


I NOTICE 

THIS REPORT CONTAINS INFORMATION PREPARED BY 

TRACT. ITS CO JTENT IS NOT NECESSARILY ENDORSED 
BY THE JET PROPULS13N LABORATORY, CALIFORNIA 

TICS AND SPAC? ADMINISTRATION.OR THE DEDARTMENT 
OF ENERGY. 

UNION CARBIDE CORPORATION UNDER A JPL SUBCON- 

INSTITUTE OF TECHNOLOGY, THE NATIONAL AERONAU- 



LOW COST 
SILICON SOLAR ARRAY PROJECT 

SILICON MATERIALS TASK 

ESTABLISHMENT OF THE FEASIBILITY OF A PROCESS 
CAPABLE OF LOW-COST, HIGH-VOLUME PRODUCTION OF SILANE (Step I) 

AND THE PYROLYSIS OF SILANE TO SEMICONDUCTOR-GRADE SILICON (Step II) 

JPL Contract 954334 

QUARTERLY PROGRESS REPORT 
Period Covered: July-September, 1977 

W. C. Breneman 
E. G .  Farrier 

J. Rexer 

UNION CARBIDE CORPORATION 



TABLE OF CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1.0 SlLANE PRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

1.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

1.2 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

1.2.1 SILANE DEVELOPMENT UNIT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

1.2.2 HYDROGENATION PROCESS STUDIES ...................... 5 

1.2.2a HIGHPRESSURE REACTION SYSTEM . . . . . . . . . . . . . . . . .  5 

1.2.2b FLUIDIZATION IN GLASS REACTOR . . . . . . . . . . . . . . . .  8 

1.2.2~ FLUIDIZATION IN STEEL REACTOR . . . . . . . . . . . . . . . . .  9 

1.2.2d SAMPLING SYSTEM ............................. 10 

1.2.2e THEORETICAL ASPECTS . . . . . . . . . . . . . . . . . . . . . . . . . .  11 

1 .22  RAW-MATERIAL CHARACTERIZATION . . . . . . . . . . . . . . .  12 

1.2.3 INTEGRATED PROCESS SYSTEM .......................... 13 

1.2.4 LABORATORY STUDIES - HYDROGENATION . . . . . . . . . . . . . . . .  15 

1.3 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

1.4 PROJECTED QUARTERLY ACTIVITIES ....................... 18 

1.4.1 LABORATORY STUDIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

1.4.2 PROCESS DEVELOPMENT OPERATIONS . . . . . . . . . . . . . . . . . . . . .  18 

2.0 SILICON PRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

2.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

2.2 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

2.2.1 SILANE PYROLYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

2.2.la FLUID-BED REACTOR . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

2.2.lb FREE-SPACE REACTOR . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 

2.2.2 SILICON CONSOLIDATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

2.2.3 PRODUCT PURITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

2.3 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31 

2.4 PROJECTED QUARTERLY ACTIVITIES . . . . . . . . . . . . . . . . . . . . . . .  32 

2.4.1 FLUID-BED REACTOR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

2.4.2 FREE-SPACE REACTOR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

2.4.3 SILICON CONSOLIDATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 



LIST OF TABLES 

1.1 JlAJOR ITEMS OF EQUIPMENT: HYDROGENATION UNIT..  ........... 5 

1.2 HYDROGENATION REACTOR - INITIAL RESULTS .................. 17 

LIST OF FIGURES 

1.1 

1.2 

1.2A 

1.3 

1.4 

1.5 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

FLOW SHEET FOR PROCESS DEVELOPMENT HYDROGENATION UNIT . . 6 

3-INCH GLASS FLUIDIZATION APPARATUS FOR SILICON.. . . . . . . . . . . .  8 

HYDROGENATiON SAMPLING SYSTEM.. ........................... i o  
SILIC3N FLUIDIZATION: PRESSURE DROP vs. BED HEIGHT.. . . . . . . . . .  g 

FLOW SHEET FOR INTEGRATED REDISTRIBUTION UNIT . . . . . . . . . . . . .  14 

SiCI, UNDER PRESSURE ..................................... 15 

23 

21 

23 

LABORATORY REACTOR FOR HYDROGENATION OF 

GLASS 'LUID-BED REACTOR AND CONTROL PANEL 

GAS FLOW SCHEMATIC FOR FLUID-BED REACTOR 

................ 
. . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  SEM OF LOOSE POWDER FROM FREE-SPACE REACTOR 

SEM OF SEMI-SOLID WALL DEPOSITS 
........................... IN FREE-SPACE REACTOR, 15,OOOX 24 

SEM OF SEMI-SOLID WALL DEPOSITS 
IN FREE-SPACE REACTOR, 5,OOOX.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 

SCHEMATIC OF POWDER STORAGE, 
TRANSFER AND MELTING APPARATUS.. . . . . . . . . . . . . . . . . . . . . . .  27 



ABSTRACT 

SILANE PRODUCTION 

Silane produced via the redistribution of dichlorosilane and purified by distillation 
followed by adsorption of residual chlorosilane on activated carbon yields SO ohm-cni 
silicon on epitaxial deposition. Extended operation of a small process-development unit 
routinely produced highquality silane in 97+';; yield from dichlorosilme. The production 
rate was consistent with design loadings for the fractionating column and for the redistri- 
bution reactor. 

Laboratory and process-development reactor systems were built to  study the 
hydrogenation of co-product S'*'.-on tetrachloride. An integrated uriit for converting hydrogen 
and silicon to silane is also 11. ..-. construction. 

SILICON PRODUCTION 

A glass fluid-bed reactor was constructed for room-temperature operation. The 
behavior of a bed of silicon particles was observed as a function of various feedstocks. conipo- 
nent configurations. and operating conditions. For operating modes other than spouting. the 
bed behaved in an erratic and unstable manner. A second reactor with 2 modified g. ;-feed 
system for increased bed sta,bility is being constructed. 

