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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 of the ingot. Significant effort

and progress has been made in the development of a uniform

graded structure in the silica 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.,0.145 mm/min., 50 per cent

more than the projected cutting rates used in the economic

analysis.
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SILICON INGOT CASTING	 HEAT EXCHANGER METHOD

The emphasis in silicon casting during the current quarter

has been on improvement of the solidification cycle, crucible

development and scale-up. Significant advances have been made

and ingots up to 8.1 kg weight in 1Z cm x 16 cm square cross-

section have been cast,

Ingot Casting

It is intended to cast large silicon ingots by the Heat

Exchanger Method (HEM). It has been found  that the melt tempera-

ture during crystal growth has to be maintained very close to the

melting point of silicon. This is associated with the higher

conductivity of silicon in the liquid state as compared to the

solid state. Under such conditions growth is impeded since

heat is transferred rapidly from the crucible wall to the solid-

liquid interface via the molten silicon. It is, therefore,

necessary to keep the temperature of the melt as close to the

melt point as the instrumentation will allow. In the HEM the

submerged interface and uniform temperature gradients at the

solid-liquid interface prevent spurious nucleation even at such

low superheat.

1



4

	

	 Another feature observed during crystal growl', of silicon

by HEM was an increase in power levels as the solidification

progressed. This was particularly noticeable towards the end

of the growth cycle. The growth cycle was initiated by increas-

ing the flow of helium gas through the heat exchanger. Solidifi-

cation proceeded and the heat exchanger reduced the temperature

of the melt. The furnace controller compensated for the heat

extraction by increasing power to the heater to maintain a

constant furnace temperature. When the size of ingot grown was

small compared to the size of the heat zone, this effect was not

very large. However, for large ingots, these mutually compen-

sating effects of heat extraction by heat exchanger and increase

in power to the furnace have to be minimized. During runs 317-C

through 322-C (details in Table I) the furnace was controlled

on the basis of power rather than temperature. The sensitivity

of control on power is not as accurate as with temperature.

Under power control constant power is maintained; therefore,

the furnace temperature decreased during the run due to the

cooling effect of the heat exchanger. While controlling with

power the melt temperature is slightly higher; hence, a period

of stabilization takes place before any growth occurs. This

increases the growth time. This period will be the same for

larger ingots; hence growth rates will improve with size of

the ingots cast. Additionally power control was reproducible

from experiment to experiment. In earlier runs when deposits

°r ;N	 formed on the windows of the furnace, it led to incorrect

2
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temperature measurement and thereby prolonged growth cycles.

Very good oTystallinity of the silicon ingots has been

maintained.

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

square cross-section ingots. 	 During Phase 11 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) is its simplicity. This allows easy scale-up

in size and this has been demonstrated again. However, the

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

creased the interface is further away from the heat exchanger.

So far the height to diameter/width of the ingot has always

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

such that the height to width ratio was greater than one and

no problems were encountered. 'A similar size ingot cast in

run 338-C is shown in Figure 3.

6
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Two views of the 16 cm x 16 cm sgnare
ingot cast by HEM in run 329-L.

Figure 1
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Figure 2 A view of 8.1 kg square ingot as
removed froru crucible
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Figure 3. A view of 8.1 kg square irgot
cast in run 338-C
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Crucible Development

In order to cast crack-free silicon ingots in silica 	
.r

crucibles it is necessary to develop a graded structure in tbP

crucible. This structure has been developed by heat treatme.:~

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

develop 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

still larger crucibles. Initially crucible development and

optimization was conducted with 15 cm diameter crucibles. Once

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

treatment of the 15 em 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.

10
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MULTI-WIRE SLICING--FIXED ABRASIVE SLICING TECHNIQUE

The emphasis during the current quarter in silicon slicing

was on machine and blade development. Efforts were pursued to

.reduce the weight of the bladehead so that still higher speeds

can be achieved.

