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ABSTRACT 

Ingot casting has been scaled up to 16 cm x 16 cm square 

cross-section size weighing up to 8.1 kg. The high degree of 

crystallinity has been maintained in the large ingot. For 

large sizes, the non-uniformity of heat treatment causes 

"chipping" of the surface 0-f the ingot. Significant effort 

and progress has been made in the development of a uniform 

graded structure in the sllica crucibles. 

The high speed slicer has been modified so.that the blade- 

head weight is reduced to 37 pounds. This has allowed higher 

surface speeds of up to ,500 feet per minute. Slicing of 10 cm 

diameter .workpieces at these speeds .has increased the through- 

put of the machine to 5.7 mils/min.,O.l45 mm/min., 50 per cent 

mre than the projected cutting rates used in the economic 

analysis. 



SILICON INGOT CASTING --  HEAT EXCHANGER METHOD 

The emphasis i n  s i l i c o n  c a s t i n g  during t h e  current  q u a r t e r  

has been on.improvement of t h e - , s o l i d i f i c a t i o n  cycle ,  -crucib,le 

development and scale-up. S i g n i f i c a n t  advances have been made 

and ; ingots  up t o  8 .  '1 kg weight i n  16 cm x 16 cm square cross-  

sect , ion have been c a s t .  . . . . 

Ingot  Cast ing 

It i s  intended t o  c a s t  l a r g e  s i l i c o n  ingo t s  by .the Heat 

Exchanger Method (HEM). It has been found1 tha t .  t h e  melt  tempera- 

t u r e  during c r y s t a l  growth has t o  be ma in ta inedvery  c lose  t o  t h e  

melt ing p o i n t  of  s i l i c o n .  This i s  assoc ia ted  wi th  the  h igher  

conduct iv i ty  of s i l i c o n  i n  t h e  l i q u i d  s t a t e  a s  compared t o  t h e  

s o l i d  s t a t e .  " Under such condit ions ,growth i,s ,impeded s i n c e  

h e a t - i s  t r a n s f e r r e d  r a p i d l y  from the  c ruc ib le  wa l l  t o  the  s o l i d -  

l i q u i d  i n t e r f a c e  v i a  t h e  molten. s i l i c o n .  It i s ,  t h e r e f o r e ,  - 

necessary to. keep the  temperature of the  melt  as c lose  t o  t h e  

melt  po in t  a s  t h e  instrumentat ion w i l l  al low. I n  t h e  HEM t h e  

submerged i n t e r f a c e  and uniform temperature g rad ien t s  a t  the , ,  

. s o l i d - l i q u i d  i n t e r f a c e  prevent spurious nuclea t ion  even a t  such 

low superheat .  . . . . 



Another f e a t u r e  observed during c r y s t a l  growth of s i l i c o n  

by HEM was an inc rease  i n  power l e v e l s  as  the  s o l i d i f i c a t i o n  

progressed.  This was p a r t i c u l a r l y  no t i ceab le  towards the  end 

of the  growth. cyc le .  The growth cycle  was i n i t i a t e d  by increas-  

ing  t h e  flow of helium gas through the  hea t  exchanger. S o l i d i f i -  

ca t ion  proceeded and the  heat  exchanger reduced the  temperature 

of the  melt .  The furnace c o n t r o l l e r  compensated f o r ' t h e  heat  

e x t r a c t i o n  by increas ing  power t o  ~:he Zleater t o  maintain a 

constant  furnace temperature.  When the  s i z e  of ingot  grown was 

small  compared t o  the s i z e  of the  hea t  zone, t h i s  e f f e c t  was not  

very l a rge .  However, f o r  l a rge  i n g o t s ,  t hese  mutually comperi- 

s a t i n g  e f f e c t s  of hea t  e x t r a c t i o n  by heat  exchanger and increase  

i n  power t o  the  furnace have t o  be minimized. During runs 317-C 

through 322-C ( d e t a i l s  i n  Table I) the  furnace was con t ro l l ed  
\ 

on t h e  b a s i s  of power r a t h e r  than temperature.  The s e n s i t i v i t y  

of con t ro l  on power i s  no t  a.s acc1.sxat.e as wit11 temperature.  