In some free-space reactor experinic,its. friable clusters of silicon particles t'ormcd 
on the tip of the gas inicctor and on the reactor wall. Tlie tcnipcratiirc a t  tlie growth sites 
was the major parameter controlling the cutcnt of  these formations. I t  was also shown t h a t .  
within limits. the particle size of  the rc;tctor product can he modified by controlling tlic 

temperatures of the reactor and of tlie inicctcd silane. 

A method w3s devclopcd for casting nioltcn silicon powder into crack-frcc solid 
pellets for process tBvaluation. The silicon powder was melted and cast into thin-w;illcd 
quartz tubes that sacrificially broke on cooling. The samples arc intended for resistance 
and spark-source niass spectroscopic analysis. 

Free-space rt.act,>r nioilil'ications ;ire i n  progress for miniiiii7ing fre*c-sp;ice rcae*lor 
powder contamination through handling and airborne soiirccs. Tlic analysis of  powilcr 
showed t h a t  nickel and graphite reactor l i n i n  wcrc impurity soiirccs. A quart/ reactor 
liner was installed. and the powtlcr produccd is bcing a n a l y m l .  

1 



1 .o 

1.1 INTRODUCTION 

The purpose of this program is t o  determine the feasibility and practicality 
of high-volume, lowcost production of silane (SiH,) as an intermediate for obtaining solar- 
grade silicon metal. The process is based on the synthesis of SiH, by the catalytic redistri- 
bution of chlorosilanes 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 S4.00/kg at a production rate of 1000 MT/year. 

Prior to the inception of this pmgram in Cctober, 1975, Union Carbide 
had shown thdt pure hydrochlorosilanes could be redistributed to an equilibrium mixture 
of other hydrochlorosilanes by contact with a tertiaryarlline, ion-exchange resin. In 
addition, Union Carbide had shown that silicon tetrachloride, a by-product of  silane 
redistribution, can be converted to trichlorosilane with metallur+aI silicon metal and 
hydrogen. 

Thus. a closed-cycle purification scheme was proposed to convert metal- 
lurgicalgrade 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 trichlorosilane. 

+ Si ( M - G ) T  550" 4 HSiC13 
2 H, + 3 SICI, 

2. Redistribution of trichlorosilme to silane and silicon tetrachloride. 

4 HSiCI, 3 SKI, + SiH, 

3. Pyrolysis of silane to  high-purity silicon. 

Heat 
SiH, Si + 2H2 

Until now, laboratory investigations have defined the rate. equilibrium 
conversion, and certain mechanistic aspects of the redistribution and hydrogenation 
reactions at atmospheric pressure. A sniall processdevelopment unit, capable of operating 
under pressure. was constructed and operated to demonstra!e the* conversion of dichloro- 
silane to silane. The unit has confirmed laboratory findings anl '  hr; routinely produced 
highquality silane in good yield. 

unit and of a integrated silane and hydrogenation unit was also initiated during this hst 
quarter. 

The preliminary design and construction of a high-pressure hydrogenation 

2 



1.2 DISCUSSION 

1.2.1 Silane Development Unit 

The w311 development uiiit for demonstrating the practical produc- 
tion of silane from dichlorosilane (DCS) was operated extensively to verify the stability of 
the process. t o  produce a significant amount of high-purity silane for chemical evaluation. 
and to  further confirm the design data base. Onstream, sxady-state operation of the unit 
was conducted for 3-4 consecutive days at a time. 4-6 hours per day. followed by a week- 
end shutdown during which carbon traps used to  remove traces of chlorosilanes were 
thermally regenerated. The operating conditions were the same as those reported earlier. 
although feed and production rates were increased to  give . I  16 kg/hr of silane (vs. .08) at 
a chemical efficiency of 97.357 based on DCS feed. To date. mcre than 1000 g a m s  of 
chlorosilane per gram of ionexchange resin catalyst have been paved through the reactor. 
At a nominal 8.9 sec. vapor residence time. and 55°C. an equilibrium mixture of chloro- 
silanes was pro3t:ced. The total onstream time to  date exceeds 135 hours. 

It was determined that the limiting factor in the development unit is 
the 2.54cmdiameter distillation column. Nominally rated at 1.64 kg/hr/cm2 of vapor 
flow for 14" protruded metal packing, the actual vapor rate limit was 1.721 kg/hr/cm2 at 
2: 1 reflux ratio and 1 .I364 kg/hr DCS feed rate t o  the system. This close approach to  the 
theoretical limits indicates that fluid properties are well behaved and that there is no foam- 
ing o r  fouling after many hours of operation. 

The pressure drop of vapor flowing through the packed-bed reactor 
averaged .02 kPa/cm at  a superficial gas velocity of 5.57 cm/second. This is in good agree- 
ment with empirical correlations for packed beds of spherical particles. 

Operating parameters of the carbon bed used for the final purifica- 
tion of silane was described in the last quarterly report. Operation during this period 
qualitatively verified those laboratory findings. Regeneration efficiency could not he 
confirmed because of inadequate means for complete regeneration; this aspect will be 
resolved when new. larger beds are brought on stream as part of the integrated facility. 

A portion of silane pr\jdwt from the extended run was analyzed by 
several techniques to determine product quality. A chromatographic analysis by Union 
Carbide's Linde Specialty Gas group (a  commercial manufacturer of electronic-grade 
silane) indicated m d l l  amounts of hydrogen ( 1 . 5 3 )  and nitrogen ( 1  . IW) but no other 
volatile impurities. The Sistersville chromatngraphic analysis indicated a small amoii!it o f  
chlorosilancs (600 ppm). but this was not confirmed by Linde's mass spectrometric 
analysis. which indicated only 20 ppm ci. Jon dioxide arid no other compounds. except 
N2 and H 2 .  at the detection liniit of the analyzer. 

