some N3281F6
which are collected at the bottom of the reactor. This
product is then removed and heated to above 1420°C in a
graphite crucible. Molten Si is collected at the bottom of
thce crucible and the NaF separates as the u-wer laycer., After
cooling two separatce phases of solids arc obtained with Si

at the bottom and NaF at the top. The NaF is scparated by
acid loaéhing. The Si produced is of cnough purity for

solar cell. The cost of the Si produced is about § 5 per Kg.32
The difficulty is in the separation and disposal of the
by-product i.c. NaF which is sparingly solublc in hot water.
Hence the sceparation is difficult. This is called SRI

process (Stanford Research Institute).



Inglc and Thomson33 have developed a process to produce
high purity Si from SiF,, (MG)Si and Si0,. These are heated
upto 1100°C to form Sin. The 5102 is found essential for

purification as for example for removal of aluminium,

4A1 + 3SiF4 > 4A1lF, + 3Si

3
4A1F3 + 3SiCb meiminil) 2A1203 + 3Si

For a continuous process a small amount of SiF2 is first
prepolymerized at a temperature between -45°C to 200°C to
remove most of the impurities present in the gas and then thc
bulk of SiF, is polymerized at =45° and -196°C. The (SiF,)
polymer is then heated to 100-300°C to form a stable binary
silicon fluoride homologue as SiXFy which on distillation

is converted to pure Si by heating to 400-950°C for a
sufficient length of time. The Si obtained can be amorphous,

polycrystalline or single crystal'deponding on the substrate

material and temperature.

1.4 Other Methods of Preparing Silicon

l.4.1 Epitaxial grcwth on MG or polycrystalline
silicon substrate

It is known that better performance Si solar cell can
be fabricated using 25-15 pm cpitaxial structure grown on

Si single crystal silicon.34 This concept has been extended

13
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to improve the efficiency of polycrystalline material such as
EFG ribbon3239. The substrates are cleaned and then
cpitaxial solar cell structures arc grown by rcducing

SiH,Cl, by H, at about 1100°C in a horizontal reactor.
Calcotc4o has preparced strongly adhering film of amorphous

or polysilicon on various materials by reacting H/H2 jet

with SiCl4, SiHCl3. A plasma jet is used to provide the
source of H' atoms by dissociating H, in electrical discharge.
The jet is operated at a temperature 125-325°C with a
discharge pressurc ranging from 6.7-20 x lO3 Pa (50-150 torr).
The silicon deposits are obtained by placing the substrate
material near the bottom of reactor. However a refinement

of this process is needed in order to dope the film control-
lably and prepare photovoltaic amorphous silicon. The

impurities present in these materials are Cl, Br and Ni.

1.4.2 Electrodeposition

Deville*t first investigated the clectrolysis of SiO,
in NaF/KF. Oslon and Carleton42 have clectrolysed pure Si
from LiF, KF and SiF4 in presence of Cu as clectrolyte.
Elwell43 also demonstrated that Si can be electro-deposited
from saturated solution of SiO, in NaF/CaF, and KF/CaF,.
Eutectic salts yielding fine elemental Si particles at cathode

were obtained in this process.



1.4.3 Fractional crystallization

Solar grade Si can be produced from MG silicon by

this method44’45.

The MG grade Si alloy is transferred to
crystallizer kept at a temperaturc above the liquid. The
temperaturce is then reduced to ecutectic temperaturce and
consequently Si is precipitated from the crystallizer and
the process is repeated to remove additional quantities of
metal from the crystal bed. The crystal bed is cooled and
residual metal is removed by acid leaching procedure.

Further purification is done by directional solidification

technique.

In electronic grade silicon, uscd for ICs, transistors
etc., both polycrystalline or single crystal, the impurities
allowable are at ppba level or even less while slightly
higher levels are tolerable in case of solor grade silicon
uscd for photocells. If Zn is used in rcduction of chloro-

28

silane especially of SiCl4, the ma<eriar obtnined is of

poor quality and in the form of dendrites or powder if
fluidized ted is used©. zn being a strong reducing agent
than H2 at about 900~950°C, it reduces even traces of boron
halides which are present along with SiCl4 and deposits
elemental boron with silicon. Thus Zn has low rejection
rate for boron and other impurities as compared to H2. H2

is a poor reducing agent as compared to Zn or other metals.

(=g
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It leaves boron halides unreacted in gascous mixture '« On

the other hand SiCl4 which can be produced by various ways

A A
like chlorination of fcrrosilicon'S, silicon carbide49 or

by hecating silica coke and chlorine in arc furnaceso is
cheaper than SiHCl3 but can contain some impurities of
boron, P, along with mctallic impuritics as compared to
SiHCl3. Secondly SiCl4 distills at a higher temperaturc

56°C as compared to SiHCl3. SiHCl, can be produced by

3
reacting MG-Si with dry HCl gas in prescnce of Cu as a
catalyst in thce temperature range of 200 to 250°C., The
recaction occurs with the formation of the¢ mixture containing
80~90y SiHCl3 and 10-20% SiCl4 which can be scparated by
fractional distillation under reflux conditions and exchange

resin absorptions. This SiHCl3 when reduced by CVD technique

with H2 gives Si, the predominant rcaction beings

.

SiHCl3 ok H2 ——= Si + 3HCl1

It is a heterogencous equilibrium reaction which occurs on
hot silicon surface. This is a two step reaction, as
(a) 2SiHCl3~--—O Si + SiCl4 + 2HC1

(b) SiCl, + 2H, ==-> Si + 4HCl + chlorinated
polymer.

621382 (043)
CHO

17



1.5 Critical Estimates of Silicon Processes

In the case of the zinc rcduction of SiCl4 in which
ZnCl2 is formed, it is necessary that zinc value should be
recovercd from ZnClQ. This requircs an clectrolytic plant
which is capital intensive. Therefore this proccess has not

been commercialized,

In case of sodium reduction of SiCl4, the reduction
is carried out at:ycry high temperature like 3000°K which
poscs the problems of both materials of construction and
operation. As such this process is at present in the

laboratory stage.

In casc of silicofluoride/silicon tetrafluoride
reduction by sodium metal at 600 to SOODC, the difficulty
is the separation of silicon metal from the reaction product

and the disposal or utilisation of the byproduct NaF.

The commercial methods of producing silicon arc

(i) H2 rcduction of SiHCl3

(ii) Pyrolytic decomposition of SiH,

Although both these processcs have been commercialized

the preparation of SiH4 from SiCl4 is very difficult and
gives very poor yicld. However the cracking of SiH4 is

highly efficicnt.

1
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The H2 reduction of SiHCl3 has the drawback that in
preparation and also in H2 reduction, a lot of SiCl, is
formed as an undesirable byproduct as per the following

recactions:
(1) Si + 3HC1 =—== SiHCl3 + H2
(2) Si + 4HCL == SiCl, + 24,

While in the reduction of SiHCl3 the reactions arec:

(3) 4S1HCl 4 === 35iCl, + Si + 2H,
(4) 2SiHCl; === SiCl, + Si + H,

(5) SiHCl3 + H2 == Si + 3HC1

In the case of preparation of SiHCl, reaction (2) predominates,
while in the reduction of SiHCl3 reaction (3) prevails over
the recactions (4) and (5). Thus in the overall process

SiCl4 is formed in large exccss.

If the formation of SiCl4 can be suppressed in the
preparation of SiHCl3 and if the SiCl4 formed during cracking
of SiHCl3 can be converted back to SiHCl3 which can be
recycled, then the overall process can compare with silane

process.

1.6 Aims and Objectives of the
Present Investigations

[1] To minimisc the formation of SiCl, during the

preparation of SiHCl3 at 230°c by passing H2



(2]

20

along with HCl on ferrosilicon. This study has
also been extended to higher temperatures upto

800°¢C.

Conversion of Si’Cl4 to SiHCl3 by hydrogenation at
650° to 800°C on ferrosilicon bed and also to
study thc offect of somc hydrogenating catalyst
such as platinum, palladium, titanium, copper and
magnesium silicide at 100° to 500°C in reducing

the rcaction temperature.

During the study of conversion of SiCl4 to SiHCl3
in presence of various cataly;ts, it was obscrved
that thc recaction of SiCl4, Mgzsi and H2 takes
place presumably via formatisn of SiH4. The study
has therefore been extended to investigate this
reaction. It was also obscrved 112t during the
conversion of SiCl4 to SiHCl3 in prescnce of
catalysts like Pt, Ti, Pd and Cu, somc impuritics
were getting deposited on the surface of catalysts
which were reducing the conversion cefficiency.
Therefore the surfacesof the metal catalysts were
studicd before and after the rcaction by X-ray
photoelectron spectroscopy. The morphclogy of
catalyst surface was investigated by Scanning

Elcectron Microscope.



[3] sSilicon deposition by H, rcduction of SiHCl4 on
clectrically heated silicon rods is highly cnergy
intensive. Efforts havce been made to deposit
silicon on silicon particlcs by H2 rcduction of

SiHCl3 in a fluidized bed reactor.

The results of these investigations are described in

the following Chapters.

Chapter-I1I describes the preparation of SiHCl3 by
reacting dry HCl gas with ferrosilicon in prescnce and
absence of H2. The study has been extended to higher tempe-
ratures upto 800°C.

In the absence of hydrogen the formation of SiHCl3
decreascs with increase in temperature i.c. at 650 and 800°C
the SiHCl3 was 23% and 214 respectively in the abscence of HQ.
This increascd to 644 and 464 with increase in H2/H01 to

about 12 and 14 respectively.

Copper which acts as a positive catalyst 2t low tempe-
rature for the formation of SiHCl3 behaves as a2 negative
catalyst at higher temperatures and this reduces the forma-
tion of SiHCl3. Thus at 800°C in presence of copper the
SiHCl3 was 19/ in absence of H2 which then increased to only
28/ when Hy/ HCL ratio was 14.5.

Furthermore, the conversion of SiCl4 to SiHCl3 by

hydrogenation was also studied using some hydrogenating



catalysts like Pt, Pd, Ti and Cu to reducc the reaction
temperature from 8OOOC. However it was observed that the
conversion was poor at low temperature inspite of the use of
the catalyst. In order to gain an insight into the behaviour
of these catalysts, the catalyst surface was studiced by X-ray
photoclectron spcctroscopy before and after the reaction.

It was observed that the catalyst surface was getting poisoned
by deposition of foreign materials which reduced the conver-

sion of SiCl4 to SiHCl3.

The third chapter describes the preparation of
magnesium silicide and its reaction with SiCl4 in presence
of hydrogen. There is a strong indication of the intermediate
formation of SiH4 and its subsequent decomposition to Si.
The highest efficiency in terms of Si/Mgzsi was obtained at

500°C with molar ratio of Hy/SiCl, = 5.

The fourth chapter describes the preparation of Si by
reduction of SiHCl3 in a fluidized bed. The reoduction of
SiHCl3 in fluidized bed increases the yiceld per pass and
hence is likely to give economy in energy and raw material

consumption. The efficiency of the reaction
SiHCl; + H, === Si + HCl1

is 24y when H2/SiHCl3 = 19, and efficiency increascs with

increase in H2/SiHCl3 ratio,

F R H
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PREPARATION OF TRICHLOROSILANE

2.1 Introduction

In this scction we briefly rcvicew only that portion
of the literature on the preparation of trichlorosilane which
has a direct relevance to our work. The review is therefore
mainly confined to (a) the preparation of SiHCl4 by the
reaction of HC1l with clemental Si in presence of H, and

(b) preparation by the reduction of SiCl, to SiHCl3.

