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ABSTRACT

Results of a program to study process routes leading ‘to a'low cost large -
area integrated silicon solar array manufacture for terrestrial applica-
tions are reported. Potential processes for the production of solar-

grade silicon are evaluated from thermodynamic, economic, and technical
feasibility points of view. Upgrading of the present arc-furnace process ’
is found most favorable. Experimental studies of the Si/SiFA transport

and purification process show considerable impurity removal and reasonable
‘transport rates. Silicon deformation experiments indicate production of
silicon sheet by rolling at 13500 C is feasible. Significant recrystalli-
zation by strain-anneal technique has been observed. Experimental recrystal-
lizatjion studies using an electron beam line source are discussed. A
maximum rec:ystallization velocity of A9 m/hr is calculated for silicon
sheet. A comparative process rating technique based on detailed cost
analysis is presented. - ' ’ '
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SUMMARY

Progress during the past eighteen months in selecting the most
probable process for producing solar-grade silicon at less than
$10/kg and as a production level in excess of the goal of approxi-
mately 2000 metric tons per year by 1985 is discussed. The selec-
tion process involved examination of processes for preparing
silicon that were used in the past as well as those that are
commercially employed today. In addition, over 200 chemical reac-
tions were considered by which the preparation of silicon might
have been possible by the reduction of readily available silicon
compounds. The theoretical feasibility of each of these reactions

‘for preparing silicon was tested thermodynamically through free
~energy calculations. All reactlons that favorably passed the

thermodynamic screening were then examined in terms of their raw
materials costs less than $2.50/kg Si were further considered in
terms of the degree of existing technology that might allow them

to be made into an actual process. Upgrading of the metallurgical-
grade sili.on process was deemed the most probable means of meeting
ERDA goals for solar-grade silicon since only standard chemical
techniques need be applied to an already commercial process which
is able to produce large- tonnage silicon for a price of only about
$1/kg.

Purification techniques are discussed by which Dow Corning has up-
graded metallurgical silicon-grade quality with respect to all
impurity elements, except boron and phosphorus. An upgrading tec-
hnigue is postulated by which these two elements might be reduced
to a level low enough for fabricating greater than 10% efficient
solar cells. Preliminary analyses indicate that experimental proof
of this concept has a high probability of success.

It is recommended that further work be continued on upgrading the
metallurgical-grade silicon process with emphasis directed toward
boron and phosphorus reduction through use of purer raw materials
used in the arc furnace. :

The results of an experimental study of a silicon vapor transport
process wiht potential for low cost silicon purification and silicon
sheet growth are discussed. The processes makes use the cyclic
reaction sequence

- . . T .
Si(Solid + SlF4(gas) 1 281F2(gas) (a)

2 SiF,(gas) L2 . si (solid) + SiF, (gas)  (b)
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The forward reaction (a) takes place at Tl> 1150°C while the re-

verse reaction occurs at temperatures in the range 500-900°C
depending on thermal gradient conditions. The process has been
studies at both low pressure and at atmospheric pressure, and it~
has been shown that higher- transport rates will occur at the
higher pressures. The rate limiting step in the transport pro-
cess is the formation of Sin. Deposition rates up to 12 micro-

meters per minute have been observed and film thicknesses up to
0.75 mm hae been obtained.

Spectrographic analysis of silicon deposits from the silicon

fluoride transport process show a reduction in the concentration

of metallic impurities below the levels present in the metallurgical-
grade starting material. Almost all metals were lowered signifi-
cantly. The major impurities after transport are still aluminum

and iron, but at reduced levels. X-ray analysis indicates that
aluminum is transported along with the silicon and is dep051ted

at the lower temperatures as AlF3

An experimental determination of the equilibrium constant for the

SiF2 yielded a value of 0.035. Based on this value a standard

heat of formation of -155 Kcal/mole was calculated.

The silicon transport species in the SiF,4 gas stream at one at-
mosphere have been found to be very stable at elevated temperatures
and can, in the absence of a temperature gradient, be transported
over significant distances without decomposition. Experiments
involving cooling the gas stream emerging from the high tempera-
ture zone to room temperature and below indicate that higher order

silicon fluoride compounds of the Type SixF2x+2 with x>1 play a

primary role in the transport process at a pressure of one atmosphere.

Processes which will lead to the formation of large area (v1 meter wide)
thin (+100 micrometers) silicon sheet are discussed and compared.
Processes considered include rolling, extrusion, ribbon alloying,
casting, binary and elemental melt growth techniques, CVD, V-L-S,
and vacuum evaporation. Experimental work on silicon deformation

is rgported Successful deformation of polycrystalline samples at
1350°C is demonstrated. : It is concluded that rolling of silicon in
this temperature range will b€ a cold working process rather than

a hot working process. Recrystallization of polycrystalline silicon
samples after deformation and annealing has been observed and the
texture of the samples at various stages of the process have been
characterized by the Schultz method. Grain growth from an initial
size of 20-30 ym to a final size of the order of 1 mm has been
found.

A study of the known characteristics of various silicon binary alloy
systems indicates that the binary solution growth technique is not
as suitable as a sheet growth process as some of the othei processes
considered.

ix




Theoretical and experimental investigations of the traveling molten
zone recrystallization process as applied to the sheet geometry are
presented. The theoretical calculations indicate a maximum velocity
of about 9 m/hr for recrystallizing sheet 1 meter wide and 0.01 thick.
The power required would be 2040 W. The effect of several heat re-
moval technigques on the maximum velocity is considered.

A line source electron beam gun based on the Pierce concept was
designed and constructed. Molten zones were produced and moved
in several silicon bar samples; however, a stable molten zone
without edge pull in (i.e., maintaining the rectangular shape)
has not been observed to date.

Recrystallization by thermal cycle annealing was found not to be.
feasible for the goals of this program. The degree of recrystal-
lization produced is inadequate.

A formalism for the comparative techno-economic evaluation of al-
ternative process candidates is outlined. The formalism is based
on cost analysis techniques. A major difficulty is in estimating
the success potential of a process on the basis of available
knowledge, since processes about which little is known tend to be
assessed more optimistically than those for which a larger volume

of data is available. An analysis of the economics of the Czochral-
ski process is developed. The results indicate that crucible

costs will probably dominate future crystal pulling costs.




I. INTRODUCTION

This report covers work on a program which has been-funded
for 1-3/4 years, first by NSF-RANN, and then continued by ERDA.
The program is the result of a proposal entitled "Research and
Development of Low Cost Processes of Integrated Solar Arrays
which was submitted to NSF-RANN in March, 1973." That proposal
outllned a 3 stage, 10 year program for the development of a
new process sequence from the raw materials to finished array,
based on the silicon single crystal approach, with the goal for
the finished array cost being in or below the $l$.00-$40.00/m2
($0.10-50.30/watt) range (exclusive of encapSulation costs),
in order to open the largest possible terrestrial market. The
proposal was based on the philosophy that the evolving process
has to be a high yield, high speed, fully automated process con-
sisting of a minimum number of steps which are optimally matched
to each other. The product of the process should be large area
sheets of silicon containing a multitude of internally series
connected cells (Fig. 1), in order to avoid the significant cost
of assembly of individual cells into arrays. A key point in the
proposed development work was to continually keep the total process
flow in mind in order to arrive at an optimal match of the in- ‘
dividual process steps.

The objective of the first progrem stage, projected as a
3 year effort, was to carefully evaluate the attributes of all can-

~didate processes or phenomena for their potential suitability for
incorporation into such a sequence, and to determine the 2 or 3
process sequences w1th the hlghest probablllty for reachlng the
program goals. These processes would then, in the second stage,
be developed and tested in full scale bench set-ups (3 years),
and developed into an automated.pilot line in the 3rd stage;

- By the end of the current contract period (JJn. 15,‘ 1976),

approximately 60% of the 3. years time for the flrst stcgc will

- have been used, but only ca. 45% of the originally proposed prog: im

cost will have been spent. Tnis is in part due to a reduction 1i:



the scope of the program, at the direction of the grantor to con-
centrate work on the process steps leading to the production
of silicon sheets, since it was felt that the process for the
generation of integrated arrays within such sheets was more
readily achievable on ‘the basis of cdfren; technology.

It was recognized'in the proposal that considerable
differences exist in the amount of available knowledge about
the attributes of various potential processes. This would make
evaluation difficult. Conséquently, additional research was to
be carried out to gain adequate information on some of these pro-
cesses to permit proper comparision. Such research was to be
directed primarily to‘processes with especially large payoff
potential. On processes which are under development or active
research at other organizations, additional work would not be
performed in this first stage, but rather the brogress of this
work would be observed, the results would be used in the evalu-
ation of competing process approaches, and, if so indicated, the
processes would be incorporated into the evolving process sequence.

The program was split‘into two work areas: the reduction
of the raw material to silicon and its purification; and its
transformation into single crystal or large crystalline sheets.
The térm "large crystalline sheets" is used here to mean that
the crystallite size has to bé sufficiently large such that the
polycrystallinity does not result in significant degradation of
device performance from that obtained from single crystal devices.
The Dow~-Corning Corp. was subcontraéted by the UniQersity'of ‘
Pennsylvania to perform the primary activities in the reduction
and purification érea. The results of their activity indicate
that the arc furnace process using the starting material
quértziﬁe with carbon added as a reducing agent, appears to be
the most economical process by a significant margin. It is expected
that this process can be improved to yield silicon of considerably

higher purity than the current metallurgical grade. As further




purification steps, gas blowing and controlled freezing have
been tentatively identified. Aumethodology for the evaluation
of competing processes in this area has been evolved, which is
based on the evaluation of raw and indirect material costs and
energy consumption.

The University of Pennsylvania effort has concentrated on
pinpointing process approaches which appear to have great positive
attributes in comparison to processes which are currently used
or are being explored elsewhere. In this endeavor, five process
approaches had originally been identified, two of which have
since been eliminated.

One of the approaches which are being further evaluated is

a transport process based on the SiF4/SiF reaction, which has

attributes suitable for combined-chemicalzpurification and CVD,
leading directly to polycrystalline sheets. 1Its raw material
could be the molten silicon emerging from the upgraded arc
furnace process.- It thus combines into one step 7 major steps
of the current process, which steps cause a 250-fold cost in-
crease over the starting material, metallurgical grade silicon
(MGSiY. Indirect materials are not consumed in this process,
except possibly for binding the small amounts of impurities
removed, and by-products are thus not generated in large amounts.
Since extremely little was known about the properties of this
chemical reaction, considerable research work had to be done,
and additional work 1is still required to complete the charac-
terization of this process.

The second process 1is bqsed on plastic deformation, such
as rolling. Rolling is a very widely used and well developed
process in the metal industry, with the attribute of providing
large form changes at extremely high speeds,up to 60 mph. The
primary question to be answered is; are the high temperature
mechanical properties of polycrystalline silicon, which have not
been previously characterized, conducive to such plastic deforma-
tion at adequate speeds? From the research carried out under

this program, these properties are now beginning to emerge so that




analytical evaluation can be performed. It has been established
that plastic deformation of polycrystalline silicon at tempera- |
tures below its meltiﬁg point is possible. Parameters relevant
to the speed of. the process are currently being investigated.
An interesting byproduct of this effort is the observation that
considerable grain growth results from annealing the silicon
after the deformation.

The third process is based on the assumption that poly-
crystalline sheets of high purity silicon can be obtained from
a number of different process, including CVD or rolling. A
transformation of these sheets, at low. cost, to a high purity
sheet of adequate crystal structure seems to be required to
fabricate high performance devices. The process being investi-
gated for this purpose is a floating molten zone recrystallization
process to be carried out on sheets of silicon. The process
speed would essentially equal that of the EFG process, being
limited by the same heat transfer conditions. However, the
impurity introduction and boundary origination problems result-
ing from the use of the die in the EFG process, would be entirely
avoided. Like the Czochralski or the EFG process, the float
zone process 1s essentially a crystal growth from a molten
meniscus. While in the Czochralski process, the meniscus size is
determined only by the already grown ingot, in the EFG and the
float zone processes, the meniscus shape is determined by both .
the die or the unmolten polycrystal sheet, respectively, and the
already grown ribbon or sheet.. The primary requirement for func-
tioning of the float zone process is the maintenance of a molten
zone of adequately small height which.is estimated to be a maximum
of about 3 times the thickness of the sheet. An electron beam
heating system has been developed fcr this purpose.

The processes which have been eliminated from further con-
sideration, as a result of early work in this program are sheet
growth from a solution of silicon, and grain growth by tempera-

ture cycle annealing. All. potential ‘solvents for silicon and



the characteristics of the solutions have been tabulated, and it

has been found that the attributes of all low temperature
solutions are such as to limit the process speed to greatly in-
adequate values. These low temperature processes would provide
considerable advantages from the viewpoints of proceés control,
maintenance of purity, and energy consumption.

During this program, considerable progress has been made
in process identification and evaluation and the determination
of potential process sequences. Figure 2 illustrates a number
of possible routes from the basic silica (Sioz) to single crystal
or large grain polycrystalline sheets of solar grade silicon
(SoG-Si) based on the evaluative work of this program. The
processes and sequences shown in this figure are discussed in

detail in the body of this report.
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II. PREPARATION OF SOLAR GRADE SILICON

A. Introduction

"This section summarizes progress during the eighteen month
contract period in selecting a process or series of prdcesses for
producing solar-grade silicon at less than $10/kg and at a pro-
duction level in excess of the goal of approximately 2000 metric
tons per year by 1985. 1In this effort, the Dow Corning Corpora-
tion, under subcontract to the University of Pennsyivania, examined
over 200 chemical reactions by which the preparation of silicon
might have been possible by the reduction of readily available
silicon compounds. These reactions were subjected to thermodynamic,
economic, and technological screening to determine the most probable
process for meeting the above goals (Fig. 3). As a result of
this work, Dow Corning concluded that upgrading the existing metal-
lurgical grade silicon production process has the highest po;ential

for meeting the goals at present. Several possible,upgrading techni-

ques were suggested, and preliminary experimental studies to establish

the feasibility of some of the techniques were conducted.

Other experimental studies relevant to this area were conducted
by the University group. These involved investigations of the
Si/SiF4 transport processrwhich holds considerable promise as
a means of purifying metallurgical grade silicon and could be coupled
directly to the arc-furnace process. The S,i/SiF4 proceés could also
lead directly to the growth of large area silicon through CVD.

Details of this work is presented in the following subsections.




B. Thermodynamic Screening

For the purposes of this analysis, the variously concevied
reaction routes to silicon were divided into classes or types.
The ther::odvnamic feasibility of each reaction was then calcu-
lated ujp:'n the very well'establishea laws of thermodynamiés.

If one considers a reversible reaction between ideal
gases of the type ' '

k
A(g) + B(g)== C(g) + D (9),
kl

the rate of formation of C and D equals k PAPp and the rate of

formation of A and B equals Kl

PePp’ where Py is the partial pres-
sure of species i in atmospheres. At equilibrium the forward
and reverse rates are equal and
PcPp k
= = K = equilibrium constant.
PaPp k!

The equilibrium constant is also related to the Gibbs

free energy of reaction, AGOR through the following rela-

T}
tionship

AG = -RT1nkK

where R is the ideal gas constant and T is the absolute tem-
erature. This free energy of reaction is conveniently calcu-
lated from readily available tabulated standard free energies of

formation, AGE° of the reacting species. The sources of

TI
these data are indicated on the appropriate Figures and Tables.
The frce energy of reaction is simply the sum of free energies
of the products minus the sum of the free energies of the

reactants, or,

where vi 1g the stoichiometric coefficient.




The relationship between the free energy change and the
degree of completion of the reaction which results in the
conversion of A and B to C and D is shown in Fig. 4
at temperatures of 2980, 10000, and 2000°K for the particular
reaction considered.* For AGOR'T = 10 kcal/mol, conversions
reach no higher than about 21% over the temperature range con-
sidered. The significance of the relationship between AG® R,T"
and both the extent of a reaction and the equilibrium constant
is further accentuvated in Table 1. It is clear that
if the frece energy contained in the products from a reaction
is much more than that contained in the reactants, the reaction
cannot proceed to any appreciable extent. As a general guid=
line for the screening procedure, then, it is considered safe

to say that any reaction for which AG° is greater than

R,T

10 kcal/mol is infeasible from a commercial point-of-view.
Chemical reactions for which AGOR T values are small or

negativ=: must be regarded as potentially able to take piace.

e :
Negataive ﬂGR values for any process are no assurance that the

chemical process will take place. It will take place only
if a2 mechanism is available. This is the field of chemicecl
kinetics.

All of the results discussed in this section deal with
the chemical potential of a given reaction as written. The

- free energy change of each reaction is given as a functiorn of

* ifierea. ro]wtlonshlps arise depending upon the nature
Llocad s .vidual rcaction.
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temperature. The general coordinate system for repoftiﬁb‘many

of the results is shown in Fig. 5. Note that the shaded area

is the region for infeasible chemical reactions. The negative of
the free energy change has been plotted so that favorable curve:
have a positive slope with increasing temperature.

The sources of the free energy data used are indicated on
the individual Figures and Tables. Where condensed phases
are involved, such as Sioz(c) and Si(c); the "c" designation

refers to condensed. Calculations were made using solid phase

data since free energies of condensed phase transitions are normal-

ly small. This minor approximation does not affect the feasible-

nonfeasible decision.

Results Of Thermodynamic Screening

a. Pyrolysis

The free energy changes in Fig. 6 for the pyrolysis .8

SiO2 and many of the halosilanes Sian where X =F, Cl, 5r,

4_n ’
and I and where n=0%4. These reactions are of the type

510, (c) = Si(c) + 0,(9)

siX, (g) = Si(c) + ’;"2(‘5)

Siiif(3(g) = Si(c) + Xz(g) + HX(qg)
SiH,X, (g) =" Si(c) + 2HX(q)
SiH3X(g) = Si(c) +H2(g) + HX(g).

As would be expected, SiF4 and Sio2 pyrolysis to silicon is
completely impossible. - The pyrolysis of the remaining com-
pounds becomes more favorable as X goes from F + I and n
goes from 0 ™~ 4, as has been proven by experimental data in
the literature.

11



Those compounds that can be feasibly pyrolyzed below a

temperature of 2000K are SiI,, SiHI,, SiH, X,, SiH,X, and SiH,.

-b. Reduction By Nonmetals

The free energy changes for the reduction of silica by

the nonmetals H C, S, and P are shown in Fig. 7 for

2’
the following reactions
Sioz(c) + 2H2(g)‘ = Si(c) + 2H20(g)

Sioz(c) + 2C(s) = Sif{c) + 2C0(q)

sioz(c) + C(s) = Si(q) + COz(g)
Sioz(c) + 2S(s) = Si(c) + 250(qg)
Sioé(c) + S(s) = sile) + S50,(q)
Sioz(c) + P(c) = 8Si(c) + Poz(g)
5i0,(c) + % P(c) = Silc) + 2,0, (9)

The only possible reactions for producing silicon are those
involving carbon as reductant. Of these, the much more favor-
able one is the overall reaction generally considered as repre-
senting the process occuring in the pfesent-day arc-furnace |

process.

Frce energy changes for the reduction of the tetra -~ and
trihalesilanes by hydrcgen are presented in Fig. '8 for

the reactions

Six4(g) + 2H2(g)' " Si(c) + 4EX(g9)

SiliXy(g) '+ .:HZ(g)' Si(c) + 3HX(g).

Siw..ar reactions involving the more hydrogenatcd hal~silancs

are in fact pyrolysis reactions rather than hydrogen reductisns.
!

12



As 1s confirmed by experimental data in the literature, the

chloro-, bromo- and iodosilanes are feasibly reduced by hydro-

gen at temperatures about 1000 degrees lower than the fluorosi-

lanes.

Silicon production by nonmetal (except H2)-reduction of

SiF4 and SiCl4 were found to be infeasible for the reactions

below.

SlF4(g) +

C(s) = si(c) + CF,(g)
SiF,(g) + 2 S(c) = Si(c) + %SFG(g)
SiF,(g) + S(c) = si(c) + SF,(g)
SiF, (g) + % P (c) = Si(c) + JPF,(9)
SiCl4(g) + C(s) = Si(c) + CC14(9)

+

SiCl4(g)

%P(c) = Si(c) + %

pc13(g)

The free energy changes appear in Table 2 for temperatures of

298, 1000, and 2000 K. Additional reactions involving sicl,,

or SiBr4 and.SiI4, were not included since thermochemical

data for the high temperature, gaseous, nonmetal halides are

not available. The trends in Table 2

such reactions would also be infeasible.

c. Reduction By Metals

Free energies of reaction are shown in Table 3

indicate that any

for

the reduction of silica by forty different metals to give both

elemental silicon and the corresponding metal oxide in their

solid stace according to the general reaction:

4/n M(s) + Si02(s) = Si(s) +

13

"2/n MZOn(s), n = o-id

4/n Mon/z(s), o= cvUen




Transition points for the metal oxides are indicated, shouid

they be needed for other considerations later. The metals are

listed here, and in later tables and figures, according to

group number as one progresses from left to right across the

long form of the periodic chart. The free energy data for the

metal reduction of silica also appears in bar-graph form in

Fig; 9 for a temperature of 298 K. This temperature was chose=:

" 3ince more data is tabulated in the literature at 298 K and be-

cause the free energies are not very temperature-dependent over

the 298 to 1000 K range presented here. 1In addition, the free

energies tend to become less favorable at higher temperature.
Figure 8 shows that several groups of metals from the

periodic chart are capable of reducing silica to silicon:

groups IIA, IIIB, IVB, and the rare earths. Aluminum and gal-

lium arc also feasible reductants. Somewhat surprising, how-

ever, is that only lithium is a feasible reducing agent

from the group IA elements. This indicates that the strong

electropositive nature of the alkali metals is not a sufficient

criterion by itself for judging reaction potential.

'Free energies of reaction are presented in Table 4 for
the proposed reduction of gaseous silicon tetrafluoride by various
metals to yield solid silicon and the corresponding metal flcuride,
in the ind-.cated physical state, according to the general

reaction,
4/n M(s) + SiF4(g) = Si(s) + 4/n MFn'
The bar-3-3p" presentation of this data appeais in Fig. 10

7ne feasiklis metal reductants are very similar to the oxide case:

groups IA, IIA, IIIB, IVB, the rare earths, and aluminum.

14




Free energy of reaction data for the reduction of SiCl4

to silicon are given in Table 5 and Figure 11 in exactly

the same way as for SiF4. Data are for the general reaction:

4/n M(s) +‘SIC14(g) = Si(s) + 4/n MCln

In addition to the feasible metal reductants listed above for
SiF4, it is possible to also include Cr, Mn, Zn, and Cd.

Other metals that are somewhat marginal ‘as indicated by their
free energies, especially at high temperatures, are Fe, Ga, Sn,
and Pb.

Silicon tetrabromide has been included in this report for
completeness sake even though its availability is much lower as
compared to SiF4 and SiCl4. The free energies of reactionvfor
the reduction of SiBr4 to silicon are listed in Table 6 and
Figure 12 according to the reaction:

4/n M(s) + SiBr4(g)'= Si(s) + $/n MB;',1

The feasible reductants for SiBr4 are the metals from groups IA}
IIA, IIIB, 1IVB, and the rare earths, in addition to Al, Cr,

Mn, Zn, Cd. Marginal metal reductants, especially at higher
temperatures, are Fe, Co, Ni, Cu, Sn, and Pb. ‘

d. Reduction By Compounds

The porential of using the somewhat common compounds Ch4

and NH3 t0 reduce Sioz, SiF4, and SiCl4 according to the follow-
ing rea:tions are demonstrated in Fig. 13.

s.0.(c) + 2y 4(9) = si(e) +~§N0(g) + %HZO(g)

2 5
5.0, (c) + gCH (g) = Si(c) + ZCO(g) + iH O(qg)

2 3-Hy 3 3t
51F, (g) "+ %CH4(g) = Si(e) + 2HF(g) + 2Cr, ( )
5iCi, (g)+ %CH4(g) = Si(c) + 2KCl(g) + %CC14{5;

15




As might be expected, SiF4 is too stable to be reduced while
the other reactions begin to show promise only in the 2300 -
3000fK temperature range. Therefore, these reactions are of
little interest.