3 



The resistivity of an epitaxial film grown on IO ohm-cm p-type 
silicon wafers measured 20 and 50 ohm-cm by Sistersville and Linde. respcctivcl!,. Both 
were strongly n-type. indicating little p-type compensating doping. This corresponds to 
2-4 ppb phosphorous dope in the silane. No heavy metals were detected by mass spectro- 
meter analysis at a detection limit of 1 ppm. 

The presence of 1.1'; N, is diie to carry-over from the DCS feed 
which is normally maintaiwd under 275 kPa N, pressure during storage. Prior to its use 
in the silane unit. an attemp' was made to desorb N, with helium by altcrnately pressuriz- 
ing and purging. Since there is r: 9: 1 ratio between DCS feed and silane production (mass 
ratio). the 1.1': N, could result frclm 0.12T N, in the DCS feed. Appropriate specifisa- 
tion on the maximum N, allowance in silane for deposition/pyrolysis applications will 
have to be established. 

The 1 . 5 3  hydrogen in the silane could indicate a small amount of 
side reaction in the process. Based on the reaction 

SiH,- Si + ?ti, 

this would be the equivalent of a modest (0.75%) loss in yield. The source of H2 could be 
a side reaction in the redisrribution reactor. e.g.. 

4 HSiCI,- 3 1 ,  + 3SiCI, 

which could introduce 1.14 moler: silicon tetrachloride (STC) into the co-product tric.hloro- 
silane (TCS). The small amount of SKI, (4.674) in the TCS residue could resiilt either from 
this side reaction or from the rcdistrihution of TCS to  DCS and STC according to: 

t4SiCi3- H,SiCI, + SiCI,. 

In eitller case, the .7% loss o f  chemical rfficiency is not significant; fiirthcrniorc. tlic 
presence of a small amount of hydrogen in the silane product should not seriously ;ifftc't 
any suhseqii:nt process such as pyrolysis or epitaxial depositivn. 

A discrepancy was observed in chlorosilatie analysis. A certain 
an~oiint of tiiotioc.lilorc,silaiic ( M('S) WiiS expected because the product was introdtic-cd 
into cylindcrs u n t i l  the on-line chroniatopraph detected 0.W MCS in the cftlucnt from 
tlic carbon hcd.  llowcvcr. tiiiiss spcctronictric analysis indiciitcd no tlctectablc chloro- 
siliincs to a l imi t  o f  Icss than 1 pptii. Kcsolution of this discrepancy will hc pursued uiitl1.r 

t lie silant. purity propram. 

4 



1.2.2 Hydrogenation Process Studies 

1.2.2a High-Pressure Reaction System 

A high-pressure reactor was constructed to study the hydro- 
genation of silicon tetrachloride (STC) according to: 

2 H, + 3 SiCI, + Si - 4 HSiCI3 

The design details of the unit were described in the last quarterly report. A flow sheet for 
the system is shown in Figurc 1.1 and a list of major equipment items is given in Table I .  I .  

Table 1.1 
MAJOR EQUIPMENT ITEMS IN THE HYDROGENATION UNIT 

Equipmpn t 

SiCI, Feed Tank 

Whitry Model LP IO 
Metering Pump 

H, Fiow C'apilary 

Constant H, Flow Device 

Silicon Charge Hoppei 

Vaporizer 

Material 

Brass 

Working parts made 
of stainless Steel 

Stainless Steel 

Stainless Steel 

Carbon Steel 

Stainless Steel 

Comments 

30 Gallon. hydrotested at  
100 PSIG, 60 PSlG Pressure Rating 

Capacity : 
6400 g/hr SiCl, 

1/8 inch in diameter, 1 1.5 ft. long, 
AP measured with DPX with 100% 
reading = 88 inches of H 2 0  

Moore model 63SV flow controller 

Diameter = 2" 
Length = 7" 
hydrotested at 225 PSlh 

10' of 3/8" tithing wrappcd around 
a 2" mandrel ind located insidc of 
a ceramic heat 'r 
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As a design basis for the hydrogenation reactor, the following 
parameters were used for the entrance cone angle, the diameter, and the length of the 
hydrogenation reactor: 

0 10 second residence time; 
0 H,/SiCI, molar rat'? = 2; 
0 Maximum pressure = 300 psig (2070 kPs): 
0 Temperature = 550°C; 
0 Throughput = 7 kg/hr; 

Silicon particle size 65 x 150 mesh o r  an 
average of 150 microns. 

Calculations showed that the reactor should have an entrance cone angle of 17", a 'iameter 
of 3 inches, and a lenglh of 4 feet. 

The vaporizer length was designed on the following basis: 

0 Material In: 
H2 (g) = 55 g-mole/hr at 25°C. k300 PSIA: 
SiCI,(I) = 27.5" at 25°C. P300 PSIA; 

H, (g) = 5 5  g-mole/hr at 500°C, F300 PSIA; 
SiCl, (g) = 27.5 g-mole/hr a t  500°C. P300 PSIA: 

0 Material Out: 

Vaporizer diameter = 3/8"; 
0 Vaporizer wall temperature = 600°C: 
0 Vaporizer radiative heater temperature = 1300°C. 

By considering heat-transfer coefficients for both the radiative shell side and for the tuhe 
side. a design length of 10.0 feet was calculated. 

7 



1.2.2b Fluidization Stut'L-r in a 3-Inch Glass Reactor 

Silicon particles of proper size (65 x 150 mesh) for  liytircpmi- 
tion experiments were fluidized with N, at atmospheric pressure In E 3-inch diameter. 6-foot 
long Pyrex tube equipped with a 17" graphite entrance ccne (Figurc 1.2) .  This was done 
in order to anticipate the flilidization behavior of the stainless-steel hydrcsenation reactor. 
In runs with and without d corrosion test rack placed inside the tube, the quality of tludiza- 
tion was determined visuallv and the presslire . >p (AF) vs. static bed height was measured. 
As shown in Figure : .3. AP icross the bed was proportional t o  the bed height. Tne quality 
of fluidization was best (hck  of siugging or channeling) when the corrosion rack was placed 
inside the Pyrex iube. 

