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Energy and forms part of the Solar Photovoltaic Conversion Program to initiate a
major effort toward the development of low cost solar arrays. This work was performed
for the Jet Propulsion Laboratory, California Institute of Technology, by agreement
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"This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor Lhe United States Department of Energy,
nor any of their employees, nor any of their contractors, subcontractors, or their
employees, makes any warranty, express or implied, or assumes any legal liability
or resronsibility for the accuracy, completeness or usefulness of any information,
apparatus, product or process disclosed, or represents that its use would not
infringe privately owned rights."

V#

ii

.y,^f »., x.;. w rais Aorta. w



i

I

r

ABSTRACT

The production of low-cost silicon capable of being processed into solar

cells yielding efficiencies of 14% AM! is an essential requirement of the

JPL/DUE Low-Cost Solar Array (LSA) Project. Kayex has developed a process for

Czochralski-type crystal growth that significantly reduces the major cost

item (other than the silicon itself) involved in state of the art Czochralski

growth - the quartz crucible. The new technology generated under this contract

can decrease the add-on cost for silicon production from at least $51/kg (present

,tare of the art) to $16.14/kg (CZ 413). This translates into an add-on cost

of $0.25/;-k watt (1) if the JPL/DOE goal of $14/kg is assumed for the polysilicon

material used for the growth of crystal ingots.

Conclusions and technology status are reported for both phases of the con-

tract which h"d the following objectives:

- The grow-h of 100 kg of silicon single crystal material of ten (10) cm

la diameter or greater, utilizing one common silicon container material

(one crucible). (2)

- The growth of 150 kg of silicon single crystal material of fifteen (15) cm

in diameter, utilizing one common silicon container material (one cru-

cible).(3)

The obje:tivrs of the project included:

(a) Developing a new technology concep'U that would allow a Hamco CG2000

crystal grower tc be recharged with a new supply of polysilicon material

while still under vacuum and at temperattires above the melting point of

silicon.

(b) Modifying the Hamco CG2000 crystAl grower to

1) accept large polysilicon charges - up to 30 kg

iii
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2) grow large crystal ingots (to 15 cm diameter and 25 kg in weight)

3) hold polysilicon material for recharging (rod or lump) while, at

the same time, growing crystal ingots.

(c) Designing special equipment to

1) recharge polysilicon rods

2) recharge polysilicon lumps

3) handle and store large, hot silicon crystal ingots.

(d) Developing a new process and procedure for growing silicon crystal ingots

and recharging polysilicon " matzrial without contaminating the furnace

or breaking the silicon container material (crucible).

During the last two and one-half years, many continuous crystal growth runs

have been performed. These runs have lasted as long as 109 hours and produced as

many as ten (10) crystal ingots. Crystal sizes have reached 15 cm with weights

progressing to 27 kg.

The final phase of the program culminated in two 150 kg continuous runs being

achieved by the growth of six (6) 25 kg ingots from one crucible.
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1.0 INTRODUCTION

This report presents the conclusions from two phases of work by the

Kayex Cor poration for the Jet Propulsion Laboratory under Contract 954888.

Phase I began in October, 1977, the Phase I extension in April, 1979, and

Phase II in January, 1980.

This contract was a part of the JPL/DOE Low-Cost Solar Array (LSA) Pro-

ject, and had the objective of decreasing the cost of completed solar cell

arrays to $2000 per peak kilowatt by 1982 and to $500 per peak kilowatt by

1986, based on 1975 dollars.

Kayex's efforts were directed toward a continuous Czochralski process

capable of producing silicon suitable for use Rs low-cost solar cells.

1.1 Background

Kayex Corporation began producing Czochralski type crystal growing

equipment at Rochester, New York in the late 1960's and has expanded its

production capacity in the 1970's to meet the increased market required by

the semiconductor industry.

Kayex has steadily +.ncreased its share of the market for crystal growing

equipment. It is currently considered to be the leading domestic manufacturer

of crystal growing furnaces. (4)

Based upon the Hamco Division's knowledge of crystal growing furnaces

and silicon growth technologies, a proposal was submitted to JPL in 1976 to

develop a method to produce low-cost silicon for solar cell fabrication based

on Czochralski type crystal growth. This initial proposal was not accepted by

JPL. However, a new proposal was submitted by Kayex Corporation in 1977 and

was accepted.

The original contract No. 954888 was scheduled to rva from October, 1977

1



through March of 1979 (18 months). The goals of this program were: 	 *,#

- Continuous growth of 100 kg of single crystal from one common con-

tainer (one crucible)

- Resistivity of 1 to 3 ohm-cm P-type:, in all material

- Dislocation density below 10 4 /cm 2

- Growth rate of 10 cm/hr

- Diameter of 10 cm or greater

- After-growth yield of 90%

A proposal for the continuation of the Project (contract No. 954888)

for a period of nine months was submitted to JPL on January 31, 1979. JPL

approved the continuation with the following goals:

- Qualify the equipment for 100 kg production type operation

- Improve quality/yield of produced ingot

- Develop a more accurate cost analysis for continuous Czochralski growth

A supplemental agreement was reached for Phase II of contract No. 954888

laSL'_ng three months starting Jacr.ary 1, 1980 with completion scheduled for

March 31, 1980. The goals of Phase II were:

- Continuous growth of 150 kg or more of single crystal

- Optimize a production procedure for growing six (6) ingots each of

twenty-five (25) kg in weight from a single crucible at a growth rate

of ten (10) cm per hour.

As a result of a unified effort on the part of the Hamco Division of

Kayex Corporation and the Corporate Technology Center, which was formed in

November of 1979,from the Hamco Research and Development group, the program's

technical goals and milestones have been reached with the exception of a

growth rate of 10 cm per hour for 15 cm diameter crystals. This goal is

presently being developed under JPL project No. 955270.

2
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	 1. 1 1	 1. 1

1.2 Scope of Work Performed During Contract

The objective of Phase I of this program was to demonstrate the growth

of at least 100 kg of single crystal ingot from one melt container (crucible)

by the Czochralski (CZ) method.

The normal commercial procedure for Czochralski type crystal growth is

to grow one crystal from one crucible, replacing the old crucible with a new

one each time a crystal is grown.

Although a number of methods of accomplishing continuous CZ growth could

have been devised, it was very important that the chosen method would be sui'_-

able for a production environment and that it would be attractive in terms of

safety, reliability and cost. In a production-type process, variables should

be well-controlled and equipment should not require operators with great skill

or technical ability. Therefore, Kayex's approach to the continuous growth

"	 process relied on conventional CZ technology combined with new equipment de-

signs which allowed repeated alternate cycles of crystal growth and hot melt

reps-nishment by methods which would be suitable for use in a high volume pro-

duction facility.

The production of several crystals (up to 100 kg total) from one melt

container (crucible) by the Czochralski (CZ) method required equipment and

process modifications not commonly used in the semiconductor device industry.

These modifications were required for the purpose of permitting a method of

silicon replenishment without cooling the residual melt and container or con-

taminating the silicon.

In order to accomplish continuous CZ growth based on the method proposed

by Kayex, it was necessary to design a crystal grower with the capability of:

- Continuous high temperature operation of the furnace section and con-

tinuous purging with argon at a vacuum of 20 torr.

3



- Isolating the top portion of tte crystal grower from the lower fur-
4k .

nace section

- Supporting a polycrystalline rod or hopper (lump material) to be used

to refill (recharge) the hot crucible before starting another growth

cycle.

These three requirements were met by redesigning and modifying a Hamco

Model CG2000 crystal grower with a special chamber for the storage of a supply

of polycrystalline silicon and a vacuum-tight isolation valve to permit re-

trieval of crystals and melt replenishment without contamination.

This new grower design, along with low cost objectives for grown silicon,

necessitated additional modifications to the nest grower and special crystal

handling equipment.

The newiv designed isolation valve necessitated a redesign of the Auto-

matic Diameter Control (ADC) optical system.

The growth of large crystal ingots (greater than 4" diasreter) required

a modified bead chain/cable mechanism.

- The furnace section was redesigned to accommodate a 14" crucible and

corresponding hot zone (12" standard).

- A dopant fixture was designed to allow dopant replenishment to the melt

during a recharge cycle without contaminating the melt.

- A special crystal/poly transfer device and a storage rack were designed

to handle large, hot crystal ingots.

- A hopper was designed and developed -hich has successfully demonstrated

the recharging of lump poly silicon.

The first cry^tal growth test runs were performed in January, 1978 fol-

lowed by successful hot-filling and crystal growth runs being demonstrated in	 1v

February, 1978. By the end of June, 1978, all grower modifications and special

4
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equipment had been completed except for the 14-inch hot zone, the lump re-

charge system and melt level control via weight. Moreover, the process

development program was on schedule. Two recharges (three melts and ingot

growth cycles from the same crucible) had been demonstrated with encouraging

results (Run No. 11). See Table !.

By the end of June, 1978, a SAMICS IPEG cost analysis had been completed

based upon data obtained from the initial continuous recharge runs (Run No.

9 and Run No. 11). This data indicated that the final add-on cost for sili-

con was $19.40/kg in 1975 dollars ($27.16 1980 dollars). This SAMICS/IPEG

cost analysis was referred to as CZ No. 1.CZ No. 1 was based on the assump-

tion that five (5) 20 kg crystals were to be grown from one 12 incu diameter

crucible - See Table 2.

At this time, a SAMICS/IPEG cost analysis was also projected far con-

tinuous CZ growth using a 14 inch diameter crucible (CZ No. 2)- See Table 2.

This projection indicated that larger diameter crystals grown from larger

size melts could potentially bring the add-on cost of silicon down to

$15.07/kg in 1975 dollars ($21.10 1980 dollars).

The large furnace chamber (designed to accommodate a 14 inch hot zone

was put into operation initially with the standard 12 inch hot zone in

October, 1978. The 12 inch hot zone was used to compare the new furnace

tank's performance with previous experience. Subsequently, some modifica-

tions had to be made to the hot zone as a result of considerably larger

heat losses. Due to these modifications and the lack of practical knowledge

of the thermal conditions created by the new furnace tank, it was decided

to postpone 14 inch development work until the growth of 100 kg from a 12

inch crucible was demonstrated.

This was finally demonstrated the week of January 29 to February 1, 1979

b

(Run No. 30) - See Table 1. In the interim, the lump recharge 3evice had been

5
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SAMICS ANALYSIS OF
TWO METHODS OF CONTINUOUS CZ

44

CZ NO. 1	 CZ NO. 2
CONDITIONS	 1	 1979	 1	 1980

CRUCIBLE SIZE, D LA. X HT. 	 (IN.) 12 x 9 14 x 10.5

CRYSTAL DIAMEIER (CM) 10 12.5

GROWTH RATE (CM/HR) 10 10

NO. CRYSTALS/CRICIBLE 5 4

TOTAL POLY MEL':ED (KG) 105 144

TOTAL INGOT PULLED (KG) 100 134

PULLED YIELD M 95 93

USABLE AFTER GRINDING (KG) 87 117

USABLE INGOT YIELD M 83 81

TOTAL CYCLE TIME (HR) 75.4 75.1

THROUGHPUT (KG/HR),	 (M` /HR) 1.12 1.56

ADD-ON COST,	 1975 ($/M2 ),	 (1980$/M2 ) 19.40 15.07
(27.16) (21.10)

TABLE 2
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designed, built and tested for reliability with excellent results. The lump 	 lk ,

recharging device was used along with the poly rod recharging system during

Run No. 30. It worked well and helped to speed up the recharging process.

As in previous continuous runs, structure loss proved a problem during

Run No. 30. A discussion of possible crystal structure loss mechanisms is

included in Appendix A. Of the three structure loss mechanisms discussed in

Appendix A, it was felt that one or more forms of melt contamination was the

cause of structure loss problems during long continuous CZ growth runs. There-

fore, after Run No. 30, a great deal of emphasis was placed on starting each

continuous run with a clean furnace environment and maintaining a clean argon

environment throughout the entire continuous run.

In February, 1979, the furnace was converted to the 14 inch hot zone. Two

successful runs were demonstrated in March by growing 25 kg ingots from 30 kg

melts. A 100 kg run was also attempted utilizing the 14 inch crucible and hot

zone, but was unsuccessful due to a seed failure.

On March 31, 1979, the original Phase I of the 954888 contract was fin-

ished. However, a nine month extension had been granted to Kayex by JPL for

the purpose of:

- Qualifying the equipment for 100 kg production type operation

- Improving quality/yield of produced ingot

- Developing a more accurate cost analysis of continuous Czochralski

growth.

During the first three months of the contract extension, April 1, 1979

through June 30, 1979, improved quality/yield of produced ingot was realized

with continuous Runs No. 41, yielding 66% single crystal, and No. 47, yielding

88% single material.

It was now evident that continuous Czochralski growth - as developed by

8



SOLAR CELL ANALYSIS

DATA TAKEN AT AMO (CONVERTED TO AM1)

Run No. In of No. Sample Description Resistivity ohm-cm
N Avg

AMO
N Avg.

AM1

30 1 Top - OD 2.30 11.4 13.7

30 1 Middle - OD 1.86 11.5 13.8

30 1 Bottom - Dislocated 1.82 8.4* 10.1

30 2 Middle - Poly 1.72 7.8 9.4	 9.7

30 2 Bottom - Poly 2.94 8.7 10.4

30 3 Top - OD 2.47 11.1 13.3

30 3 Bottom - Poly 2.78 8.2 9.8

30 4 Top - OD 2.34 11.3 13.6

30 4 Middle - Poly 3.12 8.7 9.2	 10.4

30 4 Bottom - Poly 1.95 8.6 10.3

30 5 Top - OD 2.20 11.1 13.3

30 5 Bottom - Poly 2.48 7.8 9.4

30 6 Top - OD 2.16 10.6 12.7

30 6 Middle - Poly 2.97 7.4 8.9

30 6 Bottom - Poly 1.90 9.0 10.8

47 1 Top - OD
Not

Completed

11.4 13.7

47 3
(Thin wafer

Top - OD	
7 mils

9.8 11.8

47 3 Bottom - OD 11.4 13.7

49 1 Top - OD 2.67 11.6 13.9

49 1 Bottom - Single 1.95 11.5 13.8

49 6 Top - OD 1.80 11.6 13.9

49 9 Top - OD 2.06 11.5 13.8

49 9 Bottom - Single 1.73 11.1 13.3

Table 3



Kayex - was feasible. Previous solar cell efficiency results indicated that

polycrystalline material was less efficient than single crystal silicon. It

was important to prove that a high percentage of single crystal material could

be grown using the (recharge) system for continuous growth and so impact on

the solar cell efficiency.

Following Run No. 47, the furnace was converted to the 14 inch hot

zone for the remainder of the contract. Some minor modifications were made to

the hot zone prior to a successful one hundred kilogram continuous run being

performed (Run No. 49)- See Table 1. This continuous run was the most success-

ful continuous run to date, resulting in 108 kg of silicon crystal being grown

from one 14 inch diameter crucible, yielding 84.8% high quality crystal. More-

over, during continuous Run No. 49, two of the largest crystals grown to date

were produced - crystal No. 1, 22.4 kg (100% single crystal), and the last

crystal, No. 9, 20.5 kg (82% single crystal).

By the time Run No. 49 was performed, recharging had progressed to the

point where all recharging was done with lump material (no rod). The advantages

of lump recharging outweighed the advantages of rod recharging - refer to

Appendix B. The hopper designed for use during the 954888 contract allows for

a maximum lump charge of slightly over 18 kg.

Following Run No. 49, a meaningful analysis of solar cell efficiency re-

sults was compiled from Runs No. 30, No. 47, and No. 49. These results indi-

cated that efficiencies of single crystal material do not decrease significantly

from the beginning of a continuous run to Lne end. Refer to Table 3.

During September, 1979, another milestone was approached when two 5.9 inch

diameter crystals were grown during process parameter test runs, indicating

mm diameter crystals could be grown utilizing a Hamco CG2000 RC

grower.

10



Two more 100 kg continuous runs were successfully completed during

October, 1979, increasing the total of 100 kg continuous runs performed

to four under the nine month extension to the 954888 contract. Further-

more, one of these 100 kg runs (Run No. 2*) (see Table 1) was performed

in a standard Hamco CG 2000 RC crystal grower using process techniques

and special crystal handling e-luipment developed under this project.

In December of 1979, and the first week of January, 1980, the last two

100 kg continuous runs were completed - Run No. 60 and Run No. 62 (refer to

Table 1). Again, solar cell efficiencies did not deteriorate significantly

throughout the entire run.

The culmination of all the efforts of the Hamco Research and Develop-

ment Department, which had recently been formed into a new division - the

Corporate Technology Center, was now directed toward the second phase of

the 954888 project. This phase required the growth of six 150 mm diameter,

twenty-five (25) kg ingots from one crucible. After several process Para-

meter test runs, this task was finally accomplished the week of February 25,

1980 (refer to Table 1). A total of 152 kg of silicon crystals (6) was

grown from one 14 inch diameter crucible. A second 150 kg continuous run

commenced the week of March 17, 1960 resulted in 151 kg of silicon crvstals

(6) being grown from one 14 in2h crucible. This run - Run No. 72 (Table 1)-

was completed shortly before the 15th Project Integration Meeting on April

1, 1990 and prior to tha final com p letion of DOE/JPL Contract No. 9548RR.

The economic analyses describing CZ!, CZ2*, and CZ3* are contained in

Section 6.0 of the final report.

CZ1, CZ2, CZ3, and CZ4 Projected December, 1978

CZ2* Projected September, 1979

CZ3* Projected April, 1980

11



The individual technical tasks in the Phase I and Phase II program

have be`i completed; the resulting technological and econo.nic data

for the continuous Czochralski type crystal growth as developed by the

Corporate Technology Center provides a firm basis for the future work

aimed at commercialization.

V4, .
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2.0 SUMMARY AND CONCLUSIONS

2.1 Equipment Design

r^	
The process for CZ growth of multi p le crystal ingots from one

crucible proposed by Kayex was dependent on the ability to remove a grown

cr-rsta: from the grower and hot fill (recharge) the fused quartz cruci-

ble without contaminating the melt or allowing the furnace to cool down.

To accomplish the grown crystal removal and subsequent recharging,

it was necessary to isolate the furnace section of the crvstal grower

from the upper portion (pull chamber) of the grower (refer to Figure 1

and Figure 2). In isolating the furnace tank from the pull chamber, a

vacuum-tight seal had to be maintained so that the pull chamber could be

brought to atmospheric pressure while the furnace tank was still under

vacuum. Once the pull chamber was at atmospheric pressure, the door

could be opened and the grown crystal. removed. A new sup p ly of virgin

poly silicon (rod or lumps) could then be p laced in the pull chamber, the

door closed, the pull chamber purged of air with clean, inert argon and

finally pumped down to a vacuum equal to the furnace tank, thus enabling

the operator to open the isolation valve and proceed with the recharge

cycle. Separate vacuum systems for the furnace tank and pull chamber

were necessary to accomplish this cycle. A flow diagram of a continuous CZ

cycle is included (Figure "), page 16.

To meet the economic goals of the project, it was felt that time

and cost savings would be accomplished if a su pply of polysilicon material

(rod or lump) could be contained in the pull chamber while a crystal was

being grown	 This would allow the onerstor to recharge the crucible,

then grow the next crystal, eliminating one cycle of opening the null

13

1.



ORIGINAL PAGE 18	 !	 _
OF POOR QUALM i

it

'DENTIAL
COPIED.

NY MAN• 15

OSE FOR

+

6O
VIDEO BY
OF THE CAOX^74L 	 1 7

AW L

C149L F

SEew ND! vE,E"

/50[,47/D/V Wl-Ye

0P
Za
^_.Anm

D
z
rn

1
a

3
0
O
v

X5
n o
N

7D m

v

a

s
0
w
n_

/09

► I

BASE'
r

Fob/'/T Y/E^
S/'%GL E C^^C//ie.^rL 5 •'^/
c,,p-,cwTH FAcii- r r
Figure 1

14

clel1C146L E
/OZ.X 8

3Z

"C-4 OOR ;ro



r j"FIFW

Ii u"



Modified Hamco CC2000

Melt Silicon
Cold Charge

Lower Recharge
Material and Refill
Crucible

Paise Hopper or Rod
into Pull Chamber 6
Move to Back Posit.

*During the
Second and
Subsequent
Recharge
Cycles, it is

necessary to
Load New
Polysilicon
Material into
the Grower

FLOW CHART FOR CONTINUOUS CZ GROWTH

Figure 3

Virgin Polysilicon

Raise Seed and
Bring Recharge
Material into
Position

Hot Fill Polysilicon

Lower Seed While
Melting Recharge
Material

Grow Single
Crystal Ingot

Argon Purge Pull
Chamber and Equalize
Grower Vacuum

Raise Crystal up into
Pull Chamber and
Clooe Isolation Valve

Open Isolation Valve

Bring Pull Chna.6er to	 I
Atmospheric Pressure
with Argon

Stabilize Temperature,
Then Dip Seed for

Remove Crystal.
	 Crystal Growth

from Pull
Chamber
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chamber door. Therefore, a polyweighc Recharge System was designed with

its own cable system to hold a supply of polysilicon material for re-

charging - details are ex p lained in Section 3.1.2.

The newly designed isolation valve was not com patible with the old

automatic diameter control optical system (ADC). An ADC optical system

utilizing appropriate lenses for sighting through the valve throat was

desir ad and built for the new grower (Figure 4). It was also necessary

to see the new flapper type isolation valve relative to the grown crystal

and polysilicon material to be.used for recharging. Therefore, a larger

viewport window was designed into the Dull chamber door for this purpose.

The pull chamber had to be modified further (enlarged) to provide space

for storage of polysilicon (Figure 2).