Under power con t ro l  ' c o n s t ~ n t  power i s  maintained; t h e r e f o r e ,  

the  furnace temperature decreased during the  run due t o  the  

cno1.i.ng e f f e c t  of the  hea t  exchanger. While c o n t r o l l i n g  with 

power the  melr remperature i s  s l i g h t l y  h igher ;  hence, a per iod  

of s t a b i l i z a t i o n  takes  p lace  before any growth occurs .  This 

increases  the  growth t ime. This  per iod w i l l  be t h e  same f o r  

l a r g e r ' i n g o t s ;  hence growth r a t e s  w i l l  improve wi th  s i z e  of 

the  ingots  c a s t .  Addi t ional ly  power con t ro l  w a s  reproducible  

from experiment t o  experiment. I n  e a r l i e r  runs when depos i t s  

formed on the  windows of the  furnace ,  i t  l ed  t o  i n c o r r e c t  



TABU I. 'IxBuumON OF W-M(=HANGER AND FURNACE - 
sEEDm G R a m  CYm 

RUN PURPOSE FURN.T%MP. H . E . m .  RATE OF DECREASE GRmlX REMARKS 
ABCY@ M.P. EI@7 M.P. TIMEIN 

HOURS - 

317-C Inprove solidifi-  8 160 161 8 6.5 Controlling with pwer 
.cation cycle 

318-C Inprove solidifi-  < 3 110 234 0 6.8 Controlling with power 
cation cycle 

319-C Inprove solidifi-  3 100 256 
catton cycle 

W 

320-C Improve solidifi-  3 I52 226 
cation cycle 

321-C Inprove solidifi-  5 I35 262 
cation. cycle 

322-C Improve solidifi-  < 3 165 258 
cation cycle 

323-C Inprove uniformity < 3 2l3 237 
of graded structure 
of crucible 

324-C Inprwe uniformity < 3 145 333 
of graded structure 
of crucible 

3 5.5 Controlling with power 

3 6.3 Controlling with power 

5 6.0 Controlling with power 

0 4.8 Controlling with power 

4.5 Good crystall inity but 
attachumt of crucible t o  
ingot 

2 4.5 Crucible attached t o  ingot 

(cont . ) 



TABLE I. 7 M W A T I O N O F H E A T - E ~ A M ) ~ ~  (cont . )  

SEEDm- GRLkJIH CYCLE 

RUN PURPOSE EATEOFDEcmAsE GFm RlWmzs FUF!N.?EW. H.E,TDP. 
AE(?@M.P. EET@JM.P. TlMEIN 

325-C Crucible develqmnt < 3 
using lathe 

326-C Crucible detelcpment < 3 
using lathe 

327-C Crucible dewlapment 4 
I using lathe 

328-C Crucible developmt 3 
using lathe 

329-C Cast 4.5 kg, 16 cmx < 3 
16' cm square ingot 

330-c Cast 16 cm x .16 an < 3 
square. ingot 

145 41E 0 &. 5 Crucible attachwnt caused 
cracking 

163 295 0 .5.7 Crucible attachwnt caused 
cracking 

ID3 34€ 4 &. 01 Good crystallinity achieved 

146 314- 3 5.5 Good crystallinity achieved 

I35 287 0 5.7' Crack-free ingot cast 

1 15 33Cr 0 5 -0 Minor attachwnt in bottam 
area , 

331-C Cast8.1kg, 16cmx 4 ' 110 36C 4 LG.5, Minor attachwnt in bottam 
16 cm square ingot area 

332-c Cast 4.3 kg, 16 cm x. 4 . 96 24E 3 5.75 Very good crystallinity 
16 cm square ingot 

333-C Cast 4'.3 kg, 16.anx < 3 95 362 0 5.0.3 Very good crystallinity 
16 cm square ingot 



TABLE I. OF HEAT-- AND FURNAI=E (cant. ) . 

SEEDING GRum CYCLE 

RUN PURPOSE RATE OF' DECREASE C;RIJWIH Rm4xKs FURN.TEMP. H.3.TEMP. 
BEI@ M.P. . E . m l P .  FURN.pJlp. TIME IN M.P. C HOURS 

334-C Cast 4.3 kg, 16 an 4 93 274 4 6.5 Minor chipping of ingot 
x 16 an square ingot 

335-C Cast 4.3 kg, 16 15 109 308 2 
15 6.75 Very good crystallizlity 

x 16 an square ingot 

336-C Cast 4.3 kg, 16 an - 
x 16 an square ingot 

* 337-C Cast 8.2 kg ingot 

338-C Cast 7.7 kg ingot 

- Run terminated; reaction 
of S i  with graphite pipe 

,- Run temhated;  Heat 
Fxcharger failure 

16.5 Minor chipping of ingot 



temperature measurement and thereby prolonged growth cycles. 

Very good crystallinity of the si,licon ingots has been 

maintained. 

A major emphasis of the present program is to cast large, 

square cross-section ingots. During Phase I1 10 cm x 10 cm 

ingots were cast. It was intended to scale up the size to 

15 cm x 15 cm during the next step. The crucibles fabricated 

have an inside dimension which is close to about 17 cm x 17 cm. 