ROTAMETER 

8-FOOT 
U-TUSE MANOMETER 

3-INCH GLASS PIPE 
WITH GRAPHITE CONE 

Figure 1.9 
THREE-INCH GLASS FI.UIDIZATlOX APPARA'I'CTS 
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1.2.2~ Fiu4hation in a %Inch Stainkss Steel Reactor 

Silicofi particles of 65 x 1 SO mesh were fluidized with N, at 
IOC Ibs pressure in a 3-inch diameter, 4-foot long hydrogenation reactor equipped with 3 
17" graphite entrance cone. These experiments were made to measure the AP vs. static bed 
height in the reactor and t o  test the cperation of the silicon charging system. This system 
worked well when operated with a large void space in the hopper outlet gassolid transport 
line. As shown in Figure 1.3. the AP vs. bed height data agree fairly wel! Nith those 
obtained from the 3-inch glass reactor. 

0- IN ACTUAL 34NCH 
METAL REACTOR 
WITH CORROSION RACK 

WITHOUT RACK 

WITH RACK 

0 - IN 3-INCH GLASS PIPE 

+- IN 3INCH GLASS PIPE 

0 10 20 30 40 

AP (INCHES of H,O1 

Figure 1.3 
PRESSURE DROP VS. BED IiEiCtrr 
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1 . 2 3  Sampling System 

A small unit was constructed to frtcilitatc slimpling froin the 

rrrtdor exit and froni thc -40°C condenser exit (Figure 1 .?A). The unit w?s mounted on 
rt punel for delivering saniples to an on-line gds chrornatogrrtph. 

Figure 1.2h 
FROM 11YDROCEN.ATION S.AI\IPI.INC SYSTEM 

4O’C CONDENSER 
OUTLET t 

0-60 psi 
GAUGE 

TO VENT 

TO CHROMATOGRAPH 

HELIUM 
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1.2.2e Theoretical Aspects 

The hydrogenation of silicon tetrdchloride in d fluidized 
bed of silicon metal has been studied at various temperatures. An analysis of the overall 
reaction was initiated to develop a rationale 1;7r larger-scale reactor design and t o  determine 
the type of data needed. 

In heterogeneous systems, the extent to  which mass transfer 
controls the overall reaction rate is of fundamental importance. Since the hydrogenation 
reaction is heterogeneous, the significance of diffusional contributions t o  the overall rate 
gives information of considerable value for the design of equipment. For example. if a 
reaction is diffusion-controlled, only parameters which affect diffusion such as temperature 
or bulk flow rate will influence the observed reaction rate. Other parameters. like catcllyst 
activity. will not influence the rate. 

The Arrheneus equation: 

Rate = K Exp (-A/RT) 
Where 

K = a constant 
A = activation energy 
R = gas constant 
T = temperature 

-an be used to evaluate the importance of diffusion on the rate of a heterogeneous reaction. 
For diffusion-controlled reactions, values for the activation energy are typically on the 
order of 4 Kcal/g-mole. For kinetically controlled reactions, these values are typically much 
higher (25-50 Kcallg-mole). By studying the reaction rate at two or more temperatures. 
the activation energy (A)  can be calculated and from it the relative importance of diffusion 
can be determined. 

A preliminary evaluation of the hydrogenation reaction has 
shown an activation energy of about I O  Kcal/g-mole. This indicates that difl'usion could 
be significant in the overall rate. Additional experiments will be carried out in laboratory 
and pilot plant-sized equipment, controlling the parameters of gas flow rate, silicon 
particle size, mole ratio, and silicon bed height to  obtain more accurate data. If i t  is con- 
firmed that diffusion contributes to the overall rate, then !he observed reaction rate 
measured in a fluidized bed may be significantly slower than rates obtainable in a reactor 
system where diffusional restraints can be reduced or eliminated. 

1 1  



I 2.21 RawJlaterial Characterization 

~~ 

+ 4 8  mesh 
4sx 65 
65 Y 100 

100 x 150 
l50x 200 
100 x 325 
-325 

The metallurgical silicon feed for SiCI, hydrogcnatior 
studies was characterized. The source silicon. ground to 32 x D mesh. was found to have 
the following distribution: 

+297 
297x210 
ZlOx 149 
I49 x 105 
105 x 74 
1 4 x  44 

-44 

Mesh Size Microns 

I 
Fc CU ca 

Mesh % P P  % PPm 
I 

19 

I8 
-c1 '1. 

IO 
35 
14 
34 

Weight 
Fraction 

.o; 

.08 

.06 
08 

.@I 

.17 

. ? I  

56.05 
14.15 
16-95 
5.56 
3.02 
2.86 
1.42 

+48 
4 8 s  65 

h5 x 100 
100 x IS0 
150 x 200 
300 x 325 

1 -325 

The individual fractions werc analyzed by atomic absorption 
spectroscopy: a modest variation in the purity was found between the fractions. 

.52  

.57 

.48 

.65 

.83 
1.33 
2.01 

38 
32 
36 
39 
47 
88 

203 

.28 

.32 
30 
.36 
.47 
76 

1.37 

For Initial exprrimcnts in the high-pressure fluid-bed reactor. the 65 x I00 mcdi fraction 
will be uscd. This fraction was found to be inore easily handled in small reactors at modest 
gas vclocitics. I t  is difficult to use the unclassified matcrial. hecausc the operating latitiidc 
hetween ,lie tluidization of coarsc particlcs ;ind thc clutriation of fincs is wry small. A 
quantity of the 65 x I SO f r x t i o n  113s hccn scgrcp;rtcd in prcparation for  tlir cxpcrimcntal 
program. 

