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ABSTRACT

In February, 1976 B.0.E./J.P.L. funding was initiated for Motorola's

low cost poly silicon program. In the process, SiF4, a Tow cost by-product

is reacted with mg silicon to form Sin gas which is polymerized. The
(Sin)x polymer is heated forming volatile SixFy homologues which dis-
proportionate (C.V.D.) on a silicon particle bed forming silicon and SiF4.

Muring the initial phases of the investigation the silicon analysis
procedure relied heavily on S.S.M.S. and E.S. analysis. These analysis
demonstrated that major purification had occurréd and some samples were in-
distinguishable from semiconductor grade silicon (except possibly for
phosphorus). However, more recent electrical analysis via
crystal growth reveal that the product contains compensated phosphorus
and boron. Work on the control or removal of the electrically active
donors and acceptors could yield a product suitable for solar app1ication.

The Tow projected product cost and short energy payback time suggest
that the economics of this process will result in a cost less than the

J.P.L./D.0.E. goal of $10/Kg.

Finally, following a successful demonstration of the pilot facility,
the process appears to be readily scalable to a major silicon purification
as was proposed by Motorola andR. Katzen.

ix
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1.0 INTRODUCTION

1.1 Background ] o

In 1975 E.R.D.A. initiated the Low Cost Solar Silicon Array
Project to demonstrate a technology capable of producing economically
feasible photovoltaic solar energy conversion. The basic goal was develop-
ment of alternate advanced technologies capable of producing electrical
Power at 50¢/peak watt. For this goal to be attained, a research-intensive,
multi-disciplined investigation was required.

The investigation was divided into 5 major tasks, the first of
which was the silicon materials task. The major goals of this task were:

i) Low Cost Silicon Production ($10/Kg, 1975 $}
ii) High Volume Production (>1000 metric ton/yr)
jii) High Purity (at least, "solar grade")
jv) Short energy payback period (<1 year) N

1.2 j§jf2)x Polymer Process

In February 1976, JPL/DOE funding was initiated for Motorola's low
cost silicon purification project. The purpose of this investigation has
been to convert metallurgical grade silicon (mg Si) into éemicondu;tor grade
silicon (sg Si) via a 3 step (S1‘F2)x polymer transport purification process.
The first s‘tep'l involves the reaction of SiF4 with mg Si to yield gaseous
SiF,:
¢ SiF, + Si ~1300°C 25iF, Step 1

This is fo]]owed,py a polymer formation step.2
o -45° to -100°C .
xS1F2 > (S1F2)x Step 2

The polymer is then converted into high purity silicon, SiF4 and higher
ﬂhomologues.3 '

0o

5y
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The various purification steps which are inherent to this process
are:

i) At n1300°C where the mg silicon is converted into Sin very
little fiuorination of the impurities occurs because the Si-F bond energy
of 142 kcal/mole is extremely strong. It would have to be broken to form
another bond, to a different element, which would in most cases be energetical-
1y unfavorable.

ii) Nearly all the known metal fluorides that are stable and volatile
at 1300°C are either unstable or non-volatile at room temperature.

iii) Finally in the condensation/polymerization step at temperatures
lower than -45°C only those impurities which are liquids or solids at that
temperature will be incorporated. For example, Margrave gg;gl,3 found that
possible dopants such as BF3, PF3, PFS’ AsF3, etc. would only incorporate into
the polymeric (SiFZ)x, if the condensation temperature was below the boiling
points of the impurities.

1.3 Silicon Purity

Chemical methods of silicon analysis were used extensively to evaluate
the product of the SjF4 transport process. Emission spectroscopy (ES) and spark
source mass spectroscopy (SSMS) were used for semi-quantitative and quantitative
analyses respectively. The limitations of these methods were established through
a sample exchange with other contractors,

Other potentially sénsitive techniques, such as neutron activation
analysis, were investigated by JPL, but did not offer sufficient reliability
or economy to be used during this project.

<

SSMS analysis of samples produced during this project were comparable
with semiconductor grade (sg) silicon; however, inthe latter stages of this
project in-house crystal growth studies were undertaken'to more clearly define
the electrical character and purity of the project. Samples of these crystals
were supplied to JPL. The resistivities of these samples were near the low
end of the useful solar cell resistivity range and indicated compensation.
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1.4 Cost and Energy Reauirements for Solar Silicon Production

For any process to produce lost cost silicon it must use & low cost

”;starting material. To reduce the cost even further one develops a system
“where the indirect materials are recycled and the form of the indirect

materials at the end of the cycle is directly usable for the next cycle
(i.e., no high cost processing or indirect materials purification steps).
The (Sin)x polymer purification processes meet all three of these criteria.

In this process, the starting material is mg silicon selling presently
at $1.50/Kg, which is well within the cost goals. The indirect material is
SiF4. Every year, the fertilizer companies of America produce millions of
pounds of HZSiF6 by the fluorination of silicate rocks in the production
of fertilizers. HZSiF6 is readily converted into Tow cost high purity S1’F4
as recentJy demonstrated by S.R.I. International.? Consequently, with Tow
cost mg Si and SiF4 as starting material (with SiF4 being recycled, 95-97%),
the projected cost of si]jgon production by the (S1‘F2)x polymer process is
much less than $10/Kg Si. '

In 19785 Solarex Corporation published a report comparing energy
payback periods for a number of current technologies being funded by JPL/DOE.
Figure 1.4.11s areprint from that report. The authors of that report
recognize the fact that it is difficult to assess with high reliability an
absolute energy payback time on processes which are still at the lab scale.
Concerning the (S1'F2)x polymer process they state "The total expenditure of
about 30 kWh per Kg refined silicon may prove to be an understatement in the
future. Yet the indication that this‘refinement process is very energy inex-
pensive must be acknowledged."

1.5 Format of the Final Report

The secion following the Introduction has been titled Technical Pre-
sentations. It is a composite of five sections depicting the research and
development on the (S1’F2)x polymer transport purification process over the last
three years., In the five sections will be found descriptions of experimental
apparatus and procedures or engineéring, followed by results from these
experiments and discussions of,the relevance of these results. Following the
Technical Presentation section are sections on Conclusions and Recommendations
and on New Technology. |

3
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2.0  TECHNICAL PRESENTATIONS

2.1 Mass Spectral Study of . the Reaction of S'iF4 with Silicon

2.1.1 Introduction ” . /

The reaction parameters and stoichiometry affect1ng the format1on
of silicon difluoride in the heterogeneous reaction

Si + SiF, _1300%¢, SiF, - | (1)

have been studied in a flow system. The flow system daia have been analyzed
in terms of quant1tat1ve1y measurable system parameters and via GC/MS for
spec1e identification. The product ratios have been examined to maximize
format?pn of S1F2 from reactions. A thermodynamic analysis of reaction
step 1(has been conducted. The results of this ana}zeis are included in

\ Append1x I.

It was shown by Pease2 that silicon difluoride cas (31.2(9)) can

= be conven1ent1y prepared from silicon and silicon tetrafluoride at Tow pre°?

sures (<50 torr) and at temperatures above 1050 C. In these studies Pease
showed that S1F2 could be formed with a 50% yield from reactants. However,

in sbite of considerable effor% directed toward Sin r‘eact1'on¢1"3 comparatively ‘

11tt1e work has focused on 1n1t1e1 S1F2 formation conditions.

The effects of 51F4 f1ow rate S1F4 purity, Si particle s1ze, impurities

~in the Si charge, reaction temperature and reaction pressure on the silicon

difluoride formation reaction have been examined. Our work has shown that con-
siderable enhancement in the yield of SiF2 can be obtained under optjmized
reaction conditions. ’ o

// ) ,\

i

2.1.2 Experimental

2.1.2.1 Reaction System

Figure 2.1,1 is a schematic diagram. of the reaction system consisting
bas1ca1]y of a furnace, the Si charge tube and two condensation traps. A

hor1zonta11y mounted 24 1nch Marshall high temperature resistance heated furnace

/
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was used to heat the silicon to temperatures up to 1350°C. The reaction

tube consisted of a 1.5 inch quartz Tiner into which silicon chunks were
packed. A Mullite outer-tube was employed as a sleeve around the quartz
reaction tube thereby reducing major deformation of the quartz tube at

“elevated temperatures. Temperature measurements were made with a Pt/Rh
thermocouple located axially within the silicon charge material.

In order to remove possible surface contaminants, the silicon charge
was subjected to a 1 minute etch with a 5:1:1 mixture of 40% HF, conc.

‘HN03 and acetic acid, thoroughly rinsed in deionized water, dried undor

nitroyen and sized. Commercial silicén tetr§f1uoride (nominally 99.6% pure
supplied by Synthatron Co.) was used as obtafned or was purified to eliminate
possible sulphur dioxide and oxygen contamination by passage over an iron

wire at 800°C.3

SiF4 was monitored and introduced into the vacuum system by a Matheson
flow controller at flows between 12.5 sccm and 400 sccm, The gases. emerging
from the quartz reaction tube were sampled by an in-line mass spectrometer
utilizing the solid inlet of the source detector. Al1 mass spectral data were
obtained with a model 3300 Finnigan Quadrupole integrated GC/MS/Data System
mass spectrometer. The mass spectrometer was modified by the addition of a

- digital four p]aceVVO1tmeter for accurate determination of voltages across the

E.I. source.

Rapid quenching of the remainder of the product gases was accomplished
by trapping the gases in two traps arranged in series with trap temperatures
of -78°C and -196°C. The former was obtained with an isopropyl alcohol/carbon
dioxide slush bath and the latter with 1iquid nitrogen. '

A conventional quartz and Pyrex vacuum system employing greaseless
high vacuum Kontes Teflon spopcocks and greaseless o-ring joints was used to
handle the volatile products.

Residual background pressures of <'IQ'2 torr wére'typical.
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2.1.2.2 Silicon Packing ‘

- In order to obtain a high transport eff1c1ency, the packing geometry

Uand part1c1e size of the silicon charge w1th1n the reactor was varied. Particle

sizes ranging from 22 mesh to 5 mesh were found to be suitable under our
reaction conditions.

The packing procedure found tobe most suitable was to place large
diameter chunks (1-2 cm) ,at the ends of the furnace hot zone followed by
intermediate (0.2 - 1 cm) chunks. In the center of the charge were placed
chunks of 0.2 cm or less. It should be noted that several packing geometries

~were found to work satisfactorily, and that the geometry chosen allowed a

high 51?4 flow rate without the evolution of small silicon particles from
the silicon charge. ’ \_

2.1.2.3 Flow Characteristics

Flow characteristics within the silicon charge calculated via a modified
Reynolds number showed that transitional fiow occurs-over the flow ranges of 4
sccm to 400 sccm.

2.1.2.4 Residence Times of Reactants and Products

Residence times were determined by measuring flow rates and pressure

® drops across the reactor tube. Table 2.1-1 lists typ1c?1 data col1ected at

1350 C for the reaction S1F4 + S —> 251F2 &=

Table 2.1-1 vResidence times of reactants and products

-

Residence
SiF4 Flow Rate Pressure- (torr) Time
scem Upstream Downstream . - (sec)
304 18.2 = 0.20 | 0.2.0
591 22.2 - 0.34 0.179

728, 27.1 0.41 0.177

)
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2.1.2.5 SiF, Detection

Analysis of reactants and products emerging from the reaction tube
was accomplished by line of sight mass spectroscopy in the E.l.source mode,
It was observed that when electron voltages were >21.0 the SiF3+ ion
(m/e = 85) is the most intense ion peak in the mass spectra of both S1’F2
and SiF4. Evidently,considerable fragmentation and recombination occurs
resulting in the formation of the SiF3+ ion from SiFZ. One possible route
is

>21 eV

2SiF > SiF

! 2

g * S - (4)

siF, 2188 sipt 4 (5)

It is interesting to note that the magnitude of the SiF4+/S1'F3+ ratio
in the mass spectrum of SiF2 at 70 eV is much less than the corresponding ratio
from the SiF4 spectra also obtained at 70 eV. This suggests tha& the above
reaction sequence is not the only route to the form@tion of S1'F3 from SiFZ.
Varying the E.I. source electron voltage from 70 to 15 eV while recording
spectra of Sin revealed that the maximum SiF2+/S1’F3+ ratio (about 20:1) could
be obtained at E.I. voltages between 18 and 21 eV. The standard voltage for
this investigation was chosen to be 19.5 eV although other electron ionization
voltages in the range are equally suitable.

Margrave3 et.al. state that SiF2 and SiF4 account for at least 99.5%
of the gaseous species present in equation (1). Further, they report no gaseous

polymers formed and that the gas phase reaction

SiF, + SiF, —> Si,F¢ (6)
was not observed. Consequently, it was concluded that at 19.5 eV the peak
observed at m/e = 85 was due to the S1‘F3+ derived from unreacted SiF4 and not
Sin or Si2F6. Thus it is possible to optimize the parameters affecting the
Sin generation by monitoring the ratio of the SiF2+/S~iF3+ jons at 19.5 eV.

Yof
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2.1.2.6 Data Analysis

In order to facilitate data acquisition and interpretation, a data
handling computer program, AVO M/E was developed to use with the Finnigan
GC/MS data system. The program is capable of processing to a user specified
degree of sophistication the numerous data values generated in a typical SiF2
generation experiment.

2.1.2.7 Impurity Effects on Reaction Step 1

To investigate the effect of impurities in the starting materials on
the reaction rate, experiments were conducted in which the rate of SiFZ
production is directly followed using the GC/MS data system. In order to
establish a standard reaction rate in which the effects of impurities are
minimal, semiconductor grade (sg) polysilicon was used as a standard for the
SiF2 transport reaction. The reaction was then repeated under identical con-
ditions of temperature, pressure, and SiF4 flow rate with Fe-doped sg poly-
silicon, Al-doped sg polysilicon and metallurgical grade (mg) silicon. Table
2.1-2 1ists the impurity concentrations for various silicon input materials.
The sg polysilicon had been mechanically cruched and therefore the data listed
in Table 2.1-2 does not reflect the purity of typical sg polysilicon. It can
be seen from Table 2.1-2 that the etched sg polysilicon has impurity concen-
trations considerably lower than unetched sg poly, indicating that the impurities
in unetched sg poly were acquired from the crushing proéé&i‘uSed to obtain
_particle sizes that optimize the gaseous flow rate. N

[2.1.2.8 Mass Balance Experiments

a\\‘
\

ﬁ Mass balance experiments were undertaken directed at correlating SiF2
and S1'F4 counts with measured weights and partial pressures of reactant and
products of reaction 1. The accurate determination of the stoichiometry was
studied in conjunction with the mass balance experiments. The stoichiometry
of reaction step 1 has been found to be 1:1:2 and the mass balance indicates
that substantial losses of material due to unpredicted side reactions does not
occur.

al
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Table 2.1-2 Impurity. concentrations in sg polysilicon
after mechanical crushing compared with mg
silicon as measured by emission spectroscopy.

a

£1 Detection Limit (a) o (b)
Element ‘ ppm/wgt mg Si‘"’ sg Poly Si Etched sg Poly Si
Cu 0.5 20 o 0.5 |
Fe 2 . 1500 >100 n.d.
Al 5 1000 n.d. n.d.
Cr 5 640 n.d. - nad.
Mn 1 ,_ 330 >0.5 n.d.
v 5 230 n.d. | n.d.
Ti 1 110 n.d. n.d.
Ni 5 40 >0.5 n.d.
d

Mg 0.5 2.6 543 n.d.

- (a) Typical values observed for mg Si.

(b) 5:1:1 HF/HN03/CH3C02H, diluted 2:1, etch 1 min; 30 min. D.I. water rinse.

11
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2.1.3 Results and Discussion

2.1.3.1 Effect of Temperature and Impurities on SiF2 Generation

The first stép’of‘the SiF2 transport process involves the reaction
of SiF4(g) with silicon to yield gaseous Sin.

$i + si F4-'-“‘_‘_=3f_9@=—£—x 25iF, (1) .

In order to optimize the rate of production of high purity silicon from
mg silicon via the Sin transport proceaq, itwas desirable to define at
least the basic parameters involved in the rate of this reaction in terms
of the three main variables: temperature, S1F4 flow rate and impurity con-
centrations.

In a preliminary invest’igation6

poSsib1e‘cata1ysis of reaction 1 was
observed arising from impurities found in mg silicon. If these impurities in
mg Sididaffect the rate, then itwas desirable to identify them in order to

optimize the production of silicon via the transport process.

Consequently, a series of experiments was undertaken in order to de-
fine the basic reaction variables. Experiments were conducted at temperatures
of 850, 950, 1050, 1150, 1250 and 1350°C. However, since the Sin counts at
temperatures below 1150°C are insignificant, these lower temperatures will not
be included in the data presented. To establish a standard reaction rate in
which the effect of impurities on reaction step 1wasminimal, SiF2 transport
reactions were performed between semiconductor grade polycrystalline (sg poly)
Si and purified SiF4.

Figure 2.1.2 is a graph of the ratio of S1F (m/e = 66) counts/S1F
(m/e = 85) counts emerging from the reaction chamber versus S1F4 flow into the
reaction chamber for a sg poly Si charge. It can be seen that the ratio at
1350%¢C is greater than 1250°c, indicating that a greater concentration of Sin
is produced at 1350%C than 1250°C for equivalent flows.

Having established a base of correlation using sg poly Si, experiments
were undertaken to establish the cause of possible catalysis. Two samples
of sg po]y Si were doped with the two major impurities in mg Si, name]y Al and
Fe (0.5% and 1% by weight respectively).

12
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Figure 2.1.3 shows results of experiments conducted at IISOOC,

,1250°C and 1350?C for sg poly Si doped to 0.5% Al. Figure 2.1.3(a) shows

that Si'r'4 counts decrease with temperature, 1350°¢ being the lowest for
equivalent flow rates, while Figure 2.1.3(b) shows that S1F2 counts increase
with temperature. Figure 2.1.3(c) shows that again, as with the po]y Si+

SiF reaction, the SiF /S1F ratio is greater at 1350°C than at lower tem-
peratures However, a max1mum ratio was reached at a flow of about 100 sccm
and then a decrease in the SiFZ/SiF4 ratio was noted. This is reminiscent

of some oxidation reactions in which the rate limiting step involves surface <.
diffusion. Cooling of the charge by impinging S1‘F4 and apparent flow char-
acteristics represent other possibilities.

’F1gures 2.1.4(a) and 2.1. 4(b) are graphical presentations of the S1F2
transport reaction involving Fe doped (1%) poly and purified S1F4 Again

; wéfsee an increase of SiF, counts and a decrease of S1F4 counts as the temper-

ature is increased. The ratio of S1F2/S1F at 1350°C is greater than that at
1250°%¢ (Figure 2.1 4(c) and the magnitude is similar to that observed in the
previous two examples, namely a maximum ratio of 3.

To further investigate the shapes of the previously described ratios
versus S1‘F4 flow graphs, an extensive series of experiments was conducted on

the mg Si + SiF4 reaction., These experiments were designed to obtain the maximum - -

amount of data concerning the reaction between mg Si and purified and unpurifiéd
S1F4 fo allow analysis on a statistically significant basis. Here, over 1200
1nd1vadua1 spectra were collected and subjected to an analysis based on a two
sided 90% confidence interval. Flows were increased by a factor of 2 over the

Oprevious]y studied flow range, i.e., flows between 4 sccm and 400 sccm were ob-

fained as opposed to the 4 to 200 sccm flow range studied in the impurity doped

runs,
.y :
Several facts are apparent from the graphs represent1ng “this data which

are presented in Figure 2.1,5:

(1) The SiF /S1F ratio is greater at 1350°¢ m, whereas the ratio at = -
° 4
f‘, 1300°C 11es between the 1250° and 1350°C ratios.

{2) The 51F2/S1F ratio is approximately 3, indicating the rate
of the S1F2 product1on is not s1gn1f1cant1y affected by '
‘1mpur1t1es in mg Si. . »‘"1¥

14




PR 3

5 .i,\\’

(LA comurte’

0 s .
1250%
w} o
A ns%c
t ] o

-

Fiow (scem)
Sifg cmts1o? vs. fise,

Figure 2.1.3 (a)

0O 1asclc
QO 140%

bH ns'

;I', counts/SiFy counts

A—a

—4

wk

,l(“
0 o'

O s

A nse%

/°
/s ,
. L,_Q-_’A*"—’ N

y -
0

100
Flow (scem)
317y counts/10” v, flov.

Figure 2.1.3 (b)

;) “ o
i Flow {acem)

. SIPy countes%IFy caunts vy, flew,

-'Figure 2.1.3 (c)

Figure 2.1.3 Counts and ratios of reactants and
. products versus SifF, flow for Al doped

sg poly Si and purified SiFy.

15

L



23
X,
' 3
o ous%
© s’
A

317,1'%Y covatuste?

R UAL PN

[« JERELT
O 12:50%
A nst%

TRTE SR TR

AL

Y

.
g

e

Figure 2.1.4 (c)

ITiIR
:7 - 'ﬂfv(w) ek Ve i
F'lgufe «2 .‘ 413) ) —i TR '::"Lf‘_i.’.’_.:ﬁlf PR uS ‘
C s BIglnLugzn, o0 -.';55‘.-99!3%1.?3:3 -4 (b)
[LCOLITWTTINETANGE '
B 1350%  re dopes
©  150°c Fe wopri nu:,m;/sw‘ 0 e
O 1s0%  ar eoped soped poly S1
Q ¢ A woee
W /
g——n
: 37/9
& tf .
£ ’/D 0——o0 ’ ‘ V
L.
o // \ ~\\‘
2 @ ' \.
T o
O-— - \
o~ ;\,\
L ) o | 1
o 0 . 100 200
é , Flov {scem)

. F1gure 2.1.4 Counts and ratios of reactants = -

and products versus Sif

ow for

Fe doped sg poly Si andqpurified SiF4.

16



AT

no

“uoLs

]

unts )/ (SiF

~gounts

[P

o

§ib
oy
()
(W21
ot

{SiF, counts)/(Sif, counts) vs. SiF; Flow .
> 25‘”’ B ":t.! [ , i"

for the reaction mg Si + Si Fa

g g e e e i o R

i e ey

- tem

RS IR IR T S-SR SRR

. . . . : .
P} -1 | w1 L { \
. . . . it *
[IES I AR R I Y o
N . . B - i .
P ga) MY .3 . by i
) < ¥ H
-
. s H
Coy LD . . s
RN [ '
ER !
e L2
[ s
[ 1
T [
3

1 - -3 o a L4 -
- . p T ot :
SR SR :
is0°c
) P T .
— : P 4T .
) - [ Iy :
. RO i i
e T [ 2
i y N
1 = A} P
woS
oLy
e
[ |
o
I
B N

; ; L :
T P :
SR R e
) 1. L l L
-4 25 sp 100, 200 : 300 400
S“IF4 ‘f'low..(sccm) |
S TS W 07T fe R L\ o g Ch U PR ;

'Figure 2.1.5 Ratio Sif

N

2/S1*F4 counts versus S1’F4

flow for mg Si and SiF,.

faNEES
.
o
R
P
i
.