A 4.5 kg ingot cast in run 329-C is shown in Figure 1. This 

was the first ingot of this size that was cast. 

During run 331-C the size of the ingot was almost doubled 

to 8.1 kg. No problems were encountered during crystal growth 

of this ingot. The as-cast surface of this ingot is shown in 

Figure 2. One of the major advantages of the Heat Exchanger 

Method (HEM) io its simplicity. This allows easy scale-up 

i.n o i o c  and this has Lee11 clclliuriuLrated again. Huwrver, the 

crystal growth from the bottom means that as the size is in- 

creased the interface is Surther away from the heat exchanger. 

So far the height to diameterlwidth of the ingot has always 

been slightly less than unity. In run 331-C the ingot cast was 

such that t h e  height to widtli ratio was greater than one arid 

no problems were encountered. A similar size ingot cast in 

run 338-C is shown in Figure 3. 









Crucib le Development 

In order to cast crack-free silicon ingots in silica 

crucibles it is necessary to develop a graded structure in the 

crucible. This structure has been developed by heat treatment 

manually and has worked satisfactorily. With larger crucible 

sizes it has been very difficult to achieve uniformity in the 

graded structure . A glass-working lathe has been procured. 

The crucibles are rotated at a constant rate and heated to 

develup a uniform graded structure. It is intended to mechanize 

this approach further to achieve a higher degree of uniformity. 

Once the conditions are standardized, it could be extended to 

s ti 11 larger crucibles . Initially crucible development and 

optimization was canducted with 15 cm diameter crucibles. Once 

same experience was gained with the glass-working lathe for heat 

treatment of the 15 cm diameter crucibles, larger size 16 cm x 

16 cm square crucibles were heat treated. The first such size 

was used in run 329-C and a 4.5 kg crack-free ingot was cast. 

During runs 330-C and 331-C minor attachment of the crucible 

to the bottom of the ingot was observed. This problem has since 

been corrected by heat treating the bottom area a little differ- 

ently to correct for the different temperature of the bottom of 

the crucible as compared to the temperature profile of the sides 

of the crucible during crystal growth. 



MULTI-WIRE SLICING--FIXED ABRASIVE SLICING TECHNIQUE 

The emphasis during the  current  quar ter  i n  s i l i c o n  s l i c i n g  

was on machine and blade development. E f fo r t s  were pursued t o  

reduce the  weight of t he  bladehead s o  t h a t  s t i l l h i g h e r  speeds 

can be achieved. 

Machine Development 

2 It has been es tabl ished t h a t  f o r  e f f ec t ive  s l i c i n g  with 

f ixed diamond abrasive i t  i s  des i rable  t o  operate a t  high surface 

speeds. A t  lower speeds the  diamond i s  i n  a dragging mode 

r a the r  than i n  a cu t t ing  mode. I n  order t o  achieve higher 

speeds it i s  necessary t o  l ighten the  rec iprocat ing bladehead. 

The weight of the  modified Varian s l i c e r  was about 200 pounds 

and a surface  speed of 100 f e e t  per  minute was achieved. The 

high speed s l i c e r  designed was such tha t  the  blade carr iage  was 

twice as long and weighed ha l f  as  much. S l ic ing  t e s t s  with 

t h i s  bladehead w e r e  ca r r ied  out a t  surface speed of about 200 

f e e t  per  minute. Signif icant  improvement of the  cu t t ing  per- 

formance was seen a t  the  higher speeds. To f u r t h e r  increase 

speeds i t  was necessary t o  l igh ten  the  reciprocating carr iage  

s t i l l  fu r the r .  A new 37 pound bladehead has been designed and 



fabricated. A dry run test for speed has shown that 500 feet 

per minute surface speeds can be achieved. This lightweight 

blade carriage together with higher speeds is expected to show 

a big improvement in cutting performance. 

One of the problems identified during slicing tests of 

10 cm x 10 cm workpiece was the hysteresis of the feed mechanism 

and the shape of the cut profile. These problems have been 

solved by ushg weights to control feed forces and by altering 

the rocking mechanism so that a smooth cut profile is achieved. 

Figure 4 shows two views of the new lightweight bladehead 

assembled in the slicer. Figure 5 shows the new rocking 

mechanism incorporated. 