The growth of large crystals 	 (4" diameter) from large melts (20 kg

to 45 kg) was highly cost effective and was included as part of the 454988

contract proposal. This objective could be accomplished b y increasing

the ca pacity of the melt container (crucible). A 14 inch diameter crucible

was calculated to be to optimum size for the project goals. However, a

newly designed 14 inch hot zone required a larger furnace tank than the

standard CG 2000 equi pment. The newly designed furnace tank was capable

of accommodating either the 12 inch or 14 inch hot zone. With the increase

in melt size and the corresponding size and weight of the cr ystals grown,

the need for a stronger bead chain seed lift device became necessary.

The seed lift pull mechanism was modified to utilize a stainless steel

cable. Mechanical and electrical modifications were also included to

permit weight measurement of ingots up to 50 kilograms.

Two problems had to be solved when it was decided to recharge using

17
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i lumps. More details can be found in Section 3.4.?.

`r.

oolvsilicon rods:

1). A method of attaching the rods to the supuort cable had to be

developed.

2). A method of adding dopant to the crucible while it was hot and

under vacuum required development.

i	
The first problem was solved by designing a poly attaching device

(Fig ,ire S). This clamp type of design required notching of the poly

silicon rod. The second vrobla.m was solved b y designing a dopant fixture

(Figure b) that would -allow :^r insertion of dopant pellets, incorporation

Of a vacuum interlock system and rotating capabilities such that it could be

positioned over the crucible (melt). The dopanc Pellets could then be

released and the fixture rotated out of the wav so that the next crvstal

could be grown. The dopant fixture was designed to fit Into the furnace

tank cover.

Finally, since the continuous C7. process did not allow for the Pro-

longed cooling of grown crystals in the crvstal grower, it was necessar y to

design and build special crystal handling and storage devices (Figures 7

and g ) which could accommodate large, hot crystals and large pol y silicon

rods. Figure 9 shows a crystal being held by the crvstal/noly transfer

device ready to be placed into the crystal/poly storage rack.

Minor mechanical and electrical modifications were made to the Hamco

CG 2000 crystal grower in conjunction with the Previously mentioned design

changes and modifications. These modifications will not be discussed here.

A major design and process study was necessary to recharge lumn nolv

silicon. A lumn recharging s ystem was developed incorporating a sa-If-

dumping hopper design (Figures In and 11). The honner used durin g the OS4999

project allowed for a maximum recharge capabilit y of lb kilograms of Poly

19
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The intent of Kayex Corporation in submitting a proposal to the Jet

Propulsion Laboratory to develop a method of producing low cost silicon

suitable for solar cell fabrication was twofold:

a) Kayex's expertise was in ,:he field c.f Czochralski type crystal

growth. It was felt that this method of silicon production held

the highest probability for successful completion of the JPL cost

goals within the required time frame.

b) The technology of Czochralski type crystal growth of silicon wrsL

presently highly developed and could be used in the development of

the continuous growth method proposed by Kayex.

2.2.1 State of the Art Silicon Crystal Growth (5)

A large majority of present day silicon. crystal growth involves the

controlled freezing of molten silicon onto a single crystal silicon seed.

Czochralski improved the original system by continuously withdrawing the

seed from the melt. Teal and Little further improved the Czochralski method

of crystal growth as it relates to silicon and germanium. The Teal-Little

concept is the predominant method used for silicon crystal growth today.

Much can be said about the intvicacies of Czochralski type silicon

crystal growth. However, the most important facet involving the cost of the

silicon produced was the present practice of growing only one crystal from

one melt container (crucible). The crucibles are normally n.ade of high

purity fused quartz and break when the furnace is cooled down to remove

the grown crystal and clean the furnace. Therefore, one crucible is re-

quired for each crystal grown. Kayex's primary approach centered around

the cost of these fused quartz crucibles which is relatively high. Cost

savings for silicon produced could be realized by growing more than one

27



crystal from the same crucible.

In order to grow more than one crystal from the same crucible, a

process had to be developed to remove the grown crystal and refill the

crucible without contaminating the furnace or allowing the crucible to

cool down. Kayex's concept was to redesign a standard crystal grower to

include a vacuum tight isolation valve that could effectively separate

the upper chamber (pull chamber) of the crystal grower fro,i. the lower.

chamber (furnace tank) which must be constantly kept at high temperature

and argon purged vacuum - refer to Sections 2.1 and 3.1.

2.2.2 Hot Fill Experiments

January, 1978 saw the first test runs performed in the modified

CG2000 crystal grower to be used during contract '1o. 954888. Although

several modifications had nct been completed (Poly Weight/Recharge System

and Dopant Fixture), the isola,iva valve, ADC optical system and modified

(strengthened) cable mechanism were completed and installed on the grower.

Three successful state of the art test runs followed to establish that

control systems were working and adjusted properly. Development of hot fill

methods then began.

Testing of the vacuum system and isolation valve commenced at thi-,

point with satisfactory results. Two crystals were grown from each of two

18 kilogram melts and removed from the furnace while still hot. A minor

problem involving control of pressures and gas flow in the pull chamber

and furnace tank was remedied by installing a secondary vacuum pump to the

pull chamber.

IL*	 The first melt-down of silicon in a crucible fills it to about

50% of its capacity if lump silicon is used, due to the packing factor of

the poly. In order to achieve the highest efficiency, more silicon had to

......	 .	 _....
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be added to fill the crucible to its capacity before the first crystal

is started. Hot filling techniques would also be used during recharge

cycles that were subsequently developed.

Initially, hot fill experiments were conducted by securing a poly

rod to the seed lift mechanism by means of the poly attachment device

(Figure 5). When the poly/weight recharge device became available, the

poly rods were s.ipported by the cable on the poly/weight recharge device.

During February, 1978, the first two hot fill runs were performed.

The first attempt was unsuccessful due to the failure of the seed lift

cable. Modifications were then made to the poly attaching device. The next

attempt satisfactorily demonstrated the hot-filling concept by first ccld-

filling a 12 inch diameter crucible with 18 kg of poly silicon and then

hot-filling an additional 7 kg. A 22 kg `.sigh ;uality crystal was grown from

this 25 kg melt.

Work then progressed on further modifications to the crystal grower

and special handling equipment so that process development could continue

into the next stage - recharging. This equipment included a dopant fixture,

(Figure 6), a crystal/poly transfer device (Figures 7 and 8), and a

crystal/poly storage rack (Figure 9).

It should be noted that hot-filling was accomplished with poly silicon

rods only. Hot-filling was not demonstrated using poly silicon lumps until

January, 1979 following the design and development of a prototype model.

2.2.3 Initial Recharging Experiments

With the installation of the dopant fixture, the ability to add dope

pellets to the hot melt without contaminating the furnace was realized. In

order to produce P-type silicon with the proper resistivity to produce

29



suitably efficient solar cells, boron doping of the virgin poly silicon

had to be accomplished. Since there was no practical way to incorporate

this int,, the melting of the poly cod, it had to be accomplished in a

separate procedure - necessitating the design and development of the

dopant fixture.

Completion of the crystal/poly transfer device allowed for handling

of large, hot crystals so that recharging could be performed a short time

after the growth cycle was completed.

The first run demonstrating recharge capability was performed April 17

and 18, 1978. A 14 kg crystal was grown from an 18 kg melt with no initial

hot fill. With only one operator available, the recharge cycle was delayed

to the following morning. At that time, 12 kg was melted off a 13.2 kg

poly rod at the rate of 6 kg/hr. Dopant was added, the seed was replaced,

and the second crystal was grown. The second crystal lost structure after

about 10 inches of crystal had been grown (6.3 kg) due to a particle of

silicon monoxide that fell into the melt. The growth cycle was stopped,

the second crystal removed, and the melt reseeded for the growth of a third

crystal. This crystal was also twinned by a particle of silicon monoxide

after 12 inches had been grown (6.8 kg). This first attempt at recharging

to develop the continuous CZ growth method proved to be relatively success-

ful. Even though hot fill experiments had proved that the recharging

cycle could be done, the run proved that the continuous CZ concept as out

lined by Kayex was feasible.

Delays had been experienced in the completion of the poly weight/re-

charge system which was now scheduled to be installed on the grower in

June, 1978. Therefore, prior to the poly weight/recharge system becoming

fully operational, a two-recharge run was planned. This run - Run No. 11 -

30



resulted in 42.5 kilograms of single crystal material being grown from

one crucible by melting a total of 48.7 kilograms In three successive

melts, for a cumulative pulled yield of 87%. The 10 cm diameter grown

crystal material was approximately 80% zero dislocation structure. Run

No. 11 lasted forty four hours resulting in an average throughput of

0.97 kg/hr.

Progress had been made toward the goal of producing 100 kg of silicon

crystal from one crucible. The problem of structure :oss, although oc-

curring later into the run, was still an area of major concern.

Crucible devitrification - originally considered to be a potential

problem during long: continuous runs - did not appear to be a problem during

Run No. 11 - the longest continuous run up to that time (44 hours).

In Jily of 1978, an evaluation of a low cost crucible made from im-

pure sand proved to be negative. Refer to Section 4.5.4 for more retails.

The recharge device continued to give problems in operation, both elec-

trically and in vacuum integrity. However, by the end of July, the re-

charge mechanism appeared to be in full working order and ready to be

used for .acharge runs. The grower can be seen on page 32, Figure 12.

During the next several months, a great deal of difficulty was en-

countered it achieving the desired goal of growing 100 kg of silicon from

one crucible. Equipment problems, mechanical problems, and operator error

(new operators were being trained during this time) resulted in aborted

runs and less than satisfactory results on completed runs.

In August, 1978, the grower was almost completely dismantled. The

new larger furnace tank was installed, allowing for the use of a 14 inch

hot zone, the recharge mechanism was reworked to try and eliminate the

vacuum problems encountered with its use and two ports ,iere added to the
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pull chamber for the purpose of temperature profile measurements.

Two other problems were encountered during this period - micro-

scopic (pin hole) water leaks in some of the weld areas of the grower

and thermal expansion fractu •:e of poly rods used for recharging. The

microscopic water leaks were attributed to an improperly constructed

furnace top plate that was finally replaced with a new top plate in June

of 1979,following numerous attempts to correct the problems associated

with r.he old top plate. The problem of poly rods fracturing during the

recharging cycle was minimized by requiring t'-,e rods to be lowered into

the furnace chamber at a slower rate, decreasing the thermal shock on tho

rod.

The work on the grower was completed in September and, in October,

1978, the grower with the large furnace chamber was put into operation

initially with the standard 12 inch hot zone in order to compare its per-

formance with previous experience. Some modifications were made to the

hot zone as a result of considerably larger radiative heat losses.

During the next three months, several short (one-ingot) runs were

performed and four continuous runs were attempted. The largest continuous

run lasted 64 hours and produced 57 kilograms of ingot. Four recharge

cycles were performed during this run.

The major problem in achieving the 100 kg goal was difficulty in main-

twining high quality (single crystal) ingot growth for long periods of time.

(Refer to Appendix A).

Recharging of lump poly silicon was demonstrated for the first time

in January, 1979, immediately before the first 100 kg continuous run - Run

No. 30. 5.4 kilograms of poly silicon chunks were hot filled (dumped) into

i
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a small charge (6.7 kg) and a high quality crystal grown. Refer to

Sections 3.4.2 and 4.4 for more information on the lump recharger and

the related process development.

2.2.4 100 Kilogram Continuous Recharge Suns

On Monday, January 29, 1979, the first 100 kilogram continuous run

was started (Run No. 30). Structure loss problems occurred early into the

run, however. It had been decided before the run was started that the

effort would be made to grow 100 kilograms of crystal ingot regardless of

the overall crystal quality.-The run was completed Thursday, February 1, after

seventy-nine (79) hours of continuous run time. Six ingots were grown ranging

in size from 15.5 kg to 17.7 kg for a total of 99.1 kilograms. (See Table 1).

Even though the percentage of high quality crystal was low, it had finally

been demonstrated that 100 kg of silicon crystal ingots could be grown from

one crucible.

The lump recharge device used in combination with poly rod for recharging

proved to be successful and indicated that recharging times could be de-

creased by using the lump recharge method. The crucible appeared to be in

relatively good condition at the end of the run with devitrification no

worse than that experienced on earlier, shorter runs.

Following Run No. 30, the furnace was converted to the 14-inch hot zone

and preliminary thermal characteristic test runs were performed. Two success-

ful runs were demonstrated by growing 25 kg ingots from 30 kg melts. Also, a

100 kg run was attempted, utilizing the 14-inch crucible/hot zone. This run

was prematurely terminated due to excessive silicon monaxide accumulation on

the viewports and a seed failure.

At this time, April, 1979, it was felt that problems associated with the
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grower could be solved more easily if the grower were converted back to the

12-inch hot zone. An intensive effort was made over the next three months

to find the source of the structure loss problems. Areas where vacuum grease

might contaminate the grower atmosphere were identified and corrected. Ex-

tensive leak checking of the grower was performed including all vacuum lines

and argon lines. Machine alignments and calibrations were checked and cor-

rected as necessary. The seed lift assembly was rebuilt and the pull chamber

door was machined to eliminate air leaks found in the sealing area. Several

runs were made during this period of time, including one attempt at growing

100 kg. Although much was learned about the condition of the grower and

several parameters of the growth process, results continued to be less than

satisfactory. The discovery of further microscopic pia hole eater leaks in

weld areas around the furnace tank viewports necessitated the replacement of

the furnace tank cover plate (June, 1979).

Structure loss problems on the subsequent run resulted in a decision to

remove the recharge mechanism. It was felt that, since the recharge mechanism

had exhibited vacuum problems in the past, a further variable could be elimi-

nated by removing the recharge mechanism and starting with a grower as close

to a standard production CG2000 RC as possible. The next run showed marked

improvement in the cleanliness of the furnace atmosphere, crucible walls and

furnace interior.

The pull chamber was again checked for vacuum grease. Two areas were

located and cleaned. Vacuum seals were inspected and replaced where necessary

in preparation for the next scheduled 100 kg run on June 26, 1979. This run

was to be performed with the JPL project technical monitor present. One re-

It of this run (Run No. 47) was the largest percentage of single crystal

date (Table 1). Five crystals were grown, totalling 60.2 kilograms, of

Cch 88% was single crystal. Of the 60.2 kg grown, nearly 70% was disloca-
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tion-free. Severe crucible devitrification and deformation was observed

towards the end of the fifth growth cycle. This condition necessitated ter-

mination of the run prior to attaining the 100 kg goal. However, the large

percentage of high quality crystal indicated that the efforts of the last

few months were rewarded.

The ongoing study and development of the lump recharging process had

now reached the stage where it was possible to recharge 15 kg of lump silicon

into a 12-inch crucible in one recharge cycle using a two step method. All

recharging for Run No. 47 was done using the lump recharge method.

With six months remaining on the 954888 contract extension, the furnace

was converted to the 14-inch hot zone. Five more 100 kg continuous runs were

sii^l required by the end of the contract.

The second run attempted after the grower was converted to the 14-inch

hot zone was very successful and met most of the goals of Phase I of the

project. Several hot zone modifications were made prior to Run No. 49.

[tun No. 49 !Table 1) commenced on Monday, July 17, 1979. A total of

108 kg of silicon crystals were grown in eighty-five (85) hours. Moreover,

85% of the silicon grown was single crystal. It had finally been demonstrated

that at least 100 kg of silicon could be grown from one crucible, yielding a

high percentage of single crystal material.

A direct result of the work performed on the crystal grower during the

three month period from April, 1979 through June, 1979 and the subsequent

success led to the reaffirmation that a satisfactory percentage of high

quality crystal. Production requires a clean growth environment.

Two more 100 kg continuous runs were completed in October, 1979. Four

of the six 100 kg runs required under the 954888 project extension had now

been completed. During this time, continued data was accumulated concerning

cycle times and materials usage. From this data, cost updates were formu-

36



lated - refer to Section 2.3. A composite of recharge and ingot growth times

for all 100 kg runs is presented in Table 4, page 38.

2.2.5 150 Kilogram Continuous Recharge Runs

Whereas Phase I of the 954888 contract called for the growth of 100 kg

of silicon crystal ingots greater than four inches in diameter, Phase II

required the growth of 150 kg of silicon crystal ingots 150 mm in diameter.

Rune No. 51 and 52 had indicated that the growth of 150 mm diameter

crystals during a continuous run were highly probable (Figure 13). However,

the production of 50% more silicon from the same zrucible was a significant

challenge. Calculations showed that 150 mm diameter crystals would produce

38.7% more silicon per inch of crystal than 125 mm diameter crystals, but

the time factor involved necessitated a minimum of crystal growth cycles

during the continuous run. Ideally, a total of six 25 kg crystals would be

grown to meet the 150 kg goal. It would no longer be possible to grow nine

or ten crystals within the time frame allotted for the continuous run. Poten-

tial structure loss problems, for whatever reason, had to be minimized and

continuous growth procedures previously developed had to be optimized.

Test runs to set the parameters for 150 mm diameter crystal growth began

immediately following Run No. 62, the second week of January, 1980. Run No. 63

resulted in a 150 mm diameter crystal being grown entirely dislocation-free.

(See Figure 14). The crystal weighed 25.5 kg with the complete run lasting

thirteen hours, resulting in a growth rate of 1.96 kg/hr. Refer to Table 5,

page 41.

Following a second successful test run, the first attempt at growing

150 kg was begun the week of January 28, 1980. A mechanical problem involving

a failure of a coupling on the seed lift mechanism precluded a successful

run being completed.

The first three weeks of February involved an intensive effort to:
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CONPOS ITE OF RECIIARGE A.'VD INCUT GROWTH TIMES FOR 100 KG RUNS

ST I.WGHT GROWTH	 TOTAL
011M MA	 DVIIIJADCC Trug " )	rnru_rmu n0cnAnATrnN( 2)	 [ .nincn	 111m -rr ►iv

-	 --

30

47

11RS-------

18.9

8.8

---	 --•`
X

(23.9)

(17.1)

20.9

11.9

HRS	
..	 ..._._..._._.z.

(26.5)

(23.1)

HRS	
..	 ........

39.2

30.9

X

(49.6)

(59.9)

.. -
..HRS •	 ._._.

79

51.6

49 16.4 (19.2) 20.3 (23.7) 48.8 (57.1) 85.5

55 12.9 (14.2) 33.5 (36.8) 44.6 (49) 91

2* 19 (17.4) 38.3 (35.1) 51.7 (47.4) 109

60 12.8 (15.1) 21.4 (25.2) 50.8 (59.8) 85

62 13.0 (13.4) 32.6 (33.6) 51.4 (53) 97

(1) Recharge Time includes:
Removal of grown crystal
Insertion of hopper
Dump hopper charge
Mel It down
Seed preparation up to seeding

the melt

(2) Growth Preparation includes:
Stabilize Temperature
Growing Seed
Crown Growth
Melt Racks

TABLE 4
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FIGURE 13

15 CM DIAMETER CRYSTAL - RUN NO. 51
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15 CM DIAMETER CRYSTAL — RUN N0. 63
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RESULTS Ol

Crystal Ingot Diameter

Initial Melt Charge

Crucible Diameter

Total Iiirot Pulled

Pulled "ield

Total Monocrystal (all OD)

Number of Ingots

Overall Throughput

Straight Growth Throughput

Total Run Time

E	 ^

I 

TABLE 5
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- Roast the growth parameters for 150 sim diameter growth

- Perform required and preventative maintenance on the grower

- Initiate a limited training period for the operators involved in the

continuous growth runs

Four test runs were performed during this period.

On February 25, the second attempt at growing 150 kg from one crucible

was initiated. Run No. 70 was successful resulting in 151.5 kg of crystal

ingots being grown from a total melt of 154.4 kg (98.1% pulled yield). Six

crystals were grown over a total run time of ninety nine (99) hours. The

crystals ranged in weight from 24.8 kg to 25.9 kg. Growing 150 mm diameter

ingots resulted in a significant increase in the overall throughput (1.53 kg/hr).

The group of six crystals grown during Run No. 70 can be seen in

Figure 15, page 43. Details of the run can be found in section 4.5.

It had now been demonstrated that 150 k% of silicon crystal could be

grown from one 14-inch diameter crucible. It had also been demonstrated that

150 mm diameter crystals could be grown from a crucible over an extended

period of time as part of a continuous run. The percentage of high quality

crystal was less than expected due to the occurrence of a microscopic water

leak in the furnace tank cover following the growth of the second crystal.

Up to that time, 100% of the crystal grown was single crystal.

The last required 150 kg continuous run was scheduled for the middle of

March. The weld leak was repaired, preventative maintenace was performed,

and preparations made for the next 150 kg run. Our supply of virgin poly-

silicon was nearly exhausted with barely enough for this 150 kg run. There-

fore, there was no alternative but to continue this run regardle;r of the

overall quality of the crystal produced.

Although slightly over 150 kg was grown, the percent of single crystal
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material was very low (17.20. The six crystals grown during this run can

be seen in Figure 16, page 43 and details of the run are included in section 4.5.`
m

Another 150 kg continuous run had been demonstrated and useful data

and information had been collected concerning time cycles. However, loss of

single crystal structure was a major problem. Throughout the entire run

the residual gas analyser which had been experimented with since January,

indicated that the furnace atmosphere was not clean. indications were that

air was getting into the furnace. This condition was visibly evidenced by

greater than normal amounts of silicon monoxide being produced in the furnace.

After the run was completed, the cause found to be in the argon line near

the argon source.