1( ‘ ‘. A///
i ! i
Ed

(3) At flows greater than approx1mate]y 100 scem at 1350°C,
the S1F2/S1F4 ratio becomes approx1mate1y constant up to
the highest measured flow, Therefore, the optimum flow rate
with regard to polymer formation s determined by the efficiency
- of the S1'F4 recovery, and economic factors governing reaction run time.

f

D, Ay IO, T L Rt oy Y

(4) No maJor difference in the ratio of S1Fq/ 1F4 was observed
w1t**n the imposed 90% probab111ty conf%ra1nt for reactions
) 1nvo].1ng purified and unpurified S1F4

©2.1.3.2 Mass_Balance Studies

In order to derive information regarding the Sin concentration under
spec1f1ed resction cond1t1ons and to examine the re]zab111ty of the rat1o of
S1F2 to S1F4, a series of mass balance experiments was undertaken. In con-
Junction with these stud1es, data regarding the stoichiometry was collected.

- ‘ A prerequ1<1te to a»curate mass balance determination is precise know-
R ledge of the weight of S*F4 delivered by the mass flow controller with time..
Due to the corrosive nature of S1F4, no previous direct calibration had been
made. Thus, an accurate calibration of the Matheson flow controller was per-
formed for flows between 12.5 and 200 sccm. Matheson reports a gas conversion .
factor for their flow controller of 0.394 for‘SiF4.7 A value of 0.51 + 0.01
was obtained in our calibration experiments using a S1'F4 flow of 100 scem,

-
‘

under our laboratory conditions.

Use 6f this conversion factor allows accurate calculation of the number
of moles S1'F4 delivered. Procedures were developed to recover unreacted S1'F4
which wereacéurate to within *+ 0.01 gms at 25%C. Hence a knowledge of the
weight of polymer recovered coupled with the weight of silicon consumed during
the reaction provided information for (i) accurate mass balance calculations,
(ii) correlation of counts to actual weight of reactants and products, and
(iii) stoichiometric determination of reaction 1.

Experiments conducted at 1350°C showed that ~75% of the ireactant S1'F4
was consumed in the reaction. Furthermore, a stoichiometry for reaction 1,

18
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'x SiFy +y Si —> 2z SiF,, was determined by ,3 R e

7 D e

1SiF, +1.5i — 2 SiF, ~ Step 1

at 1350°C. o

Table 2.1-3. Stoichiometry of reaction Step 1

X = 6.82-10"2 moles SiF4 reacted
y = 6.6-10'2‘moles Si reacted L
72 ) z :'1!35-10'] moles Silf2 produced

These stoichiometric experiments involved weighing the unconverted polymer
produced and. the assumption theﬁj’"r““+1on of the polymer fol]owed reaction
'}

Ty %

2 Sin-Jﬂﬂiil-» (SiF,), Step 2

Mass balance results: for reaction step 1 were such that total we1ght products/
total weight reactants differed by 1ess than 1%.

AN

Z_products 0.99

L reactants i

It is conc]uded from the stoichiometry, percent SiF4 conversion and
mass balance experiments that reaction step 1 is correct as written using
our experimental apparatus and procedure. Further, a 75% conversion of S1‘F4
was obta1ned a considerable increase over prev1ous workers (Table 2.1- 4)
due ma1n1y to our n1gher operating temperature

" Table 2.1-4.

Percent SiF, Conversion Ref.
i Pease - \ | , ” 40% . 1
Margrave o 48%(a) - h 3,7
This work 75%

(a) Calculation based on reference 3 19
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2.1.3.3 Partial Pressures of S1F2 and S1F4 in the Gas Stream

While the rat1o of S1F2/51F4 counts in the gas stream provides in-
sight into the conditions leading to maximum formation of S1F2 from reactants,
the partial pressures of the reactants and products in the gas stream are
also of interest. Consequently effort was focused at correlating the counts
of S1'F2 and S1’F4 under given reaction conditions with the partial pressure of
Sin and S1'F4 in the gas stream. This calculation was based on the following
data: (i) the total downstream pressure measured, (ii) the mole fraction of
Sin and SiF, derived from an accurate mass balance, (iii) the observed

stoichiometry, and (iv) the counts of S1F2 and S1F4 measured by the GC/MS for

the 1200 spectra comprising the mg Si + S1F4 reaction at 1350°C and 1250°C.
Two assumptions were made to allow the conversion from counts to partial pres-
sures: (i) that 99% of the downstream gas mixture was S1'F2 and SiF43, (i1) that

" the polymer formation followed reaction step 2.

Figure 2.1.6 is a graph of the calculated downstream part1a1 pressure
of S1F2 and S1F4 versus S1F4 flow into the reaction chamber for mg Si at 1350°¢C
tor flows up to the maximum measured 1.2 gms S1F4/m1nute. It is of interest
to note that while the partial pressures of Sin and S1'F4 are observed to in-
crease with S'iF4 féfw into the,reaction chamber up to the highest S1'F4 f]fw
measured, Margrave states that polymerization occurs if the pressure o% 3,2
exceeds 1 to 2 torr. The total downstream pressure at the highest flow neasured
is less than 9,50 torr and henc: no polymerization is expected. However, 1 to
2 torr may rebreSent the upper limit of total pressure of products and may have
contributegfto lower S1‘F4 conversions due to less efficient pumping.

20
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2.2 Thermal Disproportionation of (Sin)x Polymer

2.2.1 Introduction

Subsequent to the analysis of stoichiometry, mass balance and
chemical feasibility of reaction step 1, a series of experiments was
undertaken to study the conversion of po]ymer into product via reaction
steps 3a and 3b /

>360°C o :
(Si Fz) = S+ S1F4 + Sﬂ-;,Fz : Stiap 3a

>730°C

Si_F > Si(crystalline) + SiF4 Ster 3b

Xy
The major products of step 3a being Si and SiF4. In our initial

experiments directed at optimization of steps 3a and 3b, conversion of

the polymer appeared to follow a sequence of reactions different from the

previously reported steps 3a and 3b. Specifically, at temperatures of 170°¢C
P to 200°C a phase change occurred and oils appeared at the interface of the
e polymer film and the heated polymer condensation surface. Further heating
of the polymer resulted in a rapid formation of gaseous products.. It was
concluded that conversion of (SiFZ)x polymer into silicon was not'a direct
process as described in steps 3a and 3b but involved the intermediate formation
of Si F2n+2 homologues as the major product .

These conclusions were verified by mass spectrometry which provided
data consistent with the published Titerature on (Sin)x " polymer conversion.
Therefore reaction step 3a required to be rewritten as:

(SiF,), ——> Si,F, b Step 3a

Elucidation of a new reaction sequence required examination of the
feasibility of thermal disproportionatibn of the SixFy homologues into silicon.
The initial effort was directed at definition of the homologue disproportionation
chemistry on heated quartz surfaces. The homologue conversion step was de-
termined to be: '

S1 F,
of tae ﬁore general abbreviation Si F v’ whi

> Si + SiF, | Step 3b

refers to species fol]ow1ng the S1gh S1 ﬁ§ etc. series, a subset
also“includes the S‘NFZN species.

22
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‘ The conversion efficiencies and reaction parameters derived from
these early studies were subsequently tested on a conversion apparatus with

.greater surface area and consequently greater throughput potential; i.e.,

a heated, si]iconwparticle fixed bed.

‘ A kinetic aﬁalysis regarding the homologue conversion on fixed beds
was performed., The desirability of higher homologue throughput and higher
conversion efficiencies led to the development of a low pressure fluidized
bed for thermal! disproportionation. Data regarding homologue conversion ef-
ﬁi;iencies was generated. A final extension of the low pressure fluidized
bed concept for homologue conversion was the development of a low pressure
pneumatic particle 1ifter, the latter being designed for maximum homologue
throughput. Data relating homologue residence time and conversion efficiencies
was generated. |

‘2;2.2 Preliminary Experimedfs Involving Polymer Conversion: The Condensatioﬁ—
Disproportionation Coil '

2.2.2.1 Experimental

In our initial experiments directed at optimization of the reaction
steps involving conversion of (SiFZ)x polymer according to reaction step 3a
an apparatus was designed for low temperature capture of Sin(g) to form (Sin)
polymer and subsequent high temperature conversion of the polymer into silicon.

X

The apparatus used consisted of a small 2 inch coil reactor fitted with

a condensation disproportionation coil (hereafter termed C-D coil) shown in

Figure 2.2.1a.

The C-D coil consisted of a helical spiral of 0.5 inch quartz tubing
with gaseous inlet and outlet facilities fixed inside a 2 inch diameter quartz
column,

A high temperature, high resistance Alumel wirewas fixed inside the
quartz spiral with electrical connections made to two 140 V[]Z A Variac trans-
formers connected in series. Apertures at inlet and outlet ports allow in-
sertion of thermocouples for temperature monitoring.

23
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L* Operation of the coil involved passage of liquid nitrogen through
the inner quartz helix facilitating condensation of gaseous S1'F2 into polymer
(Sin)x. Temperatures on the helix as low as -196°C were achieved by
this technique. Subsequent to condensation of (Sin)x upon the coil, con-
“version of the polymer (reaction step 4) wasbrought about by passing an
electrical current through the wire running down the center of the helix.
. This caused the wire to heat, resulting in conversion of the polymer adhering
to the coil.

The most effective procedure for achieving temperatures between a°c
and -100°C involved heating thewire concurrent with passage of liquid N2
down the spiral. Temperatures constant to i_]oc were obtained with this
method.

2.2.2.2 Results \

7 Three sets of experiments involving po]ymer convers1on were perforwed
o using the C-D coil. The first involved low temperature (-175°C) condensation
:i 5 of (S1F2)x on the C-D coil utilizing reaction conditions found in previous

experiments to optimize Sin production. The second set involved -100°C con-
densation of (S1F ) on the coil, and the third set was run at temperatures
between -70°C and 35 C. The polymer formed in these experiments was converted
under the same conditions at temperatures beiween 0 and 550°C.

Regarding condensation temperature, a temperature of -69°C was found
to effectively condense the polymer on the first three coils of the quartz
helix.

It was concluded that -69°C is sufficient to trap gaseous SiF2 on the
36 inch C-D coil yet allow only a minimum amount of S'iF4 to co-condense with
the polymer.

In our initial experiments, conversion of the polymer via reaction step
3 appeared to follow the same sequence of steps for all three sets of experi-
ments described above. Specifically, at temperatures of +170 to 200%¢ oils ép-
- peared at the interface of the po]ymef and the heated quartz spiral. The

e

Py =

\4 ,*,],
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unconverted polymer was thus separated from the coil by these oils and fell
under gravity to the bottom trap. (Figure 2.2.1(a)).

oc The polymer in the trap was heated to between 0 and 510°C at a rate
of m]OOC/minute. It was observed that at 250-300°C the polymer melted liberating
0ils and leaving a residue. Further heating resulted in a rapid formation of
oils at approx1mate1y 390 C followed by formation of silicon from the latter
at 410-510°C.

O

Margrave reported that at 200-350°¢ (SiF ) decomposes to give per-
fluorosilanes, Si F2l+2 and leaves a silicon r1ch po]ymer
[n + 2)/x] (SiF,), “Sq

F + 2(SiF) polymer

Tn'2n+2
Further, he states that at 400°C the decomposition becomes very rapid yielding
mainly 51?4 and Si. These observations are consistent with ours. 1In addition,
we observed that the reaction at 400°C ceincides with the formation of oils

i[”f? from the "silicon rich polymer."

We observed that the polymer conversion appears to invoive initial
formation of oils, followed by thermal disproportionation to Si. Mass spectral
analysis of the SixFy fragments 1iberated upon heating of the polymer are
‘listed in Table 2.2-1 together with the temperature at which they were observed.

Table 2.2-1 Mass spectrum of volatile components of
polymer thermal decomposition.

STaF (2nt1) m/e °c
512F5+ 151 180
S13F7 217 285
S14F9+ 283 Liberated from co&d trap

after passing 500°C quartz coil

Table 2.2-1 is not inc]usive but does indicate that the lower molecular
S weight fragments were liberated in the initial heating stages.

BT \‘
v
AR
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2.2.3 Thermal Disproportionation of Homologues on a Heated Quartz Surface

2.2.3.1 Experimenta]

In these experiments thermal disproportionation of the homologues
liberated from the polymer as discussed in the previous section was demon-
strated on a modified 2 inch quartz reactor at temperatures up to 850%¢C using
the batch method for polymer formation. Quartz was chosen as the preferred
substrate for initial thermal disproportionation studies due to the ease of _
construction, moedification, and cleaning of a quartz reactor as opposed to
more conventional substrates such as silicon, tungsten or molybdenum. A batch
method of polymer formation and conversion was chosen due to the greater cap-
ability of obtaining quantitative results as opposed to a semi-continuous method
of deposition and conversion., It will be noted however, that data obtained
using the batch method of polymer conversion is directly applicable to a semi-
continuous mode of polymer formation and conversion.

A system was designed utilizing the basic concepts of the condensation-
disproportionation coil, while incorporating a high temperature zone for the
disproportionation reaction. 'In this apparatus the volatile products of the
oils generated at low temperatures fﬁOOOC were passed across a high temperature
(750°C - 950°C) quartz hot zone (hot collar) where disproportionation into
silicon occurred. Volatiles, not disproportionated, condensed in a cool zone
(>170°C) above the hot collar, then passed back through the hot zone and dis-
proportionated. They then liberated volatiles and/or condensed into the bottom
trap where they were again heated above their boiling point Tliberating the
more volatile constituents. This reflux-disproportionation technique allowed
separation of volatile homologues as in a more conventional fractional distil-
lation but offered the advantage that collection and subsequent disproportionation
of the individual homologues was not required, because the separation was
affected by their disproportionation into silicon upon exposure to the high
temperature zone.

Further, it was found that with each pass of the hot zone, the number
of components remaining in the homologue mixture was reduced as would occur

" in a conventional fractional distillation. Figures 2.2.2(a) and 2.2.2(b) show
" this reflux- d1sproport1onat1on apparatus after a typical h1gh temperature

polymer conversion.
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Figure 2.2.2(a) - Reflux-disproportionation ,
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Figure 2.2, Z(b‘f~ “Close up view of trap and
hot collar regions of reflux-
disproporticnation apparatus
after a successful conversion
experiment.

(]), Polymer condensation trap - note
absence of oils

(2) Hot collar zone, quantitative conver-
sion to silicon apparent

(3), (4), (5) Regions adjacent to hot zone,
note lack of oils formed in

s ' these areas indicating complete
I L ?o?version in hot collar zone
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| In these experiments SiF, was passed across a 15 inch zone of mg.
silicon heated at.1350°C at a flow of 0.24 gms SiFh per minute (unless
otherwise indicated) for polymer formation reaction times varying from
30 to 90 minutesa

\\\)
Formation of polymer from S1F2 took place in trap 1 (Figure 2.2.2
(a)) at -789C in a isopropyl-dry ice slush bath; unreacted S1F4 was coliected
in trap 4 (Figure 2.2.1(a)). Subsequent to polymer formatxﬁn the slush bath
was replaced with a heating‘mantle,(reg1on (1), Figures 2. 2 '2(a) and 2.2. 2; b))
Then a high resistance furnace heating element was wrapped around the 4" 1ong
constriction adjacent to the polymerization trap (region 2, Figures 2.2.2(a)
and 2.2.2(b)) and connected to a 140 V/10A Variac transformer. This hot
collar was heated to 850°C before power was applied to the heating mantle
surrounding the condenéation trap. The temperature of the condensation trap
was raised to 400°C at a heat1ng rate of 10°C/minute with disproportionation
of the oils into s111con in the hot zone occurring overa temperature range 200°¢C

to 400°C.

y Under. these reaction conditions no evidence was obsgrved of 0il1 for-
mation from condensed volatiles in regions 3, 4, and 5 of Figure 2.2.2(b).
This apparatus and operation technique was used to obtain mass spectral data
correlating species liberated during thermal conversion with pressure and
temperature. Further, data from this apparatus was collected to calculate
the % SiF, conversion for the reaction between SiF, and mg Si, % homologue
conversion, overall silicon to silicon yield, mass balance for the reaction

~ step and stoichiometry for the homologue to silicon conversion.

- 2.2.3.2 Results and Discussion

2.2.3.2.1 Mass Spectral Analysis of Homologues

Analysis of data correlating pressure changes occurring during polymer

“conversion with polymer conversion temperature and homologue composition is
, summar1zed in Figures 2.2.3 and 2.2.4. It will be noted that both figures show

the same trend, a shoulder at approximately 260°C to 280°C a peak max1mum
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at 290°C to 300°C and a second sma11er peak at 400°C. Figures 2.2. 5(a)
to 2 2. 5(e) are mass spertra taken at the temperatures of approximately
250° N 280 295° R 350° » and 400°c. Temperatures 1nd1cated in Figure
2.2.3 are extrapolated from Figure 2. 2 1 as the latter represents a more
accurate temperature measurement 1nv01\1ng the mean of three temperature

measurements made with a thermocouple located adjacent to the reactor vessel

wall. Possible assignments of the mass spectra of volatile components of
“the polymer decomposition shown in Figures 2.2.5(a) to 2.2.5(e) are 1isted
in Table 2.2-2. Comparison of Figures 2.2.5(a) to 2.2.5(e) with Figures
2.2.3 and 2.2.4 show that as temperature is increased from 250°C (Figures
2.2.5(a) to 350°C (Figure 2.2. 5(d) a variation in the concentration of Si

is observed. Further, the F3S1 0 S1F2 peak at. Q{e 167 becomes insignificant
at temperatures above 350°C. Comparison of F134re72 2.4 with Figures 2.2.5(a)

“through 2.2.5(d) shows that this is the region of maximum pressure. Con-

sequently, S1'2F6 may well contribgte significantly to the pressure change
. over this range. It is of interest to note that although not apparent in
Figure 2.2.5(c), an enlarged spectrum of the latter reveals evidence of
Si F7+ at m/e-217, which 1ikely also contributes to the pressure variation
between 250°C and 350°C. Finally, the spectrum at 400°C reveals evidence
of mainly S1F4, which is consistent with the observat1on that the product

.
\1n the reaction vessel converts into silicon at this temperature, the proposed

react1on step be1ng

‘ O
si F I2800°C o o 4 siF

Xy 4 Steg 3b

2.2.3.2.2 Experiments Involving Homologue Conversion

Effort was directed toward obtaining data on polynier conversion
efficiency, mass balance of homologue conversion and stoichiometry for th
reaction step involving conversion of homologues into silicon and SiF4.

order to generate data for calculations of the above quéntities, an accurate
knowledge of the (a) stoichiometry, (b) mass balance and (c) SiF4 conversion
efficiency was determined. Our previous.work had shown that theﬁstoichiometry
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Table 2.2-2  Mass spectrum of volatile components

TABLE 2.2-2

of SiF2 polymer decomposition

mle

167
153
152
151

. 104

87

84

67 -

66

48
47

8"

‘Possible Assignment

es b e
F35i-0°=SiF,

Isotope of m/e 151

n " [1] n
.
S1ZF5
o +
SIF4
Isotope of m/e 85
" L1} [{] "
o+
S1F3
Unassigned

Isotope of m/e 66

R
S1F2
Isotope of m/e 47
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of reaction step 1 is accurately 1:1:2 (Section 2.1.3.2).

Si + SiF4 > ZSiFZ reaction step 1

Further, it had been shown that the mass balance for step 1 is such that

I Products -

I Reactants 2 0.99

Table 2.2-3 lists data for the efficiency for S1'F4 conversion. It will be
noted that the mean SiF4 conversion efficiency derived from a larger data
base is -78% conversion versus the previously reported 75% conversion ef-

ficiency.

Knowledge of a, b, and c described in the previous paragraph allows
calculation of weight of silicon reacted (in these particular experiments
weighing the charge after reaction was impractical), weight of polymer formed,
and leads to the calculation of mass balance and stoichiometry for the
homologue conversion.

Table 2.2-4 presents data comparing weight of silicon consumed during
reaction step 1 and actual weight of silicon produced following homologue conver-
sion. Here it will be noted that homologue conversion efficiency is between
52% and 76%, depending on hot zone residence time which is directly related
in this standard reaction system to weight of polymer formed.

Table 2.2-5 presents the polymer conversion efficiency derived from the
calculated yield of po1ymer‘and the weight of unconverted polymer. Comparison
of the average conversion efficiencies using these two methods of calculation
shows good correlation.

Table 2.2-6 shows data for the mass balance, listing the amounts of
material consumed and material formed. The quotient obtained indicates that
within the experimental limits for obtaining the weiéht'of unconverted polymer
the sum of the reactants consumed equals that of product§ formed.

i
1t
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Table 2.2-3

SiF

I

JABLE 2.2-3

4 CONVERSION EFFICIENCY

37

7 gns. SiF,  gns. SiF, % SiF,
Run Bun Time Flow Belivered Unreacted Conversion
N 90(min)  0.24(g/min) _21.60(g) - 6.07(g) 72%
2 20 0.24 4.8 0.9 81
3 40 0.24 Y 2.3 76
4 60 0.28 16.8 4.6 73
1N 60 0.24 14.4 ~3.10 794
12 60 0.24 14.4 ~ 3.60. 75
. 13 60 0.24 14.4 3.10 79
! 147 45 0.24 10.8 2.5 77
15 45 0.24 0.8 2.4 78
16 45 0.24 10.8 1.7 84
18 60 0.24 1.4 2.95 - 80
. -
Mean SiF4 Conversion 78%
B efficiency
e

,
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TABLE 2,2-4 T
Table 2.2-4 % POLYMER CONVERSION BASED ON SILICON INPUT, OUTPUT
S | FLOW = 0.24 g/min.
gms. SiF  Moles SiF 'gms.' Si gms. Formed % Polymer
Run Run Time Reacted Reacted Reacted After Conversion ____ Conversion
6 30 min. 5.62(g) 0.054 moles 1.51(g) 1.10(g) L T12%
7 30 5.62 0.054 1.51 1.35 89
8 - 30 P 5.62 0.054 1.51 1.0 66
76%
14 45 8.3 0.080 2.24 1.1 49
15 a5 8.4 0.081 2.26 1.2 53
16 45 9.1 0.088 2.45 1.3 53
17 45 8.6 0.083 2.3 1.2 52
52%
1 60 1.3 0.109 3.04 1.2 39
12 60 10.8 0.104 2.90 2.2 _ 76
13 60 1.3 0.109 3.04 1.7 56
18 60 11.45 0.11 3.08 1.6 52
: 56%
10 90 16.85 0.162 4.54 2.4 52%
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i Table 2.2-5 % POLYMER CONVERSION BASED ON POLYMER
FORMED AND POLYMER UNCONVERTED
FLOW = 0.24 g/min. ,\
gms.. S“:4 ‘ gms. Si gms. Polymer gms. Polymer % Polymer
Run v Run Time - Reacted R‘eacted "~ Formed ' Unconverted Conversion
1 60 min. -~ 11.3(g) 3.04(q) 14.34(qg) . 6.05(g) . 58y
12 60 10.8 . 2.90 o 13.7 3.7 | 66
B 60 1.3 3.04 - 14.34 5.5 62
. ' 572
W .
w .
16 45 9.1 2.45  11.55 5.1 ' 56
g , . &
17 45 : 8.6 2.3 - 10.9 4.1 62
| 59%
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Table 2.2-6  MASS BALANCE
FLOW = 0.24 g/min.

gms. Material gms. Material
In I Qut

&
il

gms. Out

gms. In

IR

13

16

.60 min.

