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ABSTRACT 

SI I ,ANE PRODUCTION 

Silicon epitaxy analysis of silane produced in the Process 

Development Unit operating in a completely integrated mode consuming only 
1 

hydrogen and metallurgical silicon resulted in film resistivities of vp 

to. 120 ohms cm N type. Preliminary kinetic studies of dichlorosilane dis- 

proportionation in the liquid phase have shown that 11.59% SiH, is formed 

at equilibrium after 12 minutes contact time at 56OC. Hydrogenation of 

silicon tetrachloride at 500°C in a 3 inch fluid-bed reactor at 100 psi 

produced trichlorosilane in yields predicted from laboratory data. 

Corrosion tests indicate Incoloy 800 is preferred over stainless steel 

for construction of the hydrogenation reactor. 

SILICON PRODUCTION 

. , 

The fluid-bed reactor was operated continuously for 48 hours 

with a mixture of one percent silane in helium as the fluidizing gas. A 

high silane pyrolysis efficiency was obtained without the generation of 

excessive fines. Gas flow cohditions near the base of the reactor were 

unfavorable for maintaining a bubbling bed with good heat transfer char- 

actistics.. Consequently, a porous agglomerate formed in the lower porcion 

of the reactor, hense coherent plating was obtained on the silicon seed 

particles which had remained fluidized throughout the experiment. 

The free-space reactor was operated for eight (8) consecu- 

tive silaae pyrolysis experiments, at a silicon production rate of 0.45 

kglhr, without dismantling or servicing the reactor. The silicon powder 

was pneumatically transferred from the settling chamber, located beneath 

the reactor, to a larger capacity storage hopper. The reactor will be 

operated for additional consecutive runs before the system is dismantled 

for inspection. 
I 



Several methods were investigated for converting the free- 

space reactor powder into a more suitable feedstock for silicon melters. 

Loose powder sintering did not densify the powder sufficiently. Powder 

compacts formed by conventional dry pressing and sintering had sufficient 

density and strength; and, although some delaminations occurred, this 

product should be.acceptable. Direct rolled flakes of the free-space re- 

actor powder densified more than anticipated during sintering. The higher 

density may hive been promoted by the introduction of transition metals . 

during the rolling operation. Additional work will be necessary to mini- 

mize contamination.. 

An analytical model for the fixed-bed pyrolysis was generated 

in a form of partial differential equations. They will be solved by a 

finite difference method. The model should predict behavior of fixed-bed 

pyrolysis. 

Basic fluid bed behavior study is in progress using 2- and 

6-inch diameter cold beds. Lead and silicon particles are fluidized by air, 

helium or hydrogen. According to Dr. T. ~itz~erald, lead particles fluid- 

ized by helium at room temperature can model silicone particles at 900°C 

fluidized by a mixture of hydrogen and silane. This will be verified in 

the next quarter. 

Attrition tests are conducted to determine if fluid bed seed 

particles can be produced by fluidizing silicon particles at a high U/Umf 

and generating fines. It appears that high purity silicon will produce 

more fines than metallurgical-grade silicon. 

PROCESS DESIGN 

Pr,oce.ss Design work in p,rogrcos for the Dxperin~ental Pr'ocess 

System Development Unit (EPSDU) sized for 100 MT/Yr includes free-space 

pyrolysis reactor and melter design, and a heat and mass balance, where 

recently acquired experimental vapor-liquid equilibrium data and available 

open literature data for chlorosilanes and its impurities have been success- 

fully modeled. 



A preliminary piping and instrumentation diagram for the 

EPSDU was prepared for all sections except the waste treatment and the 

pyrolysis process. It is suitable to generate P&I diagrams. Most of the 

necessary process design data were obtained during this reporting period. 

The VLE data of BzH6, pH3, and AsH3 in silane is yet to be measured. 

This work will be completed in October. 

A computer program has been written that determines rate 

constants for the three simultaneous redistribution reactions. A small 

bench-scale waste disposal testing apparatus has been designed for testing 

the feasibility of sludge treatment by acid hydrolysis and lime neutral- 

ization. The apparatus is under construction. 



1.0 SILANE PRODUCTION 

1.1 Introduction 

The purpose of this program is to determine the 

feasibility and practicality of high-volume, low-cost pro- 

duction of silane (SiH4) as an intermediate for obtaining 

solar-grade silicon metal. The process is based on the syn- 

thesis of SiH4 by the catalytic disproportionation of chloro- 

silanes resulting from the reaction of hydrogen, metallurgical 

silicon, and silicon tetrachloride. The goal is to demonstrate 

the feasibility of a silane production cost of under $4.00/kg 

at a production rate of 1000 MTIyear. 

Prior to the inception of this program in October 1975, 

Union Carbide h a d  .shown that purc hydrochlorosilazles could be 

disproportionated to an equilibrium mixture of o.ther hydrochloro- 

silanes by contact with a tertiary-amine, ion-exchange resin 

I11 addition, Union Carbide had shown that silicon tetrachloride, 

a by-product of silane disproportionation, can be converted' to 

trichlorosilane by reaction with metallurgical silicon metal an3 

hydrogen. 

Th.i.i.s, a closed-cycle purificatioi~ scheme was proposed 

to convert metallurgical-grade silicon into high-purity , solar- 

grade silicon using hydrochlorosilanes as intermediates.This 

process appears as: 



1. Hydrogenation of metallurgical silicon metal and 
of by-product silicon tetrachloride to form tri- 
chlorosilane. 

2 H2 + 3 SiC14 + Si (M-G) 500'~ 4 HSiC13 
Cu 

2. Disproportionation of trichlorosilane to silane 
and silicon tetrachloride. 

3. Pyrolysis of silane to high-purity silicon. 

Heat SiH4 > Si + 2 H2 

Until now, laboratory investigations have defined the 

rate, equilibrium conversion, and certain mechanistic aspects 

of the disproportionation and hydrogenation reactions at atmos- 

pheric pressure. A small process development unit (PDU) , capable 

of operating under pressure, was constructed and operated to 

demonstrate the conversion of dichlorosilane to silane. A high- 

pressure hydrogenation unit was constructed and the kinetics of 

Lhe hydrogcnation react i ,on  were studied at elevated pressures. An 

integrated process development unit to demonstrate the closed 

cycle production of silane from metallurgical Siand H2 was de- 

signed and constructed incorporating both the high pressure hydro- 

genation and redistribution reactor ~ $ 4  tems . The inregraced pro- 

duction 01 silane was achieved in the process development unit, 

and 3.2 kg of high purity silane were made. Experiments were . 

started to obtain SiC14 hydrogenation and H2SiC12 disproportion- 

ation kinetic data at the larest design conditions of Union 

Carbide's Experimental Process System Development Unit sized for 

100 MT/year of Silicon. 



1.2 Discussion 

1.2.1 Process Development 

1.2 1 . I  Sllane Product Quality 

Analysis  of  t he  3 . 2  kg of  s i l a n e  produced l a s t  

i n  t he  i n t e g r a t e d  Process  Development Un i t ,  PDU, 

showed i t  t o  be s u b s t a n t i a l l y  f r e e  of e l e c t r o n i c a l l y  a c t i v e  

n a t e r i a l s ,  t o  con ta in  smal.1 q u a n t i t i e s  of o t h e r  s i l i c o n  com- 

pounds, and modest amounrs of  i n e r t  gas and hydrogen. (Table 1 . 1 ) .  

The e l e c t r o n i c  q u a l i t y  of  t he  s i l a n e  was d e t e r -  

mined by a  s t anda rd  e p i t a x i a l  depos i t i on  of a 10 micron f i l m  

on 6 ~ -  cm boron doped s i l i c o n  wafer .  R e s i s t i v i t y  measured 

wi th  a  fou r  p o i n t  probe showed 20 and 1 2 0 r r c m  N type depos i t s  

wi th  l e s s  than 10% v a r i a t i o n  acrnss t h e  wafer .  Visual  exalnillnl- ion 

showed no unusual  d e f e c t s ,  p i t s ,  e t c .  The wafers appeared equiva- 

l e n t  t o  those  prepared from commercial q u a l i t y  s i l a n e .  

The level of  helium and hydrugerl Ln che s i l a n e  i s  

somewhat unce r t a in  as  t h e y  could n o t  bc  i n ' dependen~ ly  r e so lved  

on e x i s t i n g  a r l a l y ~ i c a l  equipment. The presence of  helium i s  n o t  

unexpected s i n c e  i t  i s  used as t h e  i n e r t i n g  gas i n  t h e  FDU and 

s t e p s  a r e  no t  taken t o  a s s u r e  i t s  complete removal. 



Table 1.1 

ANALYSIS OF SILANE 

Cylinder Number LK 290145 LK 290044 

Cylinder Pressure ,  ps ig  275 325 

I-Iy dro gen;" 14.37 15.05 

H e  1 ium* 35.9 36.6 

Nitrogen % 2 .03  2.56 

DiSilane,  ppm 66  53 

Siloxane 

Monochlorosilane 

Dichlorosilane 

Tr ichloros i lane  

S i l i con  Tetrachloride 

Methyl S i lane  

Me thane 

Epitaxy 

R e s i s t i v i t y ,  A cm 

* H 2  and He were no t  ab le  t o  be independently determined. . , , . 
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Nitrogen i s  used as  the  i n e r t i n g  gas i n  the hydro- 

genation reac to r  sec t ion  of the PDU.  Carry forward i n t o  the 

s i l a n e  r e a c t o r  sec t ion  of a  small amount, so luble  i n  the SiC14/ 

HSiC13 feed ,  was expected. The EPSDU design provides f o r  de- 

gassing of the  hydrogenation reac to r  product which would e l imi-  

n a t e  thes'e and o the r  permanent gas impur i t i e s .  

The presence of polys i lanes  i s  noted - i s  not  

expected but does not  appear t o  be a  problem. The ' l eve l  of 

ch loros i lanes  i s  unexpectedly high.  On-line analys is  of the  

p u r i f i e d  s i l a n e  showed l e s s  than 10 ppm of t r i c h l o r o s i l a n e .  How- 

ever ,  s ince  t h e  carbon adsorption t r aps  were regenerated severa l  

times during the  run ,  i t  i s  poss ib le  t h a t  a  break through o r  

desorp t i o n  cycle  misvalving could have forced chloros i lanes  i n t o  

the  product cy l inder s .  