The Kayex method of continuous growth of silicon crystal for the pur-

pose of producing low cost silicon for the JPL "Low Cost Solar Array Project"

had now progressed to the growth of 150 kg of 150 mm diameter crystals from

one malt container. The process had been developed such that it could be

readily transferred into a production type setting. No significant degrada-

tion of solar cell efficiencies were Found to occur in single crystal sili-

con produced throughout-the continuous run - refer to section 5.0, and

cost projections based on actual run time cycles had ourpacsed the 1982

goals. Even though structure loss problems were :t times unacceptable, large

percentages of single crystal silicon were produced on many occasions and

causes of structure loss problems were many, time a result of an unclean

furnace environment, a condition that could be corrected. Moreover, cry-

stals with greater than 802 single crystal were produced near the end of

continuous runs after eighty and ninety hours of continuous run time.

Continued proces development is needed in the areas of structure loss

causes and parameters, and accelerated growth rates. However, it is the

concerted opinion of those associated with the 954888 project that it was

a relative success.

i
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RUN NU. 72 - 150 KG

RUN N0. 72 - 150 KG

FIGURE :6
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2.3 Economic Analysis Development

The 954888 contract proposal's development was directed toward a con-

tinuous Czochralski process capable of producing silicon suitable for use as

low-cost solar cells that would meet the JPL cost goals of L $2000 ($2800*)

per peak kilowatt for completed arrays by 1982 and L $500 ($700) per peak

kilowatt by 1986.

The original economic model developed was based on:

1) Time-cycle data to obtain throughput information and

2) cost estimates for each cost item.for crystal growth.

The results were to be expressed primarily as kilograms per hour (kg/hr) through-

put and as add-on cost per kilogram ($/kg) of crystal grown. From these figures,

other calculations could be made (with certain assumptions relating to slicing),

such as cost per meter  ($/m2 ) for crystal gr(,r th and number of crystal growers

required in a production facility to produce silicon sheet at a given rate.

A state of the art "batch method" for production of silicon was formulated

as a base line condition. The batch method produced one 10 cm diameter crystal

per crucible and resulted 1:. an add-on cost of $33.09 ($46.33)/kg. The through-

put for this method was 0.93 kg/hr when a 14.4 kg crystal was grown from a

12" x 9" high crucible. The growth of a 12.5 cm diameter crystal instead of a

10 cm diameter crystal using the batch method improved the throughput to 1.1 kg/hr

but did not improve the add-on cost in the same proportion $30.00 ($42.00)/kg.

Cost calculations indicated that the fused quartz crucible used as the

melt container were a major cost item of the batch method. Subsequent updated

cost calculations (6) for conventional Czochralsic.'& ingot growth resulted in

*Original cost calculations were performed using 1975 dollars as a base level.

Figures in parentheses () are based on 1980 dollars. (1980 dollars - 1975

dollars x 1.4).
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crucible costs amounting to 48% of the cost of producing the silicon. Therefore,

the growth of multiple ingots from ine crucible with periodic melt replenishment

appeared to be the most cost effective method of silicon production.

Section 6.0 contains a complete and thorough analysis of economic advan-

I. t 	 tages and data associated with the Kayex method of continuous CZ crystal growth.

periodic updates of cost projections have been included in 954888 reports

throughout the two and one-half year contract. The December, 1978 quarterly

progress report (7) included a SAMICS analysis of four methods of continuous

CZ growth. These cost analyses were projections, and were based on the informa-

tion and data generated by the project up to that time. This analysis chart is

located on page 48, Table 6.

In addition to the cost analysis of the different continuous CZ growth

methods, an analysis was performed relating the effects of growing one crystal

and multiple crystals from one crucible on the CZ add-on cost. The major cost

saving occurs as the progression is made from the growth of one crystal to the

growth of the second crystal. This cost saving ranges from 22% to 28% dependI.ng

on the continuous CZ method used. When a third crystal is grown, the add-on

cost is further reduced from 9% to 11%. The cost reduction curves continue to

flatten out as more crystals are grown ;see Figure 17). Therefore, there is a

point at which the growth of more crystals has little impact on reducing the

add-oa cost. Furthermore, the cost of yield losses due to the additional risk

of crucible failure or low quality ingots at some point surpasses the cost

reduction of growing more crystals from the same crucible.

Other factors significantly affecting the add-on cost of continuous CZ

crystal gr`.th are crystal diameter and growth rate. An increase in diameter

I

	

	 correspondingly increases the weight per centimeter of crystal grown while an

increase in the growth rate increases the number of centimeters grown per unit

7
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time. Both factors affect the throughput for a continuous CZ growth run.

Evidence of these effects can be seen in Table 6.

Finally, a cost analysis has been performed based on the most recent

data produced by Phase II of the 954888 project. All computations have been

completed using present 1980 costs. The Cont. #3*(page 51) cost projections

are based on the best observed process parameters experienced to date. The

Cont. #3* projects the cost factors if six (6) crystal ingots are grown from

one 14-inch diameter crucible. Each crystal is twenty-five kilograms (25 kg)

in weight for a total of 150 kg of silicon produced. The crystals are 15 cm in

diameter and are grown at a rate of 10 cm/hr. Therefore, under optimum conditions,

a throughput of 2.09 kg/hr can be realized leading to an add-on cost for silicon

of $16.14 per kilogram. Assuming that the future cost of polysilicon will be

$14/kg, the total cost of the silicon ingot prior tr, being cut into wafers and

processed into solar cells would be $36.30. This figure, when converted to cost

in dollars per peak watt ($/Wp) results in an add-on cost of $0.254/Wp.

Details of Cont. #3* cost projections, other cost projections and economic

model information can be found in section 6.0 of this report, starting on page

249. In order to better relate the progress made by Kayex in terms of cost re-

duction, a cost analysis was performed for two batch type operations using time

cycles and cost data consistent with that used for Cont. #3*. It is assumed that

these cost analyses would be representative of a 1980 state-of-the-art production

facility growing one crystal per crucible. Batch #1 process aesur;es an 18 kg

melt using a 12-inch diameter crucible with a 70% after ground yield. A 10 cm

diameter crystal is grown at a rate of 7.6 cm/hr. The resultant throughput under

these conditions is 0.73 kg/hr. The add-on cost is $51.12/kg.

If a 14-inch x 10-1/2 inch crucible is used to grow one crystal (Batch #2),

another set of cost values are generated. The assumptions for Batch #2 are:
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a) 30 kg melt with 75.3% after ground yield

b) a 12.5 cm diameter crystal

c) a growth rate of 7.6 cm/hr

A 31% increase in throughput is realized by Batch 112 (0.95 kg/hr). The add-on

cost is decreased by approximately 17% to $42.19/kg. Refer to pages 267 through 272

for the time cycles and SAMICS/IPEG Input Data cost calculations for Batch #1

and Batch #i2.

From the preceding add-on costs, it can be readily seen that Cont. #t3 allows

for a 68% cost reduction from Batch #1 and a 62% cost reduction from Batch #t2.

The comparison for Batch #1, Batch #i2, and Cont. #i3* expressed in dollars

per peak watt ($/Wp) is shown below. The availability of $14/kg polysilicon

material is assumed in each calculation.

Batch #1	 Batch #i2	 Cont. #i3*

$0.49/Wp	 $0.43/Wp	 $0.25/Wp

The statistical data presented in this section was prepared using the

SAMICS/IPEG guidelines provided by the Jet Propulsion Laboratory. These guide-

lines have been used in conjunction with the best approximations that could

be determined from actual crystal growth runs. The results indicate that

significant cost saving can be realized toward the LSA project goal by growing

multiple silicon crystal ingots from one fused quartz crucible using the equip-

ment and methods developed by Kayex Corporation.
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2.4 Solar Cell Results and Evaluation

Solar cells have been produced for many years using silicon as a base

material. However, the cos'_ of these solar cells has been high in relation to

other means of electricity production.

The "Low Cost Silicon Solar Array Project" has included a design goal for

array efficiency greater than 10%. Due to array design requirements, packing

factors of cells and hardware and other variables involved in module and array

manufacture, a cell efficiency considerably greater than a 10% terrestrial

efficiency is required. Kayex's objective was to produce silicon of a quality

sufficient to fabrizate solar cells with a terrestrial efficiency > 14%.

Solar cell efficiency results are reported according to two testing methods.

The standard testing method is referred to as "Air Mass 0" (AMO). This testing

method is based on the solar spectrum in outer space. The second method of

testing solar cell efficiency is referred to as "Air Mass 1" (AM1). This testing

method is based on the solar spectrum at the earth's surface for optimum con-

ditions at sea level, sun at its zenith. "Air Mass" is defined as the secant of

the sun's angle relative to the zenith, measured at sea level.

All solar cell efficiency data and results obtained under the 954888 con-

tract were tested under AMO conditions. AM1 results were arrived at by using a

conversion factor based on the AMO values.

During the first two years of the project, a conversion factor of 1.4:1

(AMI:AMO) was used as indicated by JPL. All reports written through December,

1979 used the 1.4:1 conversion factor. Continued information concerning the

relationship between AM1 and AMO resulted in a revision of the conversion factor

to 1.2:1 (AM1:AMO). All results included in this report will use the 1.2:1

conversion factor.

Table 7 is a condensation of all solar cell efficiency results accumulated

x
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during the 954888 contract. Included in the table are average values for AMO,

AM1 (converted) and fill factors (CFF). All cells tested were fabricated accord-

ing to standard state-of-the-art techniques. Each cell was 2 em x 2 cm in size and

had a standard antireflective coating applied. All calls reported in Table 7

were processed and tested by a well-established solar cell manufacturer recom-

mended by JPL.

Several conclusions can be made based on the information presented in Table 7:

- Taking into account the standard deviation for efficiency results for cells

made from the same wafer, efficiencies do not tend to signifi.Matly

decrease as a continuous run progresses to the end (first crystal to last

crys,:al). Run No. 62 average efficiency values (not including polycry-

stalline material) actually shows an increase.

- Polycrystalline material from continuous runs fabricated into solar cells

averages 15% to 25% lower in efficiency than single crystal material -

- Many cells from continuous runs were equal to or surpassed the efficiency

results of the high quality control samples provided by the testing lab.

It is impossible to develop any correlation between the solar cell efficiency

and the position in the crystal the wafer came from (Top, Middle, Eottom). Some

results show a decrease from top to bottom and some s`iow an increase based on the

data from Table 7. It is our observation that most variations in efficiency

results are a factor of the fabrication, processing and testing of the solar cells.

This can be evidenced by the deviations from the mean for four cells fabricated

from the same wafer. Deviations have ranged from O% to as high as 13% with the

average being 2% to 42 in single crystal material. Polycrystalline material

tends to exhibit a higher average deviation.

Details concerning solar cell data can be found in Section 5.1, startit:g on

page 202.

These solar cell efficiency results exhibit factual knowledge concerning
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the effects of continuous CZ crystal growth on the quality of material produced.

It can therefore be concluded that the Ramco CG2000 RC crystal grower can pro-

duce multiple silicon crystal ingots from one fused quartz crucible suitable

for the production of high efficiency solar cells.

54

a^



2.5 Proposed Future Work
a

The continuous Czochralski growth method developed under the

954888 project is now ready for conversion to a production type opera-

tion.

Future development recommendations would be put into two classifica-

tions:

Specific recommendations for further cost reductions are:

1). Cost reductions through increased throughputs and decreased

labor costs.

2). Continued improvements in high quality crystal yields.

- Accelerated growth rates

- Larger crystal size - both diameter and total weight

- Accelerated melt and recharge

- Automation of growth process - microprocessor control

- Further process development work is needed to more

precisely identify structure loss mechanisms and

develop equipment and process modifications that will

eliminate or minimize the cause.

PUCE©M PAGE 
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3.0 Growth Facility Design, Construction and Modification

The production of several crystals from one container by the

Czochralski (CZ) method required equipment and proceno modifications not

commonly used in the semiconductor device industry. In general, these

modifications are required for the purpose of permitting some method of

silicon replen'tshment without freezing the residual melt and container or

contaminating the silicon.

Although a number of methods of accomplishing continuous CZ growth

can be devised, it is very important that the chosen method be suitable for

a production environment and that it is attractive in terms of safety,

reliability, and cost. In a production-type process, variables should be

well controlled and equipment should not require operators with great skill

or technical ability.

It is the purpose of this project to develop equipment and process to

achieve low-cost continuous CZ production of silicon single crystal ingot

by repeated refilling (recharging) of the vitreous silica crucible and

subsequent crystal growth cycles.

The equipment used was a Hamco CG 2000 Production Crystal Grower. Cer-

tain modifications* were made to the grower to enable periodic replenish-

ment of silicon into the crucible and removal of grown crystals.

*The following design changes and modifications were developed prior to,

and in anticipation of, awarding of the 954888 contract:

1). Vacuum-tight isolation valve.

2). Enlarged Pull Chamber

3). Modified Bead Chain/Cable MechaniRm.

The Optical Diameter Control System was an upscaling of a modified commer-

cially available Optical Diameter Control System developed by Kayex in 1968.

The 14-Inch Hot Zone was an upscale of a preexisting hot zone.
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3.1 Design Changes and Mdificationa Necessary for Recharging.

Since the vitreous silica crucible is always destroyed by fracture

during the cooling-off cycle due to the thermal expansion difference between

silicon and silica, it was necessary to provide a means to refill the

crucible while maintaining it at high temperature. Furthermore, it was

necessary to continuously maintain an inert atmosphere surrounding the

molten silicon and the graphite furnace parts, to prevent oxidation. A

pressure range of about 25 mbar minimizes the deposits of silicon monoxide

which tend to collect on the cooler surfaces of the furnace. The monoxide,

formed by the reaction between the molten silicon and the silica crucible,

sometimes falls from surfaces to land in the melt causing loss of zero-

dislocation crystal structure, twinning or polycrystalline growth. There-

fore, the following criteria were established for the design of the furnace

modifications:

1. The recharge operation must permit the crucible to remain at or

above the melting point of silicon.

2. The hot zone must be always protected by vacuum or low argon pressure.

3. Polysilicon insertion and crystal removal must be performed in a

safe reliable way without contamination of the silicon or the hot

zone environment.

A new CC 2000 production crystal grower was constructed with special

modificat-ons to the chambers to make it suitable for recharging. The pull

chamber was enlarged to permit Polysilicon to be stored within the furnace

in a ready condition for recharging. (The initial effort utilized polysilicon

rods for recharging. A subsequent design was suitable for niblet or nugget

silicon - Section 3.4).

Other initial modifications to the chambers included a vacuum-tight

isolation valve, larger view ports, a larger pull length capacity and a
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larger growth chamber suitable for 14 -inch diameter crucibles - (Section

3.3). Subsequently, additional modifications to the crystal growth facility

were made, including a recharge mechanism, a larger capacity cable-pull

mechanism, an automatic diameter control optical system suitable for 12.5 cm

diameter crystals, and a dopant replenishing fixture.

Peripheral equipment to accommodate recharging included a crystal-poly

transfer device for loading raw material and retrieving grown crystals, and

a special vacuum pumping manifold to control furnace pressure during the

crystal retrieval process - Section 3.2.

Figure 18 is a photograph of the JPL continuous CZ facility after

installation in the room specially prepared and designated for the project.

Figure 2, page 15 and Figure 19 on page 62 are schematic illustrations of

the growth chambers with modifications showing both the crystal growth and

the recharge modes of operation.

Figure 12, page 32 is a later photograph after additional modifications

had been completed.

3.1.1 Isolation Valve.

A "flapper"-type isolation valve was designed for simplicity,

reliability and ease of cleaning. It is dater cooled, relying on an 0 Fing

seal. A manually operated external lever actuates the valve. The isola-

tion valve allows the operator to maintain a vacuum in the furnace while

the pull chamber door is opened for removal of crystals. The performance of

the valve over many runs has been excellent. The water -cooled 0 Ring

has not been degraded at all by pulling hot crystals through the valve.

Figures 20(a), 20 (b) and 21 show details of the new isolation valve.
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Flapper Type Isolation Valve
Figure 21

3.1.2 Enlarged pull Chamber

The crystal grower is equipped with an enlarged pull chamber to

provide space for storage of poly silicon inside ^,he furnace ( see Figure

22).

The pull chamber was fabricated from 304L stainless steel and is

water cocled.

The three piece pull cham-er assembly, which includes the vacuum

tight isolation valve, is bolted to the furnace tank. A 20.32 x 106.68 cm

(8" x 42") door on the pull chamber provides easy access for crystal

removal and chamber cleaning.

An enlarged viewport was designei into the pull chamber door to

allow the operator to see when the cryst al had cleared the isolation

valve and to allow for a periscope projection system (ADC) which projects

an image of the melt. The pull chamber was designed to be operated

under purged inert atmosphere or vacuum.
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3.1.3 AutomatJ.  Diameter Control (ADC) Optical System

A standard ADC optical system normally used for the CG 2000 was

not suitable for use on the CG 2000 with modified throat and vacuum

isolation valve.

A redesigned optical system utilizing appropriate lenses for eight-

ing through the valve throat or through a separate view port was

required. This system was optically and mechanically different from the

existing CG 2000 system, but would interface with the same electronic

controls.

The design of this unit was made similar in principle to a standard

CG 2000, but incorporated a larger focal length lens. A 53 mm, 13 inch

focal length lens .:as chosen which would display the image of the growth

interface with exactly a 2:1 reduction for convenience in determining

crystal diameter.

Also, a pull chamber door modification was required, relating to

the port through which the ADC system sights. A small round port was

removed and a larger rectangular port was designed. The larger port

allowed for some aajustment of the optical system and also allowed the

operator to visually verify that the crystal clears the valve prior to

closure of the valve and subsequent crystal removal. (See Figures 23 -

26).

The ADC control operates through a dual photocell detector system.

The signal processing of the detector is capable of eliminating false

signals created by faceting flats or crystal orbiting by outputing through

a three mode process control system. 	 The ADC system is not affec,:ed by

normal variations in furnace temperature. The ADC system is capable of

maintaining a crystal diameter tolerance of + 1.27 mm.

t
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3.1.4 holy Weight/Recharge System

The key factor in continuous CZ growth is the reliable and controlled

addition of polysilicon to the hot crucible.

The first approach on this project was to develop process and equip-

ment for handling polysilicon that is in rod form. Rods of 30 - 40 kg

are available in the industry now.

The continuous method incorporates the growth of large crystals

(using presently well-estabV.sheu methods) with a subsequent crucible

recharge after each crystal. A separate mechanism capable of lowering

the poly into the crucible while simultaneously weighing the rod allows

for a more efficient and controllable process.

The modified CG 2000 used throughout the project has an enlarged

pull chamber which made it possible to contain bath a billet of poly

silicon of up to about 60 kilograms, as well as a crystal 5 inches in

diameter by 40 inches long (See Figure 2, page 15 ).

The poly billet is supported on a cable winch mechanism at the rear

of the pull chamber, behind the growing crystal. The mechanism allows

the poly to be moved forward directly over the crucible and lowered for

the hot fill or recharge process (Figure 19). The seed is raised up

out of the p:.tll chamber into the spool piece so as not to interfere with

the process. Thus, one cycle of back-fill, opening the cnasber, and

pump-down is avoided each time the crucible is re-filled.

A weight measurement device was designed as part of the mechanism

that raises or lowers the poly billet at any point during recharge. As

the billet is being melted, it is lowered slowly. Melt-back continues

until the proper amount of poly has been added to the crucible.

After the crucible is refilled, the unmelted poly is raised into

the pull chamber and moved back into the rear position to make room for

72
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normal crystal growth. Figures 27 and 20 show a poly rod before and

after recharging. The weight measurement device consists of mechanical

fixturing and a strain transducer. Appropriate circuitry is provided

to allow display of the weight on a digital meter in grans. After con-

sideration of a number of alternatives, the concept of a torque sensing

transducer fixed to the and of a horizontal shaft (Figure 29 was the

preferred route). The shaft rotates for raibing or lowering the poly and

translates horizontally to move the poly over the crucible. A commercially

available torque sensing strain-gauge transducer was purchased and included

in the design.

The POLY WEIGHT/RECHARGE DEVICE is a removable, independent unit

positioned between thz mill chamber and the pull mechanism support. This

minimized rework cost to tha pull chamber, increased the recharge capacity

of the furnace and simplifi,. the modification procedure.

The control circuitry for the Poly Weight/Recharge Device provides

for (1) continuous weighing of the poly so that accurate measure of the

amount remaining (and therefore the amount melted off) is always available,

and (2) automatic shut-down of the lowering motor when the desired amount

of silicon has been malted. A tachometer feedback UC-PM motor raises and

lowers the poly while the lateral movement is produced by a hydraulic

cylinder operating off of the main hydraulic pump.

The recharge mechanism required that a *lot be machined in the top

of the pull chamber to allow the recharge cable to be moved backward and

forward. Additionally, a chamber overpressure relief valve had to be

relocated, as the recharge mechanism covered the original valve.

The controls for the poly weight/recharge mechanism allows the

gf

operator to manually move the poly rod horizontally (hydraulic drive) and

verically (DC motor) either at high speed or at a controlled rate.

A DC-PM motor with a tachometer feedback system is used to control the

f	
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melt-off rate. ThLi is quite critical to the process. The rate of

lowering is measured with a digital meter calibrated in inches per hour.

A torque-sensing strain gauge is used to measure the weight of

the poly rod. This is calibrated in kilograms and reads to the nearest

0.01 kg. The poly rods used during the project weighed about 20 kg.

In actual practice, the weight system is set at the desired melt-off

amount, and when the indicated weight reaches zero, the melt-off is

terminated by stopping the motor.

The device (Figure 12) permits the charge of poly silicon to be

added to the hot crucible in a controlled manner. It allows a display

of the amount of poly left unmelted, melts back at a predetermined rate

and stops at a preset value when a poly rod is being fed.