It is well-known that the dircct reduction of SiO2
with metals like Al or Mg, docs not give silicon of the
required semiconductor grade purity. The commercial silicon
is therefore converted into its low boiling volatile compcunds
like SiH4, SiHCl3, SiCl4 etc. which can be purified by
complexation, distillation or by appropriate fractionation.
High purity silicon is obtained by thc thermal decomposition
or by hydrogen reduction of these high purity silicon
compounds. Trichlorosilane (SiHCls) scems to be an attractive

intermediate because

(i) it can be easily prepared and is less hazardous
as comparcd to SiH,,

(ii) its boiling point is lower (32°C) as comparcd
to that of SiCl, (56°C) so that the higher
boiling impurities like metal halides and lower
boiling impuritices like boron halide and

phosphorous chlorides can be easily separated,



(iii) it can be reduced at lower temperatures (900 to
1100°C) as compared to sici, which is rceduced by
hydrogcn at 1200-1300°C so impuritics such as
boron whosc halides get reduced at the higher
temperatures do not get codepcsited, and

(iv) the reduction efficiency of SiHCly is better
than that of SiCl,.

Geo H. Wagner51 prepared SiH013 by reacting ferro~

silicon with HCl gas at 250 to 450°C in presence of copper

catalyst. Pierre Chaussaing and Felix Callomb52 prepared

high purity SiHCl3 with an yield of 95 % by reacting HCl gas
with ferrosilicon using copper catalyst., The reaction of
ferrosilicon and HCl which gives silicon tetrachloride and
trichlorosilane is temperature dependent. At low tcemperature

morc of SiHCl3 is formed while at higher tempecrature higher

percentage of SiCl, is favoured>3r°%,

In regard to the preparation in presence of hydrogen

55

there are actually only few refercnces. G. Pauls reacted

HCl with ferrosilicon at 220-240°C in presence of hydrogen

and obtained 954 of SiHCl3 in the condensate. Fritz

Robert ® reacted HCL with ferrosilicon at 250 to 500°C in

presence of SiCl4 varying HCl/SiCl4 mole ratio from 0.2 to

10 and obtained a mixturc of SiHCl3 and SiCl4. Diamanta

53,57

Laudoniu reacted HC1 with ferrosilicon in prescnce of



hydrogen and obtained 88% SiHCl, with H,:HCl ratio l:1. The

3 2
SiHCl3 was above 90/ when HCl:H2 was in the range 1:3 to 5.

e,

Schwarz Rudolf and Meyer Simon”° manufactured SiHCl,
by the reaction of ferrosilicon and dry gas HCl at 400--800°C
in presence of hydrogen. At 400°C with H2:HCl = 30:1, the
condensate consisted of 95¥ SiHCla, 4.5y SiCl4 and 0.6/
SiH2ClQ. While in absence of H2 the composition was 33.7/
SiHCly, 65.64 SiCl, and 0.49% SiH,Cl,. At 800°C he got
4l.47% SiHCl,, 55.7# SiCl, and 3.17#% SiH,Cl, when HCl:H, was
1:30.

During hydrogen reduction of SiHCl3 to silicon, either
in fluidized bed or in rod reactor, major bulk of SiHCl3 gets
converted to silicon tetrachloride (STC) which is an
undesirable byproduct. This adversely affects the cost of
silicon produced. The formation of SiCl4 siiould therefore

be minimised or it should be reconverted to SiHCla.

Haldor et al.% reacted STC and H, in a ratio 1:10
on @ pure silicon wire at 1100°C and observed that 11.5/4 of
SiCl4 was deposited on the wire as Si and 15% was reduced

to SiHCl3 which was coming out from reduction chamber.

Bradely Howard60 prepared SiHCl3 by passing a water-
free mixture of 15 mole % SiCl4 and 50:50 gaseous mixture
of hydrogen and hydrochloric acid, through a quartz tube at

1200°C and converted 52 mole ¥% of SiCl4 to SiHCl3.



Bawa Mohendras ct al.61 preparad SiHCl3 by nassing a
gas mixturc of HCL, N2 as a carrier gas and SinCl2 and SiCl4
through a fluidized bed of Si particles held at 620~640°F,

In this case the residence time of the vapouriscd reactants

in the reaction zone was 5 to 20 scconds.

Noda Toshio ot al.®?

passed a prcheated mixture of
SiCl4 and hydrogen in mole ratio 0.8:1 on silicon in a
fluidized bed at temperatures greater than 500°C. The pre-
heating was done by passing the mixture through an inert hod
of 4-10 mesh of SiO2 and reduced STC to 24y SiHCl3 and 76/
SiH4.

Weigert Wofgang et al.®3

manufactured SiHCl3 by
passing (1 to 5 mole ratio) SiCl,:H, over charcoal as a
catalyst at 1100°c kecping a residence time 1.5 scconds and
obtained a mixture which contained 37.1 mol. / of SiHCl3,

0.6 mole ¥ of SiH2C12 and 62.3 mole /4 of SiCl4.

Kodaka Aklo et al.64 reduced SiCl4 to SiHCl3

hydrogen using a platinum group eclement as a catalyst and

with

SiCl4:H2 ratio from 1:1-40 with residence time from 1 to 300

65

seconds. Kuratomi Tatsuo hydrogenated SiCl, at 200-550°C

4
by treating a gaseous stream, containing SiCl4 3/ and H2 174

by volume with titanium hydride.

66

Rodgers Michael hydrogenated SiCl4 to SiHCl3 without

using any catalyst by passing a mixture of SiCl4 and H2

=]



through a tube furnace at QOOullOOOC at such a rate that the
dwell time was a few scconds. Blocher John et al.67 hydro-
genated SiCl4 with hydrogen in presence of Si which gave
SiHCl3 and SiHQClQ, the latter then rceacted with HCl and
68

gave SiHCl3. Seyferth

metal and hydrogen in presence of copper catalyst. The study

studied reaction of SiCJ.4 with Si

was carried out at different temperatures (upto 500°C),
pressures (upto 550 psi) and H2/SiCl4 feed ratios. The same
route is followed by the Union Carbide Company, U.S.A. in
preparing silane from SiCl4 where SiHCl3 is further dispropor~

tionated to SiH2C12 and finally to SiH4.

SiCl4 can be hydrogenated in radio frequency plasma69

at 100°K Pa leading to the formation of a mixture of SiHC1
70

3
and SiH,Cl,. Okuwaki hydrogenated SiCl4 at 1100-1600°C
by feeding hydrogen around SiCl4 and converted a major

fraction of SiCl4 to SiHClS.

As most of the literature is in patented form and not
much experimental data is availablc either on precparation of
SiHCl3 or on conversion of SiCl4 to SiHCl3, it was proposcd
to study the rcaction of ferrosilicon and HCl lcading to the
formation of SiHCl3 and SiCl4 at various temperatures. It
was also proposed to study the effect of hydrogen in presence
and absence of copper catalyst since it is known that H2

suppresses the formation of SiCl4. Study of hydrogecnation
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of SiCl4 to SiHCl3 has also becen undertaken 2t various tempe-

ratures in presence and in absence of diffcrent catalysts.
2.2 Experimental

A silica reactor tube of 20 cm length and 25 mm (ID),
as shown in Fig.l was filled with an inert matcrial like
silica bcads for about 2 cm to 3 cm till it touched the basc
of the thermowell. Metallurgical grade silicon of the
following assay in the form of granules of (-7 to +20 mesh)
size was then placed over the inert bed. The composition
of metallurgical grade silicon was 98.5/£ Si, 0.60% Fe,

0.40/4 Ca, 0.054 Al, 0.05£4 S and 0.05% P. The height of the
silicon column was aboyt 6 to 7 inches. VWhoen a catalyst was
to be used, the same was mixed with thc¢ silicon granules.
The catalysts used were Pd on charcoal, Pt-askestos,
titanium granules or copper powder (-200 to +300 mesh).

The catalyst was always activated by heating for two hours
at 500°C in presence of hydrogen before starting the run.
The heating was done in a tubular silica furnace which was
wound with Kanthal A (20 SWG) wire. Chromecl-alumel thermo-
couple was used in a silica sheath for measuring the tempe-~
raturc as shown in Fig.l. The furnace temperaturc was
controlled within % 59C by a temperaturc controller and a

high current capacity relay.
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2,2.1 HCl gas generation

Hydrogen chloride gas wasgenerated. by drop-wise
addition of concentrated sulphuric acid from a reservoir to
hydrochloric acid in a flat bottom flask. The whole mixture
was stirred using a teflon coated magnetic needle using a
magnetic stirrer. Dry HCLl gas was obtained after passing

the gas through a series of sulphuric acid bubblers.

2.2.,2 Calibration of HCl flow rate

The dry HCl gas was then passed through a sulphuric
acid manometer having a 0.5 mm (ID) capillary. The capillary
was precalibrated by establishing a constant flow rate,
measuring the H and simultaneously absorbing the HCl in a
series of NaOH absorbers and estimating the reacted NaOH by

titration difference.

About 6 to 7 readings were recorded for cach AH value,
and this procedure was adopted for different A H values in
the required range. A graphical plot was made with A H on the

ordinate and flow rate of HCl on the abscissa.

2.2.3 Calibration of hydrogen flow rate

Hydrogen (dry) was passed through a sulphuric acid
manometer consisting of a capillary. The capillary was

calibrated with respect to H2 using a wet-gas flow meter.



This method was uscd for hiach flow rates of H?. For lower
flow rates, the capillary was calibrated by directly measuring
the volume of H2 in a given time using water displacement.

A

A graph of &H vs the flow rate of H2 was plotted.

2.3 Study of HCLl reaction with
MG Si (98.54) up to 800°C

2:3.1 In absence of 32

In absence of copper ¢ The reactor was filled with

MG silicon as mentioned earlier and heated at first to 650°.
A known quantity of HCl gas was then passed through it for
30 minutes in absence of H2. The cvolved vapours were
condensed in liquid nitrogen cooled traps. The condenscd
liquid was then mixed with dehydrated CCl4 and then analysed
on an off-line gas chromatograph. The column used for

analysis was SE-52.

In presence of copper : In another set of experiments,

HCl gas was passed through MG silicon containing copper

catalyst (5%).

2.3.2 1In presence of H2

In absence of copper : In these experiments the HCl

flow rate was constant and was supplemented by H2 gas, with
the flow rates varying from 8 cc/sec. to 56 cc/sec. In

every experiment the evolved vapours were condensed in

(2
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liquid nitrogen cooled traps and brought to liguid stage,
mixed with CCl4 and then analysed on the off-line gas

chromatograph.

In presence of copper : In another sct of experi-

ments HCl gas was passed through MG silicon containing

copper catalyst (5%).

In another set of experiments the above HCL-MG
silicon reaction was repeated at SOOOC, at first without Cu
catalyst and then in presence of 5% Cu~catalyst; at first
in absence of H2 and then in presence of H2 gas with the

flow rates varying from.8 cc/sec. to 56 cc/scc.

