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- ABSTRACT Q

i

* The process developed under this contract meets the LSA
Project objective of demonstrating +echnical feasibility -for high-.

\wotume production of so%ﬁ «*ell -grade silicon.. The process -
consists of producing sxlfban from puré raw materials via
the carbothermic reduction of quartaz. This silicon was.
then purlfled to solar -grade by 1mpur1ty segreoatlon during

w,Czochralskl crystal growth. Commerc*ally available raw
materials were-used to produce 100- -kg quantltles of silicon
during 60- houyr periods in a Direct Arc Reactor. This silicon
had impurity concentrations of less than 10 ppmw each Lo % o
except for Al and Fe (50-;00 ppmw) . Purification ‘of thlS
material by Czochralski crystal?grow;h gave silicon of '

- semiconductor purity, except for A1 (1 ppma), B (7 pbma, 0.1
ohm=cm), and P (0.5 ppma). This silicon produced single
crystalline ingot; duriﬁg a second Czbchralski'pull that
was fabricated into solar cells having AM1 efficiencies

. . ranging from 8.2% to greater than 14% (AR-coated). An energy

. analysis of the entire process)indicated a 5+month‘payback

"time. A price of $12.15 (1980 dollars, with profit) was

| estlmated for ‘a 3000-metric-ton-per-year plant. Further
process development is recommended based upon technical
success, estimated product cost, and commercxally-avallable
technology already exlstlng in the 1ndustry that can be
applled to process scale-up.
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I.  SUMMARY

The process develdped under this contract meets £he
Phase-I objective of the Silicon Materials Task of the E
Low-Cost Solar Array Project: to demonstrate the technical
feasibility of a process capable of high-volume production
of solar-cell-grade silicon. Work was perforﬁed during the
period from July 31, 1976 through October 31, 1978.

The Dow Corning Process consists of producing silicon
via the carbothermic reduction of quartz utilizing high-
purity raw materials. This silicon is subsequently purlfied
to solar -grade silicon by pulllng a polycrystalline ingot
via thr Czochralski process. ’ w 0

Commercial sources of raw materlals were, identified
that meet the requirements of price, chemical react1v1;y, apd
possibly purity. These sources resulted from a broad survey of
silica and carbon materialél The purest silicon.attainable
was produced from quarfzf mined from both United States'
and Canadian deposits, and carbon black/sucrose pellets.

A reliable analytical technique must yet be developed to \
provide quality assurance of the raw materials.
" Stable and continuoiis silicon production was demonstrated

" in a 200-kVA Direct Arc Reactor to produce quantities of

silicon in excess of 100 kg per experiment. A production
rate as high as 3 kg/h was accomplished at an energy con-
sumption as low as 26 kWh/kg Si. The silicon. analyzed to
be relatively pﬁre, having concentrations of 50-100 ppmw

- for aluminum and iron and of less than 10 ppuw each for

other impurities. Based on commercial experience no major

~scale-up problems arekenvisioﬁed for this process step.
~ However, more sophisticated handling of raw materials

should be developed. ‘ . ’ ' SR
Purification of Direct-Arc-Reactor silicon to solar-

grade quality was explored using crystal growth and vacuum

evaporation. No reduction in the concentratlon of any
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impurity .could be detected using vacuum evaporation.

ESegregatlon of impurities durxng 1ngot production using
ﬁv*Brldgmanntype crystal growth was demonstrated to be
‘feasible. However, it was not pursued in depth due to the

greater degree of techmical sophlstlcatlon of Czochralski
crystal-growth technology. \ N
Purification of Direct-Arc-Reactor silicon to solar-
grade quality was demonstrated to be possible using |
Czochralsk1 crystal growth to produce a polycrystalline

ingor during the last: experiment performed under this contract.

Impurity segregatlon was as effectlve as s1ngle-crystal

growth from sem;conductor silicon stnce the melt was dilute

enough to prevent constitutional supercooling. Analysis of
the polycrystalline silicon ingot“showed the final product

r*to,be of semiconductor purity except for Al (1 ppma), B

(7 ppma, 0.1 ohm-cm), and P (0.5 ppma).

Single»éryStel silicon was iproduced from the poly- |
lngot using a second Czochralski crystal- growth operatlon
This single- crystalllne material was fabrlcated into solar
cells that demonstrated conversion eff1c1enc1es ranging
from 8. 2% to. .greater than 14% (AML, AR-uoated) dependlng

upon the fabricator and the cell fabrication technique. e

More detailed solar cell evaluations should be performed.
A cost analysis of the Dow Corning Process at a

.3000-MT/y rate, in 1975 dollars with no profit, showed that

the estimated cost of silicon from the Direct Arc»Reactor

to be $2.28/kg. Final solar-grade silicon cost is dependent
upon the cost assumptions made from Czochralski growth. A
final cost of §7. 54/kg is possible if 30-cm-diameter ingots
can be pulled contlnuously w1th 90-% yleld Today's crystal
growth technology would allow a final cost of $11.70/kg’

~whén pulling a 15- cm-dlameter ingot at an 80-7% yield.

A:complete‘energy analysis of the Dow Corning Process
from raw materials through solar-grade silicon product
lndlcates that only a S—month period is requlred to pay back
the energy consumed in the overall process. A 12-% AM1 cell
was assumed to be exposed for 5 hours each day to a solar
flux of 100 mW/cmg Calculations were ‘'made for a 100- -cm-

dlameter by 200-im-thick cell (3 6g si).
2
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In the opinion of the Dow Corning Corporatiom, further
dbvelopment of the Dow Cornlng Process should continue based
upon the 'demonstrated technical success, the low-cost potential

for the fimal product, and the commercxally -available technology

‘already existing in industry that can 'be directly applled to

scale-up of the two process steps.
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II. Introduction

' This repoft covers technical effort performed under JPL
céntract»during the period from July 31, 1976 through October
31, 1978. The contract work was carried out under Phase I
of Part III of the Silicon Material Task of JPL's Low-Cost
Solar Array (LSA) Project.

The LSA Project objectlve is to "develop national
capability to produce low-cost, long-life photovoltaic

‘arrays at a rate greater than 500 MW/y and at a price less

than $500/kWp* by 1986 with array performance goals of >10-%
efficiency and >20-y operating lifetime". (1). The long-
term objective of the Silicon Materials Task is to "establish
installed plant capability for producing silicon suitable
for solar cells at’a price less than $10/kg* at a rate
equivalent to $500/kW "L ,

The past 27-month effort bds been directed at meeting

the short-term objective of the Phagse-I/Part-III portion of

the Silicon Materials Task: "to establish the technical
feasibility and practicality of a process capable of high-
volume production of solar-cell-grade silicon" (1). '

Dow Corning's approach to meeting the above objective
has been to develop and interface two major process steps: a
chemical process step of reducing silica to éilicon, with.
carbon as the reductant, followed by a physical process step
of purification by means of impuriﬁy segregation during
solidification of the molten silicon. This basic concept is
shown schematically in Figure 1.

A major advantage in the Dow Corning approach is that
the:basic technology exists today for carrying out each
process;étep. Silicon of 98-% purity is commercially

‘produced in 20,000-metric-ton-per-year electric arc furnaces.

* In 1975 QPllars
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C. Silicon Purification via
Unidirectional Solidification
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Figure 1. Schematic Diagram of the Dow Corning Process for
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This compares to-the estimated SoG-Si requirement in 1986 of
only 3000-6000 Mm/y* The problem to be solved in this
process step is to produce silicon of greater thtn 98-%
‘purity by reacting high-purity raw materials i?/' noncon=
taminating reactor. It is imperative to maintain the con-
centrations of boron and phosphorus at low levels during
this process step since neither impurity is efficiently
removed during the subsequent puxification step. o
Fundamental technoloé& also exists for the silicon 0
puxmfxc\tion step of segregatan impurities during unidirec-
tional golidification. The semiconductor industry routinely
“convert polycrystalllne sem*comductox silicon to slngla
crystalxmna ingots using cAochralski technology. The major
“problﬂm in applying rh;a technology is to angxwaér laxgar-
cépacity equipment for providing highexr throughput aconomy .
7= the reficindex of this xeport describes Dow Corning's
approach and prcgresé in attempting to sclve the problems of
silicon production and purifigation. It starts with a
discussion of the capabilities and limitations of analytical
ﬁéchniquas for analyzing impuxitias in silicon, gquartss and
_carbon scuxrces. After dascg ~lng the various options for
raw materials and for smlicon ﬁrcduction and purification
techniques, the repoxt pxovmdas a description of the
selected Dow Corning Process in terms of the process flow
diagram and cost and enérgy analyses. )
/4/:;> s q ¢ ‘o | :
) v// * ZMT = Metric Ton - ) 8 '
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III, IMPURITY ANALYSES /

Sue%essful éommerc{alizatibh of a product depends upon
codevelopment of the process along with the product. Prcduct
introduction to a tarket is useless if there is not a good
process by which-to produce it. Conversely, a process is of/
no utility if its product does not meet the requirements of
the narket place. It is this last item that this section
addresses itself: how does one analyze the product to determlne
whether it is any good? More precisely, how can silicon--or . °
the materials used to produce it--be sufficiently analyzed
to determine its sumtabxllty for be;ng fabricated into a

‘solar cell array?

The most obvious method of evaluating smlmcon as a
photovoltaic device is to fabricate solar cells fxom it and
to evaluate their electrxcal parameters. Not hav1ng facxlmtmes

to do this, we ha{\ had solar cell companies perform this
‘evaluation for us.

Composmtmonal analysms of silicon is Amportant in order
to determ;ne what impurity, if any, might be llmltmng solar

’cell efflc;ency Compositional analysis of raw materlele is

also lmportant since impurities must have cextaln minimum

‘concentratmons as determined by their carry~through yields
/71n the various process steps. Therefore, it is necessary to

be able to analytically evaluate silicon, carbon, and silica
(quartz). The 1deal technmque should be accurate, pxecmse,

fast, low cost, and highly sensmtmve fo' 1mpur1tmes

of interest. No such technique exlsta, however, to analyze
the materials having the high purlty requlred for solar-
grade silicon. v

Examination of the foliow;ng saction on'“Raw Matexmals"
shows that lmpurltaes in S6G- Si must be below the range of about
0.1 ppbw—l pprw in ordexr to pxoduce golar_cells with high

- conversion efficiencieas. The raw materials required in the

Dow Corning Process, then, must have maxmmum acceptable impurlty

Lo,
levels axxapproxlmately the range of 1-1000 ppmw.f

7/,
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We have typlcallj analyzed 13 elements, as seen later i
in the report. These consist of mainly doping elements (Al)
B, and P) and heavy metals that can severely degrade solaxr-
cell performance even at low concentrations (e.g., Ti, V, Cu
and- Zr). The following elements have been looked for by “
emission spectroscopy but never detected in even relatively
impure materials such as MG-Si and charcoal:

<5 ppmw; Ag |
<10 ppnw: Be, Bi,; Co, Ge, In, Sn
<50 ppmw: Cd, Sb, Sr /2n
1 <100 ppmw: As, Nb, W = .

Since over 600 samples were.analyzed during the course
of this contract, ‘emission spectroscopy was used to analyze
nmost samglas. This servmce was performed by Nat;onal
Spectroscopic L“Qgr&t0ll&5¢ Inc, of Cleveland, Ohio. In
general, a l3~element scan was provided for $92.quper |
sample. The limits of detection were either 5 or 10 pprw
for all élements. Boron and phosphorus could be measured to
1 ppmw using chemical concentration’ techniques. Boxron

N

o]

“ determination in carbon samples was even more sensitive (0.2

'pmwi using chemical concentration. Phosphorus, which can
only be measured down to about 0.5% by emission spectroscopy,
was actually determined by a wet chemxcal colorxmetrlc
procedure at NSL. ‘ ‘ a

" Spark-source mass spactroscopy can measure impurities
of interest down to the 1 to 100-ppbw range when a dedicated
instrument is used, such as the one at Dow Corning. This
specific instrument has, for the most part, seen only semi-
conductor-grade silicon and conseguently has no "memory" for
various impurities. Although both boron and phosphdrus can
be detected down ta about the l0-ppbw level, their chemical

concentration neasuxres lower than the concantratlcn calculated +
from xasmstmvxty measurements made on single crystallxne

matarmal, especially in the area of about 1 ppmw. . | ®
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Values rnported for boron and phosphorus in/this report

are baqed on re31st1v1ty muasurement?: Silicon from the DAR
is: lqaded into a Czochralski machine’and a polycrystalline

ylngot is pulled. This ingot is multiply float zoned to

produce a single crystalline silicon rod. Resistivity measure-
ments are made on the first-pass section to yield a compen-
sated boron value. -The resastivity measurement on the
seven-pass section §ields an uncompensated boron value since
phosphorus has segregated out. The d;ﬁference in the two
resistivities gives the phosphorus concentration. The N
concentrations are then corrected to give their actual
values in the Czochralski ingot since this is the final
product frem the Dow Corn;ng Procass.

In summary then, several analytical technlques are used
to evaluate raw materials and the silicon product. For the

raw matur;als, emission spe ctlosgopy, wet chemical, and

'spark—source mass spectroscopy are employed. SoG-Si is

avaluated by these three technigues as well as by rasxstmv;ty
measurements. Final evaluation is performed by determining

‘the efficiencies of fabricated solar cells.

oy
WY

I g

5

(o



Iv. RAW MATERIALS
A. Summary o
Detérﬁihation of the yields of impurities in each
process step allewed-the-maxlmum permissible concentration
of impurities in the raw materials to be calculated from
a definition of SoG-Si (see Table 1). Boron and phosphorus
were shown to be the most critical impurities.

A survey of over 90 sources of silica indicated that = ¢ .
guartz can possibly meet purity goals. This must be tested v
by determining boron and phosphorus in the 5111con product
due to the lack of reliable analytical techn;ques:for ‘
meaéuring their concentrations in quartz. Two coﬁmercial
sources of guartz were identified as meeting the require-
ments of cost and chemical reac£ivity. |

Quartz sands still remain to be exafmined as potential -
sources of siliéa. Cursory investigation shows thét:sands
are available that meet purity and cost goals. -These
sands must be further pelletized and tested .for reactivity.

Several carbon sources were examined as potential 3

- reductants: activated carbon, carbon black, wood and sugar
charcoal,"lighite, and petfoleum coke. ‘Ohly activafed

L carbon and carbon black pellets meet the goals of high

’ purity and high chemical reactivity. The latter goal is

eépecially reached when activated carbon and carbon black

8

are used in conjunctlon with sucrose either “in the form
o

LMOf ougar cubes or as a binder for pellets.