Machine Development

It has been established  that for effective slicing with

fixed diamond abrasive it is desirable to operate at high surface

speeds. At lower speeds the diamond is in a dragging mode

rather than in a cutting mode. In order to achieve higher

speeds it is necessary to lighten the reciprocating bladehead.

The weight of the modified Varian slicer was about 200 pounds

and a surface speed of 100 feet per minute was achieved. The

high speed slicer designed was such that the blade carriage was

twice as long and weighed half as much. Slicing tests with

this bladehead were.carried out at surface speed of about 200

feet per minute. 2 Significant improvement of the cutting per-

formance was seen at the higher speeds. To further increase

speeds it was necessary to lighten the reciprocating carriage

still further, A new 37 pound bladehead has been designed and

j
1
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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 using 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 <;irst slicing test with the modified slicer was carried

out durk ,ig run 325-SX (details in Table II) to slice a 10 cm

diameter silicon workpiece. The surface speed was about 400

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

cutting 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

2.33 mils /min., 0.059 mm /min. obtained  with similar wires and

10 cm diameter workpiece before the present: modification. This

means that about 250% cutting rates have been achieved with

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

better than the projected cutting rates ( 0.1 mm/min.) in the
r

12
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Figure 5. A view of the rocking, mechanism
incorporated in the high-speed slicer
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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, from 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 some 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 per-

formance and it has been maintained for five runs without much

degradation. The cutting rates revived after dressing of wires.

17
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A bladepack of commercially impregnated wir- 	 was plated

with 7.5 um nickel.	 During plating the solution was modified

3	 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 copper sheath. 	 It has been found that it

was possible to impregnate 45 um size diamonds into 7.5 pm
fr

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

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 um into a 15.5 um 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 pm electroless nickel buries the diamonds.

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

0	
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.

19
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A similar bladepack used for runs 314-S through 318-S

but with diamonds only in the cutting edge was used in runs

322-S through 324-S. Very effective slicing, good quality

wafers, and 100% yield was achieved during the first run.

Subsequently a deterioration in performance was observed.

Examination of the bladepack after the third run showed that

considerable diamond pull-out was observed.

A comparison of performance of this bladepack with a similar

earlier one shows two significant differences which may explain

the difference in their lives. Firstly, the present blade-

pack was electroplated on one side of the wire only. Secondly,

the feed forces used in recent runs were lower, 25.7 gms.

vs. 31.9 gms. used earlier, Both sets of wires were used at

low surface speeds which is not conducive to effective slicing

with fixed diamonds. These conditions put the diamond in a

dragging mode. Further, it has been established' that higher

feed forces result in enhanced cutting rates. Therefore, lower

feed forces may be less conducive conditions for diamond slicing

in addition to dragging mode at iower surfa 3.e speeds.

20
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CONCLUSIONS

1. Ingot casting has been extended to 16 cm x 16 cm square

cross-section size. Ingots up to 8.1 kg have been cast.

2. Good crystallinity has been maintained for ingots using

simpler power control.

3. A glass-working lathe makes it easier to achieve a uniform

and reproducible graded structure in the crucibles.

4. Surface speeds of 500 feet per minute have been achieved

with the 37 pound bladehead.

5. Higher forces used in impregnation helped retain diamonds

during plating.

6. First slicing test on 10 cm diameter silicon after

modifications have given average cutting rates of 5.7

mils/min., 0.145 mm/min. wit''i impregnated wires.

21



t

rrF
S.

i

f'

5j

s

REFERENCES

1. F. Schmid and C. P. Khattak, "Heat Exchanger--Ingot Casting/
Slicing Process," ERDA/JPL 954373, Crystal Systems, Inc.,
Final Report (I), December 1, 1977.

2. F. Schmid and C. P. Khattak, "Heat Exchanger Method--Ingot
Casting/Fixed Abrasive Method--Multi-Wire Slicing (Phase II),"
DOE/JPL 954373, Crystal Systems, Inc., Monthly Progress
Report No.	 7, November 15,	 1978.