60

45

14.34(g) 10.95(g)
14.34 - | 13.3

11.55 _ . 9.1

Mean

0.76

0.93

0.79

0.83
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Table 2.2-7 1ists data for calculation of the stoichiometry of

the homologue conversion to Si and SiF4 based on actual weights of silicon

produced and S1‘F4 liberated. We note that for each mole of silicon formed
one mole of SiF4 is generated.

Thus, the thermal disproportionation of homologues into silicon on
a heated surface was demonstrated. An overall silicon to silicon yield of .
59% for this experimental system was achieved. )

2.2.4 Residual Homologue Conversion

2.2.4.1 Experimental

In the previous section data on homologue conversion efficiency on
a heated quartz surface was presented. It was shown that under non-optimized
reaction conditions, polymer-conversion efficiencies of from 60% to 80% could
be reproducibly achieved. Further, it was observed that following thermal con-

~ version, the unconverted volatile fraction (20% to 40%) reformed a polymer-

like material at liquid N, temperatures.

(siFp), B> SiF, 280 L si 4 siF, + (SiF)),
. A . .
(S1F~2)x > Si + S1F4

While it shou]d be noted that optimization of the thermal d1sproport1onat1on
reaction apparatus would reduce the remaining unconverted fraction, (S1F2)x
to a few percent, a series of experiments was undertaken to study the chemistry
of both the (S1F2) and volatile products ]1berated from these during thermal
conversion and also the polymer formed «S1F ) ) from condensed homologues
11berated during (SiF )x conversion. Mass spectral analysis of the homologues

liberated from the reformed polymer was'also conducted.

A system was designed utilizing the basic concepts of the condensation-
disproportionation coil, while incorporating a high temperature zone for the
residual polymer (SiF )' disproportionation reaction. In this apparatus the
volatile products of the 0ils generated on heating the (SifF )x at low temper-
atures ( 400°C) were passed across a high temperature (750°C - 950°C) quartz
hot zone where disproportionation into silicon occurred. The apparatus
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Table 2.2-7 STOICHIOMETRY -
FLOW = 0.24 g/min.
Moles Si Formed | Moles S1'F4Liberated Moles Si.F4

Run Run Time After Conversion _During Conversion Moles Si
N 60-min. 0.043 moles . 0.036 moles 0.84
12 60 0.079 0.076 0.96
13 60 0.061 0.059 0.97
15 45 0.043 0.044 1.02

Mean = 0.95
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: consisted of 2 identical polymer trapping vessels directly adjacent to a

region capable of being heated to 850°C, Figure 2.2.6(a) and 2.2.6(b).

These two units were connected by a 16 inch quartz homologue transport

tube heated‘to 220°C.z~Polymer formation was allowed to occur in one half

of the unit and subséduent thermal conversion forced volatiles past a quartz

surface heated to 850°C. Thermal disproportionation of SixFy homologues

into silicon occurred in the 850°C zone while the unconverted 20% - 40% was

transported across the 220°C zone into the 2nd co?densation unit. Subsequent
X

converted SixFy homoiogues forced the homologues past a 2nd 850°C quartz sur-

face affecting disproportionation into silicon and SiF4.

thermal conversion of the residue polymer, (Sin)‘, formed from condensed un-

In these experiments SiF4 was passed across a 15 inch zone of mg silicon
heated at 1350°C at a flow of 0.24 ams S1‘F4 per minute, Formation of polymer
from S1‘F2 took place (trap 1,) at -78°C in a isopropyl dry ice slush bath, un-
reacted SiF, was collected. Subsequent to polymer formation, the slush bath
was replaced with a heating mantle, and a high resistance furnace heating element
was wrapped around the 4" long constriction adjacent to the polymerization trap
and connected to a 140 V/10A Variac transformer. This hot collar region was -
heated to 850°C before power was applied to the heating mantle surrounding the
condensation trap. The temperature of the condensation trap was rajsed to 400°C
at a heating rate of ]OOC/minute with disproportionation of the o0ils into silicon
in the hot zone occurring over temperature range 200°C to 400°C. An identical
procedgrfzwas followed to effect thermal disproportionation of the residual po]ym?r
(SiFZ)x formed from unconverted homologues. High efficiencies of residue (Sin)X
disproportjpnation into silicon were realized on this apparatus.

Uﬁder these reaction conditions no evidence was observed of oil formation
from condensed volatiles in the horizontal homologue transport region. This
apparatus and reaction technigue were used to obtain mass spectral data cor-
relating species liberated during thermal conversion with pressure and temper-
ature. Further, data from this apparatus was collected leading to calcutations
of % SiF, conversion (reaction between SiF “and mg Si), % homologue conversion,

4 4
overall silicon to silicon yield, and residue conversion efficiencies.
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residue (SiF

2.2.4.2 Results

]
2.2.4.2.1 Spectral Analysis of SixFy

Table 2.2-8 presents data regarding the gas phase composition of
homologues }iberated during conversion of (Sin)x and (Sin);. Here it
will be noted that both the original polymer and the residue polymer formed
from volatiles liberated during the thermal conversion of (SiFZ) liberated

X
a series of homologues of similar composition. However, the small concen-

tration of oxygen containing species liberated from (S1'F2)x were not observed
during. the thermal conversion of the residue polymer (SiF2 ;. The relative
intensities of the major species liberated during thermal conversion of (S1'F2)x
have been previously reported. However, due to the very low intensity of the
peaks above m/e 200 with respect to m/e 85, integration of homologues pre-
sented in Table 2.2-8 was not undertaken. The mass spectral data clearly in-
dicate that (Sin)x and (Sin); undergo thermal conversion in a similar-manner

and liberate essentially the same series of volatile homo]ogues silicon fluoride

compounds.

2.2.4.2.2 Homologue Conversion Experiments

Data correlating homo]ogue‘efficiency with residence time of SixFy
species in a non-optimized thermal conversion unit has shown that conversion
efficiencies of 60% to 80% can be achieved. A series of experiment? was under-
taken to study the thermal disproportionation of the polymer (S1'F2)x formed

from condensed volatiles libzrated during the conversion of (Sin)x-

Table 2.2-9 presents data leading to an overall polymer conversion
efficiency calculation. Here, from weights of S1’F4 liberated and weights of
pPIymer formed and converted, the efficiencies of the conversion of (Sin)X
and (S1‘F2)x into silicon was obtained. It will be noted that the conversion
efficiency for stage 1 is 77%. This correlates extremely well with the data
presented in S?ction 2.1. Furthermore, a 91% conversion efficiency for the
2)x polymer was achieved. Due to the fact that conversion ef-
ficiency was observed to be inversely proportional to residence time, this
high conversion efficiency is consistent with results showing a direct
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Table 2.2-8 Si F.MASS SPECTRAL GATA COMPARISON
Xy

A%

ASSIGNMENT - ORIGINAL POLYMER

” MASS NUMBER (SiF,),
X y b \:.'f_:s
’ Y 1 1
- 66 1 2
° 85 1 3
, 113 2 3 »
) 132 ¢ 4 2
” 151 ' 2 5
167 $1,0F¢ NO
195 Si30F¢ NO
= 198 36
222 37
236 3 8
264 4 8
283 4 9
‘ 292 "5 8
o 302 4 10
g&,; 311 5 9
330 5 10
349 5 1
377 € 1l
396 6 12
415 6 13
462 7 14
481 ¢ 7 15 -
528 8 16 ©
575 g 17 :
594 .9 18
660 10 20
s 726 11 22
. - Except where stated (No), all ions of
the above mass numbers were observed.
1)
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D | TABLE 2. J | : ™
Res1Due (S1,F, )’ CONVERSION BASED ON INDIVIDUAL STAGE CALCULATION®
No., 1 o | . | |
A + " ' E
(SIFz)x N S1 SIF/_! + (SIXFY) > S+ SIFL‘ t
1 2 :
STAGE 1 - CONVERSION: = 5
GMS POLYMER GMS POLYMER 6MS RESIDUE %comvskixow .
FORMED. _ _ CONVERTED  FORMED STAGE ]
14-13 Gu 10.81 Gl 3-32 G- 77’7:
STAGE 2 - conveRsION ;
GMS RESIDUE FORMZD GMS RESIDUE TCONVERSION :
: ) CONVERTED o - | :
3.32 G- 3.02 v 917 ;
" OVERALL POLYMER o
; CONVERSION ;
OVERALL CONVERSION = 0.77 + (0.91 x 0.23) = 087 f
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relationship between residence time and canversion efficiency oﬁf(Sin)x
polymer into silicon.

ﬁéble 2.2-10 presents data showing conversion efficiencies of po1ymef
into silicon for two experiments using Fhe double condensation-disproportionation
unit to convert both (Sin)x and (Sin)x into silicon. Here it will be noted
that an overall mean polymer conversion efficiency of 95.7% was achieved.

The results from these studies clearly show that conversion of the
SiXFy homologues into silicon was possible and that high conversion efficiencies
were achieved. An increase in throughput, however, was required, and effort
was directed towards disproportionation on substrates with increased surface

area, specifically a silicon packed fixed bed.

2.2.5 Thermal Disproportionatidn on'§i Packed Beds

2.2.5.1 Experimental

After the establishment of homologue conversion efficiency on heated
quartz surfaces, disproportionation on substrates with greater surface area
was studied. jhe increased surface of the substrate gave the potentialﬂfor
greater homologue throughput'for“fixgd conversion efficiency. A fixed bed
packed with chunks of semicanductor grade silicon was chosen.

Preliminary packed bed studies indicated that homologue residence time
within the packed bed was an important parameter affecting conversion efficiency.
The correlation of system pressure variation with temperature of homologue con-
version clearly indicated that, when the entire polymer mass was heated with

a conventional trap héater, the homologues were rapidly forced through the dis-
proportionation zone.

This results in a residence time which depends upon the heating rate
at the homologue Tiberation-temperature. While this'hay be advantageous under
certain conditions, e.g., rapid Tiberation of homoio@ueé leading to reduced
process cycle time, it Timited thevcapabi1ity of studying the disproportionation
bed parameters exclusively. Consequently, a technique involving unidirectional
heating of a uniformly distributed polymer film was developed (Figures 2.2.7(a)
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Table 2.2-10

RESIDUE (Sixfy)' CONVERSION BASED ON POLYMER INPUT / OUTPUT

GMS POLYMER FORMED

14.1 G.

15.4 G,

7

Yy
W
1

GMS POLYMER +
RESIDUE CONVERTED

13.8 G.

14.9

v ¥
o
f,>

OVERALL POLYMER

% CONVERSION
98%
97% °
97.5%

b {/'x.
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and 2.2.7(b). A constant system pressure of 1-3 torr resulting from uniform
homologue volatilization was achieved. This constant homologue pressure cor-
responded to a constant concentration of homologues entering the disproportionation
bed during the course of the conversion nf polymer into silicon. Briefly,

the apparatus consisted of a movable ring heater which traversed the condensation
trap at a uniform rate and allowed a constant concentration of homologues to
reach the bed throughout the course of the experiment,

In order to eliminate reaction step 1 and 2 variations, an arbitrary

set of reaction conditions was chosen. SiF2 generator conditions consisted

of a 1000 gm charge of 1-2 cm particle size mg Si heated to 1350°¢C. S1’F4 at
a rate of 0.25 gm/min was passed through the heated Si charge resulting in an
800 micron downstream pressure. The disproportionation bed work utilized a bed

' consisting of a 1.5 inch column of 1-2 cm Si particles located directly above

the condensation trap and-heated to either 500°C or 850°C. The length of the
Si packed column was 16 inches, 8 inches and 4 inches."

Studies of polymer condensation temperatures aimed at achieving a uni-
form liberation rate indicated that -78°C trapping of S1F2 to form (S1F )

ﬁpolymer led to a uniform and reproducible distribution of polymer w1th1n the

condensat1on trap. Lower temperature cooling, e.g., -196°C 1ed to uneven polymer

distribution and to non-reproducible Si F liberation upon heating.

Xy
For the purposes of bed disproportionation studies, a standard homologue

liberation rate of 0.4 gms homologues per minute was used. This rate of

homolegue liberation is comparable with the rate of SiF4 flow across the Si

bed in reaction step 1.

Hence, with -78°C condensation and a uniform heating rate as obtained
with the unidirectional elevator heater, a constant fraction of SixF homologues
was reproducibly injected into the disproportionation bed. This permited evalu-
ation of bed efficiency in the absence of reaction variations prevxous to therma]
disproportionation. B ’

2.2.5.2 Results and Discussion

The goa]'df this aspect of the S1‘/S1'F4 transport process investigation
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was to study factors affecting the thermal disproportionation of SixF

y
(x >2 to 11) into silicon on silicon packed beds.

Figure 2.2.8 is a histogram of the percent polymer unliberated from
the bulk of polymer formed at the termination of the liberation procedure.
"While this unliberated fraction does not imply any physical or chemical
maximum liberation capacity it does indicate that a known fraction of homo-
logues was being 1iberated within a constant time period. Further, and
equally important, it shows that downstream variations in bed parameters

-~ €.9., bed length and bed temperature did not affect the liberation reactions
(step 3) as expected.

(SiF

> SixF Step 3

Z)n y

Figure 2.2.9 is a graph of % polymer conversion efficiency based on
polymer input to the conversion bed versus conversion bed length for dis-
proportionation at 850°C and 500°C. Table 2.2-11 gives the data in tabular
form. The data obtained was subjected to a kinetic analysis in terms of a

fons
B

steady state integral plug flow reactor.
The expression for the rate of reaction in an integral reactor is
- dXy
Cra) = TwEs )
thus a plot of XA Vs, V/FAo will have a slope at XAi
’ dXy
store Xp3 = (-rai) = |qqwrr (8)
X
Ai
and since Cp = CAo (1—XA) ;
where CA = concentration of A in moles & ', a graph of (-rAi) VS. CAi
can be plotted and the order of reaction with respect to A obtained via
‘ dc
= - A - e
(ra) = ¢ = K 0)
o S

)
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where k 1s the rate constant, CA is the molar concentrat1on of A, and
n is the order. Finally,

el

log (-ry) = Tpg k +n log Cy - (10)

a plot of log (-rA) vs. log C, has a slope equal to n, the order of reaction,
and an intercept equal to log k, the log of the rate constant. "

The following is a kinetic analysis of the data collected on thermal
disproportionation of homologues liberated from the (Sin)x,poTymer.

Table 2.2-11 Data correlating Si bed length and
conversion efficiency.

, - fmestn  Cameston
ed Length (in) coegc ;goegc
0.5 -0.50
2.0 0.70
4.0 P 0.74 0.65
8.0 ‘ 0.85 0.80

16.0 0.95 - 0.87

The mean value of the pressure measured at a point midway between the dis-
proportionation bed and the condensation/liberation trap was

0.87 torr o = Q.]6ytorr
1.14 x 1072 at

vl B ]
"

-

Table 2.2-12 and 2.2-13 present XA and V/FAo for various bed lengths
leading to a graph of XA Vs, V/F as required by equation 11. Figures
2.2.10 and 2.2.11 are graphs of XA VS. V/F for 850 ¢ and 500°C conversions
respect1ve1y The s]opes of the lines at XA1 are equa] to (- rA1) as ex-
pressed 1n equat1on 8. :
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] Tables 2.2-14 and 2.2-15 present values of (- 'A) for various X,
| for 850°C and 500°C conversions, making use of the expression CA = (1- XAi)
we may obtain Cp,. at (- rA1) for Xps-
Table 2.2-12 Data correlating bed length and X/FAo
for conversions conducted at 850 C.
V/FAo_] y
Bed Length v(e) + 2.6% (2 hr mol ) % A
16 _ 0.5676 19203.6 0.95
"8 0.2825 9557 0.85
4 0.1429 4835 0.74
2 0.0693 2345 0.70
n 0.5 0.0173 h 585.3 0.50
Table 2.2-13 Data correlating bed Tength and V/F
conversions conducted at 500°C.
Bed Length (in) V(1) + 2.6% V/Fp, Xy
. -1 '
' (1 hr mol 7)
16 : 0.5676 1.33 x 104 0.87
8 0.2825 6.62 x 103 0.80
4 0.1429 3.34 x 103 0.65
Fodty
ik I
<



y: .4_4,;':31

.7

0.2
0.3
0.4
0.5
0.6
0.7
0.74
0.79
0.8

0.4
0.5
0.6
0.70

Table 2.2-14 Data correlating 1-xA and C

slope = (-rA)
= dXA/d(Y{FAO)
(moles £~ hr

0.124
0.065
0.035
0.0167
0.0097
0.0049
0.0038
0.00172
0.00158

.])

0.8
0.7
0.6
0.5
0.4
0.3
0.26
0.21
0.2

Ao

Cy M hr”]

9.92 x 1078
8.68 x 10°°
7.04 x 1976
6.2 x 1070
9.96 x 10~
3.72 x 10
3.22 x 1078
2.604 x 1075
2.48 x 1076

6
6

Table 2.2-15 Data correlating 1-X, and C, (500°¢)

(mo]é;r?zl hr'l)

0.0204
0.0131
0.0075
0.0043

59

l'xA

0.60
0.50
0.40
0.30

C

-1
A M hr |
7.44 - 1076
6.2 - 106
4.96 - 1076
3.72 - 10°6
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By making use of equations 10 and 11 it can be seen that a plot of
log (- rA) vs. log CA should be a straiqht line of slope n; where n is equal
to the order ot the reaction with respect to CA Figure 2.2.12 is a graph
of log (- rA) vs. log Cp for the 850 c and 500°C conversions. The slope of
the line for the 850°C conversion is:

n = slope = 2.98
loglok = intercept - 13.86
‘ k = 1.67 x 1014 u2 hr‘-1 Correlation coefficient = 0.993

A kinetic analysis of homologue conversion on a silicon packed bed
in terms of an integral plug filow reactor has shown that our data is internally

consistent and elucidates the reiationship between bed 1ength,res1dence time,

conversion efficiency and react1on order.

2.2.6 Therma14Dispronontionation oneLoW Pressure‘Fluinized Beds

2.2.6.1 Expen{menta1

In\order to ach1eve greater throughput, exper1mentat1on wa's d1rected

In our initial f]u1d1zed bed experiments, a small Pyrex model was con-

structed (see Figure 2.2.13) and operated to determine flow rates and pressure

drops associated with lTow pressure silicon bed fluidization. It was found that

“for a 1" diameter bed, flow rates of 400 - 900 sccm were required for f]uidization’
ofjsilicon particles of 0.6 mm. Furthermore, preésure drops of only 3-10 torr

were observed per inch of bed height. Bed heights of 1", 3" and 4" resulted in
minimum pressure drops of 3, 10, and 15 torr respectively for fluidization.

The experimental set up is shown in Figure 2.2.14. Polymeric (S1'F2)x
was condensed at -78°C in trap No. 2 from gaseous SiF2 emerging from the stage

1 reactor (No. 1). S1F2 was generated in the previously described manner.

~Liberation of gaseous homologues from (S1F2) polymer was achieved by pass1ng

the heated elevator (No 3, at a fixed rate across the polymer film deposited
on the inside of trap No. 2. Concurrent with liberation of homo]ogues from the
polymer, he11um was passed through the stage 1 reactor and thereby heated to
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- approximately 500°C. From there it was injected into trap No. 2 ef-

fectively sweeping the homologues into the fluidized bed. The vacuum" ‘
system was backed by an Edwards 23 cfm roughing pump. This pumping 9 |
capacity was found to be nécessary for fluidization of the described

beds at low pressure. 0

The bed itself consisted of a 2 inch ID by 14 inch long quartz
vessel packed with 0.589 mm to 1.40 mm silicon particles. The bed was
heated to 800°C by an external clam shell heater. The function of the
fluidized bed was to affect interaction between the hot silicon particles
and gaseous homologues resulting in thermal disproportionation of the latter
onto the silicon particles. .

2.2.6.2 Results and Discussion

Table 2.2-16 presents the basic parameters affecting the onset of
fluidization for the best observed fluidization for a particular bed length
at room temperature. Silicon bed lengths were varied from 6 x 2 inches to
1.5 x 2 inches. It will be noted that in all cases fluidization occurred at -
upstream pressure equal to or less than 20 torr. | |

Table 2.2-16

Bed length ' Pressure “ He flow

(inches) upstream (torr) downstream (torr) sim
1.5 15 N 5 0.5
2 ; - 18 5 1.25
3 : 16 | 5 0.4
4 . 18 5 0.4
.8 18 2 0.35
6 18 5 0.3
[
i:_ f
iy
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One experimental disproportionation was successfully carried out.
In this experiment 34.7 gms of polymer were condensed from Sin.whi1e
25.5 gms of the polymer (S1'F2)x was converted into homologues during
Tiberation and swept into the fluidized bed. This was a low liberation
efficiency. However, a 74% conversion efficiency was achieved on this
preliminary experiment, the calculation being based on the total weight
of unconverted homologues that did not undergo thermal disproportionation
following injection onto the fluidized bed. "

2.2.7 Pneumatic Lifter as a Silicon Harvester

2.2.7.1 Experimental

4:Experiments were conducted to ascertain the potential of converting
the SixFy homologues into silicon by thermal disproportionation of the homo-
logues on a low pressure pneumatic lifter. The goal in these experiments was
to. demonstrate the capability of pneumatically 1ifting silicon particlies through
a reaction zone containing SixFy'homo1oguesu

Figure 2.2.15 illustrates the experimental appratus used to define
operational parameters for a low pressure pneumatic 1ifting reactor. Silicon
particles (<0.60 mm diameter) were.placed in the hopper and the entire apparatus
pumped down to 1 torr.

Injection of carrier gas at the carrier gas inlet (see Table 2.2-17 for
gas flows and pressures) affects a slight pressure drop across the Si particle
hopper. This results in silicon being fed from the hopper to the lifting tube
through the silicon feed tube. Silicon particle feed rate was controlled by
the pressure drop within the silicon particie hopper. Following injection into
the 1ifting tube, the silicon particles are pneumatically lifted up the tube
and collected in the particle collector.

