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ABSTRACT

Ingot casting has been scaled up to 16 cm x 16 ecm 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.



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 secsle-up. Significant advances have been made
and ingots up to 8.1 kg weight in 12 em 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 Leen found1 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 siliéon 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
sdlid-liquid interface prevent spufioué nucleaticn even at such

low superheat.



=

Another feature observed during crystal growt!: of silicon
by HEM was an increase in powa2r 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 conktrel 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 reProduciblé.
from experiment to experiment. In earlier runs when déposits..

formed on the windows of the furnace, it led to incorrect
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temperature measurement and thereby prolonged growth cycles,

Very good #rystallinity of the silicon ingots has been
maintained,

A major emphasis of the present program is to cast large,
square cross-section ingots. During Phase II 10 em x 10 em
ingots were cast. It was intended to scale up the size to
15 cm x 15 em 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 rxun 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.



Figure 1. Two views of the 16 cm x 1€ cm square
ingot cast by HEM in run 329-C.



Figure 2. A view of 8.1 kg square ingot

as
removed from crucible
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Figure 3. A view of 8.1 kg square ingot
cast in run 338-C
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Crucible 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 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 canducted with 15 em diameter crucibles., Once
some 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 ¢f the érucible

to the bottom of thé ingot was observed, This problem has since
been corrected by heat treating the bottom area a little differ-
eﬁtly to correct for the different temperature.of the bottom of
the crucible as compared té the temperature profile of the sides

e

of the crucible during crystal growth.

10



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? thét 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 que
rather than in a cutting mode. In order to achiéve 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 cuﬁting per;
formaﬁce 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 desipned and

1t



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 em 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 rockiﬁg
mechanism incorporated. |

The first slicing test with the modified slicer was carried
out duriag run 325-8X (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; sﬁch high cutting rates have never
been a:hieved with commercially impregnated wires. The totai
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 ﬁresent modification. This
means that about 250% éutting rates have been achieved with

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

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

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% yleld 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 ym diamond electroplated wire--
high yields and good wafer quality were obtained for four runs,
In run 318-C these wires were used for a Ffifth run after
dressing, It was found that the cutting rates achieved during

this run were higher; however, only €4% yield was obtained.

Visual examination showed absence of diamonds in some areas of

the cutting edge. SEM examination of_thesé 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 ym nickel. During plating the solution was modified
to see 1f the bond between the nickel and diamonds can be
improved, These wires were used for Slicing tests in run
320-8, 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 pdssible to impregnate 45 um size diampnds into 7.5 ym
copper sheath. However,-the copper was distarted, A 12.5 uym
sheath was pnot distorted and the concentration of diamonds was
very high. However, after plating the diamond concentration was
not as high. Impregnation of 45 ym diamonds into 12,5 um
sheath was not deep enough and diamonds fell out during plating.
Impregnation of 30 uym into a 15.5 um copper sheath under high
forces produced sgatisfactory 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. 326-5 a 7.5 um electroless nickel buries the diamdnds.

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.

19



A similar bladepack used for runs 314-S through 318-8
but with diamonds only in the cutting edge was used in runs
322-S through 324-S8. Very effective slicing, good quality
wafers, and 100% yleld 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, Botﬁ sets of wires were used at
low surface speeds which is not conducive ﬁo effective slicing
with fixed diamonds. These conditions put the diamond in a
dragging mode, TFurther, it has been estab].ished1 that higher
feed iofces result in enhanced cutting rates. Therefore, lower
feed forces may be less conducive conditibns fer diamond slicing

in addition to dragging mode at lower surfate speeds.

20



CONCLUSTONS

Ingot casting has been extended to 16 cm x 16 cm square
cross-section size, Ingots up to 8.1 kg have been cast.
Good crystallinity has been maintained for ingots using

simpler power control.

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

and reproducible graded structure in the crucibles.
Surface speeds of 500 feet per minute have been achieved
with the 37 pound bladehead,

Higher forces used in impregnation helped retain diamonds

during plating.