Early thoughts concerning new routes. to silicon suggested
that recycle-type reactions of the kind below might be low cost

processes if the metal oxide or halide could be recycled.

SiO. + MO-—> Si + MO

_02
SiX, + 2MX—> Si + 2MX
-2X2

Investigation into reactions of the type above made it clear
that the lower-valent (i.e. semireduced) metal compounds-of inter.
only existed in the gas phase'at high temperatures and, henc~,
~ust be generated by an.additional high temperature reaction.
Tre need'fqr a partially reduced compound is clear in that it
must be readily oxidizable in order to reduce the silicon com-
pound.

It becomes apparent that reactions of the type above do
not represent low cost routes to silicon when the additional
react..or. is considered by which the semireduced intermediate
is prepar=d. The overall reaction is demonstrated below by
summing tine reduction reaction and the semireduced, interme-

diate prer “ration reaciton.

16



§i0,(s) + 4 AlO(g)——> Si(s) + 2Al,0,(s)

2A1203(s) ~——> 4Al0(g) + )oz(g.)

SiOz(s) ~—> Si(s) + 02(9)

In essence, an attempt was made to carry out the overall infea=-
sible reaction by using two reactions. Therefore, recycle type
reactions are more difficult processes for attempting to
carry out a one-step simpler process. A similar case is

shown below for the reduction of SiC14.

SiC14(g) + 2AlCl(g)—> Si(s) + 2A1c13(g)

2A1C13(g)—9‘2A1C1(g) + 2c12

Sic14(g)~—> Si(s) + WCl, (9)

Since compounds of electropositive elements such as
aluminum are known not to readily disproportinate to products
in which free 0, or Cl

2 2 _
sider a more obious preparation of the semireduced inter-

are present, one is tempted to con-

mediate by reacting the fully oxidized compound with excess metal.
Again, however, this turns out to be a more complex way to

carry out a simpler reaction as shown below.
sio,(s) + 4Alo(qg) ——> Si(s) + 2A1,0, (s)

4 4 .
3 A1203(s) + T Al (s) — 4Al0(qg)

17




. 4 . 2
$i0, (s) + §A1(s)-—€> Si(s) + 3A1,0,(s)

SiCl4(g) + 2Al1Cl(g) —> Si(s) + 2A1Cl3(g)

or % ALC1,(g) + %Al(s) ——> 2alCl(q)

sicl (g)  + % Al(s) —> Si(s) + %A1C13(g)

In both cases, the overall reaction is simply the straight forward

metal reduction of the silicon . starting material.

18




Summary of Thermodynamically Feasible Reactions for Reduction

Listed below are those reactions just considered which
have favorably filtered-thorugh the thermodynamic screening
process. It is only these feasible reactions that are further
considered in the economic screening process. The remaining
reactions are infeasible and will not be pursued any farther.

Pyrolysis Reactions

Sir, -
SiHi3 -+
SiH,X, +
SiH,X -+
SiH, -+

Reduction by Nonmetals

SiO2 + C -+

Six4 + Hz - (except X = F)

SiHX, + H, » (except X = F)
Reduction by Metals

SiO2 + M - (see Table 7 for M)

Six4 + M + (see Table 7 for M)
Transport

SiI-‘2 +

SiCl2 +

Sio -

19




C. Economic Screening

Economic analysis requires a more refined definition of
the product silicon at this point. Two distinct approaches
exist for preparing SoC-Si for array fabrication. In one case
bulk silicon is transformed into sheet form, where-as in the
other, silicon is epitaxially deposited onto a substrate. 1In
the latter case, epi-layers with thicknesses in the range of
microns represent only a small fraction of the overall cost as
compared to the substrate. Therefore, any of the processes being
considered are economically feasible for preparing epi-silicon.
The following economic analysis is, then, oriented toward bulk
silicon where raw materials are a major contributor to the overail
cost.
. Economic analysis at this early stage is only based
upon raw materials, since well-defined chemical processes do
nct exist for most of the proposed reactions. Since raw
materials make up only a relatively small percentage of the
total cost or selling price of the product silicon (e.g. see
Tablie 8 , 1t 1s not possible to precisely compare all pro-
posed reactions. Some economic screeing can be done, however,
because an upper limit of $10/kg has been set for the cost of
SoG-Si. ’

Material prices appea; in Table 9 for many of the rc¢:r
tants involved in the reactions being considered. The listad o .

Erices arc also compared upon either their dollar value per

kilogram of contained silicon or upon their dollar value to sto:icr iz

metrical.y o»roduceone kilogram of silicon from one of the silican-
containing raw materials discussed in the Section on reduction
by nonmetalsz. Since prices change drastically in times of high

infla:isn, it must be assure’ that the prices listed in Table 9
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will increase in about the same ratio relative %o ore ano:her, "o
this assumption is no longer valid, an updated price comparison
must be made. It is also stressed that todays prices are de-
termined by the current supply and demand situation.

The creation of a 100,000 ton/year SoG-Si business could ccnceivai’
change the price of what is now a plentifully abundant and .cw
cost raw material.

The materials listed below SoG-Si in Table 9 can b
eliminated immediately since their prices, per kilogram ot si icc.,
are higher than the $10/kg price goal of bulk SoG-Si itself. &i -
economic analyses of the MG-Si and SoG-Si businesses indicate
that raw materials make up a relatively small portion of the
selling prices of elemental silicon, it is considered very
conservative to say that raw materials must compose less than 25%
of the MG-Si price,'i.e. < $2.50/kg Si. This., then, eliminates
all materials except those shown in Table 10 as possible r2aactants
for the preparation of SoG-Si.

Definite decisions concerning the fluorosilanes SiHZF2
and SiH3F are difficult due to the lack of published econoniz
information. They are expected to be considerably more expensivc
than SiF4, however, when one considers the high price ratio of

SiH2C12/SiCl4 which is 88. Applying this ratio to SiF, puts Sill. .

at a relative price of 1500. Even higher prices would4be expec. .«
for the fluorine compounds due'to the higher corrosive problems
experienced compared to the chlorine compounds. The pyrolysis of
SiH2F2 and SiH3F are, therefore, eliminated from further consider:-
tion.

The material prices in Table 9 also allow the rejection
of many of the other halosilanes as silicon sources. If one
assumes the siBr4/SiCl4 price ratio is the same as the SiCl4/SiF
ratio, ~he calculated relative price of SiBr4 at 440 closely

arn.oaches that of SoG-Si at 530. Since bromine is 350G times les:

4
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abundant than chlorine in the lithosphere, the actual price
of SiBr4 would éven be higher. Therefore, SiBr4 and SiIé are
economically ruled out as starting materials for the prepara-
tion of SoG-Si. 1If one further compares the price of technical-
grade SiCl4 and‘SiHClB, it is also possible to eliminate the:
other bromo- and iodosilanes as economically interesting raw
materials.

The only remaining silicon-containing materials for the
27 SiF4, SiCl4, and
MG-Si. The remaining metals to be considered for reducing

production of SoG-Si at this point are SiO

SiO2 are Al and Mg while Na is an additional alternative for

reducing SiF4.
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D. Technological Screening

The amount of technical information available concerning
possible processes for conducting the twelve reactions surviving the
economic screening step varies from near zero for some processes to
sufficiently complete for others. The reaction in Table 10 in-
volving the silicon intermediate SiCl4 can be eliminated from further
consideration when one compares it to SiHCl3 which is used to produ.e
semiconductor silicon at a price of about $70/kg. Since the
theoretical as well as experimental conversion efficiency of
SiCl4
conditions used to commercially produce polycrystalline silicon
(1,2), the greater thermal stability of SiCl4 causes silicon to be
deposited more slowly and, of course, at a higher cost. Use of in-

to silicon is considerable lower than that for SiHCl3 under

creased temperature to offset the greater SiCl4 stability also re-
sults in higher costs due to increased energy usage per kilogram
of silicon. Therefore, SiCl4 is considered infeasible for the pro-
duction of SoG-Si since the resulting silicon would be more expensive
than the $70/kg Si process_using SiHC13. |

The plurality of reactions in Table 10 involve the conversion
of silica to the intermediate, high-temperature species silicon
monoxide using reductant, R, according to the reaction

R
Sioz(s) —P Sio(g).

The SiO mighc then be transported to another reaction zone where
reduction would be compleged to silicon according to the reaction

Sio(g) —— 3 si(s).

Although a large amount of literature exists on various aspects of
gaseous SiC, very little is concerned with its reduction to silicon.
In addition, nothing has been reported concerning the transport

efficiency of impurity oxides from SiO2 to Si along with the SiO
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intermediate. In fact, no known data have been reported concerning

the actual transport of S$iO; e.g., as to what the half-life is of
this gaseous species as a function of system temperature and
pressure. A further complication is the formation of a metastable
solid upon condensation of Sio vapors. This material is thought to
be an amorphous mixture of Si02(s) + Si(s) rather than SiO(s).
When this material is heated it disproportionates to silicon and
silica with the reaction rarely having been observed to go to
completion. We do not believe that a silicon monoxide process
could meet the ERDA time goals for producing low-cost SoG-Si due
to the considerable research and development effort that would
have to be applied to obtain necessary data and to circumvent some
of the problems indicated above. In short, neither sufficient
time normoney is available to properly analyze the technical
feasibility of a silicon monoxide process which is required to

be at pilot scale in 1980 and at a large plant scale in 1985.

A major problem associated with carrying out the aluminum re-

duction of SiO.,, see Table 10, is that the produced silicon will be

’
contaminated bi the p-type aluminum reductant. This contamination
problemis particularly accentuated by the low melting point of
aluminum (660°C) since most silicon production processes are

carried out at temperatures near or above that of the melting

point of siiicon (1410°C). The molten aluminum drains to the botton
of the chem:cal reactor and alloys with silicon rather than remain-
ing intimat.-ly mixed in the reaction bed with Sioz. Smith (3) has
described jrocess details for separating silicon from silicon-
aluminum alloys. After nucleation and growth of silicon crystals frc:-
the melt over a 6~48 hour period, the crystals are separated by
either high-temperature filtration, high-temperature centrifugation,
by pulling single crystals from the molten alloy, or by dissolving -
the excess aluminum in acid.: The pure silicon crystals must then

be separated from adhering aluminum impurities by acid washing. The
crystals are then subjected to desliming, filtering, washing, and
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flotation. Finally they are acid washed again before a second

flotation. The final unspecfied silicon purity is attained thnzcuch
2ither further chemical treatment or float-zone refining. The .
large number of purification processes outlined above point out
the difficulty of upgrading alloy-grade silicon to a purity level
necessary for the solar cell or semiconductor industry. One
further comment concerning the use of aluminum as a reductant
involves its energy content. It requires 175 kWh (4) of equilva-
lent coal energy to produce the aluminum that is required to yield
cn¢e kilogram of silicod metal according to the following reacfion
assuming it proéeeds to completion:

Sio

+ 4/3 Al » Si + 2/3 A1203.

2

This energy is considerably higher than the 65 kWh (5) of
éiy;valcnt coal energy necessary to produce one kilogram of MG-
5. via the arc furnace process. The degree to which the higher energy
intensive aluminum increases the energy pay-back time for silicon
cells is not known due to the general lack of information pertain-
ing to total energy usage from SiO2 to finished solar cell. In con-
clusion, then, it is not planned to further pursue the aluminum re-
duction of Sio2 due to the anticipated process, purification, and
energy difficulties described above.

The transport reaétion in Table 10 involving the high-
temperature species SiF2 will not be considered independently at
this point. It is being considered by the University of Pennsylvania
and Motorola as a2 possible alternative for the upgrading of MG-Si
which is actually the product of the more basic process of reducing
SiO2 with ceérhonaceous materials. )
The p:eceeding method for technologically screer.ing the reac-
tions listed in Tablie 10 has eliminated all the react.ons with the

exceptinsn of the present-day, commercial process for producing Mi-S.
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which sells on the market place at approximately $1.00/kg; this
is one order-of-magnitude lower than the ERDA goal for SoG-Si. The
next section details Dow Corning's approach for upgrading MG-Si
to solar-grade quality within the ERDA goal of $10/kg. It is this
process which Dow Corning recommends for the production of solar
cell silicon.

E. Metallurgical Grade Silicon Purification

" The previous section, for the most part, discussed the tech-
nical feasibility of reactions by which some unknown grade of si-
licon might be able to be prepared on an experimental basis. The pro-
bability of these processes surviving through the research and
development -phase toypilot plant scale and eventual large plant com-
mercialization becomeé less and less favorable as the level of
scale-up increases. It is partially for this reason that Dow Corn-
iny recommends upgrading of the MG-Si process as the means of achiev-
ing SoG~-Si because the submerged-electrode, arc furnace process is
capable today of producing MG-Si at rates in excess of 10,000 metric
tons/year per furnace for a selling price of $l.OO/kg. A pfocess
already exists by which only one furnace is capable of producing
five times the estimated requirement for SoG-Si in 1985. This
implies that no research and development time need be spent on
proving whether or not silicon can be produced by this concept. The
R&D efforts can be concentrated on methods by which the silicon pro-
duced in the primary reduction process can be upgraded to solar-grade
quality. Essentially, then, what is required in MG-Si purification
is the upgracing of an existing process rather than development of a
new process all the way from the concept stage. The simpler the up-
grading process can be made, the more certain will be the attainment 27
cost and time goals. Meeting the cost goal appears particularly
favorable ir. view of the MG-Si selling price being a factor of ten
lower than the $10/kg ERDA goal.

The concept, experimental plan, and results to date for “he

approach by which Dow Corning is pursuing MG-Si purification is --~n-
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cisely given in Appendix A; this is a preprint of a paper to be
presented at the International Symposium on Solar Energy at the
May, 1976 Meeting of The Electrochemical Society. 1In summary, a
collection of proven processes is being assembled such that the
sum of the individual purification steps provides silicon of
. solar-grade quality. This collection involves (a) use of purified
raw materials in the arc furnace, Kb) use of purer materials-of-
construction associated with the arc¢ furnace production of MG-Si,
(c) gas refining and slagging of the molten silicon after it is
tapped, (d) acid leaching of the solidified material, and (e) unidi-
rectional solidification. |

The success of using gas refining, acid leaching, and uni-
directional freezing for MG-Si purification is demonstrated in
Appendix A. Results obtained, after termination of program fund-
ing, from the sequential treatment of MG-Si by slagging and acid
lraching are indicated in Table 4. These impurity analyses are
~crpared to data from typical MG-SI (6) and to proposed maximum
.purity levels allowable in SoG-Si (7). Except for boron ard
phosphorus, all impﬁrity levels in the upgraded material are either
near or below tha maximum limits suggested for SoG-Si Either’
optimization of the slagging-acid leaching technique or implementa-
tion of one of the other upgrading processes will cause the remain-
ing impurities to be reduced significantly below the suggested
limits. The sucress of this overall approach is further exempliiied
by the data in Table 12 for MG-Si that was upgraded by acid leaching
followed by cne Czochralski pull. The aluminum level could have
been easily reduced beforehand by refining the molten silicon with

chlorine. Boron and phosphorus levels may be reduced through use of

purer arc fuirnac: raw materials as indicated by the paper in Appendix

A. The indi-atsd paper also suggests that a boron level of 0.3 ppma

may be an acceptable upper . limit in solar-grade material.
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Silicon Transport and Purification Process

F. The SiF

4
1. Introduction

Silicon tetrafluoride, a toxic and colorless gas under ordinary
conditions, is produced in large quantities as an unwantéd by-product
of the processing of phosphate rock to produce superphosphate and
other fertilizer materials. The superphosphate process consists
basically of treating the phosphate rock with sulphuric acid.

The reaction of one of the constitutents (CaF,) of the rock with
the acid results in:

CaF, + H,SO

—
5 59, 2HF + CasO,

The hydrogen fluoride then reacts with the silica present in the ro~k
to yield SiF4: ‘

4 + 2H20

4HF + Si02 » SiF

Because of its toxicity, the silicon tetrafluoride -is removed from
the effulent gases by reacting with water to forﬁ fluosilicic acid.

Silicon tetrafluoride is the basic compound usqd in a new
process for the purification and transport of silicon which is
presently under investigation aﬁ the Univeréity. The availability
of the compound in large quantities from the phosphate treatment
process is one of the factors which contributes to the attractive-
ness of the fluoride transport proceés as a low cost technique. A
second contribution to the potential cost effectiveness of the
technique is the cyclic nature of the process which, in principle,
will allow the continued fecycling of the silicon tetrafluoride
with very little loss (i.e., the silicon tetrafluoride is not

consumed) .
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‘The basic chemistry of the transport process is summarized

by

heat - Si(solid) + SiF, (gas)q_—_—*ZSin (gas)

Either an increase in temperatures or a decrease in pressure or
both will shift the equilibrium further to the right. This
equilibrium may be broken down into the two separate steps below which

are utilized in silicon fluoride transport process.

50%
Si(solid) -+ Sif‘4 (gas) L > ZSiE'2 (gas) (4)

. 00" : | '
2SiF, (gas) 500¢ >~ Si(solid) ~- $if , (gas) (e)

The SiF4 reacts with metallurgica; grade silicon at 1150°C or higher
to yield Sin which in turn decomposes at SOOOC resulting in a
deposit of solid silicon and SiF4 gas. A complete cycle of the
process is then ’

—> SiF4 + SiF

2
Mctallurgical Grage Silicon Semicéﬁductor Grade Siliicor
(hot zone 1150%¢C) (cooler zone 2c0%,) 1CON
SlF4.¢_ J.

At higher pressures (v1 atmosphere) and lower tem

other reac+: ons are pPossible which result in the
pounds wit> the general formula si

peratures ( <ZSOC)
formation of com-

F . These com
>our x Toutz pounds may
aominat.> the transport process under hos |

those conditions.




The product formed from the reaction of SiF4 with impurities
in the Si will be principally metal fluorides. These have much
higher boiling points than, for example, metal chlorides (which
would be formed if SiCl4 were used instead of SiF4) and hence can be
condensed from the silicon dihalide gas stream very much more easily.
For this reason, the fluoride transport process is felt to offer
high potential as a purification technique for metallurgical grade
silicon. .

The University's research on the transport process during the
past two years has been aimed at characterizing the important rate
controlling parameters of the reaction, demonstrating the potential
for purification by the process, and identifying the chemical species
which participate in the transport process under realistic operational
conditions. The following material briefly summarizes the key re-
sults of this work.

2. Summary of Results of Initial Investigations

"a.) Low Pressure Investigations

i. Experimental Apparatus

The experimental apparatus used in this work is depicted in
Figure 14. A quartz tube (Ql) of dimensions 20 mm I.D. and 100
cms length was placed inside of a tube furnace (Fl). The quartz
~tube was filled with a column (22 cms long) of crushed metallurgical
grade silicon obtained fom Fischer Scientific Co. The silicon lumps
were of dimension 3 mm x 8 mm and filled the column up to the hottest
zone in the furnace. One end of the quartz tube was connected to
a vacuum system and the other end was connected to a vacuum system
and the other end was connected to pretreatment furnace Fpt which
in turn was connected to SiF4 gas bulb B. The system was evacuated
completely and SiF4 was heated to attain a constant temperature of
llSOoC.‘ SiF4 was passed over hot pure iron in another quartz tube

(Q2) maintained at 800°C in the furnace F (in some experiments

pt :
silicon was used instead of the iron wire). This treatment removed
Then SiF

vas

t.zces of oxygen and sulphur dioxide from the SiF4. 4
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passed through the hot column of crushed silicon. Gases coming

out of the quartz tube Ql travelled thorugh approximately 5 feet of
glass tubing at room temperature before they were led into a quartz
trap Tl maintained at a temperature in the range of 500°-600°C in
the furnace F,. 1In trap Tl’ disproportionation of SiF

2 2
and pure silicon was deposited on the walls of the trap. Residual

took place

4 and tfaces of SiF2 were collected

in the trap T2 which was maintained at liquid nitrogen temperature
(-196°C). Both traps Tl and T2 could be detached from the vacuum

system and were weighed to determine the amount of SiF4/SiF2 con-

gases which contained mostly SiF

densed and the amount of pure silicon deposited.

The amount of SiF4 passed through the system was measured by
recording the pressure drop in the manometer M, attached to the
gas bulb B. Throughout the experiment the system was continuously

pumped by the vacuum pump.

ii. Results and Discussion

In these experiments the absolute pressure of the SiF4 was
approximately 0.2 mm Hg and the flow rate was maintained at about
33 mg of SiF4 per minute. The experiments were designed‘to explore
.the temperature range over which reaction (e). could be expected to
océﬁf”to a significant degree (i.e., to yield significant amounts
of silicon), to determine also the constituents of the gas evolving
from the reaction tube and their relative proportions, and, thiradly,
to investigate the character of the silicon. films deposited from the
transport stream. - _

In the experimental investigation of the disproportionation
reaction the system was operated as outlined above, with the
heated trap T1 .
slightly below 450°C to slightly above 750°C. It was found that

(Figure 14) maintained at temperatures ranging from

no detectable silicon deposits occurred in the trap when it was
maintained at temperatures below 450°C and above 750°C. Only
negligible deposits were observed when the trap temperature was hela

exactly at on~ cr the other of these temperatures (although signifi-
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cant deposits occurred in cooler parts of the trap when its peak
temperature was 750°C). The maximum deposition, as determined by
the optical density of the deposited film, was obtained when the
temperature was in the vicinity of 500°C. It is clear from this
that reaction (e) is significant only in a relatively narrow
temperature range and that the most favorable temperature for the
reaction is in the vicinity of 500°C. The constitution of the gas
mixture exiting from the reaction tube was investigated by first
condensing the gas in a cold trap maintained at liquid nitrogen
temperature (-196°C)} The relative proportions of the two con-
stituents (SiF4 and sin) was then determined by measuring the amount
of SiF4 evolved on warming and the weight of the remaining, non-
volatile, polymer (SiFZ)x' Based on these data a conversion factor
of 50% for the transformation of SiF4 to SiF2 (i.e., 66% of the
exiting gas was SiF4) was calculated for the specified conditions
(i.e., a pressure of 0.2 mm Hg and a reaction temperature of 1150°C);
This figure is in close agreement with the results quoted by Margrave
and co-workers, however, it should be noted that significant deposits
of silicon (resulting from SiF2 disproportionatién) occur in the
exit end of the reaction tube at the _location corresponding to a
tempefature of about 500°C. A

Inspection of the silicon deposited in the cooler portion of
the reaction tube and in the heated trap indicates that the morpho-
logy rangeé fron dendritic qustallites through polycrystalline
films to '‘amorphous" silicon under the condition used in these tests.
There is some evidence that the formation of "amorphous" deposits
is favored>at the higher end of the deposition temperature range.

The low pressure regime of operation was used initially be-~
cause the work of Margrave, et.al., indicated that the efficiency

of conver:ion of SiF, to SiF, is more faborable at these pressures.

This supposition is gorn outzby the theoretically determined curves

of Figure 15. Concurrent with the low pressure experiments, calcu-

lations of the maximum absolute silicon'transport rate were made for
this mode of operation. These'calculétipns revealed that for the

gas pressures used, and the conversion efficiencies of Figurz 2. an
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SiF4 flow velocity approaching the supersonic would be require co
effect transport rates which would allow the growth of silicon

sheet at a rate compatible with the rate set as a goal for this
program. These results prompted a closer examination of the'pressdfé
variation of both the percent conversion of SiF4 to SiF2 and the

absolute amount of SiF,_, per unit volume of gas along the

, 2
following lines.

If o is the fraction of moles of SiF, converted to Sin then at

4
equilibrium there will be (l-a) moles of SiF4 and (Za) moles of
Sin. That is: ' ’
Si(s) + SiF4 (g) . \2515'2 (9)
(1- a) (1- @ ) ‘ 2qﬁ'

Then the total number of moles of gas is: l-a+ 2a =1 + «

The fraction of SiF, at equilibrium is then: 1l-a -

4 1+a

and the fraction of SiF. at equilibrium-is: 2a

“1+a

2

If the total pressure of the system is P atmospheres then the
equilibrium constant in terms of the partial pressures of the gases

can be expressed as

‘:2._- - 20C 2
Plsir, T P

P PSiF, < 1-X p>
: 1+6X -
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o | ) )
which reduces to: K, = 4 of ‘ p

1- ¢?