Redognizing these p o t e n t i a l  prnhlems, the EPSDU i s  

designed t o  remove chloros i lanes  by d i s t i l l a t i o n  ins tead  of by 

adsorpt ion .  

1.2.1.2 Catalyst Longevity 

'l'he N E R L Y S T  A - 2 1  ion exchange r e s i n  c a t a l y s t  used 

i n  the  d ispropor t ionat ion  reac to r s  has been shown t o  have a long 

a c t i v i t y .  Laboratory t e s t s  ear l ier ' ' )  have indica ted  s t a b l e  cata-  

l y s t  r e a c t i v i t y  was achieved a f t e r  an i n i t i a l  25% decl ine  which 

was a l s o  accompanied by propor t ional  l o s s  of amine f u n c t i o n a l i t y .  

Samples of the r e s i n  c a t a l y s t  from the  PDU were analyzed f o r  

n i t rogen  content a s  an expedient check on r e s i n  a c t i v i t y .  As 

shown i n  Table 1 .2 ,  the  n i t rogen content  dropped quickly i n  the 



f i r s t  e i g h t  hours  o f  o p e r a t i o n  t o  77% o f  t h e  i n i t i a l  v a l u e  and 

t h e n  much more s l o w l y .  A l i n e a r  e x t r a p o l a t i o n  of  t h e  d e c l i n i n g  

n i t r o g e n  c o n t e n t  i n d i c a t e s  a  l i f e  expectancy of  abou t  1500 hours  

However, t h e  d a t a  does n o t  show whether  t h e  d e c l i n e  i s  l i n e a r  or 

i s  a s y m p t o t i c .  P rev ious  work had shown no s u b s t a n t i a l  d e c l i n e  i n  
- .  . 

a c t i v i t y  a f t e r  1600 hours  of  o p e r a t i o n  and no n o t i c e a b l e  d e c l i n e  

i n  a c t i v i t y  has.  been observed i n  t h e  PDU a f t e r  300 h o u r s .  

Table 1.2 

NITROGEN'CONTENT OF AMBERLYST A-21 RESIN 
IN  CHLOROSILANE REDISTRIBUTION 

~ummula ' t ive  
React ion  Time, 
Hour 

1.2.2 H2SiCI2 Disproportionation 

P r e l i m i n a r y  k i n e t i c  and e q u i l i b r i u m  d a r a  on t he  

d i s p r o p o y t i o n a t i o n  o f  c h l o r o s i l a n e s  a t  EPSDU d e s i ~ n  c o n d i t i o n s  

were o b t a i n e d .  P rev ious  d a t a  on t h e  c h l o r o s i l a n e  sy-stem were 

measured w i t h  vapor phase r e a c t a n t s  ( I )  . P r o c e s s i n g  ecal lon~ics 

have i n d i c a t e d  t h a t  t h e  t empera tu re  and p r e s s u r e  c o n d i t i o n s  

n i o s t  SLI  i t a b l e  would r e s u l t  i n  licitlid c h l n r o s  i l a i i e s  \ 'ass i n g  
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th rough t h e  f i x e d  bed c a t a l y t i c  r e a c t o r s .  

A l a b o r a t o r y  s c a l e  packed bed c a t a l y t i c  r e a c t o r  

was c o n s t r u c t e d  t o  o b t a i n  i n t e g r a l  t y p e  k i n e t i c  d a t a  f o r  d i c h l o r o -  

s i l a n e  and t r i c h l o r o s i l a n e  d i s p r o p o r t i o n a t i o n .  An a l l  l i q u i d  

sys tem was a s s u r e d  by o p e r a t i n g  a t  600 p s i ,  w e l l  above t h e  vapor  

p r e s s u r e  o f  t h e  e q u i l i b r i u m  m i x t u r e  a t  t h e  r e a c t o r  t e m p e r a t u r e .  

The r e a c t o r  e f f l u e n t  was v a p o r i z e d  a t  a t m o s p h e r i c  p r e s s u r e  and 

a n a l y z e d  by an  o n - l i n e  gas  chromatograph.  Res idence  t i m e s  as 

s h o r t  a s  0 . 1 3  and a s  l o n g  a s  50 minu tes  were  a c h i e v e d  by a l t e r i n g  

t h e  c a t a l y s t  bed d e p t h  and d i c h l o r o s i l a n e  f low r a t e .  For  temper-  

a t u r e s  o f  3 z 0 c ,  55 .  ~ O C  and 81°c,  l i q u i d  phase  compos i t ion  v e r s u s  

r e s i d e n c e  t ime  was measured ( F i g u r e s  1.1 - 1 . 4 ) ,  f o r  d i c h l o r o -  

s i l a n e  f e e d .  

The d a t a  i n d i c a t e  t h a t  egu i l ih r i . um i s  e s o c n t i a l l y  

a c h i e v e d  i n  12  minu tes  a t  56 '~ .  T h i s  i s  s u b s t a n t i a l l y  

Table 1.3 

DICHLOROSILANF EClUlLlBRlUM LIQUID 
vs. VAPOR PHASE DISPROPORTION ATlON AT 50-60°C 

L i q u i d  Vapor 

1 1 . 5 9  1 6 . 6 5  



longer than the 4 seconds requi red  i n  the  vapor phase case 

inves t iga ted  e a r l i e r .  However, the higher densi ty  helps  to  

o f f - s e t  the l a r g e r  r eac to r  volume which would be. required f o r  

a  given mass through-put . 

The shape of the  k i n e t i c  curves i n d i c a t e  various 

r a t e  l imi t ing  res i s t ances  could be p resen t .  These preliminary 

da ta  were obtained using a  f ixed  bed height  and varying the  

through-put and temperature. Data a t  o the r  bed he ights  i s  

planned t o  decouple any bulk flow r a t e  e f f e c t s  from the  i n t r i n s i c  

r eac t ion  r a t e .  

The equi l ibr ium values f o r  5 6 ' ~  obtained (Table 1 . 3 )  

can be compared with the  repar ted  values f o r  vapor phase equi l ibr ium. 

The decrease i n  s i l a n e  and t r i c h l o r o s i l a n e  and increase  i n  mono- 

chloros i lane  w i l l  have a  minor impact on the EPSDU process design. 

Assessment of t h i s  impact w i l l  be made a f t e r  complete equi l ibr ium 

and kinetic da ta  a r e  obtained next per iod .  . 



Figure 1.1 

CONCENTRATION of SILANE vs. RESIDENCE TIME, 
DICHLOROSILANE REDISTRIBUTION 

T 

1 - 1 l o g e  to S u p e r f i c i a l  ~ e s i d k c e  ~ i r n e ,  b i n - .  Y 



Figure 1.2 
CONCENTRATION of MONOCHLOROSILANE vs. RESIDENCE TIME, 

DICHLOROSILANE REDISTRIBUTION 



Figure 1.3 

CONCENTRATION vs. RESIDENCE TIME, DICHLOROSILANE' REDISTRIBUTION 

l o g e  t S u p e r f i c i a l  R e s i d e n c e  T i m e ,  r n i n .  



Figure 1.4 

CONCENTRATION of TRICHLOROSILANE vs. RESIDENCE TIME, 
DICHLOROSILANE REDISTRIBUTION 

l o g e  t S u p e r f i c i a l  ~ e s i d e n c e  T i m e ,  m i n .  



1.2.3 Hydrogenation Kinetics 

The 1' inch f l u i d  bed reac to r  used i n  e a r l i e r  

hydrogenation experiments was re loca ted  and modified f o r  

operat ion a t  up t o  500 p s i g .  This w i l l  provide k i n e t i c  data 

a t  condi t ions planned f o r  EPSDU. 

Preliminary runs a t  50 ps ig  were made to  check 

out the  system and t o  gain experience.  I n i t i a l  low y ie lds  of 

HSiCl r e s u l t e d  from channeling and poor f l u i d i z a t i o n  due to  3 
a  r e s t r i c t e d  d i s t r i b u t o r  p l a t e  i n  the  r e a c t o r .  The feed ,  

temperature, and pressure cont ro l  sys tems. worked w e l l .  A 

thermocouple has been added t o  monitor the  r eac to r  bed temper- 

a t u r e  d i r e c t l y .  This u n i t  w i l l  be used next per iod t o  determine 

optimum cata lys t .  concentrations a n d  r eac t ion  k i n e t i c s  a t  p l a ~ i l ~ t l t l  

EPSDU o p e r a t i n g  condi t ions.  

A shor t  s e r i e s  of experiments i n  a  3 inch diameter 

r e a c t o r  were made t o  v e r i f y  laboratory d a t a  a t  higher coppe r  

l e v e l s .  Using 5% cement copper mixed with. the m e t a l l ~ ~ r g i c a l  s i l i -  

con and con t ro l l ing  t h e  C U I ~ L C I C ~  rime a t  G.9 seconds, y ie lds  o f  

t r i c h l o r o s i l a n e  of 12.7% were obtained a t  50 ps ig  p ressu re .  T a b l e  

1 . 4 .  This compares with approximately 16% as obtained using 2p.. 

copper i n  the 1 inch 1 a b o r a t o r y . r e a c t o r .  



Table 1.4 

HYDROGENATION IN 3" FLUID BED REACTOR 

Reactor Temperature 5 0 0 ' ~  Gas Velocity 2 X  Minimum 
Fluid iza t ion  

H2/SiC14 Mole Ratio 1 . 0  

Contakt Time, Seconds 6 . 9  Copper Loading 5% 

Mole %, Hydrogen Free Basis 

Pressure 
ps ig  

The d i f ference  i s  l i k e l y  due t o  f l u i d i z a t i o n  q u a l i t y .  

The gas ve loc i ty  used i n  the laboratory study was usual ly  below 

i 
the minimum f l u i d i z a t i o n  ve loc i ty  of 2 . 1  cm/second which would 

r e s u l t  i n  a  higher densi ty  bed. The PDU s c a l e  r eac to r  opera t ing .  

a t  twice the minimum f l u i d i z a t i o n  ve loc i ty  could be expected t o  

requi re  longer contact  t o  achieve the same conversion. 