B. Purity'Requirements
It is necc§cary to establish the maximum allowable

dlﬂpur]flLS in raw materials used for the Dow" Cornlng Process
-

; since a specific degrce of purlflcatlon occurs for cach

; 3 element in the two process stepé. The second process step

of unidirection solidification is'especially effective for
]_0 e ‘ %Y
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removing impurities because their distribution is orders-
of-magnitude less in the solid phase as compared to the
molten phase--except for boron (n=0.8) and phosphorus
(n=0.35). Since relatively little purification occurs
during the first process stép of silicon production, raw
materials must contain low concentrations of boron and
phosphorus. :

A method of determining the maximum concentration
of impurities allowable in the raw materials is to start
with the maximum allowable concentration in the solar

-
&

grade silicon (SoG-Si) product and to calculate backwards
to the raw materials using the yields of the impurities in
both process steps. In doing this, various assumptions
must be made that have an end effect on the final calculated
concentrations. Therefore, the assumptions are discussed U
so that any later changes in them can be taken into consider-
ation in terms of their effect on the calculated impurity
requlrements for the raw materlals

" Two sources of information were ‘used to help develop

the maximum permissible impurity levels in SoG-Si. For boron, |

various data predict solar cell efficiency to peak between
0.1 ohm-cm (2-5) and about 0.3 ohm-cm (15,16) which corresponds
to boron concentrations between 9.6 and 1. 7 ppma, respectively.
The maximum concentration of 1.7 ppma for boron was chosen -
so as to be conservative. An aluminum conce tratlon of -
0.2 ppma was chosen so as to be one order-of- maqnxtude
lower than the other p-type dopant boronm. Phosphorus _
was set at'0.5 ppma so as not to heavily compensate boron.
The metal concentrations were pbtained from Westinghouse-
Dow Corning data (6) of relative cell efficiency versus
impurity concentration; an efficiency 90 % of baseline
was chosen. The variocus assumed lmpurlty concentrations are
summarized in Table 1. ,

Table 1 lists the calculated maximum concentrations of
impurities that can be in silicon from the Direct Arc Reactor

- (DAR) assuming tilat DAR-Si of the'given composition is converted

to SoG-Si via the Czochralski technique of unidirectionél

@
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" Table 1.

Calculated Maximum Impurity Concentrations in
DAR-Si from Assumed Impurity Concentrations

in SoG-Si. '

SoG-Si 20 " DAR-Si
fmpur - ~_Assumed SoG-S1 T~ .« Calc. Calc.
ity ﬁﬁefln;tlon(ppma) CZo ppma ‘pPpmw
al 0.2 2x10”3 100 100
B 1.7 . 0.8 2 0.8
cr 4x1073 1.1x107>, 400 700
Cu 0.8 8x10™4 1000 2000
Fe 6x107> ‘6.4x107° 900 2000
Mn “2x10”3 1.3x107° 200 300
Ni 1 3.2x107° 30000 70000 t
P 0.50 0.35 1.4 1.6
Ti 6x10™° 2.0x10”° 30 50
v 8x10™° ax10”% 20 40
Zr 2x10™4 <1.5%1077 >1000 " 54000

..* Reference 6.
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solidification. Impurity segregation coefficients between
molten and solid silicon were taken from a recent Westing-
house report (6). Segregation coefficients are in effect

the fractional impurity yields during the second process
‘step. As an exampleoof the calculation method, the maximum
aluminum concentration of 0.2 ppma was divided by the
aluminum segregation coefficient of 2 x 103 to obtain the

100 ppma maximum concentration in DAR-Si. An even hi.gher
concentration is most 11ke1y allbwable since all aluminum in
silicon is not electrlcally ae tlve from the standp01nt of
resistivity measurements.

2

The calculated maximum doncentrations of Cu, Fe, Ni,

‘and Zr are so high that they would cause supercooling of the
melt and eventual breakdown of impurity segregation during |
Czochralski ingot growth resulting .in low SoG-Si yield. It
is assumed that a 90-% ingo@yyield will result if total
metal concentration in the melt is kept less than 400 ppma.
‘This assumption is based upon practical experience in pulling
ingots from silicon having impurities varylng between 2%
(metallurgical grade) and sub-ppma (semlconductor grade) 1eve1s
Therefore, 400 ppma is used in Table 2 for the maximum
perﬁissible concentration of Cu, Fe, Ni and Zr in DAR-Si.
This upper limit is also used for Ca and Mo since both have very
favorable segregation coeff1c1ents--thls assumes \Ca is similar
to Mg (6). - A\

The revised maximum levels of impurities in DAR-Si were
used to calculate their maximum levels in the raw materials
by using impurity yields that occur during the first process
steﬁt These yields were measured by Interlake, Inc. over a

5-day period in a 30-MVA commercial arc furnace used to
produce 98 % silicon at a rate of about 1 MT/h. The yields
(recoveries) of the impurities in silicon are shown in Figure 2
and are seen to be inversely related to their elemgﬁtal

. vapor pressures (7).

o"" FER 13 | : | -
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The maximum level-of impuriﬁies in carbon .and silica, as
seen in Table 2, indicate that the impurities ‘can be divided
into three categories: (1) boron and phosphorus which must
have concentrations in about the 1 to 10-ppma range, (2) aluminum,
titanium, and vanadium which can be preséntdin theg}O to
100-ppmw range, and (3) the remaining impurit%es that can °
range from 0.2 to 2 %. The requirement of having boron and
phosphorus present at the low 1 to 10-ppmw level almost
guarantees\that the levels of all other impurities will fall
considerably below their maximum allowable concentrations in

the raw materials. This becomes obvious from the analysis

of silica and carbon shown in later sections of this report.
The need to use higher-purity raw materials in the
Silicon production step can be recogﬂized when comparirig the
1mpur1ty goals for DAR-Si to actual impurity analyzes of
metallurglcal grade ‘silicon (MG-Si). The comparison in'
Table 3 indicates that the concentration of Al, B, Fe, and
P impurities in MG-Si are more than an order-omeagnitude
higher than their concentration goals for DAR-Si.

o
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Table 2.

@

Calculated Maximum Impurities in Raw Materials
from Impurities in DAR-Si. A (i
. G
‘o : (/Z
| - DAR | | 0 |
e |
| DAR-Si | --—— - | sio, | +2C I
mpurity Calc.* nk* Calc. Calc.
. ppmw DAR ppmw ppmw
e - ‘ . :
Al 100 0.80 60 100
B 0.8 0.66 1 @Gl
ca soott 0.50 600 1005
cr 700 0.67 500 ° 1000
++ Y ”
Cu soott 0.73 600 1000
Fe 800" " 0.80 500 1000
Mn 300 0.60% 200" 600
Mo 1400™" 1.0" © 700 2000
Ni ‘'goot™ 0.82% 500 1000
P 1.6 0.14 5 10
Ti 50 0.82 30 |70
v 40 0.95 20 ../ 50
Zr 1300 1.0" 600 1500
* See Table 1 and text. . BT
** Reference 7. ) ﬁ\ g
+ Estimated from yield versus vapor pressure curve in -
Figure 2. . s ‘ B

++ These ppmw values are equivalent to 400 ppmé, each. However,

it is noted that the total metal concentration should not,

‘exceed 400 ppma (srne p-13).

|
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Table 3. Comparison of Impurity Concentrations in MG-Si
to the Goal for DAR-Si.

G
J
Impurity DAR-Si MG-Si )
(ppmw) goal Actual
Al 100 4300
B , 0.8 36
ca 600 590 :
Ccr 700 310 ’
Cu 900 | 90
Fe .800 8000 -
Mn 300 200 j
Mo o0 | <10
Ni 800 ‘g\ 80
P J‘ 1.6 4
o | . os0 a0 |
v 40 160
> 1 zr | 1300 30
i & ’

17
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C. Silica
1. General Survey

Ri%er+bed gravel is commonly used as the source of
que;tzite in the commercial production of MG~-Si. Although
this quartzite has not been extensively analyzed under this
contract, it is clear that its alumlnum concentratlon is the
major deterent in its use ag a raw material for SoG-Si
production. Aluminum contents have been analyzed to be in
the 300-500 ppmw range as compared to the goal of 60 ppmw.

The existence of deposits in North America of sand,
quartzite, and guartz, having sufficient purity for the
“hydrothermal growth of quartz for plezoelectrac applica-
tions, has been reported by Kolb, et al. (8)/

Dow Corning and Interlake, Inc. performed a survey of
over 90 foreign and domestic sources of silica to ascertain
their location and accessibility, representative composifion,
and estimated commercxal price. State geologists were
contacted, where p0551ble, to verify reported information.
Samples for analysis were received from 36 domestic and
foreign sources. Boron and phosphorus were always deter-
mingd due to the low concentrations required. Aluminum and
iron were analyzed occasionally since they are the only
other impurities detectable in high-quality silica. Expef—
1ence early in the program indicated that other impurities
were not present above the usual 5 to 10-ppmw detection
limit of the analytical technigue.

Results of the complete survey have been reported (7).
‘A‘eelection from the report of the most promising high-
purity silica sources is given in Table 4. Domestically it
appears that the best source of quartz is from Arkansas
- where a large number oc veins break the surface from a ‘ P
'general belt of quartz that is 130 km wide by 300 km long
Two suppliers were identified who estlmated their prlces for
quartz to range from $0 11-0. 24/kg in tonnage quantltles.

18-
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Holand, Donald | 66 - <5

Fargo, ND 58102 ~
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New quartzite,
deposit being/
developed.

4
C“}I‘able 4. Some Forelgn and Domestlc Sources of H%gh-Purlty
Slllca.
‘ B Impurity (ppmw)
Company and Address s Al B P, Comments
Canada
‘Britlsh Columbia o 8
’ Mount Rose Mining Co., 30 <1 /3 5 80,000 MT proven - -
o Ll T _quartz reserve;
9 ,North Vancouver V7J2J6 : ’ $0.66/kg
. Ontarlc o ~ _ ) | a
f@ Comet Quartz, Ltd. - 2 5 . 2 : lxlOBMT quartz 1}
Whitby LINS5 ‘ reserves; $0.20/kg 1
& United:States R ‘o
" Awizona : -
, Hemphill Bros,, Inc. - 2 _ 8uv 3 Quartz R
o Kingman _86402 ' ¢ ]
- . ° "” (\ E
N Arkansas AN . : 8 I
0 # Malvern Minerals Co. 20 <1 20 <5  $0.15- 0. 24/kg, %
© 'Hot Springs 71901 ‘ b ‘quartz (see text) i
© ) ¢ ; u ‘ " B ’ ' . /“
"Quartz- Processing Corp. - <1 <5 {5 $0.11/kg; quartz ’ i
‘Hot Springs 71901 Lo (see text) a 5
Massachusetts p N }
Sobin Chemical / 170 <1 50 <5 Quintus quartz '
Boston . 0y sand; $0.22/kg
Montana - ‘ / ) 1
|

e}
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‘ Quartz prieas and transportation charges limit the e
selection of goreign silica sourbes to Canada,
chose to work with Mount Rose Mining Company which has
80,000 MT' of proven reserves in British Columbia.
material currently sells for $0:66/kq in small tonnage

- quantities. Sources similar to the Mount Rose deposit have
‘been identified in British Columbia.

2, Compositional Analysis of Quarta

.
L«

Detailed compositional analyses have bheen made cf 4.
Mg o@;qnarhz supplied by Malvern Minerals Company of Arkansas .
and of 13 MI of quartz purchased £rom Mount Rose Mining
Company of British Columbia.
samples appear in Appendik A.
from appandix A are summarmae}ga@@;w inﬂwabla 5. -
caleulated from actual maasur&m\km«~a(@ “lass~than“ numbers oo

“assumed the latter to ba equal to zero; i.e., the average Qx
the’ two measurements 50 and <10 is (50+0Q)/2 = 25,
avaeraging method distorts the Fe and P averages in Appendix

A4 since low determinations wera avaraged with “zaro“ values.

Dow Corning

70

This

Individual analyses of 65
The average analyses taken
Avarages

This . S

Avaraga Analysaes of vﬁrious Quartz Samples
~Abstracted from Appendix A a )
Avaxagm Arkansas | ” British
xmpurxty : Seni- . Columbia A
(ppmw) Clear  Clear  Milky Milky Goal o
AL 20 40 20 20 - 60
B Q1 3 1 2% L
| re <10 20 20 5 500
P €10 <10 ¢85 2 5

*One group of ‘5 samples avaragad 5 ppmw; the remaxning

13 samples average <l ppnw.

o)
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sSince the a;alyses reported in Table 5 are very close
to the detection 1igi€ for each impurity, the quartzes must
be considered to be'indistinguishable‘ The estimated error
in the analysis nedr the detection limit is at least +100% and .
probably higher, A more sensitive technique is required .to
distinguish differunces between various quartzes.

The boron analyses in Table 5 must be further qualified
by results obtained from analyses'of quartz from a U.S,

Fused Quartz Czochralski crucible and of Dow Ccrning semi~
conductar—grade silicon. - The boron concentration in the

crucible quartz was analyzed to be 8 ppmw as cbmpared to a

. specification of < 0.6 ppmw. In the semiconductor silicon,

the boron level was reported to be 6 ppmw by emission sﬁectroscopy
as compared to a specification of < 0,0001 ppmw as determined.

by electrical rpslgcivity ‘These data point out the dlfficulties
encounterad in measuring impurity. levels in thegsub—ppm

‘to ppm level in silmcnn and quarta.

In sumwmary then, it appears that quartz samples are :
available that meet the purity requirements of this ﬁ%ogram.
Absolute verification of this can only be accomplished
through measurement of the sil?con produced using electrical

resistivity measurements, . 1
3. Decrepitation of Quartzes and Quartzites &{“ﬁﬁ>
Silicgjsamples must be able to withstand the high 0

thermal and méchanical stresses that tbgy are subjected to
in the d*rect arc reactor. If they do not, they decrepitate
into small particles that become entrained in the off-gases
resulting in lower silicon yields.

Decrepitatibn vgsting of ‘a variety of quartz samples
; was parformed in order to develop experience in using this SN
" method to characterize the samples with respect to their
probability of being ‘able to be successfully used in a

N

~ commercial-size direct ave reactor. The testing was carried

out in a manner similar to the'technique used for many years
, at Elkem-Spigerverket's R&D Center in Kristiansand, Norway.
”éﬁ‘Thé test metkiod is able to sort out quartz samples that are
unsuitable for smelting; however, it does not guaréntee that
‘the promisingSampleﬁfwill smelt well: e S (‘
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The decrepitation test involves determining the mechanical
strength of the guartz after it is thermally stressed at
high temperature. 'To carry out a decrepitation test, a
quartz sample is crushed .into the size range of 20-25 mm.

The samples are placed in a graphite crucible and introduced
into a tube furnace maintained at 1300 °C. Samples are held
in the tube for,approwlmately oneg hour and are then withdrawn
from the furnace and codled to room temperature: The percentage
quartz retalned on a 2-cm screen after screening gives an
indication of the thermal shock resistance of the sample. To
find the mechanical strength of the guartz, the sample is
placed in a Eylindrical container equipped with a lid. The
container is inverted upside-down 100 times. The amount of
guartz retained on a 0.5-cm screen after screening determines
the mechanical strength of the quartz. '

The decrepitation tests of various samples of:quértz
obtained from different sources are summarized in Table 6.
Material is considered to be of sultable mechanical strength
for arc-furnace smelting if 60 % of it remains on the 0. 5=
cm screen. Of the sixteen samples tested, all samples named
'Eureka' are considered to be of unsuitable guality for

- smelting. These quartzmta samples do not have their quartz

‘partlcles strongly enough "glued" together.

Testlng of the selected Arkansas and British Columbla
guartz samples in the 200-kVA direct arc reactor.showed
their actual physical strength to be in agreement with the
measured decrepitation characteristics. No DAR experiments
were made to verify the negative decrepitation data conc-

- erning quartzites.

4. .Quartz Sand . . ;

Sand, i.e., unbound partlrles of quartz,‘ls a potential
source of silica in the,dlrect axc reactor. Composmtlonal
analysis, such as that for Qulntus quartz ($195/MT) in

o
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'Table 6. Decrepitation Characteristic of Various Quartz Samples

Source .

Retention on 0.5-cm
Screen (%)

ANGOLA ,
' Thermal American Fused Quartz Co.