Column 1, Table 2.2-17 gives the conditions of C_O2 carrier gas flow,

Si feed rate, calculated resultant pressures, and calculated particle velocities
derived from previous experimental testing with helium. Column 2, Table 2.2-17
presents the experimental data obtained from initial low pressure particle
1ifting experiments. Note the good correlation between calculated upstream

pressure and the experimental value.
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Figure 2.2.15 Pneumatic lifter.
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Gas

Temperature o
Pressure Torr
Flow (Szmin'])
Particle Size
Tube dia., inch

Velocity cm/min.

Solids Flow g/min.

Table 2.2-17

67

Calc.

1
co,
21°
97
5.45

0.08-0.25
0.75

14,910

109

Exper.
2
co,
21°
75
5.45
<0.60
~0.75
>14,910
109
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Figure 2.2-16 is a schematic dijagram of a low pressure pneumatic
1ifting reactor which makes use of a recharging silicon hopper. Here heated
silicon particles are transported up through the riser tube (3) where they
react with reactant gases (SixFy homologues). Following reaction within the
riser tube, the silicon particles are dumped onto the top of the silicon
hopper where they are heated to reaction temperature prior to reinjection
into the gas stream. Fines are collected® 'n the particle collector and’ ‘product

collected at an appropriate location within the hopper.

The silicon feed system in the apparatus depicted in Figure 2.2.16
consists of a J valve arrangement. A pressure differential across the bed
caused by helium injection at the J valve forces silicon particles into the
main riser tube where they are mixed with the reactant gases.

Table 2.2-18 presents operational parameter data for tﬁe recharging
pneumatic 1ifting reactor.

< Both reactor setups were backed by a 23 cfm Welch vacuum pump. Low
pressure pneumatic 1ifting of solid chemical reactants through a reaction zone
was satisfactorily demonstrated. '

2.2.8 DiscussiOn and Conc]usion5° From Si Fy HOmdlogue‘Conversion Experiments

Previous sections have discussed the conversion efficiencies of SixFy
homologues on silicon packed beds and on fluidized beds containing silicon
particles. A kinetic analysis of the homologue conversion in. terms of a steady
state integral plug flow reactor was presented. From these data correlations
between homologue residence time within the reaction zone and conversion ef-
ficiency can be derived. These correlations are presented in Table 2.2-19
and Figure 2.2.17. Here it will be noted that for similar residence times
within the reaction zone, comparable conversion efficiencies are obtained for
the various types of disproportionation reactors. The calculated residence
time versus expected conversion efficiency for the projected one kilogram per

hour mini-plant pneumatic riser with gas velocity of 20 ft. sec'] is shown.
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Gas

)
Temperature C
Pressure (torr)

Flow std..z(min'1)
(carrier)

Pagfic]e Size (mm)

s

Tube Diameter

Table 2.2-18

Series A
He
80
0.3

0.60-1.5

0.75

70

Series B

He/si F
550°
80
0.4
0.60-1.5

0.75
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Table 2.2-19

Data for conversion efficiency vs. residence time

Bed Length ‘Conversion Residence Time

—Qn) (%) (sec)

e e e g e o

16 95 0.72
8 85 ’ 0.355
4 74 ’ 0.177

4 - 74 . 0.24

21.4 ft. 1.06
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However, results from experiments conducted since termination of the
Motorola-JPL/DOE contract indicate that the projected residence time versus
conversion efficiency correlation for the pneumatic riser is very conservative

and may give high conversion efficiency at residence times considerably less
than one second.

Thermal disproportionation of SixFy homologues on various types of
conversion apparatus has been conducted. These studies have shown that high
conversion efficiencies and high throughputs of homologues are feasible. It
is concluded based on our work that conversion of the (S1‘F2)x polymer to
silicon is a viable process in terms of bothﬂihroughput and conversion ef-
ficiencies as presented.
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2.3 Chemical Procéss ?easibiTity Via the Near-Continuous Apparatus

2.3.1 Introduction

During the initial year of the contract numerous experiments were
conducted which were directed toward Tong run times (1/4 - 4 hours) at
silicon transport purification rates of 5-20 g/hr. The objectives of
.these preliminary experiments were to: produce silicon for evaluation,
"study and improve the transport rates and to improve the yield. These
studies were termed chemistry feasibitity studies.

Typical silicon yield data from these transport experiments are
tabulated in Table 2.3-1. In Figure 2.3.7 can be found a diagram of
the apparatus used 4n these initial experiments. During these runs the
highest silicon transport rates were obtained when the (Sin)X polymer was

. converted under helium at a pressure slightly greater than one atmosphere

at temperatures from 200 to 400°C. Maximum run times of 4 hours were

~achieved with a maximum silicon transport rate of 22 gm/hr. The silicon

from these preliminary experiments was in the form of flakes and very fine
grain powders.

During the course of these experiments it became apparent that an ap-

- paratus design change would be necessary if higher throughputs were to be

achieved with less downtime between runs. Furthermore, new silicon harvesting
technologies required testing before the process could be scaled to an
engineering demonstration stage.

Thus, an apparatus of the near-continuous (N-C) design was proposed

- and built.

{
n

)
1 2.3.2 Experimintal

Figure 2.3.2 is a schematic diagram of the near-continuous apparatus.
The apparatus is a systeh standing about 8' high and occupying a floor space
of ~2' x 3%, It was designed to approximate a continuously operating pro-
‘ductiohkéyétem. During a typical 1 hour run the system draws a total of
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5 o LeneTHOF CH3/MIN. CONVERSION
IRUN #  DATE  RUN (HRS) e 21°C & 1 ATM ATMOSPHERE

Table 2.3-T. Preliminary silicon preparation experiments

Si

COLLECTED
(6)

Q

YIELD

(%)

fp-15 119/77 0.5 42 ~ Vacuum
(p-17 1/21 0.5 o 2 : He
iP-18 . 1/23 1.0 ) 426 He
p-22 2/11 2.0 . 426 He
P-23  2/15 4.0 : . a6 . He
pe2a 0 2723 4.0 559  He

A1
k b
& #

4.30
9.04

17.95
31.7
54.7

88

29.0
61.0
60.6
53.5
50.4
52.5

0
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Figure 2.3.1. Schematic of the silicon purification apparatus

used in the chemistry studies bafore construction
of the N-C apparatus.
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Depicted above is the near-continuous apparatus as
modified for silicon purification experiments. The
apparatus includes a vertical reaction furnace, re-
chargable C.V.D. Si_F_ disproportionation bed and
unitized SiF, polymérYcondensation/1iberation coil.
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~10 KVA and consumes N30 11ters of liquid N2 The following describes
the individual parts in more detail.

2.3.2.1 §jf4 Inlet System

A solid state torsion balance from Synthatron Corp. (Edgewater, N.J.)
was employed to determine the weight of large S1‘F4 cylinders to within

+ 0.5 gm. The weight of the cylinder is tared to zero at the start of

a run. At the finish, the weight of SiF, delivered is read directly.
During typical 1 hour runs at flows of 300 gm SiF4/hr., the + 0.5 gm pre-
cision represents an accuracy of better than 0.2%. A photograph of the ap-
paratus is shown in Figure 2.3.3.

The SiF4 flows out of the cylinder through.a pressure regulator
(~10 pst), through a Matheson mass flow controller, and into the N.C.
apparatus. The flow controller is used to regulate the rate of flow, and
the scale is used to monitor the flow. The pressure of the SiF4 inlet is
monitored via a combination low presure gauges (Hastings 0-800 torr and
0-10 torr).

2.3.2.2 Step 1 Reactor

In Figure 2.3.4 is i11ustfated the step 1.reactor. In essence the
reactor is a 1" I.D. quartz tube, containing mg Si, enclosed in a Mullite
tube which withstands the pressure differential at 13509C. The vacuum seals
are made with Viton o-rings. The reaction tube is placed in a vertical
mounted Marshall furnace with the temperature monitored by an external Pt/Rh
thermocouple (Type R).

The primary difference between this reactor and earlier models used

in the preliminary studies is that it has a vertical configuration, which

facilitates silicon recharging and minimizes tunneling through the bed.

The mg Si charge consisted of Union Carbide Corp. silicon (5-15 mesh)
which had been mixed with 1% (by weight) of high purity quartz sand (Thermal
American Fused Quartz). The 400 gm charge is supported by 40 gm of silicon
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Figure 2.3.3

In the photo above is shown the
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near-continuous silicon purification apparatus

with modifications incorporated.
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chunks (10 mm) in turn supported on a gquartz grid.

2.3.2.3 Particulate Baffle

The particulate baffle shown in Figure 2.3.2 was 1ncorporated in-
to the system to remove free flowing particulates in tme S1F2 gas stream.
These particles originate as unreacted mg Si or as small flakes of impure
silicon which have deposited downstream from the step 1 reactor in a tem-
perature zone near 600°C. Emission spec. analysis verified that both of
these materials contained high Tevels of metallic impurities. An additional
function of the baffle was to help provide a cooler area for the condensation/
nucleation of non-volatile impuritiq§ distilling from the step 1 reactor. |

2.3.2.4 Low Temperétufé CdndéngétfdnréofT

B In Figure 2.3.5 is shown the Tow temperature condensation coil.
This part of the system is a 3" diameter quartz assembly with 4 internal
quartz coils constructed from 10 mm diameter tubing. The inlets and outlets
on the coils are fabricated with a built-in internal thermocouple well.

During the course of the experiments Tiquid N2 was fed into the ap-
paratus from a 160 Titer tank. The Tiquid N flowing through the bottom
three coils was mixed with room temperature N2 to increase the temperature
to about -100 C. Liquid N2 was fed directly into the top coil. 1In the
series of experiments in which theaA H of polymerization was measured for
(S1F ) , the exhaust N, flow was monitored via a rotameter. The rotameter
was connected to the coils through a 30 foot piece of tubing which allowed
the temperature of the N2 exhaust to equilibrate to near room temperature
(25°C) before entering the rotameter. Consequently no temperature correction
was made in the calculation of the volume of N, exhaust. The calculated
surface areas of the low temperature coils are listed in Figuvre 2.3.5.

After the N2 had been flowing through the coil about 5 minutes and
the temperature had stabilized, S1'F4 flow was begun into the stage 1 reactor
zone, initiating the formation of a S1F2/S1F4 mixture. Th1s was fed to the
Tow temperature coils. The majority of the S1F? po1ymer1zed on contact with
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QEJ* - the first coil. Residual Sin (~2-10%) and unreacted SiF4 (20-40% of
the process stream) condensed on the top (liquid N2) coil.

At the completion of an experiment the SiF4 flow was discontinued,

- followed by termination of the N, flows. The (S1‘F2)x polymer and S1‘F4
condensation zones were allowed to warm to ambient. The process was ac-
companied by volatilization of unreacted SiF4 which distilled into re-
movable weighed condensation traps. The completion of the distillation
processes was signaled by the return of the system to the initial background
‘pressure. A pressure recorder was used to more clearly define the necessary
pressure. The trap containing the unreacted S1‘F4 was removed and weighed
(without warming) on an automatic Mettler open pan balance. The net SiF4
reacted (i.e., S1’F4 delivered minus SﬁF4.recovered), divided by the S1’F4
delivered, yielded step 1 reaction efficiency.

2.3.2.5 Silicon Harvesting

S . Figures 2.3.6 and 2.3.7 are sketches of the silicon harvesting bed

A assembly. The bed is located directly below the low temperature coil.

- During operation it is heated to~ 800°C with accompanying cooling of the
SixFy recycle coil (see Figure 2.3.2). To begin the harvesting operation
the (SiFZ)x polymer on the coils is heated by external unitized heating.

In the unitized heating process small sections are sequentially heated
starting at the bottom, Teaving previously heated section hot. A maximum
temperature of about 350-375°C is reached during this procedure. During the
process the (SiF?_)x polymer is converted into lower molecular weight §ixFy
homoTogues which distill from the hot zone and through the hot harvesting bed.
At SixFy partial pressures above 7 torr the fo1lqwing homogeneous side re-
action appears to occur which yields a fine silicon powder.

A,

s
e

0
si F 2300 C .y i+ X siF

Xy 7 torr 5 5 4 Step 3b

The remaining SixFy homologues break down yielding CVD silicon directly on-
to the silicon in the harvesting bed.
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Figure 2.3.6 In the figure above is sketched the entire quartz flange assembly. The assembly is composed of
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Kimax metal flanges with appropriate bolts, nuts, springs and washers. The flanges are sealed
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Figure 2.3.7
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At the completion of a run the S'iF4 is distilled into a removable
trap and weighed The weight of the S1F4 Tiberated from the (SIFZ) polymer
s used to calculate the mass of silicon transported.

(SiF,), —> Z}Si ¥ é SiF, Coan

SixFy homologues which distilled through the harvester bed without
conversion and are collected on the SixFy recycle coil are recycled as fol-
Tows. The low temperature coil is cooled and the harvester bed is heated
as before, followed by external heating of the SixFy recycle zone to 350°C.
The SixFy homologues distill back through the bed. We have observed that
as much as 98% of the SixFy recycled was converted into Si and S1'F4 on the
second pass. The S1'F4 liberated is trapped and weighed.

Siticon removal fromthe harvester is accomplished by backfilling the

~ system with argon to atmospheric pressure and opening the 4" flange seal above

the harvester (see Figure 2.3.7). The removable quartz harvester bed is then
withdrawn. The havrester bed is inverted and the silicon chunks and powder
are poured into a quartz crucible. The Si chunks are separated from the

powder by screening and are returned to the harvester which is reassembled.

The harvested silicon is stored under argon for subsequent analysis or crystal

- growth,

2.3.2.6 Quartz Flanges and Seals

The 4" conical flanges were purchased from Thermal American Fused
Quartz Co. with o-ring groove ground to a depth of 0.055" (see Figure 2.3.8).

~ The Parker Viton o-rings were size 2-157. The Gore-Tex joint sealant (100%

virgin TFE fluorocarbon) was supplied by Quadna (Tucson, Az.). Each flange
assembly consists of two 4. inch quartz flanges (Thermal-American Fuzed Quartz
Co.) with o-ring grooves. To isolate the Viton o-rings from the Si F homo-
logues, a quartz sleeve was attached to the upstream quartz flange and extends
past the seal. Furthermore, a Teflon seal (Gortex Teflon Joint Sea‘aﬂt
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Figure 2.3.8 1n the figure above is sketched the 4" 1.D. conical quartz flange. The flange assembly
is shown in Figure 2.3.6.
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w1/8 inch) was placed inside the o-ring tc further isolate the o-ring

from SixFy homologues. The Teflon Joint Sealant/Viton o-ring combi-
nation sealsata lower compression than a simple Teflon seal. The com-
pression for the seal is supplied by a Kimax conical pipe flange coupling
assembly equipped with eight bolts tightened to about 30 inch pounds.

2.3.2.7 Temperature and Pressure‘Monitdr{ng

The temperatures in the step 1 reactor furnace and harveste} bed

were monitored by inserting a calibrated Pt/Rh (type "R") thermocouple between

the furnace and the reactor tube. On those occasions when an internal probe
was used, uranium glass graded seals were made to the platinum leads for
sealing. '

Temperature measurements in the (SiF2)x polymer condensation area
were made with Iron/Constantan thermocouples (type J). Special thermocouple
wells were built into the center of the apparatus so that internal temper-
atures could be measured. In addition to monitoring the temperature with
calibrated Doric Trendicator 400A Type J and R digital readouts, the temper-
atures were also recorded on multichannel Rustrak miniature temperature
recorders. It was found that, after calibration, accuracies of i_TOC (1imi-
tation of reading the chart paper) were readily obtained on these low cost
instruments. i

Pressure measurements were made with calibrated Hastings vacuum’
gauges (e.g., DV54D>§nd/pV-896) and were recorded on a Hastings MRV-4 vacuum
recorder. ... fflf” b ‘

1
1

2.3.3  Results and Discussion

-

In the previous section, the N.C. apparatus was described in detail
in additon to a description of the operational procedures of the system. In
the present section results will be presented and their significance dis-
cusséd for the following types of experiments. : ’
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i) cCalibration experiments on s.g. silicon.
ji) Silicon sample production runs from mg silicon.
recycle experiments.

y
iv) AM of polymerization and heat transfer calculations

iii) S1xF

2.3.3.1 Calibration Experiments on Semiconductor Grade Silicon

The purpose of the calibration experiménts was to identify the
impurities which are introduced into the silicon product from the N.C.
apparatus and SiF4 reactant. Thus semiconductor grade silicon (“65 ohm cm)
was crushed and loaded into the reactor. Six runs were made and the silicon
harvested after the third and sixth runs. The operational parameters observed
during the runs are contained in Table 2.3-2. During these runs (N.C. 70 to
N.C-75), total downstream pressures of 0.5 torr were considered nominal and
the SiF4 flow was adjusted to maintain that pressure. The following is a
discussion of observations made during these runs.-

i) Step 1

Throughout this series, step 1 conversion efficiencies remained very
constant. Our work to date has demonstrated that the step 1 conversion ef-
ficiencies are directly debendent upon the reaction température and SiF4
reaction pressure when a sufficiently long residence time is provided to
ensure eqUi]ibrium. A more thorough"diSCUSSion of the thérmodynamics of
step 1 can be found in Appendix I. - ' | V'

ii) Step 2

AN
Vi

In this series of experiments the tempekéﬁure of the gaseous N2
coolant was set at -130°C for adequate cooling ddring polymer formation.
If a coolant with a higher heat capacity were used such as liquid freon,
then polymer formation could be accomplished with coolant temperatures at
-70° to -80°C. The Tength of run was limited to 1 hour. Earlier runs
(N.C. 33 and N.C.-40) demonstrated that the quantity of pd1ymeru€v800 gm)
formed during a two hour run was sufficientjfo shear the inner coil as the

o
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Table 2.3-2. Operational parameters observed durij‘ng runs NC 70-7%

x . (a) - ’ :7 ;('3)\ . Y
RN . RUN SiFy . step 1(2) siticon(®) - SIFTY s1L1conb)
{RUN NO. DATE LENGTH DELIVERED EFFICIENCY PURIFIED RECOVERY"  TRANSPORT RATE
, - (MIN) (GM) (%) : (GM) (%) (GM/HR)

ﬂ
I NC-70  11/6/78 12 61.0 59.2 : :
: | 31.5 90.2 43.0
NC-TV 17 32 165.5 62.3
NC-72 - 11/8 60 331 62.4 51.8 95.7 51.8
f SixFy Recycle 1.0 gm 94.1%Avg(c) 48.69m/hr‘
% . i Avg (c)
NC-73 11/9 60 323 63.2 48.5 92.3 48.5
i ]
S si F, Recycle 3.5 gm 96.4(c) 52.1(¢)
i
Silicon Harvested 132 gms
NC-74 11717 60 347 60.3 49.2 92.3 49.2
NC-75  11/20 60 329 63.3 , 50.7 93.9 50.7
Si F Recycle v 5.4 96.0 Avg(c) 52.7-Avg(Cc)

y

i — ——— —— ——— . — — — — — — — —  — —— e —— — T — i — — A i G — Gt iy —— — T — —- — t—— —— — - —— o — —— — - . — . w—— ———— — ——

Silicon Harvested 104.2 gm;

(a) Measured value; (b) Calculated value; (c) Includes SixFy recycle.

TOTAL SILICON HARVESTED 236.2 gm
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polymer expanded during warming. To date no such problems have occurred
during 1 hour runs, ’

iii) Step 3

Unitized heating of the (S1'F2)x polymer and conversion into SiXF.y
homologues was adopted to uniformly convert the polymer into volatile com-
pounds. In our earlier runs, before unitized heating, the entire mass of
poiymer was heated slowly., It was found that at a temperature between
200-250°C a1l of the polymer rapid1y'converted into volatile species, which
sharply increased the pressure. In subsequent calorimetry studies, it was
found that the polymer undergoes two exothermic conversions, the largest
being near 280°C.

jv). Step &

A packed bed silicon harvesting arrangement was incorporated into
the N.C. apparatus because of its simplicity and ease of operation. Two draw-
backs are the small fixed amount of free volume and its tendency to clog as
it is filled. The quantity of silicon which clogged the bed was found to be
about 10% of the total mass of the bed. Thus, after 2 or 3 one hour runs
the harvester required opening, powder removal, and reassembly.

0f the silicon harvested from the 3 one hour runs, typically about
50 gm of silicon was in the form of powder, another 75 gm was chemically
vapor deposited on the bed and 25 gm lost as blowby thru the bed or because
it never reached the bed. However no permanent layers of silicon or polymer

- were observed to form in the low temperature coil area.

A mass balance for silicon and for SiF4 during the sg silicon runs
is as follows. |

Si]icon Mass Balance

Step 1 reactor (observed) Step 1 reactor {calculated)
Silicon charge 520.8 gm gm SiF, reacted 967.6 gm
Silicon unreacted 237.5 gm mole SiF, reacted 9.30 moles
Silicon donsumed 260.4 gm

Silicon consumed 283.3 gm

7
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Silicon Harvest (observed) Calculated

'Si + Harvester Total = 2454.5 » gm SiF, recovered 897.2 gm .
Harvester Tare = 2218.3 Moles §1 8.63 moles
Obs. Silicon Harvest 236.2 gm Calc. S111con Harvest 241.5 gm |

Si Mass Balance Efficiency =.§§§4§- x 1002 = 83.4%

Si F4 Mass Balance
1556.5

Tota1 SiF4 in =

Total SiF4 unreacted = 587.4
Total SiF4 off polymer conversion = 897.2
Total SiF, out (587.4 + 897.2) = 1484.6

4
Overall: ‘
SiF4 mass balance efficiency 95.4%

. Over the course of about 100 experimental runs on the near- -continuous
reactor, typical Si transport efficiencies of ~80% were observed. The other
20% forms a metallic deposit downstream from the step 1 reactor in the
500-700°C region and an orange powdery scale which accumulates in the baffle
region. The percentages of silicon deposited in these regions appears to
be dependent upon the partial pressure of S1F2, residence time of S1F2 in
the region, surface area and surface temperature. At 200°C or abovey
material lost in this region is minimized. For example, in earlier experi-
ments the surface temperature in the baffle region was allowed to stay at
ambient and up to 50% of the (S1F ) polymer and Si F Homo]ogues depos1ted
in this region. This reduced s111con transport rates and efficiencies.

Under heated baffle conditions, S1F4 mass balances, unlike Si balances,
are quite high. Typical values range from 95-98%. A small amount of S\F4 .
is lost by incorporation into the orange powdery scale. In addition, a
small amount may be lost by not condensing in the 1iquid N, traps.

v) Silicon Purity -

Polycrystalline silicon ingots were pulied from the remaining re-
“ actor charge and from the transported silicon charge. Resistivities were
measured on both materials. The following is‘a‘SUmmary of the results.
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Sg Silicon Charge Silicon Harvested
(uNu type)
650cm Resistivity 5-7 Qcm ("P")
5_7 n

Resistivity of Si charge before
Resistivity of Si charge after

These results suggest that some "N" dopant is coming from the inlet S1‘F4

or stage 1 reactor and the "P" dopént'is introduced downstream in the N,C.

apparatus or in the handling of harvested product.
',b“ . oo . .
2.3.3.2 Silicon Sample Production from Mg Silicon:

The purpose of these runs was to produce silicon samples for demon-
stration of purification and feasibility of the process. In Table 2.3-3
are shown operation parameters for a series of 5 consecutive runs.