Transposing, one obtains:

K
X - £
Ko * 4Ppotal

[: X
. = K_P_.
PSle ) o Slp4j

These latter two expressions show first that the fractional
.conversion of SiF4 to SiF2 decreases with the increase of total
pressure and secondly that the partial pressure of Sin will in-

also:

crease as the square root of the partial pressure of SiF4. ‘These re-
sults clearly indicate that the absolute amount of Sin in the system
could increase if the pressure of SiF4 in the system is increased.

It was further speculated that at higher pressures other reactions
favorable to the deposition of elemental silicon might occur.

These findings prompted a switch of the experimental studies
to higher pressure regimes.

b.) ”High Pressure (~ Atmospheric) Investigations
i. Experimental Apparatus

A more advanced apparatus for investigating the silicon )
fluoride tiansport process was constructed. The apparatus allows
the measurement of both'the amount of.silicoﬁ deposited and the
weight loss of the MG-Si charge. The system provides a full range
of pressure (including above atmospheric) and flow rate control,
with a maximum flow rate capability of approximately 3000 2/h and
is designed for fast turn-around. Provision has also been made -

for sampling of the circulating gas during the operation of the
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system. The new system is shown schematically in Figure 16. The
region in which the SiF, reacts with the MG-Si (high temperature
region) consists of a 3 zone furnace with a relatively flat high
temperature zone with a length of apprbximately 20 inches. The
MG-Si is contained in a removeable quartz boat incorporating an in-
tegral gas seal which forces the SiF4 to flow through the MG;Si. A
The present boat can hold a charge of approximately 1000 grams of
MG-Si ‘and larger boats can be accommodated. The silicon depositioh
region (low temeprature region) also consists of a furnace with
three independently controllable zones and has a flat (thermally)
zone length of approximately 17 inches. The removeable deposition
tube is inserted into this region and slides onto a nozzle in the
high temperature region which provides support and acts as a gas seal
" to prevent the flow of gas‘outside of the deposition tube. The two
furnaces can be run with a separation between them. This "expands"
the transition temperature region and allows a more accurate
evaluation of the phenomena occurrind at temperatures between the
reaction and deposition temperatures. A diaphram type pump is used
to recirculate the SiF4 after it exits from the deposition region,
and a mechanical type vacuum pump is used to evacuate the system
prior to ins< rtion of the SiF,. '

(

ii. Results

Using the new transport system, a series of experiments des-
igned to characterize various aspects of the SiF4/SiF2 transport
process was initiated. Most of this experimental work was con-
ducted at a pressure slightly above atmospheric (780 mm Hg). The
concentration of the work on higher pressureoperation (in contrast to
the earlier low pressure studies) is desirable since it was shown that
the total silicon transport rate will increase with increasing SiF4

pressure even though the efficiency of conversion of SiF4 to SiF2
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decreases as the pressure increases.

The initial runs with the apparatus revealed some interesting
facts. First} it was found that after the creation of the Sin
in the 1150°C zone no reverse reaction occurred until the gas
moved through the remainder of the high temperature region to a
region where the temperature drops below 1100°C. the first silicon
deposition (at this pressure) occurs at a temperature slightly less
than 1000°C_and at a distance of separation from the MG-Si in the
high temperature zbne of approximately 10 inches. For the flo&
rates used in these expe;imentS‘(40-80 2/h at 300°K and 1
atmqsphere) this implied a minimum lifetime of the SiF2 at tempera-
tures > 1000°C of 1 second. In the temperature range between
1000 C and approximately 700 C ( a distance of about 6 inches
in the present set up) a relatively thick silicon deposit having
a porous, brownish, amorphous appearance generally occurs. At
temperatﬁres.betweeni700° and appfoximately 400°C a thinner silicon

layer having a grayish color and a more crystalline appearance is

deposited. This layer also extends under the amorphous appearlng layer

in the higher temperature region and hence is present throughout

the entire region of deposition. Figure 17 is a cross sectional
picture of a typical deposition tube showing the deposition regions
outlined above. The deposition silicon layers are strongly'adherent
to the quartz deposition tube. This quite often leads to shattering
of the tube in the case of thick deposits, due to the thermal ex-
pansion mismatch.

The~maximum rate of transport (in terms of moles of Si de-
posited per mole of SiF4 flow) Qbserved during these high pressure
experiments was approximately 8%, while the average was about S5S%.
These experiments also indicate that the percentage of the reacted

silicon recovered in the reverse reaction (2SiF Si + SiF4) can

2
exceed 90% under the present configuration and operating conditions.
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The maximum observed efficiency of converison of SiF4 to siF2 was
approximately 10%, with an average of about 7%. It is clear (as
anticipated on the basis of the theoretical calculations) that the
rate of the reaction between the SiF4 and the MG-Si is the limiting
factor here. '

An experiment to test the hypothesis that the deposition of
silicon in this process requires the catalytic assistance of
certain impurities present in the quartz, and hence, will be limited
by their depletion, was conducted. The test consisted of depositing
for a fixed period of time (105 minutes) onto a deposition tube,
stopping the reaction to measure the deposition on the tube, and re-
placing the tube to allow deposition to continue for a similar
interval, etc. This was done for three successive 105 minute deposi-~
tion intervals during one experiment. No significant change in the
growth rate was observed during these experiments, indicating that
the presence of impurities in the gquartz substrate is probably not
an essential factor to the growth process.

In another set of experiments, silicon was deposited on
quartz plates and single crystal silicon wafers placed at strategic
locations within the deposition tube. It was found that the de-
posit on these substrates duplicated that on the walls of the
deposition tube in the immediate vicinity, both in terms of the
amount of material deposited and its apparent structure (i.e.
"amorphous" or crystalline). Deposits on the quartz and the
silicon wafers appeared similar. In general, the amount of material
deposited on a wafer located in the region of amorphous deposition
was equivalent to a single crystal silicon layer of the order of
100-300 micrometers thick for a typical one hour run. For wafers
positioned in the region in which a more crystalline appearing layer
is deposited,.the amount of material deposited is considerably less,
ranging from about 1-4 micrometers. The deposits on the silicon
wafers did not appear to be epitaxial and it is suspected that
more careful surface preparation would be required to allow proper

nucleation for epitaxiai growéh.
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c.) Thermodynamic evaluation of the Sin reaction

To relate the current work on the Sin transport process
to the thermodynamic studies on all Si Reactions and to previously
published work on Sin, it was found necessary to analyze the approaches
used by various workers in the field, particularly those of Margrave
et al who published experimental data on SiF2 formation and the
derivation of the currently used value for the heat of formation of
Sin from these experimental values. Further, these studies permit
certain predictions for the future applicability of this reaction as
a large scale transport process. Details for such predictions have
to be obtained, however, from experimental studies of reaction
kinetics. The conclusions of the thermodynamic analyses can be
summarized as follows:

1. The equilibrium constant values obtained in ref. 8 showa
remarkable temperature independence in the 1400 to 1600
degree K range. This would indicate that the current
experiments, carried out at 1423 degrees K, are likely to
be representative of the anﬁicipated future operations
at 1700 degrees K for the Sin formation region.

2. The pressure dependence of the equilibrium constant in
ref. 8 may be an experimental artifact or an indication
of the pressure of other species, such as SiF3_or polymers
for which several references are found in the literature.

3. The standard heat of formation values (T = 298 degrees K)
for SiF2
reaction temperature, about which the authors remark in

in ref. 8 may show a definite dependence on

their paper. The authors have not indicated how they
arrived at their - very small - temperature dependence

of the enthalpy and entropy data used in the computations.
Using the current correction data for the enthélpies and
and entropies of the species involved results in a reaction-

temperature independent value of AHfSin, 298"

which provides considerable confidence in the - unusual -
temperature independence of the experimentally determined

equilibrium constant.
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4. The nature of the interrelation of the data is such that
a less than 2% variation in the standard heat of formation
of SiF2
constant for the formation of Sin from SiF4 and Si.

5. The amount of SiF2 generated in a given volume in equili-
brium increases with the square root of the total pressure

results in a factor of 4 change in the equilibrium

in the system. For systems not deviating too far from equi-

librium, their relationship may tentatively be assumed to

hold also for the generation rate in a transport situation.

More information can be obtained only after kinetic studies.
6. The observed high reaction rates at atmospheric pressure

do not permit any new thermodynamic conclusions since they

have not been obtained in equilibrium conditions.

3. Summary of Results of Current (Last Six Months) Investigations
a.) Materials Characterization and Purification

i. Background

The initial reason for investigating the SiF4/SiF2 transport
process was to explore its potential as an economical means for puri-
fying metallurgical grade silicon. During the earlier work, experi-
~ents and measurements designed to characterize the effectiveness of
the process in separating key impurities were initiated. The measure-
ments were of fwo types: emission spec. measurements were made at
National Spectrographic Laboratories of Cleveland, Ohio and were aimed
at characterizing the behavior of a wide range of metallic im- '
purities. Because of the desire to cover a wide range of materials
in the initial runs, the results of the preliminary measurements are
semi-quantitative in nature (i.e. concentration levels are bracketed
within specified limits rather than uniquely specified). Subsequent
analyses will be restricted to a more limited range of elements and
will allow accurate quantitative evaluation.

X-ray diffraction studies were performed at the university,
using equipment available in the Laboratory for Research aon the
Structure of Matter. The initial purpose of these studies was to
characterize the morphology of the transported and deposited silicon,
since thcre was some suspicion that both amorphous and crystailine
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deposits could occur, depending on specific deposition parameters
(primarily temperature and temperature gradient.). High concentrations
of impurity elements and compounds can also be detected by this
technique.

The analyses performed were designed to evaluate the separation
occurring as a result of the basic transport process. The tempera--
ture profile used in preparing the samples for these tests was a
straight-forward transition from a flat zone of 1150°c in the
forward reaction region to a flat zone of 550°C in- the deposition
region. No attempt was madé to provide additional purification by
intermediate processes (making a room temperature transition for
example). This, of course, will be the subject of future studies.
Samples for the emission spec. studies were taken from the higher
temperature portion of the'deposition region (region of heaviest
deposit) because of difficulties in separating the thinner deposits
from the substrate without contamination. X-ray studies were per-
formed on samples covering the entire length of the deposition region.

ii. Emission Spectrographic Analyses

For these studies, a sample of a specific lot of metallurgical
grade silicon (the MG-Si was nominally 98.4% Si as supplied by
Ventron) was submitted for analysis. Silicon from this lot was then
used in several transport runs, and samples of the transported
silicon from these runs were subsequently submitted for analysis.

‘Table 13 shows the results of the tests for the metallurgical
grade silicon and for samples of transported silicon taken from two
different trénsport runs. The concentration ranges are as designated
by National Spectrographic. The two major impurities present in
the metallurgical grade material are, as expected, iron and aluminum
at a level of 0.1-1.0% atomic. Titanium and calcium are detected at
a level approximately an order of magnitude below the primary im-

purities and below them are manganese, chromium, and vanadium,
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Finally, detected at the trace level, are magnesium, nickel, copper,
boron, and zirconium. This is followed by a large number of elements
which were undetected. The limits of detection for the various
elements are shown in Table 14. A few elements of interest (P

for example) were omitted from these analyses. These will be in-
cluded in future tests.

The two right hand columns show the concentration level of
these elements in transported silicon from two runs. The results
were essenstially identical for both runs. The aluminum, although
reduced by abcut a factor of 10 from its éoncentration in the MG-Si,
is the major metallic impurity present in fhis material. More will
be said about this in the discussion of the X-ray diffraction results.
Iron is reduced to a level somewhat below that of aluminum whilg
titanium and calcium are both reduced to the trace level, Boron,
chromium, nickel, and vandium are reduced below their limits
of detection. Elements showing no significant separation include
magnesium, copper; and zirconium. Sodium and barium, which were not
detected in the metallurgical grade sample, appear at significant con-
centrations in the transported silicon. It is suspected that these
impurities were introduced by the quartz tubing and other parts of
the transport system rather than being increased in concentration by
the transport process; This point will reqﬁire further confirmation.

These results, while semi-quantitative in nature, ciearly
show that the concentration of a number of the important metallic
elements are significantly reduced by the transport processAwith-
out any attempt to induce impurity fall out throughfthe use of
special temperature profiles or distillation steps as discussed in
this and earlier reports. This is an important result. ‘More
pPrecise quantitative measurements and comparison with solar grade
silicon specification will indicate to what degree special techniques
will be required to effect the separation of some of the more
tenacious elements. The results the x-ray diffraction tests, discussed
below, have already shed some additional light in this area.
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iii.  X-ray Diffraction Measurements

In‘preparation for these measurements, a thin (2?4 mils)
quartz fiber is supported in the center of the deposition tibe during a
transport run, thus allowing deposition of the silicon on the fiber
as well as the tibe. The fiber is then broken up into pieces suitable
in size for use in the diffraction camera, and each piece is catalogued
according to its‘location in the deposition region. Each piece is sub-
jected to x-ray diffraction and the resulting patterns analyzed. Two
significant facts were revealed by these analyses. First, it appears
that the silicon deposited is polycrystalline no matter which
temperature region it occurs in. There was éome suspicion, based
primarily on physical appearances. and color, that the silicon de-
posits in some temperature regions were amorphous. Secondly,
aluminum trifluoride (AlF;) was found to be present in some- areas
in significant enough quantities to be detected in the x-ray
analysis. Aluminum was shown to be the major impurity present after
transport by the emission spec. Analysis. The x-ray results in-
dicate that it is present primarily as A1F3 and has been transported
in this form from the MG-Si. The AlF3 is not present in detectable
amounts (by x-ray diffraction) in the higher temperature deposits
(greater than 700°C), but the concentration increases as the
temperature is reduced and its highest at the exit end of the
550°C furnace (T~500°C). The preferential deposit of the,AlF3 at
low .temperatures is promising in that the possibility of its removal
by a rapid transition to room temperature is indicated. It is also
conceivable that the aluminum may be removed from the metallurgical
grade silicon by one of the earlier stage treatmenst which have
been suggested (reactive gas blowing of the MG-Si melt for examplej.
Chemical ahd Spectrographic analyses also indicate that the following
elements are preferentially deposited at the lower temperatures; Mg,
ca, Tk, Cu, Ni.
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As part of the effort to evaluate the purification capabilities
of the SiF4 transport process analytical studies of the formation
and transport of fluorides of the key impurities found in metal-
lurgical grade silicon were performed using a thermodynamic
screening technique. Thermodynamic feasibility can be assessed
from the Gibbs free energy change of a reaction as discussed in
Section II‘B above. ) '

The free energy for the reaction of the key impurities with
SiF4 to form various fluorides was determined from standard compi-
lations such as the JANAF tables. This information along with
knowledge of the melting and boiling points of the fluoride com-
pounds was used to assess the probability of vapbr_traﬁsport of
the impurity as a fluoride. A knowledge of the vapor pressﬁre
of the compounds at the various temperatures would allow a more
accurate assessment, however, this data has not yet been compiled.
It should be noted that in cases where vapor transport is not
probable fluoride compounds could still be transported as "smokes"
(i.e. particles suspended in the gas stream).

Tables 15 and 16 summarize the initial results of the assess-
ment for key impurities. Table 15 is for a 1500°K reaction zone
temperature, which is close to the temperature at which we have
been operating, and Table 16 is for a temperature of 1700°K, which
is near the projected operating temperature at the silicon melt-
ing point. WThe results are reasonably consistent with the spectro-
graphic findings on impurity transport shown in Table 13 with a
few exceptidns, notably copper and possibly iron. The melting poingi
and boiling point data show that some of the fluorides likely fb'
transport at the higher temperatures such as MG and Zr may be
separable by room temperature trapping. Others may be removable
by low temperature trapping or by successive transport passes.
Suspended parficles can presumably be removed by special filtering

techniques.
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6). Reaction Kinetics

A series of experiments to determine the equilibrium coeffi-
cient and characterize the kinetics of the forward reaction was
conducted. These experiments were conducted in the cyclic system,
with a forward reaction zone temperature of 1150°C with the flat
zone of the deposition area at 550°C. The technique consisted
of measuring the moles of metallurgical grade silicon transported
per mole of SiF4 gas flowing for flow rates varying from 0.1 liters/
minute to 3 liters per minute. Analysis of this data also allows
a determination of thermodYnamic gquantities such as the enthalpy
of formation..

Figure 18 summarizes the results of these experiments. It
had been previously determined that the rate limiting step in the
transport process is the formation of SiF2 at temperatures of
1100 to 1200 degrees Celsius rather than the reverse reaction which
results in the depositon of silicon at 500-900 degrees Celsius.

It should be noted that the formation of Sin in the high'tempera-
ture region has not been directly proven, although the formation

of such a simple molecule should be favored at these temperatures.
The formation of SiF2 polymer after gquenching of the gas from

the high temperature to -196 degrees Celsius at low pressure,
followed by warming to temperatures above approximately -78

degrees Celsius, ié described in the literature (9). After quenching
the gas to tempcratures from -196 degrees Celsius to +25 degree
Celsius, at'atmospheric pressure, however, Sin,could not be detec-
ted, but the presence of various silicon fluorides of the form Si
(x)F (2x+2) compounds in their atmospheric pressure experiments at
temperatures of 605 to 730 degrees Celsius. It is thus probable

that the SiF2
and that it reacts at lower temperatures with the plentifully

is formed at temperatures above 1100 degrees Celsius,

available SiF4 to form the various fluorides of lesser silicon content.
The fraction of SiF4 converted to SiF2 at llSOOC begins to

saturate for flow rates less than 0.5 mol/hr and approaches an

equilibrium value of approximately 0.1. The flow rate at which

saturation occurs is not of significance, since saturation could occur
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at higher or lower flow rates depending on the geometry of the
MG-Si container, the MG-Si particle size, etc. Using the

low flow rate data, an equilibrium constant of 0.035 was calcu-
lated. From this, a value for the standard heat of formation
of siliconrn difluoride was determined which is somewhat larger
(-155 kcal/mole) than the one found by Margrave and coworkers in
their expcriments at low pressure (-139 to -148 kcal/mole),

which includes the value given in the JANAF tables (3). However,

our value 1is lower than the one found by Kanaan and Margrave in their

lower temperature, atmospheric pressure experiments (-163
kcal/mole). It should be noted that, as mentioned earlier in this
section, the equilibrium constant for reaction depends very

sensitively on the values of heats of formation and entropies
of the various participants in the reaction.. The results of
the reacﬁion kinetics studies also confirmed our earlier thcoretical
de;ermination that the tfénéport4rate of silicon will increase
»apéroximately in proportion to the square root of the SiF4 flow
rate. This effect takes place although the fraction F of the SiF4
which reacts with Si at the high temperature and forms Sin, de-
creases as the flow rate of the SiF4 is increased above the level
at which the reaction ceases to take place in the equilibrium con-
dition. Extrapolation to quadruple the highest flow rate used in the
1150 degrees Celsius experiments yields a probable transport rate
for a practical process. It should again be noted that different
arrangements can readily be visualized which would give higher F-
values, and consequently higher transport rates at the intermediate
and higher flow rates.

From thermodynamic computatiqns, it was determined that the
reaction rate should increase approximately five-fold by increasing
the reaction temperature from 1150 degrees to 1420 degrees Celsius,

that is to the molten state of silicon, as originally planned.
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This expected increase of the reaction rate is based on the
assumption that the primary reaction product is SiFZ.

C). Identification of Transport Species

At low pressures, the silicon transport specie has been
identified as Sin. At atmosphgric pressure and above, there is
reason to believe that other species may predominate. Current ex-
perimental work is aimed at adentifying and isolating these species.
The work involves the use of low temperature (room temp. to
-198°C) traps to separate various compounds and identify their
roles in the process and the use of spectrographic analysis for
identification. 4 .

In a recent set of eXperiments it was found that the gas
stream can be rapidly cooled at atmospheric pressure form ti
temperature silicon/silicon tetrafluoride reaction to room tempera-
ture (or lower temperatures), with some silicon deposition taking
place only in the temperature gradient zone. The gas is stable at
room temperature, and it can be heated to the temperature range
around 500 dégrees Celsius, where decomposition and silicon deposi-
tion take place, similar to that observed in the preceding experiments
where the gas did not attain temperatures below deposition tempera-
ture before reaching the deposition zone held at various tempera-
tures above 500 degrees Celsius. Through careful and repeated mass-
spectrographic analyses, as well as through selective freezing

of the components of the gas stream, it has been determined that

silicon difluoride is not present after cooling of the gas to room
temperature or to dry ice temperature (-~78 degrees Celsius) at
atmosphere pressure. The silicon carrier gas has been transformed
during cooling to the lower temperatures from silicon difluoride
(possibly mixed with Si2F6, Si3F8, Si4Fl10, and other higher '
order silicon fluoride compounds primarily of the type Si(x) F
(2x+2). While transport rates and yields have not yet been
quantively investigated for the process with intermediate gas

cooling, the basic characteristics of the transport process 4o
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not seem to differ considerably from those investigated without
intermediate cooling of the gas.

G) Electrolytic Process
l. Introduction

The electrochemical processes for silicon production
were investigated as possible alternative ways of producing
high-volume, low-cost silicon for solar cells. Silicon,
the second most abundant element in the earths crust, occurs as
an oxide or silicate. This is due to the strong electropositive
nature of silicon which prevents it from being present in the
free state. Since silicates form the largest group of minerals,
;t would be attractive to use them as raw materials for large-
scale production of silicon. The present most widelyﬁused method
to produce silicon and its alloys is the carothermic reduction
of quartzite in an electric arc furnace.

Electrochemical processes to obtain silicon from a
silicate or silica-containing electrolyte were investigated
as early as the eighteenth century. Atﬁempts to obtain silicon
from aqueous_solutions by electrolysis have not.been very
successful although negatively charged iron wire has been
known to deposit very small quantities of silicon from
aqueous silica solutions. This is due to the insoluble
nature of silica and silicates in wéter. Iﬁ the case §f
silica, its insolubility in water is a result of the

partially covalent nature of the silicon-oxygen bond. Since
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‘silica does not dissolve in water and pure water does not.
conduct electricity, it will not be possible to electrolyze
a mixture of Sio2 in water. For an electrolytic cell to
éonduct electricity, electrical charges must be able to
flow not cnly within the electrolytic solution in the cell
but also across the electrolyte-clectrode interface. 'For
silica or silicates to carry current they should exist in

the molten ionic state.

Electrochemical processes to’producexsilipon have
been broadly classified under the following headipgs&
-~-- High temperature reductions for silicon production

‘utilizing electrical current to supply the energy.

Electrolysis of silica dissolved in molten solvent

electrolytés.

+ Electrolytes containing silicon other than in the

oxide form.
* Electrochemical transport or electrolytic refining.'

* Recovery of silicon by electrolysis of slags.
---- Low temperature electrolysis.

~-== Silane - Sundermeyer process.
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These processes are discussed in turn below.

2. High Temperature Reductions for Silicon Production
Utilizing Electrical Current to Supply the Energy.
Consider two electrodes immersed in a molten electrolyt:=.
If a pctenfial is appiied across the electrodes by means of
an external battery, there will be a positive electrode
called the anode and a negative electrode called'the cathoda.
In an ionic conducting electrolyte an electrochemical reaction
proceeds because of loss of electrons at the anode and gain
of electrons at the cathode. Considering an electrolytic
solution containing Si4+ andAoz- ions, application of a
potential across the electrodes will cause 02- ions to be
attracted toward the anode and Si4+ ions will be attracted
toward the cathode.‘ At the anode 0%~ ions will be oxidized
according to
2=

20 = o2 + de

and at the cathode silicon ions will be reduced according to
sift + 4e” = si

As a result oxygen will be libérated at the anode,suppiying
electrons,and the silicon will be reduced ét‘the éathode by‘
the electrons. This is a somewhat simplified picture of the
reactions.