1.2.4 Silane, Phosphine, Diborane Equilibria 

The f i n a l  column of t h e  proposed EPSDU process  i s  

des igna ted  t o  perform u l t i m a t e  p u r i f i c a t i o n  of s i l a n e  by r e j e c t i n g  

a l l  h igher  b o i l i n g  i m p u r i t i e s .  The c l o s e s t  b o i l i n g  compounds t o  

s i l a n e  (bp - 1 1 2 ~ ~ )  which could r e s u l t  i n  e l e c t r o n i c a l l y  a c t i v e  

a p o o i o s  a rc  d ihnrnne (bp 9 3 ' ~ )  and phssphillr p - 8 2 n ~ ) .  The 

only  a v a i l a b l e  d a t a  on t h e  s i lane-phosphine o r  s i l ane -d ibo rane  

sysrem W a s  measured a t  atmospheric p r e s su re  whereas t he  process  

design c a l l s  f o r  t h e  f i n a l  column t o  ope ra t e  . a t  about 20 atmo- 

spheres  i n  o rde r  t o  reduce r e f r i g e r a t i o n  requirements .  For 

accu ra t e  r e l i a b l e  des ign t h e  system behavior  a t  process  condi t ions  

i s  needed. 

An equ i l i b r ium c e l l  and a p p r o p r i a t e  pll imhing f o r  

saa~plir lg and ana lyz ing  t h e  l i q u i d  and vapor phases was assembled 

and p re s su re  t e s t e d .  The h a s i c  system (Figure  1 . 5 )  c o n s i s t s  01 a  

193 m l  capac i ty  equ i l i b r ium c e l l  f i t t e d  wi th  a  smal l  diameter  

d ip  tube and a  vapor o u t l e t .  A sample of s i l a n e  con ta in ing  

abut 0 . 5 1  each of  d iborane ,  phosphine and argon can be condensed 

i l l  ~ 1 1 e  c e l l  and held  a t  t he  a p p r o p r i a t e  temperature by t h e  c-.ryn- 

s t a t .  Srnall 'samples o f  the l i q u i d  and v a p o r  phases can be wi th-  

cirawrr a n d  arlalyzed b y  an i.nte;;rally connected gas chromatograph. 

- .  
Standard 'mix tures  of  d iborane i n  argon,  phosphine i n  

h e l i u m  and p u r e  s i l a n e  w i l l  be used t o  c a l i b r a t e  t he  chromato- . r" 

graph.  These s tandards  a s  we l l  a s  t h e  t e r t i a r y  blend have been 

prepared and the  chromatograph i s  being modified f o r  t h i s  p a r t -  

i c u l a r  t a sk .  



Figure 1.5 

SILANE VAPOR/LIQUID EQUILIBRIUM CELL 



1.2.5 Materials of Construction 

Ei the r  carbon s t e e l  o r  s t a i n l e s s  s t e e l  appear adequate 

mater ia l s  of cons t ruc t ion  f o r  the  disproport ionat ion r e a c t o r s .  

Corrosion t e s t  coupons exposed i n  the  PDU r eac to r s  were removed 

f o r  examinat2on. The i n i t i a l  v i s u a l  examination showed no 

evidence of any a t t a c k  on samples of carbon o r  316 s t a i n l e s s  

s t e e l .  A more 'de ta i led  gravimetric and microscopic examination 

i s  underway. The exposure time was approximately 6000 hours .  

For the  hydrogenation r e a c t o r ,  t he  i n i t i a l  examination 

ind ica ted  Incoloy 800 i s  the p re fe r red  choice., Although d e t a i l e d  

metalvgraphic examination i s  s t i l l  underway, the  Incoloy 8.00 

showed no v i s i b l e  s ign  of a t t a c k .  A l l  sa.mpl.e's were coated w i ~ l - 1  
i 

heavy s c a l e  d e p o s i t s  cons i s t ing  mainly of s i l i c o n .  These deposi ts  

were d i f f i c u l t  t o  remove from the  Incoloy and Inconel n icke l  based! 

a l l o y s  but f laked  of f  from the carbon and s t a . jn le s s  s t e e l s .  The , 

carbon and high chrome s t e e l s  a l s o  ~howed s i g s ~ i f i c a n r  base metal 

a t t a c k .  More J r t a i l ed ' examina t ion  of the  t e s t  coupons i s  i n  

p r o g r e s s .  



1.3 Conclusions 

8 S i l a n e  of  extremely h igh  p u r i t y  can be t h e  expected 

product  from t h e  i n t e g r a t e d  process  through hydro- 

gena t ion  and d i sp ropor t i on  of  c h l o r o s i l a n e s .  

The k i n e t i c s  and equ i l i b r ium y i e l d  of d i c h l o r o s i l a n e  

d i s p r o p o r t i o n a t i o n  i n  a  l i q u i d  phase r e a c t o r  a r e  

conlpatable w i th  t he  l a t e s t  EPSDU process  des ign .  

e Carbon s t e e l  i s  a  p r e f e r r e d  m a t e r i a l  of c o n s t r u c t i o n  

f o r  t h e  d i s p r o p o r t i o n a t i o n  packed bed r e a c t o r s .  

0 Pre l iminary  obse rva t ions  i n d i c a t e  Incoloy 800 i s  a  

p r e f e r r e d  m a t e r i a l  o f  c o n s t r u c t i o n  f o r  t h e  f l u i d i z e d  

bed hydrogenation r e a c t o r .  



1.4 Projected Quarterly Activities 

a Hydrogenation of SiC14 k i n e t i c  s tudy a t  EPSDU 

design cond i t i ons .  

9 Equi l ibr ium and k i n e t i c  of H S i C 1 3  and H2SiC12 

s tudy a t  EPSDU design cond i t i ons .  

a Determine vapor l i q u i d  equi l ib r ium of diborane,  

phosphine and argon i n  S'ilane a t  h igh gress~.lre.  
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2.0 SILICON PRODUCTION 

2.1 Introduction 

The objective of this program, which started in 

January, 1977, is to establish the feasibility and cost of 

manufacturing semi-conductor grade polycrystalline silicon 

through the pyrolysis of silane (SiH4). The silane-to- 

silicon conversion is to be investigated in a fluid bed 

reactor and in a free space reactor. 

In the second quarter in 1978, it was reported 

that a series of fluid bed reactor experiments was conducted 

with silane-helium gas mixtures. Under specific operating 

conditions, coherent silicon coatings were obtained on the 

seed bed particles without excessive generation of fines. 

In another series of experiments, silane-helium mixtures 

were directed both into hot empty transparent t.ubes and into 

hot transparent tubes packed with silicon particles. The 

products of the decomposition reactions were plate, powder, 

and fibers. The conditions favoring the formation of each 

form were studied to gain a better understanding of the 

mechanism of the silane pyrolysis reaction. 

The free space reactor was operated for two (2) 

consecutive eight (8) hour long experiments, at a silicon 

production rate of 0.45 kg/hr, without dismantling or servicing 
the reactor. Loss of temperature control during the third 

run reduced the reactor temperature to a level that favored 

reactor wall fornlations. A'sing1.e experiment was conducted 

to demonstrate that a high (1.8 kg/hr) silicon production 

rate could be obtained at a moderate Reynolds Number and 

reactor temperature by simultaneously increasing the gas 

flow and thc injector orifice. 



2.2 Discussion 

2.2.la Fluid Bed Reactor 

The fluid bed reactor was operated 
continuously for 48 hours with a mixture of one percent 

silane in helium as the fluidizing gas. Hkgh purity-semi- 

conductor grade silicon,* screened to -35/+60 mesh, was used 

as the 400 mm deep bed of seed particles. A gas flow of 

approximately 15 Q/min was introduced into'the.reactor, 

through a water-cooled porous metal distributor plate. A 
transparent pyrex tube having an 85 mm i.d. was used as the 

reactor vessel. The reactor outside wall temperature was 

held (in the center of the hot zone) at approximately 650°C. 
Operation of the fluid bed re'actor' during the 48-hour long 

run appeared to proceed without incidence. A decrease in 

bed height was observed and the portions of the bed that 

could be observed remained active. Gas samples were collected 

from the exhaust gas stream at six-hour intervals; thc 

concentration of silane present in the exhaust gas was too 

low to detect by infrared spectroscopic analysis. The 

silicon collected in the exhaust afterbur.ner tube indicated 

that conve'rsion of silane-to-silicon in the reactor was 

nearly complete. The experiment was terminated as scheduled. 

After completion of the 48-hour long 

experiment, it was observed that 'the Pyrex reactor -tube had 

bulged in the region between the' heating'elemcnts. Tlie drop 
in bed height to 350 m was due t n  the iricrcase i n  reactor 
tube diameter from 85 mm to 100 mm in this region. Examina- 

nation of the seed bed revealed that a porous plug of agglom- 

erated seed particles had formed from 80 to 7.50 mrn above the 

gas distributor plate. The agglomerated plug did not extend 

into the region of the bulged reactor tube. Below the plug, 

very little seed bed plating had occurred. The majority 
o f  the plating occurred in the region of plug formation. 

* Obtained from General Diode Corporation. 
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bulged and the seed particles had remained fluidized, 
dense, coherent coating was obtained on the seed 
(Figure 1). The coating thickness varied from 3 to 12 
microns, with an average coating of 5 microns. 
fines accounted for 4.8% of the total product. A mass 
balance indicated that the silane-to-silicon conversion 
efficiency was at least 90%. Higher efficiencies were 
indicated by infrared analysis and thermal decomposition of 
silane remaining in the exhaust gas stream. 

The porous agglomerate formed in the 48- 
hour long run was sectioned and metallographically polished. 
The observed silane decomposition products were similar to 
those obtained in stagnant bed experiments and are shown in 
the photomicrograph in Figure 2. Both nodular and fiber- 
like growth occurred on the seed particles within the pluq. 
The dense silicon plate that coated and bridged the partic'les, 
and particle-to-particle contacts before plating, were 
further indicators that the particles in the 48-hour long 
experiment were not in motion. 