Montville, NJ 07045
AUSTRALIA -
General Superintendence Co.
Sydney
CANADA’
Mount Rose Mining Co., Ltd.
North Vancouver, BC V7J2J6

Independent De51gn and Revlew

Mount Laurel, NJ 08054
UNITED STATES
Arkansas
Malvern Minerals Co. .
Hot Springs
Milky, Garland Co..
Milky, Saline Co.
Semiclear
Califo¥nia
Nopak Range
- FEureka 8815*
Resting Spring Range
Zabriskie + 8814%*
Nevada
Arrow Canyon Range
Eureka 8818%*
Bare Mountain
Eureka 8813%*
Eureka 881l4%*
Pahranagat Range
»  EBEureka 8817*
North Carolina :
Material Sales Co.
.Lilesville 28091
South Dakota
Pacer Corp.
Custer 60018
Utah ‘
Crystal Peak
Eureka 8819*

o)

oy

68
93

92

=70

.77
g2 ©-
63
48

82

30
12
94
35

78

13

(o

* Obtained from K. Ketner, Geologlcal Survey, Dept. of

Interlor, Denver Colorago.

(:r
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Table 4, indicates that‘sand can be of the same quality as
massive quartz. Sand in fact can be purified by chemical
treatment due to its much higher surface area as compéfed to
f massive quartz. <Sand‘shou1d also be of more uniform and
consistent chemical composition since it has been classified

over eons,.

Trear

"Sand must be pelletized to roughly 2-cm diameter pellets
before it can be used in a direct arc reactor. Sand could be
i possibly pelletized as sand pellets or .in cbnjunct?én with a
powdered carbon reductant such as carbon black of activated
carbon.

L

w

" Sand has not been tested as a silica source in the Dow
Corning Process. It has attributes, however, that makes
it interesting for further investigation.
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D. ‘Carbon
1. Reductants
a. General 5
The need in this program to use a carbon reductant
for silica that is purer than the commercial reductants
for the production of MG-Si is obvious from Table 7.
The maximum‘permiséible levels of impurities in carboﬁ“are
exceeded in several cases for all three reductants.
Purification of carbon was seriously considered due to
the success of reducing boron to less than 1 ppmw in
graphite used for the nuclear industry. Charcoal purifi-
cation was concentrated on while purification of'lignite
and petroleum coke was investigated to a lesser deéree.
The use of sugar char as a reductant was also considered.
The results of all these studies will be described in a
later section. The next section delineates the results.
obtained with the{ﬁpst'favorable carbon reductants:

b. Activated Carbon and Carbon Black
~i. As-Received Material . J

&

‘A‘successful reductant for the cafbothermic
reduction of silica in the DAR must meet the two primary
prerequisites of purity and chemical reactivity: these
do not necessarily go hand-in-hand.

~ The. purity was determined of various samples of carbon
black and activated carbon. Table 8 summarizes analyses of
activated carbons that meet, or nearly meet, purity re~
quirements. Those samples for which impurities exceed their
established maxima are listed in Appendix B. The activated
carbons, which were supplied in the form of pellets, are
quite pure with‘respect to the goal. Limited analyses of
samples prepared by concentrating solutions of dissolved material

showed that the goals (see Table S)Ufor boron and phosphorus

can also be reached. A later section will show that activated -
carbons meet the second prerequisite of adequate chemical
reactivity in the DAR. '
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TABLE 7. ANALYSES CF CARBON REDUCTANTS USED TO COMMERCIALLY
PRODUCE MG=-Si.

‘ Calc. Max.
Impurity’ Petroleum Wood in Carbon

(ppmw) Coal Coke Chips for SoG-Si*
al 4600 220 290 100
B 26 | <1 14 1
Ca 340 90 4300 1000
Fe 1800 500 410 1000
L 440 <80 23 5 70
v 10 . 540 <10 " s0

* See Table 2. %
i}
/ D
Is!
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° TABLE 8.

AVERAGE ANAﬁYSES OF ACTIVATED CARBON SAMPLES /’
THAT MEET PURITY GOALS. N

Impurity Carbon’ Sample Number ﬂ
(ppmw) Goal AC3 ACO ACl0 “ACl1 ACl2
al 100 80 80 36 | Y10 ] 10
B 1 | <5 | <5 <5* <5 <5
ca 1000 10 | 60 10 | 10 30
cr 1000 <10 10 | <10 |- <10 <10
Cu 1000 <s | 30.| <5 <5 .5
Fe 1000 | 1o 590 100 470 | 520
Mn 600 <10 | <10 | <10 <10 <10
Mo 2000 <10 | <10 | <10 <10 <10
Ni 1000? <10 <10 20 <10 <10 |
P 1oﬁ <10 | 20 | <1o0* | <10 | <10 ff?K
Ti 700 | <o | <10 | <10 | <lo <10 \
v 50, | [+ <10 | <10 | <10 | <10 <10 ‘
zr 1500 | <10 | <10 | <10 <10 | <10
L

Concentration technique yields B<1l, P=2 ppmw.

AC3:
ACY:
AC10:
ACll:
ACl2:

ICI Americas, Darco DXL-0-6838
Union Carbide, Columbia 3LXC 4/6
Acid washed AC9

Witco Chemical Corp., AC-5809
Witco Chemical Corp.

27
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A high percehtage of carbon blacks meets the carbon

purity goals as indicated by the data in Table 9 for all @
22 samples analyzed during the course of this work. Details

concerning the suppliers of the samples are provided in

Appendix C. All samples are preduced from petroleum sources -

[

except for CB5 which is generated by the cracking of
méthane gas.- Since this carbon black is one of the purer
carbon sources, it was analyzed using a chemical concen-
tration technique which“showed <1 ppmw boron and 5 ppmw
phosphorus. |

ii. Pellets 3

All activated carbon and carbon black reductants were

W

used in the form of pellets. Activated carbon from Union °

Carbide was supplied as ca. 3-mm-size pellets that were

used either directly in the DARfor as a mixture with
sucrose sugar cubes. The use of sugar cubes was found
to increase the chemical reactivity of the dense activated/
carbon since the sucrose is converted to a high-sufiace-:
area sugar charcoal upon burning at the top of reagtant'
mix in the DAR. ‘ ' S |
All carbon black reductants had to be pelletized to
increase their micron-size garticles to 5 to 25-mm-size
pellets that would not be blown out of the DAR by the off-
gases. Early experiments utilized binders such as starch,

A

colloidal silica, silica flour, and their mixtures. Starches
were not pure enough, especially with respect i&*phosr
phorus. Later experiments used carbon black bound with
sucrose which is higher in purity. As in the case of g:‘
activated carbon, sucrose was also found to increase the
reactivity of the reactant mixture. Analyses of binders
are shown in Table 10. _
Carbon black pellets were normally prepared foﬁ‘bow
Corning by Mars Minerals, Inc. using special handling
techniques.  Drum pelletizers were used to produce all = .
pellets ekcept when sucrose was used as a binder. In
thls case, it was necessary to use a disc pelletlzer. The
analysee of the pellets are provided in Table 11.° Thef
purest pellets were prepared using carbon black from a CH4

source w1th sucrose as the binder (see DAR-200~ 17)
- 28
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TABLE 9. AVERAGE ANALYSES OF CARBON BLACK‘SAMPLES

¢]

‘ImPUfi£Y,v Carbon Sample Number**
(ppmw) * Goal [CBI [ CBZ [ CB3 | CB4 | CB> ['CB6 | CBY ¢B8 | cB9 |.CB10 | CBIl

Al 100 140 | 70 | 140 | 210 | 30| 30 | 130 | 30| 200 30 40
B 1 s | <5 | <5 | <5 | <5+| <5 | <5 s | <57 <5 | <5
ca 1000 | 380 | 510 | 350 | 250 | 10 90 | 300 | 220 | 400 g0 | 270.

. Fe 11000 g0 | 40| 25| 40 ] 20| 10| 407 20| 80} 60, 50
P 10 <10 10 | <10 10 1o+| <10 | <10 [ 10° <10 | <10 | <10

- AY

impurity Carbon Y Sample Number :

(ppmw) * coal |CBIZ[CBIS| CBIA| CBIS| CBIG| CBL7| CBi8| CBIS| CB20 CB2I[ CB22
Al 100 60 | 49 30 10| 10 | 210 | -70 | 30 40 | 30 50,
B 1 <5 <5 <5 | - <5 <5 <5 <51 <5 <5 <5 <5
ca 1000 140 |<110 |11F 80 | 460 | <10 |'650 ] 350 | 310 | 140 20
Fe 1000 20| 60| %] 30| 40 | 20 |00 | s0 | 10| 10 | 60
P 10 10| 50| <0 | 20| 20| 10} 10 60 | <10 | <10 | <10

* Cr, Mn, Mo, Ni, Ti, V, 2r <10 ppmw, each
** gee cross reference of sample numbers an

+ Analysis of pell
‘techniques. -

17

: Cu <5 ppmw. .

ets with 25% sucrose binder shows B<1 and P=

d suppliers in Apéendix cC.

<

5 ppmw using concentration

on
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.TABLE 10. AVERAGE ANALYSES, OF BINDERS TO PRODUCE PELLETS

5]
)

P

8

‘/Impurity - Binders . _

T OK Silica

(ppmw)  |Sucrose Dextrin Stabil.  Molasses Ludox* Flour
Al <10 21,0 210 130 240 300
B O<é <10. <10 <5 <10 2
Ca <10 120 . 180 910 20 130
Cr <10 <10 <10 . <10 <10 <10
Cu " <5 <10 <10 30° <10 <5
Fe <10 <10 <10 140 70 180
Mn 5« <10 <10 <10 - 10 <10 <10
Mo <10 <10 <10 <10 <10 {10
Ni <10 <10 <10 . <10 <10 <10
P <10 180 40 500 o 90 30
Ti <10 <10 <10 20 20 80
v <10 <10 <10 <10 40 <10
2r <10 <10 <10 <10 10 110

* . DuPont colloidal silica
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/ DAR EXPERIMENTS
& - — -
|- IMP= °| DAR- DAR-200-9 DAR- DAR-200-11"] DAR- - DAR- DAR- DAR~ DAR~ DAR-~
| QRITS) 200-8 [D+L™ D | 200-10 ["S* S+#L | 200-12 |200-13 |200~14 | 200-15 | 200-16 | 200-17
Al 150 | 60 110 | 120 180 200 300 190 190 110 150 <10
B 6 <5 <5 <5 <5 <5 <5 <5 R <5 <5 <5 <5
Ca 1700 | 160 140 80 100 50 * 260 560 450 20 200 <10
Cr 10 <10 <10 <10 <10 <10 <10 <10 flO < <10 <10
Cu 5- 50 5] 15 | <5 9 <5 <5 8 6 <5
| Fe 70 | 130 80| 680 |300 540 | 200 | 190 | 220 120 110 <10
i Mn <10 { <10 <10 10 [<10 20 | <10 <10 <io <10 <10
Mo <10 | <10 <10 <10 <10 M<10 <10 <10 <10 ~ <10 40
Ni~ <10 <10 <10 <10 ’<10 <10 <10 “30 ¢<10 <10 <10
P 30 ,30 20 <10 50 50 <10 10 .10 30 ° <10 <10
Ti -| <10 | <10 <10 <10 20 20 20 20 | 30 <10 10 <10°
v <10 | <10 <10| <10 |<10 <10 | <10 <10 | <10 <10 <10 | <10
2r <10 | <10  <10- :glo <10 <10 | <10 <10 . +| <10 | <10 <10 .4 <10
8: 81.2% CBY,-10.0% Si02 from Ludox, 8.8% OK tabilizer
9: 80% CBY9, 10% Siop from-Ludox, 10%:=dextrin; 90% CB9, 10% dextrln
10:  100% AC9 | s
11: 75% AC3, 25% sucrose; 65% AC3, 25% sucrose, 10% SiG2 from‘Ludox
12: 90% CBY9, 10% OK Stabilizer :
13: 80% CB9, 10% OK Stabilizer, 10% Sioy from Ludox
14: 80% CB9, 10% OK Stabilizer, 10% SiO) powder . ) e
15: 61% ACl0, 39% sucrose as sugar cubes - ’
16: 70% CB9, 30% sucrose - S i
17: 75% CB5, 25% sucrose o ' : . / .
‘* D = Dextrln, L = Ludox, S = Silica - & o e &

AVERAGE ANALYSES OF CARBON BLACK AND ACTIVATED CARBON PELLETS USED IN DAR EXPERIMENTS

4
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c. Other Reductants
i. Charcoal

Wood charcoal contains too high concentrations of
boron and phosphorus to be of use as a reductant to prqduce:
SoG-8i (9). Charcoal has been purified with freon at High{
temperatures to reduce the conceptration of impurities

*{(7,9,10) as seen-in Tabile 12 Sétisfactory reduction of

the level of boron and phosphorus was found only at 2500 °C.

" However, this material was found to be nearly totally

unreactive with quartz under nornal operating conditions,
as opposed to unpurified charcoal which is a falrly good
reductant. C

The purified charc&@l was characterized by x-ray
diffraction and chemical reactivity tests (7). X-ray
diffraction patterns showed a broad and somewhat irregular
peak in the v1c1n1ty of the graphite peak. The irregular
peak increased in intensity with the temperature of charcoal
purification and was not observed in the case of unpurified
charcoal. Since change in chemical composition due to
pu@ification is minimal, significant structural change was
indicated. This was particularly apparent from the noted
volume decrease with purification temperature. Reactivity
tests, according to a method reported by Tuset and Raaness
(ll); showed that purified charcoal had a somewhat lower
ability to react with SiO(g) that did unpurified charcoal
according to the reaction 8i0(g) + 2C(s) = SlC(S) + CO(g).
However, it was still found to be more reactive than most
reductants used for silicon production. It was therefore

,inferred that the formation of silicon carbide was not the

rate-cohtrolling reaction, but thatﬁits further‘reaction
via SiC(s) + SiO{(g) = 2 Si(l) + CO{g) was most likely the
rateécontrolling step. The reason for this may be that

SiC is completely surrounded by silicon which blocks the

.contact between SiC and Si0. If so, the. wettlng property

-of SiC is important. In successful tests with unpurified

charcoal; the silicon carbide was not surrounded by metal,

but open for exposure to Sio (12).
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TABLE 12. CHARCOAL PURIFICATION BY
FLUORO({ARBON TREATMENT

4

[

Impurity* .
(ppmw)

None

Purification Temperature (°C)-

1500

~1700

2000

2500

., B
Ca
Mg
Mn
P

21
8800 °
200
120
230

i )

27
30

<5

<10
25

15
30
<5
<10
20

30

<5
<10
<10

i

* Al, Cr, Cu, Fe, Ni, Ti, V, Zr.<10 ppmw
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Charcoal was dropped as a potential hxgh-purlty

reductant due to its extreme unreact1v1ty whlch results from

o 5o

ii. Lignite S v r
Lignite has been used as a reductant for the

its purification at hlgh temperature. Y

production of metallurgical-grade silicon. However, lignite

is too impure for  the production of SoG-Si due to its high
ash content - as shownhin“Table 8 - of nearly 20%.

i Lignite brlquets were subwecfed to chlorine purlflcatlon ,
at 2000 °C. ‘Although the briquets did not lose their strength,

the concentration of boron could not be rediced to low ppm-‘

" level reguired. X-ray 1ntensmty showed a continual increase

with increasing severity of purlfncatlon. Since x-ray

v;;
o

intensity showed an indirect correlatlon with reactxvxty

in the case of charcoal, increased purification temperatures’ °

were not attempted

ngnlte is. considered.to be a _poor.candidate as a
reductant for the production of SoG-~Si (13). It is antisk
cipated to have many of the s&me problems as- experienced )

" in the past with charcoal. Since it is initially muéh

more impure than charcoal, lignite was eliminated as a
potential reductant. l
iii. ~Petroleum Coke

This carbon mate:ial‘is one of the”constituentsu‘
used in the reductant mixture for £heimanufacture of MG-Si
in the United States. A larger amount of petroleum coke
is used in the mixture when MG-Si of higper purity .is

" required. However, a trade-off exists since petroleum

coke is the least reactive component of the mixture. An < -
effort was made to enhance the.;eactivity through expandingj
'ts structure by intercalation (13). Although this resulted
in a doubling in the surface area of the @oke, the surface
area 'was still too low to effectlvely change its reactmvmty.‘
Since acid washing did not enhance the purlty of the coke.

e if, s

either, this reductant was eliminated from the program.

g
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iy. Sugar Charcoal

‘ Dr. Robert Rhein of JPL suggested sugar char as a k
potential.carbon reductant based upon its purity - see Table
6 and upon the copious amourt ©f information he found in the
lltef;ture concerning 1&5 pyrolysis and conver51on to charcoal.
The cost of ‘sugar, itself, on an equlvalent weight of
silicon basis, was determined from its cost of $0.061/1b*
when purchased in 112, Oab-lﬁﬂquahtities.\ The equivalent
cost is determlned below based on an overall process yield
for silicon of 72%. Also included is. ‘the fixed carbon value
of 15.0 % (85.0 8 volatlles, 0.0 8 ash)

$0.051 2.2 1b 1 kg st\,gar . 24 kg carbon 1 1 $1.07
" 1b ' kg sugar " 0.15 kg carbon *° 28 kg silicon’ 0.8 * 0.9 kg Si

dThe cost of slightly. over $1/kg Sirdoes not include the cost
of conveltxng sugar to sugar charcoal. Therefore, sugaxr

char is too e\pen51ve for the goals of this program.

f Several avenues of approach for _sugar . exist; howevera

) ’ ‘e use of sugar dlrectly in the DAR where charring

2 4? e -occurs tn situ. ’

o - e use as an additive to the main carbon reductant

s ' u so as to cause ‘increased bed porosity due to” B Z

sugar swelllng durxng ‘charring.

e}

g e ’ ’ 4 e use as a binder for the main reductant.