3.1.5 Dopant Replenishing Fixture

After a single crystal ingot has been grown, dopant material as

well as polysilic:on must be added in the recharge step. This required

a separate fixture with a vacuum interlock chamber and appropriate valve

to allow dopant pellets to be added to the crucible without permitting

air to enter the furnace chamber.

A separate opening into the chamber was preferred rather than the

use of a view port.

The dopant fixture (Figure 6, Page 21) consists of two vacuum valves

with an air-lock chamber between which can bp evacuated using the secon-

dary pumping system. With the lower valve closed, dopant pellets can be

added through the upper valve. After the upper valve is closed and the

air-lock evacuated, the lower valve is opened, allowing the pellets to

drop into the crucible.

Dopant pellets will slide down a tube into the crucible. The tube

is retracted away from the crucible at other times.
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Dopant can be added in premeasured amounts at any time during malt-

down or malt replenishment.
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3.2 Special Equipment for Handling of Hot Crystal Ingots

3.2.1 Crystal/Poly 'transfer Device

A device which would positively support ingots of up to six

inches diameter by 42 inches long was required. The maximum weight

of such an ingot is about 50 kg or about 110 lb:, and therefcre a

rugged structure, separately moveable in relation to the crystal

grower, was required. Hot ci. _als and poly rods must be safely and

reliably transferred from rand to the growth facility.

The transfer device was built (Figures 7 b 8) for this purpose.

This design employs a clamping support, for holding the crystal mounted

on a commercially available manual lift hoist. The crystal/poly can

be rotated to a horizontal position for placing on the cooling or storage

rack (Figure 9). The rack design is shown in Figure 30.

3.2.2 Crystal/Poly Storage Rack

Crystal/Poly Rack - A moveable rack was designed and constructed

to hold crystals or p ,31y. (Figure 30). This was convenient for

multiple recharge runs. The crystal/poly transfer device has been

designed to facilitate placing crystals on the rack or removing poly

from it.

a. Poly-Load Method

The ingot is secured by the transfer device, moved into place

inside the CG 2000 pull chamber, and attached to the cable. A winch

mechanism inside the grower is operated until the ingot is completely

supported by the cable. The transfer device can then be moved out of

the way.

b. Crystal-removal Method

After the pull chamber door is opened, the device is moved up
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to the grower and inserted into the pull chamber. A clamping/support

mechanism positively contains the ingot. The crystal is lowered

until the weight is completely removed from the catle. At this point,

the seed may be cut or the whole seed chuck may be removed from the

cable and a new seed attached. The crystal is wheeled away from

the crystal grower and transferred to the cooling fixture.

3.3 Design Changes and Modifications for the Growth of Large Diameter, High

Weight Crystals.

The Hamco standard bead chain pull mechanism required certain modifi-

cations for the purpose of this project.

The standard seed lift (pulling) mechanism utilized a stainless steel

bead chain. In order to increase the capacity of the unit to 40 kilo-

grams and to permit accurate weighing of the growing crystal, the device

was strengthened and the bead chain was replaced with a polystrand stain-

less steel cable.

This included increasing the size of the wain drive shaft and bearing

and improving the method of attaching the main gear to the shaft. A device

to measure weight of the growing crystal (or melting poly) was also added

having a 40 kg readout capacity.

The present cable seed lift mechanism utilizci a 122.47 kilogram test

strength stainless steel polystrand cable. The cable is wound on a

traveling, horizontal reel capable of maintaining accurate alignment.

Seed rotation is accomplished by rotation of the entire seed lift mechanism

ecision preloaded bearing spindle - Figure (31).
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The internal mechanism Is under reduced pressure during vacuum opera-

tions. The cable assembly is bolted to the top of the upper pull

chamber extension and can easily be removed for repairs or maintenance.

The cable and seed chuck can be used as a plumb bob for alignment

of the crystal seed with respect to the center of crucible rotation

and the melt surface. A digital readout of the crystal length and

weight can be continuously displayed on the control panel. The cable

mechanism tolerates orbital motion of the grown crystal without lose

of structure.

3.3.2 14-Inch Hot Zone

In order to assure that the goal of 20 kg crystals could be

achieved, furnace internal graphite parts to accommodate a 14 inch

diameter crucible were designed and built.

In deriving the program plan, it was believed that the 14-inch

hot zone cculd be retrofitted to the JPL crystal grower without major

changes to the chamber. However, after a more careful study of the

problem, it was concluded that the size of the chamber was insufficient

to safely accommodate the hot zone, especially in the case of a molten

silicon spill.

Since a 14-inch crucible can hold up to 40 - 45 kilograms of

silicon, it was imperative that a reliable insulating spill tray be

incorporated into the furnace design to contain the molten silicon in

the case of a crucible failure. It was found that an adequate spill

vray required considerably more space than anticipated and that the

furnace chamber must increase in height a total of seven inches. Since

the project cost estimate did not include funding for a new furnace

(	 tank, and a 7-inch tank extension would cost almost as much as a new

tank, the Company decided to purchase a new replacement tank for the
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JPL growur using Kayex funds.

The 14-inch hot zone is considered to be very important in meeting

JPL cost goals as it makes the growth of larger diameter crystal

economically more attractive and results in a significant reduction

in the crystal growth add-on cost.

Due to the fact that the inside height of the growth chambers would

be 7 inches higher than a standard furnace the electrodes needed to be

redesigned, along with the crucible shaft and pedestal assembly.

3.4 Special Equipment Designed for Recharging Poly Silicon

3.4.1 Poly Rod Attachment Device

A convenient and reliable method of attaching heavy poly rods was

required. A clamping device to securely hold poly rods of up to 50 kg was

designed and built to attach to the cable of the poly weight/recharge device.

V n order to evaluate it and to proceed with hot-filling experiments, the

poly was initially suspended from the seed lift mechanism for lowering into

the crucible,

The poly attachment device (Figure 5, page 20 ), fabricated of molybdenum

was found to perform adequately for recharging with poly rods up to 5 inche"

in diameter. Two notches are required to be cut in the rod to accept the

teeth of the clamp. Poly can be melted off to a point cohere only about

one kilogram remains unmelted.

Design changes were later implemented to this device to protect the

cable and clamp from the intense heat of melt-down. It was fabricated

completely of molybdenum and had a longer support to keep the cable away

from the high temperature region.

3.4.2 Lump Recharging Device

The modified CG 2000 to be used throughout the project has an enlarged

pull chamber which will accommodate a lump/recharge device of up to 30

kilograms capacity as well as a crystal. 5 inches in diameter by 40 inches long.

83



r

The lump rec,narging device is based on a self-dumping hopper

design that can be seen in Figure 10, 11, and 12. Chunks of silicon

are loaded into the hopper when it is in the furnace pull chamber.

The isolation valve is closed and the pull chamber is at atmospheric

pressure. It is necessary to keep the bottom funnel portion of the ho p-

per closed (tight to the bottom o pening) so that silicon will not fall

through the bottom opening while loading the ho pper. This is accom-

plished by raising the hopper enough to keep its weight on the funnel.

When the hopper is loaded with the desired amount of silicon, it is

raised to a sufficient height for the isolation valve to be opened.

Before the isolation valve can be opened, however, it is necessary to

equalize the vacuum in both the pull chamber and furnace sections of the

grower. This is accomp lished by first purging the null chamber of air

by pumping ir. argon and simultaneously pulling a vacuum on the pull

chamber. Once the dull chamber has been purged and the vacuum oressure

equalized, the isolation valve is o pened and the hopper can be lowered

to discharge the silicon into the crucible.

During the loadirg and purging cycles, the residual melt has been

partially frozen on the surface to prevent s p lashing when the silicon is

discharged into the crucible. Also, the crucible has been brought to a

position that will minimize the distance the silicon will fall and, at

the same time, prevent the silicon from piling u p beyond the bottom of

the funnel.

The discharge of the silicon is accomplished by stopping the hopper

travel with the use of a support ring that rests on the flange of the

isolation valve. The rod and funnel portion of the hopper is allowed to
,,;
Y
	

travel further, thus creating an o pening between the funnel and station-

ary portion of the hopper. When the desired amount of silicon has been
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discharged, the rod and funnel are ratamd, closing the opening. Once 	 a .

the funnel contacts the stationary portion of the hopper, the entire

hopper can be raised into the pull chamber past the isolation valve.

At this point, you can either prepare for another recharge cycle, if

necessary, or move the hopper back out of the way and lower the seed

to grow another crystal.

;*" d
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4.0 PROCESS RESEARCH AND DEVELOPMENT PROGRAM

4.1 Variations in "State of the Art" Czochralski crystal growth process:

(a). Multiple Ingot Growth from one .,alt container (crucible). Present

"State of the Art" Czochralski crystal growth allows for the growth

of one crystal from one melt container.

The Kayex continuou0 Czochralski growth method involved the

development of process parameters, new equipment, and equipment

modification that allovad for the growth of multiple crystal ingots

from one melt container by periodic malt replenishment.

(b). Recharging capability (rod or lump).

In order to grow multiple ingots from one crucible, it was

necessary to develop a process for refilling the crucible with

virgin polysilicon material. The refilling or "recharging" had

to be accomplished without allowing the crucible and residual

melt to cool down to a point where the residual melt would freeze

extensively. It was also necessary to maintain an argon purged

10 torr atmosphere when recharging the crucible to prevent

contamination of the silicon melt. Recharging capability was

developed for polysilicon material in both rod and lump form.

Details of the recharging development effort can be found in

sections 4.2, 4.3, and 4.4.

(c). Diameter 10 cm or greater.

"State of the Art" Czochralski crystal growth has progressed to

10 cm (4 inch) diameter crystal size. The 954888 project proposal

and subsequent development wrjrk stressed the economic advantages

of growing silicon crystals larger than 10 cm diameter. At the

completion of the contract 15 cm diameter crystals were

F	

routinely being grown.
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14-Inch Hot Zone.

Standard size hot zones presently in production use for

Czor^ralski type growth of silicon range from 8-inch to 12-inch.

The 954688 project included the development of a 14 -inch hot

zone capable of containing a 14-inch by 11-inch crucible. The

14-inch crucible could theoretically hold in excess of 40 kg of

liquid silicon, where as a 12-inch crucible normally is filled

with a maximum of 20 kg in silicon production facilities. The

14-inch crucible afforded the cost advantages of growing larger

crystals during each growth cycle.

e
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4.2 Not Fill Experiments

Since the Frowth chambers on the CG 2000 being used for the project

were significantly different from a standard grower, and the ADC System

had been redesigned, it was necessary to make some test runs to determine

that ctate-of-the-art crystals could be grown and that the isolation valve

worked satisfactorily.

The first run was a 10 kilogram melt in a 10-inch diameter crucible.

No trouble was experienced in achieving zero-dislocation structure, and

control systems performed similarly to the standard CG 2000 on the 10 cm.

diameter crystal.

Two 18-kilogram runa were then performed. During each of these runs,

two crystal removal cycles were performed successfully. All crystals were

12.5 cm. diameter any 7 - 8 Kg. in size. One of the crystals was pulled

through the isolation- valve while still at yellow heat (900 - 1000°) with-

out damage to the valve seat or the valve.

Following the two 18 Kg runs, it was co;.cluded that the grower was ft-,lly

operational and preparations were made to start experiments in hot-filling

a crucible.

4.2.1 Virgin Polycrystalline Rods

The first melt-down of silicon in a crucible fills it to only

about 50% of its capacity if lump silicon is used due to the packing

factor of the poly. In order to achieve the highest efficiency, more

silicon should be added to fill the crucible to its capacity, even

before the first crystal is started.

Initially, this process was conducted by hanging the poly attach-

ment device on the pull mechanism cable. Although this method was not

as efficient, it established the feasibility of the proposed method

without waiting for completion of the recharge system.



Polysilicon (semiconductor grade) is readily available in rod form,

and the initial recharge procedure which was used on the program was to

slowly lower the poly rod feed stock into the hot crucible, melting it

off until the desired amount of liquid was obtained in the crucible.

Two attempts were made to hot-fill a 12-inch crucible to a total

charge_ of 25 Kg. The additional poly was attached to the pull mechanism

by uaing the poly attachment device and was then lowered into the

crucible after completely melting the 18 Kg of cold charge poly.

The first attempt was a failure because the cable failed (apparently

due to overheating) and the complete rod and poly attachment device fell

into the melt.

A longer attachment device was then fabricated which allowed the

cable to remain in the cooler portion of the furnace, and this performed

satisfactorily. Following the testing of the longer attachment device,

a 12-inch crucible was loaded in the usual manner with 18 kilograms of

silicon. Because of the packing factor of lump material, 18 kg is the

present limit of this crucible, which when fully melted, leaves about

4 inches of freeboard.

From an 8 kilogram rod of poly, over 7 Kg was melted, leaving

less than 1 Kg left on the device. The hot-fill device was then

removed from the cable and the seed attached in its place.

From this melt, a 22 kilogram, 87 cm long, zero-dislocation crystal

was grown at a diameter cs 11.4 cm. Average growth rate was 7.3 cm/hr.

Figure 33 is a plot of crystal weight and length increase during the run.

Figure34 shows the crystal grown during this run (Run No. 5).

Power consumption during the run was monitored (Figure 35) and time

cycles were recordec'.
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ORIGINAL PAGE IS
OF POOR QUALITY

1

A 22 kg crystal grown by hot filling technique

Figure 3A
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The crystal run, as performed, corresponds to the first growta cycle

in continuous ;Z and therefore, the economic model (see section 6.1) can

be compared easily with the data from the run. Time cycles and power

levels were found to compare quite closely with the model. The through-

put of the run was 1.1 Kg per hour including furnace set-up and clean-up

time.

Poly si "con was added to the melt during the hot-fill cycle at a

melt-back. rate of i0.7 Kg./hr. The total hot-fill cycle including back

fill and pump down of the pull chamber took 65 minutes.

The following conclusions were consistent with the results and

data generated by the hot fill experiments:

1). Hot-filling with poly rod feed material was feasible.

2). A crucible could be filled to a larger capacity than with cold

fill techniques.

3). The assumptions in the economic m.del relating to the cycle

time, power consumption, and growth rate were realistic, and in

some areas conservative.

4). Continuous CZ as defined depended now only upon the ability of

the crucible to survive the long term exposure to molten silicon

and to the ability of the crystal grower to perform without

malfunction.
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4.3 Recharging with Polycrystalline Rods

4.3.1 Recharging Procedure.

Poly rod feed stock can be stored in the rear of the pull

chamber. When a crystal growth cycle is complete, the valve is

closed and the pull chamber is brought up to atmospheric pressure

by introducing argon. After removal of the crystal, the pull

chamber is closed and returned to low argon pressure by pumping

down and purging. After the valve is opened, the poly rod is moved

forward, lowered into the hot zone and the crucible is filled. (AC

this time, the seed is positioned above the recharge mechanism).

After recharging, the remaining poly is retracted and the seed is

lowered into the furnace to start 'i new crystal.

After the second crystal is grown and removed from the furnace,

a new poly roi can be placed on the recharge cable., if required.

IllustrationG of the crystal growth cycle and recharging cycle

can be found on page 15 , Figure 2 and page 62 , Figure 19.

4.3.2 Advantages and Disadvantages

Due to the availability of large semiconductor grade polysilicon

rods, it was expedient to attempt initial hot fill and recharging

experiments with these polysilicon rods. 'These early experiments

revealed certain problem areas associated with the use of these poly-

silicon rods.

(a). Five inch diameter poly rods are not crack-free. Therefore,

sufficient thermal shock can fracture a rod. If this occurs

during the recharge cycle, the possibility of large chunks of

poly rod falling into the crucible exists. These poly rod

chunks might break the crucible causing a silicon spill which

would force the run to be aborted and could result in damage
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to t ;ie graphite piece parts in the crystal grower. For that

reason it became necessary to include a significant amount

of time during a recharge cycle to slowly heat up the poly

rod prior to its being melted. Futhermore, experience with

poly rods which had previously been Partially used for recharg-

ing indicated that the probability of these pieces fracturing

was considerably greater than new pclyrods used for the First

time.

(b). The thermodynamics of the furnace design make it necessary to

maintain elevated heater temperatures (considerably above crystal

growth temperatures) when melting a poly rod during a recharge

cycle. These elevated temperatures maintain the center of the

melt at a temperature sufficiently high enough to melt the

poly rod at a reasonable rate, but also tend to increase the

devitrification of the fused quartz crucible. This accelerated

devitrification decreases the useful life of the cru=able and may

also contribute to structure loss problems.

W. Another disalvantage associated with the use of polysilicon rods
stems from the method used to hold the rods.

The poly attachment device, shown in Figure 5, page 20.

requires the poly rod to be notched at one end so that the claws

of the attachment device can be inserted into the rod, secured

and allow the weight of the rod to rest on the claws. The pro-

cess of notching the rod created a possible contamination pro-

blem which required each poly rod to be cleaned (etched) prior

to its use for recharging. When niblet size lump polysilicon

was a-,ailable, no special etching was needed. The niblets could

be loaded into the recharge hopper directly from the bag.
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Furthermore, at least one kilogram of rod could not be recharged

because of the Folding method (poly attachment device) used. How-

ever, this material could be used later for the initial cold charge.

The primary advantage associated with the poly rod method of

recharging was the ability to melt the rod without the rod coming

in contact with possible sources of contamination.

Another current advantage of the poly rod involves the avail-

ability of greater than 25 kg rods allowing a single recharge cycle

when growing 25 kg crystal ingots.
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4.3.3 Statistical Data (Including Continuous Runs)

The first run detr-^ •asrrating recharge capability was p-rformed

4/17/78. The crucLblc was cold packed with 18 kg of lump poly with

the appropriate amount of dopant. It was melted in the normal way and

a 1.4 kg crystal was grown, 11 cm diameter (78% yield).

The valve was then ^losed and the crystal c:epared for removal.

Since it was late in the day, it was decided to wait until the follow-

ing morning to recharge. The remaining 4 kg of silicon was thus held

molten for 9 hours overnight.

The next day, a 13.? kg poly rod was placed on the cable and

lowered into the cruc':,le at the rate of 6 kg/hr. 12 kg total was

melted off to bring the total melt back to 18 kg.

Dopant was added, the seed was replaced, and growth was started

again. After about 10 inches of crystal had been grown (6300 g), the

crystal lost structure due to a particle of silicon monoxide which

fell into the melt. The crystal was withdrawn and the melt reseeded.

A second crystal was grown which again was twinned by a particle

of silicon monoxide after 12 inches had been grown (6800 g).

At this time, the machine had been running for 39 hours. 1t was

shut down leaving 2900 grams in the crucible.

The following day the inside of the furnace was checked to see

where the greatest amount of monoxide had deposited. In general, the

furnace was clean with the exception of the area around the left view

port.

It was determined that gas flow to the left side view port was

excessive and that too much cooling effect and/or turbulence had caused

the deposits. Since the front view port was of identical configura-

tion, the side view port was plumbed and regulated in a manner identical
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to the front one.

In summary, three crystals were grown from the crucible:

Crystal N1	 14,000 g

Crystal #2	 6,300 g

Crystal 03	 6,800 g

Total grown	 27,100 G

Total poly melted:

Cold fill	 18,000 g

Recharge	 13,200 g

31,200 g

Pulled yield a 27,100/31,200 - 8E.9%

The crucible survived very well although some devitrification

was observed, the greatest amount being at the bottom. From a total

wall thickness of 5 to 8 millimetars, a pproximately 10% of the thick-

ness was devitrified. Devitrification was only observed on surfacys

that were in intimate contact with the gra phite supports.

Run No. 11 begun June 12 1978,was the first attempt at a three-

melt run utilizing a basic 18 kg melt and two recharge cycles. Two

exceilent 10 cm diameter crystals were grown from the first two melts,

each weighing about 15 kg. Structure loss problems occurred after the

second recharge cycle so that two crystals were pulled from the third

melt, each being dislocated after about 6 kg had been grown.

A summary of the data from run Nos. 9 and 11 is included in Tables 8

and 9.

Procebs problems, primarily the loss of zero-dislocation structure,

appeared to result from excessive silicon monoxide build-up around one

view port. This situation occurred severely in run No. 9 and to a lesser

extent in run No. 11. Gas flows in the chamber were adjusted slightly
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between the two rune., resulting in the i mprovement. The cause of the

build-up of monoxide was determined later to be a pin-hole leak in a

weld which allowed water vapor to enter the chamber.

Attempts to fill 12-inch crucibles to a capacity larger than 18-20

kg, although successful, put an excessive load on the upper crucible

support. This support is a cylinder of graphite resting on the lower

crucible support which conforms to the bottom radius of the crucible.

The upper support had been slotted vertically to take advantage of

the elasticity of the graphite during cool-down to prevent breakage of

the parts which is certain to occur without the slot.

The forces on the crucible during the run, combined with the high

r.emperature, cause a continuous and permanent spreading effect on the

upper crucible support so that after a small number of [5 kg melts, the

support spreads sufficiently to allow the crucible to bulge out, and it

must therefore, be discarded. The upper support w	 redesigned with a

graphite plate across the slot to pr,vide support for the crucible. The

plate was pinned with graphite pins to support the crucible during the

run. During cool-down, the pins shear to relieve stresses, thereby

preventing graphite breakage.

Following the relative success of Runs No. 9 and No. 11, further

recharge runs were attempted. All of-these were aborted prematurely for

various reasons. The first (Run No. 13) was to by a three-recharge ruo

but was aborted after the first crystal was grown because the upper

graphite crucible support fail.,d. This allowed the crucible to distort

oeverly which ,jeopardized the furn n .e and hot zone.