3. F.	 Schmid and C. P. Khattak, "Heat Exch-nger Method--
Ingot Casting/Fixed Abrasive Method--Multi-Wire Slicing
(Phase 11),"	 DOE/JPL 954373,	 Crystal Systems, Inc.,
Quarterly Progress Report No. 3, July 15, 1978.

22



ti

u^

ut	 +

^ I

Coiit riot 4 S 4 17.1 (1 1 1)

	

	 CvV... ;i	 vr;( t I m::.	 1 rnt•.

P1lI.F.STONE CHART

.1c
IN

It)

r^

I I	 ^

•• + (^ i'}1

-

Vl

^

•q

^^' •At ^ „i hI	 •r^ W 1^
c>F►

r*. 1.1
1^
V r-♦ -4 ^1

4/^
11 .0 + .	 1 IU

\)
4+

S1

Md1 ^. y CJ UIU 1 y

• l	 • r l
('

,t	
^J 11 `` t j c tl. r +ll..

tt
y 1 t.)	 Cl

U
C^ CJ C^

y
u1 Ul 1^ •<

,n

1 .1,
(
) 1	 ^. 1 1 L7 ^^ L,

y
U Al

) i

`,

i, l Cl
,

u \

,

r	 • t , 1i
v)

It'll.t^

;)	 +
U	 ]

+^1

y

^^

.V r .V
r^

11
Z

L^

1 cV !'1 N .^
V)

v)
l

y)
4^

 t!. !i^ U) +^ N cT. .^

it



APPENDIX

Origin of SiC Impurities in Silicon Crystals

Grown from the Melt in Vacuum

F. Schmid and C. P. Khattak

T. G. Digges, Jr.

Larry Kaufman

Journal of the

Electrochemical Society
r
i

Vol. 126, No. 6

June 1979

M .. 4
. ^	 t1



.	 _	
it

Origin of SiC Impurities in Silicon Crystals
Grown from the Melt in Vacuum

F. Schmid" and C. P. Khattak
Crystal Systems hncorporated, Satent, Massachusetts 01970

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

and Larry Kaufman	 ^ 101,

Mattlabs, Incorporated, Cambridge, Massachusetts 02138 	 ^yt _ Not

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-liquid interface (5).

Early experiments indicated that SIC particles were
found in crystals solidified by the HEM (6). However,
even with the presence of SIC particles, Inrge gra ms
have been grown with limited interface breakdown
during solidification, This observation was contradis-
tinct to Czochralski (CZ) growth where Interface
breakdown due to SIC Is followed by twln/polyerystal-
line growth (7).

The basic elements of the HEM and the CZ growth
furnaces and the processes are quite similar (heaters,

3C -i- S102 -^ SIC -i- 2CO	 [41

1n addition to the reactions forming SIC two additional
reactions were considered

C + S102 -+ SIO -i- CO	 [5]
C -I- 2SIO2 - 2Sf0 -i- CO2	[8]

Using the data in Table I, reactions [I)-[6j have
positive free energy changes at atmospheric pressure
and )n the temperature range 1600 0 -1750 0 K (Table II)
with those reactions that prodilee CO_) tending to be
more positive. The least positiva free energies at at-
mospheric pressure are given by Eq. [4] and [5]. For
reaction [5] the standard flee energy of formation,
AG

O
, using data in Table I, is

AG
O
 .- 162900 — 81T

with the charge and set in a graphite retainer is placed AG = AGO -]- RT In K
In the furnace. The chamber is evacuated, and after
melting the charge crystal growth is achieved. In the where R Is the gas constant, T Is temperature in de-
HEM process, the chamber is typically evacuated dur- grees Kelvin, and K Is the equilibrium constant for
ing growth to 0.1 Torr. For CZ growth an argon the reaction. Since equimolar ratios of SiO and CO
blanket Is used and the chamber pressure can vary are formed, their partial pressures are
from 10 Torr to 1 atm (8). In early experiments with

psio =	 = 1/2 ppcoHEM growth it was quite surprising that high carbon
concentrations were found in the silicon .ingots. The where p is the total pressure. Under equilibrium con-
purpose of this paper is to explain the origin of this ditions, AG = 0, hence
carbon concentration and to present thermodynamic
and experimental results that support the conclusions. log p (atm) = 9.15 — 1.78. X 109/T