ORIGINAL PAGE lh 
OF POOR QUALITY 
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1.2.3 Integrated Process System 

Construction of a ?-inch diameter x 60-inch high distillation co!umn 
and of a 4-inch diameter redistribution reactor is in progress. This equipment. together 
with the existing silane processdevelopment unit and the hydrogenation system. will 
permit to deiiionstrate an integrated silicon-to-silane process. While the hydrogenation 
unit is suhstantially complete and is in the initial start-up phase. the integrated unit is in 
the final piping stage; completion and initial start-up are anticipated during the next month. 
The flow cliart for the portion of the unit starting with a TCSlSTC mixture is shown in 
Figure 1.4. The capacity of the overall unit is anticipated t o  be limited by the diameter of  
the existing silane still. By receiving a more dilute (9.7%) DCS feed from the new facility. 
rather than pure DCS as oripinally operated. a higher reflux ratio will be required 
( 5 :  1 vs. 2: 1 )  t o  achieve a good separation. This will result in a decrease of silane production 
from .I4 kg/hr t o  about .07 kg/hr. This is not a scrious problem. however. because the 
system does aplxar t o  follow predictions based on an ideal system and would therefore be 
amenable to  scale-up. 

13 
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1.2.4 Laboratory Studies - Hydrogenation 

The construction of a stainless-steel reactor for the hydrogenation 
under pressure of SiCI, to  HSiCl, was completed. Following a safety review. the reactor 
was started without difficulties. The essential design feature of the laboratory hydrogtna- 
tion reactor shown in Figure 1.5 is a thermostated vessel from which STC is evaporated 
into a hydrogen carrier t o  give the selected concentration of reactants. The reactor. a 
2.54cm-diameter stainless steel tube with a support grid specially designed for good fluidi- 
zation. is connected by electrically traced lines to  a refrigerated condenser. A back- 
pressure controller on the condenser vent line maintains the desired operating pressure 
(up to  685 kPa). The condensed products are withdrawn periodically through a pressure- 
relief buffer tank for off-line analysis by gas-liquid chromatography. 
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Figure 1.5 
LABORATORY PRESSURE HYDROGENATION REACTOR 

The reactor was calibrated ( flowratcs. temperatures, prcssures, ctc. 1 

and a few prcliniinary experiments wcrc carried out. Tlic results arc cumniarizcd i n  tlic 
following J iscussion. 
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In a preliminary experiment conducted to check out the reactor 
system, about 2.300 cc of freshly distilled silicon tetrachloride was charged into the 
stainlesssteel SiCI, cylinder. The reactor was charged with 185g of 65 x 150 mesh Cu,’Si 
mass containing about 2% copper catalyst; argon was fed into the reactor system to  displace 
air. The following conditions were used: 

0 Reactor temperature 
0 Reactor pressure, set 
0 Hydrogen feed 
0 SiCI, cylinder temperature 
0 SiCI, feed rate 
0 SiCI, : H p ,  molar ratio 
0 Residence time. 

based on Cu/Si bed volume 
0 Superficial linear gas velocity, 

E 65 psia 
0 Reaction time, @ 450°C 

45OoC 
50 psig (446 kPa) 

630 std. cc/min 
81°C 

172 g/hr 
1 : 1.5 

I6 sec 

0.07 ft/sec 
3 hr 

Gas-liquid partition chromatographic (glpc) analyses of the crude product showed about 
3% yield of HSiC13. 

The reactor was re-started and the reaction temperature was raised 
to  500°C. Samples of  the reaction product mixture were collected every 30 to 60 minutes. 
Condensation of chlorosilane products from the gaseous reaction mixture by a Dry-Ice 
condenser was quantitative, as shown by a colorless hydrogen flame (the presence of chloro- 
silanes would give a smokey, bright-yellow flame). A small fluctuation of the hydrogen 
feed rate at the start of the experiment was due to a small drop of hydrogen pressure at the 
regulator. This was corrected and a constant hydrogen feed rate at 650 std. cc/min was 
achieved. 

The yield of H2SiCI2 and HSiCI3 steadily increased from about 8% 
to  about 147, after 6 hours (Table 1 . I  ). The steady increase of HSiCI, yield could be 
explained in terms of an “induction period” characteristic of a given Cu/Si contact mass. 
Evidently. this induction period results from changing surface characteristics of the CI. ‘Yi 
mass. These changes could be due to a number of factors: for example, as silicon metal 
reacts away, the highly pitted solid surface produces a net increase in the total solid surface 
arca; further, as the Cu/Si alloy is being consumed and regenerated. copper-rid 1 areas 
spread over the entire silicon metal surface could yield a more homogeneous. and thus more 
active. Cu/Si mass. After 6.5 hours. the yield of HSiC13 was still increasing. thereby show- 
ing that the Cu/Si contact mass had not yet reached a steady state lTahle 1 .?). This 
siiggests that. before cquilihrium and kinctic ddta for the Iiydrogcnation reaction are taken. 
the Cu/Si mass should hc reacted until a steady state is attained. Morc work is in progress. 
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Time of 
Sampling 
Hr. 

!h 

1 

1 "2 
1 
L 

3 

3 '1. 

4 

4!5 

5 

5 ?'r 

h 

6 'h 

Table 1.2 
HYDROGENATION of SiCI, at 500°C. 65 p i a  with 1 :  1.5 SiCI4:H2 FEED 

Weight of 
Product Crude 

g. 

84. I 

79.3 

78.2 

70.1 

194.6 

95.7 

96.5 

102.5 

102.9 

105.0 

101.3 

100.4 

Rate of 
Cru'!e 

rrli . 

168.2 

: 58.6 

156.4 

140.1 

194.6 

191.4 

193.0 

205 .O 

205.8 

197.0 

21 7.0 

200.8 

Hp Gas(') 
Feedrate 
c.c./min. 