During the 48-hour experiment, diffi- 
culties were experienced in obtaining a stable gas f low.  
Consequently, a similar experiment was conducted to inves- 
tigate the effect of various flow rates upon the fluidization 
characteristics of the bed and to determine the actual 
temperature of the 400 nun bed. The conditions were selected 
to be similar to those used in the 48-hour experiment, with 
the exceptions that: (1) helium was used instead of the 
silane-helium mixture, and (2) thermocouples were positioned 
inside the bed of seed particles. At a flow rate of 15 Llmin, 
a bubbling bed was maintained and the bed temperature was 
575 i 25" C (- eactor external wall temperature of 650° C) . 



Figure 2.1 
~RO!~!&SECTION of COATED SEED PARTICLES (500X) 

Figure 2.2 
COMING on SILICON SEED PARTICLES in the AGGLOMERATED PLUG (100X) 
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initiate bubbling in the lower region (100 or 150 nun) of 

bed. The bed did not reach a temperature sufficient to 

pyrolyze silane until approximately 80 mm above the gas 

distributor plate. Therefore, no significant amount of 

plating occurred in this region. Above this region, the 

porous agglomerate formed due to lack of fluidization. 
.. . 

- .. ..- , majority of the plating occurred in this region. Increased + .-. - - l  ., 

gas velocities and lower bed temperatures will eliminate the 

formation of porous agglomerates. 

2.2.1 b Free Space Reactor 

The growth of silicon on the reactor 

wall and on the tip of the injector had to be minimized so 

that the free space reactor could be operated continuously 

or intermittently without servicing. To achieve this, 

several reactor modifications were made and new operating 

procedures were adopted for more precise control of the 

thermal profile of the reactor in the region near the gas 

injector. One reactor modification was the installation of 

o disc inside the quarts liner. The disc had a central hole 

for the gas injector and was mounted flush with the injector 

tip. The second modification was an injector tip extension 

with an orifice designed to reduce semi-solid cone formations 

caused by lateral diffusion and gas motion at the orifice 

border. Neither modification eliminated the wall buildup at 

low operating temperatures nor the injector cone formations 

at high operating temperatures. The reactor operating 

modifications were to (1) cgntrol the reactor wall temperature 

near the gas injector (instead of at the midpoint of the 

induction coil, which was 350 mm beneath the injector), 

(2) stabilize all temperatures before introducing silane, 

and (3) introduce silane into the reactor by slowly increasing 

its flow rate to the desired level. At which time, the 



hydrogen flow was slowly shut down. Previously, all controls 

were preset for the desired silane flow and the transition 
from hydrogen to silane was abrupt. In a series of experi- 

ments conducted under the new operating procedure, the wall 
and injector deposits were reduced in thickness from a 

nominal 76 mm to approximately 6 mm during the €om--hour 
runs. The thin powder depasits, with no semi-solid cones, 
occurred when the reactor wall (near the injector) was 
controlled at 700°C. Heavier deposits occurred at 750°C and 
810°C. The lower temperature was selected during the consecutive 
series of experiments. 

Thc free space reactor was operated Eor 
eight (8) consecutive pyroiysis experiments without disman- 
tling or servicing of the reactor. All of the pyrolysis 
experiments, except one, wqre conducted for four (4) hours 
at a silicon production rate of 0.45 kg/hr. The duration of 
one experiment was limited,to three (3) hours by the amount 
oL silane contained in one'of the cylinders. Between powder 
production operations, the reactor was purged with argon and 
cooled to room temperature. The powder was pneumatically 
transferred from the settling chamber to a storage hopper. 
Samples of powdef taken from the storage hopper had free 
flow densities ranging from 0.12 Mg/m3 to 0.17 Mg/m3. 
After the first two runs of the series, the powder density 
range remained within 0.15 ~g/m' and 8.17 Mg/m3 when the 
densities were obtained the day after the powder was produced. 
After remaining in the storage hopper or settling chamber 
from three to five days, the powder free flow density was 
0.19 Mg/m3. If higher density powders are consistently 
obtained, the duration of the pyrolysis experiments performed 
in the consecutive mode of operation can be extended. The 

free space reactor will be operated for additional consecutive 
runs before it is dismantled for inspection. 



2.2.1 c Silicon Powder Transfer 

The modified pneumatic powder discharge 
system for the settling chamber (attached to the underside 
of the free space reactor) was tested. Several 1.8 kg 
charges of silicon powder were transferred to a storage 

hopper in a matter of minutes. The powders had free flow 
densities ranging from 0.018 Mg/m3 to 0.17 Mg/m3. In 
addition, the silicon powder produced in the consecutive 
series of experiments was pneumatically transferred. The 
discharge procedure was as follows. Argon was admitted to 
the free space zeactor settling chamber assembly through the 
two-stage gas slides. A vacuum cleaner was attached to the 
discharge port of the hopper to reduce the hopper pressure. 
After the free space reactor assembly pressure reached 
five (5) psig above atmospheric, the ball valve in the 
powder discharge tube was opened. This valve was held open 
for approximately four (4) seconds. After repeating the 
pressurization-depressurization procedure four times, all 
of the powder, including the filter cake on the exhaust 
filter, was discharged. 

2.2.1 d Silicon Consolidation 

Several methods were investigated for 
converting the free space reactor powder into a more handleable 
feedstock for silicon melters. One densification procedure 
involved vacuum sintering the free space reactor powder that 
was poured (not packed) into quartz crucibles. Initially, 
the powders had an apparent density of 0.12 Mg/m3 and a 
surface area of 7.5 m2 /g. Powders were held at 1100°C and 

1300°C for one hour. The powder sintered at 1300°C densified 

to 13% of the theoretical density while the surface area was 
reduced to 0.8 ma /g.  Figures 3 and 4 show scanning electron 
microscope (SEM) micrographs of the free space reactor powder 
in its as-produced condition and after the 1300°C treatment. 



Figure 2.3 
SCANNING ELECTRON MICROGRAPH 

of FREE SPACE REACTOR SILICON POWDER (5,000X) 

Figure 2.4 
SCANNING ELECTRON MICROGRAPH 

of LOOSE SILICON POWDER SINTERED UNDER VACUUM 
for ONE IIOUR at 1300°C (5,000X) 



Loose powder sintering was an effective method for particle 

growth, but did not appear promising as a means of reducing 

the total volume of the material. 

Dry pressed pellets of free space reactor 

powder were made without the aid of a binder. Several 

12.7 mm diameter pellets were obtained at a pressure of 

110 MPa. These pellets appeared to be free of delaminations. 

However, delaminations were apparent in the pellets after 

sintering at 1375OC for one hour. The apparent density of 

the as-pressed pellets was 47% of the theoretical density. 

Sintering at 1375OC did not significantly increase the 

apparent density of the pellets; it did increase the strength. 

A pelletizing process can probably be used to consolidate 

the free space reactor powder. 

Free space reactor powder was direct 

rolled into flakes and sintered for one hour at 1350°C. A 

SEM micrograph of a flake (shown in Figure 5) revealed that 

the edges of the flake had undergone significant densification 

and particle growth or coalescence. X-ray fluorescence 

analysis revealed that iron, nickel, and chromium were 

present. These elements were probably introd~ced'durin~ the 

rolling process and may have acted as sintering promoters. 

Additional work on direct rolling of free space reactor 

powder will be necessary to minimize contamination. 

2.2.1 e Supporting Activities 

Silicon powder that was produced in the 

free space reactor was analyzed for impurities by neutron 

activation analysis in the Livermore Laboratories in California. 

Through correspondence with Dr. R. Heft, it was confirmed 

that bromine (80 ng/g average for two samples) was the major 

impurity. Sodium, cobalt, and arsenic were also detected, 

with the' sodium impurity level below 15 ng/g and cobalt and 

arsenic concentrattons under 5 ng/g. 



Since April, 1978, Dr. F. M. Galloway 
(staff member of the Chemical Engineering Department at 
Cleveland State University) has been a consultant for the 
free space reactor portion of the current program. 
Dr. Galloway's activities to date include to (1) familiarize 
himself with the data obtained from the operation of the 
free space reactor, (2) devise a model for the mechanism of 
heat transfer into the iniected silane and the location of ' 

the reaction zone based on free jet theory and turbulent 
transport intensity, (3) analyze reactor and injector 
geometries other than the current one, (4) review conditions 
under which significant wall deposits or reactor plugging 
takes place and identify the operating parameters that would 
allow prediction of these occurrences, and (5) identify 
reactor configuration modifications that could be implemented 
immediately and which might lead to more efficient operation. 

2.3 Conclusions 

It was demonstrated that the current fluid bed 
reactor, with its water cooled porous metal gas distributor, 
was capable of pyrolyzing silane continuously for 48 hours. 
The reactor operating conditions that led to the formation 
of a porous agglomerate were identified and, with more 
precise control, can be avoided. 

The free space reactor operating conditions were 
established that reduced the extent of the reactor wall 
deposits to a level that allowed the reactor to operate, in 
a consecutive mode, for a total of 31 hours to date. The 
current pneumatic powder transfer system was also operated 
successfully. The next primary task will be to operate the 
reactor, storage hopper, and melter as one connected unit to 
reduce powder exposure to atmsopheric contaminants. 



Figure 2.5 
SCANNING ELECTRON MICROGRAPH 

of SILICON F L U  SINTERED UNDER VACUUM 
for ONE HOUR at 1350°C (50X) 



Free space reactor powder was analyzed for impuri- 

ties by neutron activation analysis. The results demonstrated 
that the free space conversion of silane to silicon did not 
contaminate the silicon with the materials of construction 
of the reactor assembly. 

Free apace reac to r  pswdcr pcllctining and diro~t 
rolling appear promising as alternate means of densifying 
the powder for enhanced handling and melter feedstock. 

2.4 Projected Fourth Quarter 1978 Activities 

2.4.1 Fluid Bed Reactor 

A memorandum will be completed summarizing 
the fluid bed reactor effort. 