24 Electrode

Graphite electrodes are used to supply the arc for
obtaining high temperature for ‘the carbothermic reductlon
process within "the DAR. Experlence in our equipment has
shown that the consumable graphite electrode contrlbutes
ih the nelghborhood of 7 % of the carbon utilized during
silicon productlon. Theréfore, it has been necessary to ‘
purlfy graphite electrodes to minimize contamination. k
Ultracarbon Corporation has supplled 8 to l5-cm-diameter

v : electrodes that were purlfled at 2500 °C under a fluoro- ,
carbon atmosphere (10). A recent analysis of an electrode
used 1n ewperlment DAR-200-18 “appears below.

H
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i
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* f,,wall“”street Journal, July 21, 1978.
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TABLE 13. ANALYSIS OF A PURIFIED 15-CM-DIAMETER ELECTRODE

o ¥

@]

Impurity Concentration .

~ (ppmw)

al <10

B <1l

Ca <10

Cr <10

Cu <5

Fe <10

Mn <10

Mo <10

Ni . <10 9

P 5

Ti N <10

\ 2 <10

2r “j <10
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V. SILICON PRODUCTION, STEP"

A. Summary
Reactors of 50-kVA and 200-kVA size were used to study

the production of silicon using three different reductants
for quartz: charcoal, activated carbon, and carbon black.
Charcoal was eliminated as a possible reductant because it
becomes very unreactive when purified at high temperature.
Carbon black/sucrdse\mixtures are superior to activated
carbon with respect to reactivity, energy consumption, and
purity. .

The best experiment utilizing carﬁbn black/sucrose
pellets gave 128 kg Si during a 50-h experiment corres-
“ponding to an effective silicon production rate of 2.9 kg/h.
uEnergy usage was favorable in a small experimental reactor
at only 26 kWh/kg Si. Typical silicon produced from such
experiments contained 50-100 ppmw of aluminum and iron and
‘less than 10 ppmw each of other impurities.

B. Experimental

Q.

. 1. General --

Silicon was produced in two, somewhat similar

direct arc reactors during the course of the contract. Early
experiments were performed from September, 1976 to August,1977
in a 50-kVA reactor (DAR-50) located at Elkem-Spigerverket's
R&D Center in Kristiansana, Norway. Later experiments were
performed during the period from February to October, 1978

in a 200-kVA reactoxr (DAR—ZOO) purchased by Dow Corning from
Elkem-Spigerverket. '

DAR-50 is shown in cross-sectional view in Figure 3.
Dimensions are in millimeters. The DAR is divided into a
séparate upper and bottom section. The upper section is
divided into two sections along its axis. A:BO0% Al,0,/ 50%
SiOz ceramic lining is contained within a cast iron shell.

37

o
T



f

’ kvl
~ 480# >
N —
l 1N | _ si0./A,0,
: i - AT Ceramic
i i Electrade [N :
S &7 so¢ )
. - RN Cast Tron..,
] S AT Sl .
L i \ P
: 3009 :
2 P [} 2 \
i t
. /, \—\a‘r ; = .
\ . - y :
=T Tapeing
\ 2 I~ Spout
\ ‘ N ] a
"~ . » |
" \ Tlectrode
- Rste
Scale 1:8 - Copper - )
: Tlectrodes

i

FIGURE 3. Dimensions and Construction of

DAR-50 -

I g
] >

Loo38




ksl

The bottom section of the DAR is céramic lined and contains
electrode paste which provides circuit completion for the
arc>struck between the electrode and the graphite hearth.
The external power supply is connected to the graphite
electrode at the top and to the copper electrodes inbedded
in the carbonized paste at the bottom. A spout is provided
for tapping silicon metal from the graphite hearth. The
spout consists of graphite coated with chemicallywvéporé
dep051ted silicon carbide.

DAR—ZOO is a much-lmproved version of DAR-50. The main
differences, however, are in the larger size smelting pot
(60-cm I.D.) and electrode (15-cm I.D.). Changes in the
electrlcal system provided for much more control of the
carbothermic ‘reduction process. ,

The ceramic liner used in the«DAR has potential 6f0

~contributing significant impurities to the smelting process.

Thls potential was minimized through pre-contract experiments

‘that p01nted out values for reactor parameters which provide

insulation of the ceramlc liner by unreacted raw materials
from the high-temperature smelting zone. This is easily
done by maintaining the electrode diameter small enough so
as to not form too large of a cavity within the reactor (see
Fig. 4). Such an insulation effect can also be attained by
employing a sufficiently large reactor diameter once an
optimum electrode diameter has been determined. Figure 4

shows the cross section of the DAR, after half of the upper

hearth section was removed following a successful experiment.
The cavity that surrounds the electrode had its walls formed
by strong sintered material consisting of partially reacted
raw materials and silicon carbide. Unreacted raw materials
are shown external to the cavity walls.

| Experiménts were run somewhat similarly. Quartz was
crushed and screened to -30 + 5 mm size while the carbon
size® varled considerably. These materials were charged to
the DAR every l1-2 h in a mixture having greater than ﬂOO%
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carbon content*. Such'an amount of carbon causes the
formation of silicon carbide, which is required for latex
silicon production, at the bottom of the furnace. After 8-
24 hours, the carbon content was reduced to provide suitable
reaction conditions for producing silicon.

At the end of a 1 to 2-h period, silicon was removed
from the DAR. The walls of the cavity around the electrode
were then crushed with graphite rods. A new charge of raw
materials was added to the furnace and smelting was con-
tinued for another 1 to 2-h period.

DAR-50 was run at 40 kW with the voltage between the
hearth and the electrode varying from 30-40 V. Reaction
conditions were controlled by varying the distance between
the tip of the elaﬁtrode and the hearth. DAR-200 was
operated at about 80 kW with the potential varying from
about 50-60 V. ' ‘ i

2, ‘Charcoal as Reductant

Experiments centering around purified charcoal as a

 reductant represented 18 of the total 28 expegiments carried

out under this contract. The first eleven experiments were
performed at Elkem in DAR-50 in order that Dow Corning ’
personnel could obtain the needed technology for further
1nvest1gatlons at Dow Corning. 1In addltlon, DAR-50 is the
only small- scale, easily accessible reactor known to be
available for work of this type. The remaining seven char-
coaliexperiments were carried out at Dow Corning in DAR-200.
Data for the various charcoal-reductant experiments are
presented in Table 14. Tests were made with commercial
reductants* to establish baseline operating conditions. Runs
were also made with unpurified charcoal to determine base-
line parameters from whlch to compare experlments ut11121ng

‘purified charcoal.

* 100% carbon content represents the stoichiometric amount of

carbon, i.e., two:.g-atoms of carbon per mole of 8102.
* Coal, coke, and wood chips.

41

b e o A AT SRS



TABLE 14. DATA FOR SILICON PRODUCTION USING CHARCOAL AS A REDUCTANT
‘ , £

Aver. » )
Carbon Total Electrode Wt. Si Aver. . Aver.
, . Content Time Consump.- Produced - Rate Energy
Run No. Quartz Carbon (%)= (h) (g/h) * -(kqg) (kg/h) (kWh/kg)
» DAR-50-1 Norwegian Charcoal - 45 - 30 0.7 48
1= 2| arkansas Charcoal - 26 - 12 0.5 55
3| arkansas Commercial - 26 - 14 0.5 44
| 4 |” arkansas Char. (2500°) - 15 0 0.3 0 -
. 5| arkansas Char. (2000°) =* 30 970 4 0.1 188
o 6| Arkansas Charcoal - 30 200 15 0.5 60
- 7| aArkansas  Char./Char. (2000°) - . 27 . 220 12 0.4 56
T 8| Arkamnsas  Char. (1700°) 91 26 360 0.7 0 -
- 9| Brit. colum. Char. (1700°) 93 22 150 4 0.2 128
| 10 | Brit. Colum. Char. (2000°) 92 17 160 0.2 0 -
| | 11| Brit. colum. Char. (1900°) " 95 29 160 O 0.3 64
§f DAR-200-l Arkansas Commercial - =36 660 42 - -
{ 2 | Arkansas Charcoal 110 30 594 " 43 1.8 34
3 | Arkansas Charcoal = 99 48 361 110 2. 29
4| Brit. Colum. Charcoal “ 98 34 141 52 1. 37
5| Brit. Colum. Charcoal 98 35 435 62 2.0 38
] 6 | Arkansas Char. (coconut) e 14 . 328 4 - -
. 7| Arkansas Char. (2200°) .. - 36 468 . 44 2.2 36
/ o ) . / o . F .
é ) B “ N Y
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The important message to be gained from the data in

K Table 14 is that it is difficult to produce large quantltles
5§*s<:5¢ of silicon using purified charcoal as a reductant.

j Consequently, low_ productlon rates occur with accompanylng
Lo %% high energy usage. These trends are more obvious when it is
‘realized that extraordinary operating conditions had to be
used to make the silicon that was obtained. It is believed
that such conditions, e.g., a low carbon content in the 80-%
range, cannot be used to commercially produce silicon. The
i problem of poor charcoal reactivity is treated in depth in

. the earlier "Raw Materials" section of this report.

Emission spectrographlc analyses of the silicon produced »
from charcoal-reductant experiments are provided in Tables TN ”
15 and 16. Samples were obtained by meltingsdown 1l kg of
DAR-Si in a Czoohralski puller to homogenize the sample.

& sample of silicon was withdrawn by suction casting it in

a small aiameter quartz tube to quickly solidify it, thereby
minimizing segregation of impurities. This sample, after
removal from the tube, was submitted for analysis. The’

3

X ; use of purer raw materials obviously resulted in productlon
of purer silicon. The data also confirms, in specific
instances, that the gain in purity through use of better raw
materials can be offset by use of inconsistent purification
of charcoal, contamination of the raw materials by further
handling after purification, and b¥<éontamination of ﬁhe
reactants in the reactor by airborne, materials or by acciden-

: tally dropping contamlnanes into the reactor.

Boron and phosphorus analyses were performed on DAR-Si

“that had gone through the purlflcatlon step. These analyses
'are provided later. ' : ‘

3. Carbon Black and Activated Carbon as Reductants

Attention was focused on, carbon black and activated
carbon as reductants due to their low levels of impurities
as indicated by emission spectrographic analysis. Three

b 7 ' silicon production experiments were performed using ‘acti-

i
i
i
! 3
Coe
9
;
i
T odh
4

vated carbon while six tests were made with carbon black

ey <
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43

i A A B St o e i oy S e st v T e




VA

AN

TABLE 215.

L

B

ANALYSES OF SILICON PRODUCED USING CHARCOAL AS A REDUCTANT IN DAR-50

=8

Impurity Concentration of Impurities for Various DAR Experiments (ppmw)
MG-51 -1 T =2 -3 -5 -6 -7 -9 -11

| N

a1l - 3400 300 740 110 420 40 110 50 190
Ca 480 6500 11400 80 50 260 210 620 230
Ccr 296 <10 ©<10- <10 <10 <10 <10 10 <10
Cu 70 30 20 <5 10 10 <5 5° 10
Fe 7100 3900 4000 220,290 190, 120 250 490
‘Mg <5 | 70 20 <5 <5 10 - K5 20 <5
Mn 180 | 340 - 320 <10 <10 60 <10 © 20 <10
Ni - 8o " 90 20 <10 <10 <10 <10 _ 20 <10
Ti 330 90 10 <10 20 60 20 40 30
v 170 | 30 20 <10 o <10 <10 <10. <10
Zr .20 - - <10, <10 <10 <10 <10 <10

i Q
® /;") ) .
¥ * : £ LI R ! _—




TABLE 16 .

&

c
<

ANALYSES OF SILICON PRODUCED USING CHA
AS A REDUCTANT IN DAR-200 -

4

v

RCOAL

7 -
= — £ = :
Impﬂ“?i:Ey/’;fConcen‘trati‘qns of Imp\irities for Vvarious E;fpg;iments ,(ppu{%)
MG=si | -2 -3 -4 -5 =6 -7
1 a 3400 | 160 100 2800 . 1800
Ca . 480 | 7900, 850 - 200 550
cr 290 <10 10 30 <10
Cu 70 | 20 10 45 40
Fe 7100 | 15000 < 3600 3200 11000
Mn 180 | 340 . 180 40 - 60-
Mo T e <10 . <10 <10
Ni " 80 |- 380 20 S AR S X
Ti 330 .| 40 110 " 250 370 .
\ 170 <10 <10 30 20
o 2T 20 <10 <10 <10 40
3
1]

45




- . standpoint of reaction conditions in the DAR.,

pellets bound with either wvarious starches or sucrose.
While data from these experiments are somewhat limited in

quantity, the conclusions drawn from the data base’ate | o
confirmed by later experiments performed afterocontract '

termination. : vy .

Data from experiments DAR-200-8 to- 17 are provided in
‘ Table 17; further raw material data appear in the "Raw
Material" section. Ignoring test DAR-200-12, due to a
~broken electrode, 100-% carbon content appeared to be about’
correct for both reductants. Runs of 23-60 h resulted in 28
., to 128-kg quantities of silicon (1.3-2.9 kg/h beginning with
initial silicon production). EnBEQY'GOPsumption varied from
26-47 kWh/kg. | - o
conclusions concerning experiments with c%rbon black
and activated carbon reductants are more easily drawn from®
averaged data shown in Table 18. To prefaee such conclusions,
however, it must be stated that no measurable difference in
any reaction parameters could be detected as being due to
the source of quartz. The effect of adding sucrose cubes
(0.9 cm) fo activated carbon pellets (0.5-cm diameter), so
that the sucrose represented from 20 to 35% of the total
fixed carbon, had no effect on either silicon production
rate or energy usage within experimental uncertainty.
The use of carbon black/sgcrose pellets (0.6 to l.O-cm,‘ oy
diameter) having 30% by weight §?crose resulted in sub-
stantially higher silicon pr\duct;on rates as compared to
carbon black/starch pellets or any. .pellets containing
activated carbon. Addltlonally, lower energy consumption
(kWh/kg si) also occurred when using carbon black/sucrose
pellets. ‘
. It is clear at this point then, that carbon black
pelletized with sucrose is the preferred feductant from the

The purity of silicon produced u51ng actlvated carbon
and carbon black as reductants is shown in Table 19.