2.3.3 Thermodynamic discussion

The thermodynamic values for the rceactions involved

in reduction of SiCl4 and SiHCl3 are given in Table-2.

From Table-2 it is observed that the free energy
change for the forward reaction in 1-3 is not favourable
but it is favourable in case of backward reaction leading
to the formation of SiCl4. The free cnergy change is
slightly favourable for forward reaction in casc of react-
ions (6) upto 900°K., This becomes unfavourable with
increase in temperature. The free cenergy changes are

highly negative in reactions (4), (5) and (9), in which
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atomic hydrogen is formed, ther:zfore the reaction takes place
cven at low temperatures. Reaction (%) also takes place

along with reactions (4) and (9) which affects the formation
of SiHCl3. Reactions (7) and (8) arc both thermodynamically

favourable, however, reaction (8) prevails over reaction (7).

The forward reactions (1) and (2) are endothermic

while all other reactions arc exothermic.

Reactions (1), (2) and (5) are pressurc independent
as there is no change in volume, while the remaining
reactions i.c. (3), (4), (6), (7), (8) and (9) are all
pressurce dependent as there is a reduction in volume in the

forward reaction.

2.3.4 Results and discussion

When dry HCl gas is passcd over silicon (~20 to +30
mesh) formation of SiHCl3 and SiCl4 occurs. From Table-3,
Fig.2 it is evident that in prescnce of 5 to 6/ copper
catalyst, the formation of trichlorosilanc is favoured at
lower temperatures (about 180°-200°C) . The mixture is 75/
SiHCl3 and 254 SiCl4. As the temperaturc is increased,
the formation of SiCl, is favoured>>'®%. .t 650°C when
HCl gas is recacted with silicon thc exit gases contain

23.5% SiH013 and 76.5% SiCl4. The reactions arc as follows:

=2
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w

Si 4 3HClL =) SiHCly + H, (1)

Si + 4HClL = SiCl4 + 2H2 oo (11)

From the table of thermodynamic parameters rcaction (II)
appears to be more favourable as comparcd to recaction (I)
at all temperatures, but still one observes that at low
temperature (200«300°C) the formation of SiHCl3 is favoured.
This could be due to the kinetic factors c¢.g. the free
energy of activation being smaller for SiHCl3 formation

than that for SiCl4. Nhen temperaturc is increased the
molecules have sufficient energy which reduces the formation
of SiHCl3 and favours the formation of SiCl4. The same
rcaction, when it is carried out at SOOOC, the exit gas

composition is 19% SiHCl3 and 8l¥ SiCl4.

When H2 is passed along with HCl, the formation of
SiCl4 is suppressed and the formation of SiHCl3 is favourecd.
From the Table=~4, Fig.3 it is observed that at 650°C the
formation of SiHCl3 is linearly proportional to the ratio
of hydrogen to HCl in the feed. Thus when no hydrogen is
passed the SiHCl3 is 23,54, while when mole ratio of
H2/HCl is 14.5, the SiHCl3 is 63.8%.

While at 800°C the addition of H2 with HCl favours
SiHCl3 formation, the linear relationship of H2/HCl to

SiHC13 formation is not observed as seccen in Table~5, Fig. 4.
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It changes from 19/ in the abscnce of hydrogen to 384 SiHC1
at H,y:HCL = 14.5.

3

The formation of SiHCl3 is favourcd by thc addition
of hydrogen. This can be explaincd as follows. In the
reactions (I) and (II) hydrogen is liberated along with
SiCl4 and SiHCl3. Hence by the Le-Chatelier's principle
when hydrogen is passed along with HCl the equilibrium
shifts to the left hand side. Considering the equilibrium

constants of the reactions

)
(Pes e, ]
SlHCl3 H2

. 3
(Phcy

[pSiCl4][pH2]2

4
(Pycy
it can be secen that hydrogen dependence in Ky is in the
squarc tcrm as compared to Kl' Hence the formation of SiCl4
is suppressed with respect to SiHCl3. Also, hydrogen

maintains a reducing atmospherec.

Paul55 prepared SiHCl3 by rcacting dry HCl with

ferrosilicon at about 240°C in prcsence of nitrogen and
hydrogen and obtained 90% SiHCl3. Joklik and Bazant54

suggested a probable mechanism of catalyst like Cu, in

A
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preparation of SiHCl3 from HCl and Si. The HCL is adsorbed
on the surface of catalyst with the dissociation into H and
Cl atoms, the adsorbed hydrogen recombines into molecular
hydrogen instantaneously, which is desorbed. The remaining
adsorbed chlorine atoms react with Si, which first leads to
the surface formation of SiCl,. This then reacts further

with chlorine to form SiHCl3 or SiCl4.

Slobodan et al.7l proposed that the synthesis of
chlorosilane like SiHCl3 or SiCl4 at low temperature is

possible due to the presence of CuCl as per the reaction
Si + 4CuCl ==——— SiCl4 + 4Cu

resulting in a large number of new centres of Cu for further
reaction. Brown72 reports that the formation of SiHCl3 can
be increased by decreasing the formation of SiCl4. By a
proper choice of experimental conditions, he claims to have
increased the formation of SiHCl3 upto 400°C without increas-

ing the formation of SiCl4. Schwarz, Rudolf58

did the
reaction of HCl in presence of hydrogen in ratio 1:30 at
800°C and collected 41.4% SiHCly. In our case we have

collected 46/ SiHCl3 with 1:14 ratio at the same temperature.

The reaction of HCl in presence of Cu as a catalyst
can be explained as follows. First HCl reacts with Cu

forming CuCl, which reacts with Si, giving SiCl4 as
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4HCl + 4Cu === 4CuCl + 2H,,

4CuCl + Si ~—mwe—> SiCl4 + 4Cu

When these reactions occur, the H2 which is desorbed from
Cu in atomic form, can also react with SiCl2 forming HSiCl2
which on further reaction with CuCl gives SiHCl3. Hence,
in absence of external hydrogen, at 650-800°C, the forma-
tion of SiHCl3 is observed as 23 and 18 ¥ respectively.
When hydrogen is passed along with HC1l the quantity of
hydrogen in contact with Cu increases which increases the
free radical hydrogen that will favour the formation of
SiHCl; than SiCl,. At 650°C when therc is no hydrogen,

the SiHCl3 is 23/ which increcascs to 63.84% with H2/HCl = 14,

The yield of SiHCl3 decreases at 800°C. This is
possibly duc to the partial thermal cracking or by hydrogen
rcduction of SiHCl3 as

4SiHCly = 3SiCl, + Si + 2H, oo (1)
SiHCl, + H, T==== Si + 3HCl zse I)

as reaction (I) is thermodynamically more favourable,

SiHCl3 is decomposed by this routc even in prescnce of

hydrogen.

It is interesting to find that at 800°C the role

of copper is reversed. The yield of SiHCl3 is less when
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Cu is present as seen in Table~6, Fig.5 than when it is

abscnt. This can be explained by the following reactions:

C
(1) Hy Eeh B
F at 1100°K
Kcal/mole
(2) SiHCly + 2H -——-=-> Si + 3HC1 ~65,34
(3) SiCl, + 2H ~> SiHClg+ HC1 -61.89

(4) 4SiHCl3 —_— 3SiCl4 + Si + 2H2 ~32.45

Copper activates hydrogen which can rcact with SiCl4 as well
as SiHCl, as per above equations (2) and (3). Since
reaction (2) is equally favourable thermodynamically but
more favourable kinetically this lcads to the decomposition
of SiHClS. The final yield of SiHCl3 is therefore reduced
considerably at 800°C, even in presence of hydrogen. From
thermodynamic consideration the reaction of HClL with silicon
is exothermic. The heat generation depends upon the
quantity of HCl reacting with silicon. The mixing of
hydrogen with HCl reduces its feed rate and aléo maintains
reducing atmosphere. This lowers the rate of reaction and
controls the heat generation. Thereby formation of local
hot spots is reduced and the temperature is not allowed to
increase. Hence the formation of SiCl4 is reduced in

presence of hydrogen.
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2.4 study of Hydrogenation of SiCl,

2.4.1 In absence of copper catalyst

The same reaction assembly mentioncd in S2oction 2.3
was used. The hydrogenation of SiCl4 was carried out from
200-800°C in steps of 100°C. It was obscrved that the
reduction starts from 650°C hence thc study was confincd
to the range 650°C to 800°C. The SiCl, bubbler was kept in
a constant temperature water-bath for adjusting its vapour
pressure. This was previously weighed. A known amount of
hydrogen gas was then bubbled through this SiCl4 bubbler
and the entire gas mixture with an additional hydrogen was
passed through the reactor. The H2 inlet was bifurcated
prior to the SiCl4 bubbler, on¢ going through the SiCl4
bubbler to the rcactor, the other going directly to the
recactor in known quantitics. The out-going gases in each
casc were condensed in liquid N2 cooled traos, mixed with
CCl4 and then analysed using a gas chromatograph. A

summary of the experimental conditions is 2s follows:

Temp. °C $iCl, H Bed
flow'rate flof rate

650 0.2 cc/scc. 8-56 cc/sec. MG Si

800 0.2 cc/sec. 8-56 cc/scc. MG Si

The results of the experiments are given in Tables 7 to 10.



In presence of copper catalyst

e e

In another set of experiments the temperature was
kcpt at 650 and 800°C and the gas mixture was passcd through
MG silicon which contained 5/ copper as catalyst, the H2

being varied from 8-56 cc/scc.

In absence of MG Si and Cu

In another set of experiments the reactor tube was
packed with SiO2 beads, instcad of MG silicon or
(MG silicon + Cu catalyst) and was hcated to 800°C. The

SiCl4 and hydrogen was passed over it.

In all thesec cases the effluent vapours were condensed
in liquid N2 cooled traps and analysed on a gas chromatograph

using dehydrated CCl4 as solvent,

2.4.2 Results and discussion

These results indicate that a simple process for
conversion of SiCl4 to SiHCl3 can be developed. This could
make a recycling of SiCl4, a by-—-product in the Siemens
process, possible. This would have a definite beneficial
impact on the overall economics of the process. There arc
some literature references indicating that SiCl4 can be
converted to SiHCl3, but many of them have not been

supported by subsequent investigation. The available



description reveals that some of thoe reported conversions
are carried out at a very high temperatu 59’26 92300, 10
in the range of 800~1600°C without using any catalyst. The
conversion at such @ high temperaturc is agzin cncrgy
intensive. In that context the prescent results on the
hydrogenation of SiCl4 at lower tomperaturce with and

without hydrogenating catalyst arc intercsting.