2.4.2 Free Space Reactor 

a. Conduct five (5) consecutive experi- 
ments in which silane is converted into silicon, the silicon 
powder is pneumatically transferred to the storage hopper 
with argon, and the powder is melted in a 152 mm diameter 
quartz crucible. All iunctions will be performed without 
dismantling or servicing the free space reactor. 

b. Continue to identify critical 
factors that will minimize the buildup of silicon on the gas 
injector tip and on the reactor wall. 

2.4.3 Silicon Powder Consolidation 

a. Complete construction of the powder 
melter . 



b. Establish the melting rate of free 

space reactor powder in the 152 mm diameter quartz crucible. 

c. Continue to investigate powder 

pelletizing and direction rolling as means of densifying and 

enhancing the handling characteristics of free space reactor 

powder. 



3.0 PROCESS DESIGN 

3.1 Introduction 

This program, started in October 1977, was to ~rovide JPL 

with engineering and econoric parameters for an experimental 

unit sized for 25,metric tons of silicon per year and a istoduct- 

cost estimate for silicon produced on a scale of 1009 metric 

tons per year. 

Since the experimental unit size was changed from 25 YTIYr 

to 100 'TT/Yr, experimental process sys tem development unit (EPSDII) , 
all process design work accomplished for the 25 MT/Yr unit was 

documented to serve as a basis for the 1.00 YTIYr design. Kev 

vapor-liquid equilibrium data has been generated and is being 

used to update the heat.and nass balance necessary for the 

sizirlg of major equipment such as the settler anrl d i s t i l l a r i . n n  

columns for the EPSDU. 

Other work in progress includes: 

Process design of the silane pyrolysis ana rnelterlconsoli- 

dation s!/stems. 

e Construciion of a laboratory-scale waste disnosal testinp 

apparatus. 

Worksheets for the piping and i~~str.uulentaefon diagram. 

Generation of VLE data. 

For the most part, necessary data exist to design the FPSDU 

with confidence except in the pyrolysis of silane and r h e  rnelter 



area. Melter design will receive extra attention until an 

acceptable design is developed. 



3.2 Discussion 

3.2.1 SGS Process Design for the 100 MTIYr EPSDU 

3.2.1 a Heat and Mass Balance 

Prenaration of the heat azd mass balance for the 

100 MT/Yr EPDSU is in progress. Kecently acquired experimentaL 

vapor-liquid equilibrium data and available open literature data 

for the chlorosilane family and its impurities have been. success- 

fully modeled. The programming required to make heat and mass 

balance and distillation calculations is operational. The method 

slected for vapor-liquid equilibrium non-ideality computation re- 

produces all experimental data well. The following equation is 

y - liquid activ?-ty coefficient 
fL - liquid fugacity 
P - system pressure 

@ - vapor fugacity coefficfenr 

For vapor-liquid equilibrium computation in the 

settler system for the chlorosilane components, liquid fugacity 

is calculated at the vapor pressure with Poynting correction from 

the vapor pressure to the system pressure condition. The vapor 



fugacity coefficient is calculated by a two-term virial equation 

and the liquid-activity coefficient is calculated by the Wilson 

model. For the light gases (HZ, N2, Cop, CH4, HC~', H2S) Henry's 

constants are used for computing vapor pressure above the critical 

temperature, and the liquid fugacity is set equal to the vapor 

pressure. The liquid-activity and the vapor-fugacity coefficients 

have a value of about one for these materials. Ideal gas enthalnv 

is pressure corrected using the Redlich-Kwong equation of state 

down to the saturation line. At temperatures below saturation 

temperature, vapor enthalpy is set equal to saturated vapor .enthalpy 

at the temperature. Below the critical temperature, liquid en- 

thalpy is computed by subtracting the latent heat of the components 

from ideal gas enthalpy. Latent heat is computed by the Clausius- 

Clapeyron. 

For the rigorous distillation simulation of the stria- 

per, accurate vapor-liquid equilibrium data for the light gases 

are of p r i m e  i.mpnrtrance. This equi'bibrium is computed as described 

above for the settler system. No pressure correction for enthalpy. 

is made in any of the distillation simulations. Ideal gas enthal- 

pies are used for vapor. Liquid enthalpies are determined by sub- 

tracting the component latent heat from the ideal gas entha'lpy at 

temperatures below the critical "temperature, Coefficients for the 

Watson correlation for computing latent heat xere obtained by least 

squares fitting of latent heat computed by the Clausius-Clapeyron 

equation. Excellent fits were obtained for all chlorosilane com- 

pounds with maximum errors in the order of 1 or 2%. 



For the remaining three column simulations, vapor- 

liquid equilibrium was also similarly calculated. The vapor 

fugacity coefficient for these columns was computed with the 

Prausnitz-Chueh correlation. Liquid fugacity was calculated at 

the vapor pressure with a Poynting correction. The Wilson model 

was used for computing the liquid activitv coefficient of multi- 

component mixtures. Enough binary data was available in the. $ 1 
I 

literature and from direct measurements at a Union carbide labora- 

tory to confirm that this modeling method gave excellent accuracy 

throughout the operating range of all the columns. 

An ideal vapor-liquid equilibrium value was used for 

computation of a heat and  ass balance of the final silane polish- 
ing column No. 4. Experimental VLE data is currently being ob- 

tained .for this system at our Sistersville facility; however, the 

data has not yet been measured and is therefore unavailable for 

the column computations at this time. As soon as this data be- 

comes available it will be incorporated into the 'distillation com- 

putation and this heat and mass balance will be redone. 

The stream catalog. computer program for the 25 >IT/Yr 

test unit was revised so as to be usable fur the EFSDU auqlicatiun, 

It still has to Se readied to handle impurities such as diborane, 

phosphine, and arsine. Correlation of impurity thermodvnamic data 

has started. A stream catalog of all streams in the process will 

be generated after the heat and mass balance around the major eq- 

uipment becomes available. 



3.2.1 b Pyrolysis System Design 

Frocess  des ign  work on s i l a n e  p y r o l y s i s  and s i l i c , o n  

powder c o n s o l i d a t i o n  f o r  t h e  EPSDU i s  i n  p r o g r e s s .  Th i s  s e c t i o n  

r e c e i v e s  21 k g / h r  o f . h i g h - p u r i t y  s i l a n e  and produces 16 .4  k g l h r  

of p o l y c r y s t a l l i n e  s i l i c o n  rod  p r o d u c t .  ~ o w e r ' i n p u t  r equ i remen t s  

were e s t i m a t e d  (for bo th  t h e  f r e e - s p a c e  r e a c t o r  and t h e  powder 

m e l t e r .  The r e a c t o r  w i l l  be provided  w i t h  t h r e e  independen t ly  

c o n t r o l l e d  r e s i s t a n c e  h e a t e r s  oE 20KN c a p a c i t y  ,each .  The power . 

\ .  
r e q u i r e d  f o r  each m e l t e r  i s  approximate ly  85Y.17 d u r i n g  t h e  m e l t i n g  

o p e r a t i o n .  When t h e  s i l i c o n  i s  mol t en ,  t h e  power i s  c u t  back t o  

i t s  normal o p e r a t i n g  v a l u e  o f  about  45mJ, 

The f r ee - space  p y r o l y s i s  r e a c t o r  was s c a l e d  up f r o n  

the  l a b o r a t o r y  r e a c t o r  a t . t h e  Parma f a c i l i t y  on t h e  b a s i s  of  a  

l i n e a r  r e l a t i o n  between t h e  r e a c t o r  c r o s s - s e c t i o n a l  a r e a  and t h e  

throughput .  This  r e s u l t s  i n  a  r e a c t o r  2 f e e t  i n  d i amete r  by 8 

f e e t  long.  Two f u l l - s i z e  r e a c t o r s  a r e  p ropo . sed , fo r  t h e  EPSDU, 

The s i l i c o n  powder h n p p e r ,  located d i r e c t l y  below t h e  r e a c t o r ,  i s  

approximate ly  4  f e e t  i n  d i amete r  by 8 . f e e t  long  and i s  s i z e d  t o  

hold  approximate ly  8 hours  of  s i l i c o n  powder i n v e n t o r y .  

Although t h e  m e l t e r  i s  be ing  des igned ,  i t  i s  p o s s i b l e  

t h a t  commercially a v a i l a b l e  equipment can be used ,  I n i t i a l  vendor  

conta 'c ts  were made and t h e  r e s u l t s  a r e  encouraging ,  

T h e  nrimher o f  m e l t e r s  r e q u i r e d  f o r  t h e  EPSDU depends 

on  t h e  me l t ing  r a t e  of  t h e  s i l i c o n  powderand on t h e  r a t e  of 



polycrystalline silicon rod casting. At the present time, melt 

rates of free-space silicon powder are not available. If the 

powder loading and melt rates are assumed to be sinilar to those 

of polycrystalline rods and if four 1-inch diameter rods, 4 feet 

in length, can be suction-cast everg 15 minutes in one nelter, 

three melters will be necessary to consolidate 16.4 kb/hr of sili- 

con powder. A total of five melters including two spares mav be 

required for the EPSDU. A more accurate assessment in this re- 

gard will be made as soon as the melt rate and the melter design 

are determined. 

Several vendors were contacted to determine the most 

suitable method for feeding the fine silicon powder from the hop- 

per to the melter at a controlled and measured rate. A brief 

test conducted with a double-screw feeder S ~ ~ O I J P ~  r h a r  scea .dv ,  con- 

trolled feeding of the fine powder is possible. Vibratory and 

other types of feeders will also be evaluated. 

A study was conducted on the materials of ;construction 

for the free-space pyrolysis system. The following materials were 

considered for the free-space reactor: AIS-I 31.0 S S ,  Mnnel LnO, 

Plonel K-500, Inconel 630, Incoloy 800, and Incoloy 801. These 

materials dcre evaluated based on the following criteria: 

Strength at operating tem?eratures 

0 Compatibility with environment under operating 

conditions 

Possible contamination of product via diffusion, 



vaporization, or erosion of materials of COR- 

s truc t ion 

@ Cost 

Incoloy 800 appears to be the most suited for the 

pyrolysis reactor application. Incoloy 801 gives better strength 

and stability at high temperature; however, it is .available only 

in sheets, strips, rods, and bars. Because of this, the fabrica- 

tion cost of an Incoloy 801 vessel should .be nore expensive. O t -  

her metal parts such as the hopper should be made of 316 SS. 