B
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q TABLE 17. DATA FOR SILICON PRODUCTION USING ACTIVATED CARBON AND CARBON BLACK REDUCTANTS
: ' - . s & :
oo ’ _ Aver. =
Exper. < carbon Total ° Electrode Wt. Si Aver. Aver.
« . DAR- Quartz’ Carbon Content Times Consump. Produced Rate Energy
200- Source: Reductant () (h) ¢ (g/h) (kg) (kg/h)  (kWh/kg)
‘ Q : N ‘ - = A‘ — N
8 Arkansas CB9/starch 83 31, . 350 28 1.5 36
9 - Arkansas CBY9/starch 97 . 36 304 56 2.0 © 34
10 Arkansas ACY 99 ' 35 306 56 1.8 29
11 Arkansas AC3 ; ~ oo 23 .362. 33 2.0 28
112 'Brit. Colum. CB9/starch 87 .27 393 14 0.9 . 78
. 13 -Brit. Colum. ' CB9/starch 102 30 384 . 33 1.3 47
14 “Brit. Colum. CB9/starch 7 102 24 364 31 1.8 43
} 15 . Brit. Colum. ACl0 & Sucrose 100 60 - 380 100 1.8 - 33
” 16 Brit. Colum. CB9/sucrose o - 50 317 128 2.9 26
<17 Brit. Colum. CB5/sucrose’ 99 ' 58 254 128 2.4 26
. : //;
N : .O
5 - o
# °
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TABLE 18. SUMMARY OF SILICON PRODUCTION EXPERIMEN'I‘S
DE'J.‘AILED IN TABLE 17.

Ao

2

i ‘\< D
: Aver. Aver.
Reductant Time Silicon Rate Energy
(h) wt. (kg) (kg/h) (kWh/kg)
AC 29 45 1.9 |- 29
g N ‘
AC & Sucrose 60 100 ¢ 1.8 R
cB/Staxch -~ | 30 37 REN 40
CB/Sucrose Y : 128 2a7 26
- 7 : -
A <
& ,
* o
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_ TABLE 19. ANALYSIS OF STLICON PRODUCED USING ACTIVATED CARBON AND CARBON BLACK
AS REDEFTANTS IN DAR-200. -
| = - : SR
— Impﬁritg Concentratlon of Impurities £or Various DAR Experiments (ppmw) B,
N max.* m?qéag -9 -10 N\\‘§ﬁ$¥///s$=§\‘ 13 -1a& -15 16 -17
al 100 80 50 270 320 ° _ 320 280 go 150  100°~ 70
ca 600 |.<10 40 <}b <10 - a0 - 300 ° 40 60 40 50
cr 700 o a0 :ig © <10 o <10 <10 <10 f<1d <10
o . cu " 900 60 <5 e ™ a5 < s <5 <5 <50 <5
b . Fe 800 | 1700 140 10d 14000 2700 470 .50 460 50 80
Mn 300 | 20 <10 <10 5159 “ <10 10 <10 <10 <10 <0
Mo 1400 | <0 <0 <10 o <10 0 <10 <10 <10 <10 |
N 800 <10 <10 1o 50 56 a0 <10 <10 - a0 <10
Ti 50 70 20 30 50 16 ° .46 © 20 30 o . <10
; v | 40 o <10 <10  ~<10{ <10 <10 <10 <10 <10 <10
L zr 1300 o <10 <10 <10 - <10 10 <10 <10 <10 - <10
“*T?S,;e"“yka'w Hakter:l.‘als‘:'; S;’ction). 5 = ®
. ] ~ | e
o 7 -
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Rarlier experiments produced silicon of less purity,
- especially Fe and Al, since determining reactivity was

of a higher priority than obtaining purgty. Activated
i carbon presented a problem with respect to iron due to -
» generally being present in the activated carbon samples
themselves. Later experiments with carbon black, DAR-
200-14, 15 and 16, represent what we believe can be
produced on-a consistent basis, i.e., Al and Fe of
50-100 ppmw, with all other 1mpur1t1es being 1ess than
10 ppmw.

AN

| Calcium is not a problem since it vapqgé&es upon
melting and holding silicon for a short time. Boron
and phosphorus analyses‘were performed after Czochralski
growth and are reported in the next section.
The impurity analyses of DAR-Si as 1ndlcated in the )
~latter runs in Table 19 meet or exceed the spec1flcatlons
for SoG-Si that were outlined in Table 1.
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VI. SILICON PUBIFiCATION STEP °

&

Al Summary

% - () +
“Impurity sagregatlion wa

$ shown to be the same for

polycrystalline silicon growth as it is for single-crystal

growth if a reasonably dilut

prevent constitutional super

by growing SoG-=Si poly=-ingot

technigue. Compositional analysis of the poly-ingots showed

them to meet all Dow Corning

e melt is used in order to
cooling. DAR-Si was purified
s using the Czochralski

-set specifications for impurity

concentrations, except for boron. However, the concentration
of boron is near that reported by others to give maximum _
solar cell efficiency. The usable poly-ingot yield from DAR-
si was shown te be 77%. Suggestions to .improve the yield
were made. Growth of single~crystal silicon from the SoG-Si

poly-ingots was demonstrated.
DAR-S1i purification via

Bridgman-type crystal growth

_was shown to be faasmhlg/as well as potentially more cost

effective than Czochralski crystal grayth.= Since resources
were not avamlable to more fully develop this technique,

it was abandoned in favor of
cated Czochralski method.

the more technically sophisti=-

Attenpts to purmfy silicon cn‘;mﬁataZl,lurg,lc:al--gré;x-?*b
purity using vacuum evaporation were totally unsuccessful
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B. CZochralskl Crystal Growth

l. Impurity Segregation During Growth of Poly—8111con
Czochralski- crystal growth of an ingot from DAR-Si
feed stock always resulted in polycrystalline material. This
most likely is due to the 100-ppm concentrations of{alumiﬁpm
and 1ron in DAR~-Si. Therefore, the effect of polycrystal@ine

’growth on effective segregatlon coefficient was investigated

prior to the onset of constitutional supercooling of the melt.
kCopper and manganese were used to dope semiconductor
silicon since the concentrations of both impurities can be
accurately determined by thermal neutron activation analysis.
Ingots of 3.5-cm diameter were pulled at 11.5 cm/h in a NRC,
Model 2805, crystal pﬁller.
In one growth experiment a single-crystal seed was

used and pulling continued until loss of crystalline structure,

due to constitutional supercooling, was observed. A poly-
crystalline seed was used in the second experiment and poly-
crystalline ingdt growth allowed to proceed until feathering
of the outer ingot surface was observed indicating the onset
of constitutional supercooling; (see the bottom of the large
ingot indicated in Figure 5) Grain size was such as to
produce a grain density of 20/cm2.
Samples were selected from the full- diameter region
of the ingots just below the seed, from the region just
above the point where constitttional supercooling occurred,

and from the tang end of the ingots (approximately 4 cm

. after constitutional supercooling occurred). The samples

were analyzed by neutron activation analysis for copper
and manganese concentrations.

' Results are shown in Table 20 for analyses of the
single-crystal seed sample, polycrystalliﬁe seed sample,
single and poly samples taken" just prior to the onset of

- constitutional supercoollng, endfflnally the respectlve

tang-end samples. The concentratlons and, therefore, the

- effective segregation coefficients for the various regions
‘are, for all practical purposes, identical for single-

crystal and polycrystalline material. Relatively larger
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TABLE 20. Comparison of Purification by Czochralski

Freezing of Single-Crystal and Polycrystalline
Silicon Ingots.

; ﬂImpurity‘ Effective
Sample Concentration ~ Segregation
Iidentification {(ppma) Coefficient
Seed Sample )
Type Position Mn | Cu Mn Cu
. . : i ‘ ,
Single Near 0.028 |0.085 |1.2x1072, | 4.25x10
Poly seed 0.026 | 0.077 1.13x10 3.85x10
Single Before loss 133 | 3.34 5.7xlo:§ l.67xlg'2'25
Poly of structure 198 5.26 8.6x10 - 2.6x10
: Single Near 988 |32.9 |0.429 = | 0.16
% Poly tang - ‘I 1090 29,2 0.473 . 0.14
i’ o B

N}

=3

)




differences exist at the points just prior to the onset of
constitutional supercooling; however, rapid changes are
occurring in this redion and slight difference$ in the
sample site could easily expiain the observed variation.

The relatively high concentration prior to the occurrence of
constitutional supercooling has been observed in other
ingots and is attributed to impurity- trapping during cell- -
ularwgrowth. Once cons@itutional'supercooling occurs, the
effective segregation céefficients increase from near their
equilibrium values in the seed end of the .ingots to very

large values approaching 0.2 for copper and 0.5 for manganese.

These data imply that polycrystalline ingot growth is just
as effective as single crystalline ingot growth for segregating
impurities from the solid into the melt. The data also suggest
that segregation is less efficient for melts more concentrated
in impurities. However, the impurities in DAR-Si”are low
enough in concentration, as shown in Section VI.B.2.b, such
that segregation is a very efficient purification technique
for this material. ”

Higher growth yields of polycrystalline ingots are
expected compared to the yields experienced for single-
crystalline ingots in the semiconductor industry. This is
because growth is terminated upon loss of singularity,
in the latter case. Other benefits‘6f1polycrYStalline
growth are reduced seeding problems, e.g. due to twinning,
and use of larger diameter poly-seeds for pulling massive
ingots. : ‘

2. " Poly-Ingot Compositional Analysis

a. Boron and Phosphorus

The concentrations of boron and phosphorus
were deteimined from electrical resistivity‘measurements{
made on Single;crystal s}lidon. The procedure involves
first pul%ing a small-diameter poly-ingot from DAR-Si in

' a Czochralski machine, as indicated in Figure 5. This

ingot was then multiplyﬁflbat zéned léaVing sections that.

[
A o
il
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had been zoned from one to seven timee.b Electrical
resistivity measurements made on the various sections
provided data for computing the boron and phosphorus
concentrations (see Ref. 14 for details): These values
were then adjusted to represent the actual concentratlons . ®

9

of the impurities in the original SoG-Si ingot. i
Boron and phosphorus analyses_ were performed only on
SoG-Si ingots pulled from DAR-Si produced in the experi-
ments indicated in Table 21 due to the amount of work -
required per analysis. The SoG-Si of highest purity was '
an ingot pulled from silicon produced during experiment | :
DAR-200-17. The boron concentration was 6.8 ppma (Q. 12 s
ohm-cm) and the phosphorus’concentration was 0.45 ppma. " P
The data from this experiment were reproduced in twok ’

s

experiments performed after contractﬁtermlnatlon.(r‘
How do the data from experiment DAR-200-17 compare- to -

" the specifications suggested for SoG-Si in Table 17 The

ghosphorus coneentratlon met the suggested maximum specification
of 0.5 ppma.’ The boron conoentlatlon of 7 ppma (0.1 ohm-cm),
however, exceeds the suggested specification of 2 ppma
(0.3 ohm-cm). Since the suggested boron specification is by.
no means a rigidly determined value, see Section‘IV B, it lS
interesting to compare it to information reported in the
literature. Our 0.1 ohm-cm exactly matches the value reported
by Green (3) and by Dunbar and Hauser (4) forx’ the doplna
resistivity glVlno maximum solar cell efficiency. " Iles and
Soclof (15), in addition to Fischer and Pschunder (16),
indicate solar cell efficiency should peak’ ‘around 0.3 o
ohm-cm such that our SoG-Si would produce cells having an
output only 94% of maximum. Therefore, even though the
silicon from experiment DAR-200-17 did not meet the con- .,
servative 0.3 ohm-cm specrflcatlon, the 0.1, ohm-cm materlal
comes very close to the maximum in cell efficiency yersus -
resrstxvmty data reported by various investigators.

The ultlmate test of SoG-Si.lies in the quality of
the solar cells it can produce (see Section VIiI). A

conposmtlonal specmfmcatlon is also reculred

Close examination of Table 21 suvgesLs tbat varrous

reductlons in the coneEnLratlon,of boron or phosphorus
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TABLE 21. BORON AND PHOSPHORUS ANALYSES OF THE FINAL SoG-Si
PRODUCT FROM THE DOW CORNING PROCESS AS PULLED

. o . FROM VARIOUS DAR-Si MELTS
~ DAR CONC. (ppma) o RAW MATERIALS
S * RUN NO. B P “CARBON QUARTZ
50-5 12 |+ 13 char., gurif. Ark. -
50-6 36 | 50 char! Ark.
s0-7 | 24 | 25 cﬁag.,‘purif. Ark.
"50-9 : 9 | 12 char., purif. B.C.
' 50-11 10 11 char., purifs: _B.C.
200-8 | 16 14 ‘ CB9/Staxrch - Ark.
i 9, | .13 | 9 |. css/starch |  ark.
;. =10 12 | 9.7 | ac Ark.
11 | 14 6 AC " ‘ Ark.
12 12 4.5 CB9/Starch B.C.
) 13 11 5.4 CB9/Starch - B.C.
3 14 13 4.5 LCBQ/Starch B.C.
T 15 8.0/ 4.2 |  AacC B.C.
16 9.6 5.6 | CB9/Sucrose . B.C.
“ 17 6.8| 0.45 ~ CB5/Sucrose ~ B.C.