A second run was aborted because a poly rod fractured during the

recharge cycle. The rod had been partially melted off in a previous

run. It was believed that strains had been set up in the rod during
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the first recharge which were of too high a magnitude to survive the

thermal shock of rapidly lowering the rod into the hot zone. Partially

used rods apparently cause a breakage risk factor which may be elimi-

nated by controlled slow heat-up.

The third attempt at a recharge run was aborted due to excessive

silicon monoxide deposits on the furnace interior, precluding normal

ingot growth. It was finally determined that a microscopic water leak

had opened up in the pull chamber due to a weld failure.

At this point in the process development program, there had

been no crucible failures although devitrification had been moderate to

severe in some cases. Initially, all recharging was done with poly rods.

Figures 27 and 28 illustrate a typical rod before and after recharging.

Later, as it was necessary to recycle the silicon, recharging was also

performed with ingots from previous runs.

Up to this time, all crystal ^ , owth runs had been performed in the

JPL grower using a standard CG 2000 furnace tank. During the month

of September, 1978, the installation of the larger furnace tank was completed.

The seven inch longer furnace tank allowed for the implementat on of a 14-

inch hot zone when the new furnace: tank had proved to be mechanically and

thermally acceptable.

After vacuum leak checking, thermal tests were performed. A standard

12-inch hot zone was placed in the larger chamber to obtain comparative

data with earlier runs in the smaller chamber.

It was found that power input was too high in relation to actual

temperature. In fact, on the first crystal growth run, melt-down time

was much longer than expected. The normal melt down time for 20 kg had

been about 2 hours, and the new chamber system required 3-1/2 hours.

This situation was improved by heat shielding and insulation in the
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lower portion of the furnace. A reflecting shield under the heater and

additional base plate insulation reduced melt down time back to normal.

Apparently the reflectivity of the chamber top and bottom were reduced

significantly when the larger chamber was used.

Therefore, it was decided to postpone 14-inch development work

until the growth of 100 kg from a 12-inch crucible was demonstrated.

The additional shielding and insulation corrected the 12-inch hot: zone

problem, and several zero dislocation crystal runs were successfully

completed with the larger chamber.

Efforts focused upon striving to achieve the growth of 100 kg

of ingot fcom one 12-inch crucible.

The longest recharge run to date was made during this period.

Run No. 19 wau started October 31, 1978. It lasted 64 hours and pro-

duced 57 kilograms of ingot material. Thirty-two kilograms (56.4%) of

the ingot was zero dislocation.

The ingots were 12.7 cm diameter and were grown at an average pull

speed of 8.9 cm/hr. The run was terminated due to the inability to

achieve zero dislocation crystals.

Six ingots were pulled with an average size of about 10 kg each.

The ingot size was small because of the structure loss problem.

At this point, it was not clear why the crystals lost structure

although there were a number of theories and observations which related

to structure loss (refer to appendix A), most of which point to the presence

of foreign particles in the melt.

All crystals turned to polycrystalline growth shortly (within one

hour) after dislocating.
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Run No. 21 produced 53.4 kg of ingot and lasted 44 hours. 62% of

the pulled material was zero dislocation.

This run was term : anted for two reasons: the crucible appeared

to be degrading severely, and excessive silicon monoxide build-up on

the crucible and viewports made the growth of high quality material

impossible.

At least a po-tion of the oxide build-up may have been related to

the excessive degradation of the crucible. It was devitrified extensively

and had reacted sufficiently with the silicon to expose bubbles which were

originally below the surface of the quartz. This excessive reaction would

produce copious quantities of silicon monoxide.

The reason for the severe degradation of this crucible in such a

shore time was not understood. Since it is well established that impurities,

especially alkali metals and halides, accelerate devitrification, it might

be surmised that the crucible in question had been contaminated, either

during manufacture or during handling.

Run No. 22 was started within a few hours after No. 21 was ter-

minated. Run No. 22 lasted 50 hours and had promise of being one of the

best runs to date. However, during the third recharge cycle, the cable

holding the recharge rod failed, dropping the rod into the hot zone and

destroying it. The run produced 46.3 kolograms, of which 90.5% was zero

dislocation. Severe crucible degradation such as that experienced on Run

21 was not repeated; in fact, the crucible condition was good after the

50 hours with only mild devitrification.

Table 10 summarizes Runs No. 19, No. 21, and No. 22.

Following the completion of Runs 21 and 22 an experimental prototype

of a lump recharging device was f?bricated. The next continuous recharge

run attempted (Run No. 30) incorporated the use of this device in addition
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to the poly rod method of recharging. Therefore, this discussion will

be included in Section 4.4.3.

4.3.4 Plans and Recommendations

The use of the poly rod method of recharging was discontinued

in favor of the lump recharging system shortly after Run No. 30 was

completed and fully analyzed. It was felt the disadvantages associated

wit: the poly rod method of recharging were significant. It was also

felt that the advantages associated with the lump recharge method out-

weighed the advantages of the poly rod method.

The following recommendations should be considered for improve-

ments to the poly rod method of recharging:

a). Crackfree 5-inch diameter poly rods are needed to insure

less risk of thermal shock breakage.

b). A means of melting the rods without prolonged increase in

residual melt temperature would benefit the life of the fused

quartz crucible and significantly decrease the amount of

crucible devitrification.
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4.4 Recharging with Polycrystalline Lumps
	 9 I

4.4.1 Recharge procedure

A preliminary concept for lump recharging was developed which

utilizes a self-dumping hopper. The hopper is loaded with silicon

and lowered (using the recharge device) into the crucible. The

residual melt is partially frozen to prevent splashing and the sili-

con is released into the crucible.

Additional loads can be added to the crucible when a majority of

the first load has melted. Illustrati3ns of the hopper can be seen

on pages 25, 26, and 85 Figure 10, Figure 11, and Figure 32.

A more detailed description of the lump recharging procedure can

be found in section 3.4.2 page 83.

It appears that particle size for optimum operation will be about

1 inch maximum for the present hopper design. It is not known what the

minimum particle size will be, and no powdered material has been avail-

able for such s test.

4.4.2 Advantages and Disadvantages

The major advantage associated with the lump recharging method is

the elimination of the potential thermal cracking problems character-

istic of the poly rods used for recharging.

The lump method of recharging does not allow the crucible to

remain at a temperature considerably higher than the melting point of

silicon for long periods of time. The melt down is similar to a cold

charge melt down where the total silicon charge is contained in the

crucible maintaining the liquid silicon at or near the melting point.

This decreases the rate of devitrification and prolongs the life of

the crucible.

The lump method of recharging eliminates the time necessary to

1118
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slowly heat up the poly rod and makes recharging easier- and more

convenient due to the fact that the hopper can remain in the furnace

during the entire run. To refill the hopper ii simply a matter of load-

ing with bagged silicon while the hopper remains in the furnace pull

chamber.

The present lump recharging method has several disadvantages

also.

The possibility of melt contamination is present due to the

silicon lumps contacting the interior of the hopper. However, this

possible source of contamination has not been indicated in impurity

analyses of silicon ingot material grown following lump recharging.

Furthermore, solar cell efficiency results have not been lowered by

the use of lump recharged silicon.

Lump size is somewhat critical. if the silicon chunks are too

large, they can get stuck in the opening between the lower cone and

hopper body creating, a jamming effect which can prevent the total

hopper charge from dropping into the crucible.

If a significant amount of fines are included in the hopper

charge, a condition exists whereby these fines can be blown around

the furnace collecting on the crucible walls or other parts of the

hot zone.

Care should be taken to screen lump material within the size

requirements of the present hopper design.

Finally, the potential for crucible chipping or breakage exists

whenever solid pieces of silicon are dropped into the crucible. Dur-

ing the past year and a half that the lump recharging method has been

used, these potential hazzards have not been experienced.

3
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4.4.3 Statistical Data (Including Continuous Runs)

A number of preparatory runs were made prior ;.o the next attempt

at 100 kg to assure that the equipiwnt was working properly and that

the new recharge hopper was reliable. Several hot fill runs were per-

formed successfully with the hopper.

Run No. 30 was the most successful recharge run up to that time.

It lasted 79 hours and produced 99.1 kg of silicon ingot. Six ingots

r4re grown from six successive melts.

The melt size ranged from 23.7 to 17.6 kg. The melt size was

deliberately reduced each cycle to minimize the crucible etching that

occurs rapidly at the melt surafce.

Table ll is a summary of the ingots produced in the run.

Table 12 includes additional information from the run, such as

ly ields and throughput. It is apparent that the yield of high quality

zero dislocation material was low. In fact, more difficulty than nor-

mal was experienced on the first ingot in the run in achieving zero dis-

location.

Since the raw material was virgin semiconductor grade polysilicon,

it .+as unlikely that impurity build-up in the melt could have been the

cause of the structure problem.

The crucible appeared to be in good condition at the end of the

run with devitrification no worse than that e.perienced in earlier,

shorter runs.

It was significant at that time, that polysilicon in both lump and

rod form was used during the run. The typical procedure used was to

add 5 kilograms of lump silicon to the depleted melt with the hopper,

followed by a rod melt-back. The rod was placed in the furnace and

lowered slowly into the crucible while the lump material was melting.
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Using this procedure, the recharge rod was heated more slowly than

earlier runs and was less likely to fracture due to thermal shock.

The time required to recharge was a significant portion of the

total time (Table 13) and the actual ingot growth time was exactly o::e

half of the total run time. The last recharge waa completely lump

silicon. 15.8 kg of polysilicon material was dumped into the crucible

and completely melted in two hours. The first recharge cycle, in which

only rod material was used, took four hours and only 12.1 kg of material

was melted. The extra time was required to heat the rod up to the pro-

per temperature to melt oft.

It is interesting to note that only 50% of the total time was

devoted to actual crystal growth at full dia-Ater. About one fourth of

the run time was used for the recharge operation. The balance was used

in neck growth, crown growth, and final crystal taper.

Although the throughput of 1.2 kg/hr as predicted in the economic

model (1) was achieved, it was apparent that, not only increased growth

rate should be attempted, but that faster recharging would be very effective

in reducing the cost of crystal growth.

The yield of zero dislocation material from Run No. 30 was disappoint-

ing. The growth of high qu Q ity ingot material was difficult to achieve

throughout the run. Several attempts had to be made on the first ingot to

achieve a zero dislocation structure. This problem became worse as the

run progressed, with all subsequent crystals dislocating part way through

the growth cycle.

It is not clear why the dislocation problem was encountered, especially

on the first ingot, because that operation was essentially the same as the

state of art crystal growth process being used for semiconductor materials.
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k	 The exceptions to the standard process were: (1) hot filling to about

25 kg in a 12-inch diameter crucible and (2) the growth of 130 mm diameter

ingots.

D,. -.ring the developmental testing of the recharge hopper and the lump

recharging method a minor disadvantage cf the lump recharge method was

observed. This involved the tendency of fine particles of es-licon to

scatter and attach to the crucible wall or to fall in other parts of the

hot zone. This problem was due to the relatively large quantity of fine

particles in the recharge material, most of which was prepared by hand

methods from previously grown ingots. Commercial "nugget" of "niblet"

polysilicon contained very few fine particles, and thus the problem was

minimized when commercial lump material was used. Solar grade silicon,

if in granular or lump form, would preferably have fire particles removed.

Of course, a small quantity of fines would be generated in shipping, handling

a:.d feeding lump material and therefore this problem should be considered

in production equipment design.

The lump recharge process was subsequently improved by sifting out

the smaller fines of silicon produced by crushing.

During Run No. 41, two recharge cycles were attempted using between

9 and 10 kilograms of lump silicon per cycle. (Refer to Table 14).

Up to this time, a maximum of 6.5 kilograms of silicon lumps had

been used per recharging cycle with the usual amount being 5.0 kilograms.

All recharge cycles were successful. The results proved that it was

possible to recharge approximately 10 kilograms of silicon chunks into a

12" crucible containing approximately 3 kilograms of residual melt or

approximately 13 kilograms of residual melt. The results further indicated

that the amount of time necessary to melt a large amount of silicon (10

kilograms) when recharging was nearly the same as melting a small amount
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of silicon (4 kilograms). The results also indicated that melt time

would be faster with a relatively large residual melt.

The results of Run No. 41 are shown in Table 15. A total of three

crystals were grown. The run started out well with an 18.76 kilogram

crystal grown, 225" of 23" grown was OD. However, the run progressively

deteriorated.

The problem of structure loss coupled with marginal crucible

devitrification resulted in the termination of the run following the

growth of the third crystal.

In Zune, 1979, during Run ':o. 47, the ability to recharge more than

10 kg of lump silicon per recharge cycle was realized. During one recharge

cycle in Run No. 47, the hopper was filled with 15 kg of lump silicon.

It was not possible to dump all 15 kg at once into a 12" crucible with

a normal amount of residual melt. Therefore, a two step dumping pro-

cedure was attempted with satisfactory results. The first step was to

lower the hopper and dump the silicon lumps according to the normal pro-

cedure. By monitoring the weight, it was possible to stop dumping the

lumps after a certain weight of silicon had been dumped by raising the

hopper and closing the opening. After the silicon dumped during the

first step was nearly melted, the hopper was again lowered and the

remainder of the silicon released. During this recharge cycle, 7.8 kg

was dumped during step one and 7.2 kg was dumped during step two. The

total melt size after this recharge cycle amounted to 23.5 kg in a 12"

crucible. The results were successful. This new procedure allowed for

the recharge of up to 15 kg without opening the pull chamber door and

reloading the hopper.

Tables 16 and 17 summarize the results of the 60 kilogram (Run No.

47). Crystal size was similar to Run No. 30. However, the average growth

rate was lower. It was felt that conservative pull speeds would increase the

I 
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SUMMARY OF RUN NO. 41

Crystal Ingot Diameter
	

12.7 cm

Average Growth Rate
	

7.6 cm/hr

Run Time
	

42-1/2 hrs

Throughput
	

1.15 kg/hr

Pulled Yield
	

97%

Zero Dislocation
	

66%

Total Ingot Pulled
	

48.71 kg

TABLE 15

SUMMARY OF RUN NO. 47

Crystal Ingot Diameter

Average Growth Rate

Run Time

Throughput

Pulled Yield

High Quality Crystal

Total Ingot Pulled

TABLE 16

12.7 cm to 13.5 cm

6.8 cm/hr

51.6 hrs

1.17 kg/hr

92.5%

88.3%

60.2 kg
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It	 RECHARGE AND INGOT GROWTH TIME (RUN 47)

MELT NO.	 RECHARGE TIME (HR)(1)

1	 2.5(2)

2	 1.8

3	 2.0

4	 2.55

5	 No Recharge

Total	 8.3 Hr

COMMENTS

5.0 kg lump hot filled

10.0 kg lump

15.0 kg lump by two step
method

10.0 kg lump, cycle 1
8.0 kg lump, cycle 2

CRYSTAL GROWTH TIME (HR)(3)

3.5

7.0

10.2

.8 then melt back
2.0

7_4

30.9 HR

(1) Recharge Time includes: Removal of grown crystal
Insertion of hopper
Dump hopper charge
Melt down
Seed preparation up to seeding the melt

(2) Includes cold fill and hot fill time on first melt.

(3) At growth diameter 127 mm to 135 mm.

NOTE: Total Run Time - 51.6 hours; 11.9 hours were devoted to neck, crown growth,
and melt backs.

TABLE 17
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yield of high quality crystal until thermal gradient parameters could be

optimized in the furnace. Even with the slower growth rate, the overall

throughput was nearly the same as Run No. 30. This was possible due to the

decreased time used in recharging procedures.

The percentage of time devoted to actual crystal growth at full dia-

meter was higher on this run, 60% as opposed to 50% during Run No. 30.

The amoont of run time used for recharging was lowered from 25% in Run No. 30

to 17% in Run No. 47. The remainder of the run time was used for neck growth,

crown growth, and melt backs of crowns or crystals that may have lost

structure early into the run.

The yield of high quality material improved dramatically with this Run

(88.3%). It was felt that if the crucible had not failed due to excessive

devitrification, the run may have continued to the 100 kg goal with good

results.

It was not known why the crucible failed, but the possibility existed

that new carbon parts installed prior to this run were either of poor

quality or insufficiently baked out. The possibility of an inferior cru-

cible was also considered.

A decision was made after the 5th crystal had been grown to terminate

the run at this point due to the dangerous condition of the crucible (large

inward bulges). Pieces of quartz were observed floating in the melt after

the 5th crystal was grown.

During the month of July, 1979, the furnace hot zone assembly was

converted from a 12" hot zone to a 14" hot zone. The first run attempted

with the 14" parts indicated that thermal parameters were poor and that

modifications were necessary.

Following these modifications, another attempt was made at a 100kg run.
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Run No. 49 resulted in 108 kg of silicon crystal being grown fro

14" diameter crucible yielding 84.811. high quality single crystal. D

the largest crystals grown to date during a continuous run were realized

(22.4 kg and 20.5 kg).

Tables 18 and 19 summarize the results of the 108 kg run (Run No. 49).

The crystal size was similar to other continuous runs (No. 30 and No. 47).

However, the average growth rate was lower than Run No. 30, but slightly

higher than Run No. 47. Again, it was felt that conservative pull speeds

would increase the yield of high quality crystal. Since this was our first

run .ifter hot zone modifications had been made to the 14 inch set up

(following Run No. 48), it was felt that conservative pull speeds (growth

rate) were justified. However, the throughput was actually higher (1.26

kg/hr) than either Run No. 30 or Run No. 47.

The percentage of time devoted to actual crystal growth at full dia-

meter was 57%. The amount of run time used for recharging amount to 19%.

Therefore, 24% of the run time was devoted to neck growth, crown growth,

and melt backs of crowns or crystals that lost structure early into a

growth cycle.

The yield of high quality material was encouraging (84.8%) as it was

in Run No. 47.

After crystal #2 (22.4 kg) was grown, the total recharge amounted to

22.2 kg using two separate cycles. After crystal #6 was grown, the two

step method of recharging was attempted with the hopper completely filled.

A total of 18.2 kg was dumped by the two step method. The results also

tend to further confirm previous results indicating that the amount of

silicon recharged is not a significant factor in the amount of time

necessary to melt the lump silicon, e.g. 5 kg requires approximately 30
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SUMMARY OF RUN NO. 49

Crystal Ingot Diameter 	 13.3 cm

Average Growth Rate	 7.00 cm/hr

Run Time	 85.5 hr

Throughput	 1.26 kg/hr

Pulled Yield	 94.3%

High Quality Crystal 	 84.8%

Total Ingot Pulled	 108.0 kg

TABLE 18
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minutes to melt while 10 }cg also requires approximately 30 minutes to melt.

An optical pyrometer was fitted to the grower in July to replace the

standard thermocouple for temperature control. The optical pyrometer

significantly decreases the possibility of air leaks from this sealing area.

It also eliminates the possibtli.ty of thermocouple breakage when removing

the thermocouple during the cleaning of the furnace.

Several modifiratione were made to the 14" hct zone in August to

further improve the thermal parameters and efficiency of the furnace. A

lower heat shield that fits underneath the heater was received and used fo:

Run No. 50. It was felt that this lower heat shield would increase the

thermal efficiency of the furnace and at the same time improve thermal

gradients through the growth zone.

To further increase thermal efficiency and improve other thermal

parameters, addition of grafoil to the inside diameter of the insulating

heat pack cylinder was attempted. While the results were encouraging, the

ability to permanently attach the grafoil to the insulating heat pack was

not feasible. Therefore, the vendors of the heat packs were contacted to

see if they could provide us with a cemented-on grafoil heat pack.

With the improvements to the thermal efficiency of the hot zone,

power consumption at dip temperature was decreasel from 60 kilowatts to

48 kilowatts with the 12-inch hot zone. Powee consumption for the 14-inch

hot zone has been decreased from 70 kilowatts to 60 kilowatts.

Improvements were made to the recharging process during August with

the design and fabrication of a movable mirror to replace the standard

stationary one used for diameter control.

This moveable mirror eliminated the problem of having to remove the

stationary mirror (used in conjunction with the optical system used for

diameter control` when lowering the hopper. This was necessitated because

of a dimensional conflict between the stationary mirror and the hopper
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support ring.

Two more 100 kg continuous recharge runs were completed during October.

They are identified as Run No. 55 and Run No. 2*. The table of results on

page 126 presents the data for theao two rune. Run No-55 war; performed on

the original grower used for this project with a 14 inch hot zone. Run

No. 2* was performed on a new CG 2000 grower that was used in conjunction

with the JPL 955270 project.

This grower was not fitted with a special recharge mechanism; there-

fore, the seed lift cable was used when recharging. Using continuous

growth techniques developed under this contract and crystal handling equip-

ment also developed and b-lilt under this contract, it was possibl, to per-

form this continuous recharge run with this standard production grower.

Run . 55 started out poorly with a diameter control problem. Duc

to the diameter control problem, the first three crystals had ranged

in diameter from 12.7 cm to 16.0 cm. It is interesting to note, however,

that the second crystal grown during this run maintained zero dislocation

structure for 14 inches while the diameter was slowly increasing from 14.0

cm to 16.0 cm at the bottom. A total of 1.5-1/4 inches were grown weighing

16.4 kg before the crystal was removed from the melt.