617 

610 

60 1 

530 

65 0 

645 

649 

650 

650 

6.S 

65 5 

650 

- 
Residence(2) 

Time 
second 

15.2 

15.8 

16.1 

18.1 

14.0 

14.2 

14.1 

13.7 

13.7 

13.9 

Product Composition 
H2SiCI2 

% 

0.041 

0 069 

0.068 

0.070 

0.079 

0.089 

0.102 

0.070 

0.112 

0.137 

13.8 0.154 

IISiC13 
% 

7.98 

8.79 

9.17 

9.90 

9.37 

10.19 

11.03 

11.83 

12.61 

13.52 

13.40 

14.28 

l lole 70 
SiCl4 
70 

91.98 

91 . I 5  

90.h6 

90.03 

90.55 

89.73 

88.87 

88.10 

872h  

86.34 

86.50 

85.56 

( 1  1 at 22°C and at atmospheric pressure 
( 2 )  based on Cu/Si bed volume of 162 cc. 
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1.3 CONCLUSIONS 

0 The production of high-purity silane via the redistribution of dichloro- 
silane has been demonstrated. 

0 The redistribution process closely follows laboratory reaction equilibrium 
data ,.,d ideal thermodynamic property rules with respect to vapor-liquid equilibrium and 
liquid mixture propenies. Scale-up of the process should be straightforward. 

0 No significant degradation of the redistribution catalyst was noted in 
137 hours of operation over a six-month period. 

1.4 PROJECTED QUARTERLY ACTIVITIES 

1.4.1 Laboratory Studies 

0 Determine the equilibrium and kinetics of the hydrogenation of 
silicon tetrachloride at elevated pressure. 

0 Examine the nature of the copper cat-lyst. 

1.4.2 Process Development Operations 

0 Initiate start-up of both a high-pressure hydrogenation unit snd an 
integrated trichlorosilane-tosilane demonstration unit. 

0 Confirm laboratory results on the hydrogenation reaction. 

0 Evaluate purification of silane using regenerable carbon adsorption. 

18 



2.0 

2.1 INTRODUCTION 

The objective of this program which started in January. 1977. is to estab- 
lish the economic feasibility of manufacturing ser.iiconductor-grade polycrystalline silicon 
by the pyrolysis of silane. The pyrolysis methods to be investigated involve a fluid-bed 
and a free-space process. 

The development effort prior to the present quarter concentrated 011 the 
pyrolysis of silane in a free-space reactor and on the consolidation of the powder product 
by melting. As a partial demonstration of the capabilities of a moderate-size reacio:, the 
current free-space reactor was operated for 5 hours and then shut down as scheduled. 

During the current quarter. a fluid-bed reactor program was initiated. and 
some of the engineering and design problenis associated with the construction of a high- 
temperature reactor were identified. Initial impurity analyses for the free-space reactor 
were completed. and identified sources of impurities were eliminated. Equipment was 
constructed for an enclosed. in-line system that will include: the current free-space reactor. 
a pneumatic powder transfer assembly, and a powder consolidator. A pellet-casting tech- 
nique was developed to minimize product handling and contamination and to provide 3 
tool for rapid product and process evaluation. 

2.2 DISCUSSION 

2.2.1 Silane P, rolysis 

2.2.1 a Fluid-Bed Reactor 

Under a program sponsored by Union Carbide. experiment!, 
with a fluid-bed reactor established that dense. coherent coatings of silicon could hc 
obtained on silicon particles. However. the coherent coatings were obtained under rcstrictcd 
conditions. The fluid-bed reactor used to establish the plating feasibility was a 76nim 1.1). 
stainless-steel reactor. with a cone-shaped bottom. in which the bed behavior and the niode 
of interaction between gases and particles could not be observed. To further tlie I’liiitl bed 
reactor technology for plating silicon from sili111e pyrolysis onto seed particles, a glass 
reactor--stniilar tn  the steel reactor-- was constructed. The following paragraphs describe 
the glass reactor and tlie seed-bed behavior observed at room temperature with various feed- 
stocks, configurations, and operating conditions. 
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Figurr- 2.2 

Experiments were conducted with this reactor over a range 

'g;is velocities for variotis combinations of gas, particle sizc distribtition. gas inlet orifice 
dianicter. and bed depth. For operating modes otlirr than spouting. the hrd Iwliawd in 311 

erratic and unstable nianncr. A second reactor is being constructed with ;I moJifici1 pas- 
feed systcni for increased bed stability. This reactor will be ::ap;iblc o f  o p m t i i i p  Lvitli 3 

water-cooled nictal injector andlor with distributor p la t  ;. Tlic rcaLtor t i i l w  M ~ I I  be niadc 
o f  clear qtiartz. A rcsistancc heater capablc of operdting at tcnipcraturcs o f  tip to 1 100'(' 

will ;tiso he constructed. The design and opcr;iting d a t a  obtained froni the Iiigli-temp~~ratiir~~ 
qaartz reactor will bc irscd for tlie &sign of a silniie pyrolysis re;ic;or. 
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2.2.lb Free-Space Reactor 

The free-space reac!x effort concentrated on t ime primc-y 
tasks. One major task was to  identify the sources of product impurity and t o  engineer all 

enclosed in-line system for minimizing contamination. A discussion of product purity is 
given in Section 2.2.3. A second task concentrated on determining the conditions necessary 
for the formation and elimination of semi-solid silicon tl. inteimittently formed dt the 
tip of the gas injector and on the reactor wall. The third task identified the effects of 
reactor temperature and of injected silane temperature on the particle size of :he si!rcon 
powder product. 

The free-space reactor was modified t o  provide :in enclosed 
st,*stem for minimizing product contamination. One modification permitted th? pneumatic 
transfer of silicon powder. either during a p:drolysis experiment or between expe;inients. 
without dismantling the reactor assembly. The second mcdification was a pneumatic 
sampler. The sampler transferred powder during an experimtnt from the reactor assembly 
intc Tetlon containers. When construction is completed. the sampler assembly will be 
c a p d e  of collecting powder from four consecutive experiments without dismantling the 
free-space reactor or the sampler. 