The following mass balances were observed. |

(i) Silicon Mass Balances (NC 85-89)

Silicon In
Step 1 Reactor (observed) . Step 1 Reactor {calculated)
mg Si charge. = - .380.0 gm ;
Final Wt. 150.5 gm Total Si reacted 200.9 gm in 4 hrs
Weight Lost 229.5 gm |

Silicon Out

Observed Calculated

First harvest 82 gm = 178.5 gm
Second harvest 84 gm

Total Si out 166 gm (56.5 gm powder + 109.5 gm CVD)

Overall Si Transport Efficiency

ER L -

“Observed Calculated
Silicon out 166 . : e .
e 555 X 100% = 72.3% Silicon out 178.5 v =
Silicon reacted 229.5 §TTTEEE—?€3bted 200.9 x 100% 88.9
93
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i :"  Table 2.3-3. Operational parameters observeg during runs NC 85-89
;s RUN RUN SiF, step 1(2) stL1con(P) SiFy stL1con'P)
! RUN NO. DATE - LENGTH- DELIVERED EFFICIENCY PURIFIED RECOVERY TRANSPORT RATE
i : (MIN) (GM) (%) (6M) (%) (GM/HR)
2 NC-85 1/12/79 60 267 47.8 30.8 95.1 30.8
NC-86  1/13 60 289 49.9 37.9 98.8 37.9
NC-87 1/14 60 282 51.8 38.4 98.8 38.4
SixFy Recycle 0.5 )
Silicon Harvested: 82 gm
BNC-88  1/16 82 406 57.6 58.0 95.5 42.4
NC-89 1/17 100 390 64.0 65.3 98.7 39.2

Silicon Harvested: 84 gm

~ (a) Measured value

i (b) Calculated value

<



(i) S'i‘F4 Mass Balance (NC 81-84)

N

SiF, in SiF, unreacted SiF, from conversion | SiF, total
1279 gm SiF, 533.4 gm 665. 1 1198.5
1198.5

SiF, Mass Balance = X 100% = 98.7%

The total quantity of silicon harvested was 166 gm; 56.5 gm powder
and 109.5 gm C.V.D. SSMS analysis (sample # NC87 & 79, Table 2.3-3) and
electrical evaluations were conducted on silicon obtained from the powder
after crystal growth. Resistivities varied between the two batches of
silicon and between the seed and tang end of the ingot. Typical seed end
measurements varied between 0.1 and 25 ohm-cm, with tang end at 0.3 to
0.6 ohm cm, n-type.

- The 1400 gm silicon (sg poly) bed containing the 109.5 gm C.V.D.
; silicon was also used for crystal growth. Wafers cut from the seed and
tang had resistivities of 8.6 ohm cm ("P" type) and 7.0 ("N" type) re-
spectively. The remainder of the ingot and silicon wafers were sent to
JPL for fulfillment of the silicon sample requirement.

i
*

In Table 2.3-4 are listed the parameters of the first 40 runs on
the near-contiruous apparatus. The transport rates have increased from
a5 to 50 gm/hr, with 75 gm/hr as a maximum rate observed. Two hour runs
have been conducted; however, under the overloaded conditions, the low tem-
perature coil may fail. Overall silicon mass balances are "“80% whereas
SiF4 mass balances are 95-97%. |

2.3.3.3 §ix£y Recycle Experiments

One of the early chemical procéss problems concerned the maximum
efficiency of conversion of the (Sin)x polymer or SixFy homologues into
silicon. Specifically, "was a thermally stable silicon containing compound
formed from the (SiF,), polymer which would not convert into silicon thus

4o
I3
3
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e Table 2.3-4 Summary of data from the first 40 yuns on
) ORIGINAL PAGE 1S the near-continuous apparatus.
' ’c ne [ Datandan TalLE:} ] m '

1 ,‘ Run $1F, SiF step 1(8)  S4Fy from Stltcon (b) Temnsport - StFg (c)
- " Run Run ~ Time Delivered Unreacted Conversion  Conversion Purified Rate Recovery
: L No; Date  (Min) (gm) (gm) (2) {gm) (gm) (gn/hr) {3)
- A=V 9917 60 Ny 0.4 .2 6.9 .66 - 188 54.3
i C Nne-2 . . 60 n.g 3.9 871.7 20,7 5.6 5.6 ".8
i ‘ NC-3  10/6 60 129.6 26.4 79.6 41,6 1.2 1.2 52,5
! NC-4 . 15 32.4 5.9 8.8 3.7 1.0 4.0 29.6
HC-5 . 15 32.4 20,5 3.7 9.8 2.6 10.6 - '93.5
"6 . - S, F, recycle (from NC-3-5) 07 5.6 - 66.2 (overall)
CoNe-r 7 15 2.4 = 8.0 75.3 9.0 2.4 9% - 524
; NC-8 * 60 129.6 38.8 69.4 §9.5 16.0 16.0 5.8
NC-9 . - Si*Fy recycle (from NC-7 & 8) 35.1 9.45 - 92.8 (overall)
CommTmmsm T T TETT T Y= .
Hc-10 19 30 96.0 350 63.4 fﬁ;\ 12.95 25.9 87.2
NC-11 20 30 96.0 35.9 62.6 37.8 10.18 20.4 76,8
NC-12 . 25 80.0 29.6 63.0 12.0 3.23 6.5 52.0
{ o XC-13 2l 30 96.0 85.9 .52.2 43.3 11.66 23.3 92.9
NC-14 . - SixF recycle (from NC-13-13) §3.6 14.43 .- 92.8 {overall) .
i NC-15 11/28 30 100 33.2 56.8 16.9 4.6 9.2 50.1
i' NC-16 " 30 100 29.0 71.0 16.7 4.5 9.0 - 45,7
NC-17 * &0 200 58.6 70.7 45.5 12.3 12.3 52.1
o P NC-18 . €0 200 53.3 70.9 89.8 28.2 . 24.2 1.6
i i Nc-1g - 60 200 6.7 £6.1 6.5 _ 17.4 17.4 €6.1
XS Ne-20 29 120 400 1%0.9 67.1 157.2 4.3 a2 o
¢ NC-21 30 120 400 191.4 52.2 95.6 5.7 12.7 7.8
NC-22 121 - SixF'y recycle (from NC-16-21) - 172.; T _G_GTG _____ - 7 ;;?o:e:arl.l)
L , NC-23 172378 30 101 50.3 50.2 271.0 1.3 4.3 76.5
: NC-24 25 60 202 86.0 57.4 81.8 22.0 22.0 83.0
NC-25 26 60 202 n.2 64.8 126.2 .0 kR 92.7
NC-26 28 60 202 95.1 52.9 109.5 29.5 29.5 101
NC-27 28 -- SixFy recycle (from NC-23-26) 47.; --—_-1-2.—7 ————— \_-: ————— 9 ;; ?o:e:a.'l-l)
NC-28  3/30 30 133 94.3 - 29.1 12.7 3.4 13.6 B0.5
NC-29 . 15 190 50.8 53.8 (COIL CRACKED UPON WARMING)
- NC-30.  4/6 15 70.5 46.2 3.5 10.2 2.0 1n.2 80.0
NC-31 7 1% 1.0 13,0 68.2 24.7 5.7 13.3 92.0
NC-32 10 . 120 607 158.8 73.8 419.5 N2, 7 565 95.3 (&)
- NC-33 n 120 562 (COIL CRACKED UPON WARMING) )
P NC-34  5/10 15 50.0 21.3. . 57.4 .
Co NC-35 h 15 72.5 33.6 £§3.7° 96.7 26.0 3.7 93.1
e NC-36 n 15 v 79.5 37.4 52.9 T K
B . NC-37 12 120 661 268.6 59.4 379.8 102.3 - 81 98.1
" uc-387) 15 120 639.5 243.3 62.0 395.5 106.5 53.2 99.9'4)
o NC-39() 20 1200 22 65.2 362.2 97.5 48.8 94.0(®)
F N NC-40 25 120 632.5 (COIL CRACKED UPON WARMING) ) '

b S .
b (a) Bed parameters (mg Si): Diameter 1"; Length 53.5 cm; Temperature 1330%C inlet, 1350 (center), 1300 ovtlet:
e perticle sfze 5-20 mesh mg Si; Weight 396 gm mg S1 + 4.0 gm SfOz.
EL {b) Calculated value. .
: “{c) Measured value,
{(d) Includes Si Fy recycle.
{e) Si,r, recycfe will increase this value 3-6%.
(f) Inlel pressure at start of run NC-38 was 155 torr, run NC-39 was 300 torr; inlet pressure at finish
of run NC-38 cqualed 93 torr, run #2 equaled 99 torr; downstream pressures of 0.50 and 0.55 torr were
observed for runs NC-38 and 39 respectively.
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reducing the overall tranSport efficiency?" The solution to the problem

became apparent by recycling the Svixl-'.y homologues (see Table 2.3-4).

Runs NC-6, 9, 14, 22 and 27 represent SixFy recycle runs. SixFy
recycle is accomplished by redistilling the SixFy homologues through the
silicon harvesting bed which is maintained at 800°C. After run NC-27,
SixFy recycle was not deemed necessary because of the high observed polymer
conversion efficiencies (>95% on the first pass) during the unitized
polymer conversion to decomposition of the higher homologues into S1'F4 and
silicon before reaching the harvestor bed. Furthermore, as the bad fills
with silicon (less free void space through the bed) the SixFy partial pres-
sure increases above 10 torr which leads to higher homologue conversion ef-
fjciencies. For example, in runs NC-23 through 26, NC-30 through 33 and NC-34
fhrough 38 the increasing conversion efficiency trend is readily apparent.
After runs NC-26, 29, 33, 38, and 40, the silicon was harvested and the bed

replaced.

2.3.3.4 Heat Transfer Coefficient (U) and AH Heat of Polymerization of (Sin)x

Seven calorimetry experiments were conducted on the N-C abbaratus
and the calculated values for U, the heat transfer cdefficient, and AH, the
heat of polymerization of (Sin)x are found in Table 2.3-5. Values ranging

from -12 to -24.8 kcal/mole were observed for the AH polymerization of (Sin)X.

These values are below the value of -37.3 kcal/mole used in the energy balance
for scale up purposes.

The values calculated for U (see Table 2.3-5) range between 3 and

8 Btu/hr-ft2-°F.

It should be noted that the effect of nitrogen coolant flow indicates
that it is Timiting the heat transfer rate. Thus, we would expect higher
U in the mini-plant where the’1iquid freon coolant will have a much highér
heat transfer coefficient than the gaseous N, coolant.
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Table 2.3-5. Heat transfer coefficient and heat of |
po'lymemzatwn of (S1F2)
’ Overall Heat Heat of
Run Coolant Transfer Coef§181ent Polymerization
NO. F?ow Rate 7 - U, Btu/hr fto- <AH”, kcal/mole Sin v
63 T 3.4 - 12.0
64 e 3.4 ’ s
P 65 . 1.67 3.7 82
\J\ ) o K . \\: . N .
~§ i : N ° . .
' 66 1.37 . " 3.3 18.2
67 1.57 - 3.8 19.9
68 27 C 8.2 23.6
6 20 6.5 a8

*Not corrected for sensible heat of SiF, and SiF,

T
”? v M
V‘t;g’r‘




2.4 Product Analysis

2.4.] - Introduction

In the early stages of this project, a concentrated attempt was
made to determine if chemical methods could be used to characterize the
silicon product other than by growing crystals. The results of that effort
were used as a guide tu interpretation of the subsequent analytical results.

In this section the concept of semiconductor silicon will be dis-
cussed along with work done to establish chemical techniques and criteria.
Comparison of chemical techniques with crystal growth as evaluation tools
and the chronological evolution of Sin transported product purity are pre-
sented.

2.4.2 MWorking Definition of SemiconductorlGrédéASf1icon

A number of aspects must be considered when defining semiconductor
grade (sg) silicon. The most important would seem to be, what the properties
of the silicon are when you pull a crystal and make a device. Crystal pulling
can also be a major aspect in the total sg silicon purification process. In
this step, impurities which have smell distribution coefficieints (<10'2) are
effectively elimii:ated from the solid silicon. Conversely, sg silicon which
has not been purified by crystal pulling or float zone refining often contains

relatively high concentrations of materials with small distribution coefficients.

Initially we adopted the following as a working definition. Using
spark source mass spectroscopy (ssms) as the analytical tool, sampling matrix
was employed to compare the SiF4 transport poly.directly with samples of com-
mercially available sg poly. This would allow the development of the process
in the most efficient manner and permit the most rapid evaluation.

2‘4;3 Spark Source Mass Spectroéqopy_j§SMS)

In order to employ ssms gsﬁa valid evaluation technique, a data base
was to be established by analyzing several samples of commercially available
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;\ semiconductor grade polycrystalline silicon by ssms. Data obtained for
" S'iF4 transport silicon were to be compared to this baseline data for
evaluation. '

A major problem occurred with this plan. Data obtained from analyses
by an outside service lab * indicated much larger concentrations of impurities
than found by electrical or other analytical methods on commercial polysilicon.
This led to suspension of further product analysis untii adequate comparative
standards were obtained to establish the Timitations of the ssms techn1nue in
a servicé lab. environment. To this end a sample exchange was begun with
other investigators in Task I who were using ssms as a primary analytical tool

This allowed cross checking and led to working standards which helped resolve
the re11ab111ty problems.

Before these results are discussed,a description of the ssms analytical
technique for powder samples is necessary. In the following sections the form
of the samples for ssms is: ‘ ‘

O : : i) Most of each Sinltransport Si sample was in the form of
: small grain powder (1 to 5 micron).

ii) A1l sg poly samples are large s1ng1e pieces of Si made up
of small single crystals.

iii) Crystal samples were used as single‘pieées.

2.4.3.1 SSMS Techniqdes for Aha1ysis of Powder‘Sam51és _

The procedure for handling and analyzing powder samples of Si was
developed at Accu-Lab. Research, Inc. It is as follows:

i) The sample is ground in a high purity quartz vial until it
is a fine powder. Subsequently both BN and SiC mortar and pestle
sets were used to grind material. BN was the most satisfactory

for all elements except boron,
AR
S

*Accu-Lab. Research Inc., Wheat Ridge, CO
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TABLE 2.4-1

COMPARISON OF SSMS DATA FOR ANALYSIS OF DOW CORNING
 COMMERCIAL SG POLY SILCON FROM DIFFERENT LABS. (ppm wt.)

{ \ Service Lab ) Monsanto
5 15 6 Bt 35
"‘ - a LS
B N.D. 4E-3 o N.D. 1.7E-3 ° N.D. 9.6E-4
c S > -- --
N - - -
j 0 - | 5.3E-1 1.5E-1
) o F 0 LIEY ND. 2.1E-2 .6.0E- 2.0E-1
< Na 1.6E-2 1.4E-2 3.8£-2 6.5E-3
- Mg * 1,6E-2 6E-3 NR ND 2.4E-3
‘ Y 8.7E-2 1.76-1 NR Th2.38-2
p 1.4E-1 3.7E-1 S " 2.3E-2
S 2.4E-2 7 1.2E-2 _, NR " 1.2E-2
. 8.1E-2 1.9E-2 1.3E-1 4.0E-2
> X 3.7E-1 2.3:-2 3.6E-1. 4.0E-3
Ao @ 23 5E-1 -~ Off scale) EST 1.4E-2
1§%,3 B 2.1E-2 6.36-2 3.6 | 1.5E-2
’ _¥> ND 5E-2  ND 5E-2 AR ND 4.1E-3
Cr ND 2.3EL2  7.56-2 MR 2.5E-2
Mn 3.9-1 1.0 NR ND 7.4E-3
Fe 1.7€-1 1.3 NR " 1.0E-
Ni 2.9€-1 1.5 NR " 1.4E-1
Cu © 2.3E-1 8E-2 NR " 1.7E-2
; n 2.4E-2 6.7E-2 ND 7.2E-3 " 5,5E-3
| Ga ND 5E-2 o NR " 4.4E-3
- Ge o ND 1.4E-2 " 1,26-2
: Zr e ND 6.0E-2 " 5.7E-2
. Mo w  ND 5.26-2 " 4.2E-2
: Ag " ND 2.8E-2
-Sn " ,; 3.1E-2
sb L | 3.0E-2
Te Coo 6.6E-2
o Bn " : 2.9E-2
S BRI
Pb ' L ' 7.6E-2
Bi " i S © . 8,0E-2 |
N.D. = not detected--numberical value is the detection 1imit

N.R. = not reported 101
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ii) The powder is slurried with an equal weight of high purity
graphite .in distilled acetone until tWorough1y mixed. The
graphite ratio was determined to give/good results in the
pressing operation. '

iii) The dried mixture is préssed into the shape of the electrode
in a high purity polyethylene forii. Under pressure the form
Tiquifies, Thus a uniform hydrostatic pressure performs the
compaction operation. Very small samples (n10 mg) are mounted
so that the sample is in the tip of the electrode.

M)

S

iv) The electrodes are mounted in the ssms and standard analysis is
conducted, :

-

N

"

2.4.3.2 SSMS Sample Exchange

~ sample of Dow Corning polysilicon was sent to Monsanto for SShils
(sample #35). This sample was part of the same piece as samples 15 and 16
analyzed by the service lab. Table 2.4-1 lists the element by element con-
centration data obtained by the two different labs. Samples 15 and 16 were
submitted separately and not identified as the same material. Sample runs
35a and 35b were run on a'siég?g sample. It was dismounted and shaped between
runs. In Table 2.4-2 are listed the results for two single crystal samp]es.
from the Monsanto group. It is again apparent that for some elements (i.e.,
Na, K, Ca and Mn in this case) the reproducibility is not good. since the /
highest readings appear to be associated with the same sample (C-1-A) it may

-~ point to a problem in the sampTe handling procedure. For the elementsmost common

N

—

£ty ’

¢ in mg silicon the agreement is very good (Fe, A1, Mg, Ti, Cr and Ni).

The data from samples 15 and 16 (Table 2.4-1) tend to indicate poor
reproducibility. However, a closer examination of 35a and 35b shows that other
factors may be very critical in determining the reliability of the analysis for
each individual sample. Figure 2.4.1 is a schematic diagram of a cross section

of a polycrystalline sample. The composition of the interior of the grain will
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TABLE 2.4-2

Comparison of SSMS analyses from Service Lab.
and reported data for Monsanto samples 7

S

Sample C-10-B-1 Szmple C-1-A
N SERVICE 15 SERVICE 15
ELEMENT - _ LAB. _ REPCRTED LAB. REPORTED
> i -
“Be <31 ppba NR! <31 ppba MR
] 16 ‘ 180 ppba 104 ; 120 ppba
C 670, 540 12600 96 |
0 NR 78000 " NR 49
F - 59 50 59 24
. Na 14y 9 330 6
M  ND° 58 . . ND 2 | ND 58 ND, 2
A 53000 = 40000 ’ 31 " 23
p ND 45 ¢ ND 25 ND 45 " 17
S ND 44 ND 12 'ND 44 - 18
C - <8 9 - 8 , n
K 58 3 . 600 ’ 2
Ca 63 7 estimated 450 ' 9 estimated
Ti A <12 ND 2 <12 ND 2
v ND 27 ND 2 ND 27 , o ND 1
Cr <11 : ND 2 <11 ' 7
Mn 51 ND 3 820 : ND 2
Fe - 27 ND 39 55 ND 29
Nj <170 * ND 46 - <140 . ND 40
Cu 9 ND 5 <9 ND 4
n ND 30 ND 2 ND 30 ND 1
~=Ga - ND 20 ND 1 ND 20 ND 1
Ge ND' 18 ND 3 ND 18 | ND 2
Ir N 15 - ND 11 ND 15 L NR
Mo “ND 15 : ND 8 ND 15 NG 6
Ag ND 13 ND 4 : ND 13 SND 3
Sn ND 12 NR ND 12 | NR
Sh - ND 12 - NR ND 12 NR
Te ND 11 NR ND 11 NR
Ba . ND 10 NR ND 10 NR
' ND 8 NR ND 8 NR
Pb// ND 8 NR ND 8 NR

Bi ND 7 NR ‘ND 7 g NR

b
ol
v
5

1 -~ Not Reported
2 Not Detected - Reported detection limit

A

s ‘
o ) A

g
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Void containing
segregated impurities

Grain
boundary

Figure 2.4.1 °

Schematic_cross sectional diagram of a sample of
commercial poly silicon SSMS sample showing the

grain boundary-and void structure which influences
analytical results.

ORIGIMAL PAGE [y
OF POCR QUALITY,

Surface

Amobphous
silicon
particle

Figure 2.4.2

Graphite
matrix

Schemat1c cross sectional diagram of a composite
SSMS sample (S1F2 poly and graphite). The large
silicon particle“surface to volume ratio which
influences analytical results is illustrated.
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,be characteristic of bulk material. The-relatively small surface area will

have a minor effect. A very real problem arises in ssms when the discharge

1$trikes a grain boundary or void. In these regions the apparent concentration

of impurities may be much higher than the bulk due to surface absorption during
manufacturing deposition and/or segregation effects. The data illustrates

this effect very c1;ar1y for 35a) and b) particularly with respect to Ti and
Ca. According to the Monsanto spectroscopist9 a void or inclusion was struck
by the arc during the analysis. These high concentration readings are reportedly
typical when this occurs when sg polycrystalline material is analyzed. This
may partially explain why when commercial sg poly is analyzed consistently high
readings are obtained for some impurities while these same elements appear to

be absent in single crystal material reported elsewhere. It should be noted
that analytical data (electrical and chemical) available for commercial sg

poly lots is often gathered on samples which have been subjected to float zone
crystal growth which eliminates grain boundary/void problems.

The grain boundary/void problem must be considered whenever material
other than single crystals is being analyzed. In the case of compacted composite
samp1es such as the S1F2 transported poly/carbon sanp1es This becomes a much
more severe problem. Figure 2.4.2 illustrates that the much larger particle
surface area may influence the ssms results because of absorbed material and
segregat1on effects. Here the surface is not sputtede away ‘as in the case of
a single crystal sample, but as the sputtering of a compos1te electrode proceeds,
new material is exposed to the arc which was in a surface state after the decom-
position process. It is apparent that an understanding of the influence of sur-
face cleaning, prior to compaction, on the resulting impurity analysis is neces-
sary to correctly interpret the ssms data of compacted samples.

«~ _ One of the first steps to the understanding of the effects of surface
contamination was to eliminate the possib]e sources of impurities during sample
preparation. It has been necessary therefore, to improve the reliability of
the sample grinding procedure used in the fabrication of the composite graphite/

. si]icon sample electrodes. At first the samples were ground in a ball mill.