When SiCl4 and H2 are passcd over MG silicon
from room temperature to various temperatures like 100°C
to 800°C it has been observed from Taol»-%Z%hZib%iESrodrtlon
starts from 650°C where about 1 to 24 formation of SiHCl3
occurs. This increcases with increase in temperaturce and
dccreases with increase in H2/SiCl4 ratio. From the
result (Table-S, Fig.6), it is observed that 31x% SiHCl, is
formed with H2/SiCl4 = 16.33 and 22.,6% of SiHCl, is formed

with H2/SiCl4 = 32.41, The formation of SiHCl3 occurs as:
2H, + 3SiCl, + Si ZIT=% 4SiHCl, (111)

In the silane process developed by the Union Carbide
Corporation, USA, when hydrogen and SiCl4 in the¢ mole ratio
of 5.04 are rcacted with silicon at 500°C and 515 psi
pressurc with residence time of 45.5 scconds, 22.6% SlHCl
is formed. This yield decreases with deccrease in tempera-
ture and residence time. However our results show better
performance at 800°C without catalyst and at atmospheric

pressures.
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Kinctics of the reaction

The mechanism of the reaction involves the gas phase

reaction between SiCl4 and H2 to form SiHCl3 and HCl as
SiCl, + Hy TT==2 SiHCly + HCl1 P (1v)

This is confirmed from Scction 2.4.1 by passing SiCl4 and
H, through a tube packed with silica beads at 800°C. The
condenscd effluents contain 164 SiHCl3 and HCl along with
SiCl4. The same has been confirmed by Union Carbide
Corporation where they get 1% SiHCl3 when SiCl4 and H2
were passed through a heated empty tube at SOOOC and 515 psi
pressure. Thus thc SiCl4 and H2 react and give SiHCl3 and
HCl. The HCl immediately reacts with silicon in presence

of Hy giving additional SiHCl3 as:

. ) .
Si + 3HCL —_—2 SlHCl3 + H2 coe (V)

This recaction is rapid and quantitative. Though the reaction
of H2 and SiCl4 in presence of silicon could well be a
sequence of reactions (IV) and (V) in which silicon acts
to scavenge the HCl genexated, shifting the cquilibrium of

reaction (IV) to the higher yield of SiHCl,.

If 5/ Cu is added in silicon, it is observed that the
formation of SiHCl, is suppressed (Table-10, Fig. 7) as

observed in case of Si with hydrogen chloride with Hy in
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presence of Cu. This confirms that the prosence of Cu at
high temperature docs not favour the form2tiosn of SiHCl3,
the reason of which is mentioned ecarlier in Section 2.3.4.

2.5 Hydrogenation of SiCl4 in Presence of HC1

2.5.1 1In absence of copper :

Initially a predetermined flow-rate of H2 was csta-~-
blished. This was bubbled through a previously weighed
bubbler containing SiCl4 which was kept at a constant tempe-
raturc in a thermostat. A fixed amount of HCl gas at a
controlled flow~-rate was also let in along with H2~SiCl4
mixture. The entire gascous mixturc was passed through a
reactor containing the metallurgical grade silicon. The

duration of the experiment was kept as 30 minutes.

The temperature of the recactor was varied from 250°
to 800°C. At every change of temperaturc the experiment
was stopped and the SiCl4 bubbler was reweighed to know the
quantity of SiCl4 passed. The exit gases of the recactor
were analysed by the procedure mentioned earlier. The

result is given in Table-ll.

2.5.2 1In presence of copper :

In another set of experiments, the fixed amount of

HCl gas along with hydrogen was mixed with SiCl4 vapours
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and the entire gaseeus mixture was passed through a reactor
containing ferrosilicon and 54 copper as 2 catalyst and
the procedurce was repecated as described carlier. The

result is given in Table=12.

2.5.3 Recsults and discussion

When SicCl o, HC1l(g) and H, are passcd over silicon
at temperature from 200° to SOO“C, it is observed from
Table=11 that nc reaction occurs upto 4OOOC, and all the

SiCl4 that has passcd condenscs as it is without reacting

with Si in presence of HCL and H,. At 600°C thc amount

of SiCl4 condensed in the exit gases is the same as that
which jg passed with HCl through the reactor. However,
at this temperaturce the exit gas is found to contain some
amount of SiHClS. This shows that the HCl, which has
reacted with silicon, gives exclusively SiHC13 in presence
of SiCl, and Hy. The sa2me reaction when carried out at
800°C shows reduction in weight of SiCl, that has passed.
This supports the SiCl4 and H2 reaction on silicon as

described earlie; in Section 2.4.2.

It is obsarved from Table-l2 that thc presence of
Cu at high tcemperature favours the formation of SiCl4
€.g. at BOOOC, the SiCl4 passed was 48 gms. whilc in
condensed liquid §t was 50 gms. This proves that Cu

reduces the formation of SiHCl3 at high toemperature. At

:



(] |
()]

lower temperaturc 200~600°C in presance of Cu, the SiCl1
condensed is slightly greater than SiCl, passcd becausc

additional SiCl4 is gencrated by HCl rcaction with Si.

2.6 Hydrogenation of SiCl1 in Precsance of Catalysts

———

Thc hydrogenation of SiCl4 to SiHCl3 was also carriod
out in presence of catalysts other than Cu in an attempt to
lower the rcaction tomperaturce from 800°C. The catalysts
used were (a) Pd on charcoal, (b) Pteasbestos and

(¢) Ti-granules.

5/ palladium on charcoal73 was prepared as follows:--
A solution of 1.7 gm of palladium chloridc was prepared in
1.7 ml of concentrated sulphuric acid and 20 ml of water
by heating on a water bath. This soclution was then added
to a solution of 30 gms. of sodium acetate in 200 ml of
water contained in a 500 ml hydrogcnation flask. To this,
20 gms of activated charcoal (E.Merk quality) was added
and the samplce was hydrogenated in & hydrogenation
apparatus until absorption ccased. The catalyst was
filtered on a Buchner funnel and was washed 4-5 times
with water. It was first dried in air at room temperae
ture and then over anhydrous calcium chloride in a vacuum

dessicator.



Pt-asbestos and Ti-granules were available and were

used dircctly as catalyst.

2.6.1 Hydrogenation experiment

In thesce experiments the rcactor of the sctup in
Section 2.2 was filled with catalyst alone, and in another
set with metallurgical grade silicon powder and catalyst.
Hydrogen was bubbled in SiCl4, which was kept at the pree
determined temperature to adjust its vapour pressure, and
a mixturc of hydrogen and SiCl4 along with additional
hydrogen, if nceded, was passed at atmospheric pressure
through the¢ bed. The exit gascs were condensed in traps
chilled with wish liquid nitrogen. On complotion of the
oXperiment, hcating was stopped and the bed was flushed for
15 minutes and cooled by passing hydrogen which was let out
through a by-pass to avoid any carry over of the condensed
gascs. A sample of the product was dissclved in anhydrous

distilled CClﬂ and the solution was analyscd by G.C.

The conversion of SiCl4 to SiHCl3 was studied at
atmospheric pressure at different (a) temperatures,

(b) molar ratios of H,3SiCl, and (c) residence time,

(2) Temperaturc :- The catalytic bed after activation was
cooled to the desired temperaturce and then hydrogen

and SiCl4 vapours were passcd. The temperaturce was

(o |

(=23



varied from 100”C to 400°C. At wvery temperature the
molar ratio and residence time were kept constant. The

residence time was kept constant by adjusting the bed

height.

(b) Mole ratio H2:SiCl4 :—~ This was varied by bubbling a
pre-determined quantity of hydrogen through SiCl4 which
was kept at some fixed temperaturc., This was adjusted
in such a way that the total volume of H2 and SiCl4 was
nearly constant. This helped in maintaining the
residence time constant. Thus when (a) molar ratio
H2:SiC14 varied, temperature and residence time were

kept constant.

(c) Residence time :~ This was varied by varying the bed
height. At this time temperature and mole ratio were
kept constant. Thus for a given catalyst the conditions

for optimum convcersion were determined.

When a mixture of SiCl4 vapour and hydrhgen gas was
passed through titanium bed it was observed that the Ti
powder was getting blackened. This was due to the deposi-
tion of silicon on Ti granules. Hence it was decided to
pass hydrogen through the bed of Ti and mix it up with
SiCl4 at a point above thc titanium bed. This was done

in the reactor II as shown in Fig. 8 which consists of
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two bulbs separated by O.1 mm dia. capillary of 2-3 mm
length., Ti granules or pellets were kept in the lower bulb
which was supportcd by glass wonol packed from the lower
side. Hydrogen was passed over titanium and SiCl4 was
injected in the upper bulb  through anothoer side tube. The
rate of feaed of SiCl4 was adjusted, as usual, by controlling
the temperaturce of the vapowriger. Both bulbs were kept at
500°C. The exit gases were condensed in liquid nitrogen

traps and later analysed on the G.C.

This reaction was repeated in rcactor II (Fig. 8)
in absence of H2. Here pure dry nitrogen gas was passed
over titanium and mixed with SiCl4. The gases were cooled

in liquid N2 and the usual analytical process was ropeated.

2.6.2 X-ray diffraction study

It appecared that on passing hydrogen over Ti, the
two recact at a temperaturc of 500°C to give a soft and
powdery material. It was therefore decided to undertake
the investigation of this matcerial by Xe-ray diffraction.
X-ray diffractograms of original titanium powder and Ti

powder after activating it in H2 at 500°C were taken.

The carlier-reported blackened Ti powder (on passing

SiCl4) was also investigated by X-ray diffraction.
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2.6.3 Results and discussinn

In 2all the cascs i.c. platiniscd asbestos, palladium
on charcoal and titanium granules it is observed from

Tables 15, 18 and 21 that the conversion of SiCl, to SiHCl3

4
increascs with incrcase in residence time. For example,

in casc of Ti it incrcasces from 3.2%4 to 5.8%, while in case

of Pt and Pd it increascs from 0.8#% to 5.2%4 and 1/ to 4.5%
rcspectively. In all the cases the residence time was
increasced by increasing the bed height from 10 cms. to 17 cms.
The increase in conversion with increase in residence time
can be attributed to the fact that SiCl4 and H2 remain in
contact with the catalyst for a longer time. This decreascs
the associative desorption of hydrogen as H® + H® = H2. The
increase in conversion with higher H2/SiCl4 ratio as obser-
ved in Tables 13, 16 and 19 can be attributed to the probabi-
lity of more H2 ceming in contact with catalyst as compared

to SiCl, while in casc of lower ratio of H2/SiCl4, more

§iCl, molecules come in contact with the catalyst and this

is of little use in the hydrogenation reaction, It is
observed that copper has no effect on conversion of SiCl4

to SiHCly below 500°C as the reaction is carried out at
atmospheric pressure., However the Union Carbide hydrogen-
ates SiCl4 to SiHCl3 using copper as a catalyst at 500°C

with 515 psi pressure.
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From the Table--14 it is obscrved that Pt in the form
of platiniscd asbestos at a tempoerature rang: 350--400°C
gives about 4% conversion. Whilc palladium at a temperaturc
100-150°C as scen in Table-1l7 gives about 24 convorsion.

The titanium gives abeove 3% conversion at thoe temperature

lOO—lSOOC as scen in Table-20.

The activated titanium catalyst was found to be soft
and in pékdery form. Thereforc, it was subjected to X-ray
diffraction study. The 'd' valucs of X-ray diffractogram
of hydrogen activated titanium shows that the 'd' valucs
of the powder matches with the 'd' valuons of TiH, (Tabl: 2
Figs. 9, 10) and thus Ti wheon activatod in hydrogen at
500°"C forms TiH2. This is in agrecment with the reports of

74 s76~79

Whitten et al.’ ™, Upton et al. ~ and othor . According

to them Ti forms TiH, above 419°¢,

X-ray diffractogram of activated titanium, aftos the
reaction, i.c. after passing SiCl4 and H2, matches with the
previous diffractogram obtaincd before rcaction i.e. with
TiH2. This indicates that the TiH2 cdoes not dccompose
during the reaction. The visual observation of the Ti
powder after reactionsleads to the conclusion that some
fine material presumably Si gets deposited on the catalyst
in the form of a fine layer which could not bec detected by
X-ray. There ware no additional lincs of 'd!' valucs match -

ing with Si in the diffractogram.