Reactions between Graphite and Silica
or

log p (Tory) = 12.03 — 1.78 X 104/T
Silicon, oxygen, and carbon are used in the HEM in

the form of silicon melt stock, silica crucibles and These equations tire used to plot the curve 	 (line)
graphite furnace. parts, and retainers. A thermody- along. 

Wi
with AG = 0, i.e., C -f- Si02 Is in equilibrium

e-,evaluation has	 d possible reactions be- with	 + CO. The	 separates the range of T, ptwene
twee	 these three. reactants

ctants 
and the salient reactions space in which C + SiO2 has a lower free energy than

are reported.
Carbon has been observed in silicon crystals as sili- Table h Standard free energy of formation, AG

O
, In the temperaturecon carbine. Silicon melt stock and graphite parts are range 1300 •- 1800 • K ( Source: Manlabs - NPL Data Bank)not in direct contact; therefore, the following reactions

between graphite and silica crucible were studied

.2C -i- Si02- SIC -I- CO2	[1]
AG•

Compound-	 (cal lmol)

3C -1- SSi02-+ SIC -f- 2CO2 -i- 2SIO	 [2] SIC (solid)	 —18200 + 3T

4C -i- 2SiO2 - SIC -f- 3CO + Si0	 [31 CO (gas)	 —28300 — 20T
Cot (gas)	 -94700SIOr	 21tl300(solid)	 —t 43T• Electrochemical Soclely Active Member. SIC, (gas)	 —27100 — 10T

• Present address: Virginia Semiconductor, Incorporated, Frede•
ricksburg, Virginia 2240E

Key words: carbon, thermodynamics, transport, pressure, • Note: T = 'K,
F	 H	
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Tabla II. Standard free energy change lot various reactions as a
function of temperature	 -

41a (aWarle9)
Reaction	 16001II	 1650.11	 1700-K	 1750'IC

I
11 2C + SIIL-• SIC + Cot 41.400 70,400 37,400 35,400
21 3C 4 3510#-, SIC 4 gear + 2st0 133,goo 120,1100 117,70Q 100.600

131 4C + 2510#- , SIC + 3CO + SIO 40,900 40,750 32,700 24010
141 3C + 810,-. SIC + 2CO 15,500 11,500 71510 1,5110
151 C + .9109^ S10 + CO 33,300 29,250 25,200 21,150
(6) C + 2810#-, 2510 + CON 92,500 (16,400 110,300 74,200

1101 2C h Sit) « SIC 4 CO —17,0110 —17,750 —17,700 —17, 5
01111 ',C + 2510 ., 251C + COs —9,700 —7,600 —5,500 —3.

112) C i• Sio -4 In + CO —4,400 —4,000 —4,600 —4700

SIO .) CO from a second range of T, p space where
SIO (• CO 11115 a lower free energy :11011 C + Si02.
These ranges and the dG :- 0 equilibrium cu rve (line)
are narked in Fig, 1, Shn(la' dale for Eq. (4), also
plotted ill Fig, 1, shall' that S I J cony be formed by the
rcnction of carbon and silica, but do not explain how
SIC is Crnnspprted across the crucible wall Into the
silicon. This lends to t11e conclusion that SIC Is formed
by reaction of a gnseuus reaction product

It should be noted that in ilia IIEM furnace the sys-
tem pressure Is measured about 0 in, outside the hot
zone. Even though it may not represcnl the exact pres-
sure in the hot zalie, it is n good indle0lon of the op-
erating pressures In the hat zone,