Silicon which hés a strong tendency to exhibit teﬁréheéral
co-ordination in molten solutions, tends to form complex
anions such as (5104)4’ or (Sizos)in_. The pértially covglenf
nature of the silicon-oxygen bond accounts for the stability
of this anion, and this stability is the reason for the resistance
'to breakdown of these complex anions into simpler species

such as si?* and 0%~ ions.
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To understand the deposition mechanism in a typical

electrolytic system, consider an electrolyte made up of
- sodium fluoride-siliéate solution. On passing current, the
Na+,ions will move toward the cathode and 02- and F_ ions
will move toward the anode resulting in liberation of oxygen.
Fluoride :ons due'to their high oxidation potenﬁials will
remain in solution.. At the cathdée, Nat ions after being
reduced will react with silica resulting in liberation of
silicon. The anodic process is then postulated to be
(si205)24' + 4510, + 0,.+ 4e”
and the cathodic process may be considered as the electrolytic
reduction of the cation followed by silica reduction according
to
Sio

2 + 4Na = 2Na20 + Si

The final result being deposition of silicon at the cathode.

a. Electrolysis of Silica Dissolved in Molten Solvent
Electrolyte.

This category of electrolytes has been most extensively
investiééted from the point of view of the electrolytic deposi-
tioﬂ éf silicon; Table 17 summarizes the various studies of this
natufe. 6f all thé eleétroiytes considered, cryolite as the
solvent for electrodepositing silicon has yielded most promising
régdlts; A nﬁmber of authors (28, 29, 30, 31) have investigated
this sy;tém;. Mosﬁ of the experiments were carried out with
’ 2 in Na3AlF6 at a

an éiéctrolyte ranging from 3010% SiO
tempefature of approximately 1000°c. current efficiencies

cvm by .

Y
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obtained were c;ose to 90%. The silicon deposited was
stripped from the cathode periodically. The deposit so
obtained was saturated with cryolite and had to be treated
with acid before the silicon could be recovered. However,

it was mentioned that electrodeposited silicon had to be
further reﬁined (not indicated how) for electroni; ana
industrial use (28). During electrodeposition of silicon any
impurities present in the electrolyte and small quantities of
aluminum from the cryolite will also be codeposited.

The following assumptions were made in estihaﬁing
the deposition rate using the data from (28):

i. Silica depleted by electrolytic deposition was coﬁtiﬁucusly
replaced in the bath.
ii. Silicon deposition was via four electtéﬁ reduction of
the Si4+ ion at the cathode.

Pa#sing one Fafaday of electrical current through the
electrolytic cell will yield one gram-equivalent of the
element (7.02g Si). For a current ﬁasséd across the electrodes
of 400 amps, the number of coulombs.paésed throhéh the cell
equals 14.9 Faraday/hour. The silicon depositibn rate, thcn,
equals 104 g/hour. If the current efficiency is assumed to
be 90%, the silicon deposition rate becomes 94>g/hour.

The rate of deposition in the above process méy be

explained in terms of the rate limiting step in electrodepdsition.
The slowest step during electrolysis will govern the rafe of

deposition. It could be either the transport of ions from -
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the electrolyte to the electrode or the reduction of the ion
at the electrode. In an attempt to obtain higher yields,
higher current densities may be used. Exceeding the current
densities above a certain limit, however, will result in
decomposition of the cryolite and ceposition of an aluminum-
silicon alloy.

A calculation of the energy consumption during the

process was made using data were taken from references

(28) and 130).

Voltage across the electrodes. = 7 volts.

Current through the electrolytic cell = 400 amps.
Decomposition potential of Sio2 = 1.1 volts.

Total voltage for the electrolytic operation = 8.1 volts.
Energy consumption per hour = 3240 watt

Silicon deposition rate = 94 gms/hour

= 34 watt-hour/gm

= 34 KWH/kgm Si

The energy also partially heats the electrolyté to
maintain the required temperathre.

Table 18 compares the electrolysis and arc furnace
production of silicon. Although thke silicon purity obtained
by electrolysis of the above system is claimed to be greater
than 99%, this does not give.the true analytical results.

The deposit after stripping from the cathode has to be

treated with a dilute acid to dissolve the adhering electrolyte.

This would also remove small quantities of aluminum and other

impurities present along with silicon in the deposit.
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The energy consumption in the electrolysis process is
more than twice that associated with the arc furnace. Also,
the silicon deposition rate in the electrolysis process is many
times slower than the 1000 kg/h rate experienced in the arc
furnace production of silicon at roughly the same equivalent
purity level. Therefore; an electrolytic process of this type
cannot be competitive for the high-volume, low-cost production

of solar-grade silicon.

b. Electrolytes Containinag Silicon Other Than in the Oxide
Yorm

Potassium hexafluorosilicate is one of the most commonly
used compounds to form part of the electrolyte for recovering
silicon. 3 Studies based on such electrolytes are summarized

in Table 19 along with references, KZSiFG when heated above

700 °C (electrolysis temperature) dissociates with the formation

of SiF4. ' Commonly used solvents to stabilize the melt are
NaCl and KCl.-

Wartenberg (32) electrolyzed a solution of KzsiF6 -
NaCl in the mole ratio of 1:3 at a temperature of 700 °C.
The silicon which was obtained in the form of a pear shape,
consisted of silicon up to 10% by weight of the deposit. The
deposit was then crushed and washed with dilute acid to
dissolve the electrolyte. The purity of silicon so obtained
was 98% and major impurities analyzed were Fe, Ni, Na, K, and
C.

A further analysis of the system is made based on the

numcrical values generated from this process, Elcctroiysis of
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K251F6 - NaCl solution for six hours at 3-5 amps resulted
in a cathodic deposit of approximately 100 grams. Of this

deposit only 10 g of silicon was obtained after dissolving

the adhering' electrolyte. Because of the low yield, poor
purity, and difficulty in separating silicon from the

deposit, this group of electrolytes will not be considered any
further as future processes for preparing solar silicon.

c. Electrochemical Transport or Electrolytic Refining.

In this process impure silicon or silicon alloy which is
presént as one of the electrodes is generally dissolved in a
silicon combining electrolyte by passing current through thaz
cell in the appropriaté direction. The silicon is electro-
chemically transported via the flux and subsequently deposited
on the other electrode. The growth rate of silicon in this
process is controlled by the various operating conditions of
the cell such as voltage applied to the electrodes, anodic
and cathodic current density, electrical conductivity and
" the nature of the electrolyte used. -

Stern, et al. (35) described the preparation of
elemental.silicon by anodic dissolution of silicon carbide
in an electrolyte of KzsiFG-NaCI-KC1. The electrolysis was
carried out at 760-790 °C. On passing current through the
cell, silicoﬁ from silicon carbide dissolved in the electrolyte
and was deposited on the cathode.. The probable mechanism for

electrolytic refining of silicon, thus, consisted of its

conversion into a cation at the anode which went into solution
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followed by the reverse reaction at the cathode. This process
can be explained in terms of SiFG"2 ion piesent in the
electrolyte which allows silicon to go into solution at the
anode; the ion is then reduced at the cathode to give silicoﬁ.‘
It should be noted that the above process is not
generally ased for generating silicon but only for purifying
it. The process does have some disadvantages: (1) the
starting electrolyte has to be of high purity; otherwise the
impurity in the electrolyte will be electrodeposited at the
cathode along with silicon.‘ (2) Impure silicon during anodic
dissolution will pass on its impurities into the electrolyte.
Therefore, it is desirable to devise a method to remove the

impur:ties from the electrolyte continuously during electrolysis.

In light of the abové factors, and also considering the
slow deposition rates due to the electrochemical nature of
the reaction, this process is felt not té be suitable for low-
cost, high-volume production of solar-grade silicon.
d. Recovery of Silicon by Electrolysis of Slags

Silicate slags have been a subject of investigation by
various authors. A number of high-temperature electrochemical
studies have been carried out on these systems. Slags which
are by-products of the steel industry can be classified as basic
and acidic slags.

A typical weight percent analysis of these slags is shown

in the following table.
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Component Basic Slag Acidic Slag

(%) (%)
8102 40 50
CaO 45 35
A1203 15 15

Most electrochemical measurements in slags have been made
from the point-of-view of reaction kinetics in iron and steel
making.

Slags contain large amounts of undesirable heavy metal .
impurities making them unsuitable for their use as electrolytes
for electrowihning silicon.

For further details of electrochemical studies in slags
one is referred to references (41) through (53);

3. Low Temperature Electrolysis for Depositing Silicon
Zyazev (54) studied the separation of silicon electro-
lytically from salt solutions in organic solvepts at temperatures

of 20-40 °C. The salts included quarternary amine salts and

pyridine salts. The silicon was deposited as an amorphous
material of 92% purity on a platinum electrode. The start-

ing material and the silicon purity obtained limits this process

to academic interest only.

4. Silane - Sundermeyer Process

The silane process uscs the thermal decomposition of
siH4, which melts at -184 °C, boils at =112 °C, and decomposes
around 500 °C forming silicon and hydrogen. Economically the

thermal decomposition of silane is attractive since 28 grams
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of silicon are obtained from only 32 grams of silane, i.e.,
SiH, (g) + Si(s) + 2H,(9)

The Sundermeyer process (55) consists of the electro-
chemical preparation of silane by electrolysis of a melt
consisting of lithium hydride dissolved in a LiCl/KCl eutectic
through which silicon tetrachloride is passed resulting in a
reaction of the type

4LiH + SiCl, -+ SiH, + 4LiCl.
At the sare time LiCl is electrolysed to give
4LiCl -+ 4Li + 2C12.
Hydfogen when passed at the cathode where lithium is generated
would result in formation of lithium hydride according to
4Li + 2H2 + 4LiH
and the lithium hydride so formed is dissolved in the electro-
lyte. silare, thus, can be produced on a continuous basis with
the recycle of lithium, hydrogen, and also chlorine when the
following reaction is considered:
S:'LO2 + 2C + 2C12 -+ SiCl4 + 2CO0.

The present cost of producing silane apparently excludes
its possibility for low-cost production of solar silicon. |
For detailed economical analysis of raw materials for making
silicon, one is referred to the data in section II-C above,

which shows SiH4 to cost about $850/kg Si, almost two orders-

of-magnitude above the <$10/kg goal for solar silicon.
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Conclusions

Of all the processes considered, the most attractive
method for producing low-cost, high-volume silicon by
electrolysis is that using a silica-cryolite electrolyte.
The drawbacks of the above process, however, have been
brought forward in the relevant section. The main dis-
advantage in the electrochemical production of silicon is
the slow rate of silicon deposition and, at the same time,
higher cost per kilogram of siliéon compared to the arc
furnace process. Furthermore, the batch type nature of the
electrolytic processes and the-difficulty in separating the

silicon from the electrodeposit, along with the above con-

siderations, make the electrolytic processes very unattractive

as a potential way of producing low-cost silicon on a large scale.
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Table 1. Relationship between free energy change,
equilibrium constant, and degree completion
of the reaction A(g) + B(g) = C(g) + D(g).

Degree °
Completion _ AGR,298
(%) K ’ (kcal/mol)
85 ’ 32, -2
70 5. -1
50 1, 0
30 0.2 +1
15A 0.03 +2
7 0.006 +3
0.02 4 x 1078 +10
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Table 2. Free energies of reaction for silicon synthesis kv the reduction
of silicon tetrafluoride and chloride by nonmetais (except Hz).

°
AG

R,T (kcal/mol) *

298 1000 2000

_SiF4(g) + C(s) = Si(c) + CF4(g) 164 165 164
SiF4(g) + 2/3S(c) = Si(c) + 2/35F6(g) | 198 215 244
SiF,(9) + S(c) = Si(c) + SF,(q) 199 202 214
SiF,(g) + 4/3P(c) = Si(c) + 4/3PF4(9) 81 68 75
$iCl,(g) + C(s) = Si(c) + CCl,(q) - 135 136 134
$iCl,(g) + 4/3P(c) = si(c) + 1‘1/3Pcl34(g) 65 53 58

* JANAF (3)



Table 3. The Standard Free Energy Change for the Metal Reduction.
of §10, to Silicon According to the Following Reaction:

2/n M0, 1f n 18 odd

Aln M(8) + S10a(s) + Si(s)'+<§
4/o MO/, 1f n is even

-] (-] (-]
Metal AGsto Acnnoo . AGRxooo
Oxide kcal/mole kcal/mole kcal/mole Transitions References
L1,0(8) -64 . -58 -48 JANAF
Na,0(8) 23 31 41 Tp = 948 K JANAF
K,0(s) 51 59 - 67 JANAF
BeO(s) -68 -66 -65 » BM605
MgO(s) -67 =65 -61 Ty = 923 K JANAF
Ca0(s) -83 -82 - ~79 SCHINK
Sro(s) -63 -62 -60 BM605
BaO(s) -47 : =47 -48 BM605
Sca0s(8) -55 -53 - -51 BM605
Y,0,5(8) -84 ' -83 -80 4 BM605
T10,(s) -8 -8 -8 JANAF
Z2r0.(s) =43 , -42 =41 BM605
HfO,(8) =47 , -46 =45 BM605
V.0.(8) 68 ‘ 66 Ty = 948 K BM605
Nb,0s(8) 35 34 BM605
Ta;0s(s) 22 ’ 22 21 " BM605
Cr0O,(s) ’ 75 74 S BM60S
MoO,(s) 86 - 84 81 BM605
WO, (s) 80 . 79 ' BM60S
MnO(s) 31 28 26 BM605
ReOs(s) 119 111 Tg = 433 K BM60S
FeO(s) 88 85% 81 KUB.
CoO(s) 101 : 99 95 BM605
N10(s) 104 104 103 ' BM60S

*650 K
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le 3. Continued:
L] o : cO i

Metal AcRa,o AGRcoo a Rio00 }
Oxide kcal/mole kcal/mole  kcal/mole Transitions References
Cu10(s) 136 133* 130 KUB.
Aga0(s) 200 ' 182 - BM605
Zn0(s) 53 54 57 KUB.
Cdo(s) 97 103 T 109 _ BM605
‘HgO(8) 177 179 186 BM605
Ba0s(s) 15 15 14 Ty = 723 K KUB.
Al,0,4(8) -47 -45 ~42 JANAF
Ga:o;(S) =34 270-3
In;05(8) 6 270-3
Sn0,(s) 81 83* 86 '~ KUB.
PbO(s) 115 116 118 BM605
A8,04(8) 1 16 . 15 Ty, = 730 K BM605
$b,05(8) 105 105 - 105 Tp = 929 K BM605
B1,04(8) 126 125 127 BM605
CegO,(s) -70 -67 -63 ‘ BM605 )
Lu,0s(8) =40 - Est.
AGE® [S102(8)] = =205  -192 -175 T, = 847 K JANAF
REFERENCES
BM605: C. E. Wicks and F. E. Block, Thermodynamic Properties of 65 Elements-—

Their Oxides, Halides, Carbides, and Nitrides, Bur. Mines Bull. 605 (1463)
JANAF: D. R. Stull and H. Prophet, Eds. JANAF Thermochemical Tables, 2nd ed.

Nat. Bur. Stand. NSRDS NBS, 37 (1971). .
KUB.: 0. Kubaschewski, E. L. Evans, and C. B. Alcock, Metallurgical

" Thermochemistry, Pergamon Press, New York (1967).

SCHINK: H. L. Schink, Thermodynamics of Certain Refractory Compounds,"

Academic Press, New York (1966). A ) i
270-3: D. D. Wagman, W. H.-Evans, V. B. Parker, I. Halow, S. M. Bailey,

and R. H. Schuum, NBS Tech. Note 270-3 (1968).
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Table 4.

The Standard Free Energy Change for the Metal Reduction
of SiF, to Silicon According to the Following Reaction:

4/n M(8) + S1iF,(g) -+ Si(s) + 4/n MP,

[ ] ° [ ]
Metal AcRaoo Acncoo AGRxooo »

Fluoride kcal/mole kcal/mole kcal/mole Transitions References
LiF(s) -187 -169 -146 JANAF
NaF(s) -145 -125 -99 - JANAF
KF(s) -139 -120 -95 JANAF
BeFa(s) -92 -88 -66 Ty = 825°K JANAF
MgF(s) -136 -121 -103 JANAF
CaF,(8) -185 -171 -154 JANAF
ScFa(s) -179 BM605
BaF,(s) . -173 =159 -144 BM60S
ScFs(8) -90 -62 BM605
YF,(8) -96 -66 BM60S
T4iF, (8) -58 -46 -30 JANAF
ZrFa(8) -62 =40 BM605
H¢F. (8) -37 -11 BM60S
VFa(8) +38 +64 BM605
NbF, (8) +51 270-5
TaFs(8) +11 270-5
CrF.(8) +32 KUB.
MoFe(2) +120 Tp, = 309°K KUB.
"WFe(R) +116 270-4
MnF,(8) +16 KUB.
ReF,(8) +171 +197 BM60S
PeFa(s) +59 +68 +80 JANAP
CoF(8) +76 +87 499 JANAF
NiF.(s) +83 KUB.
CuF, (s) +137 +150 4165 JANAF
AgF(s) +198 +197 BM605
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Table 4. The Standard Free Energy Change for the Metal Reduction
of SiF, to Silicon According to the Following Reaction:

4/a M(8) + S1F.(g) + Si(8) + 4/n MF,

[ ] ] [

Metal AGR: ’e AGRo oo AcRx 000

Fluoride kcal/mole kcal/mole kcal/mole Transitions References
LiF(s) -187 -169 =146 JANAF
NaF(s) =145 -125 .=99 JANAF
KF(s8) ~139 -120 =95 . JANAF
BeFa(s) -92 ~-88 -66 Tm = 825°K JANAF
MgF2(s) -136 -121 -103 , JANAF
CaFa(s) -185 ' =171 =154 JANAF
SrFa(s) -179 BM605
BaF, (s) -173 -159 -144 ’ BM605
ScFs(8) -90 -62 BM60S
YFs(s) -96 ~66 ~ BM605
TiF,(8) -58 =46 =30 : JANAF
ZrF;(8) -62 =40 BM60S
HgF . (8) -37 -11 BM605
VFa(8) +38 +64 BM605
NbF,(8) +51 270-5
TaFs(8) +11 270-5
CrF.(s) +32 A KUB.
MoF ¢ (L) +120 T, = 309°K KUB.
WFe(2) +116 ' 270-4
MnF, (s) +16 . KUB.
ReF,(8) +171 ’ +197 BM60S
FeF, (s) +59 +68 " +80 JANAP
CoFa(8) +76 +87 +99 JANAF
NiF:(B) +83 KUB.
CuF, (s) +137 +150 +165 JANAF
AgF(s) +198 +197 BM605

66a



4. Continued:

Metal B AGR”. Acicoo Acixooo

Fluoride kcal/mole kcal/mole kcal/mole Transitions References
ZaF,(8) +35 KUB.
CdF,(8) 466 270-3
HgFa(s) +172 +188 +240 Tqg = 949°K JANAF
BPs(g) - . +19 +15 +9 JANAF
AlF,(s) - -80 -65 -47 Tp = 728°K JANAF
GaF,y(8) +30 : ) BMGOS5
InF, (s) '
SnF,(8) +79 BM60S
PbF,(8) +74 +85 +96 ’ JANAF
AsF4 (L) 486 4 BM605
SbPs(8) +106 . - BM605S
BAF, () +109 BM605
CeF4(8) -120 -87 BM605S
LuF5(s) -90 -59 ' BM605
AG;[SiFh(g)]~- -375.86 -365.44 -351.55 JANAF
REFERENCES

BM605: C. E. Wicks and F. E. Block, Thermodynamic Properties of 65 Elements--~
Their Oxides, Halides, Carbides, and Nitrides, Bur. Mines Bull. 605 (1963).

JANAF: D. R. Stull and H. Prophet, Eds. JANAF Thermochemical Tables,.2nd ed.,
Nat. Bur. Stand. NSRDS-NBS, 37 (1971).

KﬁB.: . 0. Kubaschewski, E. L. Evans, and .C. B. Alcock, Metallurgical
Thermochemistry, Pergamon Press, New York (1967).

270-3: D. D. Wagman, W. H. Evans, V. B. Parker, 1. Halow, S. M. Bailey,
and R. H. Schumm, NBS Tech. Note 270- 3 (1968).

270-4: 1Ibid., May, 1969.
270-5: 1Ibid., Mar., 1971.
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Table 3- The Standard Free Energy Change for the Metal Reduction
of S1Cl, to Silicon According to the Following Reaction:

4/n M(8) + SiCl.(g) + S1(s) + 4/u MCL,

AG® AG® AG®

Chloride Raso Raoo Ri000 Transitions References
L1C1(s) - «220 -205 -187 Ty = 883°K JANAF
NaCl(s) -220 -202 -179 JANAF
KC1(s) -243 -224 -201 JANAFP
BeCls(c,a) =66 -55 -42 T, = 688°K JANAF
MgCl,(s) -135 =122 -105 Ty = 987 JANAF
CaCl,(s) -210 -197 -181 JANAF
SrCl,(s) -226 -258 -198 BM605
BaCl, (s) -239 -225 -208 BM605
ScCls(s) -124 - -95 . BM605
YCl,(8) -139 ' -119 BM605
T1C1,4(s). -75 -61 . =44 JANAF
ZrCl,(s) -120 -98 BM605
HgCl, (s) -85 -95 BM605
VC1,(s) -64 -52 -37 BM605
NbCly
TaCl, +1.6

" CrFa(s) -28 KUB .
MoCl,(8) +78 +94 BM605
WC1,(8) +93 BM605
MnCl,(s) -63 KUB.
ReCl, (s) +95 +118 BM605
FeCla(s)  +3 +12 +22 Ty = 950°K JANAF
CoCl,(s) +12 KUB.
NiCla(s) +24 KUB.
CuCl(s) +32 +38 +42 Ty = 703°K JANAF

AgCl(s) +43 A +49 +49 . : BM605
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5. Continued:

. AG? AG® AG? :
Chloride Rass Reoo Ri000 Transitions References
ZnCl(s) -29 _ 270-3
CdCla(s) -17 .270-3
HgCla(s) +74 +72 +101 JANAF
BCls(g) +24 +19 +13 JANAP
AlCls(8) -53 -39 -23 Ty = 465.7°K  JANAF
GaCls(s) +3 BM605S
InCly )
SnCl,(s) +4 : JANAF
PbCla(s) -3 270-3
AsCls(R) +66 270-3
SbCls(s) +44 '270-3
B1C1(s) +44 ' 270-3
CeCls(s) -166 -139 BM60S
LuCl, (8) -134 -106 BM605
AG}[S1Cl.(g)] -147.56  -138 -125.61 Ty = 330.7°K  JANAF
REFERENCES

BM605: C. E. Wicks and F. E. Block, Thermodynamic Properties of 65 Elements-—-
Their Oxides, Halides, Carbides, and Nitrides, Bur. Mines Bull. 605 (1963).

JANAF: D. R. Stull and H. Prophet, Eds. JANAF Thermochemical Tables, 2nd ed.,
Nat. Bur. Stand. NSRDS-NBS, 37 (1971).

KUB.: 0. Kubaschewski, E. L. Evans, and C. B. Alcock, Metallurgical
’ Thermochemistry, Pergamon Press, New York (1967).

270-3: D. D. Wagman, W. H. Evans, V. B. Parker, I. Halow, S. M. Bailey,
aad R. H. Schumm, NBS Tech. Note 270-3 (1968).
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Table

6.

Metal
Bromide

LiBr(s)
NaBr(s)

‘KBr(s)

BeBr;(s)
MgBra(s)
CaBr;(s)
SrBra(s)
BaBr(s)
ScBrs(s)
YBry(s)

TiBr.(s)
ZrBr,(s)
HfBr.(s)
VBr,(s)

NbBrs(s) |

T&Brs(S)
CrBrs(s)

MoBr.(s) -
-WBr.(s)

MnBra(s)
ReBry(s)
FeBra(s)
CoBra(s)
NiBr,(s)
PtBr.(s)
CuBr(s)

AgBr(s)

ZnBr,(s)

*650K

The Standard Free Energy Change for the Metal Reduction of
SiBr, to Silicon According to the Following Reaction

4/n M(8) + SiBr.(s) » S1(s) + 4/n MBr,

AG;

R‘:’.

kcal/mole

=223
=231
-261

-50
-135
=215
-230
=247
-116
-118

-38

AG:,

AG?