Table - 22 : X-ray diffractogram of
purc Titanium metal.
Sr. Obscrved Reported I/Il hkl
No. dA dA
values values
1. 2,95 2.56 30 010
2. 2.33 2.34 26 002
3. 2.24 2,24 100 Oll
4, 1.72 1.72 19 012
X~ray diffractogram
of TiH2
Sr. Observed Reported “EYflsuﬁmmnﬁkl
No. dA dA
values valucs
h I 2.54 2,55 100 111
2 2.22 2.21 4G 002
3. 1.56 1.56 60 022
4. 1.33 1.33 60 113
De 1.23 1.27 60 222
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From the result tables it is seen that the conversion
of SiCl4 to SiHCl3 does not improve significantly. This

is due to the following reaction:

SiHCl, + 2H ~-——> Si + 3HCl

3

From the thermodynamic Table-2 the reactions (IV)
and (V) both arc highly favourable and this can be the
reason Which reduces the effcctive yiceld of SiHCl3. Beccau
of the second reaction the catalyst gets coated or passi-
vated which makes the catalyst functionless with passage

of time.

ilhen the hydrogen was passcd through Ti bed at soc”
kept in the lower bulb and SiCl4 was injected in upper buls,
it was observed that no silicon was deposited on the Ti-
pellet. The G.C. analysis of the cxit gases showed 2¥4

formation of SiHCl3.

The conversion efficiencics of SiCl, to SiHCl., were

4 3
low with all the catalysts used, hence the structural and
other detailed studies of other catalysts; like palladium
on charcoal, platiniscd asbestos and copper were not

investigated.,
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The reactor tube containing Ti granulcs was coated
from inside with a mirror like deposition above 200°C and
the deposition was increasing with increasc in temperaturc.
This proves the rapid rate of decomposition of intermediate

with incrcasc in temperature.

When H2 diffuscs through TiHQ, the dissociative
adsorption takes place. The dissociation of H2 occurs above
o)
the surfacec at 1.3 A.74 In case when H2 gets dissolved then

formation of H' or H™ takes placeso.

81

According to Breisacher et al, TiH2 combines with

hydrogen as
TiH2 + H2 ———— TiH4

This is very unstable and immediately dcecomposcs to
TiH4 ——D TiH2 + 2H

Therefore, we propose that according to this mcchanism the

atomic hydrogen reacts with SiCl, as

SiCl4 + 2H > SiHCl3 + HCl

or alternately when H2 comes in contact with this hydrogen-
ating catalyst like Pt, Pd, Ti either by diffusion or by
adsorption-desorption the molecular hydrogen splits into
atomic hydrogen. This activated hydrogen recacts with SiCli

giving SiHCl3 or the lower chlorosilance to silanc.
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2.7 X-ray Photoclectron Spectroscopic
Study of the Catalyst

During the hydrogenation reactinn of SiCl4 to SiHCl3
using various catalyst like Ti, Pd, Cu and Pt, it was
observed that the catalysts were loosing their activity
with passage of time. The efficiency of the conversion of
SiCl4 to SiHCl3 was not reproducible if the samce catalyst
was used for the second time. It was, therefore, thought
that either the catalyst might be reacting during the
reaction giving some other compound or it might be getting
covered by some other compound and getting poisoned or
passivated so that the reacting species were prevented from
coming into contact with the catalyst. Hence it was thought
desireable to investigate the surface of the catalyst by

X=-ray photoelectron spectroscopy.

2.7.1 Experimental

2. Preparation of substrate :

Single crystal silicon wafors of semiconductor purity
were used for these studies. Wafers of 4 x 4 x 0.2 mm were
cleaned first by A.R.-HCl and then by A.R.-HF. Thecse wafers
were then kept immersed in boiling deionised water for
some time and then in boiling trichlorocthelene for five

minutes to remove any organic matter. Finally the wafers



~1
N

were washed by distilled acctone and then dried. The follow-
ing catalysts were deposited on diffcrent wafers: (i) Ti,
(ii) Pd, (iii) Cu and (iv) Pt.

Deposition of metal catalyst
on silicon substrates :

An array of dots of above metals (about 2 mm dia)
were deposited on the silicon wafers by clectron beam cvapo-
ration using a mask of stainless stecl. The scurce of
clectron beam was a heated tungsten filament. The metal,
which was to be dgposited was placed in a graphite crucible

and evaporated under the following conditions

(a) Power supplicd 2 KV and 100 milliamps D.C.
(b) Vacuum (3 to 6) x 1072 torr
(c) Duration of ' 45 minutcs

deposition

Reaction of SiC_l_4 and 32 on
surface of the catalyst

Prior to the experiment the deposited wafers were
activated at 500°C in H2 for 3 hours. Thc temperature was
then reduced to the optimised reaction temperature (as
described in earlier Scction ) at which maximum efficicency
of conversion from SiCl4 to SiHCl3 was observed., For

different catalysts, this tempcrature was as given below:



Catalyst Tcmpgiaturo
Ti 150
Pd 150
Pt 350
Cu 500

The SiCl4 vapour was passed along with H2 in the ratio
H2/SiCl4 = 12, for 45 minutes. On complction of the experi-
ment the furnace was switched off and the samplces were
cooled (out of contact with air) and taken out from the

rcactor tube.

2.7.2 ESCA study

The ESCA study was carricd out on a V.G. Scientific
ESCA--3-MK.II spectrometer. The wafers before and after the
rcaction were mounted on a suitable holder usced for record-
ing the photcelectron spectra. XPS spectra were recorded
on the spectrometer provided with Al and Mg anodes as well
as He source. Al-K radiation (1486.6 eV) and He radiation
(21.2 eV) were used for cxcitation and the kinetic encrgy
of the photoelcecctron was measured. All the XPS spectra
were recorded under similar conditions such as 50 ¢V pass
encrgy, 4 mm entry slit and vacuum better than 1077 torr.
The calibration of the spectrometer was checked by determi-

ning the binding encrgy of Au 4f7/2 (84.0 evV), C 1S (285.0 eV),



Ag 3d5/2 (368.3 oV) and Cu 2p3/2 (932.4 eV) levels using
spcctroscopically pure metals obtained from i/s Johnson and
Matthey, U.K. The B.E. valucs were in good agreement with

litcerature valu0582

The instrumental resolution obtained
under thesc conditions for the Au 4f7/2 levels was 1.6 oV
(FWHM). All the XPS spectra were recorced before and after
the cleaning of the sample by argon ion ctching till the

spectra did not show any O 1S, C 1S lincs.

2.7.3 Results and discussion

Pd on Si :
Fig-t
From Tablo~2%Ait is observed that the mecasurcd binding

encrgy before the reaction was 335.2 eV for 3d5/2 and

340,2 ¢V for 3d3/2. This matches with the binding cnergy

of metallic palladiumss. After the recaction it was obscrved
that carbon, silicon and SiO2 werce deposited on the Pd spots.
It was therefore essential to clean the sample by Ar ion

bombardment. The binding energies as measurcd after argon

ion etching were 336.2 for 3d5/2 and 341,2 for 3d
83

3/2°
These match with PdO. The positive linc shifts in casc
of 3d5/2 and 3d3/2 with respect to Pd metal were due to

the oxidation of Pd to PdO. Contamination with carbon and
oXxygen was surprising because there was no known source of

these contaminants.

(a4
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Cu on Si :

Fig-iz
From Table-24 it is observed that the binding energies

of the metal catalyst beforc the reaction were 932.4 and
934.6 for 2p3/2 and 952.4, 954.6 eV for 2pl/2. The peak at
532 eV corresponds to ls oxygen peak. After the reaction

it was observed that carbon, silicon and SiO2 were deposited
on copper metal. Therefore, the metal spot was cleaned by
Ar ion bombardment for 3 minutes. After removing C, Si and
SiO2 the binding energies were observed to be 932.4 and
934.6 for 2p3/2 and 952.4 and 954.6 eV for 2pl/2 which
matched with the B.E. values of CuO. In addition, therec was

a satellite, which confirmed thc formation of CuO.84

After
the second cleaning, the satellite disappcarcd and the
negative line shifts of binding cnergies 932.6, 933.2 for
2p3/2 and 952.6, 953.2 ¢V for 2pl/2 confirm the presence of

Cu and CuO.
Ti on Si

A silicon wafer with titanium deposit was scanned
Fig-i3
before the experiment. From Table 25 it is observed that

the Ti lines 2p3/2 were at 458 ¢V and the binding encrgy
for 2p) /, Was 464.6 ev.8% This indicates that the deposited
metal was in the form of titanium oxide as the B.E. valuc

for Ti metal is 455.0 eV for 2p3/2 and 461.0 for 2pl/2.
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This might be duc to insufficicnt vacuum. JJhen the reaction
was carricd out metal was activatcd at 500°C in presence of
H2 and later SiCl4 and H2 was passcd for 30 minutes. The
XPS analysis shows the B.E. valucs of 455.2 and 461.0 oV,

matching with those of Ti”

metal. It indicates that the
titanium oxide changed to Ti metal during the process of
activation. The first clecaning for thrce minutes indicates
a2 considerable deposition of C, Si and Si02. After sccond
cleaning B.E. shift is again towards positive side with
respect to the B.E. after first cleaning i.c. 458.2, 459.0
for 2p3/2 and 464.2, 464.3 for 2pl/2. This indicatecs that
deposited metal which was in the powdery form, was in tho
form of titanium oxide. The silicon is always coated by

SiO2 layer.

The formation of oxide of palladium and copper viz.

PdO and CuO+Cu20 can be attributed to the recaction of metal
with oxide from the surface of silicon wafer. Therefore, it
can be said that the metal surfacc changes its composition
as scen in case of copper and palladium. Secondly, during
the rcaction, catalyst is covered by carbon, silicon and
Si0, which does not allow the reacting species SiCl4 and

H2 to come in contact with the catalyst. The catalyst loses

its activity and the conversion of SiCl4 to SiHCl3 ceases.
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2.8 Surface Morphology Study

2.8.1 Experimental

To study the surface change the catalyst deposited
silicon wafers (as given in 2.7.1) of all the catalysts were
photographed before and after the reaction by scanning
clectron microscope (Model Cambridge Stercoscan $-150) with
magnification of 500 to 2000 and accelerating voltage 20 KV,

The photographs are shown on pages 83, 84 and 85.

2.8.2 Results and discussion

The photographs of the metal catalysts like Pt, Pd,
Ti and Cu before and after the reaction show the depositicn
of impuritics like carbon, silicon and Si02. This affeccts
the conversion of SiCl4 to SiHCl3. However, more work is
nceded to understand the precisce surface reaction mechanism.

e
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REACTION OF SILICON TETRACHLORIDE AND HYDROGEN

IN PRESENCE OF MAGNESIUM SILICIDE

3.1 Introduction

As mentioned earlier, pyrolytic decomposition of
silane is one of the methods of producing silicon and has
the advantage of (i) higher efficiency, (ii) low decomposi-

tion temperature and (iii) higher purity of silicon obtained.