Note: The resistivity - analyzed boron and phosphorus
= concentrations in DAR-S1 do not necessarily ;
‘ , : correspond to concentrations in the raw materials
AR because of the limitation of the emission
spectroscopic method for carbon and quartz.
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might be directly tied to changes in carbon black (CB)
or quartz sources of supply. The gradual reductions in
ihpurities were partially due to ever improving methods
of clean operation of the DAR, especiallycduring later
experiments. Thé most obvious reduction in phos@horus
can be definitely traced to the use of Thermax Stainless
carbon black in experiment DAR-200-17. Again, this low. -
congentration of phosphorus in SoG-Si was confirmed by
later experiments in the DAR. ) I o

b. Other ‘Impurities

Analysis of the final Dow Cornlng product for
impurities other than boron and phosphorus is difficult

'since the impurities are about equiValent to the con-

centrations found in semiconductor-grade silicon. An
analysis of the SoG-Si ingot at the 50-% point of the
silicon pulledtﬁrom experiment DAR-200-17 is shown in
column three of Table 22. The analysis was perfoLmed ino
Dow Corning's spark-source mass spectrometer that has
only analyzed pure semiconductor-grade silicon. Aall
1nd1cated impurities in the SoG-Si could not be detected
at the 3-30 ppba sensitivity of the instrument, except
for sodium which was present at 3 ppba. Nearly identical
results are found when analyzing semlconductor silicon;
i. ef, all impurities analyze to have concentratlons lower
than their detection limits of 3-30 ppba. Earl;eg work
(10) showed that there was no detectable difference in: ‘
the purity of the silicon between the 40-% and 65-% amounts

" of the total silicon pulled. No difference in quality is

expected between the 0 to 76-% portions (see next section).
Earlier reported data (10) indicated that a reasonable
estimate of imgurityzconcentretions in the SoG-Si ingot
could be obtained byymultiplying»the effective segregation
coefficients timesfthe‘impurity concentrations found in the
QAR—Si..,The results of this appear in’ Table 22 where the
impurity concentrationsﬁ(now in ppma) of silicon from. -
experlment DAR-200 -17 have been multlplled by the effective
segregation coefflclents reported in Reference 6. The

~estimated concentratlons are less than the SoG-Si spec1f1-

catlons £rom Table 1 in all 1nstances.
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TABLE 22. ANALYSIS OF SoG-Si INGOT FOR IMPURITIES OTH\,ER THAN BORON AND PHOSPHORUS

;  Impﬁ}ity = ”E.S;‘of S.S.M.S. of Segregation Coeff. Estimate ' SoG-Si
-(ppma) DAR-Si* SoG-Si Ingot °>0of SoG-Si Ingot from DAR-Si Specification
Al 70 1%* .1 0.2

Ca 35 N.A. ) - -
cr 5 <0.003 6 x 1073 4 x 1073
Cu 2 1 <0.015 0.002 0.8
Fe 40 <0.03 - 3 x 1074 6 x 1073
Mg N.A. <0.005 | - , -
‘Mo 5 <0.003 ’ 7x 107 2 x 1073
Mo <é' <0.010 2 x 1077 <
Na N.A. 1 <0.003 - -
Ni 5 <0.03 1x 1074 . 1
‘sn N.A. <0.005 - » -
Ta N.A. <0.010 - - es -
75 5 <0.005 1x 107> ﬂ 6 x 107>
v 5 <0.003 2 x 107> 8 x 107>
n N.A. <0.005 - -
Pra 5 "<0.012 7 8 x 1078 2 x 1078

** From resistivity

measurements of multiply float-zoned ingot
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. purpose of the pulls was to establish usable’ 1ngot v

These low values of impurity concentrations should
permit the Dow Corning polycrystalline ingot to meet or
exceed any specifications for such impurities in SoG-Si.

3. Poly-Ingot Yield
Polycrystalllne ingots were pulled From DAR-Si
Ls1ng a Hamco, Model 800, crystal growth machmne wmhe

me@gy
in a larger machine since ingot yield has been machine - . i
1i&itgd‘atl652 in the smaller NRC equipment. J
{<Siligon from‘the DAR was loaded into the crystal {
grower and melted'ugder argon. Slag floating on the R\
silicon surface wasftotally'femcved by blowing it to the
side of the crucible and freezing it there by carefully
lowering the crucible temperature. The slag was predomi-
natély silica that had been formed by oxidation of the
silicon surface during its removal from the DAR. The
weight of the slag as a percentage of the total material
chiarged to the puller was not measured. "
“ Although a single—crysﬁal seed was used to initiate

. growth, the resulting ingot was always polycrystalline.

The ingot surface appeared the same as that of a single
crystalline ingot without its loncltudlnal lines due to
the intersection of crystal planes. The bottom 7% of the
crystal (see Fig. 5) was feathered due to the onset of
constitutional supercooling.

The data in Table 23 indicate that the average
yield of tétal ingot from ‘the charged material was 83%.

. The usable ingot yleld was 77% after the feathered end

was cropped. In a later economic analysis, 90-% yleld is

agsumed for a commercial-scale operation.
. . § :

The data in Table 23 are obviously the result of a
very_incoﬁéletewinvestigation. It is not clear how much
the usable silicoﬁ'§ield can Bekincreased by recharging .
the feathered end of the ingot nor by decreasing the amount
of slag* charged to the puller

*This is easily done By 1mprov1ng the removal technique of
silicon from the DAR. Scale-up would be a. 51gnlflcant

‘factor 1n~1tself,

Jsd

N



L P ot e R

b e

<

1 B N :
. K‘\ A 4 -
s o \\, N . |

§ ~ _TABLE 23.

NE

a7

&

oo

M

(}m‘

@(«-.

E}v

YIELD OF SOG-S:L POLY-INGOT FROM DAR-SJ. LSING CZOCHRALSKI PURIFICATION

4]

. ).
] R \;ﬁ\% oy
o . . ‘ ve ; T
+| 8i“Source | Charge Ingot -Ingot 7 Ingot Ingot/Charge Tang (Ingot-Tang)/Charge

DAR-200- . .1

'wg.(g)

! We. (g)

Len (cn)

Diam. (cm)

- (%)

Wt. (9)

(%)

o - o ' o .
16 4556 3780 28 8.9 83 285 77
pj . . " ) /;’ IA »r@ \, . 27
it 6104 5060 47, 7.6 83 448 : 76 “
u’; @ Q v | . .
8 I | e - “
F . - ) °
L . ® .
& Uv 8.8
s o L5 ;, a@ : ? 4
= =7 “poy st 2 .
TN il » K/
2 A - A
_ . . 2 & {’/ . s
= ‘i) ) =55 / -
o B : v




7~

O

The final Dow Corning productzaas tested to determ{ne
whether it would be a suitable material for a user producing
“sheet" material via the Czochralski technique.

The SoG-Si
poly-ingot was again loaded into a Hamco, Model 800,

Czochralski puller. ‘
crystalline and exhibited the same characteristics as ingots
pulled from semiconductor-grade silicon, such as lack of -
seeding problems, good diameter control, and silicon yield.
Second-generation ingots were pulled from thﬁ\seed and

tang ends of the same SoG-Si poly—lngot (see Fig. 5) and
showed no difference in pulllng ‘characteristics (see above)
that might be attributed ‘to different levels of - 1mpur1ty
concentrations along the length of }he poly-xngot.

o

2

o

)

Y]

4

The resulting ingots were always single”
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C. Br@dgmen Cryetal Growth
" 1. ERperiméntal

The objective of this technique was to demonstrate

/ the feasibility of segregating impurities during the uni-
directional solidification of silicon in a cylindrical form. K
‘The approach was to solidify 5111con £rom the bottom to the |
top of a crucible by 'controllably decreasmng the temperature
so that the solid-liquid interface moves upward. The reason
"for pursuing this techhique was that it appears that the.
- Furnace equipment should be readily scalable to large—x
dlameter ingots w1th1n reasonable capxtal coststﬂ Thls JS

, necessary'Sane crystal greﬂjh capltal represents a magor

portion of the total cost of producing qmlicon via the\Dow(

Cornlng Process.~ R , ; (,w\

¢ N

« The AStLO, Model 70 240, Gradlent Furnace Systemn, aS\

D

shown in EFigure 6, consmsts of 'a three-zone, variable
temperature-gradient. furnace assembly and a retractable AN
\ work-support hearth, .The effective work zone of ‘the . Sy
1 furnace is 18-cm diameter x 6l-cm long, with the central \
. 41 cm being adjustable® from constant temperature to a . A
\llnear gradient of approxmmately 9 °C/cm, with the support
hearth at maximum elevation. Maxlmum/temperature, either,
Mltb a constant zone or a temperature gradlent, is 1700 °cC.
The gradlent on the sxllcon charge can be 1ncreased by '

lowﬁged. The hearth can, be raised or lowered at rates of
betwgen 0-13 cm/mln and 0-25 cm/h. }
gt \mhe nine experlments carried out by Brldgman solld1~~
'ficat on are’ ‘sunmarized Ln Table 24. No segregation was :
observad when purifying MG-Si by the Brldgman technique.
This ° Ll\attrlbuted to the large concentratlon of 1mpur1t1es
1n MG-Siy
rejected

that are not mixed into the melt as they are

\at the sol;d-melt lnterface. No foxced mixing
’.oceurs duﬁrto rotatlon as is the case for Czochralsk1 crystal i

. growth %u,,ﬁ - , ! S
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TABLE 24. BRIDGMAN-TYPE EXPERIMENTS TO SEGREGATE IMPURITIES ‘
DURING UNIDIRECTIONAL SOLIDIFICATION i
{5 ;
Dopant/ . Axial Solid. Cool- ~ )
BExper. - si *  Conc. wt. Gfrad. Rate Rate Segreg- |
.No. Grade - (ppba) (kg) . (°C/cm) (em/h) °c/h | ation? i
. . : - »
1 MG-Si - 5.3 3.2 4.4 14 | ~nNo
2 MG-Si - 6.4 3.2 4.4 14| No
3 Semi. | B/55 | 5.0 3.2 4.4 14 ? 3
4 . Semi. | al/104 " 5.3 3.1 | s 16 | Yes
5 sémi. | Al/10° 5.9 | 5.3 3.6 19 ves |l
6 semi. | AL/10° | 5.7 5.1 7.1 36 | Yes
7 semi. | ar/20® | s8 | - 0o | s.1 | x| oves |n
8 Purified | = - 5.8 | .0 5.0 * ves |,
met. . ' J0 foge :
9 Purified | - 5.6 - 0 2.5 * ' Yes "
met. T ; ;
. * Dropped hearth from heater zone to water-cooled zone. §
"\;l‘\»\.\ o
Y
@:I:? '\7 :
N ) N ‘3
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Experiments 3-7 were performed using doped semi-
conductor silicon in orderﬁtd more precisely approximate
the purity of DAR-Si. Two unidirectional solidification
methods were used. In Experiments -3-6, the crucible was
maintained in a constant position while the temperature
was decreased while maintaining an 100 °C temperature
gradient across the 30-cm length of the silicon. For
Experiment 7, the crucible ﬁas dropped out of a constant-
temperature zone into a H,0-cooled zone of much lower
temperature. The silicon mass, temperature gradient, and
the rates of cooling and solidificatign are. prov1ded in
Table 24.

Segregation of boron in Experiment 3 was not obvious
due to the high segregation coefficient of boron (0.8).
Effective segregétion of aluminum, ‘however, waé apparent
in the later eaperlments due to its more favorable segre-

gatlon coefficient of about 0.002. Aluminum was used as
a dopant in order to simulate the effeétiveness of reducing

the concentration of metals that have even lower segregation

. coefficients. Aluminum doping is most convenient since its

concentration can be calculated alonq/the length of the

ingot from resistivity measurements made on large grains.
The geneial experimental procedure was to heat the

silicpn charge over a 6—hour”period until it was 1550 °C

" at the top of the melt .and 1450 °C at the bottom. The

temperature was then dropped over 14 hours to 1350 “C at
the top of the ingot. The temperature gradient was then
decreased to zero and the ingot cooled to room temperature
in 24 hours. The total elapsed time was about 45 hours.
In the case of Experiment 7, the melt was maintained at

1550 °C £or 3 hours after the initial 6-hour heat-up. The

crucible was then dropped at 5 cm/h. Total elapsed time
was 24 hours. The ingotf’uPOn removal from the quartz
crucible, was some times found tobe one piece and some times

to be cracked. No efforts wegg‘made to dnvestigate cracking.
’ ‘ 8 ' 0
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Figure 7. Photograph of Grain Structure in Bridgman-~Solidified
Silicon Ingot (Scale in mm)
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Theyingot was then sawed in half along its axis, etched in

KOH to enhance grain structure (see Figuré 7)., sand

blasted along a strip running up the ingot axis, and
¢ finally the resistivity was measured incrementally along

the strip.
The effects of aluminum segregation along the solidified
ingots are shown in Figure 8 for Experiments 4, ), and 7
(the ingot from Experiment 6 cracked‘severely due to loss
of furnace power). The segregation of aluminum from the
bottom to the top of the ingot is obvious in all cases.
UThe data for Experimgnt 5 lieiapproximately one order-of-
magnitude higher than Experiment 4, in agreement with the
initial aluminum doping levels of 1G0 ppm and 10 ppm,
respectively. The shape of both curves agree in genefal
with the shape of the theoretical curve (see Figure 8)

which was calculated from v kel
: c=%c, (1-x)¥

where the concentration, C, is a function of the initial
conqentratidn, Co’ the segregafion coefficient, k, and the’
fractional part of the melt to freeze, X.
" Dropping the hearth from the heater zone to the water-
cooled zone apparently ylelds more efficient segregatlon of |
~ aluminum. ; ‘ ,
Two crack-free ingots, 9-cm in diameter and 13-cm high,
were grown from upgraded arc-furnace silicon. For the ingot
grown at’'a rate of 5 ¢m/h (720 é/h), the major impurities
of Fe and Al started to appear at the 36-% point. In case
of the ingot grown at 2.5 cm/h (320 g/h),'impuritieé started
to appear at the 49-% point. The low yield of purified

W

silicon is considered to be due to impurity trapping at the
grain boundaries of the polycrystalline ingot and to
excessive impurity build-up at the solid-liquid interface.

-

i
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Figure é.' Effect of Segregation on Aluminum Concentration

During Bridgman-type Solidification.
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2. Cost Analysis _ ,

- “Detailed‘cost analyseewwefe'carried out, in
1975kdollars,:for two different'growth rates at ingot .
diameters of 25, 30 and 50 cm ﬂ?).Q“The co:fesponding
crucible capacities considered were 45, 81, and 450 kg
of silicon. Cost numbers were calculated based on the
follow1ng assumptions: - :

e DAR-Si can be effectlvely purified by the Brldgman-
type process to yleld 90-% usable 5111con. ,

e Installed capital cost for thelpxocees was estimated
at 2.5 times the equipment cost andldepreciated
over a period of seven years.

e Furnace cool-down, clean-up. and maintenance wae
considered to be 20% of the total growth, cycle.

e Power consumption was estimated at 25 kWh/kg“Si
for a 45-kg charge and 20 kWh/kg for a 450-kg
charge. The power cost was estimated at $0. 025/kWh

‘ The weight of the silicon charge and rate of the ingot
grdﬁth‘were the twe single most important factors which
affected the cost of the purified silicon. The powerfcon-;
sumption was also a significant cost item. At a grcwth rate
of 5 cm/h using a 51llcon charge weighing 45 kg, the puri=-
fication cost was calculated to be $3.96/kg 5111con.~ At a
higher growth rate of 11.5 cm/h from a 450~ kg cruCLble“
charge, silicon could be purified at a cost as’low as $1.48/

e

kg Si, assuming all technical assumptions could be met.

&y

3.+ Conclusions

L0

} The Bridgman technique of purlfylng DAR-Si

~was dlscontlnued dueto limited funds. The choice was made

to continue crystal growth purification u51ng the Czochralskl
technique due to its much‘hlgher degree of techn;cal sophisti~
.cation. In the long-range, however, further ée&elopmeﬂt of
Briddman.purification technology is‘recommended since it
could result in lower-cost,ScG-Si. B ‘

S
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argon and the melt was resampled.

D. Vacuum Evaporation

‘1. Baskground

It was suggested by JPL that Dow Corning
attempt to purify silicon via evaporation of impurities
under vacuum, as indicated by Bradshaw and Mlavsky (17).
To explore the feasibility of significantly decreasing
the concentration of impurities in MG-Si by vacuum !
evaporation, an NRC, Model 2805, crystal puller was
modified for vacuum operation. This unit permitted up
to 12-hour oﬁeration at pressures in the range of 0.1-1
X 10-3 Torr. The pressure selected for experimental
1nvestlgat10n was 0.2-0.4 x 10 3 Torr range. Experi-
mental pressures were chosen to be Sllghtly above the
vapor pressure of silicon at the partlcular melt temper-
ature under study, thereby avoiding excessive loss of
silicon which could result in actual concentration of
impurities in the melt.