Feoo Rioco0
kcal/mole kcal/mole
-210 -193
=214 -192
~242 -219

-35
-123 -107
-202 -187
-217 -201
-213
-98
-88
-34 =34
-10
y 66
78
-59* -48.
94
-2*% 8
25
35
15
33
=33 -29

70

Transitions References
Ty = 823°K JANAF
JANAF
JANAP
Tm = 761°K BM605
Tp = 987°K JANAF
KUB.
Tp = 917°K BM60S
- BM605
BM605
BM605
Tp = SO5°K JARAF
T, = 630°K BM605
Tp, = 595°K BM605
’ ' BM605
Tp = 634°K - BM605
Tp = 620°K BM605
BM605
Ty = 893°K BM60S
BM605
. BM605
BM605
Ty = 957°K KUB.
Tp = 951°K BM605
BM605
BM605
Ty = 761°K JANAF
Tp = 703°K BM60S
Tp = 923°K KUB.




Table 6. Continued:
o [ ®

Metal AGR:oo AGRooo AGRxooo
Bromide - kcal/mole kcal/mole = kcal/mole Transitions References
CdBra =40 . -11 Tp = 840°K BM60S
HgBr,(8) 31 , Ty, = 592°K BM605
BBrs(g) 30 25 19 . KUB.
AlBr,s (s) -61 Tp, = 528°K  BM605
GaBrs (s) 18 Tp = 565°K 270-3.
SnBr, (s) -14 Ty = 913°K BM605
PbBra(s) -21 -9 4 Ty = 643°K BM605
AsBrs(s) 41 Tp = 494°K BM605
SbBrs (s) 29 T, = 553°K BM605
BiBr,(s) : 29 Tb = 734°K BM605
CeBry(s) -143 BM605
LuBrs (s) -106 ' BM605
AGE[SiBr:.(g)] = -103 -95 -83 Tp, = 426°K = Huat
REFERENCES
BM605: - C. E. Wicks and F. E. Block, Thermodynamic Properﬁies of 65 Elements——

Hunt:
JANAF:

Their Oxides, Halides, Carbides, and Nitrides, Bur. Mines Bull. 605 (1963).
L. P. Hunt, Dow Corning Research Report No. 3864 (1971).

D. R. Stull and H. Prophet, Eds. JANAF Thermochemical Tables, 2nd ed., °
Nat. Bur. Stand. NSRDS-NBS, 37 (1971).

0. Kubaschewski, E. L. Evans, and C. B. Alcock, Métallu:gical
Thermochemistry, Pergamon Press, New York (1967).

D. D. Wagman, W. H. Evans, V. B. Parker, I. Halow, S. M. Bailey,
and R. H. Schumm, NBS Tech. Note 270-3 (1968). ‘
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Table 7. SUMMARY OF THERMODYNAMICALLY FEASIBLE METAL REDUCTANTS

FEASIBLE METALS
START'G
MAT'L FOR ALL MAT'LS SPECIFIC TO MAT'L
s ‘a
8102 IIA, IIIB, IVB, Al, R.E.'s Li,Ga
SiF4 ‘I1A, IIIB, 1IVB, Al, R.E.'s IA
SiCl4 IIA, IIIB,-IVB, Al, R.E.'S IA, Vv, Cr, Mn, 2Zn, Cd4d
SiBr4 IIA, IIIB, 1IVB, Al, R.E.'s IA, V, Cr, Mn, Zn, Cd,
b b
Sn, Pb, Ta, Fe

a R.E.'s = rare earths

b ~0O to 10 kcal/mol at high temperatures




Table 8. - Materials cost analysis for MG-silicon

Item Unit Cost ($)* Cost ($/kg Si)**
Quartzite 8.00/ton 0.012
Wood Chips 10.00/ton 0.008
Pet. Coke 21.00/ton 0.006
Met. Coal 28.00/ton 0.008
Electrode 0.10/1b 0.034
Electricity 0.012/kwh 0.166

| 0.234

* Dow Corning figures.
** Yjeld data from Fairchild (2).

***  Mg-Si = $1.00/kg.
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Table 9. Prices of Various Silicon-Containing Materials

Raw Si Material Sélling Selling Relative Comments
' Price Price - Price
($/1b) (S/kg Si) ($/kg Si)

SiO2 (quartzite) 0.004 0.024 1 arc furnace material
Si (metallurgical) 0.45 1.00 42
SiF, (as 23% H,SiF) o.o34: 1.63 68 fertilizer industry by-product
SiCl4 (tech. grade) 0.135 1.79 75 epitaxy use
SiHCl, (silicone grade) 0.45 4.78 200
SiHCl3 (semi. grade) 0.68 7.22 300 _
Si (solar grade) 4.54 10. 420 JPL goal
SiCl4 (semi.dgrade) 2.00 26. 1100 epitaxy use
Si (semi. grade) 31.8 70. 2900 average
SiH2C12 (semi. grade) 20. 160. 6700 _egitaxy use
siH4 (semi. grade) - 340. 860. 36000 epitaxy use

Chemical Marketing Reporter (4/28/75); others are Dow Corning selling or determined prices.




Table 10. Prices of Materials for Reacting
~with Various Silicon Compounds

Reductant or Selling Selling . Relative

Intermediate for ‘ Price Price, Price,

Silicon Cmpd. ($/1b) ($/kg Si ) ($/kg Si )
L 24

C (Mixture) 0.008 0.100 1
L % ] -

Hz 1.22 .0.38 4

012 0.0575 0.64 6

Al ' 0.335 0.95 10

Na 0.225 1.62 , : 16

Mg 0.82 3.13 31

*
«a For reaction equivalent -of reducing four silicon compound bonds.
Dow Corning determined price; other prices from Chem. Mark.
Rept. (4/28/75).
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Table 11. Reactions Identified as Feasible for Preparing Silicon After
Thermodynamic and Raw Material Economic Screening

. 1975 Raw Mat'l,

ﬁo. Cost For Reaction
Reactions ($/kg Si)
2 0.12 for C
0.97 for Al
'8 0.12 min. to
2.06 max.
1 1.00 - 2063

(assuming 0-100%
SiFA recyclg)

O 1.14

Reaction Type

!

®
510, L or Al 30 o4

MG-Si, Al, C, ur Mg Al, C, H, or Mg

»sio $S1

8102

SiF

MG-S51 —-“—}zsu‘2 —Psi
~S1iF
4

Cé& Cl2 Hz
8102 -—-——-——§SiC14-————}Si

* Commerical Arc Furnace Process
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Table 12. Comparison of Impurities in Various Grades of Silicon

Impurity
(ppma)

Al
B

Cr
Cu
Fe
Mn
Ni
P

T
v

.Purchased Upgraded
MG-S1(4) MG-Si*
1570 <10

44 42
137 <5
<50 13

2070 5

70 <5

47 <5

28 18
163 <6
100 <6

* Combined slagging and acid leaching t
-~ spectroscopy.

Upgraded Proposed
MG-Six* SoG-S1(12)

8 1
s <0.01
<0.01 <5
0.05 <5
<0.05 <25
<0.01 <5
<0.03 <5
2 <0.01
0.02 <5
<5

<0.01

echnique; analysis by emission

#x Acid leaching followed by one Czochralski pull; analysis by spark-

source mass spectroscopy.
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Table 13. Results of Semi-quantitative Spectrographic Analysis

*See Table 14 for limits of detection.
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retallurgical b Transported | Transported
Range of Concentration Grade Si | Si A Si B
Major ( 10%) Si Si Si
Near Major (5-25%)
Minor (1-10%)
Near Minor (0.5-5%)
Low (0.1-1%) Fe, Al
Near Low (0.05-0.5%)
Very Low (0.01-0.1%) Ti,Ca LAl Al
Strong Trace (0.005-0.05%) | Mn,Cr,V Fe,Na Fe,Na
Trace- ( 0.01%) Mg,Ni,Cu,B,Zr Mg,Ba,Cu,Ti, Mg,Cu,Ti,Ba,
- Mn,Zr,Ca Mn,Zr,Ca
1
" Not Detected* Li,Ba,Na,K,¢b,! B,Sb,As,Pb, | B,Sb,As,Pb,
[As,Pb,W,Ge,In,l W,Ge, In,Ni, W,Ge,In,N,
Bi,Cb,Be,Mo, Sny Bi,Cb,Be,Mo, | Bi,Cb,Be,Mo,
Cd, Ag,2n,Co,Sr Sn,V,Cd,Ag, | Sn,V,Cd,Ag,
' l Zn,Co,Cr,Sr, § Zn,Co,Cr, Sr,
Li,K Li,K
r




Table 14. Approximate Limits of Detection for Various Elements
Under §em1-Quantitative-Emission Spectrographic
Analysis (From National Spectrographic Laboratories

Listing).
% | , % | %
Ag - 0.001 Ni - 0.002 Ccs - 0.05
Al - 0.001 - 0.005 Pb - 0.005  Rb - 0.1
As - 0.01 - Sb - 0.01 - 0.005 Tl - 0.01
Be - 0.0005 . 8i - 0.001 Ta - 0.05
.. B = 0.001 a Sn - 0.001 =~ 0.005 Th - 0.5
"Bi = 0.002° © S8r - 0.001 - 0.005 P =~ 0.5 :
ca - 0.001 Ti - 0.001 - 0.005 Ga - 0.01 =~ 0.005
Cb/tb - 0.005 - 0.01 vV - 0.001 - 0.005 P4 - 0.005 ‘
cd - 0.01 " W = 0.0l - 0.05 Au - 0.001 - 0.005:
Co - 0.005 Zn - 0.01 Hf - 0.005 - 0.01
Cr - 0.002 --0.005 Zr - 0.001 In - 0.005 -
Cu - 0.0005 Ba - 0.005 Ir - 0.005 \
Fe - 0.001 Li - 0.0001 Pt - 0.001 - 0.005
Ge - 0.001 _ K = 0.001 Re - 0.01 - 0.05
In - 0.005 Na - 0.0005 Rh - 0.005
Mg. = 0.0005 Hg - 0.001 Ru - 0.005

. Mn - 0.001 .. Te - 0.05 Os - 0,001
"Mo - 0.001 - 0,005 ' : . o

Note: Tbe§e limits.were determined. for a graphitz matcix. Detection
limits will vary somewhat with the matrix of thz samplec.
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FLUORIDE TRANSPORT OF IMPURITIES AT 1500°K

TABLE 15,

A GR,T Fluoride Melting Fluoride Boiling
ELEMENT FLUORIDE FORMATION REACTION Kcal/mole Point, K Point, K Comments -
4A1+SiF,*4AlF (g)+S1 -12 (g) (g) Probable transport as AlF, conversion
Al 4/3A1+S1iF,*4 /3A1F,(s)+S1 -23 - 1549 (SP) to AlF3; and al during deposition.
Fe+SiFw*FeF2 (L)+SiF +62 1373 2100 Formation of significant amounts of
Fe 2Fe+SiF,*2FeF, (L)+S1 +92 1373 . 2100 fluoride not likely.
4/3Fe+SiF,*4 /3FeF, (g)+S1 +109 -— 1200(SP)
Ca+SiF,»CaF; (s)+SiF, =51 1691 2807 Fluoride formation probable, trans-
Ca 2Ca+Si,~>2CaF; (s)+S1 ~-134 1691 2807 port below 1500°K not favorable.
4Ca+SiF,>4CaF (g)+S1 -+ (8) (g)
Ti+SiF,»TiF, (g)+SiF2 +12 (g) - . (g) Fluoride transport probable.
Ti 2Ti+SiF,*2TiF, (g)+S1 -8 (g) . (g)
4/3Ti+SiFy>4/3TiF, (g)+S1 =22 — 1310(sP
Cr+SiF4*CrF, (g)+SI +144 550 v 570 Significant fluoride formation
Cr Cr+SiF,»CrF, (L)+S1F, +41 1375 2400 not probable.
2Cr+SiF4>2CrF, (L)+S1 +60 1375 2400
4/3Cr+SiF,+4/3CrF; (L)+S1 +71 1373 1700
Mn+SiF,*MnF, (L£)+SiF, +37 1129 . 2300 Significant fluoride formation
Mn 2Mn+SiF,>2MnF, (£)4S1i +42 1129 2300 not probable.
4/3Mn+SiF, >4 /3MnF, (£)+51 +79 1350 1600
V+SiFy»VF, (g)+S1 +43 - - 600(SP) Significant fluoride formation
v V4+SiF?VF, (L)4+S1iF3 +56 1400 2500 not probable.
2V+SiFy4*>2VF, ()+S1iF, +80 1400 2500
4/3V+ SiFy*4/3VF3(R)+S1 +51 1400 1700
B+SiF,>BF, (g)+SiF, +41 (g) (g) Some transport as BFjpossible,
B 2B+SiF,*2BF; (g)+Si +50 (g) (g)
4/3B+SiFg*4/3BF3(g)+Si -2 171 197
Cu Cu+SiF4>CuF, (2)+SiF, +103 1043 1727 Fluoride transport unlikely
Mg Mg+SiF,*MgF, (s)+SiF, -21 1536 2500 Fluoride formation probable, trans-
2Mg+SiF,>2MgF, (s)+S1i =74 1536 - 2500 port below 1500°K not favorable.
Ni Ni+SiFy4*NiF2 (2)+SiF, +75 1300 1900 Singificant fluoride formation at
2Ni+SiF,>2NiF, (£)+S1 +118 1300 1900 probable,
P P+SiFy*PF, (g)+SiF, +75° (g) (g) Significant fluoride formation not
2P+SiF,+2PF, (g)+S1 +118 (g) (g) probable.
4/3+SiF,»4/3PF, (g)+S1 +155 122 172
Zr+SiF,»2rF, (s)+S1 -) - 1200(SpP Transport as ZrF probable.
Zr 22r+SiF,*»2ZrF;, (s)+S1 -30 1800 2500
...... 4/3Zr+SiFu*4/32rF3 (g)+S1 ~-25 1600 2400
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TABLE 16: Fluoride Transport Of Impurities at 1700°K

' : iAG Fluoride Melting Fluoride Boiling
ELEMENT * FLUORIDE FORMATION REACTION xcﬁigmole Point, °K ‘  Point, °K COMMENTS

Al " 4A1+S1iF,~4A1F(g)+S1 - wo -41 ! (g) ; (8) Flooride transport probable.
4/3A14SiF,*4/3A1F3(g) . -+ - -21 , - - 1549 (SP)

Fe+SiF,~>FeF, (L)+S1iF, : +59 ‘ 1373 2100 Fluoride formation not favored.

Fe 2Fe+SiF,*2FeF, (£)+S1 : +95 ; 1373 2100 :
4/3+SiF >4 /3F;3(g)+S1i +115 - - ) 1200(SpP)

" Ca+SiF,»>CaF, (L)+SiF, - =51 1691 ] ' 2807 Transport as CaF probable,

Ca 2Ca+SiF,*2CaF, ()+S1 -125 : 1691 : 2807 formation of other fluorides
4Ca+SiF,*>4CaF (g)+S1 , ) (g) : () also likely. - *
Ti+SiF,»TiF, (g)+SiF, : +3 _ (g) ‘ (g) Fluoride transport probable.

Ti 2Ti+SiF,*2TiF2 (g)+51 S VA (g) f () i : .
4/3Ti+SiF,*4/3TiF;(g)+S1 -25 ; - . 1310 (sp)

" Cr+SiFu*Crlu+Si _ +) | ‘550 ; 570 Limited data on AG, formation of

Cr Cr+SiF,*CrF,+S1iF; +) ; 1375 ; 2400 fluorides probably not favored.
2Cr+SiF,*2CrF,+51 +) 1375 ; 2400 ;
4/3Cr+SiF, >4 /3CrFa+Si ) . 1375 ! 1700 ) . : :
Mn+SiF,~>MnF, (1)+S1iF, + ' . 1129 ) 2300 Same as above, anticipate transport

Mn © 2Mnt+SiF,>2MnF; (2)+S1 (+) ’ 1129 % 2300 not likely.
4/3Mn+SiF,>4/3MnF, (g)+S1 (+) ' 1350 ' 1600
V+SiF *VF, (g)+S1i T+ - __— 600 (SP) Same as above

v . V4SiF,»VF, (R)+SiF, . : +) . 1400 .- 2500 '

- V4#SiF,*2VF, (2)+S1 K +) ‘ 1400 f - 2500 '
4/3V+SiF, >4 /3VF; (g)+S1 - (+) 1400 @ 1700 e :
B+SiF4>BF2 (g)+SiF2 +32 i (g) ! (g) " Some transport as BF; possible.

B 2B+SiF4*2BF, (g)+S1 o 441 i € i (®) C -
4/3B+SiF,>4/3BF3(g)+S1 - . -1 ' 171 < 197 = -

Cu Cu+SiF,*CuF, (L)+SiF, +100 B 1043 1727 Fluoride transport not likely.

Mg Mg+SiF,~»MgF, (L)+SiF, ~-16 : 1536 f 2500 .. Some ‘transport as Mng probable:
2Mpg+SiF,+2MgF, (L)+S1 -55 : 1536 2500- ‘ : : :

Ni ;.Ni+Sig*NiF2(£)+SiF2 ' . +75 : 1300 ; - 1900 . Fluoride formation not favored.
2Ni+SiF, 2NiF, (2)+451 +118 1300 ' 1900

P P+SiF,»>PF, (g)+SiF, ) . 473 (g) (g) Fluoride formation not favored
2P+SiF,>2PF, (g)+51 ' +123 : ‘ (2) (g)

Zr+SiF,*ZrF, (g)+S1i ’ (=) : - 1200 (SP) Limited -AG data, anticipate
2r 2Z2r+SiF,*2ZrF, (g)+S1 ) ' 1800 2500 some transpdrt as ZrF, and

4/3Zr+SiF,>4/3ZrF,y (L)+S1 (=) ' 1600 - 2400 possibly ZrF;.
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Reference

Nunker

12

13

14

15

16

17

18

19

20

- 8io.-sro_-srcl

Si0

Electrolyte

SlOz-KOH

Sloz-NaCl-Alcl3

Sioz-NaF—xF‘

S;OZ-NaOH—K2C03

_ _.or
SLQZ—NaOH-ha2CO3v

2 2 2-Sr0

-NaCl-Na_AlF_-Al1.0O.
2 Ty © <73

Sle-LlF-leo

Slqz 2—CaC12-CaCO

-CaF 3

SiOZ-A1203-NaHCO3

Table 17
Electrolysis of silicon dissolved in molten solvent electrolyte.

Remarks

Platinun rod was used as cathode and platinum cruci-
ble was used as anode. Cathodic silicon deposit

was obtained as shiny metallic flakes.
Aluminum was deposited along with silicon. It was
removed by dissolving in HCI.

Impure silicon deposits were obtained at the cathode.

Potassium and sodium were obtained as impurities
along with silicon.

Electrolyte was stirred to keep SrO in suspehsion
and silicon deposited along with strontium.

Eléctrolysis was carried out in the temperature
range 700-1000 °C. A silicon-aluminum alloy was
obtained as the deposit.

Electrolysis was carried out at 950 °C. Cathode
deposit consisted of a silicon-lithium alloy with
-traces of iron.

Electrolysis yielded calcium silicide as the
cathodic -deposit.

Silicon was obtained as the cathodic deposit free
of aluminum. ‘
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Reference

Number

21

22

23

24

25

26
27

28

Table

‘Electrolyte

Na,0-Sio
. ]

K28-8102

S$i0,-MO

(~hére M represents Ca,
Br, or Sr)

$i0,-Li0,-TiO,-LiF

Siog-CaozTiozgcan
SiF2-2KF-TiO

4 2
5i0,-Na,0-NaF
5102-Na20-KF
S105-A120,-AlF,
Sioz-ugé-ﬁgpz

Si0.-~Na_.AlF.-NaF

. -2 3 .
SlOz-A1203-RlF3-ha3AlF6
SlOZ-Llorgeoz
SlOz-Na3AlF6

Na28103-NaF

SiOz-Na3AlF6

ti {continued)

Remarks

Cathodic silicon deposits was obtained with low
current efficiencies.

Cathodic deposits yielded silicon alloys of the
type-MSiz.

Silicon deposits with titanium and alkaline earth
silicides resulted on electrolyses.

Silicon deposits with respective metallic
silicides were obtained.

Crystalline silicon as the cathodic deposit.
Silicon-aluminum alloy was obtained on electrolysis.

Electrolysis resulted in Ge-Si alloy.

Cathodic silicon after purification analysed
99.7-99.99%,

Electrolysis at 1100 °C yielded molybdenum silicide.
Molybdenum was used as cathode.

Silicon deposit was obtained in the form of a
pasty ball and was separated by leaching out the
electrolyte. The silicon crystals obtained were
further treated as required for electronic use.




Tabie‘17(continued)

Reference Electrolyte ' Remarks '
Number -
29 , Na3A1F6-Si02-A1 ' A possible production of silicon aluminum alloys
' was discussed,
30 Na,AlF_-SiO ' At current densities less than 0.2 amps/cmz;
Na3AlF6-Si02-AlO3 silicon was deposited at the cathode. At higherx
‘ current densities, silicon and aluminum were
deposited.
31 Na3A1F6—5102 Pure silicon was produced by anodic dissolution .

of copper-silicon, copper-silicon-iron, and
aluminum-silicon-iron anodes.
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Table 18

Comparison of Electrolysis and Arc-Furnace
Production of Silicon

Process Arc-Furnace Electrolytic

Capacity 1000-2000 0.1
(Kg Si/Hrc.) ;

Silicon Purity - 98 99.7-99.99 |
Wt. ¢ |
Energy Consumnption : 12 34
KWH/Kg Si
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neference

Number

32

33

34

98 .

35

36

37

38

39

40

Table 19

Silicate Containing Zlectrolytes

Electrolyte

K,SiF -KC1

KZSLFG-NaCl

NazleG-NaZCrO4-CrF2

Na251F6-MnF2-Mn02

x281F6—T102

K281F6-KBF4

K281F6-KC1-NaCl
KZSiF -KC1
KzsiFG-NaCl
KZSiFG-KCl—NaCI

K281F6-KC1-NaCl—KF

K.SiF

2 6

K281F6 - Na251F6

NaCl-KCl-K,SiF_.-Na,TiF

2 6 2

Remarks

Electrolysis yielded cathodic silicon deposits
along with trace amounts of potassium.

Electrolysis at 700 °C yielded pear shaped deposit
up to 10% by weight.

Chromium silicon alloy was deposited at the

cathcde. '

Manganese-silicon alloy was obtained on electrolysis.
Resulted in titanium siliéide in the form of Tisiz.
Electrolysis resulted in boron-silicon alloy.
Electrolysis yielded cathodic silicon deposits.
Studied the mechanism of silicon deposition in

the temperature range 750-805 °C.

Silicon deposit with trace impurities as potassium
and sodium.

No deposit was obtained due to decomposition of

X SiFG. .

S% deposit was obtained along with Na and K.

Silicon with titanium silicide along with trace
impurities of sodium & potassium.



>200 REACTIONS

THERMODYNAMIC
FEASIBILITY?

MATERIALS
<$2.50/kg S17°

TECHNICAL
FEASIBILITY?