The first slicing test with the modified slicer was carried 

out during run 325-SX (details in Table 11) to slice a 10 cm 

diameter siLfcon workpiece. The surface speed was about 400 

feet per minute with a 16-inch stroke length. Very good 

curttng rates were achieved; such high cutting rates have never 

been achieved with commercially impregnated wires. The total 

slicing time was 11 hours, 41 minutes, giving an average 

cutting rate of 5.7 mils/min., 0.145 mm/min. This compares to 
2 2,33 mfls/min., 0.059 mm/rnin. obtained with similar wires and 

10 diameter workpiece before the present modification. This 

means that about 250% cutting rates have been achieved with 

hcreaec in surface speed. These cutting rates are about 50% 

batter than the projected cutting rates (0.1 mmlmin.) in the 





Figure 5 .  A view of the rockin mechanism 
incorporated in  the ti&-speed slicer 



TABLE 11. SILICON SLICING SUMMARY 

FEED AVERAGE 
RITN PURPOSE FORCEIBLADE CUTTING RATE WIRE TYPE REMARKS 

lb . gm millmin nnnlmin 

318-S Life test cantinua- 0.070 31.9 2.38 
ticn after dressing 
wires 

319-S Test plating frcm N/A N/A N/A 
another s m c e  

320-S Test modified 0.070 31.9 2.22 
.-I 

V) plating 

321-S Life test 

322-S Test 30 pm diauxmd 0.056 25.4 3.00 
electroplated 
wires 

323-S Life test 

3244 Life test 0.056 25.4 1.04 
catltixnlatim 

325-SX Slicing of 4" 0 0.091 41.3 5.70 
ingot with high 
speed slicer 

0.060 5mi1, 0.l25mnWcore Higher cutting rates; 
electroplated w i t h  64% yield 
30 diamxlds 

N/A Carmercially irrpreg- Rtm aborted due t o  
nated wires electroless poor cutting performance 
nickel plated, 0.3 mil, 
7.5 p 

0.056 Cammxhlly inpregnated - Epaxy failtlre cxl 
wire plated w i t h  a 
0.3 mil, 7.5 p nickel 

N/A Same as 320-S Rtm aborted due t o  
diaImnd pull-aut 

0.076 5Irri1, 0.l25mnWcore ver~ quality wafers; 
electroplated w i t h  30 p 1W0 yield 
diamnds 

0.029 Same as 322-S 

0.026 Same as 322-S 

Good quality wafers ; 
92% yield 

Good quality wafers ; 
78% yield 

0.145 h m r c i a l l y  inpregmted Very  high cutting rates. 
w i r e  plated w i t h  0.3 dl, Roller degradatim 
7.5 p electroless nickel observed; 21% yield 



TABLE 11. SILICON SLICING SUMMARY (cont .:I 

E%ED AVERAGE 
RUN PURPOSE FORCE/ BLADE C-JTTING RATE WIRE TYPE REMARKS 

l b  . gm m i l ! m i n  mm/min 

326-S Test inpregmted A N/A B/A N/A 5m[il,0.125mnWcare, Run aborted as 
wire 

1 
0.7 mil, 15.5 ~III capper diamonds =re buried. 
sheath inpregnated w i t h  
30 wn diammds; 7-5 pm 
electroless nick1 

327-SX Test 30 m iliRnand - r 5.19 0.13 5 mil, 0.125 m n 3  care, Non-un i fd ty  in 
electroplated wire electroplated with 30 p plating th2ckness on 

diamnds wire. 



economic analysis for this technique. 3 

The yield obtained during run 325-SX was only 21%. It was 

found that during first half of the ingot, a 100% yield was 

maintained; however, frm then on, breakage of wafers was observed. 

Examination after completion of the run showed that the guide 

rollers degraded; i.e., wires cut deep grooves into the rollers. 

The heavy mass of these rollers had too much inertia to change 

directions at such high speeds and the wire cut into them. 

Similar high cutting rates were also achieved in run 327-SX 

even though the non-uniformity of the nickel plating on this 

bladepack is not conducive to effective slicing. 

Blade Development 

During this quarter it was found that very good cutting 

performance was achieved.with 30 pm diamond electroplated wire-- 

high yields and good wafer quality were obtained for - four runs. 

In run 318-C these wires were used for a fifth run after 

dressing. It was found that the cutting rates achieved during 

this run were higher; however, only 64% yield was obtained. 

Visual examination showed absence of diamonds in sane areas of 

the cutting edge. SEM examination of these wires revealed that 

swarf had dried up and formed a layer over the diamonds in some 

areas (Figure 6). These wires have given a good cutting ger- 

formance and it has been maintained for five runs without much 

degradation. The cutting rates revived after dressing of wires. 



fi %: Sectiossai of wire shawfirfs w M ~  
ring the d i m n d s  



A bladepack of commercially impregnated wires was plated 

with 7.5 pm nickel. During plating the solution was modified 

to see if the bond between the nickel and diamonds can be 

improved.. These wires were used for slicing tests in run 

320-S. Good cutting performance was achieved; however, during 

the second. test (run 321-S) the wires stopped cutting towards 

the end of the run due to diamond pull-out. 