After the diameter control problem was corrected, five crystals were

grown weighing a total of 53.4 kg yielding 94.6 1/: high quality monocrystal-

line material and 86.5% zero dislocation material. During the growth of the

eighth crystal, a very small pin hole water leak developed in a weld area

of the spectator view port. From that point on, it was impossible to

maintain monocrystalline structure for euy length of time and polycrystalline

mstcrial was grown for a large proportion of the last two crystals. This

condition decreased the yield of high quality crystal from 92.5% after the

eighth crystal was grown to 74.6% when the run was completed following
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SUMMARY OF RUN NO. 55 AND RUN NO. 2*

No.	 55 , No.	 2*

Crystal Ingot Diameter 12.7 - 16.0 cm 12.7 cm

Initial Malt Charge 30 kg 18 kg

Crucible Diameter 35.5 cm (14 in) 30.5 cm (12	 in)

Total Silicon Malted 106.1 kg 104.5 kg

Total Ingot Pulled 100.6 kg 100.3 kg

Pulled Yield 94.8% 96%

Total Mono Crystal 75.1 kg	 (74.6%) 63.9 kg	 (63.7%)

Number of Ingots 10 9

Throughput 1.11 kg/hr, 0.93 kg/hr

Total Run Time 91 hours 108 hours

Recharge Material 100% lump 100% lump

TABLE 20
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the tenth crystal.

Tables 21 and 22 break down Run No. 55 and Run No. 2* as a function

of the time cycles for recharging and straight growth of each crystal

ingot grown. The time between the end of the recharge cycle and the

beginning of straight growth on the crystal amounts to the time devoted

to what we refer to as growth preparation. Growth preparation is com-

prised of k1) stabilizing the melt temperature after melt down, (2)

growing of the seed neck, (3) crown growth, and (4) melt backs of crowns

or short ingots that have lost structure. Ideally, this process cycle

should not take more than two to two-and-one-half hours per ingot growth

cycle. Therefore, if ten crystals are grown, growth preparation should

not requ.re more than twenty (20) to twenty-five (25) hours. A total of

thirty-three-and-one-half (33.5) hours (36.8X) of the run time was

devoted to growth preparation during Run No. 55. If only twenty hours

were needed for growth preparation, the total run time would have decreased

to seventy-seven-and-one-half (77.5) hours, resulting in a throughput of

nearly 1.3 kg/hr. Moreover, if you look at continuous runs from the point

of view of number of crystals grown, it becomes very evident that the

fewer crystals grown to accomplish the total 100 kg goal, the better the

throughput and corresponding costs.

Run No. 2*, although not a typical run (mechanical problems), also

resulted in an excess amount of time being devoted to the growth prepara-

tion cycle. Over thirty-sight (38.3) hours (35.1%) of the total run

time was devoted to growth preparation. Since only nine crystals were

grown, ideally it could have required only eighteen (18) hours for growth

preparation. This would decrease the total run time to eighty-nine hours

and possibly improve the percentage of monocrystall.ine material.
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It should be noted that all runs attempted on the 954888 crystal grower since

June 15, 1979, (following Run No. 44) were performed without the recharge

mechanism attached to the grower.

A 100 kilogram continuous run was attempted November 12 using the

original recharge mechanism designed for this project. The results were

less than satisfactory and the run was terminated after fifty two (52,

kilograms had been grown. Structure loss problems occurred early into

the run and continued to get worse as the run progressed.

As a. result of l o in No. 58 and previous experiences with the originally

designed recharge mechanism, it was felt that the originally designed

recharge mechanism could cause distortion and sealing problems to occur,

especially in the pull chamber door. Since it was possible to accomplish

continuous recharge runs without the :echarge mechanism, it was decided,

with JPL approval, to remove the recharge mechanism for the next run. The

entire pull chamber was changed when it was discovered that the deor on

the original pull chamber was warped.

Following the required machine repair and maintenance, and a one

crystal growth run, a 100 kilogram continuous recharge run was attempted

on December 10.

The results were much better than Run No. 58. Therefore, after

preventative maintenance was performed on the grower, a test run (Run No.

bl) yeilding very good results, convinced us to attempt the sixth one-

hundred kilogram continuous run with purified parts on January 7, 1980.
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Table 23 summarizes Run No. 60 and Run No. 62. Run No. 60 produced

100.4 kg of crystal. Eight crystals were grown, yeilding 60.8 kg of mono-

crystalline silicon. An air leak developed early in the run which eventually

caused a serious structure loss problem after the fifth crystal had been

grown. Figure 36 Rhows a composite of the eight crystals grown during Run

No. 60. The discoloration on the second crystal indicates that an air

leak was present at this time. Crystals 5, 7, and 8 also show the dis-

coloration patterns characteristic of an air leak. Crystal No. 4 exhibits

this discoloration to a lesser degree. Starting with crystal 5, circular

ring patterns are also visible on the crystals. This pattern usually means

that the air leak is a periodic leak - not continuously the sane. When the

run was completed, an air leak was found in the feed through shaft which

operates the sees 'lift. When the shaft was rotated, the vacuum increased

and decreased periodically. If the shaft rotation was stopped at a cer-

tain point, the leak would seal and the grower vacuum would decrease to

the required limits. (Even though it was possible to grow high quality

crystal when the air leak was present, it was felt that excessive silicon

monoxide buildup occurred along with severe devitrification of the cruci-

ble as the run progressed, making it impossible to maintain structure for

any length of time during a growth cycle). This can be evidenced by the

last three crystals grown. Crystals 117 and 08 lost structure on the crown

and contained only 18% and 10% high quality crystal respectively. This,

of course, decreased the overall percentage of high quality crystal from

98.6% after 55.7 kg had been grown to 60.6% at the end of the run.

Run No. 62 resulted in the highest percentage of monocrystalline

silicon being grown to date. A total of 103.0 kg was pulled, of which

89.3 was monocrystalline. Moreover, 72.2 kg were of "OD" quality.
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SUMMARY OF RUN NO. 60 AND RUN NO. 62

Crystal Ingot Diameter

Initial Melt Charge

Crucible Diameter

Tota] Silicon Melted

Total Ingot Pulled

Pulled Yield

Total Mono Crystal

Number of Ingots

Throughput

Total Run Time

Recharge Material

NO. 60

12.2 - 13.2 cm

30 kg

35.5 cm (14 in.)

108.7 kg

100.4 kg

92.4%

60.8 kg (60.6X)

8

1.18 kg/hr

85 hours

100% lump

30 kg

35.5 cm (14 in.)

104.5 kg

103.0 kg

98.6%

89.3 kg (86.7%)

9

1.06 kg/hr

97 hours

100% lump

TABLE 23
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RUN N0. 60

i

Figure 36
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Figure 37 shows the group of nine crystals grown during Run No. 62.

The first crystal resulted in a 20.4 kg crystal being grown, which was

90% "OD" and the remainder single crystal. At this point, a potential

problem was noticed. The crucible had sagged such that one aide was in

contact with the graphite upper support while the other side showed a

gap of 1/4" to 1/2" from the upper support. A thick layer of silicon

monoxide formed on the top lip of the crucible where the gap occurred.

When the crucible was raised up into the cold part of the furnace as the

crystal was grown, the oxide cracked and broke apart. From time to time

during the run, pieces of silicon monoxide were noticed falling from

the top rim of the crucible into the melt.

The capability of growing "OD" was demonstrated on eight of the

nine crystals grown. The sixth crystal was the only crystal that did

not contain at least 50% "OD" material. Moreover, the eighth crystal

was 85% single crystal while the last crystal was "OD" for 15 of the

total 27 inches.

The fact that it was possible to grow a high percentage of mono-

crystalline material at the end of the run tends to indicate that the

structure loss problems that were encountered during the run were not

consistent or predictable and may have been caused by pieces of the oxide

layer falling into the melt. However, it is known from experience that,

as the crucible goes higher up into the colder regions of the upper fur-

nace chamber, the oxide tends to crack and peel, increasing the possibility

of some coming loose and falling i i the melt. An example of this can

be seen on the bottom of the straight growth portion of crystal #6 (2.9

kg). Pieces of the oxide were flaking off and falling into the melt during

the first four inches of this growth cycle. A large piece actually stuck

to the outside of the crystal at the bottom - observe rough area on sixth
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ORIGINAL PAGE IS
OF POOR QUALITY

RUN NO. 62

Figure 37
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crystal at the bott ,3m. Refer to Figure 37, nags 135.

It is felt that, if a crucible fits the upper support properly -

tight to the inside diameter, the upper crucible walls stay hotter and

therefore, drastically reduce the amount of oxide buildup on the uppt:-

portions of the crucible walls.

If Figure 36 and Figure 37 are compared, the discoloration of the

crystals in Figure 36 becomes apparent. The crystals in Figure 37 are

clean in comparison to those in Figure 36.

The graph in Figure V relates the number of kilograms pulled during

Run No. 62 as a function of run time. As can be seen, up until the

time that severe structure loss problems occurred (during the growing of

the fi.th crystal), the growth rate was satisfactory (2.09 kg/hr - 2.38

kg/hr) and the throughput was also satisfactory - 1.26 kg/hr. After the

fifth crystal was grown, the thoughput fell sharply, concluding at 1.06

kg/hr. Sixty-fivA (65) kilograms had been grown after fifty-one hours

of run time, yielding 80.2X "OD" material.

Tables 24 and 25 further break down the run time cyc^es into three

categories (Recharge Time, Crystal Growth Time and Growth Preparation

Time). A comparison between Run No. 60 and Run No. 62 indicates that the

Recharge Time and Crystal Growth Time are nearly the same during both

runs even though one more crystal was grown during Run No. 62. The

major difference occurs in the area of Growth Preparation, where 21.4

hours was devoted during Ri;n No. 60 while 32.6 hours were devoted during

Run No. 62.

Table 26 presents a compeaite of the time cycles for all 100 kg runs

completed to date. Runs No. 30, 47, and 2* were performed using 12 inch

crucibles and corresponding hot zones. Recharge times have improved
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9

RECHARGE AND INGOT GROWTH TIML (RUN NO. 60)

/1\	 ..1%
Melt No. Racnar a Time	 ter ,- Comments urystai c;rowcn rime nr ­

1 2.0 30.0 kg cold charge :.0 (10.9 kg)
(8:15 - 10:15am) (12:55 - 5:55pm) (2.18 kg/hr)

2 1.8 10.0 kg lump 8.8 (16.1 kg)
(5:55 - 7:45pm) (9:05 - 4:55am) (1.83 kg/hr)

3 2.5 15.8 kg lump 1.3 (3.4 kg)
(4:55 - 7:25am) (8:45 - 10:05am) (2.62 kg/hr)

0 None 3.7 (7.2 kg)
(Replaced cable b (12:55 - 3:35pm) (1.95 kg/hr)

coupling)

5 2.0 10.9 kg lump 7.6 (15.0 kg)
(3:35 - 5:35pm) (7:05 - 2:40am) (1.97 kg/hr)

6 1.8 16.8 kg lump 1.2 (3.1 kg)
(2:40 - 4:30am) 1) Rewired seed (10:55 - 12:05pm) (2.58 kg/hr)

holder (5:45am)
2) Lost on crown

(7 : 30 am)
3) Lost on crown

(9:30am)
4) Lost 1" on crystal

(11:00en)

7 0 None 11.0 (22.5 kg)
(Replaced broken (4:40 - 3:40am) (2.05 kg/hr)

cab l+e )

8 2.7 26.5 kg lump 12.2 (22.2 kg)
(3:40 - 6:20am) (Two dump cycles) (9:30 - 9:45pm) (1.82 kg/hr)

Lost structure on
crown	 ( 7: 30am)

Total 12.8 hr 108.7 kg 50.8 hr

(1) Recharge time includes:	 (2) At growth diameter 122mm - 132mm
Removal of grown crystal
Insertion of hopper	 NOTE: Total run time - 85 hours
Dump hopper charge 	 12.8 hre (15.1X) was devoted to the
Melt down	 recharging procedure including initial
Seed preparation up to	 melt down. of 30 kg cold charge. 50.8 hrs

seeding the melt	 (59.8X) was devoted to straight growth at
diameter. 21.4 hrs (25.2X) of the run time
was used for Growth Preparation: (1) Sta-
bilize temperature (2) Growing Seed
(3) Crown Growth (4) Melt Backs

TABLE 24
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RECHARGE AND INGOT GROWTH TIM (RUN NO. 62)

r>>	 .(2)
Melt NO. KecnaT a Ilme	 nr) 9.CMUUnLa Vc rLat v&UWL91	 aa&us na

1 1.5 30.0 kg cold charge 9.5 (20.4 kg)

(8:05 - 9:35am) (12:15 - 9:45pm) (2.15 kg/hr)

2 2.7 20.1 kg lump 4.2 (9.5 kg)

k9:45 - 12:25am) 1) Quartz on seed (6:00 - 10:10 am) (2.26 kg/hr;
(2 dumps)

2) Lost structure at
1" - melt back
2:40am

3) Lost structure on
shoulder 4:00am

3 2.0 9.5 kg lump 5.6 (13.4 kg)
(10:10 - 12:10pm) (1:50 - 7:25pm) (2.39 kg/hr;

4 1.8 13.4 kg lump 5.6 (12.5 kg)
(7:25 - 9:15pm) (10:25 - 4:00am) (2.23 kg/hr.

5 1.5 12.5 kg lump 4.5 (8.9 kg)
(4:00 - 5:30am) (7:00 - 11:30am) (1.98 kg/hr

6 1.7 9.0 kg lump 1.7 (2.9 kg)
(11:30 - 1:10pm) 1) Lost structure on (4:45 - 6:25pm) (1.71 kg/hr

crown (2:25pm)

7 0 hone 3.3 (6.8 kg)
(Put new seed on) 1) Lost structure on (1:20 - 4:40am) (2.06 kg/hr

(6:25 - 7:30pm) crown (8:40pm)
2) Change seed was

1,1,1	 (9:30pm)
3) Change seed to

1,0,0 (10:10pm)
4) Lost structure on

crown (11:10pm)

8 1.8 10.5 kg lump 5.2 (12.0 kg)
(4:40 - 6:30am) 1) Lost structure on (12:40 - 5:50pm) (2.31 kg/hr

crown (8:00am)
2) Lost structure at

about 2" meltbac
(10::0am)

9 0 None 11.8 (16.6 kg)
(5:50 - 7:45pm) (9:10 - 9:00am) (1.41 kg/hr
Waited for pictures

to be taken

Totals	 13.0 hrs

(1) Recharge Time includes:
Removal of grown crystal
Insertion of hopper
Dump hopper charge
Melt down
Seed preparation up to

seeding the melt

104.5 kg	 51.4 hrs

(2) At growth diameter 117mmn - 127 mm

NOTE: Total run time - 97 hours
13.0 hrs (13.4X) was devoted to the recharging
procedure including initial melt down of 30 kg
cold charge. 51.4 hrs (53%) was devoted to



straight growth at diameter. 32.6 hrs ( 33.6X)
of the run time was used for Growth Preparations
(1) Stabilise Temperature, (2) Growing Seed,
(3) Crown Growth, (4) Melt Backs.

TABLE 25 (Cont'd)
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COMPOSITE OF RECHARGE AND INGOT GROWTH TIMES FOR 100 KG RUNS

n .

STRAIGHT GROWTH	 TOTAL
RIM Nn	 ormlSRC4 rTUV (l)	CoA►.lnw nnvnAn,7Aj,► (2) 	c MA"W"	 ...rt. r %on

HRS % HRS % HRS % HRS

30 1819 (23.9) 20.9 (26.5) 39.2 (49.5) 79

47 8.8 (17.1) 11.9 (23.1) 30.9 (59.9) 51.6

49 16.4 (19.2) 20.3 (23.7) 48.8 (57.1) 85.5

55 12.9 (14.2) 33.5 (36.8) 44.6 (49) 91

2* 19 (17.4) 38.3 (35.1) 51.7 (47.4) 109

60 12.8 (15.1) 21.4 (25.2) 50.8 (59.8) 85

62 13.0 (13.4) 32.6 (33.51 51.4 (53) 97

(1) Recharge Time includes:
Removal of grown crystal
Insertion of hopper
Dump hopper charge
Melt down
Seed preparation up to seeding

the melt

(2) Growth Preparation includes:
Stabilize Temperature
Growing Seed
Crown Growth
Melt Backs

TABLE 26
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while straight growth times have stabilized at #about 50% of the run time.

The largest variation is experienced in Growth Preparation, usually due

to mechanical problems and structure loss problems.

Run No. lit marked the completion of Phase I of the 954888 project.

Based upon the results of the six 100 kg continuous recharge runs per-

formed under the 954888 contract extension, it was felt that ttte crystal

grower and its component parts were capable of growing st least 100 kg

of silicon from one crucible at any time. However, a leak-free system

must be maintained throughout the run in order to grow a high percentage

of monocrystalline or zero dislocation metdrial.

Table 1, page 6, summarizes the six one-hundred kilogram continuous

runs performed under the Phase I extension of this contract. They wire

accomplished between June 26, 1979, and January 11, 1980.

Phase II of the 954888 project had already begun. The growth of

150 kg of 150 mm diameter crystal was the ultimate objective.

During the month of January, our first scheduled attempts at grow-

ing 150 mm diameter crystals were initi ,.ted. It was necessary to develop

growth parameters, investigate furnace capabilities and limitations, and

institute a learning curve for grower operators.

Therefore, on Tanuary 16, the first scheduled attempt at growing a

150 mm diameter crystal was begun. The results are shown in Table No. 27.

The crystal grown during Run No. 63 can be seen in Figure 14.

Run No 63 was very successful for a first attempt at growing 150 mm

diameter crysta)a. The diameter control was good, and the growth rates

were acceptable for this stage of development.
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RESULTS OF RUN NO. 63

Crystal Ingot Diameter 152 mm

Initial Melt Charge 28 kg

Crucible Diameter 14"

Total Ingot Pulled 25.5 kg

Pulled Yield 91.1%

Total Monocrystal (all OD) 100% (all OD)

Number of Ingots 1

Overall Throughput 1.96 kg/hr

Straight Growth Throughput 3.3 kg/hr

Total Run Time 13 hours

TABLE 27
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Based on the success of Run No. 63, the decision was made to attempt

the first 150 kg run after performing the ne._essary preventative maintenance

on the grower and the successful performance of a test run. The test run -

Run No. 64 - was very successful resulting in an 18.4 kg crystal being

grown from a 19.8 kg charge, dislocation-free for its entire length. It

is interesting to note that the material used to grow this crystal was

reclaimed from frozen silicon remaining in a crucible used during other

growth runs. The results of Runs No. 63 and 64, therefore, led to the 150

kg attempt - Run No. 65.

Run No. 65 was started January 28, 1980. However, a freak mechanie-al

problem loose set screw) prevented a successful attempt at a 150 kg rua.

Initially, the problem was thought to be the Automatic Diameter

Control, but later it was learned that a loose set screw on a seed lift

mechanism coupling was the cause of all the diameter control Problem.

After four process and control runs were completed, another attempt

at the 150 kg continuous run was made on February 25. This continuous

run was relatively successful, with the first two crystals being 1009

monocrystalline. However, a microscopic water leak occurred after the

second crystal was grown that resulted in loss of monocrystalline growth

after only 20% of the crystal was grown for the succeeding four crystals

(Figure 15, Page 43).

A total of 151.5 kg of silicon was grown from a total melt of 154.4 kg.

A total of six crystal ingots were grown, varying between 24.8 kg and

25.9 kg. The first two crystals grown resulted in approximately 50 kg

of monocrystalline ingot (42.6 kg being dislocation-free).

This run was the first 1.5 n kg run to be completed in phase II of the

project. The pulling of 150 mm diameter crystals resulted in a sub-

r
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stantial increase in the throughput rate, The overall throughput for the

run (Run No. 70) waq 1.53 kg/hr. Previous overall throughputs for 100 kg

continuous runs had ranged from 0.92 kg/hr to 1.26 kg/hr. Moreover, the

straight growth through ut for the 150 mm diameter continuous growth run

averaged 2.60 kg/hr for all six crystals.

Since a problem occurred following the growth of the second crystal,

it might be significant to analyze the throughputs for the first two

crystals. Overall throughput for the first two crystals was 1.63 kg/hr

with straight growth throughputs of 2.69 kg/hr for crystal No. 1 and 2.99

kg/hr for crystal No. 2. (All straight values include taper).

Table 28 providers a summary of Run No. 70. Table 29 is a detailed

breakdown of 0e run time cycles and is divided into three categories

(Recharge Time, Crystal Growth Time and Growth Preparation Time).

It had now been demonstrated 'hat the continuous recharge meth, A of

Czochralski crystal growth could be applied to large diameter (150 mm)

crystals. It had also been demonstrated that 150 kg of crystal ingot could

be grown from one melt container (crucible) using a modified Hamco CG 2000 RC

cryr*al grower with special equipment and techniques developed under the

954888 contract. However, the periodic structure loss problem reoccurred

during Run No. 70 culminating in a less than satisfactory yield of mono-

crystalline silicon being grown. The structure loss problem was ides:tified

and can be solved. Moreover, 100 kg continuous recharge runs of equal time

duration have produced much higher yields when this type of structure loss

problem did not occur.