In some pyrolysis experiments, friable clusters of silicon 
particles (defined as semi-solids) formed on the tip of the gas injector and on the reactor 
wall. The semi-solids formed in a region of the reactor wall where the tcmoerature was 
approximately 625"-750"C. No semi-solid injector cones formed when the gas near the 
injector orifice was below 600°C. I t  was demonstrateci that temperature was the major 
parameter controlling the extent of semi-solid rorniatiom By adjusting the reactor 
temperature anu the position of the injector relative t:, the hot zone. !he extent of scmi- 
solids gi-.\vth should be controllable during coi,iinucus operation. 

L? all pyrolysis experiments some silicotl adheres to the 
walls of the reactor. 
solids. Both types of deposits were examined with a Scanning Electron Micmcape (SEM).  
The particles of the loose powders are basically spherical with protruding nodules 
(Figure 2.3)  characteristic of vapor-dqosited growth. Examination o f t  he semi-solids 
(Figure 2.4) shows that extensive particle growth and surface area red.!Ltions occlirrcd: 
necking betweeti particles was also observed. Although the particles a,9earcd to h a w  a 
high density. this was only true on the microscale. At lower magnifications (Figure 2.S). 
it is seen that the particles formed into clusters that were only weakly bonded to ow :iiiotlicr. 

'-% silicon was either a loose, fluffy powder or clusters of senii- 
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An analysis of all experimental data obtained with the free- 
space reactor indicated that both the injected gas temperature and the reactor temperature 
affect the surface area (particle size) of the powder product. Low injector- and reactor 
temperatures favor the formation of large particles while elevated temperatures favor the 
formation of smaller particles. Due to  material and engineering consideratio:.s. there exist 
maximum and minimum temperature limits. Thus, the injected gas temperatuce must 
remain between -1 1 1°C 2nd a measured 460°C: these are the temperatvres at which silane 
liquefies o r  is pyrolyzed inside the injector. The reactor wall temperature must be held 
between 790°C and l050"C. The former is the lowest temperature at which 100% decom- 
position efficiency was obtained; the latter is the highest temperature at which the Monel 
reactor can be used safely. Calculations indicate that particlec with calculated* average 
diameters between 0.05pm and lpm should be obtained at  the temperature extremes. 
Other reactor configurations and operating conditions will be examined in a continuing 
effort to produce silicon particles of sufficiently large diameter for use as seed-bed particles 
for the fluid-bed reactor. 

2.2.2 S i  consolidation 

A large portion of the consolidation effort was devoted to  the design. 
material procurement. and construction of an enclosed apparatus for powder storage, 
transfer, melting and casting. The apparatus (Figure 2.6) can be used to  consolidate product 
from the fluid-bed or the free-space reactor (for now, it will be attached to  the frec-space 
reactor). The furnace portion of the apparatus was designed to  melt a maximum of 5.2 kg 
of silicon in a 152mmdiameter quartz crucible. To melt this quantity of silicon. both 
hoppers will be needed to contain the powder. For most melting and casting experimcnts, 
smaller-diameter crucibles will be used in conjuction with the lower hopper. Silicon powder 
will be irJ from the lower hopper t o  the melter through a quartz tube. A vibration/prravity 
feed will be used to control the powder flow rate. The lid of the assembly has provisions 
for inserting quartz tubes for the suctioncasting of rods. The system will be heated indus- 
t b 4 y  and mclt temperatures will be determined optically. The consolidation apparatus will 
be in operation during the next quarter. 
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SCHEMATIC OF POWDER STORAGE, TRANSFER, AND MELTING APPARATUS 
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A pellet-casting technique was developed tu minimize powder 
handling and contamination and to provide samples for rapid product and process evalua- 
tion. In the new pelletcasting method, silicon powder was loaded into a specially designed 
quartz crucible shaped like a test tube. The closed lower end of the crucible contained a 
blown bubble of approximately O.lmm wall thickness. The crucible and its contents were 
sealed in a resistance-heated furnace and the silicon was melted e i t k r  under vacuum or in 
an argon atmosphere. On cooling, the molten silicon solidified in the thin-walled bubble 
of the crucible. The thin quartz broke, yielding a solidifKd silicon pellet which was free 
of cracks. In the future. crack-free pellets will be used for spark+murce mass spectroscopic 
analysis and for electrical resistivity and conductivity analyses. This analysis technique will 
provide a tool for evaluating the product and for determining the effects of alterations in 
engineering design. 

2.2.3 Product Purity 

A major goal of the silicon program is t o  demonstrate that the poly- 
crystalline product is of sufficient purity to meet intended uses. To accomplish this goal, 
the impurity sources must be identified: accordingly, the objective of current analyses was 
tc identify sources of contamination associated with both the production of powder in the 
free-space reactor and with the process of melting and casting the powders into rods. A 
similar procedure will be followed later for fluid-bed reactor seed material and for the final 
product. 

An impurity-concentration method was used for analyzing both 
powder and rod samples. The method entailed the dissolution of silicon samples in an 
HF/HNO, sbiution: carbon, in the form of silicon carbide, precipitated out and volatile 
fluorides of silicon, boroii, and of some less critical elements were removed try evaporating 
the liquid; the residue contained the remaining elements in a i000-fold increased concen- 
tration. An induction-coupled, plasma-emission spectroscopic analysis was made for 34 
elements in the residue. With this concentration method, the detection limits for 26 of 
the 34 elements were reportedly less than O.Syg/g. Analyses for carbon, oxygen. and 
nitrogen were performed using the standard combustion, Leco. and Kjeldahl methods. 
respectively. The resistivities of cast rods were determined on polished (600 grit) rod sec- 
tions using a standard four-point probe technique. A thermal probe method was used to 
determine the conductivity type. 
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To identify the sources of impurities associated with powder produr  
tion in the free-qmce reactor, a grid of powde; samples from several experiments was 
analyzed. The initial test grid included duplicate samples of control specimens, samples 
of powder prepared from three different cylinders of silane*, samples from experiments 
where nickel or graphite liners were used in the hot zone of the reactor, and samples from 
one experiment :n which a single graphite liner was used for the third time. Impurities 
derived from the different cylinders of silane were below the minimum detection limits of 
the current analysis method. 