The sample was contdined in a quartz vial with quartz balls which were used to
pulverize the silicon. Occasionally the balls would chip or break up during
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the operation. Contamination of the silicon samples was also probable for
those samples for which no visual breakdown of the vial and balls was noted.
Trace impurities present in quartz are at high enough levels to have placed
some uncertainty in the ssms data. This problem was reduced by obtaining a
boron carbide mortar and pestlie set. Boron carbide is a preferred material
for this process. Because of its hardness it will not contaminate silicon
samples during grinding except possibly with boron.

Sample cleaning procedures were also evaluated to help reduce the
;surface contamination problem. Some impurities such as fluorine, alkali and
‘earth metals can be removed from the surfaces of powder or flaked material at
least partially by rinsing in D.I. water. Other impurities such as heavy metals
can be removed by etches. Therefore some S1'F4 poly from a test run was divided
into several Tots and subjected to various cleaning procedures. Some preliminary
results have been gathered’by;emission spec analysis.. Table 2.4-3 Tists the
ES results. Moreﬂcomp]ete data from ssms showed the same results,

Table 2.4-3 - ES analysis data for samples prepared by S1'F2
transport which have been cleaned by various
techniques (ppm wt.).

SAMPLE CLEANING PROCEDURE AT Mn ‘Mg Cu
46 | As prepared ‘ 800 +200 2 # <l 3 +1
47 D.I. H,0 rinse o " e
48 HF:HNO, etch ) . . .

D.I. H20 rinse
KA R
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In Table 2.4-4 are summarized the apparent reliability limits for
ail of the samples which were exchanged. Again, for the mest common mg Si
contaminants, the reliability limits are in good agreement. For others such
as Ca, Na, Mn, K, etc. there is very poor agreement. For those samples where
agreement in reliability limits is good, such as Fe and Zn, the reliability
Timit is clear, ~50 and ~40 ppba respectively. Where agreement is poor such

. as for Mn, reliability is questionable and each analysis must be evaluated
independently in context.

It should be noted that this is a technique which analyzes a small portion

of the sample; therefore, non homogeneity in the distribution of the impurity
in the sample can Tead to misleading concentration values. This was c1ear1y
illustrated by a previously reported samp1e and should be considered whenever
anomolous data is generated. K

2.4.3.3 Powder Sample Correctien.Factors

i?“i . ‘ Since there is a distinct difference in ssms sample preparation between
- ~ powder and single crystal samples, an exper1ment was run to further establish
the reliability and accuracy of the ssms ana1yses which have been run on the
“51F4 transport product. The experiment was simply this: a sample of n-type
single crystal silicon, which was analyzed on an in-house project, and was
found to contain <.005 ppm wt. of boron, was resubmitted for analysis by the
same technique as the powder samples. The sample was ground iri a boron carbide
and a silicon carbide mortar and pestle, slurried with distilled acetone and
graphite, then cdmpressed into electrodes. The result of this hand1ing is
\\shown in Table 2.4-5.
Ji
7

The first column is the result for the single crystal sample prior to
grinding. The second column Tists the results for the same material after
handling in boron carbide, while the third Tists the results after grinding in
silicon carbide. Subtracting column 2 from column 1 gives a correction factor
(A) which can be used to give a more realistic measure of the purity of the
powder product which has been prepared in BC apparatus. Similarly, a & for

'SiC was calculated. These factors are quite high for several of the elements

i 3 » ; b
e : :

N

?e

Y

A

a
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Table 2.4-4 Apparent detection limits for service lab ssms analysis

Element
B
C
F
Na
Mg
Al
P
S
Cl
K
Ca
Ti
v
Cr
Mn
Fe
Ni
Cu
Zn
Ga
Ge
Zr
Mo
Ag
Sn
Sb
Te
Ba
w
Pb
Bi

for various samples which were run as single pieces.

Dow Corning

!

Dow Corning

Monsanto Single Crystal

1) Aland B doped

2) B doped

ND = not detected by either lab: highest reliability limit listed.

108

Commercial Poly Single Crystal C-10-B-1 C-1-A
" 10. 5 ppba n 50 ppba (1) (2)
- 5000 700 ppba 12,600 ppba
250 1000 60 60
17 150 350
18 70 nd 58 nd 58
175 (1) 35
350 nd 45 nd 45
21 nd 44 nd 44
63 5000 10 10
300 60 600
350 65 500
35 nd 30 <12 <12
nd 28 nd 30 nd 27 nd 27
nd 14 <1l <ll
200 60 51 820
50 30 60
140 <170 <140
35 40 10 10
30 nd 50 nd 30 nd 30
nd 20 nd 20 nd 20
nd 18 nd 18 nd 18
nd 15 nd 50 nd 15 nd 15
nd 15 ’ nd 15 nd 15
nd 13 nd 13 nd 13
nd 12 nd 12 nd 12
nd 12 nd 12 nd 12
nd 11 nd 11 nd 11
nd 10 nd 10 nd 10
nd 8 nd 8 nd 8
nd 8 nd 8 nd 8
nd 7 nd 7 nd 7



gzgi : Table 2.4~5" SSMS results for semiconductor grade single
crystal sample prepared by various methods.
. Growth specimens slurried with graphite and

compacted into electrodes. (ppm wt)

. : 8gc Asic
Single Ground Sround (Column 2 - (Column 3 -
Crystal in BC f%@r§ig ~ Column 1) Column 1)
B ., <.005 7.4 2.0 - 7.8 - 2.0
F e - 48 S e 130
Na Loae 6.0 2 <6.0 <6.0 © <6.0
Mg -- <12 - 4.7 <1.2 o 4.7
AT .03 ; 0.61 99 .58 99
p | .16 - 3.2 ©2.9 3.0 2.7
S - 3.9 Lu 3.9 14
Cl <.01 8.2 " 14 4.2 14
K 2 1 <1.0 1.9 .0 1.7
ca ' .20 61 1.3 1.1
Ti <02 - .03 3.5 01 3.5
'} .- -- 26 -- .26
Cr i - | -~ 1.5 ‘ - ‘ 1.5
Mn .46 | .02 1.4 -.44 .9
Fe <.09 1.3 56 1.2 56
Ni 1.5 -- <.29 -1.5 -}.af
Cu | .30 - 5.5 .3 5.5
Zn e - .60 = .6
Sr |- .03 .08 .03 .08
Zr Cla - 2.3 S - 2.3
Nb o - « -- .51 .- R )
Mo L a- :~" <. . .90 <. 1 .a0
cd <16 B - <13 " -<.16 | -
sn - <09 .88 <.09 .88
Ba -- 5.9 1.4 5.9 e
La - <.04 <04 <.04 .04
HF -- - <.22 - <.22
W -- - 4.8 -- 4.8
Pb C .- <.07 <07 <.07 <07
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of primary concern such as B, P, Fe and Al, It is recognized that since
these A values are the results of only one experiment they are not to be
taken as anything but indications of contamination during sample preparation.

Table 2.4-6 lists thé results obtained for a sample after the cor-
rection factor has been used to compensafe for handling contamination. Column
1 is the A factor. The second column is the result for 77-215- 38-8 after
standard processing and the th1rd for the same samp‘e after correction.

Some observations can be made:

i) BC mortar and pestlie sets contaminate less than SiC sets.

11) The S1F2 transport product analyses reported to date may in
fact indicate contamination which is not real, but an artifact
of the ssms analytical procedure, the real impurity éon;entration
being much Tower than reported.

iii1) SSMS analysis of powdér samples may not be at all reliable in
~ determining powder purity and its usefulness as input material
for crystal growth. The only apparently valid test is actual
crystal g[thh\coup1ed with subsequent solid state material
evaluation. o

2.4.4 Emission Spectroscopy

in-house emission spectroscopy (ES) analysis facilities have been
extensively utilized in this project as a semiquantitative tool for evaluation.
The detection limits are much higher than for ssms, but are adequate for coarse
evaluation for many impﬁrity elements. Phosphorus is one element, however,
for which ES is not useful.

2.4.5 Comparison of ES and SSMS Analyses

To verify that-ES is an adequate screening process, a comparison of
results from ES and ssms are listed in Table 2.4-7. Only five elemental im-
lpurities were detected by ES; they are Mg, Al, Ca, Mn and Cu. No Fe was de-
tected. Metals such as Fe, Al and Mn are compared to 1, 10, 100, 1000 ppm wt.
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AL

A5

Na
Mg
Al

¢

Ca

Ti

Cr
Mn
Fe
Ni
Cu
In
Mo
Cd
Sn
Ba
La
Sr

Pb

TABLE 2.4-6

SSMS results for single crystal
and slurried samples. (ppm wt)

7.4

48

<6.0
<1.2

3.0
3.9
4.2
<1.0

.01

.44

1.2
-1.5
.3

N

-<.16
<.09
5.9
<.24

- <,07

17-215-38-8
as received
4.3
250
<6.0
<1.2
3.0
3.2
8.4
74
4.3
4.6
.10
.02
2.1
.03
2.0
.16
1.1
.75
1.1

B R
.59
.06

<.07

111
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77-215-38-8
Corrected

4.5

N




- TABLE 2.4-7

Comparison of ES and SSMS data for SiF
transport poly. Run 2-11-77 trap 2, con-
centrations in ppm wt.

ELEMENT SAMPLE 79 (ES) SAMPLE 85 (SSMS)
B‘ NR* 4.3***
’ F NR >0.59
Na ND™* (500 ppm wt d.1.) <17 {\\Q\A o
Mg - <1 <5
Al ’ 1-10 1.3
P MR 10
A NR ‘ 11
. | o NR 0.21
i K ND (500 ppm wt d.1.) 3.8
| Ca ] 6.8
Ti | ND 0.23
Cr ND 0.33
Mn < 1.2
Fe ND 5.7 o
Ni ND : . 0.05
Cu : <1 0.19
W oo ND 1.6
in = ND 0.29

ALL OTHER ELEMENTS <0.2 ppm wt.
‘ QX
« \
Not Reported
. **Not Detected - usually detection limit <<1 ppm wt.

***Sample Ground in BN mortor and pestal

ff"ﬁ': “ o
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standards. Often metals are detected, but have characteristic emissions
less intense than the 1 ppm wt. standard. Thus, for Fe to be undetected,
its concentration in the sample must be <<1 ppm wt. This is true for many
other metals except for the a]ka11 metals which have higher detection Timits.

The ssms ana1y5}§ agrees quite well with ES reports. In most cases
metals undetected in ES show up in Tow concentrations by ssms. Calcium is
slightly higher in ssms and ES. The presence of iron at 5.7 ppm by wt. as
reported by ssms is surprising and may imply Fe contamination of the sample
during grinding or compounding when the electrode is prepared. ”

~2.4.6 mg_Silicon Bed Depletion and Impurity Distribution

Of critical importance in this typeof study is the characterization of
the separation of the impurities and the locations in the system where they
are concentrated. First are described the analyses for a depleted mg Si bed
used in an early near-continuous experiment. Data from an earlier batch run
where deposits in various parts of the system were taken as samples is discussed

in ‘terms of impurity distribution. ) s
, /]

f

2.4.6.1 mg Si'Charge'DepIefioh

A set of samples from a partially depleted reactor bed of mg Si was
analysed by ES, Table 2.4-8. This bed was used for near-continuous run #3.
The first column (77-215-37-16) lists the results for a yellow deposit found
on the inlet side of the bed outside the hot zone. The second column is for the
inlet side of the bed. The third is from a position near the outlet of the
bed. A deposit was formed downstream from the bed in a cooler recion of the tube.
The results for it are in the last column.

The deposit in the inlet side, column 1, may have been formed during the
initial heat up of the system prior to the introduction of the SiF4 flow. 1t
contained high concentrations of several metals which may have volatilized.

Sample 18 shows the previously established effect that long exposure to flowing
SiF4 has on mg Si. Fe, Mn,’Cr, V and Ti concentrations increase 1ndicating
that as siiicon is removed via Sin these eTements‘remain5 Downstream (sample 20)
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Impurity
Fe
Mn
Cr
Ca
Mg
_ Ni‘

Ti
Cu
Zr
AT

Co
Sr

TABLE 2.4-8

ES Results for Samples Taken from a

Partially Depleted mg Silicon Bed (ppm wt.)

Series 77-215-37

s

18

©>1000  >1000

1000
1000
1000
10
300
>1000
1000
1000
1000
100
10
300

g

. 114

1000
1000

30

1
300
1000
1000
100
300
10
10
100

20
1000
100
100
1
130
100
100
30
300
100
10
10

>1000

10

10

- FE



e
£ i
&

L

this effect is less pronounced indicating 1éss silicon removal in this
portion of the reactor bed.

The last sample result shows that certain elements (Ca and A1) appear
to form fluorides which condense in regions of the appropriate temperature
range. Most of the cther impurities are not introduced into the gas stream

- or pass into other regions of the reactor.

Thisbéubstantiates earlier observations that the mg Si bed is depleted
of silicon and metallic impurities are left behind and increase in concentration
particularly on the upstream end. i

2.4.6.2 Impurity Distribution Studies

~Until the SiF4 recycling work is completed, it is not possible to do a
complete impurity mass balance on the Sin polymer ‘system. However, an impurity

distribution study .based only on the solid deposits from various parts of the
v, system can be useful and instructive. Figure 2.4.3 shows the results of a pre-

Timinary study based on the emission spectroscopic analysis of samples taken
from the system. The input material is typical mg silicoen (column 1). The next
three samples were taken from the charge after a long series of runs10. They
were taken from locations in the charge as shown schematically in the figure.
The next two samples are deposits formed in the furnace tube downstream from
the hot zone. The baffle yielded the next sample. Samples number 69 and 68 are

shown as the converted product formed from Traps 1 and 2 respectively.

From this data it can be seen where various impurities in the input charge
material deposit. The three samples taken from the depleted charge itself show
clearly that Fe, Cr, Mn, Ti, V and Ni are not transported to a large degree in
the S1'F4 gas stream. As the input gas stream impinges on the charge, Si reacts
and is carried away leaving the impurities to build up in concentration. The

- data from the second and third sample show little impurity build up apparently

because the gas mixture reached a steady state in the first section of the reactor.
Another group of elemental impurities including Ca Mg and Cu are present in Tow.

,levels in the input charge and appear to be little changed at this stage of

charge depletion.
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Of particular interest is the rapid depletion of Al from the charge.
We propose that mé§§11ic Al impurities react very rapidly with SiF4 to yield
A1F3, viz,, .

3SiF, + 4A1 s 35§ + 4ATF, - (13)

Furthermore the mass spectral studies indicate that once the Al has

“been volatilized as A]F3 it can undergo a rea¢tion with the quartz Tiner to

yield aluminum silicates such as ATGSiZOn and SiF4. The major portion of
these silicates remains as a coating on the quartz tube, but analysis of the
deposits in the baffle also indicates that some is swept out of the tube

and is trapped there under the batch mode conditions. High throughputs may

alter these results.

This result indicates that a pretreatment of a fresh mg silicon charge
with S1‘F4 may be an effective way to reduce Al content in the mg silicon charge.
The gas would then be recycled. This is consistent with predictions made on the
basis of free energy change (AG) for reaction of S1‘F4 with Qarious impurities.

Al and B are the only impurities of interest which have a negative AG, thus

these are the major ones expected to be transported. In the case of boron, it

is present in such low levels in these samples that the results do no;q;lear]y
indicate the role boron is playing in the overall process. The grc%f@ uf crystals
from the product is the most reliable way to determine its effect;\7£hf§ is
described in a later section. |

Thé deposits between the hot zone and the product traps contain large
amountaﬂof impurities which form fluoride compounds of low and moderate volatility
such as A1, Ca, Mn, Mg and Cu.

The baffle is used to trap particulates and condense some pclymer en-
hancing impurity nucleation from the gas stream. Three eélements,Na, Ca and B
were detected in this area which were not detected even in the input material.
These elements could be present below ES detection limits in the charge and be
concentrated in the baffle deposit underscoring the need for this stage in the
apparatus.
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Table 2.4-9 Chronological silicon product purity (entires have
been corrected by factors listed in Table 2.4-5).

(5)(0)
(a) (2)(b) (3)(C) (c) Kinetic
(1) First Sample #62 .. (4)'*7  Reactor
mg Si (76-33-14-22) (1-K-B) #85 (77-103-2-8)
nd 12 nd nd s nd "
nd ~nd nd nd "<.09
8 - 4.3 6.3 -- | --
-- >1% 1300 >\5 >1%
o -< 45 10 <17 --
- 7.7 6 <5 --
1100 310 27.5 .7 6.3
Maj ‘Maj Maj Maj Maj
14.3 680 15 7 --
. 22 2.2 7 3.3
_— 39 . - -
-- 57 2 3 1.6
9.9 350 4.5 6.4 12.6
. 79.5 4.3 .12 22 13
45 <, 01 nd nd nd
16.5 -1.4 .33 .33 a7
28 .20 n, 5 Ny L2 1.0
800 8.4 -- " 4.5 .3
nd <.02 nd nd: ‘nd
3.9 23 nd <1.0 -
6.5 3.7 : 2.4 -- . om-
4.4 1.1 Y 1.3 ~29 -
2 - nd / nd nd nd
3.2 .37 =t nd .03 .41
7.4 <.03 <.10 .05 nd
-- nd nd .07 nd
-- nd .9 .6 --
-- 1.3 nd <.1 <1
2.7 .57 nd - --
- .85 nd <.05 -~
nd nd nd nd <.06
nd .02 nd nd nd
3.3 <.62 nd nd nd
nd nd .43 <.28 nd
nd nd nd <.10 nd
nd nd nd <.07 nd
nd nd nd <,08

Ground in SiC
Ground in quartz
Ground in BC
Not ground

i

nd

Note - based on small difference between large numbers
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\ (d)
(7)
6)(2) #162 |
(77-215-49-21) {Crystal!
nd ‘ ‘
nd
1.0 .30
v, 5% .34
a5 .10
-- nd
--(e) .5
Maj Maj
22.3 3.7
-- nd
- - 048
] .36
15 nd
- 01
- nd nd
nd nd
-- .16
- .24
'nd nd
nd <.29
- <, U1
- nd
nd nd
.9 nd
- nd
-nd nd
- .nd
nd .63
4.5 - nd
- nd
nd nd
nd nd
.25 nd
nd nd
nd nd
nd nd
nd <.16
.64
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Recycling of the output gases will give information on the build
up of highly volatile fluoride compounds in the gas stream. One pass through
the reactor does not permit buildup to occur to the detection limits of GC/MS
analysis. i

t

2.4.7 Chronological Silicon Product Purity

Silicon has been made via SiF2 transport under many different sets of
conditions since the inception of this project. Initially, relatively simple
batch reactors were used. Introduction of the baffle concept resulted in a
Tower aluminum content. During the kinetic studies, run under highly controlled
conditions of Tow throughput, samples of very high quality were produced.

~Finally experiments designed to produce samples containing larger quantities

of material at higher throughput and in a semi-continuous manner were conducted.

Throughout the evolution of the process many factors including reactor
design and sample handling techniques have been incorporated to improve purity.
Table 2.4-9 gives an indication of the changes in the character of the product.

The first column is a typical mg Si ssms analysis. The second column lists the
results for the first silicon product submitted for ssms analysis. Aluminum

was reduced by a factor of three over mg Si, but clearly there was contamination by
the system particularly in the case of P. Most other impurity levels were re-
duced.

Inclusion of the baffle design, a high temperature vacuum bake out cycle
and elimination of P containing o-rings resulted in the sample depicted by column
3. Al and P concentrations were reduced dramatically while substantial decreases
were registered for most other impurities. Perhaps the best sample produced in

“the large batch reactors is Tisted in column 4. The sample in column 5 was pro-

duced on a small reactor, under low throughput conditions during the kinetic
studies. The reactor did not have a baffle, thus the Al content is higher than
would be consistent with the Tevels of the other elements. The product was high
density CVD Si rather than powder. Overall it was the best uncorrected sample
analyzed by ssms. ’
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With the increased emphasis on engineering studies, continuous
operation and higher throughput, new reactors were designed which, while
incorporating the concepts known to produce high purity, stressed the
chemical prqge554 Purity, while still adequate, fell in some respects.
The results in column 6 illustrate this effect. The powder samples were
fabricated into electrodes by methods described above. Thus, the results
have been corrected for handling contamination.

The last column Tists results for a crystal grown from product
similar to, but not identical to, the sample from co1umn”5. These results

show the effective purification inherent in crystal growth. The resistivity
of this crystal is 0.15 ohm cm n-type (corresponding to 1 ppma uncompensated

P). Work on the removal or control of electrically active donors and
acceptors could yield a product suitable for solar applications.

The analyses in Table 2.4-9 show that within the limits of ssms,
our major tool for purity determination, the products produced and described
in columns 5, 6 and 7 are not distinguishable from semiconductor grade samples
analyzed by a service Tab except for possibly phosphorus. Thus, within the con-
straints of our "working definition" of semiconductor grade silicon, our goals
have been attained. Realistically however, further work is needed to affect
removal of donors and acceptors to a lower level consistent with standard
solar cell resistivities.

2.4.8 Evaluation of the SiF2 Transport Product by Crystal Growth

Several samples from the near-continuous transport experiments were
converted to single crystal for evaluation. Basically the process involved:

a) harvesting the powder samples

b) vacuum heat treatment at 800 to 1000°C

c) compaction into pellets |

d) Toad/melt in an ADL Model HP crystal furnace
e) crystal growth/slicing/evaluation.
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Often in these experiments, the results of melt down were not simple.
In most cases incomplete melt down or dross formation on the melt surface
prevented crystal growth. The dross was analyzed by electron microprobe and
Auger analysjs. The results showed SiC formation from the graphite parts

“in the rf heated system. When this occurred the melt was solidified, etched

to remove the crucible remains and remelted. In all cases the ingots were
Targe grain polycrystalline. The results of some experiments are shown in Table

2.4-10. From the partial 1isting in the table it is clear that donors (phosphorus)

dominate the prodpct carrier type at about 1 ppma. Experiment 4) yielded an
ingot which was compensated with the seed end being dominated by boron. Due
to the smaller segregation coefficient for phosphorus (.35 versus .8 for boron),

- the P was concentrated in the melt thus dominating the tang portion of the ingot.

The ssms results for experiment 7) are presented in Table 2.4-9. The
results show that for all elements except the primary dopants the process is

“effective in purificatiltsl. However, further work on removal of B and P from the

deposition gas stream is required to attain a high resistivity product.

2.4.9 Comments on SiTicon Evaluation

In the preceding sections work on the evaluation of the S1’F2 transported
Si product has been described. It can be summarized as follows: Within the
constraints imposed by reliance on ssms as the primary evaluation tool, the Sin
transport process produces Si which approaches semiconductor grade quality.

Regarding ssms it has become apparent that the technique requires several
prerequisites to be a reliable analytical tool for silicon in the ppba range.
The first is the dedication of a machine to the analysis of high purity silicon
with no other materials introduced. A second is reliable standards with a uni-
form distribution of impurity in the concentration range of interest. Third, a
standardized sample preparation and cleaning procedure must be developed.