Therefore, on March 18, 1980, a second 150 kg run was begun with the

purpose of improving the yield of high quality crystal. Our supply of

virgin poly silicon was barely sufficient to complete this run. Due to

the limited supply of poly, it was imperative that Run No. 72 be continued

to the 150 kg goal regardless of the crystal quality results.
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RESULTS OF RUN NO. 70

CRYSTAL INGOT DIAMETER 150 mm

INITIAL MELT CHARGE 30 kg

CRUCIBLE DI"+METER 14"

TOTAL SILICON MELTED 154.4 kg

TOTAL INGOT PULLED 151.5 kg

PULLED YIELD 98.1%

TOTAL MONO CRYSTAL 67.3 kg	 (44.4X)

NUMBER OF INGOTS 6

OVERALL THROUGHPUT 1.53 kg/hr

STRAIGHT GROWTH THROUGHPUT (INCLUDES TAPER) 2.60 kg/hr

TOTAL RUN TIME 99 hours

RECHARGE MATERIAL 100% lump

TABLE 28
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RECHARGE AND INGOT GROWTH TIME 	 (RUN NO. 70)

Melt No. Recharge Time (Hr) (1) Comments Crystal Growth Time (Hr) (2)

1 2.0 30.0 kg cold charge 9.4 (25.3 kg)
(7:45-9:45 am) (12:20-9:45 pm) (2.69 kg/hr)

2 2.5 24.8 kg lump (2 cycles) 8.3 (24.8 kg)
(9:45-12:15 am) Lost OD structure at 2" (6:20-2:35 pm) (2.99 kg/hr)

of Straight Growth -
Meltback after 4" went
poly	 (4:15 am)

3 2.0 24.3 kg lump	 (2 cycles) 9.0 (25.2 kg)
(2:35-4:35 pm) 1) Replaced cable (9:00-6:00 am) (2.80 kg/hr)

2) Lost structure on
crown 2 times
(8:45 pm)

4 2.3 24.5 kg lump	 (2 cycles) 10.5 (25.2 kg)
(6:00-8:20 am) 1) Lost structure on (3:30-2:00 am) (2.4 kg/hr)

crown 5 times
(2:30 pm)

5	 2.5

	

(2:00-4:25 am)	 27.9 kg lump (2 cycles)
1) Lost structure on

crown twice (6:30 am)

6	 2.7	 24.6 kg lump (2 cycles)

	

(5:35-8:15 pm)	 1) Crucible rotation
motor malfunction -
replaced with moto-
matic.

2) Lost structure on
crown (10:00 pm)

3) 1.5" crystal left melt
when wall freeze was
eliminated (10:30 pm)

4) Lost structure on
crown again (11:30 pm)

	

14.0 hrs	 156.1 kg

10.8	 (25.1 kg)
(6:45-5:35 pm)	 (2.32 kg/hr)

10.2	 (25.9 kg)
(1.2:30-10:45 am)(2.54 kg/hr)

58.2 hrs

2) At growth diameter (includes Taper)

NOTE: Total Run Time - 99 hours
14.0 hrs (14.12) was devoted to the
recharging procedure including initial
meltdown of 30 kg cold charge.
58.2 hrs (58.8X) was devoted to straight
growth at diameter. Includes taper.

1) Recharge Time includes:

Removal of grown crystal
Insertion of Hopper
Dump Hopper charge
Melt Down
Seed Prepa-ation up Lo Seeding

the Melz

TABLE 29
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26.8 hra (27.1X) of the run time was used for
Growth Preparation:
1) Stabilize temperature
2) Growing Seed
3) Crown Growth
4) Meltbacks

Table 29 (Cont'd)
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Structure loss problems occurred early into the run as evidenced by

the total amount of monocrystalline material grown (Table 30). The first

crystal lost monocrystaliine structure after 8-1/2 inches of growth.

The second crystal grown lost monocrystalline structure after 8 inches of

growth with the remaining four crystals losing monocrystalline structure

between 1 and 4 inches of growth.

The residual gas analyzer was operating during this run and indicated

that an abnormally high concentration of air was present in the furnace

environment. During the run, attempts were made to locate possible air

leaks with no apparent success. If sufficient virgin poly silicon would

have been available for another attempt at growing 150 kg, Ruu No. 72

world been aborted.

A total of 150.6 kg of silicon was grown from a total melt of 153.6

kg. Six crystal ingots were grown varying in size from 24.2 kg to 27.2 kg.

This run was the second and last 150 kg run to be completed under

Phase II of the 954888 contract. The overall throughput again showed

the advantage of growing 150 mm diameter crystals (1.61 kg/hr). Both the

overall throughput and the straight growth throughput (2.74 kg/hr) were

improvements on Run No. 70. It is felt that if structure loss problems

can be solved or at least minimized, throughputs can be significantly

increased. Structure loss problems and considerations are discussed in

Section 4.5.3. By the completion of the 954888 contract, structure loss

characteristics had been well defined with effective means to eliminate

the problem being developed.

Table 30 provides a summary of Run No. 72. Table 31 breaks down the

run further into run time cycles.
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Results of Run No. 7;

Crystal Ingot Diameter

Initial Melt Charge

Crucible Diameter

Total Silicon Melted

Total Ingot Pulled

Pulled Yield

Total Mono Crystal

Number of Ingots

Overall Throug:+put

Straight Growth Throughput (Includes Taper)

Total Run Time

Recharge Material

30 kg

14 inches

153.6 kg

150.6 kg

98.1%

25.9 kg (.7.2X)

6

1 61 kg/hr

2.74 kg/hr

93.6 hrs.

100% lump

Table 30
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Table 31

Recharge and Ingot Growth Time (Run No. 72)

Melt No. Recharge Time (HO Comments Crystal Growth Time (HO 2

1.2 8.7 24.8 kg

1 A 2.0 30.0 kg cold charge 2:40 - 10:03 - 11:20 pm 2.85 kg/hr

(6:30 - 8:30 am) 9:40 - 5:00 - 6:25 pm

4.0

1 B 2.3 24.8 kg lump (2cycles) 8.4 24.7 kg

(6:25 - 8:45 pm) (1) over heated on malt 12:45 - 8:20 - 9:10 am 2.94 kg/hr

down to get cracks of
crucible melt.

2.7 5.6
2 (9:10 - 11:50 am) 24.2 kg lump (2 cycles) 9.9 24.9	 'gig

(1) lost structure on 5:25 - 1:15 - 3:20 am 2.52 kg/hr

crown 3 times, includes
two melt backs 3 1 55 pm

3 3.0 4.2
(3:20 - 6:20 am) 24.7 kg lump (2 cycles) 8.4 24.7 kg

(1) fuse blow on PC pump, 10:35 - 6:20 - 7:00 pm 2.94 kg/hr

had to bring grower to
atmosphere.
(2) lost structure on crown
9:05 am.

4.3 3.9
4 (7:00 - 11:20 pm) 24.1 kg lump (2 cycles) 9.0 24.2 kg

(1) lost structure about 3:15 - 12:00 - 12:15pm 2.69 kg/hr

1"	 1:40 am

2.9
5 2.6 25.2 kg lump (2 cycles) 10.5 27.2 kg

(12:15 - 2:50 pm) (1) Lost structure on crown 5:40 - 3:50 - 4:10 am 2.59 kg/hr

but continued

Total	 16.9(Hrs)	 153.6 kg	 54.9 Hrs.	 (includes

21.8 hrs.	 tapers)

(1) Recharge time includes: Removal of grown crystal, insertion of hopper, dump
hopper charge, melt down, seed preparation up to seeding the melt.

(2) At growth diameter - 150 mm (includes tapers)

Note: Total run time 	 93.6 hrs. 16.9 hrs (18.1X) was devoted to the recharging
procedure icicluding initial melt down of 30 kg cold charge. 54.9 hrs (58.77)
was devoted to straight growth at diameter and tapers. 21.8 hrs (23.32) of
the run time was used for growth preparation. (1) Stabilize temperature, (2)
Growing Seed, (3) Crown Growth, (4) Melt Backs.

I
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4.4.4 Plans and Recommendations

The lump recharging method has proven to be an acceptable method for

recharging silicon during continuous crystal growth. Two potential pro-

blems associated with this form of recharging have not been noticeable

in impurity analysis result p and observations made during recharging.

Contamination of the silicon crystal from the hopper has not been

indicated by mass spectrometer analyses of representative silicon samples.

There has not been one crucible failure caused by dropping chunks

of silicon into a fused quartz crucible during recharging or hot filling.

Th.e following recommendations should be considered for improvements

to the lump method of recharging:

a. If niblet size (maximum 1 inch) lump silicon is not available it

becomes necessary to crush the sillcor. and screen out the fines.

This operation requires the chunk silicon to be cleaned (etched)

and dried before it is acceptable for use.

A redesigned hopper might allow for larger size lump silicon

to be used.

b. A larger hopper would enable the recharging of more silicon pet

cycle which is necessary when growing 25 kg and larger crystals.

c. The present method of loading the hopper could be improved. At

present, bags full of lump silicon are simply dumped directly into

the hopper. The possibility exists for chunks to fall out of the

bag outside the hopper. A transfer device from the storage bags to

the hopper would improve the Efficiency of loading the hopper and

eliminate	 chunks from falling outside the hopper.
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4.5 Crystal Growth Development

Crystal growth development has been concentrated in two areas:

a). The growth of large diameter crystals

b). Faster growth speeds.

Both areas of development directly affect the throughput (kg/hr) of

silicon produced during CZ crystal growth. The higher the throughput

associated with the CZ growth of silicon, the lower the cost of the

silicon produced. Therefore, the throughput has a direct bearing on the

final cost of silicon solar cells and consequently the cost of electricity

produced from silicon solar cells.

Several problems associated with standard furnace design, thermodynamics

of the CZ growth process and furnace hot zone, and hot filling (replace-

ment of the melt) were considered in order to meet the objectives of the

project.

Due to the new technology developed under this contract and the lack

of detailed information or studies pertaining to the continuous recharge

method of CZ crystal growth proposed by Kayex Inc. unforeseen problems

such as structure loss (loss of monocrystalline crystal structure), crucible

devitrification and thermal cracking of polycrystalline silicon rods

required substantial amounts of time and effort.

4.5.1 Ingot Size (4" - 5" - 6")

In 1977, when Kayex Inc. proposed the continuous recharge method

for production of low cost silicon for solar cells, the normal silicon

crystal ingot grown by production facilities was either 3-inch or 4-

inch diameter. The following conversion can be made basEd on the

density of solid silicon:

- For a 3-Inch diameter crystal each inch (lergth) groan represents

275 gm of silicon.
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- For a 4-inch diameter crysta l. each inch (length) grown represents

480 gm of silicon.

It is readily seen that an increase in the growth of silicon crystals

from 3-inch diameter to 4-inch diameter produces 205 gm more silicon

per inch of growth length or a 74.5% increase in production for the

same length of crystal.

If one compares the standard 4-inch diameter crystal to a 5-inch

and 6-inch diameter crystal the following statistics are generated:

- 5-inch diameter crystal yields 750 gm for each inch of length. When

compared to a 4-inch diameter crystal the increase amounts to 270 gm per

inch of crystal length or a 56.3% increase in production for the

same length of crystal.

- 6-inch diameter crystal yields 1083 gm/inch or an increase of 603 gm

per inch of crystal length. This computes to a 125.6% increase in

production for the same length of crystal.

The following chart presents the mass of silicon produced for each

inch (and cm) of crystal length based on crystal diameter.

Crystal Diameter Mass (wt) inch of crystal Mass	 (wt) cm of crystal

3-inch 275 gm/in 107 gm/cm

4-inch 480 gm/in 189 gm/cm

5-inch 750 gm/in 295 gm/cm

6-inch	 1083 gm/in	 426 gm/cm
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Theoretically, economic considerations as evidenced by throughput

(kg/hr) definitely favor large diameter crystals.

Figure 39 illustrates the progression from 4-inch diameter crystals

to 5-inch diameter crystals and finally to 6-inch diameter crystals

(Phase II). During the initial stages of crystal growth development

crystals between 4.0 and 4.5 inch (11 cm) diamercr were grown (Table 1).

At this time it was necessary to make sure that the modified (CG 2000

crystal grower was operating correctly and prove that hot filling and

recharging procedures were feasible. However, most of the crystals grown

during this contract were approximately 5-inch (13 cm) in diameter (Table 1).

6-inch (15 cm) diameter crystals were not routinely attempted until the

beginning of Phase II in January, 1980.

In each case, whether it was 4-inch, 5-inch, or 6-inch diameter, it

has been possible to grow high quality dislocation free crystals.

4.5.2 Growth Rate

Thermodynamic fundamentals involving the heat of formation (latent

heat of fusion) when liquid silicon undergoes a change in state has always

been a limiting factor to the growth rate of silicon crystals. The Amount

of heat produced by the phase change of liquid silicon crystallization is

considerable and tends to limit the ability to increase growth rates

by transferring more heat to the melt per unit time as the growth rate

in^reases. It is possible to increase growth rates by decreasing the melt

temperature, but limits are reached when proper thermal gradients with the

melt - both lateral and longitudinal - are not maintained. Silicon crystal-

lization (wall freeze) can occur on the crucible walls at the top surface of

the melt if the crucible walls are not hot enough to prevent the liquid silicon

from solidifying. Spontaneous nucleation can occur on the melt :3urface and

f7
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constitutional super cooling of the melt at the growth interface can

cause loss of monocrystalline structure. Therefore, as growth rates

increase, these thermodynamic considerations have to be dealt with.

In order to improve upon normal equilibrium growth rates, a means

of removing the latent heat of fusion before it can sufficiently increase

the melt temperature at the growth interface must be devised. This can

be accomplished without adversely affecting the thermal gradients in the

melt by increasing the heat lost by radiation from the crystal and the

heat lost by conduction from the crystal. The modified Hamco CG 2000

was designed with this in mind. The upper protion of the water cooled

furance tank was designed to allcw for a high degree of radiative heat

loss from the crystal, while the argon flow patterns were intended to pro-

vide a maximum degree of conductive heat loss.

The growth of silicon crystal ingots during the project has reached

speeds of 5-inches/hr. for a four inch diameter crystal.. One of the pro-

ject goals was to maintain an average growth rate of 4-inches/hr. during

continuous recharge runs. Although this growth rate was demcnstrated

on the growth of selected crystals during continuous recharge runs, the

maximum overall growth rate accomplished during a 100 kg continuous run

was 8.7 cm/hr (3.43 inches/hr). The crystal diameter during this run was

13 cm (5.1 inches).

Structure loss problems periodically encountered during the crystal

growth development program resulted in polycrystalline growth which

impacted on the increased growth rate program. Polycrystalline silicon

crystal growth is much more difficult to control at elevated growth rates

than monocrystalline growth. The average growth rates for all continuous
ti

recharge runs is contained in Table 1 page
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It is interesting to note that 15 cm diameter crystals have been

grown at rates similar to 12.7 cm diameter crystals. The crystal grown

during Run No. 63 was grown at an average grcwth rate of 7.9 cm/hr (3.1 in/

hr).

The economics of faster growth rates are self. explanatory. There is a

direct linear relationship between growth rate and throughput. If the

growth rate doubles, the amount of silicon produced also doubles. The

maximum cost savings can be realized however, when increased growth rates

and increased crystal diameters are combined.

Normal commercial growth rates for 4-inch diameter silicon crystals

are very near to 3 inches/hour. There are many theories that state that

growth rates must decrease as the crystal diameter increases. Assuming

that all growth conditions are precisely the same, the thermodynamics of

silicon crystal growth would definitely support the above theories. How-

ever, variations in growth conditions and grower modifications can in fact

increase growth rates. Based on information, data, and observations

recorded during this project, it is felt that with improvements in the

radiative and conductive heat loss from the crystal, improvements can be

realized toward faster growth rates for both 12.7 cm and 15 cm diameter

crystals.

4.5.3 Crystal Quality

The American Society for Testing and Materials manual defines high

quality silicon crystal as monocrystalline silicon with dislocation den-

sities less than 500/cm ? . This in turn would indicate that the silicon

would be free of grain boundaries, twin bcundaries, lineage and slip lines.

One objective of the JPL 954888 project was to produce silicon

material capable of producing 14% AM 1 efficient sc l ar cells. If this

efficiency criteria could have been met by growing polycrystalline silicon
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crystals then the need for growing monocrystalline material would nct have

been necessary. However, based on solar cell efficiency data generated by

this project and other JPL projects (8) polycrystalline silicon normally

yields solar cell efficiencies from 8' to 10% depending on the grain

size and other imperfections i, cl, samples tested.

Therefore, due to the primary objective of producing low cost silicon

material for the production of solar cells (not semiconductor devices) our

definition of high quality material related directly to the ability of

the material produced to yield solar cell efficiencies in the area of 13%

to 14% AM 1.

Resistivity criteria dictated that the silicon be p-type (Boron Doped)

with a resistivity between 1.5 and 3.0 ohm - cm. The recommended crystal-

lographic orientation was 1-0-0 and it was felt that monocrystalline

material would be required.

As previously stated, solar cell efficienr.y data has substantiated

the original contention that monocrystalline material is needed to produce

solar cell efficiencies in the 13% to 14% AM 1 areas desired. However,

the data also indicates that material commonly referred to as "OD" - zero

d=slocation (less than 500 dislocations/cm 2 ) is not necessary for pro-

ducing the high efficiency solar cells required. The limiting factor

appears to be polycrystalline growth as opposed to monocrystalline growth.

It has been stated earlier in this report that the ability to main-

tain monocrystalline growth throughout the complete continuous recharge

run created some problems. This section will try to deal with these problems.

An explanation of probable causes of structure loss in silicon crystal

growth is contained in Appendix A.

(a). Furnace :a tmosphere:

It is well established that melt contamination can cause structure

loss in silicon crystals. This melt contamination may be attributed to
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any number of impurities, whether in the form of a gss, solid, or liquid.

The following areas of possible ,nelt contamination were evaluated and

acted upon during the course of the crystal growth development program:

1). Raw materiRl (silicon)

2). Etching Procedure (clearing of silicon)

3). Purity of carbon parts in the furnace

4). Volatile Matter (grease, etc.)

5). Argon Purity

6). Air Leaks

7). Water Leaks

There was little work done on identifying possible contaminants from

virgin silicon or recycled silicon. Only a few samples were sent out for

impurity analysis. It was necessary to rely on our vendors to provide us

with high quality raw materials.

The etching facilities being utilized were not as good as standard

production etching facilities. Improved procedures for etching, rinEing,

drying, and handling the silicon were instituted. Very little investigation

was done to determine the purity of the silicon prepared in this way. How-

ever, this was not relevant to virgin polysilicon used for continuous runs.

The objective was to arrive at an acceptable procedure for the equipment that

was available and then attempt to make it as reproducible as possible.

Possible contamination from carbon parts has been a constant concern

throughout this contract. It has been demonstrated in the past that a melt

down attempted under hard vacuum (no argon flew for rteansing the melt sur-

face) can result in a high carbon content scum to be formed on the melt surface.

It is essential that the carbon parts in the furnace be of high quality. These

parts miist be free of volatile materials and be dense enough to eliminate
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outgassing that would force carbon particles into the furnace atmosphere

where they might be blown into the crucible and come into contact with the

melt. Another possible detrimental effect of poor quality carbon is possi-

ble devitrification of the crucible wherever it comes into contact with the

carbon parts (upper and lower supports).

Satisfactory bakeouts are always necessary for carbon parts, especially

new ones. However, these bakeouts may still not eliminate problems caused

by poor quality carbon parts.

An area of possible contamination that we felt we had significant control

of was the area of volatile matter being introduced into the furnace atmos-

phere from a source not directly related to or needed to grow crystals, for

example, vacuum grease on 0 rings and other types of seals used to make

the furnace air tight. The types of materials being used were investigated

and found to be aetrimental to the crystal growth process. A silicone base

vacuum grease was substituted for the vacuum grease being used. However,

it was later learned that silicon vacuum grease cr;.l oxidize at temperatures

above 4500F. Silicon dioxide powder results from oxidation along with

highly volatile methyl groups.

During the months of May and June, 1979, a considerable (mount of time

was spent identifying areas of volatile matter contamination, removing the

possible contaminants and making sure that each area was still air tight. By

the time Run No. 47 was attempted, it was felt that this area of possible

contamination had been eliminated.

The relatio.:ahip between argon and ,,ilicon monoxide flow patterns in

the furnace were considered. Of interest was what causes silicon monoxide

to be deposited on the crystal as it is being grown: was this monoxide

detrimental to crystal growth and could the flow patterns in the furnace

be altered to eliminate this monoxide coating without adversely affecting
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the thermal condition of the furnace? Areas to be considered were:

1). Amount of argon flow - furnace vacuum and valve settings.

2). The height of the crystal at which the monoxide starts to deposit.

3). The effects of the crucible starting position in relation to the

heater.

4). Exhaust mechanisms and methods.

It was determined that monoxide on the grown crystal was not a cause

of structure loss unless the monoxide was contaminated by other substances

which could cause loss of structure. The silicon monoxide formation was a

normal reaction during the melt down and crystal growth process. However,

with the use of a Residual Gas Analyzer it was determined that temperature

conditions of the melt and vacuum conditions within the furnace have a

direct bearing on the degree of silicon monoxide produced. Sources of

oxygen from outside the furnace, however, will significantly contribute to

the amount of silicon monoxide produced.

A Residual Gas Analyzer was received in January, 1980, on a test basis.

It was ccnnected to the grower and initial tests were begun. The purpose

in testing the equipment was to monitor crystal growth atmosphere during

the growth and recharge cycles and to investigate if any atmosphere degrada-

tion occurred during these cycles.

Initial test results from the RGA system indicated that the system had

the ability to sample the exhaust gases from the grower by pumping them

through a pressure reduction system to a chamber where the analyzer head

could measure the partial pressures of the gases present.

It was planned to monitor continuous runs in addition to single crystal

growth runs, etc. Therefore, a more detailed analysis of the RGA's capabil-

ities and its relationship to the crystal growth process could be determined.

Our results indicate that the equipment was capable of:
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1). Scanning a mass range acceptable to required needs.

2). Monitoring a single amu peak and indicating changes in the peak height.

3). Responding to vacuum changes in the furnace.

4). Responding to changes in concentrations of specific amu's - as

indicating by relative partial pressure - within a satisfactory time

per'nd.

A specific exa..:ple of the capabilities and possible uses of a Residual

Gas Analyzer is contained in the following paragraph:

During this continuous run (No. 70), we continuously monitored the exhaust

gases from the grower with the residual gas analyzer previously mentioned.