During the course of our studies on the reaction of
SiCl4 and H2 in presence of several catalysts, we observed
a reaction taking place between MgQSi, SiCl4 and»H2 leading to
to the formation of free silicon. Literature survey indicated
that this reaction had not been reported. We therefore
investigated this reaction in more details to find the
effect of changes in temperature and H2:SiCl4 ratio. We
also attempted to find out the possible chemical pathway

leading to this ultimate product.

3.2 Experimental

The experimental set-up was arranged as shown in
Fig. 1. A silica reactor tube, shown in Figs 14, 15 cms
long and 20 mm ID with M and F-19 joints at both ends, was
chosen, Inside the tube, a sintered silica disk was fixed
which acted as support to the powder and functioned as the

distributor. A thermowell of silica tube 0.6 mm ID closed



SiClg GAS
+
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0000
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k& (
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FIGURE .14,
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at one end was fuscd in the reactor tube. A Cr-Al thermo-
couple was used to measurc the reaction temperature. Mg2Si

was prepared (1 to 1.5 g.) as follows:

AR grade Mg powder and MG grade silicon powder in
the weight ratio 64:36 were mixed and kept in a previously
weighed reactor. This mixturc was hcated for about six hours
in an atmosphere of hydrogen at 480 to 500°C. The tempera--
ture of the recactor was then reduced to the desired reaction
temperature and a mixture of SiCl4 and H2 was passed. H2
itself was acting as a carrier gas to carry the vapours of
SiCl,. The ratio of H,/SiCl, was adjusted by (i) adjusting
the bath temperaturce of SiCl, and (ii) the quantity of
hydrogen bubbled through SiCl4.

The condensable portion of cxit gases was condensad
by using successively threce liquid N2 traps. The uncondensed
portion was first scrubbed through distilled deionised water
to hydrolysc any chlorosilanc which had cscaped condensation
and finally through AgNO3 solution86. The AgNOs bubblers
were blackened from outside to avoid photo~reaction. The

condensed gases were dissolved in distilled dehydrated

CCl4 and werc analyscd by gas chromatography.

On completion of the experiment, the furnace was

switched off and the rcactor tube was cooled in a curront of
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hydrogen without bubbling through SiCl,. The rcactor was
taken out from the furnace and was weighed immediately. The
experimental result showed that the recaction did nbt take
place at 350°C while at 400°C it was barcly perceptible.
This was indicated by the observation that at 350°C the
reactor tube showed no increasc in weight while at 400°C the
increase in weight was to an extent of 100-200 mg only. At
higher temperatures; a mirror like silicon deposition was
observed on the walls of the reactor tube a little away from
the position of Mg2Si. The results of these experiments arc
given in Tables 26,27. The powder was boiled with distilled
deionized water to dissolve MgCl2 and filtered through
previously weighed Gooch crucible G4. The residue was
washed several times with distilled water. The whole
filtrate was colleccted and diluted to 250 cc. From this
filtrate the MgCl2 was cstimated quantitactively using 0.1 M
EDTA and Erichrome Black T as an indicatorS’., The residue
of the unrcacted Mg,Si was decomposed by AR HCl (l:1) and
filtered, the residue was washed scvcral times and again Mg
was estimated as described above. The residue was dried in
oven at about 120°C in Gooch cruciblec. The difference of
weight gave the weight of Si. The traces of 8102 were
removed before estimating silicon. A known weight of Si
powder was taken in an initially weighed platinum crucible.

This was treated by 1:1 HF and evaporated to dryness. Thus
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Si0, was removed and finally purc free Si vas weighed. By

this way thc total purc Si obtained was determined.

To study the cffect of tcmperature on the efficiency
of reduction, the reaction was carried out at 350, 400, 450
and 500°C and the efficicncy of the reduction (SiCl4 to Si)
was studicd. As H2 is one of thc constituent reactant, it
was desirablc to study its effcct on the conversion cfficiency
of SiCl4 to Si. This was studied by varying the ratio
H2/SiCl4 at each temperature.

To study the rcaction mechanism and the role of h
hydrogen, MgQSi was preparcd as abovce. SiCl4 was passcd over
it, in absence of hydrogen, using purc dry N2 as a carrier
gas for SiCl4. In this case also, thc gases were condensed
in liquid nitrogen and analytical proccsscs were repeated as

described carlier.

To study the possibility of H, getting dissociated or
getting activated by MgQSi an cxperiment was arranged in
another recactor shown diagramatically in Fig. 8. This
recactor consists of two bulbs connected by a capillary
2-3 mm in length and O.,1 mm ID, The temperature in both
bulbs could be measurced by thermocouples through thermo-
wells. Mg2Si powdef or pellets initially formed by compres-

sing the Mg,Si at 10,000 psi) was kept in the lower bulb.



Glass—-wool was packed in the tube near the bulb to support
the material. In the upper bulb, SiCl4 was injected by
adjusting its vapour pressure without using H2 as a carrier
gas. In this reactor the experiments were repeated keeping
two bulbs at SOOOC in one set of experiments and at 350°¢c

in another.

3.2.1 Particle size study of MgQSi

It was observed that Mg2Si left unreacted was in a
powdery form. We, therefore, studied the effect of hydrogen
on the morphology of MgZSi. For this, MgZSi was prepared
in presence of pure dry N2 and in another set Mg2Si was
prepared in current of hydrogen. Both samples of Mgzsi
were photographed and their particle size was measured
using the Scanning Electron iiicroscope, ifodel Cambridge
Stercoscan 150,

3.2.2 X-ray diffraction study of 5©2Si

To study the structure and composition of Mgzsi
prepared in H2 and N2, both types of MgQSi powders were
studied by X-ray diffraction (XRD) technique (with X-ray
Diffractometer Model Philips PV 1730).

3.3 Results and Discussion

The observation that a mirror like deposition of

silicon had been formed on the walls of the reactor tube



in all thosc cascs where hydrogen had been used is indica-
tive of the formation of a volatile compound of Si presuma-
bly SiH4. This SiH4 decomposed in that temperature range
depositing silicon on the walls of the reactor. The
exXperimental results show that the reaction does not take
place at 350°C while at 400°C it is barely perceptible.
However, at 500°C the reaction is practically complete

(Table 27).

The gas chromatographic analysis of the exit gas
samples indicates the formation of SiHCl3, SiH2Cl2 etc. in
the reaction. Inspite of the protection of AgNO3 bubblers
from sunlight blackening of AgNO3 solution was obscrved.

The blackening of this AgNO3 solution duc to traces of frce
silicon and deposition of free silver was indicative of

the presence of free silane. The frece silicon and metallic
silver in the AgNO3 trap werc in traces which were difficult

to weigh quantitatively.

The various possible primary reactions that could be

taking place in the reactor are :
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Reaction AH AF
Kcal/mole Kcal/mole

600°K 800°K
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1. MgQSi+SiCl4 = 2MgC12+2Si -114.25 -97.00 -92.00
2. M9251+SiCl4+H2 = 2MgCl2+ -106.95 ~74.00 -71.00
Si+ SiH4

3. M9281+SiCl4+2H2 = 2MgCl
QSiH4

ot - 99.65 -56.00 -47.00

The secondary possible
rcactions are:

4. SiH4+SiCl4 SiHC13+SiH3Cl - 17.9 ~14.84 =16.08

5. SiH4+SiCl4 = QSiH2Cl2 - 10.3 - 6.06 - 7.74

(The free energy changes and the heat of rcactions are
calculated from the tggrmodynamic values given in JANAF
THERMOCHEMICAL TABLE)®®.

Out of the reactions (1, 2, 3), rcaction (1) is
thermodynamically highly favourable. However, our experi-
ment in N2 atmosphere showed neither silicon deposition on
the wall of the reactor nor the formation of MgCl2 and
therefore this reaction (1) does not scem to be taking place.
Hence the reaction is considered to take place as per

cquations (2) or (3). The result of the study made in the



reaction with different H2/SiCl4 ratio is shown in Fig. 15.
It can be seen from Fig. 15 that the yield of silicon
increases with increase in mole ratio of H2/SiCl4, reaches
to maximum at about H2/SiCl4 = 5 and then decreases further
with increase in mole ratio of H2/SiCl4. The best yield in
the range of mole ratio of 4 to 5 supports the equation (3).

The formation of SiHCla, SiH2C12 etc. is due to the

secondary reactions (4) and (5)89 which are also thermodyna-
mically favourable. The reaction (4) competes with

reaction (5). This is observed in G.C. analysis which
indicates 5 to 6 % SiHCl3 as compared to SiH?Cl2 which is

less than 14X.

It has already been shown that the reaction betwecen
MgQSi and SiCl4 to give MgCL, + Si does not take place.
Furthermore direct reduction of SiCl4 with H2 is not possible
so it is clear that the reduction has been facilitated by
the presence of Mg2Si; presumably MgQSi is responsible for
the activation of molecular hydrogen to rcactive atomic
hydrogen. To study the formation of activated hydrogen,
hydrogen was passed through Mggsi kept in the lower bulb
and SiCl4 was injected in upper bulb to cexclude any possibi-
lity of SiCl4 + Mg2Si direct reaction. When both bulbs
were kept at 500°C, some silicon was deposited on the wall
of upper bulb and gonsiderable amount of HCl gas was

condensed in liquid nitrogen traps. The quantity of HCl
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condensed was very little when the temperature of the bulbs
was 350°C. This proves the presence of activated hydrogen
and the catalytic activity exhibited by Mg, Si. When the
pellets of MgQSi werc kept in lower bulb and hydrogen was
passed at SOOOC? it was observed, at the end of thec cxperi-
ment, that the pellets of Mg2Si were crumbled to fine powdery
form. This indicates the diffusion of hydrogen through

MgQSi.

3.3.1 Composition study

It was felt that the Mgzsi prepared in different
atmospheres, cither hydrogen or nitrogen, might have diffe-
rent structure. It was also thought that the MgQSi prepared
in H2 atmosphere might have less magnesium oxide. The Mgzsi
samples prepared in H2 and N2 current were therefore studied
with x-ray diffraction. The diffractograms arc shown in

Figs. 16 and 17.

The 'd' values calculated from various pcaks of
diffractogram (Fig. 16) indicatc the formation of Mg, Si
which is shown in Table 28 with 'd' valucs of 3.70, 3.18,
3.25, 1.92, 1.84 X etc. There are weak extra lines with
the 'd' values 2.11, 1.49, 1.46 and 1.45 g ctc. and 2.79,
2.46 and 1.58 X which can be attributed to the MgO and g
respectively. The other lines with 'd' values 3.15, 1.64

and 1.36 are attributed to the Si. The diffraction patterns
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Table--28 : X-ray analysis of Mg2Si

Sr. 28 dA dA I/IL Attri- Intensity

No. values values values . buted of the peak

observed standard to

1. 24 3.70 3.70 40 Mgzsi V.S.

2. 28 3.18 3.20 10 Mg2Si M.S.

3. 28.3 3415 3.14 100 Si. M.S.

4, 32 2.79 2,78 35 Mg V.W,

5. 36.5 2.46 2.45 100 Mg Vol

6. 40 2.25 2425 100 Mg2Si V.S.