Reactions Involving Reaction Products
In the above analysis It was found that the rcnction

between the uwlcriats in the HEM furnace did riot
explain the fo•tnation of silicon cm-bide. further the
reactions that produce CO. have a higher free energy
than those involving CO. Exann(ontion of the reaction

C -h CO2-+ 2CO	 [71
shows that it proceeds strongly to'the right at 17000Ic
and pressures near 1 Tarr (i.e., 10- 11 aim), Thus CO
will be the dominant reactant, This conclusion Would

be further emphasized If graphite were to renct with
oxygen in place of CO 2 in Eq. [711

Another vapor species expected in the IIE(sl furnace
Is SIO, This is formed by the reaction of molten silk
call with the silica crucible (0, 10)

SI -t• 510 2 -r 2SIO	 [0)

The equilibrium vapor pressure of gnscons SIO as n
function of temperature for this rcnction Is plotted In
Fig. 2.

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

CO -I- .1 4510 -r SIC q• 2SIO C 	[0)

unit the results plotted as n function of pressure and
temperature In Fig. 3. It can be seen flint under the
operating experimental conditions, this reaction does
not proceed to the right.

Exnmtnatiet of We following reactions between
grnphile and SIO show that In two cases SIC is fornned

2C -I- SIO + SIC {• CO	 [10)

3C -t- 2SiO 2SIC (- CO2 	[II)

C-)•Sl0-+Si-t-CO	 [12)

The free energy of these reactions at atmospheric
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Fig.?. Equilibrium vapor pressure of gaseous SiO as a function
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Fig. 3, Equilibrium. total pressure of CO and $10 its a function of
temperature for tire reaction CO + 3Si) ro SIC + 2M..,.
pressure is negative (Table II)., This will result it)
contiml of the furnace parts with Sic, yet no conttaul.
notion of the silicon,

The following reactions Involving CO and S1 were
studied

	

SI .1- CO -r SIC - 1/2 0.	 [1(11

	

3S1 + 2CO -i 2SiC -1- SiO:	 [1.1]

	

2Si + CO. Sic 'I- Sic	 [15)
Reaction [131 yields it positive free eno'gy at atno-
spheric pressure, Considering the pressure and lem-
1wrature dependence of this reaction, the reactants
will be stable III 	 expe r imental ope rating condi-
lions (10)• The stability range of reaction 1.1 .11 shows
that the reactants are stable (Fig. d). The standard
free ene rgy of reaction [15], AG O , lasing data in Table
I call 	 represented by IA [161 where T = '1

AG O = —17,000 .{. 57' (calories) 	 [10]
This reaction proceeds to the right tit 1700'K. The
free ene rgy of the reaction. AG, utilizing the usual free
energy relationship, call 	 calculated from

AG = AG O -1- ItT 
III
	 (171

Assuming unit netivity fit 	 condensed phase andpslu, 1)cu (tile partial. pressu res of Sick and CO re-
spectively), Eq. [171 call

	 written as

AG =. —17,000 -I . 5T + 1.0077' 111 	 [ 101
If the equilibrium fraction of Sick call 	 represented
by a, lieu

( 1 7, 000 — 57' \ /
a = exP `	 1,0077'	

(J
C1	 exp i	

1.9871' JT

Thso corresponding fractions of the vapor specie
different tempe ratures are shown in Table 111, There-
fore, a major sou rce of silicon carbide formation in

n	 s	 a	 7	 n
(Iell , Kt

Fig. 4. Equilibrium pressure of CO as a function of temperature

for the reaction 2CO } 3Si -r• 2SIC ¢ SiOL,

silicon cull cattle from reaction [151, The vnpor pres-
sure of carbon aver grnphila is less than 10^ rl Tort' at
the Melling poiol of silicon and can, therefore, be
ignored. The formation of CO, besides a vacuum lenlc
and rencllon of absorbed gases on graphite parts, is
front reactions 1 .11 and [5), This oppetus to be tha
most likely source for transport of C to the silicon.