UPGRADING
MG-51

Figure 3. Screening S'teps Used to Selecf: the Most Probable Process
for Producing Solar-Grade Silicon.
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{ l 1 l 1
REACTION TYPES:

(1) sio,»Si + ©

2 2
(2] SiX4+Si + 2x2
(3] SiHXB»Si + x2 + HX -
(4) SiH,.X.+Si + 2HX

272 (9 -
(5] SlH3x+Sl + Hz + HX 3§gk ]

5 of
T |
>
©
U e
=
O & -
&)
<
i - x
50—
-
- SiF,(g)
-100 L I -
0] 1000
T (°K])
Fig. 6. Pyrolysis reactions for the pfoduction of silicen
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00 T 1 !
1. Sioz(C) + 2C(s) = Si(c) + 2C0(qg)
2. 8i0,(c) + C(s) = Si(c) + CO,(qg)
3. SiOZ(c) + P(c) = Si(c) + POz(g) 1
4. Si0,(c) + 2H,(g) = Si(c) + 2H,0(q) 1
- 5. Si0,(c) + S(c) = si(c) + s0,(q) -
so}— 6. Si0,(c) + 25(c) = si(c) + 250(g) —
| 7. Si0,(c) + 4/5P(c) = Si(e) + 1/5P 40, 4(9) |
JANAF (3)
& of ) T
—g P — nd - - - - -— - - —-— —-— —-— — -— -— -— - - -y
>
]
o - -
]
O T §
h . 3
50— M
- /-
7-'4
L— ~—
100 i L | l I
0 1000 2000 300G
T (°K)
Fig. 7. Silicon synthesis by the reduction of silica wit™

nonmrntals.
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LA l I l {
REACTION TYPES:

Si(c) + 4HX(g)

Six4(g) + 2H2(g)

SiHXB(g) + Hz(g) Si(c) + 3HX(qg)
DATA SOURCES: -

X F,Cl - JANAF(3)

X

Br, I - Hunt (4)

5 o
E?
>
©
)
=
Q M~
&)
|
!
=50
_‘oo ) I 1 l 1
(o] 1000 . 2000 3000
T(°K)
Silicon synthesis by the hydrogen reduction of tri-

and tetrahalosilanes
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3000

] I 1 l ]
- 1. Si0,(c) + 2/3CH,(g) = Si(c). + 2/3CO(g) + 4/3H,0(q)
| 2. siCl,(g)+ 1/2CH,(g) = Si(c) + 2HCl(g) + 1/2CC1,(g)
3. $i0,(c) + 4/5NHy(g) = Si(c) + 4/5NO(g) + 6/5H,0(g)
.4, SiF,(g) + 1/2CH,(9) = Si(c) + 2HF(g) + 1/2CF,(q) )
— JANAF (3) -
- -
G o
_g L - - -
>
(1}
u =
=
(<08 -
(&)
3
) -
S5O—
-
[
) 1000 . 2000
T (°K)
Fig. 13. Silicon from the reduction of §i0,, SiF,, and..

SiCl4 by the compounds CH4 and NH,.
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III. THE FORMATION OF SILICON SHEET

A. General

The work of this area is concerned with the formation.of
purified silicon into thin large area sheets of single crystal
silicon. As a practical matter, it is highly probable that a
polycryétalline sheet coqsisting of crystallities with a minimum
linear dimension of the order of 3 mm or greater will allow the
formation of photovoltaic cells and arrays with accéptable
efficiencies (Ref. 56). If a sheet formation technique ﬁoes not
yield sheet of adequate crystallinity, but is attractive from the
point‘of view of some of the other criteria (e.q. cost, speed,
etc.), then the use of a separate recrystallization step (see
section IV of this report) may be justified.

The specific goals of this area are:

Geometry - 1 meter wide, 100 micrometers thick
Production Raté - 20 meters (at nominal width) per hour
Energy Investment - 150 kWh or less per sqﬁare meter
Morphology - Single crystal or large grain polycrystal
Cost - less than $5.00 per square meter

For the convenience of the follo&ing discussibn, thé po-
tential sheet growth processes have been categorized as either
solid, liquid, or vapor processes as determined by the type of
phase change involved. Tables 20-22 provide a 1listing of the
sheet formation processes which have been considered during the
program.

Table 20 shows the three solid sheet formation processes
considered and gives brief comments with regard to the listed
assessment factors. Hot rolling is of considerable interest be-
cause of its potential as a high speed operation. Hot rolling

of sheet metals is performed at speeds up to 60 mph, well in
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excess of the speed (20 meters per hour) specified as the goal for
this program. A literature search disclosed reports of reasonable
ductility in polycrystalline silicon bars at elerated tempera-
tures (57) and limited success in an attempt to hot roll silicon
by C.L. Kolbe (58, 59). A report of the successful hot rolling of
germanium by M.S. Abrahams (60) provided further evidence of the
basic feasibility of hot rolling diamond cubic materials.

Despite the above mentioned work, it was found that an extensive
lack of guantitative data on the mechanical properties of

polycrystalline silicon at elevated temperatures and high strain

rates existed. This lack posed a major obstacle to the attempt
to arrive at a difinitive assessment of the feasibility and potential
capabilities of both the hot rolling and extrusion processes. The
existing body of data was found to be insufficient to answer such
key ques:.ions as: what rolling and extrusion speeds are possible,
what thickness reduction per pass through the rolls can be reallzcd
and what dedgree of crystalllnlty can be realized with rolled or
extruded silicon? A research program was initiated at the
University to acquire the necessary data to answer these ques-
tions. Significant progress has been made in this area and the
results to date are very encouraging. A detailed review of this
work and its current status is given in Section III-B.

Extrusion, like rolling, is a potentially high speed
'process and shares similaf materials selection prbbléms. It
also would yield material with a fine grain structure, requiring
recrYstallization. Impurlty inclusion may be a somewhat more
severe problem than with rolling, “however, the form of the 1nput"
silicon uséblé by this process would probably have. a wider range.

Kolbe's work (58) is the only experimental study bf'silicon
extrusion uncovered by the literature search. The test.samples
used in his experiments consisted of zone refined single érystal
and cast polycrystal rods with diameters of 0.75"-1.25" and
lengths of 0.188"-2.060". The samples were encased in tthk
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molybdenum jackets which provided support for the silicon and
aided in maintaining the temperature during the deformation. The
jacketed samples were heated in a furnancé in a hydrogen at-
mosphere for periods of 1/2 to 3.4 hour to bring them to equili-
brium at the desired temperature. The molybdenum jacket was
removed by oxidation after the process.

Extrusions were performed at temperatures of 13000, i325°,
and 1350°C with a maximum ram load of 300 tons. The diameter
of the billets prior to extrusion was 2-1/16" . Most of the ex-
trusions were through a 0.75" x 1.50" inch iectangular_die, while
a few samples were extruded through a 1.0" inch die. X-ray
examination of the extruded samples indicated that extrusions
made at 1325°C and 1350°C were free of cracks while some of those
done at 1300°C had cracked regions. The majority of the ex-
trusions were made at a ram speed of 6" per second.

The field of silicon ribbon growth techniques is currently
the subject of considerable interest and activity (61, 62). The
third process listed in Table 20 is the formation of large area
silicon sheets by alloy-bonding a number of such ribbons together.
A metal film would be deposited onto the edges of the ribbons
after which they would be butted together to forma sheet and alloy
bonded through the application of heat and lateral pressure. The
proper selection of the metal to be used in the alloying wili
allow the use of tﬂe bond area as an isolation/interconnection
region for the cells making up the array. Should the ribbon growth
techniques, such as the EFG process, prove to be feasible as
large scale, low cost manufacturing processes, then the ribbon
alloying technique will warrant serious consideration. It is
felt that the experimental feasibility of the alloying process
can be established with a relatively moderate effort.

The sheet formation processes listed in Table 21 involve
a phase transition from the liquid to the solid state. Two of

the processes which fall into this catagory have received con-
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siderable attention as potential processes for lowering silicon
solar cell manufacturing costs. The dendritic growth process
was extensively investigated by Westinghouse (Ref. 63) in the
nineteen sixties and work on this process have recently been
initiated at the University of South Carolina (62). Wide
variations in the physical dimensions of the dendritically grown
material, caused by difficulties: in controlling the temperature
gradient in the vicinity of the dendrites and other growth para-
meters, considerably reduced the economic and technical attrac-
tiveness of this process, and the development of the technology
to overcome these difficulties was never completed.

The Edge-Defined-Growth (EFG) process, presently under
investigation by Tyco (Ref. 61), is a promising example of the
processes which use shaping dies to control the geometry of
the sheet or ribbon as it is pulled from a silicon melt. The
process is particularly attractive because it can yield single
crystal material. The development of the EFG process is presently
hindered by the interaction between the die material and the
molten silicon which results in die erosion and silicon con-
tamination problems. A number of die material combinations
are under investigation which, hopefully, will eliminate (or
at least reduce to manageable proportions) this problem. This
is clearly the developmentally most advanced sheet or ribbon
growth technique at this time, and can be considered as a good '
possibility for incorporation into the low cost solar array
fabrication concept.

The other processes shown in Table 21 have been the subject
of brief studies in the past, but have not received major |
developmental attention. In particular, W.R. Grace & Co.

(Ref. 64) investigated sheet casting, and, to a lesser extent,
the pulling of silicon sheet from a binary melt as part of a one
year government sponsored program. In the casting experiments,

molten silicon was floated on liquid metals (primarily lead).
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Polycrystalline films were obtained which, because of surface,

tension effects, were lensshaﬁéd,and,relatively.thick. Films
of this type might be suitable as starting material for the hot
rolling process. ‘

The growth of silicon from a binary melt is attractive
because of the potential for low temperature growth and the
consequent reduction of materials interaction problems. The
feasibility of the basic process for silicon (Refs. 64 and 65)
and other semiconductors (Ref. 66) is well established, and the
techniqde has recently found wide application for III-V com-
pounds in the experimental fabrication of devices, particu-
larly LED's. The major concern in the present application would
be to develop techniques which will allow reasonable growth rates
without the inclusion of large amounts (>10-5) of the other mcltj
constituent. Techniques involving. the circulation of the
solvent are under consideration. This process was initially
felt to be of sufficient potential to warrant a small scale experi-
mental investigation, however, further investigation lead to the
conclusion that some of the other processes were more promising
and the work on this process was suspended. This work is dis-
cussed in Section III-C.

Processes involving the vaporization of silicon or the use
- of silicon compounds in vapor form are shown in Table 22. One of
the less extensively expiored reactions in the area of chemical
vapor deposition uses silicon fluoride as the transport medium.
This feaction’also has potential for purifying silicon. Work
on an experimental program to investigate this process is described
in Scction II.. In general, deposition rates for chemical vapor
dcpositioh depend upon the particular chemical species, pressures,
and temperatures used. Chemical vapor deposition processes have
been intensively investigated during the last decade or so.

Table 23 lists some of the reactions which have been considered.
The thermodynamics of these processes was discussed in Section II

above. 1In general, minimum reaction temperatures increase as one
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proceeds from the iodides up through the fluorides. Silicon
deposition rates of the order of micrometers per minute have
been realized for reactions such as the pyrolisis of silane
(Ref. 67) and the hydrogen reduction of silicon tetrachloride
(Ref. 68). Deposition rates of this order over a fairly large
area would yield acceptable sheet growth rates for the pre-
sent program goals.

The V~L-S process uses an alloy melt as an interface
between the growing crystal sheet and the vaporized silicon
compound. A temperature gradient is maintained across the melt
such that the surface in contact with the vapor is hotter than
that in contact with the growing crystal. The véporized com-
pound dissociates at the ﬁotter surface, and the resulting elemen-
tal silicon is incorporated into the melt and diffuses through
the melt to the growing surface where it is deposited. The
process 1is very similar to that of pulling a crystal from a
binary melt with the silicon compound vapor acting as the
silicon source to replenish the material removed from the so-
lution during growth. The growth rate for this process is
controlled by a number of factors, including the mass transport
rate of the reactant compound(s) to the surface of the melt,
the rate of the reaction at the melt surface which results in
the freezing of the elemental silicon, and the diffusion rate
of the silicon through the melt to the solidifying surface.

The latter will probably be the major growth rate limiting factor.

Vacuum deposition of thin silicon films using sputtering
and electron beam evaporation techniques has been studied by a
number of workers. Fang, et.al. (Ref. 69) of Boston College are
currently investigating this process for solar applications. The
interaction of the deposited silicon with the substrate material

poses serious problems here as elsewhere.
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B. SILICON DEFORMATION BY ROLLING
1. Introduction

In order for a material to be rollable several conditions
must be met. First, the material mﬁst undergo substantial ré— .
duction in thickness by rolling without cracking. Cracking normally
occurs first along the edges of the strip, since this is where
the local stresses are tensile rather the cbmpressive. To evaluate
the roiling limit imposed by edge cracking, we are determining
the "fofming limit diagram" for polycrystalline silicon. Such
diagrams have proven extremely useful in metal working applica-
tions, and it is hypothesized that they will also be applicable
to silicon. During the plastic deformation of a metal in a form-
ing process, the onset of fracture is determiked by the maximum
tensile strain and the maximum compressive strain at the point of.
initiation of the fracture. For the purposes of the analysis,
the range of values of these two strains are plotted on a "form-
ing limit diagram" (Fig. 19) on which they form a-line. The
diagram is then used in the following manner: If the forming
process is such that during deformation the strain coordinates of
all points in the material are such that the resultant falls be-
low the line, then the material will not fracture. If, however,
the resultant at some point falls above the line, then the part
will fracture. For example: during rolling the edge of the sheet
is subjected to both compressive ténsile strains. If in Figure 19
(for cold drawn 1045 steel) the tensile strain is 0.8 and the
compressive strain is -0.8, then the resultant point will lie
above the forming limit curve and fracture will occur. The
forming limit diagram for a material is a function of temperature,
strain rate, and crystallographic texture, hence silicon forﬁing
limit diagrams will have to be determined for a range of these
parameters. Despite some reservations concerning its applicability
in the case of silicon, the forming limit diagram technique is

felt to be sufficiently promising to justify an investigation.

109




The diagram is determined by hot uniaxial compression of

samples as illustrated in Figuré 20. During high temperature com-
pression, the sample deforms from the shape shown on the left
side of Figure 20 to that shown on the right. As a result of

this deformation w_ increases to w and ho decreases to h. The

o
maximum tensile strain is then given by h\(wmax/wo) and the maxi-
mum compressive strain by ln(hmax/ho). The values of these

two strains are then plotted on the forming limit diagram.
Different ratios of these strains are produced by using cylin-
ders with different initial height to diameter ratios.

A uniaxial compression rig was built and installed in an
Instron test unit, in which silicon can be deformed at various
temperatures and strain rates. The experiments to date have
been perfprmed on samples cut from as-formed polycrystalline
logs of scmiconductor grade silicon obtained from Dow Corning.
Prior to testing the samples exhibit the oriented fine needle
like crystal structure typical of these logs. It has been ob-
served that the crystallographic texture changes after plastic
deformation and annealing at approximately 13000C. This obser-
vation is of considerable importance as will become apparent in
the -detailed discussion of these results.. An x-ray diffraction
technique has been used in the studies of textural changes in the
polysilicon which clearly demonstrates the occurance of recrystal-
lization. |

The compression measurements also provide the stress as a
function of strain rate and temperature, which determines the
force and power that must be éupplied.to the rolling mill in a
rolling operation. :

2. Uniaxial Compression Experiments. -

The test rig consists of two éush rods made of graphite
(Poco HPD-1), the upper one is mounted on the Instron machine
cross head, which can be moved at a constant speed (0.02" - 2"/
,min.i The bottom rod rests on a load cell, the output of which is

connected to a single pen strip chart recorder. A quartz tube
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sealed at both ends by water cooled Viton "O" rings serves as
a chamber through which Argon gas can be circulated. The top

and bottom ends of the push rods are water cooled. Fig. 21
shows the arrangement of various parts of the rig. The platens
were made of a Ta-10%W alloy. Pyrolytic graphite discs (2 and

6 in Fig. 21) considerably reduced the cénduetive heat losses.
Initially, temperature measurements were made with an optical
pyrometer. Very recently we have been-suceessful in using a

Pt' Pt-1l0Rh-thermocouple for accurate temperature (+3°C) measure-
ments. This has been verified by checklng the meltlng point of
high purity (99 999%) copper inside the graphite susceptor.

A 10 KVA 1nduct10n unit was found adequate for heatlng
a silicon sample 1n51de a graphite susceptor to temperatures
as high as 1400 C. ’

Samples (0.325" dia., 0.500" length) of two major _
orientations (Fig. 22) were'core drilled from a polylog, one con-
taining the long grains normal to the compression axis (i e.
compression axis parallel to polylog axis) and the other con-
taining.the loné grains parallel to the compre551on axis (i.e.
compression axis normal to the polylog axis). They were. uniax-~
ially eompressed foliowing mechanical and chemical polishing.

A total of 10 samples have been»plastically deformed to
observe rhe effect‘of remperature, orientation and strain rate '
on the deformation behavior. The yield strength (0-02% offset)
dropped from 21.2 KPSI at 1285+ 20°C to 4-3 KPSI at 1350+ 20°C
(see Table 23 and'Fig. 23). Attempts to conduct tests.at tempera-
tures higher than 1350°C were unsuccessful due to a strong reac-
tion of the silicon with the platens under high pressure. In-
creasing the strain rate by one order of magnitude raised the

yield strength and work hardening coefficient by about 12%.

111




The stress strain curves for samples 7 and 10 show a
strong yield drop (Fig. 25), a characteristic which is very
similar to that of single crystal silicon. This behavior is
.consistant with the idea that the needle like grains have a
particular crystallographic orientation (in this case (110),
verified later). Such a strong yield drop giving a highly non-
homogeneous deformation makes this orientation unsatisfactory
for rolling into a sheet.

To obtain an estimate of the rate of softening at the
deformation temperature the following experiments:were per-
formed. Sample #1 (see Figure 23) was deformed to approximately
10% strain, unloaded ahd immediately reloaded. Since the flow
stress upon recloading is the same as it was before un-

" loading, thcere is no appreciable softening occurring in times
of the order of a minute or so. .This same sample was then de-
formed to a total strain of approximately 20% (see Figure 23),
unloaded, held at the deformation temperature, 1350°C, without
load for % hour and then reloaded again. It can be seen from
Figure 23 that plastic‘flow'foilowing this annealing treatment'
begins at a much lower streés. This suggests that recovery

and recrystallization are ﬁot occurring at a rate sufficient

to soften the silicon while the deformation is being carried
out at this strain rate. Similar observations at a strain

rate an order of magnitude higher are shown in Fig. 24.’ These
findihgs show that in a rolling operation the polysilicon will be
"cold rolled" even though the rolling temperatures are as high
as 13$OOC. |

3. Texture and Recrystallization of Polycrystalline Silicon.

‘The polylogs grown by the CVD technique consist of long

needle shaped (dia~10u} length.lcm) crystals growing radially out-

wards from the central "slim rod". The photomicrographs (sece for

example Fig. 10, in the July 1975 Progress Report) showing such

112



a structure, the strong anisotropic plastic deformation show-
'ing ellipticity in the cross sections of cylindrical samples
and ‘a strorig yield drop for samples when compressed along the
long grains indicated that the long grains have a preferred
crystallographic orientation.

The changes in mechanical propertiés on annealing shown
in Figs. 23 and 24, and the change in ﬁhe'microstrhcture
following deformation and.annealing‘(Figs. 9 and 10 in the
July 1975 Report) strongly suggested that récrystallizatioh
has occured. To determine the crystallographic textufe of the
polylog and to vérify the occurence of reérystallization we . -
have used a standard x- ray dlffractlon (reflectlon) technlque
for texture determination. ‘

_ A thin square sample (1/8" x 1" x 1") was cut from
a polylog near the outside diameter center such that the long
grains were in the plane of the slice ("A" in Figure 26).. The
sample was mounted on the goniometer of a siemens texture
diffractometer unit. The Schultz (Ref. 71-73) reflection.
method was used where the sample rotates both around the axis
normal to its plane (BB' in Fig. 27) and around an axis in the
plane (AA' in Fig. 27). This allows one to trace a spiral on
the stereographic projection.and plot intensities of a par-
ticular reflection.

To see the effect of deformation .and annealing a thin

sample was prepared in the following way:

i) cylinder 0.5" x 0.5" of CVD material was prepared, with

the long grains normal to compre551on ax1s.
ii) The sample . was compressed (Argon atmosphere), at 1350 c,
by 70% at a strain rate ~10 -3 sec-l, and annealed for
1/2 hr. at the same temperature. R ' | _
iii) The sample was hot pressed again by 25% (total A%/2-90%)

'at 1350°C at a strain rate 21074 sec.”t.
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iv) The sample was annealed at 1300°C for 5 hrs. in an innert

atmosphere (Ar gas).

The sample was mechanically and chemically polished and
a grain size of 20 to 30 um was measured using an optical mi-
croscope. The Schultz method was used as described above to
find ‘the texture. The sample was then annealed at 13500C for
another 5hrs. -to see if any changes in the texture earlier
determined had occurred. ' ' '

Fig. 28 shows -the results before deformation and after
deformation and annealing, using (111), (220) and (400) re-
flections.  The long axis of the grains is shown by the arrow
pointing in the North-South direction on each pole figure. It
is clear from the upper pole figures that the samples have an
extremely strong (110) fiber texture; the preferred growth
direction of the elongated radial grains is the (110) crystal-
lographic direction,:with random rotations about this direction.

Diffraction from the same sample after annealing at 1350°C
for 5 hrs without deformation resulted in no qualitative change
in the f:ber texture. " The large grain size, however, made it
difficul: to plot the exact intensities,theréfore, the -plots
are not included in this report.

Semple B, after deformation and annealing clearly shows

a cube texture7(100)» (bottom of Fig. 28). This proves the
occurance of recrystallization following plastic deformation and
annealing. Details on the effect of rate and degree of deforma-
tion on annealing and the minimum time and temperature required
for recryStailization will be the subject of future work on this
subject. A '

‘Further ahnealiﬁg at 1350°C for 5 hrs did noﬁ change ﬁhe
cubé texture significantly. The only effect was the gfowth of
grains to a size of about 1 mm from an initial size of 20-30u.

i
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4. Conclusions

The resuits to date can be summarized as follows:

(a) The rolling of polysilicon at 1350°C will be a
"cold working" operation rather than -a "hot working"
process, since recrystallization will not occur during
the rolling process ,

(b) The best polylog orientation for rolling seems to

" be the one where compressive loads are along the
polylog axis. '

(c) It can be stated unequivocally that recrystallization
occurs in polysilicon following plastic deformation
and annealing at about 1350°C.

'(d) considerable mechanical softening occurs in % hr.-
rat 1350°C (for sheet thickness ~%") after compressive

strains of the order of 20%
C. GROWTH OF SILICON FROM BINARY ALLOY SOLUTIONS

An extensive study of the known characteristics of the
alloys of silicon with the various elements was conducted. Table
.24 lists elements whose alloys with silicon have been studied
along with variohs‘characteristics pertinent to their use in the
solution growth process. The tenmperature and solubility data
appearing in this table is taken from Hanson and other binary
alloy catalogues (74). The impurity level ‘data is taken from
various silicon properties sources (75). Table 25 lists elements
whose binary alloys with silicon are not well characterizedAin
the literature. Alstudy of‘properties such as those listed in
Table 24 has led to their classification as shown in Table 26.
Solution whose compatibility with the high speed growth and

high purity requirements of the overall process is guestionable
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generally fall into one of three catagories. In the first

catagory (I in Table 26) are alloys which exhibit very low
melting points (highly desireable), but also have very low
silicon content at the low temperatures. These solutions will
probably yield very slow growth rates; even with'special techni-
ques such as melt circulation. 1In the second catagory (II) the
solutions are characterized by high silicon content, but their
melting points are relatively high. Many of the alloy co-
constituents in this catagory also have high solid solubilities
in silicon at or near the alloy melting point. In the third
catagory are solutions with moderate melting points and high
silicon content but whose constituents are known to be electrically
active or lifetime killers in silicon. The majority of the po-
tential candidates fall.into one of these catagories. A large
number of the remaining candidate alloy solutions have not been
chéracterized (lower right portion of Table 26). Binary solu-
tions of silicon with the two materials shown in the lower left
portion of the Table would appear, on the basis of the published
data, tb hold some potential for the production of solar grade
silicon at reasonable rates. Sulfur should actually be placed

in the uncharacterized catagory, however, a highly speculative
phase diagram for the S-Si system was found. (Ref. 76, Vol. X).
The diagram was based on extremely limited data, but, if it is born
out, sulfur would have to be considered a possibie candidate.

The palladium alloy melts at 879°C and has a silicon liquid solu-
bility of >50% at temperatures slightly above this. 1Its solid
solubility is reported to be less than 3 x 1016 cm-3 in this
temperature range. These properties certainly make it of in-
terest. Unfortunately, little useful information on its behavior

as an impurity in silicon has been found to-date.
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Concurrently with the materials survey, a brief experimental
study of binary solution growth was conducted using the tin-
cilicon system. The experiments were conducted with a two zone
rocking furnace using a 960°C dissolution temperature and
deposition temperatures ranging from 300°C to.870°C. Evidence
of epitaxiél growth was obtained, however, as the results of
the study of tabulated materials propé}ties indicated that this
process was not as attractive as some other candidates, this work
was terminated. Further experimental work on the binary solution
growth of silicon is probably not warranted until such time as
significant new information is acquired which indicates a reason-
able prospect of successful process'development for one or more

of the elements.
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TABLE 20: SOLID STATE SHEET FORMATION PROCESSES

ASSESMENT FACTORS

| rate.

hble.