Two significant developments have occurred in impregna- 

tion of diamonds into coppe,r sheath. It has been found that it 

was possible to impregnate 45 vm size diamonds into 7.5 pm 

copper sheath. However, the copper was distorted. A 12.5 pm 

sheath was not distorted and the concentration of diamonds was 

very high. However, after plating. the diamond concentration was 
- 

not as high. Impregnation of 45 pm diamonds into 12.5 pm 

sheath was not deep enough and diamonds fell out during plating. 

Impregnation of 30 pm into a 15.5 pm copper sheath under high 

forces produced satisfactory impregnation and retention of 

diamonds. This showed that the diamonds have to be impregnated 

deep into the sheath.with high pressure. However, as shown in, 

run 326-S a 7.5 vm electroless nickel buries the diamonds. 

So far the'plated length of the wires has been equal to the 

stroke length of the slicer. It was found that at the end of the 

stroke a support roller and the workpiece passed over the 

transition area. Better performance was achieved when the 

diamond plated length was longer than the stroke length. 



A s i m i l a r  bladepack used f o r  runs 314-S through 318-S 

but  with-diamonds only i n  t h e  c u t t i n g  edge was used i n  runs 

322-S through 324-S. Very e f f e c t i v e  s l i c i n g ,  good q u a l i t y  

wafers ,  and 100% y i e l d  was achieved during the  f i r s t  run.  

Subsequently a d e t e r i o r a t i o n  i n  performance was observed. . 

Examination of t h e  bladepack a f t e r  t h e  t h i r d  run showed t h a t  

considerable  diamond pu l l -ou t  was observed. 

A eomparioon of performance of t h i s  bladepack wirh a s i m i l a r  

e a r l i e r  one shows two s i g n i f i c a n t  differen'ces which may expla in  

t h e  d i f fe rence  i n  t h e i r  l i v e s .  F i r s t l y ,  the  present  blade-- 

pack was e l e c t r o p l a t e d  on one s i d e  of the  wire  unly.  Secondly, 

t h e  f eed  fo rces  used i n  r ecen t  runs were lower, 2 5 . 7  gms. 

YS. 31.9 'gms. used e a r l i e r .  Both s e t s  of wires  were used a t  

low sur face  speeds which i s  no t  conducive t o  e f f e c t i v e  s l i c i n g  

wi th  ' f i x e d  diamonds. These condi t ions put  t h e  diamond i n  a 
1 

'dragging mode. F u r t h e r ,  i t  has been e s t a b l i s h e d  t h a t  h igher  

feed  fo rces  r e s u l t  , i n  enhanced c u t t i n g  r a t e s .  Therefore,  lower 

feed  fo rces  may be l e s s  conducive condi t ions for.diamond s l i c i n g  

i n  add i t ion  to .d ragg ing  mode a t  lower su r face  speeds. 



CONCLUSIONS 

1. Ingot  cas t ing  has been extended t o  16 cm x 16 cm square 

cross-sec t ion  s ize. .  Ingots  up t o  8 . 1  kg have been c a s t .  

2 .  Good c r y s t a l l i n i t y  has been maintained f o r  ingo t s  using 

simpler power con t ro l .  

3 .  A glass-working l a t h e  makes i t  e a s i e r  t o  achieve a uniform 

and reproducible  graded s t r u c t u r e  i n  t h e  c r u c i b l e s .  

4. Surface speeds of 500 f e e t  pe r  minute have been achieved 

with the  37 pound bladehead. 

5. Higher fo rces  used i n  impregnation helped r e t a i n  diamonds 

during p l a t i n g .  

6. F i r s t  s l i c i n g  t e s t  on 10 cm diameter s i l i c o n  a f t e r  

modif icat ions have given average c u t t i n g  r a t e s  of  5 .7 

mil.s/min., 0.145 mm/min. wi th  impregnated wi res .  
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Origin of Sic Impurities in Silicon Crystals 

Grown from the Melt in Vacuu.m 

F. Schmid' and C. P. Khattak 
Crystal Systems Incorporated, Salem, Massachusetts 01970 

T. G. Digges, Jr.' 
Jet Propulsion Laboratory, Pasadena, Californiu 91103 

and Larry Kaufman 
Manlabs, Incorporated, Cambridge, Massachusetts 02138 

ABSTRACT 

A main source of high carbon levels in silicon crystals grown from melt 
under reduced pressures and contained in silica crucibles supported by graph- 
ite retainer/susceptor has been identified by thermodynamic analysis. The 
calculations have been verified by experimental results and the carbon level 
can be reduced by approximately 50% with the use of molybdenum retainers. 