The first prerequisite can be attained only by a capital commitment.
It is entirely a question of established need and capital. Few semiconductor
companies will enter this field until the reliability of this technique for
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Table 2.4-10 Results of crystal growth experiments.

SiF,-Transport Conditions st Pull 2nd Pul
Bed™ Material/Product - Seed Tang ‘Seed 'Tang

:1) mg. bed/powder product .08 qcm
2) mg bed/powder 1

~ 3) Combined salvaged .10
' charge material from ’

above and 2 runs

for which no ingots

were produced

1y
I
N

4) mg bed/powder 1.0 2<5

afvg compacted with D.I, (P-type) (N-type)
® | water - combined

2 salvaged runs -

5) mg bed/powder ‘ . .23 g2
2 growth cycles -

'6) mg bed/powder 0.1-27  .3-.6
(N & P type) (N-type)

7) mg ded/powder .15 7
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measuring concentrations for\é"variety of impurities in the ppb range is
established. The need for sensitive analytical tools is not questioned.
Judging from the reports of labs. where this first prerequisite has been
met, it is apparent that background readings and "memory" can be reduced so
that reliability and reproducibility are attained.

The development of reliable, well characterized standards is required
before ssms (or any other technique) will be widely accepted. These must be
reddi]y available throughout the industry. Currently standards are not widely
available. = Segregation effects in crystal growth cause concentration gradients,
precipitates and non-homogeneities which cause crystals to have variable compo-
sition from one region of the lattice to another. This of course produces
variable analytical data and degrades the usefulness of the standards. A fairly
Tong term R & D effort in the development of standards must be undertaken before
widespread acceptance of ssms will occur.

Procedural techniqUes of preparation and cleaning present the Teast
severe problem in ssms. Standard cleaning procedures currently state-of-the-
art in the semcionductor industry can be implemented directly. This cleaning
must be done just prior to analysis to remove contamination from packaging and
shipping materials.

The above discussion has emphasized the necessary conditions to attain
reliable ssms data at current techno1ogica1 development. This is not, however,
adequate to completely analyze semiconductor grade silicon. The detection Timits
for such critical impurities as boron, phosphorus, aluminum, titanium, vanadium

“and arsenic are in the range of several ppba under the conditions described in

the preceding sections.

Electrical evaluation of single crysta1s Tong an established and reliable

| techanue in the semiconductor industry, must be incorporated into any evaluation

cheme for silicon. As emphasized above, ssms results 1pd1cate the S1F2 product
approaches semiconductor quality; however, it is clear from the in-house crystal
growth evaluation that further work on the removal of B and P from the gas
stream is required to ultimately attain that quality. Emphasis on crystal growth
as an evaluation tool at the onset of this project would have highlighted this
problem and been more instructive in guiding the course of the project toward
attainment of the stated goals.
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2.5 One Kg/Hr Mini-Plant Design

After the feasibility of the chemistry of the process was suf-
ficiently established, Phase II of the program was initiated in June
1978. The objective of the first six months of this phase was to design
and engineer a mini-plant to be capable of 1000 gm/hr. Its purpose would
be to collect critical engineering data on the feasibility and scale-up
of the process.

The firm of Raphael Katzen Associates International, Inc. (RKA),
of Cincinnati, Ohio, was retained as consultants to carry out the chemical
engineering, design, support, and costing for the mini-plant and other
scale-up projections. Since the full design report from RKA is being sub-
mitted to JPL at the same time as this final report, only those drawings
and descriptions relevant to an overall view of the engineering design will
be included herein.

The process as designed for the mini-plant covers all basic aspects
of the proposed commercial process including the initial SiF4/Si reaction,
the impurity dropout baffle, the SiF2 polymerizer, the homologue formation
and Si harvester, and the SiF4 condenser  with capability for batch recycle
of SiF4. ‘

2.5.1 Main Process

The process flow diagram is given in Figure 2.5.1 with the process
description as follows.

The reaction between metallurgical grade silicon and S1'F4 takes place
in Reactor R-101 at a temperature of 1,350°C and a pressure 0.5 torr. SiF,

s introduced into the bottom of the reactor and travels up through the

bed support tube. It can be preheated in the bed support tube if the tube

extends up into the heated zone or it can be preheated-in the lower portion
of the silicon bed. Metailurgical grade silicon is introduced into the re-
actor through a lock hopper on top of E-103. The bed in the reactor can be
operated in a fixed or fluid mode depending on the size of the silicon
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particles in the bed. A1l the reactor internals, including the reactor
tgbe, bed support, heating elements and insulation are made from graphite.
The reactor heating element is divided into threc separately controlled
sections.

The SiF2 formed in the reactor and any unreacted S1'F4 flow upwa?& /
into Cooler E-103, Dowtherm in the tubes and walls of E-103 cool the re-
actor off-gas from 1,350°C to 250°C. Tank TK-116 is a baffled knockout
drum which will remove most of the entrained part1cu1ate 1mpur1t1es coming i

" from the reactor. The drum is fitted with a Tock hopper" co allow per1od1r\_ - !

removal of the collected solids.

Polymerizer E-104 is a jacketed. scraped surfébe exchanger. The
gases are cooled from 250°C to -30%C using Freon in the shell at -80°c.
The SiF2 is condensed and polymerized on the walls of E-104. The scrapers
remove the polymer deposit, which comes off in granular form. The condenser
is sloped toward the gas inlet end. This causes the polymer gran&1es to move
countercurrent to the gas flow to the solids discharge nozzle. The jacket
of E-104 is divided into several sections to allow flexibility in operating
conditions. The remaining SiF4 passes into Polymerizer Vent Condenser E-108
where it is condensed to a solid on surfaces cooled with Tiquid nitrogen.

The polymer falls from the Eb1ymerizer outlet into the suction hopper
of Polymer Pump-120. This is a progressive cavity pump fitted with an Auger

+feed hopper., The hopper is electrically traced to warm and soften the granular

polymer before it enters the pump.

The polymer is discharged into the vaporizer section of Harvester R-107.
This is a bed of silicon granuies fluidized by a recirculating S1‘F4 gas stream.
The inlet gas temperature is 250°C. Silicon addition and withdrawal hoppers
are provided to allow inventory and particle size adjustment during operation.
The polymer is converted to gaseous homologues and diluted in the vaporizer
so that the homologue partial pressure is § torr. Gases leaving the vaporizer
section then enter the riser portion of the harvester. The gases entrain
hot silicon particles introduced near the bottom of the riser and carry
the silicon up the riser. The heated silicon particles provide the heat
and surface area necessary to decompose the homologues to silicon and'SiF4

i~
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and”eposit the silicon on the particles. The silicon particies and the
gas are separated in the upper portion of the harvester. The gas flows
out through a baffle and is then cooled from approximately 800°C to 250°¢C
jn the air-cooled SiF, Recycle Cooler E-110. The net make of SiF, is
removed from the recycle stream under pressure control and is condensed

. in Harvester Vent Condenser E-111 by Tiquid nitrogen. The bulk of the

recycled S1'F4 is returned to the harvester by Blower B-113.

The silicon solids from the top of the harvester flow by gravity
down through an electric heater and are returned to the bottom of the riser.
A portion of the circulating silicon is removed from the bottom of the down-
comer. Some of this material is product while the rest is crushed. etched
to remove surface impurities, and returned to the top of the downtbmer as
seeds for silicon deposition.

As an a1ternate to the riser harvester, a fast fluidized bed with a
recirculating gas stream could be used. This would require a different
harvester vessel. S

2.5.2 Vacuum ReT{éfg§y§téﬁ

A header containing an inert gas at approximately 1 atm pressure
provides a means of bringing the system up to atmospheric pressure in the
event of a Teak. It also provides an inert purge when the system is
opened. The inert gas is manually controlled from a central point by
solenoid valves at each purge gas inlet.

2.5.3 Dowtherm System

The cooling medium for Reactor 0ff-gas Cooler E-103 is 1liquid Dow-
therm "A". Pump P-113 circulates Dowtherm at approximately 20 gpm through
Dowtherm Heater E-118, through the Cooler, E-103, and then through an air-
cooled Dowtherm Cooler E-117, Since the thermal load from the process is
relatively small compared to the size of the Dowtherm system, it may be
necessary to run E-118 continuously in order to provide the necessary
temperature control in Cooler E-103. '
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2.5.4 SiF, Recycle System

The SIF4

is carried out in the following st

collected in Vent Condensers E-108 and E-111 is re-
turned to storage cyclinders for reuse as reactor feed. This recycle

£ps .

When Condenser E-108A has ac-

cumulated -a full load of S1F4, the" ‘process is swung over to Condenser
E-108B. E-108A is valved off from the vacuum system and is connected

to S'iF4 Condenser E-112.

A warm fluid (Freon at -65°C) is introduced

to the coils and the pressure is brought up to approximately 35 psig.

Under these conditions, the S1F4 Tiquefies and is then bo11ed out of .
E-108A and recondensed in E-112 using refrigerant at -80°C. The Tiquid.

S!F4 condensed in E-112 flows by gravity into a refrigerated storage

tank (TK-123A or B).
~end of the boilout cycle as needed.

condensing surface of E-108A, connections are provided to allow melting out

These -can be blown down to atmosphere at the
If pe ymer accumulates on the

the polymer with hot S1‘F4 from the harvester recycle stream. When the
boilout cycle is complete, the exchanger is isolated from Condenser E-112
and the liquid nitrogen is put back into tha coils. _This will condense

for a new condensing cycle.

manner.

2.5.5 Freen Refrigeration

[

. thea$iF4“in the condenser and return it to a low pressure in preparation
Exchangers E-111A and B operate in a similar

To providethe intermediate temperature levels in the polymerizer

and S1‘F4 condensers, Freon is cooled to -80°C with Tiquid nitrogen in Freon

Q

Cooler E-122. Pump P-121 circulates the Freon to Polymerizer E-104 and S1‘F4

Condenser E-112.

'The warmer Freon required for meltout of Condensers E-108

and E-111 is provided by the discharge from Condenser E-112, During melt-

out the Freon will flow from E-112, through Frecn Heater E-124 to the units

be1ng melted out.

When the vent condensers are swung from condensing to meltout, the
f1qid in the tubes is changed from 1iquid nitrogen to Freon. The gaseous

With this arrangement, meltout can be carried out regard-
1ess of the status of the rest of the process. e
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& mtrogen left in the tubes will be carried back to Freon Cooler E-122
and vented from the system under pressure control. When the condensers
are swung from Freon back to Tiquid nitrogen, the Freon will have to be ,
blown back to E-122 with gaseous nitrogen before the 1iquid nitrogen. -

is cut in.

2.5.6 Equipment Design

The basis for the design and sizing of the process equipment is
briefly summarized in Table 2.5-1. The equipment cost derived from the
list given in Table 2.5-2 is based mainly on cost estimates received from-
vendors. The eleven page instrument list is too extensive to be shown '

~ herein, but is in the RKA full design report.

) A model of the mini-plant was put together by RKA to assist in the
Tayout and the piping design. The model is Taid out to fit into the pro-
, posed site of the unit in an existing empty structure at Motorola. Views
Pes " of the layout from two different directions are given in Figure 2.5.2a
i ' and 2.5.2b.

2.5.7 Estimate

Using cost totals from the equipment and instrument Tists and the
piping design model, an estimate of the installed cost for the 1 kg/hr mini-
plant has been made. The breakdown of the $812,000 installed cost is given
in Table 2.5-3. Items in the estimate other than the equipment and instru-
ments are judgments based on this particular plant. Conventional estimating
factors used to generate an installed plant cost from the equipment and
instrument costs were not used because of the small size of the plant and

“the small amount of piping required.

The relatively high cost of the '‘plant per unit of output results from
using commercial equipment, but on a small scale. Th1s cost can be justified
by the fact that the data obtained from.this plant will be directly applicable
to the design of a commercial plant,
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Table 2.5-1 Equipment List - Mini-plant

MEINI-PLANT EQUITMINY DESIGH BLS1S

Description

12" dia, x 57"
30 5q. ft on tubes
and jacketcd shell

6- x 8" x 12'
Vogt scrap¢d surfuce
unit, 17 sy. ft

12" dia. x 65"

25 sq. ft. in two
panel coils and
jacketéd shell

2 required

12" dia. x 68"

25 =q. ft. in two
panel coils and
jacketed shell

2 required

Air cooled fin tubes
Incon2l tubes

U-tube condenser
16 sq. ft.

85 acfm @ 150 torr
22" }G static (air
ecuivalent)

Inconel constructior
will magnetic drive

Fixed bed type
Graphite construction

Riser type reactor
800°C, 150 torr
oprrating ‘conditions
Inconel shell with
internal insulacion
and cast 8iC abrasive
lining

Design Basis

U=1.0 Stu/ur ftz r
=5,253 Btu/rr

aQ
U°=3.7 Rtu/hr £c2 *F
©=11,730 Btu/hr

See E-111

2 Lx. accumulstiion
SiP'4 deposit 1/4"thick

Feed rate=10,3 lb/hr

U_=2,2 Bou/ur £e? op
bﬁsed on extended sur-
face cooling gas from
800°C to 250°C
©=30,180 Btv/hr

U°=5ﬂ Btu/hr ft2 3

10.7" WG calculated @
200 °C operating
temperature

0.C369 kg/hx in2
reaction zrea @ 80%
conversica

1 sec. residence time
in reacror

ORIGINAL
OF pan

130

)

4
Ascumptions

The liquid coolant
will prevent corrosing
of the metal surslaces
by the hot guses,

Spacifie gravity of
solid SiF4 is 1.58.
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Table 2.5-2 Equipment List - Mini-plant ‘

EQUIPHENT_LIST

A=

1 kg/hr Plant’
E ' ' ‘ Materials
o . Design of Estimated
F’ 3 1tem Ho. Description . Conditions Construction Jctal Cost
- Exchangers ,
. E-103 Reactor 0ff-gas Cooler _ 300°C 304 SS $ 7,90
Q= 5.25328tuihr ’ Vacuum
A= 30 ft
£-104 Polymerizer =120°C 316 SS 12,000
. Scraned Surface, double .
5 pipe exchanger
: Q= 11.78Q Btu/hr
A=7ft A
. E-108A28 Polymerizer Vent Condensers  -196°C ., 364 S 12,080
Q = 722 Btu/hr {Cooling) 50 psig/
Q = 963 Bgu/hr (Meltout) Vacuurni
A= 24 ft° )
» o E=110 Recycle Cooler . 900°C Incone) 2.000
, Finned Hairpin, Air Cooled Vacuum E
Q = 30,180 Btu/kr
N - “E=111A&4B Harvester Vent Condensers -196°C 316 S 12,080
© Q= 2,420 Btu/hr (Cooling) 50 psig/
Q= 5.77628tu/hr {Meltout) Vacuum
A= 241t
£-N2 SiF4 Condenser -120°C 304 SS 2,750
Q= 5,77628tu/hr 100 psig
A= 16 ft
E-117 Dowtherm Copler 300°C C.S. 1,800
Air Cooled Fin Tube 50 psig
: “ Q= 5.253 Btu/hr
“ A= 3 ft
% E-118 Dowtherm Heater (Electric) 300°C c.s. $ 1,130
' 50 psig ‘
E-122 - Freon Cooler -196°C 304 sS 3,000
TYank Coil - :
Q= 29,61228tu/hr
‘ A= 4.5 ftf
- .
E-124 Freon eater (Electric) . -80"C 304 SS 1,495
20 psig
L)
BLOWERS
. B-113 SiF, Recycle Blower 400°C Inconel 30,000
’ 100 acfm )
: K
B-118 Dowtherm Cooler Blower' Anbient c.s. . 1,200
300 acfm \\\
REACTORS v
(E
R-101 Reactor , 1,350°C Graphite 90,020
' ' Vacuum : :
R-107 Harvester 800°C Stlicon 87,000
Yacuum Carbide ‘ 3
4 £
€ ks
¥ ,/ﬁ .
i ‘ TK-120  Dowtherm Hcad Tank 3no°C c.S. 2,000
. 80 psig _ :
©Tr-123088 S1F, Storage Tanks -100°¢ 304 S 10,800
1,100 psig
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Table 2.5-2 (continued) Equipment List - Mini-plant

) FQUIPMENT LIST
¥ ka/hr Plant

Materials e
Design of Estinated
Item No. Description Conditions Construction Tota) Cost
PuMPS
P14 Vacuum Pump 25°C c.s. $ 7,000
206 acim Vacuun
P-119 Dowtherm Circulation Pump 300“C c.s. 800
20 gpm €@ 50' TOH 50 psig
P-120 Polymer Pump 200°C c.s. 3,300
10.4 b/hr Vacuum Te’fl;:n
P-121 Freon Circulation Pump -120°C C.S. 800
10 gpm 8 50 TDH 20 psig
;!55.7“ F-125 Vacuum Pump Filter Full vacuum c.S. 710
-EE " 250°C
TOTAL $ 289,905
’5\
’ <
oy
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?igure 2.5.2a Side angle view of mini-plant

model.

Figure 2.5.2b Front view of mini-plant
model.
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Table 2.5-3 Mini-plant Cost Estimate

1 kg/hr Plant Cost Estimate

DIRECT MATERIALS

Equipment $ 289,905

Field Materials

Piping $ 38,000 C
Electrical 14,000
Instruments 71,250
Insulation 10,000
Painting 1,500
$ 134,750
TOTAL DIRECT MATERIALS $ 424,655

DIRECT LABOR

Equipment Installation $ 43,500

Installation of Field Materials
Piping . $ 40,000
Electrical 15,000
Instruments 15,000
Insulation 20,000
Painting 4,000
$ 94,000
TOTAL DIPECT LABOR § 137,500

INDIRECT COST

Construction Overhead $ 45,800
Contractor's Fee . 18,000
Engineering 50,000

TOTAL INDIRECT ' $ 113,800
STRUCTURE AND FOUNDATIONS 30,000

SUBTOTAL TSTIMATE § 705,955

CONTINGENCY 106,045

JOTAL ESTIMATE $ 812,000

s
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Conceptual layout of 100 MT/yr plant.

Figure 2.5.3
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2.5.8 Design and Economics at Silicon Production Rates to 1000
Metric Tons per Year

A conceptual design was developed for a cormercial plant producing
1;000 MT/yr of semiconductor grade silicon and the plant cost was estimated.
The cost of a plant producing 330 Mt/yr was scaled from the 1,000 MT plant.
This section gives a brief process description of the commercial plant
as well as a summary of the assumptions and design basis used for the

major equipment items in the commercial plant.

The operating conditions for the commercial plant were generally
taken to be identical to those assumed for the mini-plant. The main ex-
ception to this is in the .operating temperature of the harvester, which
was assumed to be 600°C for the commercial plant, while the mini-plant
is expected to be capable of running from 500 to 800°%¢ if necessary.

The proposed layout for the 1,000 MT plant is given in Figure 2.5.3.
Equipment numbering for the commercial plant is the same as that used in
the mini-plant. Metallurgical grade silicon is metered by gravity through
a small Tock hopper from evacuated feed tanks to each of the three Fluid

- Bed Reactors, R-101A through C. Fresh silicon feed enters at one end and

flows in approximately plug flow through the reactor. Unreacted silicon

and ash continuously overflow the outlet weir and leave the reactor. SiF2
produced in the reactor flows upward through Cooler, E-103. A header system
on top of each cooler assures an even flow of gas over the plates and de-
livers the cooled gases to the five polymerizers associated with each re-
actor (15 total). SiF4 leaving the po]ymenizebs flows through headers to
one of two Polymerizer Vent Condensers, E-108 A & B, where it is condensed
to a solid with liquid nitrogen. Two 7,800 cfm vacuum pumps back up the
condensers. ‘

One polymer pump serves each set of five>po1ymerizers. The three
pumps discharge into the vaporizer on the single harvester.

Harvester R-107 uses a single riser scaled up directly from the
one kg/hr mini-plant. Three solids downcomers and heaters are used to pro-
vide an even distribution of solids into the riser. Operation at GOOOC ‘
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was assumed. The silicon produced at this temperature will contain a
considerable amount of fluorine. A small post-treatment reactor will
heat the product to 800°C to yield pure polycrystalline silicon.

The net SiF, made from the harvester will be condensed in
Harvester Vent Condensers, E-111 A & B. Operation of these units is
identical to Condensers, E-108 A & B, and they are backed up by the
same vacuum pumps that serve the polymerizer condensers.

‘} - Table 2.5-4 gives a brief summary of the design basis and major
assumptions used in sizing the major equipment for the 1,000 MT/yr com-
mercial plant. Table 2.5-5 is an equipment list including estimated ‘
costs that comes to a total equipment cost of $2,382,300 which includes
an offsite refrigeration package at $600,000.

The total capital cost for the 1000 MT/yr commercial plant is
estimated by RKA at $6,160,000 as summarized in Table 2.5-6. Capital
for a 330 MT/yr plant is given in Table 2.5-7.

*i.,h In Quarterly Report No. 10, a Motorola generated equipment and

' capital cost was presented for that point in the project. Table 2.5-8
compares the investment costs as presented then in column 1 and the present
RKA estimate in column 2. Note that the Motorola estimate did not include
a capital figure but instead included both capital charges and operating
charges under the utilities cost. The major reason for the lower RKA
estimate is that they believe that the standard factors that had originally
been used for installation, etc. per the standard format from Lamar were
not applicable in this particular case where we have less piping, instru-
mentation, etc. than in a standard chemical plant or refinery. However,
mindful of the fact that the resulting product cost is high due to the
higher refrigerant and capital cost than the RKA estimate, the result from
Quarterly Report No. 10 is given in Table 2.5-9 for a Si cost of $7.71/kg.
Figure 2.5.4 from the same report shows the effect that more or less capital
has on the Si cost for two SiF4 costs. Note that the RKA capital estimate
of $6,160,000 gives a Si product cost of under $7/kg.
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Table

Iten

£-103
Reactor Off-
Gas Ccoler

£-104
Polymerizer

E-l08
Polymerizer
Vent Con-
densers

i 2-111
w&:ﬁ, : Harvester
Vent Con-
densers

‘

E~110
Recycle
Cooler

E~112
SiE‘4 Con-
denser

F

£
¢

D

2.5-4 Equipment Design Basis - 1000 MT/yr Plant

EQUIPMENT DESIGN SASIS

,

Description

6'e" 527'T/T
443 £t panel coil
bundle in each

> 3 required

12"x14"x30"
Vogt Scraped Sthace
Units, 94.2 £t /unit
15 required

Deslgn Basis

-1 OBtu/hr ftz °

©=210,000Btu/hr ea.
Panels on 6" centers

tu
s 37wfc
Q-loo 000 -E; ea

Equipped for use with .

direct refrigeration

m3‘ g x_8*

293 ftz panel coil
kundle in each
2 required

3¢ x 14

1214 £t panel coil
bundle in each

2 required

Air cooled Fin tubes
Inconel tubes

U-tubezcondense:
283 £t

2 hr accumulation

SiF4 deposit 4" thick
Panels on 6" centers
Feed rate = 263 lb/hr

2 hr accumulation

feed rate = 1275 lbh/hr
panels on 3" centurs
SiF‘ deposit %" thick
U - 2,2 Eng—EEQ based
on extended surface o
cooling gas from €600 C
to 427 C

0=1.17 M Btu/hr

v =50 ;;_kt2 ()
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Assumptions

5 30° units in
parallel will not
have excessive
pressure drop

specific gravicy
cf solid SiF is
1.58

specific gravity
of solid sir‘
is 1,58
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Iten

»-113
sxr‘ Recycle
Blower

R-101
Reactoxr

R-107
Harvester

Pefrigeration
Package

N

[

'( )

Table 2.5-4

(continued)

\

EQUIPMENT DESIGN BASIS

Degcription

12000 acfm

€ 27" WG static

(air equivalent)
Carpencer 20 con-
struction with double
mechanical geal

Fluid bed convayor-
typa.zcraphita

24 £t~ surface

3 required

Risgr-type reacteor
€00 C, 150 torr |, .
operating conditions
Inccnel shell with
8iC tile lining

3 loop Bystem
producigg liquida N
at =176 C, ethylene
at -80°C, and 70 pség
and ethylene at -€S5 C©
and -95 psia.