. First slicing test on 10 cm diameter silicon after

modifications have given averagé cutting rates of 5.7

mils/min., 0.145 mm/min. wit™ impregnated wires,

21
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Origin of SiC Impurities in Silicon Crystals
Grown from the Melt in Yacuum

F. Schmid* and C. P, Khattak
Crystal Systems Ineprporated, Salem, Massachusetts 01970

T, G. Digges, Jr.!
Jet Propulsion Laboratory, Pasadena, California 91103

and Larry Kaufman
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ABSTRACT

A. main source of high carbon levels in silleon crystals grown from melt
under reduced pressures and contained in silica erucibles supported by graph-
ite retainer/susceptor has been identified by thermodynsmic analysis. The
caleulations have been verified by experimental results and the carbon level
can be reduced by approximately 509 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 crystsls (4). In this method
the seed s placed at the bottom of the crucible and the
temperature in the mell inereases 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 (8). However,
even with the presence of SiC particles, large graing
have been grown with limited intgrince brealkdown
during solidification, This observation was contradis-
tinet to Czochralski (CZ) growth where inlerface
breakdown due to SiC 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, ete.). A siliea 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 te 0.} Torr. For CZ growth an argon
blanket Is uséd 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
concentrutions were found in the silicon ingots., The
purpose ot this paper is to explain the origin of this
carbon concentration and to present thermodynamic
and experimental results that support the eonclusions.

Reactions between Graphite and Silica

Silicon, oxygen, and carkon are used in the HEM in
the form of silicon melt stock, silica erucibles and
graphite furnace parts, and retainers. A thermody-
namic evaluation has considered possible reactions be-
tween these three reactants and the salient reactions
are reported,

Carbon has been observed in silicon erystals as sili-
con carbide. Silicon melt stock and graphile parts are
not in direct contact; therefore, the lollowing reactions
between graphile and silica crucible were studied

2C + §i0z-» SiC 4- CO; [11
_8C + 58i0z - SIC -4 2COs 4 28i0 - ' [2]
4C 4 28i0z - SIC + 3CO + Si0 (3]

* Electrochemlcal Soclety Active Member. .

i Present address: Virginia Semleonductor, Incorporated, Frede.
ricksburg, Virginia 22401,

Key words: carbon, thermodynamics, transport, pressure,

#2
OU,:M 5
3C +4- S10; - SIC 4 2€C0 [4]

In addition to the reactions forming SiC two additional
reactions were considered

C + SI0: - SI0 + CO [5]
C .+ 28102 2810 4 CO; (6]

Using the data in Table I, reactions [1]-[6] have
positlive free energy changes al atmospheric pressure
and in the temperature range 1600°-1750°K. (Table )
with those reactions thal prodice COp tending to be
more positive. The least positive free energies at at-
mospherie pressure are given by Eq, [4] and [§]. For
reaction [5] the standard free energy of formation,
AG*, using data in Table I, is

AG® = 162900 — 81T

AG = 4G° - RTIn K

where R iz the gas constani, T is temperature in de-
grees Kelvin, and X Is the equilibrium consfant for
the reaction, Since equimolar ratlos of SI0 and CO
are formed, thelr pariial pressures are

Psio=Poo= Y p
where p Is the total pressure. Under equilibrium con-

Also

- ditions, AG = 0, hence

log p {(alm) = 9.15 — 1.78 ¥ 104/T

log p (Torr) = 12,03 — L.78 % 104/T

These equations are used to plot the curve (line)
along with AG = 0, f.e,, C J- Si0p is in equilibrium

or

- with §i0 4 CO. The line separates the range of T, p

spoce in which C 4- 5i02 has a lower free energy {han

Table I, Stondard free energy of formation, AG®, in the temperature
range 1300°-1800°K (Source: Manlabs-MPL Datg Bank)

Compound* (cal/mol}

SIC (aolld) -~ 18200 + 3T

CO (gag} = 24308 — 20T

COr (gnsf = 94700

5102 (solld) -218300 + 43T

810 (gas) ~27100 — 16T
* Note: T = *K.
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Table 1, Standard free energy chonge for various reactlons o o
function of temperature

AG (enlaries)

Reactlon 1600*K 1850°K 100K 1760 1€
1} 2C + Si0r = SIC 4+ CO2 41,400 29,400 37,400 35,400
2) AC 4 3SI0g=+ KT + 2003 + 2510 133,000 128,800 7,704 109,600
Y AC -+ 281 = 510 + 3CO + S510 44,600 0,750 32,700 24,650
14} 30 + Hi0e= 5 + 20O 1u.5uu 11,500 1,600 2,500
{51 G+ 510 50 + CO 33,100 20,250 26,200 21,150
41 C 3+ 2510 = "Hi() + COy D!.r(lﬂ 6,400 80,00 74,200
110] 20 + S+ SIC + CO = 17,800 =17,730 - 17,700 « 17,650
[ W0 #2510 - 251C + £y - 1,700 - 7,000 = £,500 == 3,400
f12) G+ 510« 51 + CO - § 400 - 4,500 ~ 4,600 -4,7