The heat exchanger method (HEM) developed to 
grow large sapphire crystals (1-3) has been extended 
to the growth of silicon crystals (4). In this. method 
the seed is placed at the bottom of the crucible and the 
temperature in the melt increases upwards. This sup- 
presses convection that causes temperature and con- 
centration fluctuations at  the solid-lkuid interface (5). 

Earlv'ex~eriments indicated that S i c  particles were 
found in  crystals solidified by the HEM i6) .  However, 
even with the presence of S i c  particles, large grains 
have been grown with limited interface breakdown 
during solidification. This observation .was contradis- 
tinct to Czochralski (CZ) growth where interface 
breakdown due to S ic  is followed by twin/polycrystal- - - -  
line growth (7). 

The basic elements of the HEM and the CZ growth 
furnaces and the processes are quite similar (heaters, 
crucibles, insulation, etc.). A silica crucible loaded 
with the charge and set in a graphite retainer is placed 
in the furnace. The chamber is evacuated, and after 
melting the charge crystal growth is achieved. In the 
HEM process, the chamber is typically evacuated dur- 
ing growth to 0.1 Torr. For CZ growth an argon 
blanket is used and the chamber pressure can vary 
from 10 Torr to 1 atm (8). In early experiments with 
HEM growth it was quite surprising that high carbon 
concentrations were found in the silicon ingots. The 
purpose of this paper is to explain the origin of this 
carbon concentration and to present thermodynamic 
and experimental results that support the conclusions. 

Reactions between Graphite and Silica 

In addition to the reactions forming S i c  two ,additional 
reactions were considered 

Using. the data in Table I, reactions [I]-[6] have 
positive free energy changes at  atmospheric pressure 
and in the temperature range 1600"-1750°K (Table 11) 
with those reactions, that produce CO2 tending to: be 
more positive. The least positive free energies at  at- 
mospheric pressure are given by Eq. [4] and [5]. For 
reaction [5] the standard free energy of formation, 
A G O ,  us~ng data in Table I, is 

AGO = 162900 - 81T 
Also 

AG=AGo+RTlnK 

where R is the gas constant, T is temperature in de-. 
grees Kelvin, and K is the equilibrium constant for 
the reaction. Since equimolar ratios of SiO and CO 
are formed, their partial pressures are 

PSl0 = Pco = 4i P 

where p is the total pressure. Under equilibrium con- 
ditions, AG = 0, hence 

log p (atm) = 9.15 - 1.78 x 104/T 
or 

logp (Torr) = 12.03 - 1.78 x lW/T 
Silicon, oxygen, and carbon are used in the HEM in T~~~~ equations are used to plot the curve (line) the form of silicon melt stock, silica crucibles and along with aG = .O, i.e., + Si02 is in. equilibrium graphite furnace parts, and retainers. A thermody- with SiO + CO. The line separates the range of =, namic evaluation has considered possible reactions be- space in which + SiOz has a lower free energy than tween these three reactants and the salient reactions 

are reported. 
has beq? in crysta1s as sili- Table I.  Standard free energy of formation, AGO, in the temperature 

con carbide. Silicon melt stock and graphite parts are range lU)O''-1800'K (Source: Manlabs-NPL Data Bank) 
not in direct contact; therefore, the folluwiilg reactions 
between graphite and silica crucible were studied 

AG* 
.2C + Si02+ Sic  + C02 111 Compound* (crii/mol) 

3C + 3Si02+ S ic  + 2CO2 + 2SiO [21 s i c  (mud) - 18200 + ST 

[31 
CO (gas) - 28300 - 20T 

4 c  + 2Sio2 + S i c  + 3CO + S i o  COI (gas) - 94700 
SIOP (60lld) -118300 + 43T 

Electrochemical Soclety Actlve Member. S10 (gas) -27100 - 18T 
1 Present address: Virginla Semiconductor, Incorpdrated, Frede- 

rlcksburg. Virginla 22401. 
Key words: carbon, thermodynamics, transport, pressure. Note: T = 'K 
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Table il. Standard free energy chonge for vorious reactions as o 
function of temperature 

AG (cnlorles) 