- 2. Experlmental Procedure

A sample of MG-Si was placed in a quartz

- crucible and loaded 1nto the furnace. In the first

" experiment, the surface area of the molten silicon was

60 cm2 while the mass of the silicon charge was 450 g,
providing an area-to-mass ratio of 0.13 cmz/g. After

loading, the furnace was purged with argon and the charge

was melted under an argon atmosphere (1 atm). Once molten, -

a silicon sample was withdrawn to provide a specimen for
base-line impurity analysis. The chamber was then evacu-

- ated. Every three hours the furnace was back-filled w1th

W

3. Results
Three experiments were performed using
different silicon area-to-mass ratlos. Emission spectro—
scopic analyses of silicon sampled at 0, 3, and 6- hour .
intervals appear in Table 25. No reduction in the con-
centration of any impuritykelementsxs dlscernablet
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OTABLE ZS.FfIMPURITY ANALYSES. OF SILICON

VARIOUS TIME PERIODS.

R S R e

b

SUBJECTED TO VACUUMYEVAPbRATION FOR

TIME UNDER VACUUM (h)

v A/M = 0.l3kcm2/g A/M = O.3d cmz/g‘f ° GA/M = 0.,4,4,,cm2/,"/vg‘
Impurity - e
(ppmw) 0 3 6 0 3 6 0 3 5
o al 1200 | 1300 950 | 2900 | 1400 | 1900 420 600 780
"As" <100 | <100 [<100 | <100 | <100 | <100 |- <Lo0 | <100 | <100
B 60 100 75 57 53 56 Y 20 ‘29
ca “ - - <10 500 | <10 <10 | <10 <10
cr 170 170 150 260 18Q 210 | ‘110 180 190 °
cu 80 80 80 50 40 40 80. 80 | 80
Fe 3000 | 4200 | 3000 | 5400 | 4700 | 5200 | 2800 3500 | 4300
Mn S| 120 160 100 110 80 100 | so 80 80
Ni " 80 100 TS 120 - 80 110 | ¢ 80 90 | 100
P 19 | 20 17 20 20 10 20 20 20
Sb'* <50 - | <50 <50 <50 <50 <50 | <100. | <100 | <100
Sn - <10 - | -<z0 |® <10 <10 <10 <10 | <10 | <10 <10
Ti 360 480 330 360 280 330 | 250 320 380
v 160 | 19 | 130 | 130 | 120 | 130 | 140 | 170 | 200
zr 20 20 20 50 40 ! ¢ 60 20 20 20

o
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The variation in individual lmpurlty analyses over a
6~-h interval is well within the error of the analytical
technlque. . The concentrations of the volatile impurities
As, Ca, Sb, and Sn were below their‘detection limits.
This is.most likely due to the high temperatures MG-Si
is subjected to during its arc-furnace production. ‘

The silicon in the experiment performed at the area-
to-mass ratio 6E(§y44 g/cm% had a leyer thickness ef 0.7
cm. This was the minimum thickness attainable due to

the surface tension of ‘the MG-Si. ‘ o

It was recommended that further work on MG—Sl
purlflcatlon via vacuum evaporatlon be dlscontlnued Thls‘

;recommendatlon was made on the fact that absolutely no

evidence had been obtained suggestlngﬂany degree of MG-Si
purity improvement. Any continued effort aimed at sig-
nificantly. increasing the surface afea;to-mass ratio would
pose both experlmental and practlcal problems of concern
for’the viability ' of a vacuum evaporation process. Thls:
is due to dlfflcultles associated with heatlng and con-
taining large, thxn layers of molten silicon without .
excessive energy'usageﬁaﬁd silicon contamihatibn.

. , g
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VII. EVALUATION OF SOG-SI AS SOLAR CELLS

Proper choice of raw materials allowed DAR-Si to be
produced with low bcron“(7 ppma) and phosphorus (0.5 ppma)
concentrations durlng only the last two months of the
contract. This DAR-Si was further processed, as indicated
below, and supplied to two companies for limited evaluation
as solar cells. ' ’

‘Silicon from experiment DAR-200-17 was purified in a
Czochralski puller toc produce polycrystalline SoG-Si.

This material was then converted into single-erystalline
(;00) silicon via a second Czochralski pull,gyhe ingot
ranged in fesistivity from 0.19 ohm-cm at the seed end to
0.18 ohm-cm at the tang’end; Single-crystalline ingots
were supplied to Applied Solar Energy Corp. (OCLI) and to
ARCO Solar Inc. for sawing into wafers and cell fabrication.

Applied Solar Energy Corporation fabricated (18) twelve
solar cells on wafers cut from the seed half of the 3-cm-
diameter ingot. Values for electrical parameters. for the
individual cells are provided in Table 26. Air-mass-zero
efficiencies after a SiO antireflection coating ranged from
7.2 to 10.5%, the average being 9.3%. This value is 82% of
control cells fabricated from 2 ohm-cm semiconductor siliconm.
Other'average electrical parameters were Voc=599 mV,

sc=124 mA and CFF=67%. Applied Solar Energy Corporation
ebtlmated the average AM1 efficiency to be 10.6%, assuming
no limitation due to minority carrier diffusion length.

- 'Very limited solar cell data were provided by ARCO
‘Solar, Inc. on wafers cut from the tang half of the same
3-cm-diameter ingot. A standard process was used to produce
24 cells the output of which translated to AM1 effiencies
between 10.5 to 13.4% when AR coated (19,20).

Enhanced solar cell processing (18) by Applied Solar ’
Energy Corporatlon did not significantly improve cell
performance. However, ARCO Solar was able to push cell
eff1c1enc1es to greater than 14% (AM AR coated) by uSLng
enhanced processing (21) '
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Solar Cell Data from Applled Solar Energy Corporatlon for Cells

B , ”
Table 26.

S

5y

oy
1%

Fabricated from Wafers from C= ochralskl Ingots Pulled from
SoG-Si (DAR-200-17). _

K : L/’ " ¢ 7 =) . 7/
_ AL, i Y N =
L N 4 ‘MEASURED “ESTIMATED
Cell VOC%’:T’K ISC Pmax FFF ) n (AMO) ! ﬂ (AMI )
No. mv ~mA CmW o % o % : %
5
H 609 127 ©56.6 73 . 10.5 i 12,07
2 <588 123 40.9 |. 56 | 7.6 i 8.7
3 608 125 - 56.6 74 ' 10.5 1+ i2.0
4 597 124 48.1 |~ 65 ° 8.9 10.1
R L 5 o
5 607 124 55.3 73 10k : 11.6.
‘6 604 124  54.2 72 ¢ 10.0 11.4 -
7 586 122 38.9 54 7.2 5 g2
e i i N =
8 598 126 50.6 67 | 9.4 10.7
9 601 . 126 52.2 .69 ; 9.7 - 11.1
10 - 600 122 51.8 ) S 9.6 ~10.9
11 - 593° 126 | 47.0 63 8.7 9.9
12 598 123 48.0 65 8.9 10.1
Aver. 599 124 50.0 67 | 9.3 10.6
; d . P
*Contro] 595 | 132-136 60 76 ! 11.2-11.6 12.8-13.2°

: *fmypical"fofWZ ohm—cﬁ‘
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VIII. . THE DOW CORNING PROCESS - @ )

T | \\ )A‘cf 3

A, Prellmlnary Process Flow Dlagram

A preliminary PFD was developed based upon the ba51c
process outlined in Figure l: raw materials feeding a
commercial arc furnace that subsequently yields DAR-Si
lumps that are charged to Czochralskl pullers. The
polycrystalline 1ngots from the puller are the flnal
SoG-Si. product from the Dow Corning Process. )

® The PFD in‘Figure 9 is comparatively slmple compared RN
to that of PFD's prepared for most chemical plants. The '
PFD.is based upon the output of 1 kg of SoG-Si. Quartz

.sizing is assumed to result in a 5% loss of 8102 s

The DAR is a 6-MVA unlt cost estimated by Elkem-Splgerverket
A/S for producing 3000 MT/y of silicon. A 80-% conversion

n

- of 8102 to Si (based on Si) is typlcal of a commercial

‘=0

unit today. The 20- % Si loss is via SiO gas that is air : -
oxidized to 5102 dust at the furnace topnand removed in; '

a baghouse down stream. Electrlcal consumption of 22 kWh/kg

is based upon actual data experlenced ln the 1ndustry for

produc1ng MG- Sl._\‘ S ! .

= S8ilieon from the GFMVA DAR is"cast, crushed ﬁo‘size,

_ and loaded into Czochralski pullers capable ofycontlnuously

pulllng 30-cm~-diameter polycrystalllne ingots of SoG- Si. ’
In this case, 72 pullers would be requlred for a 3000 MT/y g
rate with a 90-% lngot yleld - The follow1ng sectlon
discusses the trade—off in flnal SoG-Si cost versus ingot
diameter. Electrlcal energy consumptlon is based upon
experience and progectlons by Hamco, Leybolt Hereaus, and
varjan.! o SR

Y]

~B. Preliminary Cost Analysis

A preliminary cost analysis of the Dow Corning Process
was put together from two main sources of data. ‘The ffrst

source was a cost estimate prepared by Elkem—Splgerverk%
A/S" for a 6-MVA arc: furnace. ~ Their estlmates are based on
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. FIGURE 9. PRELIMINARY PROCESS FLOW DIAGRAM FOR A 3000-METRIC-TON-PER—YEAR A
X . SOLAR SILICON PLANT
. &
| N =4 o O a
% . .
y o a A 12,22 kg co,
‘ ' 5] N Q ‘. N B
’ k - "|. Vent
| ] F
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—_— 0411 kg* L1l ka 8 , B}
vt . 12.64 kg n gsi ‘
"o ’ i*:/ . Cast .
= i' B 0 i . ' e ‘ e
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[ ‘ - . - .
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2.64 k " | Crush to . ” .
+ ) g Size » o - = . \\r /"';C
Screen S:'LO2 Disposal i 1.11 kg 51 %
0.1% kg - ' PR
+2.78 kg Purify e — 22 kWh electricity-
: (72 pullers)_( o 20 1 HZO (cooling) -
Crush to : i . .
Size ’
4 ' ' o — T 5i Disposal
Quartz * ‘ .
2.78 k; ' . ' ion | =
v 3 S0G-Si © 0.11 kg" “
1.00 kg
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* ' 100-% fixed carbon
*% 16 kWh/kg: DAR ‘ .
4 kWh/kg: Services and Environmental Control. & ‘ R
20 kWh/kg si : ‘ B ' ‘
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experleece of supplying Lurnaces of this size to the

metallurqlcal industry.

The second source of data was that regarding the B

e

cost of CzoLhralskl pallers today. Discussions were ) -

carried out Wlth “Hamco, Leybolt-Hereaus, and Varlan .

. . regarding the s1mpler machine required by the Daw Corn=-
\ -, ing Process and their pro;ectlons of produc1ng equipment
\« capable of pulling 30-cm ingots contlnuously.
- The preliminary cost analysxs was carried out in a
- manner 51m11arfto that done by Prof Yaws of Lamar
University in his - comparlson of various . processes for
producing silicon. - Est1matef31nstalled capital of $37. 7 M
(million) was calculated as being equal to three times
the cost ofrpurchased equipment (see Figure 10). The o
purchased equ1pment is broken down by 51llcon production
(DAR, recovery, and aux111ary equlpmeh 7}y and silicon
~purification (Czochralski pullers) steps. The pullexrs
* represent 79% of total purchased-equipment @osts./ B
~ The preliminary cost analysis in Figure 11 shows ' ) ‘
the total manufacturing cost of $6.56/kg Si to be com- ‘
posed of $4.57/kg .of direct cost and $1.99/kg of indirect
cost. An added. general expense of 15% brlngs the total
SoG Si cost to $7 54/kg Si (no profit, 1975 dollars). ~

A
A series o©f optlons are available for the purification

yﬂ*etep. The effect of these options on the final SoGS8i ~
Dproduct cost is given in Figure 12. The final cost 1sf'
shown as a functiocn of ingot diameter- for various 1ngot
yields as well as pulling technigques. A much more con-
éervative'cost analysis “for continuous pulling of 15-cm-
,  diameter polycrystalline ingots at an 80-% yield, shows
‘ that the final, cstimated cost of SQG—Si to be about '
$11.70/kg Si;,AThis approach uses present-day technology

, g
and requires very little developmental effo:t‘inuCzochralski
x'LcLhnology. ‘ L , .

A more-detailed breakdown of the auLual 1nformatlop~

used  to generate the Ystimated cost aq@lysms in Flgure 11

it ’ ' 0 . o ' : ) - L
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5
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PURCHASED EQUIPMENT © © COST ($M)
1. Direct Arc Reactor (DAR) 1.38
. 2. Silica Recovery System 10.32
3. Auxiliary DAR Equipment | 0.97
| . .. 4. .30=-cm iiigot pullers (72) 9,90 T
12.57
Installed Capital =.3 times purchased equipment
' = $37.71 M
\\\ @ . \\
%
i b
j
v Figure 10. Estlmated Installed Capital (1975 Dollars)
;o o , 0 © for Producing 3000 MT/y of SoG-Si Via the
- “ Dow Corning. Process s
RN
-

o
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1. Dirqgt Manufacturing Cost
A. Qﬁﬁw Materials
B. Labor (37@ $6.90/h + 50% 0.H.)
(9@ $4.90/h + 50% 0.H.)
C. Utilities ($0.03/kWh) P
D. Maintenance (10% of installed

capital)
. E. Expendables .

2. Indirect Manufacturing Costs
A, Depreciation (Pullers over 7 y)
(othgr 6ve: 12 y) -
B. Taxes and Insurance (3% of 'caggift.al)
Q : .
3. Total Manufacturing Cost (1+2)
4. General Expensés (15%‘6f 3)

5. Total SoG-Si Cost (no pfofit)
6. SoG-Si Prige (*)

$1.15/kg Si

0.27

0.05
1.26

1.26

1.41

0.20

6.56

0.98

4,57

1.99

$7.54/kg Si
$12.15/kgSi

&

Figure 1l. Total Estimated Price (1980 Doliars, withAProfit)

of SoG~Si for Producing 3000 M

Corning Process

T/y Via the Dow

(*) Price was caiculated using a tax rate of 46% and a return on
investment -of 20%. A working capital of %S%cwas also added on

. top of the.fixed capital.’

T
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. 5111con

is provided in Figures 13 and 14. Shown is a slightly
different cost estimate in which the overall Dow Corning
Process is broken down into its two major steps which -are
considered to take placehin separate plants. First is a
cost estimate for a plant to produce 3300 MT/Y of DAR-Si.
The second plant takes the DAR-Si and converts it to SoG-Si.
This approach to the overall cost analysis differs very
little in the final cost when compared to the integrited-
plant approach. It does provide a mechanism, however, of

. more clearly indicating individual step contributions to

cost. Further information regarding Czochralski purifi-
cation data can be found in Reference 7.

Again, the maJor capital cost relates to Czochralsk1
crystal growth. A lower-cost crystal gfowth/technlque
could reduce manufacturing cost ‘and capltal expenditure

significantly.