In addition to potential contaminants from raw materials, other 
possible sources of contamination were: (1) airborne contaminants that settled either 
inside the reactor assembly or on the silicon powders whenever the reactor was opened; 
(2) contaminants introduced during the physical removal of powder from the reactor 
assembly into stomge or sampling containers; acd (3) contaminants arising from the reac- 
tion of silane or silicon witb the reactor liners in the hot zone. 

When a nickel liner was used, a nickekilicon interaction occurred 
and contaminated the free-space lieactor powder with small pieces of nonmagnetic scale. 
The silicon powders from two experiments m which new graphite liners were used con- 
tained substantial quantities of Cr, Fe, and Ni. Since powders from two other new graphite- 
liner experiments contained much lower levels of these metals, the impurity source may have 
been airborne. The total metallic impurity content of silicon powder obtained from an 
experiment in which a graphite liner was used for the third consecutive experiment was 
8pg/g. The concentrations of individual metallic impurities were near the lower detection 
limits of current analysis techniques. It is anticipated that powders from experiments utiliz- 
ing a quartz reactor liner will require a more sensitive analytical method. 

In an effort to identify impurity sources associated with the rod- 
casting cperation, rod sections from three castings of free-space reactor powder and two 
control samples were analyzed. One of the control samples was a piece of semiconductor 
silicon, while the other was a section of the semiconductor stock recast in the current rod- 
casting apparatus. AI1 cast rod sections contained impurities in the low pg/g range. A dupli- 
cate analysis of the simiconductor silicon indicated that impurity levels were at the lower 
limits of detection. Consequently, more sensitive analytical methods (such as neutron acti- 
vation analysis or spark-source mass spectroscopic analysis) are needed to identify impuri- 
ties derived from the rod-casting procedure. 

* The silane uwtl was a Union Carbid: prdduct. guaranteed to he n-type with a minianurn epi electrical rcmtivit: 0 1  

100 ohm-cm. It is very likely that the metallic impurities in the silane are helow the detection limits of’ tlic clirrcnt 

mass spectroscopic technique. 
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A rapid method for evaluating the quality of fully dense polycrys- 
talline silicon consists of determining its electrical resistivity and conductivity type. The 
seimconductor silicon had a resistivity of at least 50 ohmcm and was weakly p-type. More 
accurate resistivity values could not be obtained because the sample hzd too many minute 
cracks. The recast semiconductor silicon was also weakly p type  and had resistivity ialues 
ranging from 10 to 140 ohmcm. Rod sections cast from free-space reactor powder were 
strongly p-type with resistivity values ranging from 0.2 to  4 ohm-cm. It was encouraging 
that powders produced under operating conditions that included physical handling linJ 

exposure to atmospheric contaminants provided silicon rods with such high resistivit) 
values. Substantially higher resistivities are anticipated for samples produced by the 
enclosed in-line system. 
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2.3 CONCLUSIONS 

Experiments conducted with a glass fluid-bed reactor at room temperature 
demonstrated the need for observing bed behavior with various feedstocks, confgurations, 
and operating conditions. No better method is currently available for ascertaining the 
behavior of the seed bed and for determining whether the bed is operating in a stable mode. 
Experiments similar to those conducted at room temperature will be conducted at elevated 
temperatures in the quartz reactor. 

The free-space reactor is still considered a potential source for fluid-bed 
reactor feedstock (SOlm minimum diameter particles!. Experiments tiemonstrated that 
significant changes in the particle size obtained from the free-space reactor will not occur 
merely from changes in the thermal environment. Other operating and configurational 
parameters may also influence particle size, and their specific effects remain to be estab- 
lished. 

Silicon semi-solids formed in the freespace reactor are potential roadblocks 
for continuous, long-term operation. The conditions under which semi-solids formed 
were established and steps taken to eliminate them. 

lmpurity sources in the freespace reactor, identified through mass spectro- 
scopic analysis, were eliminated. Reactor modifications for pneumatic powder transfer 
and sampling, currently under development, shoi Jd further improve product purity. 
Optimum polycrystalline silicon punty is expected once the enclosed in-line free-space 
reactor and silicon consolidator system are completely operational. 

The enclosed reactorlconsolidator system consists of a reactor, a pneumatic 
powder transfer system, a storage hopper, a controlled feed slide, and a melter; all individual 
elements are potential sources of powder contamination. Powder samples taken from 
various locations within the svstem can be rapidly consolidated into crack-free pellets for 
resistivity and purity analysis. The pellet-casting method was developed during the current 
report period. 
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2.4 PROJECTED FOURTH QUARTER ACTIVITIES 

2.4.1 Fluid-Bed Reactor 

0 Construct and qx ra t e  a high-temperature quartz reactor for 
studies of bed behavior and for testing vivious component designs. 

0 Design and construct a fluid-bed reactor in which silane is pyrolyzed. 

0 Continue to evaluate methods of producing silicon powder for use 
as a feedstock for the fluid-bed reactor. 

2.4.2 Free-Space Reactor 

0 Conduct experiments to establish the dependence of product 
particle size on reactor configuration and operating conditions. 

0 Complete reactor modifications required to e w a c t  powder 
samples for purity analysis between experimental rum without 
dismantling the reactor. 

0 Optimize reactor modifications for in-line transfer of powder 
from the sertling chamber to a hopper. 

Continue to  establish powder contamination sources and to 
engineer the system t o  eliminate these sources. 

2.4.3 Silicon Consolidation 

0 Complete construction of in-line melt consolidation apparatus 
and optimize its operation. 

0 Produe a resistivity at:d conductivity apparatus and evaluate 
its capabilities as a process and product monitor using cast 
pellets as samples. 
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