Reaction l600'K 1650'K 1700'K 1750'K 

2C + St01 -. SIC + coa 
3C + 3.510s + SIC + 2C01 + 2.510 
4C + 2SlOs-r S i c  + 3CO + SiO 
3C + SiOt + S i c  + 2CO . 
C + SIOt -. SiO + CO 
15 + 2 S i 0 2  -.-~SIO ;CO~ 
2C + SiO + SIC + CO 
IC + 2.510 -. 2SiC + cot 

S O  + CO from a second range of T, p space where 
SiU + CO has a lower free energy than C $- S i a .  
These ranges and the AC = 0 equilibrium curve (line) 
are marked in Fig. 1. Slmllar data for Eq. [4], also 
plotted in Fig. 1, show that S i c  may be formed by the 
reaction of carbon and silica, but do not explain how 
S i c  is transported across the crucible wall into the 
silicon. This leads to the conclusion that S i c  is formed 
by reaction of a gaseous reaction product. 

It should'be noted that in the HEM furnace the svs- 
tern pressure is measured about 6 in. outside the hot 
zone. Even though it may not represent the exact pres- 
sure in the hot zone, ~t 1s a good ~ndicat~on of the op- 
erating pressures in the hot zone. 

Reactions Involving Reaction Products 
. In the above analysis it was found that the reaction 

between the, materials in the HEM furnace did- not 
explain the formation of silicon carbide. Further the 
reactions that .produce COz have a higher free energy 
than those involving CO. Examination of the reaction 

c + coz -, 2c0 [71 

shows that it proceeds strongly to the right at  1700°K 
and pressures near 1. Torr (i.e., 10-3 atm). Thus CO 

be further emphasized if graphite were to react with 
oxygen in place of COz in Eq. [7]. 

Another vapor species expected in the HEM furnace 
is SiO. This is formed by the reaction of molten sili- 
con with t h e d i c a  crucible (9, 10) 

Si + Si02 -, 2SiO [a] 
The equilibrium vapor pressure of g n a r n l l n  S;iO An R 

f1.1nction of t cmpcr~ t l~ rc  for this reaction is plotted in 
Fig. 2. 

The reaction involving the two dominant vapor 
species, CO and SiO, has been examined 

CO + 3Si8 + Sic  + 2Si02 [91 

and .the results plotted as a function of pressure and 
temperature in Fig. 3. It can be seen that under the 
operating experimental conditions, this reaction docs 
not proceed to the right. 

Examination of tile following reactions between 
graphite and SiO show that in two cases S i c  is formed 

2C + SiO -, S i c  + CO 1101 

will be the dominant readant. This conclusion would The free cnorgy of thccc rcactiono a t  atmo3phcric 

Fig. 1. Calculated pressure-temperature relations for reoction of 
graphite and silica to form silicon carbide, silicon monoxide, and 
carbon monoxide. 

28 

Fig. 2. ~ ~ u i l i b r i u m  vapor pressure of gaseous SiO as a function 
of temperoture for the reaction Si (condensed) + Si& (condensed) 
-. 2SiO (gad. 
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Fig. 3. Equilibrium tot01 pressure of CO and SiO as o function of 
tempamtun for the reoction CO + 3SiO -, Sic + 2Sia.  

pressure is negative (Table 11). This will result in 
coating of the furnace parts with SIC, yet no contami- 
nation of the silicon. 

The following reactions involving CO and Si were 
studied 

S i +  CO+ Sic  + % 0 2  [I31 

Reaction 1131 yields a positive free energy at atmo- 
spheric pressure. Considering the pressure and tem- 
perature dependence, of this reaction, the reactants 
will be stable in the experimental operating condi- 
tions (10). The stability range of reaction 114J shows 
that the reactants are stable (Fig. 4). The standard 
free energy of reaction r151, Go, using data in T e h l ~  
I can be represented by Eq. [I61 where T = O K  

AGO = -17,000 + 5T (calories) [l6l 

This reaction proceeds to the right at 1700°K. The 
free energy of the reaction, AG, utiiizing the usual free 
energy relationship, can be calculated'from 

AG = AGO + RTlnK C171 

Assuming unit activity in the condensed phase and 
Psio, pco (the partial pressures of SiO and CO re- 
spectively), Eq. [I71 can be written as 

E l  ' ' 

1 1 1 1 1  

1 7 3 5 ' ~  1 6 8 5 ~ = ~ l m p  - - 
- 
- - - - - - - - 
- 
- 

2 SIC + SiOz 
STABLE - - - 

- 
- - 

W = - - 
a : ... 
3 - - - 
8 - - 
W - - 
a 

0.1 , - - - - - - - - - - - - - - - 
0.01 , - - - - - - - - - - 

F 4 

Fig. 4. Equilibrium pressure of CO or o function of temperoturr 
for the reaction 2CO + 3Si + 2SiC + Sib. 

silicon can come from reaction [151. The vapor pres- 
sure of carbon over graphite is less than 10-11 Torr at  
the melting point of silicon and can, therefore, be 
ignored. The formation of CO, besides a vacuum leak 
and reaction of absorbed gases on graphite paris, is 
from reactions [41 and [51. This appears to be the 
most likely source for transport of C to the silicon. 