SI0 4 CO from a second range of T, » space where
SI0 4. CO hnhs a lower free enorgy ihan C 4 Si0a
These ranges aud the AG = 0 equilibriuim curve (line)
are marked jn Fig L Similar dala for Eq., {4), nlso
plotted in Fig. 1, show that 8'C may be formed by the
veaction of enrbon and sibea, but do nol expiain how
SiC s tvansported across the crucible wall Into the
siteon, This lends to the conclusion that SiC is formed
by reaction of a gaseous reaction product,

It should be noted that in the HEM furnace the sys-
tem pressure is meossured about § in. ouiside the hot
zone, Byen though it may not represent the exact pres-
sure in the hot zone, it is o pgood indicktion of the op-
erating pressures in the hot zone.

Reactions. lnvelving Reaction Products
I tlie above annlysis it was found that the renction
botween the mauterinls in the HEM furnuee did not
explain the formation of silicon carbide. Further the
reactions that produce COp have o higher free enerpy
than those involving CO, Examination of the reaclion

Cp COg-» 2C0O (7]

shows that il proceeds strongly {o*the pight at 1700°1
and pressures near 1 Torr (le., 10-% atin}, Thus CO
will be the dominpnt reactant, This conclusion would

ta 1 1 1 1 ¥ 1 1 1 1 =
= =
- 1735 |  [1088°K = Simp 3]
100 |- \‘ E
hd A Y -
. C+SI0FSI0ECo C+5I0 -
- ¢ k / StABLEZ -
T 0= ‘\ =
H Y =
& £ \ sic+cQ =
E [ \ STABLE 3
u [
14 - (Y -
- LY
it V- i LY -
Bk : z
o - e
i): - i ) :
A / i
B I \
A 1] s10+Ca Y .=
3 ill STABLE I
N % c+sio /¥ ]
il STABLE %
0.0 -2 -
5 WORKING £
- HANGE -
" 8CSIOF8IC+2C0 -
{ L ] ] i 1 1 ] { 1 ]

4 "8 & 7. . 8
(10°7T°K)
Fig. 1. Caiculated pressure-temperature relations for teoction of

yrophite ond silica to form silicon carbide, silicon manoxide, nnd
cotbon menexide,

be furllier emphasized It graphite were to renct with
oxygen in place of COy in Eq. [T,

Anotlier vapor specles expeeled in the HEM furnace
is 810, This Is formed by the reaction of molten skli-
con with the sillea erucible (6, 10)

Sl + Bi0z - 2510 (8]

The equilibrium vapor pressure of gaseous SIQ as n
funetion of temperature for this reaction is plotied in
Fig, 2,

The reaction involving the lwo dominant vapor
speeies, CO and SiO, has been examined

CO -- 2810 - SIiC 4 2510, ()

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 does
nol proeeed to the right.

Examination of tne following reactions between
graphite and Si0 show that in two cases SIC is formed

2C |- Si0 = 8iC 4 CO [10]
4C - 28i0 - 2SiC 4 COz (11]
C 4 510~ 8i 4 CO (12]

The free cnergy of these reactions at aftmespheric

e~

- \msﬁc] ltﬁus"n " B mp, R

100 |— -

& 10k _ -

hd g 2 8i0 B

& [ STABLE Si+ 802 :

= 5 g STABLE -

9 - -
w

5 ik ey -

{ H it &

¥R f :

e b i -

2 f | :

1 B } -

E ol | .

- o :

it ‘i -}

- i -

001 fo il -

g WORKING g

- RANGE :

] 1 1 | 1 L L { ] } 1
4 5 6 7 B

(167K

Fig. 2. Equilibrium vaper p.rnssurc of gaseous SiO as o function
of temperpture for the reaction 5i {condensed) - 5i0; (condensed)
~» 25i0 {gas).
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pressure is negative (Table II). This will result in
coating of the furnace parts with SIiC, yet no conlmuis
natlon of thoe siticon,

The following reactions {nvelving CO and S were

studled _
Si4-CO~ SIC 4 % O2 {13]
381 4 2CO - I8IC A 510y [14]
281 4- CO = 8iC 4 8i0 [15)