. . .  

3.2.1 c Piping and.1 nstrumentation Worksheets 

Piping and Instrumentation worksheets have been pre- 

pared for all sections except the waste treatment and the pyrolysis 

sections. The P&I worksheets show all piping, electrical and 

pneumatic lines, valv.es, and control instruments. These work- 

sheets are used by the instrumentation engineers tc design the 

total control system to generate. P&I diagrams. Detailed engi~eer- 

ing work has been in progress for over a month. The optimum met- 

hod of instrumentation and control. and specific hardware for each 
, . 

control loop are being determined. 

3.2.ld Waste Disposal Testing 

Dis~osal of waste siudp containing metal chlorides 

in chlorosilanes fr'om the EPSDU has to be made in a manner' that 

conforms with environmental regulations. Information is being 

gathered concerning waste treatment of process wastes bv chemical 



o x i d a t i o n  w i t h  l i m e  and the rma l  o x i d a t i o n  i n  a  combust ion chamber. 

A s m a l l  bench- sca l e  a p p a r a t u s  h a s  been d e s i g n e d  f o r  t e s t i n g  t h e  

f e a s i b i l i t y  o f  s l u d g e  t r e a t m e n t  by  a c i d  h y d r o l y s i s  and l ime n e u t r a -  

l i z a t i o n .  F i g u r e  3 . 1  shows t h e  sys t em s c h e m a t i c  diagram. F a b r i c n -  

t i o n  o f  a  p l a s t i c  p i p e  r e a c t o r  and a s s o c i a t e d  equipment h a s  been 

s t a r t e d .  S i l i c o n  t e t r a c h l o r i d e  w i l l  b e  u s e d  i n  p l a c e  o f  s l u d g e  

f o r  p r e l i m i n a r y  expe r imen t s  s i n c e  STC i s  t h e  main l i q u i d  component 

of the w a s t e  st.ream, Later ,  t h e  appara tue  will be used to t r e a t  

actual  se t t ler  s l u d g e .  

Gaseous w a s t e s  w i l l  b e  t r e a t e d  by thermal  o x i d a t i c n .  

I n f o r m a t i o n  on s u c h  d i s p o s a l  from both ' l ' the  UCC S i s t e r s v i l l e  and 

Keasbey p l a n t s  i n d i c a t e s  t h a t  a  h i ~ h e r  deg ree  o f  combust ion pro-  

d u c t  t r e a t m e n t  w i l l  b e  r e q u i r e d  t h a n  was i n i t i a l l y  i n t e n d e d .  The 

' s f l i c a  formed on combust ion o f  c h l o r o s i l a n e  has a f i n e  pa r t i . c l . e  

s i z e  and i s ,  t h e r e f o r e ,  d i f f i c u l t  t o  c a p t u r e .  

3.2.1 e Adsorption System Design 

Design o f  a  t empera ture-swing  a d s o r p t i o n  purifirarinn 

sys t em was c o n p l e t e d .  F i g u r e  3 .2  shows t h e  sys tem sche r t~a t i c  d i a -  

jqram, I t  i c  a r c d ~ m r l ~ n ~  silanta p u i i f i c a t i o n  f e a t u r e  p l a c e d   slow^^; 

s t r e a m  of t h e  s i l a n e  d i s t i l l a t i o n  colunm. The a d s o r p t i o n  t r a p ,  

c o n s i s t i n g  o f  h i g h - p u r i t y  s i l i c a  g e l ,  i s  s i z e d  t o  a d s o r b  a l l  i m -  

p u r i t i e s  i n  t h e  e v e n t  o f  an  u p s e t  and m a i n t a i n  t h e  d e s i r e d  p u r i t y  

l e v e l  o f  l e s s  t h a n  one p a r t  p e r  b i l l i o n .  

Th i s  a d s o r p t i o n  sys t em was e l i m i n a t e d  from t h e  EPSDll 

d e s i g n  because :  
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Figure 3.1 

FLOWSHEET of APPARATUS for HYDROLYSIS and LIME 
NEUTRALIZATION of SILICON .TETRACHLORIDE 
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Figure 3.2 
ADSORPTION SYSTEM FLOWSHEET 



. the distillation system is designed to remove all 
impurities to specification levels; therefore, 

the adsorbent system is redundant 

valving and reactivation equipment added substan- 

tial complication and cost to the plant 

. contaminant in the adsorbent marrix, at high-si- 
lane purity.,,.has a.higher probability of adding 

contaminants than removing them 

3.2.2 Process Design Data and Modeling 

3.2.2a Data Acquisition 

Certain process design data are being acquired in 

order to be able' to design the EPSDU accurately.', The binary 

vapor-liquid equilibrium for H2SiC12-HSiC13 at 100, 200, and 300 

psia was completed. Gas solubility data for N2, CH4, and CO, L in 

?3,SiCi2 and HSiC13 were also obcained aL 30' and 60'~. Thehe - 
tests results were reported in the April-June Quarterly Progress 

Report : 

Most of the remaining experimental data were ob- 

tained during the current reporting period. The first experiments 

were to determine the vapor pressures of H2SiC12 and HSiC13. 

Table 3.1 contains boiling points of the pure caterials at 100, 

20C, and 300 psia. An Ant0ir.e equation fit to these poirlts is 

also given. It must be noted that this Antoine equation should 



Table 3.1 

PURE COMPONENT VAPOR PRESSURE 

Dichlorosi  lane 

Antoine E q .  loglop - A-R/(T+c) 
A- 5.40913 
B= 1113.28 
C- 255.979 

Trichlorosi  lane 

.4ntoine Eq. 
A- 5.70513 
B- 1459.89 
C- 292.236 



be used only for applying experimental data on these particular 

samples in this particular pressure-temperature range., Process 

simulations should use an extended range Antoine equation valid 

for the entire liquid temperature range. 

Gas solubility data for N2, CH4, C02, and HC1 in 

H,SiC12, HSiC13, and SiC14 were measured by a gravimetric 
L 

method (301) at 30' and-60'~. The data were obtained by weighing 

an .amount of degassed liquid added to an evacuated Hoke bomb, 

adding a precisely weighed sample of gas, and then measuring the 

final pressure after shaking the bomb and allowing it to stand 

in a constant temperature bath. The experimental data, in terms 

defined in Table 3.2, are presented in Tables 3.3 to 3.5. 

Silane, diborane, phosphine vapor-liquid equilibrium 

experiments remain to be conducted. The data will be obtained at 

our Sistersville facility. 

3.2.2b Chemical Equilibrium and Heats of Formation 

A departmental engineering memorandum titled 

"Chemical Equilibrium and Heat of Formation, Chlorosilane 

Family" was written. (3'2) It contains 1) five reactions which 

define equili5rium distribution of chl orosilanes in the hyaro- 

genation reactor; 2) an equation which defines equilibrium con- 

stants for the five reactions; 3) heats of reaction, correlation 

consrancs, and equilibrium constants for each of the five 



Table 3.2 

DEFINITION OF TERMS IN EXPERIMENTAL RAW DATA TABLES 

- C e l s i u s  temperature 

- T o t a l  pres sure  a t  equi l ibrium 

= T o t a l  volume .a t  Hoke sample 
bomb, measured i n  s epara te  
call  brat  i o n  experiment 

Total  mass of  gas (solute) 
added to  sample bomb 

- T o t a l  mass o f  l i q u i d  ( s o l v e n t )  
added t o  sample bomb 

= Molo freetion of gas d i s s o l v e d  - 
i n  l i q u i d  phase.  NmE: T h i s  
is a calculated q u a n t i t y ,  not  
an experimental  measurement. 



Table 3.3 

. . 

EXPERIMENTAL DATA N2 CH,, CO,. and HCI IN DICHLOROSILANE 



Table 3.4 

EXPERIMENTAL DATA N2. CH4, C02, and HCI I N  TRICHLOROSILANE 



Table 3.5 

EXPERIMENTAL DATA N,, CH,, CO,, and HCI IN  TETRACHLOROSI LANE 



reactions; and 4) the best heats of formation values available 

for the chlorosilane family including silane, silicon tetra- 

chloride, and hydrogen chloride. 

3 . 2 . 2 ~  Redistribution . Rate . Constants 

A computer program was written which determines 

rate constants fo,r the three simultaneous redistribution reac- 

tion~. An attcmpt to uoc thc program to computc occond-.order 

rate constants for a set of vapor-phase dichlorosilane data was 

not successful. A deficiency in the measurement precision of 

silicon tetrachloride at low concentration levels is believed to 

.be .responsible for the convergence failure. Data smoothing should 

correct this difficulty. 

3.2.3 Other Activities 

3.2.3a Engineering Practices Package 

An engineer in^ design standards ~ackage is beine . D r e -  - 

pared based on Sistersville plant experience and sound engineering 

judgment. The package will identify materials and types of piping 

and valving suicable for various process conditions and vill also 

contain maintenance and safety practices commonly used in a unit 

of this tc.e. 

The package will be expanded gradually as the de- 

sign progresses and will become comprehensive design standards that 



will be valuable for a similar unit of any size. 

- 
3.2.3b Product Sample Analysis 

Discussions on analytical requirements of the EPSDU 

are being conducted with in-house consultants. -These discussions 

have'been particularly valuable in setting limitations on state- 

of-the-art silane analysis. We plan to provide as complete an 

analytical capability as possible so that timely confirmation of 

design performance can be made. We believe'that a rapid component 

analysis of process streams fs desirable to assess facility per- 

formance . 

3 . 2 . 3 ~  Equipment Vendor Identification 

Various vendors have been identified for possible 

sources for a pneumatic powder transport system and a screw-type 

powder metering and feeding system fron the free-space reactor 

to the melter. A vendor has been contacted that will allow us 

to use his equipment to test the flow characteristics of silicon 

powder. Free-space silicon powder has been received and will be 

dried before testing. Vendor contacts are being made to obtain 

budget prices for equipment used in the EPSDU. Budget prices for 

diaphragm compressors have Seen obtained. 