Te 42 .8 2,11 2,11 100 MgO V.S.

8. 47,3 1.92 1,92 1.5 Mgzsi V.S.

9. 49.5 1.84 1.84 2 . Mgzsi M.S.
10, 56 1.64 1.64 35 Si M.S.
11. 57.9 1.58 1.60 18 Mg V.S.
12, 62 1.49 1.49 92 MgO M.S.
13. 63.7 1.46 1.49 52 MgO M.S.
14, 63.9 1.45 1.49 52 MgO M.S.
15. 69.2 1.36 1.36 8 Si V.il.

V.S. =« very strong
M.S. = medium strong

V.. = very weak
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of both Mg2Si prepared in hydrogen and nitrogen atmosphere
are the samc. The strong peaks of g0 and iig and weak lincs
of Si show the impurities of MgO, Mg and frce Si are present
in MgQSi. MgO inherently present in Mg as Mg metal in
contact with oxygen forms MgO cven at room temperature form-
ing a surface coating. This is not reduced by hydrogen.
This shows that Mgzsi contains MgO, Mg and a little Si as

an impurity.

Furthcrmore when MgZSi preparcd in H2 and N2 atmos-
pheres werce scen under Scanning Elcctron Microscope, it was
observed that the particle size of Mgzsi prepared in N2
atmosphere was 6 to 8 um while that of other was 2 to 4 um
(sce photograph on page 99 ). This indicates the smaller

particle size of MgZSi, if preparcd in H2 atmosphere.

At the moment we do not have cnough information about
the behaviour of H2 in presence of MgZSi at SOOOC, hence we
are not in a position to explain how various chlorosilancs
lecading to silane are formed when Mgzsi formed in situ acts
as a catalyst. However, the probable mechanism can be as

follows which is based on various experimental observations.

In presence of Mg powder or Si powder, H2 does not
recact with SiCl4. Also SiCl4 is not reduced or decomposcd

at 400-500°C by hydrogen when H, is a reactant.



S EMof Mg,5i

A) Prepared in '*i2

B) Prepared in N
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We would like to refer to Boulct ¢t al. and Ono
for the observations of dissociation of molecular H2 to
atomic H2 by diffusion mcchanism through Mg2Ni. Since our
explanation is based on the formation of atomic hydrogen

from molecular H2 on MgQSi we would likc to propose the same

mechanism as in the paper mentioned above.

92 93

According to Schefer ct al, and Ono the Mg2Ni is

monoclinic below 234°C and becomes cubic above that tempera-
ture. Bjgrn Vigeholm et al.94 report that in Mg2Ni absorpt-
ion, dissociation and desorption of H2 occurs above 400°C.

Charlot and Kohn®

have studicd the hydrngen chemisorption

on Ni and suggested that a charge transfer from Ni to
hydrogen in which sp orbitals of Ni arc involved instead of
'd' orbitals. This weakens the H-H bond and favours chemi-
sorption. Parallel to this Mgzsi is cubic and the rcaction
of SiCl, and H, starts above 400°C in presence of Mg, Si.

The covalent radii of Si and Ni arce 1.11 and 1.15 R respe=-
ctively. The space group of Mg2Si and MgQNi are same as
cubic Fm 3m and the cell volumes are 256.16 and 270 23
respectively. These arce fairly near to cach other. Thercofore
like Mg2Ni when hydrogen diffuses through MgQSi the molecular
H2 gets split into atomic hydrogen which reacts further

with SiCl4 giving silane, lower chlorosilane or silicon as:

(i) Hy &—== 2H" catalytically on Mg,Si .



This H® rcacts with SiCl4 giving

(ii) SiCl, + 2H® ———> SiHCl4 + HCl
and

N H* 5 H* . H* ~-
S:LHCJ.3 ————-D SJ.H2Cl2 "~——>SlH3Cl'*———> olH4

Polizzotti and Ehrlich96 have shown that the defects
such as lattice steps can significantly affect the rate of
H2 desorption. Absorption-desorption of hydrogen by Mg in
presence of various metals has been studicdgo’gl. It has
bcen shown that adsorption-desorption of hydrogen has a
hysterisis when some metal alloys of Mg is present along
with Mg. Mg appears to react more readily with H2 forming
MgH2 in presence of MgO. Ito ct al.97 have reccently
reported that Mg is capable of dissociatively chemisorbing
hydrogen. The MgO is present in Mg,Si as seen from X-ray
study. The preferential oxidation produccs metallic
clusters in Mg alloys may be responsible for high catalytic
activity for dissociation of H2. Therefore the other

possibility may be -

Mg(MgO) + H, > MgH, -———> Mg + 2H°
This 2H® reacts with SiCl4 as mentioned above.

Considering the recent work on the metal silicides

in the literature which supports the diffusion mecchanism,

101
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we feel that the first mechanism is plausible in which disso-

ciation of H2 takes place on Mg25i which rcacts with SiCl4

giving silane and lower chlorosilanc. Furthermore, the

HCl produccd during the rcaction may also combine with
Mg2Si if they come in contact to give MgCl2 and a further

amount of SiH4. However, we feel that the question of

exact catalytic mechanism of MgZSi is still open for further

work.

WK b
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CRACKING OF S1HCl, ON FLUIDIZED BED

4.1 Conventional Process for the
Preparation of Ultra Pure Si

Conventionally ultrapurc silicon is prepared by H2
reduction of SiHCl, (Trichlorosilane - TCS) at about 1000°C.
This rcaction is carriced out in a quartz belljar as shown
in Fig. 18. The deposition of silicon takes place on
clectrically heated silicon slim rods, which grow in size
after deposition. The power required to maintain these rods
at required temperature ( lOOOOC) has to be increased as
the diameter of rods goes on increcasing since the radiation
losses from bare quartz belljar goes on increasing because

of increasc in surface area of rods.

4.2 Introduction to fluidization

Currently, scveral improvements in the silicon
manufacture process arc being thought of. Onc of the
promising improvements scems to be the deposition of silicon
on silicon particles in a fluidized bed. This approach has

several advantages :

(1) The temperature and solid distribution arc much more
uniform than in the fixed bed due to the fast agita-

tion in a well fluidizing dense phasc bed.



GRAPHITE BRIDGE

SILICON SEED RODS

GRAPHITE
/CONNECTORS

TEFLON BUSHINGS

ARALDITE JOINT-

BASE FLANGE——/ ~—

GAS OQUTLET

T—WATER COOLED
- SILVER ELECTRODES

QUARTZ INLET TUBE

FIG. 18. TWO ROD REACTOR (PROTOTYPE 1)
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(2) The resistance to diffusion through the particle is
smaller in fluidizcd bed because of the fact that the
particle size is of a smaller order of magnitude than

in fixed bed.

(3) The solid fluid heat transfer is much greater as
compared to static bed due to the state of subdivision
of particle. The heat transfer surfaces are much

greater in fluidizing bed.

(4) The deposition of silicon on the wall of the reactor
is avoided duc to the brushing action of the silicon

particles on the wall,

(5) Since the surface area available for deposition is
very large, the output of silicon in a fluid bed

reactor is much higher than thc rod reactor.
(6) The power requirement is known to be less.

For these reasons, this proccss is being developed in
our laboratory for commercial preparation of silicon. During
these experiments it became clear from the product pattern
that the reaction mechanism and the pathway are not the
sam¢ in the rod reactor and in fluidized bed, presumably
the reasons for these differcnces reside in the fact that

in the fluidized bed a largc surface arca of silicon is
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cxposed for deposition as comparcd to a rod reactor. It
therefore appeared intcresting to study the effect of varia-
tions in various parameters on the kinetics, efficiency and
the product pattern and to understand the mechanism, reaction

pathway and the factors controlling the reaction.

In silicon preparation by chemical vapour deposition
(CVD) technique, various typcs of reactors are used for
depositing silicon. When chlorosilanes are used as a start-
ing material, they are reduced by either H2, or by metals
like Zn, at apout 1000°-1200°C. In casc of quartz tubular
rcactor, silicon gets deposited on the inner wall of the
tube which results in the cracking of the tube while cooling
due to the unequal coefficient of expansion of silica and
silicon. Thus in cvery experiment there is a loss of quartz
reactor tube. Also, some oxygen at 5102-51 interface reacts
with Si and forms SiO and contaminates the¢ silicon. The
use of tantalum tube for deposition reduces the cost and
the contamination but tantalum gives some impurities, the

removal of which is essential. Bradley Howard60

deposi ted
silicon on electrically heated graphite rod, but the forma-
tion of SiC was observed and desired purity could not be
achicved. Kurotomy Tatsu065 deposited silicon on clectri-
cally heated metal wire like Ta, Ti, Hf, Zr but removal

of metallic impurities was cssential. Yatsuri Yoshibumi

98

et al. deposited Si from SiH4 on clectrically hecated Si rod.



However, they observed that SiH4 decomposcd before reaching
the rods resulting in a fluffy powder-like deposition,
Handling of SiH4 also poscs a problem and hence this route
to prepare silicon is not widely accepted. Sicmens and
Halsko99 deposited silicon by the rcecaction of trichloro-
silanc and Hy on electrically heated silicon rod. Recently,
Union Carbide Corporation (U.C.C.), U.S.A. and Komatsu,
Japan, in collaboration have developed a technique in which

Si is deposited from SiH4 to get polysilicon.

The deposition of Si from SiCl4(STC)/SiHC13(TCS),
depends upon the surface arca available for deposition,
contact time, flow rate, temperaturc of substrate, mole
ratio of H/Cl, hydrodynamics of the systcm, process of mass

and heat transfer from surface to ga860,100—104.

In Siemens recactor, surface arca asailable for deposi-
tion is small and hecat transferred from rod to the gas is
also small. Wakeficld et al.2% and other

investigators?0,106-109

in silicon ficld, then tried
the Si deposition in fluidized bed, where Si is deposited
on Si particles.

4.2.1 fluidization

r——

Wlhen 2 solid bed of appropriate particle size is

supported by buoyancy force of a fluidizing medium,

10t
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the solid starts behaving like a fluid. This process is

referred to as fluidization.

4.3 Experimental

Initially, cold fluidization trials were taken to
determine the parameters such as pressure drop, bed expansion
etc. as shown in Fig. 19. To begin with, 200 gms. of MG
silicon powder ~72 +100 mesh was filled in a silica reactor
tube of 25 mm ID and 100 cm in length. A porous silica gas
distributor plate was fixed in the reactor. The bed was
29.5 cm. The reactor was heated to the required temperature
of about 1000°-1100°C in a tubular silica furnace which was
wound with Kanthal A (16 SWG) element. Chromel-Alumel
thermocouple was used for sensing the temperature, in a
silica sheath ( 8 mm ID ), which was controlled within
t 5°%c at 1000°C by a temperature controller and a high current
capacity relay. The vertical length of the silica tupc was
75 cm with 30 mm diameter (ID) and 38 mm (OD). Input power
to the heating element was varied by using a 30 A/230 V
variac. The voltage and current were measured on the meters

on the panecl.