Temperature | Probable Anticipated
[PROCESS . Speed Range Resultant Problem Comments
Morphology Areas
Hot mph for metals, ' o fine grain . roller and bearing jexperiments demonstrate
Rolling unkown for Si »1300°C to materials. deformability.
: large grain
rate parameters under
polyxtal Istudy.

ram speed o fine grain die erosion. tgt as attractive as
Extrusion || of 6 in/sec >1000°C polyxtal Silicon Contamina- 1ling.

reported. tion.

Probably limited | Probably ribbons are | 1. control of alloyingbasic feasibility should}
Alloy . X .
i bbons by ribbon growth '<IOOO°C singlextal over large areas. Jpe easily demonstrate-

e
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TABLE 21: LIQUID TO SOLID SHEET FORMATION PROCESSES
ASSESLVENT FACTORS
Temperature | Probable Anticipated
FROCESS Speed Range Resultant Problem Comments
Morphology Areas
Growth from . ‘ o 1. die materials for | several techniques being
Flemental cms/min. 1420°C single EFG. evaluated by contemporary
llelt : ' crystal 2. temp. control for | investigators.
, dendritic. EFG most advanced.
Growth from | solvent de- o potential 1. growth rate. evaluation of potential
pinary Melt Pendex}t, <£1420°C for single 2. solv contamina- alloys indicates otloxex:
. diffusion : crystal. tio , processes more promising.
limited. n.
ICasting cms/min.-g/min. 1420°C fine grain 1. control of thick- | early experimental studies
to ness. not encouraging.
lgiizrgziiﬁ 2. contamination from | newer concepts could alter
p_ y substrate. this. ‘
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large area deposi-

tion

TABLE -22: VAPOR TO SOLID SHEET FORMATION PROCESSES
ASSESMENT FACTORS

' Temperature | Probable Anticipated

PROCESS Speed Range Resultant Problem Comments
" Morphology Areas

Chemical 10 m/min, o o fine grain 1. growth rate. SiF4 transport process
Vapor but large areas. {300 °-1200°C | polyxtal to . . :
Deposition singlextal 2. suitable substrate | studied experimentally.

' 3. silicon purity.
Vapor - Species . dependent, <1420°C large-grain 1. growth rate. rates and temperatures
qu?ld - diffusion 1imited : or 2. Solvent contami- vary with alloy glements.
Solid . singlextal nation :
Process *
Vacuum net rate of .| amorphous 1. substrate con- ‘ experimentally evaluated
[Evaporatiori| cms/min 1420°C or tamination. by several investigators.

conceiveable for fine grain £11m electrical character—

istics generally poor.
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TABLE 23

Sp. No. Orientation - Strain Temperature Yield Strength Plastic
(angle between Rate Oc 0.02% offset Strain
compression axis Sec” Kpsi AL ()
and polylog axis) (upper yield point L

for 7 and 10)
1. 0 6-6 x 10°7 | 1350:20 4.30 47
2. 0 6.6 x 103 | 1350220 4.80 45
3. 0 66 x 107> | 1350220 4.75 41.6
4. 0 6.6 x 107> | 1350:20 4.82 50%
5. 0 6.6 x 107> | 1350220 4.70 55+
6. 0 6.6 x 10”7 | 1285:20 21.20 17
7. 90 6.6 x 1074 | 1285:20 32.50 8
8. 0 6.6 x 1077 1300420 12.40 8
10. .. 90 6:6 x 101 1300420 27.00 9

*Samples developed large cracks on the cylindrical surface,
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TABE: 24 Attributes of Elements Relevant to Their Use #a the
Maximum : Solution Growth Process
Co-Constituent| Minimum Feasible| %Si in Melt at |Solid Solubility | Impurity Levels | Capture Radius |Comments
of Binary Melt| Deposition Prospective in Silicon at in Silicon for Thermal
Temperatures Dissolution and |[Temperature (eV relative to Carriers in
Deposition (cm-3) Conduction or ‘Silicon
Temperatures Valence band) (Angtroms)

Silver (Ag) 841°C 13007C - 58% DO-31eV (+V) 21 8- Deep level
lZOOoC - 33% AO-2lev(-C) Recombination
1100°C - 24% Centers
1000°C - 18% -

’ 850°C - 12%

Aluminum_ (A1) | 578°C 1soogc - 76% 19 A0.057 (+V) 7 R
1200o - 65% ~10
1100°C - 54%
1000°C - 45%

600°C - 13%
Arsenic (As) [1074°C 1soogc - 80% 2 DO-049eV (~C) 8 R
. 1200°C - 70% 1 x10
1100°C - 60%
Gold (Au) 371% 13000C - 82% 1 x 10!’ DO-33eV (+V) 21 R Deep level
- 1200 C - 70% 8 x 1016 AO-54eV (-C) 26 R Recombination
1100 C - 60% 3x o%g : Centers
1000°C - 53% 1 x10
400 C - 32%
Barium (Ba) 1021°¢ 13002c - 96%
1200 C - 92%
1100 C - 86%
1050°C - 78%
Beryllium (Be) {1090°C 1soogc - 80%
e - 50
(o]
1090°C - 35%
Bismuth (Bi) | 264°C 1300°C - 12% 1 x 1018 DO. 06 ‘
o 3 X - 069eV (-c¢)
1200 C - 11% 4 x 1017
»1100°C - 11%
1000°C - 10%
3¢0°C - 5%
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TABLE 24

( continued )

. Maximun N
Co-Constituent} Minimum Feasible %Si‘'in Melt- at : Solid Solubility] Inpurity Levels Capture Radius |Comments
of Binary Melt| Deposition Prospective in Silicon at in Silicon for Thermal
Temperatures Dissolution and Temperggure (eV relative to Carriers in
: {Deposition {cm ) - Conduction or Silicon
Temperaturgs Valence band) {Angtroms)
Cal:ium (Ca) | 981°¢C 1300°C - 88%
1200°C - 80%
llOOdC - 74%
1000°C - 62%
Copper (Cu) 558°C 1soogc - 79% 1 x 1012 AO-49eV (+V) 14 {
‘ 12000C - 65% 1 x 10, "1 DO-24eV (+V) 9 R
11000C - 53% 8 x 1017
IOOOOC -.42% 4 x 1016 o
600°C - 25% 4 x 10 e 800 C
I o o . 16 i _ R
ron (Fe) 1200°C 1300°C - 84% 3 x 1016 DO-55eV (-C) 7 Deep level
1200°C - 73% 1 x 10 DO-40eV (+V) Recombination’
i Centers
Gallium (Ga) | 30°C 13000C - 67% 3 x 10,
: 12000C - 50% 3x 10,4 AO.065eV (+V) 7 %
1100°C - 30% 2.x 1019
1000°C - 20% 2x 10
200°C - 0%
- o )
Indium (In) 156 C 1300°C - 36%
12000C - 13% AO-16eV (+V) 21 R
11000C - 9%
lOOOOC - 5%
600°C - 0%
Lithi . o o 19 _
ithium (Li) 650°C 1300°C - 74% 4 x 1019 Deep level
~ 1200 C - 63% 5 x 10,5 - D0-033eV (-C) Recombination
1100°C-- 57% 4 x 1019 . Centers
10000_ - 52% 4 x 1019
700°C - 46% 2 x 10
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T*BLE 24 (continued)
Maximum
Co-Constituent] Minimum Feasible | %Si in Melt at |Solid Solubility |Impurity Levels [Capture Radius [Comments
cf Binary Melt] Deposition: Prospective in Silicon at in Silicon for Thermal
Temperatures Dissolution and Temperagure (eV relative to |Carriers in
- Deposition (em ™) Conduction or Silicon
. Temperatures ) Valence band) (Angtroms)
Magnesium (Mg)|] 950°C 1300°C - 83% DO-11eV (-C)
IZOOOC - 72% DO-25eV (-C)
1100 C - 63%
1000°C - 56% ,

Manganese (Mn)|1142°C 13002C - 80% Deep level
1200°C - 72% DO-53eV (-C) Recombination
1180°C - 70% Centers

Nickel (Ni) 994°C 13002C - 82% 5 x 1021 AQ-21eV (+V) Deep Level
IZOOOC - 74% A0-35eV (-C) s & Recombination
1100°C - 65% Centers
1000°C - 60%

Phosphorus (P) [1131°C 1300%C - 80% |1 x 103]
12002C - 72% 1x 105, DO-045eV (-C) s R
1131°C - '68% 1 x10

Lead (Pb) 327°% 1300C - 2%

1100 - <18
1000%C - <1%
Palladium (Pd) | 870°C 13000C - 88% 16 t
) : IZOOOC - 80% 3 x 10
1100 C - 72%
1ooogc'- 65%
900 C - 58%

Platinum (Pt) |984°C 1300%C - 86% - - Deep level
1200°C-- 78% DO-31eV (+V) Recombination
1100°C - 72% : |Centers
1000°C - 70%
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TABLE 24

- .continued)
Maximum N
Co-Constituent] Minimum Feasible ] %Si in Melt at | Solid Solubility | Impurity Levels | Capture Radius -|Comments
of Binary Melt] Deposition Prospective in Silicon at in Silicon for Thermal
: Temperatures Dissolution and| Temperature (eV relative to | Carriers in
: Deposition (cm-3) Conduction or Silicon
Temperatures Valence band) (Angtroms)
Rhenium (Re) | 1125° 130036 - 95%
- 92%
12000C 92%
. 1125°C - 90%
Antimony (Sb) | 630°C 1soogc - 65% 6 x 1013 _
12002C - 18% 5 x 10, DQ-043eV (-C) 15 &
11000C - 10% 4 x 1019
IOOOOC - 7% 4 x 10
650°C - 0%
Tin (Sn) 232°% 1soogc -3.8% |4x 1013
1200°C - 1.8% 4 x 1019
1100 C - 0.8% 4 x 10,4
1000°C - 0.4% 3 x 10
700°C - 0%
Strontium (Sr)|1000°C 13000C - 96%
1200°C - 91%
1100°C - 85%
1000°C - 75%
Zing(Zn) 420°C 1300°C - NA 6 x 10,5
1200°C - NA 3 x 1016 A0.55 (-C)
11000C - 4% 1 x 1015 A0-30 (+V)
IOOOOC - 1% 3 x 10
600°C - 0%
Sulfur (s) 750°C 1250°C - 90% 1 x 108 D018
o - (] X 15 (-C)
IOSOOC - 80% 3x 10
"750°C - 70% '
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" TABLE 24 (continued)

Maximum
Co-Constituent | Minimum Feasible | %Si in Melt at | Solid Solubility | Impurity Levels | Capture Radius | Comments
of Binary Melt | Deposition Prospective in Silicon at in Silicon for Thermal
Temperatures Dissolution and | Temperatyre (eV relative to | Carriers in
Deposition (cm 7) Conduction or Silicon
Temperatures Valence band) (Angtroms)
Boron (B) - - 8x1021 e 1375° | A0.049eV (-C) 24 R Forms stable
=nn0
1x1020 g laOOOC alloys and
6x10"" e 1100°C solid solutions
18 o »

Carbon (C) - - 3x10°" € 1410 °C Forms stable
alloys and
solid solutions

Cerium (Ce) 1240°C 13500C - 90%

1250°C - 82%
Cobolt- (Co) 1260°C 1350 - 81%
1275°C - 66%

Chromium (Cr) | 1335°C 14oogc - 93% A0-37 (+V)

1335°C - 85% A0-53 (-C)

Germanium (Ge) - - Complete solid
miscibility

Hafnium (Hf) | 1325°C 14oogc - 96%

1325°C - 90%

Mercury (Hg) - - A0-36 (-C) Hg vapor above
A0.31 (-C) 3750C
DO-33 (+V)
DO:25 (+V)

Moljbdenum ° °

(Mo) 1410°C 1410°C - 97% D0-33 (-C)

A0-30 (+V)
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TABLE 24 (continued)

Maximum
Co-Constituent; Minimum Feasible .| %Si in Melt at | Solid Solubility |{ Impurity Levels | Capture Radius | Comments
of Binary Melt:i Deposition Prospective in Silicon at in Silicon for Thermal
Temperatures Dissolution and Temperggure {eV relative to | Carriers in
: Deposition (cm °) Conduction or Silicon
Temperatures Valence band) (Angtroms)
Niobium (Nb) | 1300°C 1aoogc - 99%
1300°C - 95%
Oxygen (0) 1350°C 14oogc - 99% 1.5x10'8 e 1410°% | D0-16 (-C) 17 %
} 1350°C - 78% A0-35 (+V)
A0-38 (-C)
b f
" Plutonium (Pu)| 1232°C 14oogc - 99%
13000C - 90%
1232°C - 84%
Tantalum (Ta) | 1385°C 1385°C - 99% reported
very low
Thorium (Th) | 1400°C 1400°C - 97%
Titanium.(Ti) | 1330°C - i4oogc - 98%
1330°C - 86%
Uranium (U) 1315°%C 14007C - 97% Solid solutions
1315°C - 36% formed
Vanadiun 1400°C 1400°C - 97%
Tungsten (W) | 1400°C 1400°C - 99% A0.37 (-C)
DO-34 (+V)
Yttrium 1215°¢ 1400%C - 985 less than 107
13000C - 87%
1215°%C - 82%
Zirconium (Zr)] 1300°C 14oogc - 97% reported less
1300 C - 91% than 5%
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Cadmium
Cesium
Iridium
Potassium
Lanthanum
Nitrogen
Sodium

Neodymium

Neptunium

Osmium

Materials Whose Silicon Alloy Systems are

not Well Characterized

(ca)
(Cs)
(Ir)
(K)

(La)
(N)

(Na)
(Nd)
(Np)
(O0s)

131

Praseodymiom (Pr)

Rubidium
Rhodium
Ruthenium
Scandium
Selenium
Samarium
Tellurium
Thallium
Ytterbium

(Rb)
(Rh)
(Ru)
(Sc)
(Se)
(Sm)
(Te)
(T1)
(Yb)




Table 26

CA'IDATE MATERJALS EOR SILICON SOUUTION GRO:

I i1 11
M.P. < 600°C. M.p, 29500C | m.p. < 950°C;
LIQ. soL'y, £ 5% AT M.P, LIQ SOL’Y. HIGH Lia. soL'Y. HIGH

ELECTR. ACTIVE OR
LIFETIME KILLER
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for Cold-Drawn 1045 Steel. Intercept is 0.28
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AXIAL STRAIN €,=In(h/h,)
HOOP STRAIN €g = In (w/w,) or In(D/D,)

Figure 20. Schematic Illustration of the Upset Test
on Cylindrical Specimens. Surface Principal
Strains are Calculated from Grid Displacement.
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Figure 21.

|

Schematic of Compression R
(sce ¥Fey overleaf)
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KEY TO FIGURE 21.

(1)
(2)
(3)
(4)
(5)
. (6)
(7)
(8)
(9)
(10)
(11)

Top push rod to crossheéd
Pyrolytic graphite button

Top platen made of Ta-10%W
Silicon sample ‘
Bottom platen made of Ta-iOiW
Pyrolytic graphite disc
Bottom push ;od to load cell
Quartz tube

Graphite suscepter

R. F. Heater coil

Thermocouple
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Figure 22. Schematic Of Polylog From Which Samples Of
Two Different Orientations Are Core Drilled
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Figure 26. Sample 'A' Cut From The Polylog For
Texture Determination
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Fra. 27, Reflection method for pole-figure determination.
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(1) | 4(450)

Figure 28. (111), {220), and (400) Reflections (see Key overleaf)




KEY TO FIGURE 28.

A. Fiber texture; <110> along the long axis of
the grains in CVD material

B. Cube texture; (110) {001} showing evidence

of recrystallization in a plastically deformed
and annealed sample (B'7)
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IV. MORPHOLOGY ENHANCEMENT IN POLYCRYSTALLINE SILICON SHEET

A. General

Many of the processes for forming silicon sheet have a high
probability for resulting in either amorphous or fine grain poly-.
crystalline material. 1In the event that such a process is
selected as the most acceptable technique for use in the overall
array fabrication process, it will be necessary to enhance
the morphology of the sheet by recrystallization in order that
reasonable solar cell efficiencies and yields can be. obtained.
Recrystallization techniques fall into two general categories,
those which involve the melting or dissolution of the silicon
and those involving the motion of grain boundaries without any
apparent melting. Recrystallization techniques evaluated during
the course of this program are shown in Table 27.

Processes falling into the category of grain boundary prop-
agatioh without phase change are generally called annealing and
consist of supplying sufficient energy, by heating and/or other
means, to the crystal to enable the propogation of the grain
boundarics with a resultant coalescence of individual grains and
a subsequent increase in the average grain size. .

A review of the literature indicates that the
probability of achieving significant grain growth by a simple
isothermal annealing process is extremely low due to. the extreme
stability of the fine grained polycrystalline structure in silicon
and the conseqﬁent difficulty in propagating grain growth. Any
anneéling technique-will probably be relatively slow, necessitating
stacking of sheet sections in ovens for extended'pe:ibds. It
is also likely that a successful annealing technique will probably
yield a large grained polycrystalline structure rather than single
crystdl.

Little or no published information on the application of
the other two annealing techniques listed in Table 27 (thermal-cycle

and strain annealing) to silicon recrystallization was found. This
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lack of knowledge led to the conclusioh that some experimental
evaluation would be required in these areas before a sound judge-
ment as to their feasibility and applicability to the array
fabrication process could be reached. As a result, research
efforts were planned and implemented in these areas. The results
of these efforts are reported in detail in section IV-C below.

Table 27 also shows two recrystallization techniques which
involve a liquid to solid phase transition - the zone melting
technique and the traveling solvent technique. These two are
closely related, both consisting of moving a narrow molten zone
through the polycrystalline sheet to achieve recrystallization.
Both also have the potential for producing single crystal sheet.

In the traveling solvent technique a thin layer of an element
which forms a binary alloy with silicon having a melting point
lower than elemental silicon is used to achieve a low temperéture
‘molten zone (77). This technique offers some potential for lower-
ing contamination from surrounding materials due to the lowered
temperature. In -addition, the height of the molten zone is de-
termined by the amount of the solvent element present. Hence it
should be possible to maintain relatively narrow zones; an impor-
tant factor. in controlling sheet geometry. The major difficulties
of this process are the probable contamination of the recrystal-
lized sheet by the solvent and growth rates limited by the diffusion
of the silicon atoms through the molten alloy. No experimental
investigation of sheet recrystallization by this technique was made
during this phase of the program, however, studies of silicon shect
growth from binary solutions, the results of which are also relcvant
© to this process, were performed. A discussion of the results of
these studies appears in section III-C above.

The traveling molten zone (without solvent) technique was
felt to be the most attractive recrystallizationVprocess because
the basic technique is well established and has'been'used commercially
in zone refining. 1It's speed potential is adequate and contamina-

ion problems should be minimal. The major unknown is the ability
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to achieve a sufficiently narrow zone to ensure the maintenance
of sheet geometry. An experimental program was initiated to es-
tablish feasibility in this area. This work is discussed in the

following section.

B. Traveling Molten Zone Recrystallization
1. Theoretical Analysis ‘

One of the important tasks in the investigation of molten
zone recrystallization has been to analytically characterize the
maximum zone travel speed and the required energy input. During
the course of this program, an attempt has been made ﬁo compute
the temperature distribution of a silicon sheet containing a
molten zone to a more accurate degree than achieved in previous
computations (78, 79) which made use of some relatively coarse
approximations. The determination of this distribution leads
to the maximum velocity. '

All analyses of crystal growth from the melt, including
Czochralski crystal pulling, start with the heat transport consi-
derations:

a.) the heat transport in unit time é, away from the liquid-
solid interface occurs by conduction through the solid:

Q= Ak, I (1)
where
A =. cross sectional area of crystal at location x

= nrz for circular ingots (r=radius)

= ab for rectangular ingot
(ribbons, sheets)

width of sheet

thickness of sheet)

(a
b
ks, = thermal conductivity of solid crystal

X = coordinate parallel to longitudinal crystal axis
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T = absolute temperature here referring to crystal

Note: Equ. 1 is strictly correct only for the case of a
planar liquid-solid interface oriented normal to the x-direction,
but will, for most practical cases, be a good approximation. For
the general case, the area of an isotherm would have to be taken
with the temperature gradient normal to it rather than to the
crystal cross section.

e

b.) The heat dissipated to the environment of the crystal
from a crystal surface element of thickness dx:

o 4 4 .
dg =cd  [o(eT aT ') + U(T - T)] ; (2)
where
Cs = circumferential dimension of crystal
= 2nr for circular ingots
= 2 (a+b) for rectangular ingots
o = Stefan-Boltzmann constant
= emittance of crystal at temperature T
‘e = effective absorptance of crystal at temperature T
- for radiation of black body at temperature 'I‘ar
Tar = equivalent black body radiation temperature of
environment at temperature Ta
U = heat transfer coefficient for conduction and convection
through the gas envelope of the crystal to the environment
at temperature Ta.
c.) the heat flux contributed by the molten zone per unit
time: :
S dar dm |
@= kA ax, tLae 3)
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k = thermal conductivity of the‘liquid material

1
Al = area of an isotherm on the liquid side near the
liquid-solid interface (see note at equ. 1).
L = latent heat of fusion of material
g% = mass of material solidified per unit time
it is
dm — L] L] ..
de TP ATV “
with

v = travel velocity of liquid-solid interface relative
to solidified crystal ‘

p = density of liquid material
A few observations are in order at this point:

1. A little reflection reveals, that the total heat floﬁ away
from the liquid-solid interface is determined by the total energy
dissipation of the crystal to its environment. As soon as ttere
is a liquid-solid interface, there has to be a Cross section of the
crystal at the melting temperature Tm' Consequently, depending
on the heat transfer parameters of the environment, a certain
temperature distribution alonq the entire crystal will be estab-
lished which in turn, determines the amount of heat dissipated

to the environment. This dissipation is dependent only on the
crystal geometry and the environment, once a steady state with

a melt interface has been established. 1In particular, this
dissipation is independent of any additional melting or freezing

at the interface.
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2. In the extreme case, all the energy flux dissipated to the
environment by the grown crystal originates from the latent heat
of fusion, that is from solidifying material. This means that no
heat is transferred by conduction, from the melt to the liquid-
solid interface. The first term on the right hand side of equ. 3
would, under these conditions be zero, which means that there will
be a zero temperature gradient in the melt adjacent to the liquid-
solid interface. Any temperature gradients in the melt farther
away from the interface have to be maintained through the heat in-
put from an energy source and the dissipation from the melt

surfaces to the environment.

3. The maximum growth velocity is determined by the condition
discussed in the preééding poinf and can be increased only by
improved heat transfer to' the environment.

Earlier attempts at solution of the problem, including our
own, were based on deriving, from equ. 1 and 2 a second order,
nonlinear differential equation for T(x).

dzT dk

dé - S
&—A [k——7+———(

dr, 2
-— (4)
c sdx daT

dx)] H

Introducing this into equation (2) yields:

2. dk c
d'T 1 s ,dT, 2 S 4_ 4 _ —n.
2 X aE (&) -~ xa- [0(eT =aT, ") + U (T-T),)]=0;
- X S s C

(5)
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From the solution T(x), g% could be obtained and with it, from
equ. 3, the maximum growth velocity. .

In all of these computations, the assumption has been made
that the crystal on both sides of the molten zone is long enough
to reach essentially environmental temperature Ta before the
point at which it is clamped in a holder. o

To make the solution tractable, the earlier computations

made a number of simplifying assumptions, (78):

1. €(T) = constant
2. T, =0 (space environment)
3. U = 0 (vacuum environment)
4. k =k zm; an approximation to Si behaviour
s sm T )
5. dks
ar - 0; to permit analytical solution.
where
Vmax maximum possible growth velocity
Tm = melting temperature of material
k = thermal conductivity of solid material just

below melting point.