- C. Energy Analysis

A complete energy analysis from raw materials to finish-

‘ed solar array has been presented by Hunt (22§‘going the

semiconductor silicon route. An estimate was made (22) of
the total energy expended in using the Dow Corning Process
for silicon rather than the semiconductor silicon process.
The component parts of this are the energy required to
produce DAR-Si and the energy necessary to convert it to
SoG-Si via one Czochralski pull. . R g
The energy' to,produce DAR-Si is nearly 'identical to

‘that for MG-Si production, i.e., 24 kWh(e)/kg Si. The energy

to produce 1 kg of Czochralski ingot is 110 kWh(e)/kg Si
(18). If one assumes a 90-% yield of SoG-Si from DAR-Si
total energy consumption is

E = Epap-si /0.90 + E.
24/0.90 + 110
137 kWh(e)/kg Si

Czo

- This;corresponds to a 5.3-month payback time assuming a 12-%,

Aml cell, illuminated by 100 mW/Cm2 during a 5-hour day. This

‘is for a 100- mm«dlameter 200-pm~thick cell contalnlng 3.6g of

9 e

The abbve analysis included the energy associated with

, rawrma:erialsigggd in ghe DAR-Si précess§(18).
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™~
Capital Cost
Purchased Equipment Cost (SM)
Reactor (6MVA) - 1.38
Recovery System © .0.32
Auxiliary Equipment 2 0.97
" 2.67
Installed:Capita% =3 times purchased equipment
g = $8.0 M
= o " \
Manufacturing Cost h
1. Fixed Cost 1 s/kg si
A. Labor(13@ $6.90/h + 50% O.H.) 0.09
(9@ $4.90/h + 50% o,n.)ﬂ', 0.05
. B. Maintenance (10% of $8.0 M) 0.24
C. Depreciation (l2-year) 0.20
D. Taxes and Insurance (3% of $8.0M)0.07
. 0.64
2. Vvariable Cost kg/kg Si $/kg  $/kg Si
A. Quartz ° : 2.50 0.20 0.50
B. Carbon Black Pellets* 0.86 0.51 0.44
C. Electrodes 0.10 ~1.00 0.10
'D. Electric Energy 20 kWh/kg $0.03/kWh 0.60
s ' > 1.64
3. Total Manufacturing Cost (1&2) e 2,28

N

*

;;f>

~ Figure 13. Totalestimated Cost (1975 Dollar, no Profitf,

100-% fixed darbon basis

Q

for Producing 3300 MT/y of DAR-Si -
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y sl
Capital Cost
Purchased Equipment o R ~ Cost ($M)
72 Machines ) 9.9 '
Installed Capital = 3 times purchased equipment:
= $29.7 M~ :
i
Manufacturing Cost )
1. Fixed Cost | - ' $/kg
A. Labor (24@ $6.90/h + 50% O.H.) 0.17
B. Maintenance (10% of $29.7 M) ) - 0.99
C. Depreciation (7 year) e o 1.41
D. Taxes and Interest (3% of $29.7 M) 0.30
o 2.87
2. Variable Cost e
A. DAR Silicon 1.11 kg/kg Si $2.28/kg 2.53
B. , Expendables o o - 0.58
C. Electric Energy 22 kWh/kg Si . $0.03/kWh 0.66
| | | 3.77
3. Tdtal Manufaéturing Cost (1+2) ?6.64
4. General Expenses (15% of 3) 0.99
7.63

. 5. Total Cost of Product (no profit)

]

Figure 14. Total Estimated Cost +(1975 Dollars, no Profit)

for Producing 3000 MT/y of’SoG-Si from a DAR=- -

s . 8i Plant

i
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~ IX. CONCLUSIONS

The technical feasibility of the Dow Corning Process
has been demonstrated for the high-volume production
of solar-cell-grade silicon. :

Raw materials are commercially available that meet0the
volume goal for SoG-Si. ' S

Low-cost raw materials represent only 12% of the $10/kg y
price goal. N

Special commercially-available raw materials were
identified which were reactive in the Direct Arc
Reactor and which were pure enough to produce
silicon that could be fabricated into-'reasonably
efficient solar cells.

Silicon can be continuously produced in a Direct Arec
Reactor., . . " .. [ e

" The cdhcentrqtion'of impurities in silicon from the
. Direct Arc Reactor are low enough so that further-

purification of the silicon can be effected-via
segregation during crystal growth except for B & P.

Technology exists in the metallﬁrgical industry’ for
scaling up the DAR process to any reasonable scale
desired.. ‘

Silicon from the DAR can be effectively purified by
Czochralski crystal growth to produce a polycrystalline
ingot with non-doping metal impurity concentrations
equivalent to semiconductor silicon.”

The lowest boron concentration in the SoG-Si ingot

~attained within the scope of this contract is 7 ppma

(0.12 ohm-cm), with phosphorus compensation of less
than 107 of the bordn concentration. K

‘Single crystalline silicon ingots can bé produced directly
from polycrystalline SoG-Si using standard Czochralski

crystal growth technology.

o
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® A limited number of solar cells produced on such single
crystalline 'silicon have demonstrated conversion
efficiencies ranging from a low _of 7 2% (AMO AR) to a
hlgh of >1l4% (aAM1, AR) .

o
NS

L At a 3300-MT/y rate, DAR-Si can be produced feor a ﬂost of
$2.28/kg (1975 dollars, no profit).. Advanced CZO '
technology could result in SoG-Si costing $7.54/kg.

‘e "The Dow Corning Process would require only a S-month
payback time using solar cells to replenish the energy
used in silicon production. The energy-use analysis
includes the energy equivalent consumed in all raw

‘materials and associated processing. g
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X. RECOMMENDATIONS

Further developmént of the Dow Corning %@Ecess for
SoG-Si should continue at a pilot-plant scale based upon
(1) the technical success demonstrated during this contract,
(2) the very low-cost potential for the final product, and

" (3) the commercially-available technology already éXist~

ing in industry that can be dlrectly applled to the.scale-
up of the two process steps.
Pllot-plant -scale development must address two objectlves.

(1) demonstratlon of technological fea51b111ty on a scale

and level of sophlstlcatlon more closely approximating that
0¢ an actual plant, and (2) production of SoG-Si at.a scale
that will provide silicon at a cost low enough to allow the
array manufacturer to drop his price, thereby opening markets
for new applications. This will complete the circle by
causing greater demand for silicon such that its érice will
drop further due to incréased volume Qf'pzqduction.

The. ggmaining recommendations’address,details that must

be accomplished for process scale-up.

e A reliable analytical technlque is *equlred as a
quality assurance tool for determlnlng boron and .

~‘phosbhorus in quartz and carbon to a lower limit
of about 0.1 ppmw. Analytical methods are not
~sufficient at the 1 ppmw level.

e Quartz san&, which is purer in boron than vein

- quartz, sﬁould be examined as a bettexr source of
silica for the rarbothermic reduction process.

e Greater control must be obtained over the production
of carbon black'pellets, This should be done either
in~house by the:DAR~Si producer or directly at the
‘manufacturer of carbon black itself.

e More sophisticated, handling of raw materials must

*K:;’be developed at t@éADAR—Si pilot plant. »'
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R
Large~-diametér Czochralski-pulling technology must
be developed if the required cost for SoG-Si need
be considerably lower than $10/kg (1975 dollars).

Alternative processing of DAR-Si should be investigated{

Crystal growth methods such as Bridgman or the Heat-
Exchanger-Method* are less technologically developed

for silicon but they do offer possible cost advantages.

Much more thorough evaluation is required of silicon
in terms of solar cell performance.

DAR-Si and its purified SoG-Si form should be tested

foryfabricatibn into polycrystalline or multicrystalline

.solar cells using casting techniques such as .

Haliotronic's Silso Process.

* Crystal Systems Incorporated, Salem, MA.
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" 'APPENDIX Al.

IMPURITY ANALYSES OF ARKANSAS CLEAR QUARTZ

Impurity
. (ppmw)

87

90 ,

= 54

Sample Number )
9 550 61l 629

Average

Al
B

o

Ca’

Cr
Cu
Fe

Mg

Mn
Ni
P
ST
\Y
Zx

10
<1
<10

<10
<5 <,
10
<5

<10
<10

<10

<10
<10

<10

10
<1
<10
<10

<5 .

<10

<5
<10
<10

<10
' <10
<10 .
~ <10

40 200 - -
<1l <1 <1l <1

20
<1
<10,
<10

. <5

<10

E=1 <5
<10

<10

<10

<10

<10 <20 - -
<10_ <10 19 <1

4

93




w6

1

APPENDIX A2. IMPURITY ANALYSES OF ARKANSAS SEMI-CLEAR QUARTZ

SR

Aver-

* Number not inciuded in calculated average.

+: Averages for Al, B, Fe, and P include sample“numbers 67 through 628.

o

Impurity o Sample Number
(ppmw) [ 67 88 o1 116 117 118 119 120 121 155 156 157 | age+
AL | 10 10 10 40 150%+ 50 40 20 350% 790% 950% 850% | 40
B ‘g <1 <1 <1 < <1 &1 <« 2 2 5 6| 3
ca [<10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 |<10
_cr ‘20 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 |[<1io
T | <5 <5.4<5 <5 <5 <5 <5 <5 <5 %10 <10 <10 | <5
| “re 50 20 <10 40 40 20 30 30 1707 <10 <10 <50 | 20
Mg- <1f= <5 <5 <5 <5 5. '<5 <5 <5 <§§  <10 <10 | <5
Mn €10 <10 <10 <10 <0 <10 <10 <10 <10 LG <10 . <10 <10
Ni 10 <10 <10 <10 <10 <10 <10 <10 <10 <10~ <10 <10 |<10
P <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 |<10
Ti <10 <10 <10 <10 <10 <10 <10 <10 20 <10 <10 <10 |<10
v <10 <10 <10 <10 <10 <10 <10 <10 ~ <10 <10 <10 <10 <10
2 |'<10 <10 «<10. “<10 <10 <10 <10 <10 <10 ° <10 <lo- <10 |<io
Impurity Sample Number e
(ppmw) | 281 283 284 285 286 287 395 396 455 456 457 458 610 628
‘a1 20 20 10 <10 <10 200 50 30 ' 66 70 .90 80 - -
B 5 4 4. 3 5 8 2 2 1 3 2 Z 3 1
Fe |<10 <10 <10 <10 <10 20 50 50 10 10 20 30 -~ -
P <10 <10 <10 <10 <10 <10 10 <10 <10 <10 <10 <10 16 <1
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APPENDIX A3.

IMPURITY ANALYSES OF ARKANSAS MILKY QUARTZ

=F

Impurity

<10

- <10

<10

‘ Sample Number Aver-

(ppmw) |89 62 110 I11i 112 113 114 115 122 123 124 125 126 127 | age
Al | 10 10 10 40 10 20 70 <10 60 20 10 <10 30 40| 20
B <1 <1 ‘<1 <1 <1 <« <1 <1 2 2 1 1° 2 1| 1
Ca <Ig <10 . <10 <10 <10 <10 _<10 <10, 20 <10 <10 <10 <10 <10 |<10
cr <19 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 -<10 <10 <10 [<1o0
cu - <5 <5 <5 <5 <5 <5 <5 <5 <5 <5, <5 <5 <5 <5| <5
Fe 10 10 10 20 20 30 36 10 20 30 20 60 40 30 | 20
Mg <5 <5 <5 & <5 <5 6 <5 6 <5 <5 <5 <5 <5 <5
Mn <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 ‘<16 <10 <10 <10 [<10
Ni [ <10 <10°7R10 <10 <10 <10 <10 <16 <10 <10 <10 <10 <10 <10 [<10
P <10 <10 <5 <5 <5 <5 6 <5 <10 <10 <10 <10 <10 <10 <10
T <10 <10 <10 <10 <19 <10 <10 <10 <10 <10 <10 <10 <10 |<10
v <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <19 {<10
Zr <16 <10 <10 <10 <10 <10 <10 <10 <10 <10 |<10

3

A

2

o &

N
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* Averages for Al, B, Fe and P include

&

A
APPENDIX A4. IMPURITY ANALYSES OF BRITISH COLUMBIA QUARTZ ’
- J | ) . -
Impurity = - Sample Number
(ppuw) (256 257 258 282 298 299 - 300 301 302 487 488 547 548 609 619 620 630
Al 20 30 20- 30 10 20 30 40 40 <10 <10 26 -30 - 15 8 -
B a4 a4 a4 5 5 4 6 6 .<1 <1 a a1 2 <1 a4 «k
Fe 200 10 <10 <10 <10 <10 <10 <10 <10, 10 <10 <10 <10 - <5 <G -
P 2 4 <2 <10 <10 <10. 20 <10 <10 <10. <10 <10 <10 2 <10 <10 <1
4
i o
- Impurity Samplé No. Aver- ) Q
) (ppmw) 128 129 age¥
AL 10 20 20 °
5 a  <a 2
. . Ca <10 <10 | <10
. cr <10 <10 <10 .
Cu <5 <5 <5
Fe 30 <10 5
Mg <57 <5 |45
Mn <10 <10 | <10 Q
Ni <10 <10 <10 )
P <10 <10 2 ]
; T4 <10 <10 <10 -
v | <0 <0 |0 CF
Zr €10 <10 | <10

sample numbers 128 through 630 (see text for discussion).
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APPENDIX B.

ANALYSES OF ACTIVATED CARBON SAMPLES _THAT

DO NOT MEET PURITY GOALS

Impurity Carbon Sample .Nun{ber
(ppmw) Goal ACl | AC2 | AC4'| AC5 | AC6 [ AC7 [ACE [ AC1i3 [Acid
Al 1000 | 180 | 170 50 40 | . 50 | 1200 | 100 720 | 580
B 1 | <5 <5 8 <5 <s | <5 13, | 8 <5
Ca 1000 120 7 210 |1100 |1000 | 1100 980 | 350 | 590 | 230
Cr 1000 <10 | <10 | <10 | <10 | <10 <10 | <10 20 30
Cu 1000 10| <s! <5 <5 <5 | 20/( 20 72 | 65
Fe 1000 270 | 290 | 120 | 40,7100 730 | 60 | 1200 | 780
Mn 600 10 20 80 70°]. 80 40 | <10 50 | 160
Mo 2000 <10 | <10 | <10 | <10 <10 <10 { <10 | <10 | <10 |
‘Ni, 1000 <10 | <10 | <x0 | <10 | <10 20 | <10 30 | 30
P 10 40 40 | 150 80| 90 <10 [ 190 | 320 90
71 70 10 | 30| <10 | <10 <10 | 520 |<20 | 1290 | 350 |
v 50 <10 | <10 | <10 | <10 <10 <10 | <10 | <10 | <10
ar 1500 | <10 | <10 | <10 | <10 | <10 30 |<10- | 10 | 40
ACl: ICI" Americas, Darco DXL-0-6839 -
AC2:  DXL-0-6940 '
AC4: DXL 0 -6878
AC5: DXL-0-6879
AC6: DXL-0-6880 )
AC7: DXL-0-4690 i
ACS: Calgon : -
AC13:3 Unlon Carb:l.de, Columbla Coconut Charcoal . )
ACl4: Acid wa,hed acl3, 7
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APPENDIX C. CROSS REFERENCE OF CARBON BLACK SAMPLE
: . NUMBERS WITH SUPPLIERS OF MATERIALS

;:Sample

Number ~ - . supplier . Trade Name
CBl Cabot Corp. Monarch 700

CB2 Cabot Corp. Monarch 1300
CB3 Cabot Corp. Elftex 8

CB4 Cabot Corp. Elftex 12 ,\
CBS IMC Thermax Stainless
CB6 Cabot Corp. Vulcan 3H |
CB7 Cabot Corp. Vulcan 6-1LM

CBS8 Cabot Corp. Sterling NS-1
CB9 | Cabot Corp. Mogul-L

CBldr Cities Service Statex SL-4670
CBl1l ' Cities Service Raven SL-4701
CBl2 Cabot Corp. Sterling R

CB13 Continental Carbon Continex N375
CB1l4 Continental Carbon Continex N234
CBl5 Continental Carbon Continex N326
CBlé Continental Carbon Continex N650
CB17 Schwanigan Chemical (t

CB18 Philips Chemical Philblack N110-
CBl19 Philips Chemical Philblack N660
CB20 Cabot Corp. Regal 660 R
CB21 Cabot Corp. Sterling NS
CB22 Cabot Corp. CSX 133
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