Reactions 111-[IS] and Table I cover @ of the 12 re- 
actions cited by Coldwell (11). The three remaining 
reactions discussed in Coldwell's paper and ignored 
here deal with the reduction of S i q  and/or SiO by 
carbon to form silicon. These reactions are unlikely in 
the T, p range under consideration here. The present 
analysis is concerned with a wide range of pressure in 
contrast to Coldwell's discussion which is confined to 
1 atm conditions. 

Experimental Verification 
The above thermodynamia analysis indicates that 

Sic  in HEM grown silicon is attributable to the reac- 
tion of CO and Si. A major source of CO is from reac- 
tions (43 and 651, interacti~n of silica crucible with 
graphite retainer. This was verified indirectly by ex- 
periment. A graphite piece was sandwiched between 
two pieces of single crystal silicon with polycrystalline 
silicon around them. The furnace was heated close to 
the melting point of silicon and cooled. It was found 
that a silicon carbide layer was formed in areas where 
the graphite was in contact with the silicon crystals and 

AC = - 17,000 + 5~ + 1.987~ (ps,o/pco) [la] alsoa fight layer was found in the immediate vicinity. 
The pieces far removed from the graphite piece 

If the equilibrium fraction of SiO can be represented 
by x, then Toblr Ill. Eq~ilibrium fraction of CO and SiO ot various 

temperatures in reoction [IS] 
x = exp 

T ('XI r = prtolPt % CO % SIO 

1 + exp 
1.g87T 0.935 6.5 93.5 

1687 0.928 7.2 82.8 
1700 0.925 7.5 92.5 

The corresponding fractions of the vapor species at 1750 0.916 8.5 91.5 
diflerent temperatures are shown in Table 111. There- 
fore, a major source of silicon carbide formation in p, , ,,,, + p,. 
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showed no evidence of Sic. In this experiment the 
graphite piece was not in contact with silica, hence 
reactions E41 a d  151 were suppressed. In another 
run when the charge was heated in a silica crucible 
held in a graphite retainer and cooled, the entire melt 
stock was coated with Sic. 

Experimental evidence of Sic formed in HEM grown 
silicon is shown in Fig. 5 and 6. Silicon carbide bae 
accumulated at the solid liquid interface. The sample 
has been etched with CP-4. The groove represents a 
boundary where spontanegus nucleation and fr-g 
from the top of the liquid has met the advancing in- 
terface solidifying from the bottom towards the top. In 
this growth a graphite retainer was used and the oper- 
ating pressure was 0.1 Torr. The precipitates were 
identiAed by x-ray dispersive analysis. hfrarC!d m a -  
surements indicated a concentration of carbon in the 
(3.5-4.1) x 10'7 atoms/cms range which is dose to the 
solid solubility limit near the melting point of silicon 
(12). The entire top surface of the solidiAed ingot was 
mvered with Sic. A similar experiment carried out 
with a molybdenum retainer indicated a carbon con- 
centration of (1.5-3.1) x 1017 atoms/cms for twelve 
samples. The top surface of the ingot was dean and 
shiny with no evidence of the Sic layers. The replace- 
ment of graphite retainer with molybdenum resulted 

in lower carbon levels in silicon. This eliminated the 
contact of graphite with the silica crucible. As far aa 
reactions involving 0 9 ,  Hz and water absorption in 
graphite, they will not be changed significantly be- 
cause the HEM is carried out in a resistance heated 
furnace which has all graphite parts (e.g., heater, 
liner, insulation, etc) . 

Conclusions 
Evidence of high carbon levels in IEad gram 

silicon have led to a, proposed mechanism for the 
cause of silicon carbide formatioh It is associated with 
the use of graphite retainers in contact with U c a  
crucibles under reduced pressures. High carbon levels 
in silicon have been reported to cause breakdown in 
crystallmiry in CZ (1,13) as well aa in ribbon growth 
(14). The electrical effects of Sic inclusions have been 
detrimental in solar cell devices (16). The origin of 
high carbon levels in silicon processed in vawuan k 
because of reactions between silica crucibles and 
graphite retainers. If the graphite retainers are re- 
placed by molybdenum, these rwrutiona do not kkc 
place, and thereby the carbon levels in the silicon can 
be considerably reduced. 
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