With assumptions 1 to 3 and 5, equ. 5 reduces to:

.2 Re
da'T s 0e 4 _ 4.
— " i T = 0; (6)
dx c s .
or, including assumption 4:
2 C
d’'T s € 5 _ a.
_Z_X— '}E‘—T—T = 0; (6a)
dx c sm m
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. where.:

C
XE = % for the cylindrical ingot
o]
and:
Cs 1 1
7 = 2(+ + =) for the rectangular ingot
Ac b a
z 2 a
5 for b >> 1.

Equation (6a) can be integrated once by use of the substitution

_dar
Y = ax
to yield:
C
S Oe€ 5
ydy = A kT T 4T;
c sm m
and 5/2
ar _ Y S vVl
&x~ A k- 3T (7)
c sm
) . ar
or, by use of equ. 1, 3, and 3a, with ax - 0:
1
1 ¥ G " N1 5,2
\Y = — k _ce =T H
max pL ‘Ac sm 3 ™m

This is the relationship obtained by Runyan (78)

for the cylindrical(Eg - g), and the rectangular
ingot, ' A T

:x’ln
0]

= 1 1 .
- = 2(5 f 5)] s respectively.

It was felt that the simplifying assumptions made are too
coarse to permit general application of the results. In par-
ticular, the conflict between assumptions 4 and 5 was found ob-
Jectionable but assumptions 2 and 3 are also significant dev.ition:

from mo:t veal situations.
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The first attempts were to solve the more general differential
equation (equ. 5) including the second term, but still with
TaEUEO. Integration could be done only by use of numerical methods,
as described in the 3rd Semi-Annual progress report. The accuracy
of the result was, however, questioned, and a second integration
using a different numerical method was carried out. Its results
were equally unsatisfyihg, and a search for a more accurate
numerical hethod, with reasonable computer usage, has remained
fruitless. The search for a better numerical method~has.1ed,
however, to a new analytiqal solution. The solution method is
based on the recognition that the function T(x) is not really the
function of primary interest; it is in fact O(T) which is required.

This leads to expression of equ. 2 as

and, with substitution from equ. 1l:

ar _ _1_ ..
dx A K g
c's

to seperation of variables in equ. 2;
Q do = C_A Kk [eo (T-T 4) + U(T-T_) ] d'r-" (9)
S C s -Ta a 7

The solution to this equation is:

.2 .2 T . 4 4
Q (T) =Q (TO) f 2 csAc é ks [0(eT -aT ) + U(T-To)] aT; (10)

o

In the general case, the quantities ks’ €, a, and U are
functions of the temperature, T. For certain cases, these
functions %re of simple analytical form, such as ks = const, or

o . :

kg = kg™ , and ¢, o, and U = const, permitting direct integra-
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tion. 1In other cases, these quantities may have more com-
plicated temperature relationships. In this case, integration
by parts, if necessary piecewise for different temperature

ranges, leads to the required answer:

-2 _ -2 : .
Q' (T) = Q (T,) + 2 A, Cg
4 T 3 T
*{oT" k_edT | -40T” 4T k_edT |
S S
T T
o (o]
p T
+120T°/ dT /4T [k edT |
T
o]
T
=240T /4T /AT /AT [k edT |
TO
/ T
+240 [ AT /4T /dT Jd+/k_ 4T |
lO
s T 2 T T
=T, o / k_oadT + T/ k_ UdT | =~ raT sk_ udT | -
a S S S
T T T
(o] (o] o]
T . ~
T, 4 kg udr}; (10a)
(o}

For the case ks = const and € = const, with Ta = T° = 0 and
U = 0, the answers from the older approximation method and from

equ. 10 are identical, since

.
s A NS V2 an
pL AC S 5

= - - ’
daT 0: vmax Tm

It is seen, that this answer, as will other following ones using
different approximations differs from that of equ. 8 only by the
magnitude of a constant factor, which here is % as compared to

1 .
3 ir equ. 8.

For the case corresponding to that treated by ‘the previous

authors, that is, using aésumptions
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l. to 4., including

’

T
ks = ksm T

~

but excluding assumption 5. which means using equ. 10, the

maximum growth velocity becomes-

C .
v = 1'\[ s x eVl p 52, " (13

max  pL Ac sm 2 m

Thus, inclusion of the second term in equ. 5 yields a growth
velocity a factor of % larger than the approximation method,

for this particular case of ks(T).

A more accurate approximation for ks involves expanding
it as a power series in T and fitting the coefficients to the
experimental values {(22) by the least squares method:

4 T (2 T

3 .
———) + C
n . n 4" T, 5 (13)

Using this approximation for ks in equ. l0a, under, other-
wise, the same conditions applied to obtain the solution equ. 12)

above, yields the maximum velocity
. ] ¢ 5/2
e o
Ymax = pL A %sm®° V7220 T (14)

Because of the nature of this new solution it is no longer very

difficult«to take into account a non zero ambient temperature.:

The maximum velocity may now be written as

e Vol
Ymax ~. pL 2 Kgmf9YD Ty
_ 1l
where D = To . To s To
.414 - (T—) (7.09) + (T_) g(f—)
m m m
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T T T
with: 3(52) = 10.784('1‘2)4 - 42.607(59.)3‘

m m m
T 2 T
+67.986 (_9) -56.307(_9%y 4 26.821
T Tn
To compare these values'fOr a silicon sample 3 cm wide and

.05 cm thick and with an emissivity of .7 the values of

\Y are, for
max !

T = OOKymax = 3.96 meters/hour

for

T

300°K,_v = 3.94 meters/hour
o max

It is apparent that very little can be gained by cooling the
environm:nt of the system below 300°K. Both of these values
are about 15% larger than the values obtained from the older
rough approximation (equ. 8).

v = 3.43 m/hr.

max

The temperaturé distribution in the silicon sample can

be determined from a fairly straight forward treatment of the

above equations. Combining equations 1 and 10 yields

dr _ 1 2 4 4
ax = Ax- L Q(Ty) +2c A, [/ k. {o (eT -aT_ ") +
c's T
_ o
_ X
U(T-T,) }]
or, seperating the variables
Acks dT

sa, = f
X .
[QZ(TO) + zcsAc}' ks{c(eTiaTa4) + U(T—To)}]!’

To
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For a sample w1th a width of 3 cm and a thlckness of 0.05 cm and
again assuming a=e=0. 7, TO—T = 300° K, Q(300) = 0, and kS given
by equation 12 we can perform the numerical integration to obtain
X(T). The results of such an integration are shown in Figure 29.
The above calculations assume samples of 1nf1n1te 1ength.» A
During the past quarter, the theoretlcal analy51s of the tempera-
ture dletrlbutlon in a traveling molten zone sample has been
extended to allow consideration of finite samples whose ends are
attached to clamps ae in our present experimental setup.
'Since the clamps have a larger surface area they will cool
faster than thehsample. Let the sample have a length 2 XO and
for the clamps, assume a cross-sectionalarea.ofAbg( a surface“
area of C__, a thermal conductivity of ksg and an emissivity

. sg
of Eg. ror the clamp (i.e. for Xixo)vthen, we have

o%(T) = 2 c__ A ot ? x__ (pi-r 4
77 Tsg e gy g a ) dt

In the sample assuming that all of the heat flowing down the
sample flows to the clamp, the equation becomes
"2 | ' T 4. 4,
(T) - Q (T(X ))= 2C_A _oe [ k_(T -7_") 4T
s'’c s -
T(X ) :

.The equatlon for Q(T) Ain the clamp yields a value for Q(T(x )Y,
the heat that . flows out of the sample into the clamp. Once

agaln solving for Q(T) at T yields an expression for the max-

max .
imum growth velocity. 1In the present experimental set up, the
clamp is made of stainless steel which, in the temperature range of
1nterest, has a nearly linear thermal conductivity glven by

ksg = AT + B .
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It has a rectangular crossection with a width of 7.5 cm and a.
thickness of 1.5 cm. In order to solve the system of equations,
the temperature at the clamp - sample interface is, requlred.
Thls has been used as a variable parameter and the veloc1ty
and temperature distribution for several p0551ble values of
T(X ) have been calculated. Once the temperature distribution
is known the position of the interface 1s found from the value
of T(X ) used. The results are glven in Table 28. It is

seen that the clamp has a 51gn1f1cant effect on the maximum
velocity only when it is relatively close to the molten zone.
The presence of clamps will not significantly increase the
max1mum veloc1ty for clamp to molten ‘zone separatlons larger
than about 10 centimeters.

It is also of interest to consider cooling the clamps.
Consider a clamp being cooled by liquid nitrogen flowing through
coils wrapped around the clamp. In this case, the convection
and conduction term U is no longer zero for the clamp. For
X >x we obtain ’

N W toe(r?-r_ 4y + viT-T )]ar,

sg ‘'cg T, sg. g -a [ A

while the expression for Q(T) is the sample remains the same.
To solve the set of equations a value for U is required. The
cooling coils can be made symmetric and the temperature differences
in the grip will not he.verj large so, for a first appreximation,
U will be assumed to be a constant over the temperature range of
interest. If the clamp is isolated in a vacuuman equilibrium
will be established'at a particular temperature 5uch that the
1nc1dent amblent radiation is exactly balanced by the coollng of
the llquld nltrogen. If we assume thls equlllbrlum temperature to
be 100°K then '

o, 4 o,4._ O, a0
—Acg ego [ (LOOK) =-(3007) ']= AcgU(loo K-78"K)
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For the .existing stainless steel ‘clamps this yields

_ aa.107 3. watt
U = 1.44-10 7 ——7

cm K

Using this value of U and thé'preﬁiously described geometry,
the set of equations can be solved. The ‘resuilts are given -
in Table 29. Just as for the room temperature clamp,” cooling
the clamp has a significant -impact .on the maximum growth
velocity only if the grip is close to the molten zone. This: -
will make'it'extremely‘difficul£ to achieve an appreciable in~
crease in the growth velocity- through the use of clamps. T
"Also of interest is the power required to produce and
maintain a molten zone. The total power input to the system -
that is needed to maintain ‘the cryStal»at'thé‘elevated'tempera-
ture distribution with amolten zone, is equal'to the sum of the
energy dissipated by the material on each side of the molten : '
zone.' This power must be supplied to the molten zone, ‘hence:

P =26|_
.'T_Tmax.

input
For the sheet geometry with width 3 cm and thickness of 0.05 cm
- and '‘assumihg: a room‘temperatufe'ambient, the power input needed
to maintain the distributions is ' )

P = 138 W.

inpdt

Since it is planned to reduce the sample thickness to 0.01 cm

and- assuming a width of one meter, the corresponding values are
Vnax - 8.76 m/hr

P "= 2040 W

input
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These power input rates are well within the capabilities of the
existing electron beam guns and associated equipment.

For a moving molten zone, the power input to maintain
the molten zone is given by the sum of the dissipations of the
feed crystal and the grown crystal plus the generally small
dissipation from the molten zone itself once the latter has been
established. As long as the height of the molten zone is kept
.constant, the power input to the molten zone is independent
of the zone travel velocity, up to the maximum velocity. At
higher velocities, the zone height will increase. The power
input independence arises from the fact that the total dissipa-
tion is constant and that, on the freezing side, more of the
dissipated energy is supplied from latent heat rather than con-
duction, while on the melting side of the zone, an equal amount
of latent heat has to be supplied for melting new material
to keep the zone height constant, in addition to the energy
conducted to the yet unmolten crystal for dissipation to the

environment.

2. Experimental Investigations - The Pierce Gun

Previous experimental studies of zone melting of haterials
in sheet film, .and ribbon form have dealt primarily with materials
other than silicon (81-83), although. brief mention is made of.
some work with silicon (84). Electron beam zone melting in
vacuum is the preferred method for this process. The reactivity
of silicon posed problems in the above cited work because the
films were substrate supported during melting. Self supporting
sheets such as envisioned in this program will not be subject
to this problem. A

TheAihitial experiments of the present program were per-
performed in an existing small .electron beam vacuum melting
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unit in the Laboratory for Research into the Structure of Matter
(LRSM) at the University. The unit was designed for zone
melting small diameter metal rods and required some modification
to accomodate the sheet geometry. The construction of the unit’
is similar to that outlined by Lawley (Ref. 85) and is illustrated
schematically in Fig. 30. The sample is held rigidly while the
electron source is moved along the éample to produce zone travel.
The electron source was a tungsten wire filament shaped to the
geometry of the sample (see inset, Fig. 30). Several filament
shapes and spacings were tested. A 5 kV, 5 kW power supply

was used as a high voltage source and a 10 V, 10 A supply was
used to supply the filament current. The initial experiments
were successful in melting the silicon sheet, however, the
adapted system was found to be inadequate for this application
from several points of view (particularly provision for elec-
éron beanm and molten zone control). It was determined that a
system cusigned specifically for this application is required

for the continuation of this work.

Accordingly, an appropriate system was designed and built
at the University. The apparatus utilizes a "Pierce Gun" type
focusing electrode arrangement (86) to produce a well defined
rectilinear electron beam of the desired dimensions. Figure
31 illustrates the arrangement of the electron source, focusing
electrodes, and the silicon sample. The arrangement is relative-
ly simple and allows adequate spacing between the cathode and
the silicon sample to minimize opportunities for contamination.
A somewhat similér arrangement has been used with considerable
success in the zone refining of high melting point metals (w;
Ta, Mo, etc) by G.P. Koutun et al (87). These investigators
found the gun to be stable, economical, and essentially con-
tamination free despite heavy outgassing by some of the metal

samples. A 10 KeV, 1.5A power supply and other key equipment was
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acquired and the apparatus was installed in an existing high
vacuum system in the new solar energy léboratory which is housed
in the Moore School Building. The system is pictured in.

Figure 32. - _ .

The electron beam unit was made operational, and the in-
itial tests indicated that several modificationé of the system
were necessary. It was found that the tungsten filament ex-
panded so much upon heating, that it could not be mounted rigidly.
The tungsten wire is now attached between’ two molybdenum fingers.
The other end .of the fingers are connected by a spring and one
of the fingers is free to rotate. Upon heating of the filament,
as the tungsten expands the spring tension causes the moveéble
finger to rotate keeping the tungsten wire taunt. This syQtem
successfully keeps the tungsten.wire straight. This is not an
ideal system, however, since when the molybdenum finger rotates
it moves one end of the tungsten wire out of the plane in which
it was originally located. This does not influence the dimen-
sions of the resulting beam, but may have an effect upon the
efficiency of the system. To alleviaté this problem it may be
necessary in the future to build a system in which the tungsten
filament is only free to move in the direction parallel to
its initial alignment. _ '

- During operation of the electron beam guns a considerable
amount of outgassing has been observed. Localized increases
in pressure can lead to intermittent voltage breakdown. Such
drastic variations in beam power can not be tolerated for stable
crystal growth. The outgassed material tends. to collect on
the cooler parts of the system. When a coating of this material

is deposited on the ceramic voltage insulators they can become
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conducting, resulting in a voltage breakdown. The ceramic in-
sulators are being moved farther away from the electron beam
area so that less material will be deposited on them. We also
believe that moving the high voltage away from the areas, ,
where the electron beam strikes the material, will reduce the out~
gassing and arcing problem. Therefore, we plan to alter the
system so that the filaments and cathodes will be at a high
negative potential while the focusing plates and sample will be
at ground. Much less material in the chamber will then have

a large potential differential with respect to ground. This
configuration will also be much  easier ﬁo adapt to a large *
scale production unit: '

For equal power delivered to the sample, lower applied'
voltages lead to more heating of the focusing plates. This
means that for lower voltages fewer electrons are focused
through the exit slit so that the efficiency is lower. It
is therefore advantageous to use the highest voltage possible.
At present we limited by the voltage break-down problem.

The silicon samples that have been melted were rectangular
in cross-section with a width of 1 cm and a thickness of .4 cm.
To eliminate the effect of strain, the‘stafting'sémple con- |
sisted of two identical pieces lined up with a gap of approxi-
mately 1 mm between them. The guns were used to heat the
silicon until it began to glow, then the level of the guns was
varied until the top and bottom pieces of silicon were glowing
evenly. Finally, the power was increased until the bars melted.

The resultant molten zone was elliptical in cross~-section
The liquid-solid interface was not hbri;ontal,‘but'was bowed as -
shown ‘in Figure 33, In the center, the zone was 1 cm high-while
at thé edges it was .5 cm high.  The reduction in length of the
zone at the edges was probably due to cooling from the ends,
since this sample had a large thickness to width ratio. 1In
future experiments with narrower samples the zone should be more

nearly horizontal.

163




C. Anneaiing

l. Thermal Cycle Annealing

Grain boundaries in silicon are highly immobile and do
not readily migrate under the standard isothermal annealing
treatment used for a number of other materials. Similar prob-
lems have been encountered in attempts to remove dislocation
sub-boundaries (e.e. disiocations which have agglomerated into
planar arrays) from metallic single crystals by -annealing. These
sub-boundaries are found to be very stable under isothermal
anncalin;, but migrate rather readily under thermal-cycle anneal-
ing (88-)0). This fact led to speculation concerning the
possible effect of thermal-cycle annealing on fine grain poly-
crystalline silicon and a small scale expefimental investigation
was conducted during the earlier part of the program. The pro-
cess consists of exposing the sample to a continuously varying
temperature, ranging from some peak value, normally in the vicin-
ity of typical isothermal annealing temperatures for the given ma-
terial to a lower (quenching) temperature. The observed annealing
effects are attributed to a modification of the grain growth‘kigetics
associated with the introduction of certain types of lattice de-
fects which are in turn caused by the stresses set up by the ther-
mal cycling. ‘

The equipment used in this investigation is shown schematical-
ly in Fig. 34 and consisted of a furnace with a controlled tempera-
ture gradient and a sample holder contained in a sealed mullite
tube which was moved in and out of the furnace in a cyclical
manner to achieve the thermal-cycling. The cycle rate ranged

from 1 to 2.2 cycles per hour. Most of the experiments were
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carried out with the silicon sample in an inert atmosphere (by
flowing argon through the mullite tube), although a few used
air as the ambient gas. A range of both maximum and minimum
temperatures were explored during the course of these experi-
ments.

Temperatures at the high temperature portion of

the cycle were varied from 1190°C to 1385°C, while those

at the low temperature end were varied from 175% to 630°c.
Annealing times ranged from 4.5 hours to 12.8 days. Control
samples were isothermally annealed in an argon atmosphere at
temperatures of 1085°C, 1100°c, 1150°c, 1270°c, 1350°C, and
1400°C for periods ranging from 2.5 hours to 12.6 days.’ The
test samples used in these experiments were cut from bulk
semiconductor grade silicon blocks grown by CVD. The sémple
size was 10 mm x 10 mm x 1.6 mm. The grain size in these
samplés prior to the annealing treatment was approximately

10 micrometers, with the interiors of the grains showing con-
siderable dendritic structure.

The experiments have not yielded spectacular growth, al-
though definite structural changes have been shown to result
from these annealing treatments. The changes, in general, con-
sist of a disappearence of the dendritic structure within the in-
dividual grains and some localized alterations in the sizes
and shapes of the grains. The localized grain size increases
might either be attributed to grain boundary migration, under
the driving force of the surface tension of the boundary, or to
recrystallization due to highly localized plastic deformation
resulting from treatment prior to the annealing 6peration. Since
these samples were not subjected to elevated temperatures at any
time subsequent to their formation by the CVD process, aplastic
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deformation of this type could only.haVe occured during the
‘deposition process. Some of the test results indicate that
essentiallf all of the observed changes occur during the first

few temperature cycles, with succeeding cycles contributing little
or nothing to the process. Specific attempts were made to slow
the recrystallization process (through adjustment of the cycle
time and temperature extremes) with the intent of limiting the’
number of nucleation sites and consequently increasing the size

of the grains produced. . No significant improvements resulted

from these attempts. _ .

The final grain size resulting from these thermal-cycle
annealing experiments was of the order of 30 micrometers (initial
grain size was 10 micrometers). Typical results are shown in
Fig. 35. The isothermally annealed control samples’exhibited
very much similar chandes in grain size, so that the thermal-
cycling appears to offer no particular advantage in this regard.
The highly localized nature of the observed changes and the
small size of the grains resulting from these annealing treat-
ments 1nd1cate that thls technique, at least in the form
studles in these experlments, is not su1table for the purposes

and goals of this program.

/2. Strain Anneal}hg

Strain annealing combines thermal treatment with the
mechapical'applicatien.of physical stresses to induce grain
boundary propagation. It is also a technique which has been
"used suceessfullyvon.metals and other materials but has not
prev1ously been’ applled to silicon. Strain annealing requires
essentlally the same equipment as is used in hot rolllng, with

the addition of an oven for the thermal treatment. While no
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direct experimental investigafion of strain annealing for re-
crystallization was conducted during this phase of the program,
the hot rolling studies have yielded some results which re-

flect very favérably on this process. Considerable grain

growth (up to about 1 mm in size) has been observed after com-
pression and subsequent annealing of cylindrical silicon samples
at about 1350°C. The'grain sizes produced approach the estimated
minimum required for adequate solar cell performance. It is felt
that these results aré promising enough to warrant devoting

_some attention to this process in the future. A detailed dis-
cussion of the recrystallization observed during compression

testing appears in section III-B-3 above.

167




77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

REFERENCES - SECTION 1V

Pfann, W. G.; Trans. AIME 203, 961 (1955); Also
Carman, J. N. et al.; Jour. Appl. Phys. 25, 543 (1954).

Runyon, W. R.; "Silicon Semiconductor Technology"; Texas
Instruments Electronics Series; McGraw-Hill, New York, 1965.

Ciszek, T. F.; Jour. Appl. Phys. 47, 440 (197s6).

Graham, C. D. et al.; "Research and Development of Low Cost
Processes for Integrated Solar Arrays", Report # NSF/RANN/
SE/GI-29729X/PR/75/2, Third Semi-Annual Report under NSF
Grant GI-29729, July 1975.

Pfann, W. G. et al.; Jour. Appl. Phys. 30, 454 (1959).
Benson, K. K.; "Experimental Results with 'Large-Area Floating

Zones'", Metallurgical Society Conferences, Vol. 5, p. 17;
Edited by H..C. Gates, Intersciences Publishers, New York (1960).

Namba, S.; Jour. Appl. Phys. .37, 1929 (1965).

Maserjian, J;; Solid State Electrbnics, 6, 4?7'(1963).;

.Lawley, A.; Electronics, 32, 39 (1959).

Pierce, J. R.; Appl. Phys. 11, 548 (1940).

Koutnr, G. P. et al.; Tekhnika Eksperimenta 1, 211 (1966).
Bercovici, S. et al.; Scripta Metallurgica, 6, 219 (1972).
Fiset, M. et al.; Scripta Metallurgicé, 5, 325 (1971).

Hasegawa, T. et al.; Jour. Japan Inst. Metals, 33, 1337 (1969).

168




691

TABLE 27

SHEET RECRYSTALLIZATION PROCESSES

ACTORS

ASSESSMENT ; _
Probable Temperature | Anticipated
Resulting
PROCESSES Speed Structure Required Problem Areas Comment s
o Isothermal large grain o 1. long anneal periods Experiment shows little
§ Anneal hrs. to de.?'s polyxtal >1000°C 2. low success probability or no regrowth.
0 :
Thermal-Cycle large grain On_ 0 1. long anneal periods Experiments indicate
Anneal bhrs. to days polyxtal 700°C-1400°C insufficient regrowth
o Strain ) large grain o 1. long anneal periods Significant recrystal-. . -
= Anneal mins.-hrs. polyxtal >1000°C 2. materials for strain lization demonstrated.
3 inducing equipment
Zone ASingle o 1. maintaining sheet Most attractive process.
o | Melting cms/min Crystal 14207°C configuration Experimental studies
Y incomplete.
© + .
R : .
S+ T | Traveling diffusion. Single o 1. growth rate Speed, temperature depend
= | Solvent limited Crystal <1400°C 2. contamination by solvent] on solvent.
0




TABLE 28

T(X)| Vv X
o © max o
K (m/hr ) (cm)
300 3.9 o
320 3.94 13.0
400 4,02 3.6
500 4.38 1.5
700 6.73 .43
TABLE 29
T (X ) X
o o] max [o)
K (m/hr) (em)
300 3.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>