Reaction [13]1 yiclds n positive free encrgy al atmo-
sphierie pressure, Consldering the pressure and tem-
peraitire dependence of this reaetion, the reaclants
will be stable in the experimeniul operating condi-
tiens (10}, The stability range of reaction [14] shows
that the reactants are stable (Fig, 4}, The standarid
free energy of renclion [15], AG®, using dala in Table
I can be represented by Eq [16] where T = °K

AG® = —17,000 4+ 5T (calories) [16]

This reaction procecds to the right al 1700°K. The
free energy of the reaction, a6, utilizing tha usual free
energy relationship, can be enleulated from

AG = A0 - RTIn K [

Assuming unit activity in the condensed phase and
Psios Pew (the pavlial pressures of Si0 and CO re-
spectively), Eq. [17] can be written as

AG = 17,000 4« 5T -} LOBTT In (psio/ peo) [18)

If the cquilibi‘ium fraction of Si0O can be representoed
by, then - '

( 17,000 — 5'1“)
L= el ————ee
P\ ~roerT /

[iem {(2227)} ]

The corvesponding frnelions of Ll.m vapor species at
dilferent temperatures are shown in Table 111 There-
fore, a major source of silicon carbide formation in

ORIGIN OF SIC IMPURITIES pay

- ] 1 T T T T T T T T
wrag ] fieasw = gomp .
100 |- "
& wl- , -
£ | asitzco 2 8ICG 1 510,
g | USTAGLE STADLE
§ .
Qo i -
L
a |
ur -
[V
& oot -
0.0! - = -
H WORKING :
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§ | ] { ] 1 i 1 t ] ]
4 5 0 7 8

(108 1)

Fig. 4. Equillbrium pressure of CO as o function of temperature
tor the reaction 2C0 - 35i - 25iC 4 $i0y,

silicoit cany come from reactlon [15], The vapor pros-
sure of curbon over graphite is loss than 18-1 Torr ad
lhe melling peint of silicon and ean, therefore, he
fgnored. The formalion of CO, hesides a vacuum lenk
and renctlon of absorbed gases on graphite parts, is

_from reactions |4 and [5§), 'Mhis appears to be the

most likely source for trausport of C lo the silicon,

Reactlons [17-115] and Table T cover 8 of the 12 re-
netiona oiled by Coldwell (11), The three remnining
reaetbine discussed in Toldwell's paper and ignored
here mued with the reduction of 8i0y and/or Si0 by
earbon to form slitcon, These reactions ave unlikely in
the ¥, » range tinder consideralion here. The present
analysis is caneerned with a wide range of pressure in
contrask to Coldwell's diseussivn which is conflned o
1 silm conditions.

Experimental Yerification

The above thermodynnmic analynis ipdieates that
SiC in HEM grown silicon is attribuiable to the reac-
tion of CO and Si. A mnajor souree of CQ is [rom renc-
tions {43 and [57, interacton of silien crucible with
graphite retainer. This wag verified indireclly by ox-
periment., A graphbite picee was sandwiched belween
two pleces of single crystol silicon wilh polyerystaliine
silicon around them. The furnace was heated close to
the melling point of silicon and cooled. It was found
{hat a sllleon carldde 1oyer was formed in arcas where
the graphite was {n condnet with the silicon crystals ang
also a lipht layer was found in the immediate vicinlty,
The pieces far removed from the graphite piece

Table M, Equilibrium fraction of CO and $IO at various
temperotures in reaction [15]

T {*K) e puioflh e CO °t 8I0
1660 0955 6.5 035
16U7 0.921) 72 02.4
1700 0025 7.5 q25
1760 0915 8.5 85

Puosr Psie 4 Pows
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showed no evidence of SiC. In this experiment the
graphite piece was nol in contact with silica, hence
reactions (4] and [5] were suppressed. In another
run when the charge was hecated 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 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
identified by x-ray dispersive analysis. Infrared mea-
surements indicated a concentration of carbon in the
(3.5-4.1) » 10'7 atoms/cm? 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 carbon con-
centration of (1.5-3.1) x 10'7 atoms/em? 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

(320}

Fig. 5. Optical photogroph (320 <) showing the frecze line de-
scribed in text.

TOP SURFACE

Fig. 6. SEM photogroph (340 ) illustrates details of dendrite
growth. Energy dispersive analysis of o single dendrite showed it to
be SiC.

June 1979

in lower carbon levels in silicon. This eliminated the
contact of graphite with the silica crucible. As far as
reactions involving O; H; and water absorption in
graphite, they wiid 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 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 silicon have been reported to cause breakdown in
crystallinity in CZ (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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