The onset of fluidization started with pressure drop of
8 cmsof H2804 column and better fluidization was observed
with pressure drop of 11.7 cm (in cold) - when the bed was

heated to 1000°C, sintering was obscrved. This might be



duce to strong cohesion due to fine particles. Other particle
size was also studied like (=50 + 100) and finally (~30 +50)
was found suitable for fluidization at 1000°C. When tri-
chlorosilane was passed in fluidized bed through a porous
silica distributor plate, it was obscerved that silicon
deposition had occurred on the distributor plate itself.
Hence in subsequent experiments sintered silica gas dis‘ri-
butor plate was replaced by about 10 cm high static bed of

=7 +16 mesh silicon particles with a layer of =16 +20 mesh
silicon powder of about 1 cm. height which also serves for
gas distribution. In order to avoid any deposition of silicon
in static bed, it was kept out of the furnace in such a way
that the temperature of the top of the static bed did not
exceed 500°C.

In the subsequent experiment, the silicon deposition
was observed in the free board region of the rcactor tube
along with the deposition on fluidized bed region. Hence

fluidized bed was changed to slug bed.

4.3.1 Advantages of slug bed

As compared to -fluid bed, the advantages of the slug

bed are:

(1) 1In slug bed, 1/d (1 = length, d = diameter)
of reactor is higher.

108
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(2) The bubbles of the gas in slug bed coalesce to
a diameter approaching that of the confining
vesscel. The particle layers, or slug of granular
solid, between such large gas pockets will move
upwards, attain a certain height and then dis-
integrate. The granular matter will then rain
through the ascending gas pocket cither in the
form of smaller aggregates or as individual
particles.

(3) Due to friction between solid slugs and wall of
the rcactor tubc, deposition of Si on the reactor
wall is avoided.

(4) In view of the movement of gas in the slug and
interslug regions in plug flow the concentration
of the gas spccies is kept high. This is
desirable since higher cracking rates of the
TCS to silicon can now be achieved. Also in
view of a larger concentration of solids in the
bed, this material quickly gets deposited
without any problem of sintering and choking.

A higher efficiency of operation can then be
achiecved.

4.3,2 Particle size reduction

200 gms. of Si powder (-~30 +50) mesh, 29.5 cms. in
height was slugged in'N2 at 900°C for 12 hours with super-
ficial velocity of 28.06 cm/scc. 0.6% of powder passed
through 50 mesh. This shows that the material gets powdered

due to attrition.



The fceding of trichlorosilane (SiHCla) was done
initially by flash evaporation in which case the TCS was
allowed to drop from rescervoir into a bubbler which was
heated electrically by a furnace to about 150°C. The hydrogen

was acting as a carrier gas to carry vapours of SiHCl but

37
by this method, the feeding was not uniform and sccondly at
high feed rate the cooling of SiHCl3 used to occur whilc
going to the reactor. The feeding of trichlorosilane was
thereforc modified by bubbling of H2 gas through SiHCls.

The feed rate of SiHCl3 was controlled by :

(i) the bath temperaturc of the bubbler
(ii) the amount of H, gas bubbled.

The amount of SiHCl3 vapourized can be calculated from the
vapour-pressure data and the flow-rate of hydrogen, assuming
the complete saturation of the gas. The rates observed in
our experiments werc in good agreement with thosc reported
in the literaturc upto 2 moles of H2/hour as with increasc

in quantity of H2, partial saturation of H2 occurs.

Thus a known volume of H2 was bubbled through SiHCl3
and a mixture of SiHCl,; + H, was fed to the reactor. The

additional H2 required was passced through another manometer
and whole of SiHCl3 and H2 were mixed before feeding to the

recactor. The calibrated capillary manometers were uscd for

114
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volume measurements of hydrogen. A pressurc drop-manomcter
containing sulphuric acid connccted to the system was used

for indicating the bed movement and also if bed was getting
plugged or choked during the experiment. Two thermocouples,
onc at the top and the other at the bottom of the slug bed
were used to measure the temperaturce. A known weight of
silicon powder (=7 +16 mesh) was packed in a static bed and
the height was noted. Then about 160 gms. of fine particles
(30 +50 mesh) was packed and the static height was recorded.
Cyclonc~seperator and condensation assembly as shown in

Fig. 19 was fixed and the final asscmbly was made leak-proof.
The hydrogen gas was passed till the bed attained slugging
condition. The pressure drop was noted. This automatically
flushed the system. The reactor was then heated electrically.
Hydrogen gas was passed constantly to maintain slugging
throughout. The SiHCl3 bubbler was flushed with H2 when
attached to system. When the desired temperature was attained
a predetermined amount of H2 corresponding to the desired

H2:SiHCl3 ratio was bubbled through SiHCl., and finally fed to

3
the rcactor along with make-up hydrogen. The pressure drop
was recorded throughout the experiment. The exit gases were
chilled and condensed in liquid nitrogen condenser, adjusted
to avoid choking. At the end of the experiment, SiHCl3
feeding was stopped and the power supply was also put off.

From this stage only H2 was passed to avoid sintering till

111
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the bed attained room temperature. When fecding of SiHCl3
was stopped,; the hydrogen was passed through other bypass
outlet to avoid the carryover of condenscd volatile silicon
compounds. The condensed gases werc then analysed using
carbontetrachloride (CCl4) as solvent, on VPC having a TCP
detector. The VPC column was composced of SE-07.

silicon o0il (DC 200/350) and Kisclguhr (optimum weight zatio
3:1:5 at 70°C). The carrier gas was Hy.

After attaining room temperaturc the whole bed was
removed from the reactor and weighed again. The increase in
weight of Si was noted. Experiments were repcated by varying

the molar ratio HQ/SiHCl3 at constant tcmperature.

4.4 Results and Discussion

110

According to Bylander , although there is some contro-

versy as to whether SiHCl., deccomposes on silicon surface or
Y 3

111

just near it , 1t will be convenient to discuss the result

in terms of heterogencous reaction thecory. A classical

reaction takes place with following steps.

1. Mass transfer of the rcactants to the surface
2. Adsorption on to the surface

3. The recaction or a serics of reactions which take
place on the surface

4., Desorption of product molecules

5. Mass transfer of the product molecules to the
main gas stream, and for growing crystal

6. Addition of atoms to growth steps.



If onc of the above steps is much slower than the
others, it will control the growth rate. In addition, the
mass transfer step will be influenced by gas flow rate,
yet relatively temperaturc and flow rate independent. In
the temperature region of 950°C to 1100°C the reduction of
SiHCl3is temperature deoendent but relatively flow rate
independent. The surface of silicon deposited in this region
is observed to be quite rough and uneven. This may be duc

to surface rate control.
. s s 112 1
The mechanism proposed by Nishizawa for hydrogen

reduction of SiHCl3 the various reactions are :

A

SiHCl3 —— SiCl, + HC1 oo (1)
SiHCl3 + Hy, === SiH,Cl, + HC1 coes (11)
SiH2012 —_— SiCl, + H, camn gkl
§iCl, + H2 ~——— Si + 2HC1 coom (1V)

At higher temperature rcactions (III) and (IV) prevail. The
observed reactant species are SiCl4, SiHCl3, SiHQClQ, HC1,

SiCls, SiClz. Much SiH2Cl2 is produced in the deposition.

In the preparation of ultrapurc silicon by hydrogen
reduction of SiHCl3 on heated silicon substrate, the overall

reaction (at about 1000°C) is

SiHCl3 + H2 === Si + 3HC1

1



In this rcaction only a cortain pcrcentage of conversion can

be reached because at high temperature SiCl4 and 51012 are

formed as,
SiHCl; === 8iCl, + HCl
nSiCl, == (siCl,)
(8iCl,) + H, === Si + 2HCl
(siCl,) + (siCl,) === si + SiCl, .
The theoretical yield depends upon the recaction temperature

and the mole ratio H2/SiHClS. The effective yield is also

influenced by the gas flow pattern and the time of

residencell3-ll4.

4.4.1 Thermodynamics of the rcactions

From Table-29 the probable reactions are as follows:

(1) SiHCl, + H, ====2 si + 3HCl
(11) 25iHCl; === Si + SiCl, + 2HC1
(III) 48iHCl; = si + 3SiCl, + 2H,
(IV) 'Si + 4HCl T—=2 $iCl, + H,
In hydrogen reduction of SiHCl3 silicon and HCl are obtained
as in equation (I) but as the reaction is reversible the

generated HCl reacts immediately with silicon producing

SiCl4 and H2. The overall reaction becomes,
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. a . 5
4SlHCl3 Ee— 351Cl4 + Si + 2H2.

Therefore silicon obtained in reaction (I) gets converted to

SiCl4.

According to Yasuda et al.115

if mclar ratio of
H2/SiHCl3 is less than 10, silicon is produced principally
by the reaction (III) and when the molar ratioc is above 20,

silicon is produced by reaction (I).

If the mode of reaction is as per equation (III)} thoen
the reaction is marginally endothermic as heat of reaction
is 7 Keal/mole, but if the reaction proceeds by equation (I)
then the reaction is highly endothermic as heat of reaction
is 53.54 Kcal/mole and the overall rcaction becomes energy

intensive.

116

According to Nishizawa silicon cdeposition from

SiHCl3 is @ two step reaction. The first step in which SiHCl3
changes to SiH2Cl2 and SiClQ, which is a gas phase reaction.
The rcaction of hydrogen and SiCl2 leading to Si and HCl is

a surface recaction. Thus the overall rcaction

becomes surface dependent.

In case of rod reactor, silicon is deposited by C.V.D.
on electrically heated silicon rod by resistive heating. The

reaction
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takes place partially and in exit gascs a lot of undecomposed
SiHCl, comes out along with SiCl,, HCl and Hy (60:40 % of

5 and SiCl4)ll7. The efficiency of the rcaction is about

SiHCl
25% up to H2/SiH€l3 = 20. The -efficicncy increases with
increase in H2/SiHC,‘13 mole ratio as scen from Table 30, Fig. 20,
but higher the ratio the yield of silicon per unit time
decreasces. Whatever the ratio of H2/SiHCl3, the surface arca
available on the rod rcactor is limited and only such molccules
which come in contact with the rods are in position to react.
As a result a lot of SiHCl3 goes unrcacted. With this view
therefore it was thought that this reaction could be carried
out in a fluidized bed where the contacting surface is very
large. However, the overall rcaction efficiency could not

be made very much higher although the throughput could be

made fairly high due to the higher flow rates required in
fluidized bed. Furthermorc, it was observed that a large
proportion of SiHCl3 was still getting converted to the
undesirable SiCl4 (Fig. 21), probably duc to the autothermal
naturce of cracking of SiHCl3 as per equation (III). If the
rcaction is carried out in a slugging regime of the fluidized
bed the advantage can be taken of the fact that the concen-~
tration of the roacting gases is very high due to the plug

flow nature of the slug bed and there is no back mixing of

the solid as in the conventional fluid bed, as a result 2

high concentration of solid offering the nccessary contacting
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surface for the two rcactants to react is available. Thecre-

fore a higher rate of deposition is achieved in slug bed.

The back rcaction of HCl with the solid appears to get

minimised by increasing the superficial velocity.

From the point of view of cnergy, the cracking of

SiHCl3 in fluid bed or
requirement is smaller
rod reactor. Thus the

silicon per Kg. can be

slug bed is cconomical as the power
as compared to that required in the
contribution of cnergy to the cost of

appreciably reduced.

W kR
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