Renellons [17-[151 and Table I covet' D of the 12 re-
nclion q "dent by Caldwell (11), The three remaining
rcnclio;;e discussed In Coldwell's pope' and iauored
here ot,l with the reduction of S10 2 and/or St0 by
carbon to form silicon, These renctions nre unlikely fn
the T,11 range under considerniion here. The present

amdysis is conce rned with it mdrla range of pressu re in
cont rast to Coldwell's discussion which is confined to
I atln conditions.

Experimental Verification
The above the rmodynamic analyafs indicates that

SIC fn I1E&I grown silicon is nllribuinble to the reac-
tion of CO and Si. A initial' source of CO is front rene-
(fans 1,11 and [51, inteisedon of sillen crucible with
graphite retainer. This was verilled indirectly by ex-
pe r iment. A graphite piece wits sandwiched between
two pieces of single crystal silicon will% polycrystallina
silicon around them. Tito furnace was tented close to
the Inciting point of silicon and cooled. It was found
(lint a silicon carbide layer was formed in areas where
the grnphite wits In contact with the silicon crystals and
also a light layer was found in the immediate vicinity.
The pieces far removed from the graphite piece

Table III, Equilibrium: fraction of CO and Sick at various
temperatures In reaction [15)

X v pmo/1't	 5. CO	 S"e sick
09.1.5	 0.5	 -	 03.5..
0.0211	 7,2	 02.11
0.025.	 7,5.	 02 .5
01015	 its	 015

Yt a Psw 4 Pee.
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T ('K)

[101.	 rnsG
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showed no evidence of SiC. fit 	 experiment the
graphite piece was not in contact with silica, hence
reactions 141 and 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 has
accumulated at the solid liquid interface. The sample
has been etched with CP-4. The groove represents a
boundary where spontaneous nucleation and freezing
from the top of the liquid has met the advancing in-
terface solidif)ing 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
identified by x-ray dispersive analysis. Lifrared mea-
surements indicated a concentration of carbon in the
(3.5-4.1) x 10 1 ' atoms/cm i range which is close to the
solid solubility limit near the melting point of silicon
(12). The entire top surface of the solidified ingot was
covered with SiC. A similar experiment carried out
with a molybdenum retainer indicated a cat-bon con-
centration of (1.5-3.1) x 10 17, atoms/cm l for twelve
samples, The top surface of the ingot was clean and
shiny with no evidence of the SiC layers. The replace-
ment of graphite retainer with molybdenum resulted

Fig S Optical photograph (320X) showing the freeze line de-
scribed in teat.

Fig, 6 SEM photograph (340'4 ) illustrates details of dendrite
growth. Energy dispersive analysis of a single dendrite showed it to
be SiC,

in lower carbon levels in silicon. This eliminated the
contact of graphite with the silica crucible. As tar as
reactions involving U l . Hs and water absorption in
graphite, they wi.l not be changed significantly be-
cause the HEM is carried out in a resistance heated
furnace which has all graphite parts (e.g., healer,
liner, tribulation, etc.).

Conc:usions
Evidence of high carbuti levels in HEM grown

silicon have led to a proposed mechanism for the
cause of silicon carbide formation, It is associated with
the use of graphite retainers in contact with silica
crucibles under reduced pressures. High carbon levels
in siliLon have been reported to cause breakdown in
crystallinity in CL (7, 13) as well as in ribbon growth
(14), The electrical effects of SiC inclusions have been
detrimental in solar cell devices (15). The origin of
high carbon levels in silicon processed in vacuum is
because of reactions between silica crucibles and
graphite retainers. If the graphite retainers are re-
placed by molybdenum, these reactions do not take
place, and thereby the carbon levels in the silicon can
be considerably reduced.
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