3.2.3d Process System Valving and Piping 

A study has been started to select the types and re- 

quirements of process system valving and pipin?. It appears that 

lightweight valves and PVC-coated steel tubes seem feasible for 



nost modest temperature applications. The studv will include 

material selection. 

3.3 Conclusions 

Process design for the 100, MT/Yr EPSDU is well undemay. 

With the new experimental thermodynamic data, the programming re- 

quired to make heat and mass b a 1 a . n ~ ~  an,d distillation cal,aula,.- 

tions is opera'tional. This enables complete characterization of 

the process streams and more precise specifications for major 

equipment. 

lJith the use of the small bench-scale waste disposal test- 

ing apparatus, disposal of waste sludge from the EPSDU can be 

made in a manner that conforms with environmental regulations. 

The apFaratus is under construction. 

Process design work on silane pyrolysis: and silicon powder 

consolidation for the EPSDU is in progress. The free-space reac- 

tor was scaled up f rom the process development unit (Pljll) heing 

tested at our Parma facility. The silicon powder melter system 

is being designed based on the PDU design, but comercially 

available melters are also under investigation. Two full-size 

free-space reactors and five melters, including two spares, will 

probably be installed in the EPSDUto process the avail.ab1.e silane 

on a continuous basis. 

Elaterials of construction for the free-s~ace pyrolysis sys- 

tem has been deter~ined. Incoloy 800 appears to be the most 



suited for the pvrolysis reactor application. Other metal 

parts such as the hopper should'be made of 316 SS. 

3.4 Projected Quarterly Activities 

3.4.1 Heat and Mass Ballance 

A mass balance of all major streams including trace com- 

ponents will be made. A heat balance will then be completed for 

all major pieces of equipment for the 100 MT/Yr EPSDU; 

3.4.2 PFD and Stream Catalog 

The process flow diagram for the 100 MT/Yr EPSDU will be . . 

completed and issued. The stream catalog of all streams will be 

completed. The impurity mass balance will be included in the 
. . 

stream catalog. 

3.4.3 Functional Equipment Specifications 

All functional equipment specifications for the 100 MT/Yr 

EPSDU will be completed. 

3.4.4 Key Equipment Design 

Key equipment design will be started in the next quarter, 

3.4.5 Waste Disposal Testing 

Waste disposal testing will proceed using the chemical oxi- 

dation with line method and the thermal oxidation method. A de- 

cision will be made as to which one is best suited in our process. 



3.4.6 P&l Diagram 

The first issce of the P&Z diagrams will be conpleted by 

the end of the q u a r E e r .  

3.4.7 Major Equipment Cvt ing 

Costing of major equipment for the 100 PIT/Yr  EPSDU will ' 

be s l lhstran.t ia l ly  sompletcd. Costing of the 1000 l.IT/Yr p l a n t  

will be in progress. 

3.4.8 Pyrolysis System Design 

The process and functional design work on the pyrolysis 

reactor and silicon hopper will be completed. Conceptual design 

of the melter and suction-casting equipment will be started. Ven- 

dor concacts for melting hardware will be pursued. 
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4.0 FLUID-BED PYROLYSIS R&D 

4.1 Introduction 

The purpose of this program is to explore the feasibility of 

using electrical capacitive heati~g to control the fluidized sili- 

con-bed temperature during the heterogeneous decomposition of si- 

lane and to further explore the behavior of a fluid bed. These 

basic studies will f o m  part of the information necessary to 

assess technical feasibility of the fluid-bed pyrolysis of si- 

lane, 

A high-capacitive power source was obtained to see if a 

silicon bed can be heated to 9 0 0 ~ ~  capacitively. Tests were de- 

layed due to a transformer failure, 

Both 2-and 6-inch diameter cold beds are used to study the 

basic fluid-bed behavior of silicon particles. Scaling laws in- 

dicate that lead particles fluidized by room-temperature heli.~sm 

can model 9 0 0 ~ ~  silicon particles f luidi zed by a silane-hydrogen 

'mixture, 

Fluid-bed pyrolysis requires replenishment of seed particles. 

Fines produced in a fluid-bed may serve this purpose, Basic lo-.-:,- 

duration tests are conducted to determine attrition rates with 

time, temperature, U/Umf, particle size, and silicon purity. 



4.2 Discussion 

4.2.1 Theoretical Investigations 

4.2.la Fluid-Bed Scaling Laws 

For the fluid-bed modeling with inert gas, the 

scaling laws suggested by Dr. To Fitzgerald of Oregon State 

~ n i v e r s i t ~ ( ~ ~ ~ )  are being used. According to the laws, the 

following four dimensionless parameters of the actual and the 

model systems must match: 

where g = gravitational acceleration - 

L = bed dinension '(bed diameter) 

d = bed parttcle diameter 

' p ='gas density 
l3 

s = particle density 

p = gas viscosity 

U = fluid velocity 

The original derivation of the laws reported1y.i~ - . 

from a continuous model for a fluid-bed, but they can alsd be de- 

rived by assuming constantproportionality of the inertial, gravi- 

tational, and visc'ous forces on the p,ar.ticles. The laws can also 

be written as: 



Subscript "m" indicates the model system and "a" 

indicates the actual system. 

The actual system to bemodeled is a 900K silicon 

particle bed fluidized by a mixture of hydrogen and silane. If 

the fluidizing gas (mixture) is mostly hydrogen, the correspond- 

ing cold model system is lead particles f l - u i r l i z ed  by helium with 

a 3:l reduction in size. This.wil1 be the initial model for 

testing. It has also been suggested that we model cases in which 

the fluidizing gas contains a significant amount of silane in hydro- 

gen. These cases will be modeled; however, the model cannot ex- 

acrly simulate the true.system. The reason is that in the.actua1 

system silane pyrolysis in the bed causes a silane concentration 

gradient along the vertical axis of the bed which .the model does 

not have. Furthermore, the concentrarion gradient is unkown and 

is a function of the pyrolysis efficiency and of the degree of 

back mixing. The benefit of using a tapered fluid-bed because of 

the increase in flow due to silane decomposition has often been 

questioned. Simple calculations indicate that U/Umf may go up only 
( .  



2Cx from the bottom to the top 02 the bed. The increase is 

probably not nonotonic. For any inlet concentration of silane 

up to 50Z, U/Umf first increases as silane is decomposed, but 

the increase is offset somewhat by an increase in Umf due to a 

decrease in gas viscosity. Consequently, it apoears that a bed . . 

taper is not necessary for the cases currently of interest. 

A tapered bed may be more appropriate'when the silane concentra- 

tion is very high and/or when the bed is .deep.. 

. . 

4.2.lb Fixed-Bed Pyrolysis Modeling 

For a complete understanding of fluid-bed pyrolvsis, 

fixed-bed experiments are valuable since the operating parameters 

can be controlled much easier in a fixed-bed than in a fluid-bed, 

Caution must be exercised in interpreting fixed-bed data recogniz- 

ing the differences in iluid-and fixed-bed behaviors, b!e believe . 
I 

that fixed hed experiments are of va.lue to deter~ine the following: 

Critical concentrations 

. Plating rates 

. Effect of pressure on critical concentrations 
and plating rates 

Norphology of the plated ii~aterial 

An analytical model for fixed-bed pyrolysis was 

generated and underwent debugging emp1,nying limiting cases of krowr. 

solutions. Calculations are underway to determine o~erational 



limits of the fixed bed. Preliminary indications are that up to 

20% mole fraction of silane can be fed at the bed temperature of 

900K, The governing equation for the analysis is given below: 

The general equation for heat flow in the packed 

bed is: 

= 7. (ke OT) - - a ('SiH4 h ~ i ~ 4  + 'H h ~ 2 )  
ax 2 

E = bed voidage 

'si = mass density of silicon 

%iH4 = mass density of silane 

P ~ 2  = mass dcnsity of hydrogen 

= heat capacity of silicon 

h ~ 2  = enthalpy of hydrogen (per unit weight) 

h ~ i ~ 4  = enthalpy of silane (per unit weight) 

h ~ i  = enthalpy of silicon (per unit weight) 

U = gas velocity 

T = temperature 

kg = effective thermal conductivity 

m.. = molecular weight of silicon Si 
m SiH4 = molecular weight of silane 



In writing this equation, it is assumed that the 

gas and solid are at the same temperature at any point in space. 

This is a good approxination, as can be seen by comparing the 

thernal relaxation time, T ~ ,  with the amount of time required for 

the gas to move one particle diameter, 
T ~ .  

J - particle diameter 
P 

a = thermal diffusivity 

This implies that the gas temperature will relax 

to the solid temperature before the gas moves a fraction of a Dar- 

ticle diameter, so no distinction need be made between the two. 



The change i n  composition i s  governed by: 

a = su r f ace  a r e a / u n i t  volume 

r = r e a c t i o n  r a t e  

This equat$on, the  equat ion of  s t a t e  f o r  an i d e a l  

gas ,  and t h e  stochiometry of t h e  r e a c t i o n  determine the composi,- 

t i o n  of  the  gas and t h e  v e l o c i t y  a t  any po in t  i n  t h e  bed, i f  these  

a r e  known a t  t h e  i n l e t .  The time r a t e s  of change a r e  slow f o r  

t h i s  t o  be a reasonable  approximation. The r e a c t i o n  r a t e  i s  

taken from t h e  e p i t a x i a l  r a t e  da t a  dis.cussed i n  t he  f i xed  bed 

experiments s ec t i on .  

The i n l e t  condi t ions  of t h e  gas (composition, temp- 

e r a t u r e ,  and flow r a t e )  and t h e  wa l l  temperature a r e  inpu ts  t o  t he  

model. The problem i s  axisymetr ic .  The s o l u t i o n  i s  achieved by 

r ep l ac ing  ' the governing d i f f e r e n t i a l  equat ion by f i n i t e  d i f f e r e n c e  

equa t ions ,  and i n t e g r a t i n g  foward i n  t ime. .  This i s  done i n  t he  

same manner a s  f o r  t r a n s i e n t  two-dimensional' hea t  t r a n s f e r  prob- 

lems. There i s  no fundamental problem i n  t h e  numerical a lgor i thm,  

b u t  . t h e r e  a r e  upper.  l i m i t s  on s t e p  s i z e s  i n  space and time f o r  

s t a b i l i t y  and.  accuracy.- 



4.2.2 Experimental Work 

4.2.2a High-Temperature Fluid-Bed 

The apparatus for demonstrating high-frequency 

electrical heating to high temperature was shown in. Figure 4.4 

of the April-June Quarterly Progress Report. (4.2) The system 

check-ou-t was made by heating the bed to 300'~ at the inlet gas 
0 

temperature of 2 0 0 ~ ~ .  The reactor then was heated to 500 C and 

some pressure drop vs.flow rate measu.rements were made. However, 

the experiment had to be terminated due to the faulty transformer 

in the high-power equipment. The transformer wlll be replaced ' by  

the manufacturer by early October, 

4.2.2b Cold .Modeling Experiments 
.. 