Design Basis

IJ'OWG calculated
427°C operating
temperature

0.0369 kg/hr inz
reaction rate € 808
conversion

Direct scaleup
of 1 kg/hx unit
1 sec residence
time in riser

Heat loads

275,000 Btu/hr N
147 MM Btu/hr etﬁy~
lene @ -80°¢C.
352,000 Btu/hr ethy-
lene € -65°C
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Assumptions

Carpenter 20
alloy is
satisfactory
¢ 427°¢

4-6" bed depth
is sufficient

1) Harvesting
reaction will
proceed aatisgac-
torily at 600 C

2) Post treatment

©of 5i product

at 800 C will produce
satisfactory material
3) Inconel can safely
withstand process gases
at 600 C.

/
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Table 2.5-5 Equipment List - 1000 MT/yr Plant

Estimated Estimated

Item No. Description Design Material Item(s) Cost Tota) Cost
Exchangers .
£-103 Rx offgas cooler 3c0°C 316 SS 42,300 126,900
A-C Q=210.009 Btu/hr full vac B

A=443 ft P
E-104 Polymerizey -80°C 316 SS 23,600 354,000
A-0 Q=100,000 Btu/hr each full vac

15 requirgd ’ -
A=94.2 ft~ 12" x 14"

x 30 Vogt
E-108 Polymerizer vent cond. -176°C 316 SS 22,900 45,800
A-Bf Q=250,009 Stu/hr full vac :
A=275 ft° - ‘
E-110 Harvester recycle 650°C Inconel 40,000 200,000
A-E cooler full vac 600
Q=1.17 My Btu/hr ’
A=750 ft~
Brown Fin Tube
E-111 Harvester vent condenser -176°C 316 SS 67,300 134,600
ALB Q=210, 000 Etu/hr < full vae
A=1,241 ft
E-112 $1F, condenser -80°C 304 S$ 7,300 7,300
Q=220.009 Btu/hr 70 psia
A=283 ft

Doy]qf& Roth VF125U2-12H
12* 3F4"0 shell x 12' tubes
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Table 2.5-5

I

Item No.

E-117

E-18

"Blowers

8-13

B-118

Reactors

R-101-
A-C

R-107

R-124
Tanks
TK=120

TK-123

TK-124
A,8,C

T humps

P14
A-B

P-119

P-120
A-C

Description

Dowtherm cooler
0=640.009 Btu/hr
A=130 ft

Browm Fin Tube

fowtherm heater
50 kw electric

S{F, recycle blower -

12,800 cfm

Air coofer blower
5,000 cfm

(continued)

4

30 hp e

Reactor

farvester -

Rust treatment reactor

-

Dowtherm head tank

-

S1F4 surge tank
2'¢7x 16" /T

S{licon fead hoppers
g x6' /T

Vacuum pump
7,830 cfm .
Stokes niodel 1719

Dowtherm circulation
pump

150 gpm @ 100* head,

Polymer pump

433 1b/hr

Off sites refrigeration
package

141

Estimated Estimated
Design Material Item{s) Cost Tota) Cost
. 300°C (%3 4,300 4,300
50 psig . o o .
300 ¢S 10,000 10,000
50 psig
482°C Carpenter 75,000 75,000
full vac 20
Ambient €S 3,000 3,000
1350°C Graphite, 150,000 450,000
full vac 316 SS
600°C . Inconel 600 165,000
full vac 'Silicen
Carbide .
800°C Graphite 40,000 40,000
250°C cS 8,000
50 psi
43°c” 316 S5 44,300 44,400
1,000 psi
full vac €S 2,500 7,500
Anbient B
46,250 92,500
300°C cs 5,000 5,000
30 psia
3,330 10,000
600,000
EQUIPMENT TOTAL $2,382,300
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Table 2.5-6 Capital Co&t - 1000 MT/hr Plant

'PIRECT MATERIALS

. Equipment $ 2,302,300
Picld Materials -
Piping ' $ 310,000
Electrical 215,000
Instrunents 105,000 . -
Ingulation 81,000
Painting 7,000 -
‘ $ 718,000
TOTAL DIRECT MATERIALS $ 3,100,300
DIRECT LABOR
Equigment Installation $ 198,000
Installation of Field Materiais
e ) Piping $ 245,000
: iy o Electrical 145,000 .
; . R . Instrunents 65,000 <
= Insulation 85,000
. Painting 18,000
' v § 558,000 )
TOTAL DIRECT LABOR $ 756,000
i R " . -
i INDIRECT COSTS . N
S N
Construction Overhead $ 250,000
Contractor's Fee, 79,000
Engineering 550,000 .
TOTAL INDIFECT COST $ 879,000
BUILDING AND FOWMIDATIONS 398,000
SUETUTAL ESTIMATE 5,133,300
CONTINGENCY 1,02€,700
TCTAL ESTIMATE . $6,160,000
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Table 2.5-7 Capital Cost - 330 MT/yr Plant .

=+ DIRECT MATERIALS
Equipment

Field Materials

Piping
Electrical
.. Instrunents
+  Insulation
Painting

Total Direct Materials

DIRECT LABOR

Equipmant Installation

$1,294,230

143,000 N
98,400 L
66,310
35,800

3,100
$ 346,610
$ 1,640,840

¥

Iy

§ 89,400

Installation of Ficld Materials

Piping .
Electrical
Instrunents
Insulation
Painting

Total Direct Laboxr

INDIRECT COSTS -,

Contractor's Overhead

Contractor's Fee

Engineering

Total Indirect Cost

Building and Foundations
Subtotal Estimate

Contingency
TOTAL ESTIMATE

113,000
66,300
. 44,400
37,600

7,900 éy

$ 269,200

$ 358,600

A

\ “ &
§$ 51,000 .
16,000

450,000

$ 517,000

220,000
2,736,440
547,300

$ 3,383,740

O
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Table 2.5-8 Inves§n’1ent Comparison
SlFu PURIFICATION PROCESS

£

CAPITAL COST ESTIMATE COMPARISON ©
! | 1000 m Ton/YR PLANT
INVESTMENT
$1,000,000
. , MOTOROLA KATZEN
EQUIPKENT COST N 1.78
i REFRIGERATION o Meow. 660
*& . QP, COST
INSTALLATION, ETC. 5,50 2.75
CONTINGENCY | © 2,09 1.03
TOTAL 9.05 66

b

)
Pt
i e

-

144



Table 2.5-9 Total Si Product Cost

ESTIMATION OF TOTAL PRODUCT COST WITH S1,F, RECYCLE
($ PER KG SG S1 PRODUCED) :

o 1. DIRECT MANUFACTURING

7
R » €
3]
4. m
%:*x,»‘
W
2.
3.
4,
~ Sc
6.
R
L

1. Raw mATLS M6 S1 1.09 k6 x $1.00/ke @ 1
Squ 0.24 ke % $1,00/1B X 2.2 LB/KG 0.54

2. Direct op, LABOR 10 MEN/SHIFT
5 sxILLED @ 6.90/HR X .0372 = ,26 0.44
5 seMI-sk @ 4.90/ur x ,0372 = ,18 ot

3. Urinities ELecTRicITY 13,8 kw-HR X $.03/kW-HR 0.41
REFRIGERANT 0,00155 MM BTU X $85/MM BTU 0.13
/0,015 M BTU X $24.4/M BTUY 0.37
4, SUPERVISION/CE?&!CAL 15% of 1.2 . 0.07
+ 5, Mant, & REPA;RS 19% oF FIXeD cASiwAL(sg.l MM) 0.91
6. OperaTING suppLIES 207 oF 1,5 - 0.18
. EJ,--' e j'”\v
7. LABORATORY CHARGE 15% of 1,2 , “w&;,§{07

INDIRECT MANUFACTURING

1, Deprec,/LOCAL TAXES/INSURANCE/INTEREST, 21% OF FIXED cAP. 1.91
(10%) 27) (12) (8%)

PLANT OVERHEAD, 60% of (1.2 + 1.4 + 1/2 1,5) ©0.58
TOTAL MANUFACTURING COST “ | 6,70
GENERAL EXPENSES, ADMIN/DIST. & SALES/R & D 15% of Man. Cost 1.01
| (74 IR 4 N ¢ 1 3 |
TOTAL COST OF PRODUCT - ' . 7.71

&
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3.0 CONCLUSIONS AND RECOMMENDATIONS

During the course of Motorola's investigation on the (S1F )
po1ymer purification process as a low cost, high volume method of
production of semiconductor grade silicon the following conclusions
have been made:

(i) The low projected product cost and short energy payback
time suggest that the economics of this process will result in a cost
less than the J.P.L./D.0.E. goal of $10/Kg.

L)

(1) During the initial phases of the investigation the silicon
analysis procedure relied heavily on S.S.M.S. and E.S. analysis. These

~analysis demonstrated that major purification had occurred and some

analysis were indistinguishable from semiconductor grade silicon (except
possibly for phosphorus). However, more recent electrical analysis via
crystal growth reveal that the product still contains compensated phosphorus
and boron. Work on the removal or control of electrically active donors
and acceptors could yield a product suitable for solar application.

(iii) Following a successful demonstration of the pilot facility,
the process appears to be readily sca1ab1g to a major silicon purification
facility as was proposed by Motorola andR. Katzen. p——

W,

The above conclusions were based on the following observations:

(i) The 4 step purification process can be conducted in a continuous
and cyclic manner. The products of each step are consumed in the following
step with the SiF4 product being indistinguishable from the starting material.

(i1) A1l (95 to 98%) S1”F4 starting material is reclaimed as S1‘F4
at the completion of the cycle.

(111) Each step has a high reaction eff1c1ency w1th step 1 equa]]ng
70-80%, step 2 >90%; step 3 >90% and step 4 >95%. '

(iv) Purification occurs throughout the process and S.S.M.S. and
E.S. analysis on the Si being prepared is indistinguishable from semiconductor
grade Si (except possibly for dopants such as boron and phosphorus).
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Furthermore, electrical resistivities on silicon from the process sug-
gest that resistivities in the range of 0.3 to 1.0 ohm cm'] can be
expected. These values are reasonable for sular grade silicon.

(v) The operation and application of the Tow pressure riser
and fluidized silicon beds as silicon reactors and harvesters represent
a new technology for Tow cost silicon harvesting.

(vi) The direct scaling of the near-continuous apparatus, 1 inch
diameter packed bed reactor (with transport rates of 50 to 75 gm Si/hr),
to a 5 inch diameter reactor for the Si pilot facility is straightforward.
Furthermore, after pilot plant conformation, the 5 inch diameter reactor
could also be scaled to achieve transport rates required for a large scale
production plant.

{vii) Using the 1 Kg/hr silicon purification facility as a reference,
a 1000 MT/yr facility was also designed. An economic analysis of-the pro-
posed 1000 MT/yr facility suggests that a Si product cost of ~$7/Kg (Jan.
1975 $) can be expected from such a plant.

Over the past 3 years, Motorola has consistént1y recommended that
the investigation continue as dictated by the program plan and milestone chart.
Furthermore Motorola still recommends that the project be completed through
the demonstration of the 1 Kg/hr silicon production facility. This would
allow for a more thorough evaluation of the economics and product purity
and other factors associated with the process.

o

148

b A b




T T R e r e tees & 4 W e Sy

{

X
4
R IV. NEW TECHNOLOGY
The fo]]owing new technology items have been uncovered during
this program.
S Description - A Method of Prepurifying mg Silicon Via Reduced
Pressure Atmosphere Control; NASA Case No. NPQO-14474
Innovatdrs - William M. Ingle
Stephen W, Thompson
Robert E. Chaney
Progress Reports - Technical Quarterly Report No. 6
Pages - Report No. 6, Page 11-17 and Appendix 1
Date Reported - December 9, 1977
gﬁﬁ,? II. . Description - A Process for Conversion Amorphous to Crystalline

Silicon with Attendant Purification; NASA Case No. NP0-14223

Innovators - William M. Ingle

Gilbert Vasquez .
Progress Reports - Technical Quarterly Report No. 5
Pages - Report No. 5, Pages 11-19

Date Reported - June 1977

- II1. Description - A Quartz Ball Valve; NASA Case No. NP0-14473
Innovators - William M. Ingle |
Carl Goetz v
Progress Reports - Technical Progress Report No. 18 - July 1977
Pages - Report No. 18, Pages 8, 9, and 10
Date Reported - December 9, 1977

IV. Description - Apparatus for Uniform (Sin) Polymer Formation and
3 Liberation; D.0.E. Case No° $-51334

Innovators - William M. Ingle
Stephen W. Thompson

Progress Reports - Technical Quarterly Report No. 9
Pages - Report No. 9, Pages 16-22

Date Reported - May 1978
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VI.

VII.

VIII.

Ix.
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Description - Low Pressure Pneumatic Lifter; D.0.E. Case No. S$-52624
Innovators - Stephen W. Thompson
Douglas W. Bennett | ' o -
William M. Ingle | |
Richard S. Rosler
Progress Reports -vFiha1‘Report
Pages - Final Report, Pages
Date Reported. ﬁ

)

A\

Description - Low Pressure F]uidizéd‘Bed; D.0.E. Case No. S-51694
Innovators - William M. Ingle

Stephen W. Thompson

Richard S. Rosler »
Progress Reports - Technical Quarterly Report No. 11 and Final Report
Pages - Report No. 11, Pages 13-17; Final Report Pages

Descr1pt1on - Silicon Harvesting Via a Duplex (S1F2 Vaporizor,
Si_F, C.,V.D. Fluidized or Lifter Bed Aﬁparatus,
D.0.¥. Case No. S-51695

; Innovators - William M. Ingle

Richard S. Rosler | .
- Stephen W. Thompson
Progress Reports - Technical QuarterTy Report No. 11,
Pages - Report No. 11, Pages 13-17; Final Report, Pages

Description - Modified Apparatus for Uniform (SiF )x Polymer
Formation and Liberation; D.O.E. %pa e"No. S-51334

Innovators - William M, .Ingle
Stephen W. Thompson
Progress Reports - Final Report Pages

bescription - Removable Silicon Harvesting Bed; D.0.E. Case No. S-56665
Innovators - William M. Ingle ’
" Carl A. Goetz
Robert D. Darnell
Progress Reports - Technical Quarterly No. 11,
Pages - Report No. 11, Pages 24-26; Final Report Pages

150



. S

i, it s

Lo,

s el AR o

_—

P

i KA R

Description - High Vacuum, high Temperature, Non-contaminating,
Low Cost Quartz/Teflon/Viton Seal.

Innovators - William M. INgle

Carl A, Goetz
Progress Reports - Technical Quarteriy Report No. 11,
Pages - Report No. 1714 Pages 22-24; Final Report, Pages

1.
I
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s : ’ APPENDIX I

I. INTRODUCTION

The following is a series of thermodynamic calculations for the
h predicted SiF4 to SiF2 conversion efficiencies for reaction step I in
v the SiF4 transport purification process. The fol-owing assumptions were
made: '

1) Ideality of the gases was assumed
) 2) The silicon bed contains a large excess of Si

3) The vapor pressure of Si at the temperatures in

question is negligible

4) Symbols used are the same as the JANAF Tables

II. CALCULATION OF AG OF REACTION

In Table I are listed the values of AG° for 8iF, and .
-SiF4 at three different temperatures used by Motorola (1623°K),
Margrave (1423°K) and Pease (1473°K). These values were inter-
polated from the 1967 and the 1976 JANAF Tables.

Based on the table values and standérd free energy

relationships,

. - o
B8O otion = 4G + RT 1n K,

" for 8iF,(g) + Si(s) 7 28iF,(g) p2
(SiF,)
8G = 2 AGQ gip ) - 86 (gip y * BT In g 2°

e e’ (SiF,)

7 l' & 1S
the AGreaction was calculated from several Motorola experimé&ntal

runs and for the stated conditions of Pease and Margrave. The .

;J%
%

5,
d

s
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TABLE I
AGZ Values from JANAF Tables
) g 1. SR . T ol
'I;EMPERATURE AGf(SiFg)‘,- (I{ca}/mole) ) . AFf(SiF'4) (Kcal/mole)
1423% | Diffefence :  pifflrence
(1967) ~ ~157.706 ) , ' -336.913 “
(1976) -150.591 o 4:5 . -337.127 - 064
1473°k | E o {y
(1967) -157.940 o LT -335.188
(1976) . -150.873 4.5 - -335.408 -065
= CE
1623%
(1967) ' .158.597 -329.990 ‘
(1976) -151.677 4.4 -330.229 - 072

en)




e

~ ) }’*:ﬁ.‘k »‘*
T
f

results are listed in Table II. Use of the 1967 tables yields
negative free energies under all conditions, while the 1976
table produces positive free energies of reaction. This in-

o
v -

dicates that, in all cases, using the new JANAF Tables under

| the stated conditions, no reaction would have been observed.
Figuie 1 graphically illustrates these results. The parallel-
”ograms for the work of Margrave and of Pease illustrate the

F . reported pressure ranges under which they conducted their ex-
) periments.

These results show the effectsthat a small change in a

a3 o
large value (such as <5% in AGf(SiF )) can have,when small

differences in large numbers are 2 used in calculations.
If the latest JANAF values for AG? are in question then the

enthalpy values must aleo be suspect.

If we were to. assume that the system described on line
;p‘ 1l from Table II wereoat équilibrium, then AGreaction = 0,
Further using the AGf(SiF ) = -330.229 Kcal/mole frcem the
#7976 Table would give a cilculated value for 865 517, ) OF
'=154.746, which lies between the two (1967 and 1976)2JANAF

values. The % difference is 2% from the 1976 JANAF value.

P

III. CALCULATION OF % CONVERSION (a)
In the reaction,

i [1)

S | SiF,(g) + Si(s) = 28iF,(g),

let o be the degree of reaction or percent conversion of SiF4

5 =2 a, SlF4 = l-a

l-a. Again, assuming Si is in excess and the vapor

to Sin. Thus, the concentration of SiF

; and Si
pressure negligible, the total number of moles in the gas
stream is (1 +a) times the original content of SiF, and

B . = - ' ‘ w5 ] -
g = ot B /
= : : 3 ; . ,

\\ NI




(1) Pressures in atmospheres

(2) Motorola Quarterly Report No.

(3) Motorcla Monthly Report #25,

(4) J. Amer. Chem. Soc.

87, 3819

6 -
Table II -

batch reactor
near continuous reactor

T e VO

pa
7

(65); reported pressure from 0.2 to 0.1 torr
(5) U.S. Patent #2,840,588, 1958; reported pressure from 3 to 0.05 torr

oy

e
f?% = . y fﬁﬁ\‘ ‘ . 1525
. ] TABLE 11
< summary of AGreaction Calculat;on?l)V ‘ cale. G
TP T % Eff. PgiF PSiF4 » RT In p SiF, Tables ,ﬁgggtign
2 (Torr) Q?K) (a) (Torr) (Torr) ﬁg;;;_ 1967 1976
” S | ’ (Kcal/mole) (Kcal/mole)
1) Motoro1a{?) 0.2 1623 77 | .175 .025 ~20.737 -7.941 +6.138
2) Motorola'®) 0.7 1623  74.0 518 .182 -20.14 -7.344  +6.735
3) Motorola 20 1623  34.9 6.98 13.02 ¥ _17.136 -4.34  +9.739
*__yMotorola 2.2 1623  53.8  1.184 1.016 -20.354 ~7.558  +6.521
5) Margravel®) 0.2 1423 65 0.13 0.07 ~22.774 -1.273 +13.171
6) Margrave 0.1 1423 65 065  .035 -24.734 -3.233 +11.211
7) Peaset® 3 . 1473 40 1.2 1.8 -20.088 -0.78  +13.574
| (inlet o ] |
8) Pease 0.05 1473 40 .02 .03 _32.051 -, -12.743  +1.611
b (trap) i

)
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based oh valugs from Both the 1967"3nd 1976 JANAF
. values for 4G of S1F2 and SiF,.




e

2
P .
K = (Sle)

p P, ..
(S1F4)

where p is the partial pressure of the gas and Pt is the
total pressure.

2a )
P,a: = (=) P,y P, o = 1-¢
(Sle) v1+a t (SlF4)‘ (-——) Pt‘
o 4 Q 2P PN -
K = g |
p l-a

AT

-

or . %
' K 3

o = (-——P___.)
Kp+4Pt

= 0 and

At equilibrium, AGreéction / !

) ¢ 8G° = -RT 1n X |
£ « | o p v %
a\{ o “ \ AG \ .

“p T TRT

Using the two JANAY Tables in question, the values for
Kp were calculated for the three temperatures discussed above.
~ This allowed the relationship between o and total pressure
to be calculated. Figure 2 shows the curves for 1423°K. The
bar illustrates the results of Margrave's work. Similarly in
Figure 3,Pease'Sresults are superimposed on the curve for
1473°k. 1In Figure 4 are shown the ‘theoretical curves for 1623°K.
The large difference in the curves for each case arise from
taking the .small differences between large numbers and then raising 

them to an exponent.

The 1623°K results are particularly inferesting. If
we take several examplés of our experimental data taken under
‘a variety of conditions and equipment as shown in Figuré 4,
fﬁ&' p we see that they fall near a curve between those predicted by
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1967 and 1976 JANAF Tables. Again, calculation of AGS, ..
f(Sin)

using the durve C), and using the 1976 value for AGg(SiF

)
yields -153,621 XKcal/mole, intermediately between the 4

reported values and 1.3 % different than the 1976 value.

IV. CONCLUSIONS

These results lead toc the inescapable conclusion that
the values listed in the JANAF Table (particularly 1976) are
suspect. We submit that Motorola's reported experimental
conversion efficiencies are consistent with thecretical
calculations and the independent work of Pease and Margrave,
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