Basic fluid-bed behavior study is conducted with 

2-inch an3 6-inch diameter cold beds made of glass cylinders. 

First series of experiments were conducted with the 2-inch dia- 

meter bed. Lead and silicon particles were fluidized wiL1.1 air and 

helium. The. scaling laws described in Section 4.2.la show that 

the fluidization 5ehavior should be near identical between the 

lead partjcles fluidized with helium at room temperature in a 

2-i.nch diameter column and silicon particles three times the size 

of the lead particles fluidized with hydrogen at 9 0 0 ' ~  in a 6-inch 

diameter colum, Results of two scale-model tests with +35 mesh 

lead and -35/+60 mesh lead are shown in Figures 4,l and 6.2. 

These lead particle sizes correspond to silicon particles in a 



1 Ve:oci;y, I J ( F ~ / s ~ ~ ) *  3 

Figure 4.1 

PRESSURE DROP vs. FLWRATE for -35/+60 MESH LEAD PARTICLES 
FLUIDIZED by HELIUM in a 2" DIAMETER CQLUMN 
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V e l o c i t y ,  U ( F t / S e c )  

Figure 4.2 

PRESSURE DROP vs. FLOWRATE for'+35 hlESH LEAD PAKTICLES 
FLUIDIZED by HELIUM in a 2" L)It\I\IErER COLUklN 



6-inch column of 2 and l m ,  respectively. The test results show 

a very rapid onset of slugging, .With the larger particles, 

slugging effectively begins at the onset of fluidization. 

Cold model tests in a 6-inch diameter cylinrler w i t h  

lead and silicon particles.fluidized by helium are also i.n pro- 

gress. The pressure drop vs flow rate measurements were made to 

determine the incipiency of fluidization and slugging. The test 

results are shown in Figures 4.3 and 4.4 These tests, in con- 

junction with Dr. T o  Fitzgerald's scaling law, suggest that a bed 

of 250u average diameter silicon particles could bc qperate'd. in a 

19-inch cylinder at U/Umf of two or more with no slugging. How- 

ever, when the average silicon particle diameter is 5 0 0 ~ ,  some 

slugging would be present if the U/Umf were greater than two. 

\ 

. 4.2.2~ Particle Attrition Test 

In fluid-bed pyrolysis, excess si.1.i cnn n m ~ r l e r  fo,rina- 

tion due to the bed mnti.on must be avoided. On the other hand, 

fluid-bed pyrolysis requires replenishnent of seed particles vhich 

may be produced by attrition of silicon particles. An apparatus 

made of a 1-inch diameter quartz tube was constructed in which 

silicon particl-es are fluidized by an inert gas. 

We observed the following phenomena during brief 

shakedown runs at room temperature. 
. . 



Figure 4.3 

PRESSURE DROP vs. FLOWRATE for -120/+200 MESH LEAD PARTICLES 
FLUIDIZED by HELIUM in a 6" DIAMETER COLUMN by 1' COLUMN 



.4 .8 1.2 
Veloc i ty .  U(Ft/Sec) 

Figure 4.4 

PWESSTJRE DROP vs. VELOCITY for -60/+120 MESH SILICON 
FLUIDIZED by HELIUM in a 6" DIAMETER by 1' COLUMN 



. The quartz tube discolored in a characteristic 
manner with a brown, tightly-adhered coating 

occurring about one inch above the distributor, 

This discoloration is typical of that expected 

from vapor deposition or thermal effects although 

these causes do not exist in this case. 

The fines 'generated were a very fine brown powder. 

These observations suggest that it is important to 

distinguish between the results of necl~anical abrasion and those 

of vapor-phase decompositon, 

The rate of fines generation was measured in two 

beds. The first bed contained metallurgical-grade silcion par- 

ticles of -35/+60 mesh at U/Umf of 10. Figure 4.5 documents 

the rate of fines generation with time. Semiconductor-grade 

silicon particles were used in the second bed. These particles 

were found to be more prone to slugging and elutriating from the 

bed. The gas velocity was lowered from 10 Umf to 5 Umf. As shown 

in Figure 4,6, there still was substantial fines generation. Also, 

rather than discoloring the walls as the metallurgical silicurl d i d ,  

the high-purity silicon scraped the -discoloration off c h i  walli. 

4.2.3 Interim Technical Summary 

The originally planned program (MOD 8)  gas completed on 

May 31, 1978, and extension work (MOD 14) was initiated in June. 
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Figure 4.5 

RATE of FINES GESERATED for -3.5/+60 METALLURGICAL SILICON PARTICLES vs. TIME, 
a t  U/Umf = 10, MASS of SILICON in BED = 35 GRAMS . .- 



Figure 4.6 

RATE of FINES GENERATIONfor -35/+60 SEMICONDUCTORS GRADE SILICON PARTICLES 
at U/Umf = 5,  MASS of SILICON in BED = 35 GRAMS 



An interim technical report, ( 4 * 3 )  summarizing work accomplished in 

the first 8 months, was prepared and transmitted to JPL. The re- 

port contains the following conclusions: 

Heating the bed particles by passing electricity through 

the bed is advantageous over conducting heat in through 

the bed walls. Conducting heat in through the walls im- 

plies 'that the wall and adjacent gas are hotter than the 

bulk of the bed, by 10-100K or more. This results in 

homogeneous decomposition near the wall, and encourages 

the coating of the wall with silicon, The wall coating 

will waste silicon and may shorten reactor life. It may 

also lead to build up, of material near the wall and con- 
, . ' .  

sequent defluidization of the bed, 

The electrical bed-particle heating eliminates this . u r l -  

Iavorable gradient and may make it possible to keep the bed walls 

colder than the bulk of the bed, 

- 
Analysis shows, on the basis of the data available, 

that a fluid bed can be designed that is attractive in 

t m m s  of. eiiergy corisumptfun and size if o'perated at low 

temperature (under 1000K). 

Heati-ng the bed by the proposed method also causes the 

particles to be hotter than the fluidizing gas which 

,allows a higher inlet concentration of silane. However, 



this is significant only at very high temperatures 
. . 

(above approximately 1150K). 

. . 
Heat fluxes about as large as those required' in a large 

reactor have been demonstrated experimentally at low 

temperature with -no internal tenperature gradients. 
. . . . 

An unexplained transient change in the electrical 

characteristics of the fluid bed occurs when the voltage' 
. . 

is first applied. This effect disappears abruptly arid. 
' .  . 

generally does not reappear. 

., Experiments demonstrated. the principle of electrical 

heating with wall coating. Exper.iment's in which gas 

is blown through a porous wall to prevent particle 

to wall contact did not work well. 

4.3 Conclusions 

The scaling laws advanced by Dr. Thomas Fitzgerald of Oregon 

State University indicate that lead particles' fluidized by helium 

at room tenperature with a 3:l reduction in size can model 900K 
. . 

silicon particles fluidized by a mixture of hydrogen and silane; 
' 

Elathematical modeling of fixed-bed pyrolysis is being done, 

This model will be used to determine operational limits of the 

bed and to predict the bed performance. 
. . . . 



A fluid-bed was successfully heated ~o 500'~ and limited 

pressure drop vs flow rate measurements were made. However, a 

faulty transformer in the high-,power equipment forced the post- 

ponment of the experiments until October. 

Basic fluid-bed behavior study i s  conducted with 2-inch and 

6-inch diameter cold beds. Test results to date suggest that a 

bed of 25011 average diameter silicon particles could be operated 

in an 18-inch cylinder at a L/ Umf in excess of two with no slug- 

ging. However, when the average silcion particle diamater is 

500~1, some slugging would be present if the U/Umf were greater 

than two. 

Particle attrition tests show that high-purity silicon par- 

ticles produce more fines than metallurgical-grade.sili'con,, 

4.4 Projected Ouarterlv Activities 

4.4.1 Theoretical Investigations 

4.4.la Fluid-Bed Pyrolysis Model Update 

Tlie cur renr  fluld-bed model will be updated on the 

basis of the current fluidization experiments. Some backmixing 

effects will be included in the existing model. 

4.4.lb Fixed-Bed Pvrolysis Modeling 

Further calculations of fixed bed performance will 

be made. The current computer model works, but the computatFona1 

procedure is not efficient. An improvement in the algorithm will 

be sought, 



4.4.2 Experimental Work 

4.4.2a High-Temperature Fluid-Bed 

The high frequency heating experiments will continue. 

Heating up to 9 0 0 ~ ~  will be demonstrated, and temperature differ- 

ences between the bed wall and bed particles will be measured. 

Experiments with high purity silicon and metallurgical silicon 

will be made. 

4.4.2b Cold Modeling Experiments 

The cold, inert gas fluidization tests in the 6-inch 

diameter glass column will be made at reduced pressure (1.2.5 to 

7.5 psia). At these conditions, with helium as the fluidizing gas, 

the gas density and viscosity are very nearly the same as hydrogen- 

silane mixtures at 900K. The behavior of the cold bed should thus 

be very similar to that of the PDU envisioned. 

4 . 4 . 2 ~  Gas Distributor Test 

-Tests of the performance of a boot s e c t i u n  as distri- 

butor will be made. The degree of segregation by particle size 

and the quality of gas distribution will be measured. 

4.4.2d Particle Attrition Test 

The attrition tests of silicon particles will be con- 

tinued. Long-term tests of high and low purity silicon particles 

at elevated temperatures (to 9 0 0 ~ ~ )  will be made. 
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