Most of the time we were monitoring the top of the 28 AMU peak so that we could

see changes in the concentration of nitrogen and/or carbon monoxide. Occasion-

ally, a scan in Zhe 2 to 60 AMU range was made to analyze for the presence of

other elements and compounds or to further identify the composition of the gases

when the 28 peak increased. During the raising of the second crystal into

the pull chamber, the RGA indicated a dramatic increase in the 28 peak (Figure

40 ). Subsequent scans through the 2 to 60 AMU mass range did not indicate

an increase in the 14 AMU peak. Therefore, we concluded the dramatic increase

in the 28 peak was due to carbon monoxide and not air (nitrogen). After the

run was completed and the grower was inspected following cool down, a micro-

scopic pin hole water leak was found on the top plate of the furnace where

the dopant fixture is situated. Therefore, all data and re=nts indicate that

a microscopic water leak occurred for a period of time from the end of the

growth of the second crystal through the subsequent rechP.rging and up to the

start of the third crystal.

As previously mentioned, we were unable to maintain monocrystalline growth

on any crystal following the growth of the second crystal.

In addition to the information and data gathered during continuous

recharge runs, a brief study was undertaken in March, 1980, to correlate the
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relationship between carbon monoxide production (amu-2E) within the

crystal grower and the crystal growth cycle.

Extensive research had previously been performed regarding the

relationships between furnace temperature, furnace pressure (vacuum levels)

and the production of carbon monoxide (CO), carbon dioxide (CO2 ), Silicon

monoxide (SiO), Silicon dioxide (SiO 2 ) and Silicon Carbide (SiC). (9) This

research was performed in conjunction with the heat exchanger method (HEM)

of silicon production. This research indicated that at certain temperature

pressure levels, CO and SiO are produced by the interaction of the fused

quartz crucible and the graphite furnace parts that come in contact with

the crucible. The gaseous CO that is produced by this reaction is capable

of being transported to the silicon melt where it may react with the liquid

silicon-depending on temperature and pressure to form SiC. If a sufficient

concentration of SiC is allowed to build up in the silicon melt,SiC precipi-

tation can cause constitutional super cooling at the crystal growth inter-

face resulting in structure loss.

The data presented in the HEM report seemed to indicate that

the SiO production would occur in a similar fashion as CO production and

would also be formed by the reaction between liquid silicon and the fused

quartz crucible (Si + SiO 2­> M.0).

It was not possible to measure the partial pressure of SiO using the

RGA due to the fact that it condenses to a solid at a temperature above the

temperature of the exhaust gases of the crystal grower. Therefore, our

data is based solely on the CO concentrations obsenied in the crystal grower

exhaust gases. However, it should be noted that visual observation of SiO

concentration within the furnace did show a direct relationship with the

concentration of CO recorded by the RGA.

The studies were performed during normal crystal growth cycles involy-
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ing the following general procedures:

1). Melt Down

2). Temperature Stabilization

3). Seed Dip and Neck Growth

4). Crown growth

5). Straight Body Growth at Diameter

Figures 41, 42, and 43 illustrate the relative concentrations of CO as

a function of time during a complete growth cycle. In each case, the maxi-

mum CO concentration occurred during the meltdown cycle generally whet. the

furnace temperature was at its highest level and a large majority of the

silicon had been melted. However, it was also observed that decreases in

pressure levels in the grower tended to increase the CO concentration.

Normal crystal growth pressures were 20 torr of argon. Severe changes

in argon pressures were not attempted because the RGA studies were done in

conjunction with and were not the primary objective of the growth run.

Decreasing the argon pressure in the crystal grower would have the effect

of lowering the overall concentration of argon in the furnace atmosphere

in relation to other gaseous species present, however, the data still

indicates that a significant, measurable increase in CO concentration was

brought about by a decrease in argon pressure from 20 torr to 15 torr.

The CO concentration in all three crystal growth cycles represented

by Figures 41, 42, and 43 tends to be the same:

1). A sharp increase during the meltdown cycle.

2). A sharp decrease during melt stabilization when the furnace tempera-

ture is rapidly decreasing to the proper growth temperature.

3). A gradual slow decrease in the CO concentration as the straight

body section of the crystal is grown.

The sharp increase and decrease in the CO concentration during the
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melt down and stabilization cycles can be attributed to the rapid increase

and decrease in the furnace temperature. However, the slow decrease in CO

concentration during the straight growth cannot be attributed to furnace

temperature or pressure - the temperature is actually increased during the

middle and later stages of the straight growth cycle. Therefore, another

factor must be considered in order to explain the slow decrease in CO con-

centration during the straight growth cycle. The answer I s found in the

need to maintain a constant melt level in relation to the furnace's resistance

heater. It is necessary to maintain this constant melt level to maintain

there, equilibrium during the growth process.

As the crystal is grown, the level of the liquid silicon (melt) decreases

inside the crucible. The fused quartz crucible and its outer supporting

parts are raised in relation to the stationary heater to maintain the silicon

liquid level at the same starting position in relation to the heater. As

the graphite parts are raised they leave the hot zone (heater zone) of the

furndee decreasing the temperature below the reaction temperature of Carbon

(C) and Silicon dioxide (SiO) to produce CO.

Observations of SiO concentration taken during normal crystal growth

indicate that the highest concentrations are observed at the end of the

malt down cycle. The concentrations are negligible until a majority of the

silicon is melted and then they tend to decrease as the stabilization cycle

is completed and the straight growth progresses. If another source of

oxygen other than the fused quartz crucible is present in the furnace then

SiO and CO concentration are directly affected.

Although the level of CO rL.acentrations has been indicated on the

graphs in Fig.res 41, 42 and 43, neither the method for calculating these

values nor the values themselves have been varified by an authoritative

source. However, they can be used to interpret relative CO concentrations
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and may be factual concentrations.

The CO concentrations associated with these crystal growth runs did

not appear to affect the crystal structure of the crystals grown. It is

of great interest what concentration level of CO would be detrimental

to single crystal growth. However, the RGA was obtained on a trial basis

and was returned to its vendor following these initial studies.

A Residual Gas Analyzer could be a useful tool for determining if a

crystal grower hae an atmosphere conducive to high quality crystal growth.

It can also be used to monitor the grower atmosphere during growth cycles

to indicate when the grower's gaseous environment has changed.

Whenever a known microscopic water leak has developed within the

crystal grower the furnace atmosphere has been affected such that the

ability to grow monocrystalline material has been precluded. Evidence

of this can be readily seen in the discussion regarding Run No. 70.

Small air leaks although detrimental to continuous recharge crystal

growth have not .resulted in an immediate structure loss problem.

Lased upon the fact that it was possible to grow monocrystalline

mate i:,.^. with an air leak present, a theory that impurities entering the

furnace in conjunction with are air leak are not in themselves causing a

structure loss problem was proposed. It appears to be the excessive

silicon monoxide and silicon dioxide that are formed when a supply of

oxygen is available (air leak) along with the accelerated crucible devitri-

fication that may be the major cause of structure loss.

Observations taken during Run No. 60 and Run No. 62 caused us to

question the primory cause of structure loss duri p , continuous runs. It

is still felt that a leak-free system is imperative for growing high

quality crystals over an extended period of time. However, even with a
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tight, leak-free system, the possibility exists that silicon monoxide or

silicon dioxide may build up on the upper portion of the crucible wall

and, from time to time, fall into the melt and ree ,ilt in loss of mono-

crystalline structure.

W. Furnace Thermal Conditions
Thermal perturbations have been known to cause the loss of monocry-

stalline structure during crystal growth. However, gradual thermal changes

(non-equilibrium) beyond the normal range during crystal growth have not

seemed to be a problem. Several crystals have been grown when the crucible

lift was not functioning with no loss of monocrystalline structure. How-

ever, extreme temperature changes or fluctuations such as power loss,

severe cooling water temperature change or severe instantaneous argon flow

rates have caused structure loss problems.

The possibility exists that thermal perturbations while causing

significant changes in growth rates may cause solid particles to b, Forced

off the walls of the crucible which in turn is the cause of structure loss

problems.

In addition to thermal perturbations as a cause of structure loss,

improper thermal gra ie •.its are of even more importance in the growth of

monocrystalline silicon crystals. Radial thermal gradients must be properly

controlled to maintain [tee silicon in the liquid state at the crucible

walls and across the surface of the melt. This allows optimum solidifica-

tion at the growth interface. The vertical thermal gradient in the melt

must also be conducive to correct melt solidification at the growth inter-

face while inhibiting spontaneous nucleation or solidification within the

melt.

Any problems that may have been associated with thermal considerations

was corrected early into the crystal growth program for both 12-inch and

14-inch hot zones.
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(c). Mechanical Considerations

The crystal growth process is capable of withstanding moderate mechanical

shock or vibration without the loss of monocrystalline structure. Moreover,

regular continuous melt vibration is not uncommon during crystal growth and

has not been a structure loss problem. The structure loss problem arises

when excessive external or internal shock or vibration occurs. This type

of shock or vibration may be initiated by several sources such as:

1). 1). Seed Lift cable jerk or excessive vibration.

2). Crucible shaft jerk or sticking.

3). Loose graphite supporting parts or failure of these parts (cracking).

4). Rubbing of moveable hot zone parts against stationary hot zone parts.

5). Physically bumping, shaking, or falling on the grower.

These sources of mechanical perturbation can be prevented by proper

machine set up and maintenance.

During the crvstal growth development work, there have been occasions

when mechanical functions have malfunctioned without causing structure loss.

Some examples are:

1). Seed Lift stopped.

2). Crucible Lift stopped.

3). Crucible rotation stopped.

In each case, the malfunctions were corrected within a short period or

time - 5 minutes. However, on two separate occasions, the crucible ].,.ft

stopped for several hours without structure loss problems.

W. Electrical Considerations
In order to function properly, the crystal grower must maintain the

integrity of its electrical controls.

1). The resistance heater must function and control properly through
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the temperature sensing device (thermocouple or optical pyrometer).

2). Although it is possible to grow a crystal totally with manual seed

lift control, much improved diameter control can be achieved using

the Automatic Diameter Control (ADC) System. Optical as well as

electrical functions are involved with the ADC.

3). Vacuum pumps are critical to the maintenance of the proper clean

argon purge atmosph_ . Electrically controlled valves for separate

control of both u pper (secondary) and lower (primary) vacuum systems

is critical to the recharging process.

4). All mechanical functions except for argon flow and coolant water floe

are electrically controlled. Therefore, an electrical malfunction

in these controls could cause structure loss problems associated

with mechanical considerations.

As with mechanical malfunctions, electrical malfunctions have occurred

without structure loss problems occuring:

1). Momentary loss of heater power.

2). ADC -alfunction.

3). Momentary loss of vacuum pump operation.

Electrical malfunctions can be minimized by proper machine set up and

maintenance. However, the incoming plant electricity is dependent on the

commercial supplier - (utility company).

(e). Thermal Cracking

Thermal cracking is a condition normally caused by the too rapid cooling

of silicon crystals immediately following the growth cycle. Cracks form in

the silicon crystal due to the rapie expansion of the solidified silicon when

cooled too fast.

When thermal cracking occurs, it usually occurs in the bottom quarter

of the crystal. However, thermal cracking has been seen throughout two-tb:Lrdq
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of the crystal when cooling rates were extremely high.

Thermal cracking is usually caused by abrupt removal of a crystal from

the melt while it is still at or near to its straight growth diameter.

Thermal cracking can also be created by removing a properly tapered crystal

from the furnace chamber into the cold pull chamber too rapidly.

Thermal cracking, if present, precludes the ability to cut complete

wafers from the portion of the crystal affected. Furthermore, it creates the

possibility of blade damage and saw damage.

Thermal cracking is not a problem if normal crystal growth techniques

are followed.

4.5.4 Crucible Performance

The devitrification and the apparent dissolution of this vitreous silicon

crucible is of concern primarily as it may affect the quality of the ingot

material.

A number of question , were raised regarding (1) the maximum lifetime

of a crucible in the present mode of operation, (2) the effects of impurities

in the glass on the stability of the crucible, and (3) the possibility of

contamination of the melt by vie crucible (impurities or S10 2 particles).

The role of the crucible in structure loss i$ not well understood. In

a typical non-recharge rein of 12 .o 18 hours duration (Figure 44), the inner

surface of the crucible usually shows a slight amount of devitrification in

the form of small circular spots about 1 mm in diameter randomly distributed.

The surface, however, is generally smooth and free of pits or open bubbles.

Severe devitrification (Figure 45) has been observed occasionally after

long periods in contact with the melt. The circular devitrified areas grow

and become mo7:•e numerous. Bubbles originally beneath the surface are exposed,
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The illustration is not typical, however, of all long recharge runs. In

this case, the cond! . tion of the crucible was far worse than usually observed.

The visual ap*^earance of crucibles from various commercial vendors

varies considerably. Differences in the degree of fusion, the inside surface

quality, and the bubble structure are apparent. Chemical purity o f all cruci-

bles is good, yet some differences are apparent. The analyses in Table 33

were supplied by the vendors.

Crucible devitrificatiou after 19 hours
(Inside surface, actual size)
	

_^ 1 cm

Figure 44
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Unusually severe crucible devitrification

Figure 45

178



VfK;INAL PAGE ISOF POCK QUA11Ty

Figure 46 shows a crucible after a typical recharge run. The white

layer is the devitrified material which tends to flake off from the glassy

silica.

The external portion of the crucible is affected the most. and also

that portion which is not in intimate contact with the graphite crucible

support exhibits little devitrificati.on. Although much has been written

on the devitrification of vitreous silica, it is very difficult at this point

to identify the cause as it relates in particular to the CZ process.

CRUCIBLE DEVITRIFICATION

Whi'_e devitrif ied SiO 2 forms on outside of

the crucible as a scale

Figure 46
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Time and temperature effects were noted during the crystal Growth

Development Program. A major portion of the degra6ation occurs during the

melting or recharge cycle when the crucible is subjected to considerably

higher temperatures.

The lifetime of the crucible was extrapolated, based on a typical

devitri .fication rate to at least 100 hours.

The statement of work called for investigation of low coat crucibles.

Earlier in the peogram, several crucible manufacturers were contacted. One

crucible manufacturer * responded by offering a crucible made from impure

sand. This crucible could be obtained at a cost of $90 . 00 each in small

quantities for a 12-inch diameter by 9-inch high crucible. This price

could come down perhaps further in quantity purchases.

Chemical analyses of the sand crucible as compared with the high

purity quartz crucible are shown in Table 32. It can be seen that the

sand crucible had at least an order of magnitude greater impurity con-

tent than the crucibles made from natural quartz crystal.

Quartz
Impurity	 Crystal	 Sand

AL	 20 PPM	 200	 PPM

Ca	 3	 50

Ti	 2	 80
Table 32

Fe	 1	 65

Mg	 i	 8

Na	 1	 20

K	 3	 30

'	 Li	 1	 6
I^

'	 Comparison of Impurity Levels in crucibles made from sand and quartz

crystal. Values are in parts per million.

*Quartz Products Corp., Plainfield, N.J.
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Four sand crucibles were purchased for evaluation. The first test

consisted of establishing the softening point of the crucible. Because of

the low purity material, it was expected that the softening point of the

crucible might be too low for crystal growth and/or devitrification might

proceed coo rapidly.

We placed an empty crucible in the furnace and heated the furnace to

meltdown temperature. The crucible seemed to withstand these conditions quite

well. There was no evidence of sagging or buckling. Approximate temperature

was 150000 for one hour. No devitrification was observed. The crucible

fractured during the cool-down cycle.

We then put a small quantity of silicon in a second crucible and attempted

to melt it. The furnace was heated to melt-down temperature but the silicon

would not melt. We increased the temperature approximately 100  and the sili-

con still did not melt. We then concluded that there was perhaps someth.:ng

wrong with the control system of the furnace and aborted the run, failing to

melt any silicon in the second crucible.

It was ther decided to put a full 16 kilogram load into a crucible

assuming that the small quantity of silicon was the previous reason for the

failure to melt. However, extreme difficulty was experienced in melting the

silicon. The furnace had to be raised approximately 2000 higher than nLrmal

melt-down temperature to achieve any melting at all. This extreme temperature

caused the crucible to sag and buckle. The silicon eventually melted, but

only after an extra hour had been consumed in melting. Furthermore, a number

of pieces of silicon adhered to the side of the crucible which could not be

melted off. At this point, the crucible was badly distorted but appeared to

be containing the molten silicon and, furthermore, the silicon appeared to be

C
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clean and free of slag or oxide. We therefore, decided to attempt to grow

a crystal.

Three attempts at starting a crystal crown were made, none of which

succeeded. Zero dislocation structure was lost quickly at approximately

1 inch diameter. It was therefore, decided on the third attempt to coutint-t

to pull a dislocated crystal. A 5-inch ingot -Jas pulled which dislocated

and quickly went polycrystalline. The crucible maintained its integrity

throughout the run without leakage or failure, and we were able to pull most

of the silicon from the crucible. The portions of the crucible which were

below the melt level were also extremely distorted.

When the crucible was coo]. and was removed from the furnace, it was

observed that it had not actually buckled, but it was swelled. The external

surface of the crucible had maintained the original shape of the graphite

support, but, in certain av- as, it had Swelled to a thickness of approxi-

mately 3/4 of an inch. The inside surface, which h,.d been in contact with

the silicon, remaitted vitreous and did not appear to be seriously attacked

by the silicon. The bulk of the crucible wall, however, was granu t.ar and

porous.

fhe crucibles as they were received were much more opaque than the

normal crucibles. This indicated that the degree of vitrification or glassi-

ae=a in the crucible was much less than a normal crucible. It was believed-

that this lack of vitrification caused a reduction in the thermal conductivity

and transmissivity of the crucible, resulting in the problem of melting

the silicon. As the swelling of the crucible wall continued, the problem

intensified and higher and higher temperatures were required tc melt the

silicon. If the sand crucible could be fabricated in a more dense, vitrified

form, it should perform in a manner similar to that which we are used to.
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The vendor of these crucibles, Quartz Products Corporation, was informed

of the results and asked to pursue the possibility of making these changes

to the crucible.

Crucible devitrification was considered to be a possible cause of

structure loss early into the crystal growth development program. Efforts

were concentrated on recording observations of crucibles used Lefore and

after continuous recharge runs as wel, as single ingot grrrth runs.

Results have shown that severe devitrification can degrade the smooth

glassy inner surface of the crucible to such an extent that relatively large

bubble holes appear on the surface, many being filled with solidified silicon.

When this type of devitrification occurs, it is highly probably that solid

particles of quartz (St.0 2 ) are released from the crucible surface into the

melt. Most of these particles are held against the walls of the crucible

by the centrifugal force of the crucible rotation. However, it is always

possible for some particles to somehow be swept out into the melt there they

can come in contact with the growth interface, causing the crystal to lose

structure. The possibility exists that the faster the growth of the crystal

(pull speed), the greater the probaoility of sucking particles of quartz

from the crucible walls into the melt. We have observed during our contin-

uous runs that, when the crucible becomed devitrified to the degree where

particles may come off the inner walls of the crucibles, fast pull speeds

many times result in structure loss. However, slower pull speeds tend to

result in a higher percentage of high quality crystal late in a continuous

run when devitrification is marginal. For this reason, it was decided riot

to attempt fast pull speeds on several of the later 100 kg continuous runs.

Several examples of crucible devitrification are shown in the pictures

on the succeeding pages.

Figures 47 and 48 show relatively severe devitrification on the inside
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Figure 47

Severe Crucible Uevitrification

Figure 48
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surface of a crucible after forty four (44) hours of run time. Devitri-

fication is spotty, but covers a majority of the crucible surface below

the melt i-•	Deep bubble holes are visible, several filled with solid-

ified silicon. Figure 481s a close-up of the same crucible as Figure 47,

showing the relative derth of one bubble blow hole.

Figure 49 shows thii crucible used in Run No. 47 that failed after

approximately fifty (50) hours of run time. The outside of the crucible

is shown. It is difficult to tell from the picture that the clear area

on the wall of the crucible is a void where the crucible ballooned out on

the interior surface of the crucible. Oddly enough, the inner surface of

the crucible does not exhibit severe devitrification. Patches of devitri-

fication occupy less than a majority of the inner surface. Moreover, very

few open bubble holes are visible (Figure 50). At the time the crucible

failed during Run No. 47, 88% of the 60 kg of crystal grown was high

quality crystal.

Figure 51 shows the crucible from Run No. 49. The inner surface (melt

side) is shown on the left side. The outside surface (graphite side) is

shown on the right and a cross section is shown in the middle. As can be

seen, the devitrification is more severe on the outside surface of the

crucible (thicker and frothy) than on the inner surface. Ever. though we

would classify the inner surface devitrification of this crucible as severe,

we were still able to grow high quality crystals at the end of this run

after more than eighty hours of continuous run time and more than 100 kg

of silicon crystals had been grown. Close examination of the inner surface

reveals a fused appearance with a relatively small amount of bubble holes.

Figure 52 L :. sows pieces from the crucible used for Run No. 2*. This

crucible was run for a total of 108 hours. Severe devitrification is def-

initely indicated. The original glassy portion of the crucible has been
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Crc.:ible frrm Run No. 47
Figure 49
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Crucible Used for Run No. 49
Figure 51
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Crucible Used for Run No. 2*
Figure 52
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crystallized through nearly three-fourths of ins original thickness in

certain places. This crucible is very near to a condition of failure.

A considerable majority of the devitrification has progress from the

exterior surface of the crucible that is in contact with the graphite

supporting parts. However, a significant amount of devitrification hao

originated and progressed from the interior crucible surface that con-

tacts the silicon melt. As previously stated, the mechanism causing

this devitrification is not understood satisfactorily. Although quartz

has several phases dependent on temperature and pressure, reference mater-

ials state that generally High-Quartz changes to Tridymite at approxi-

mately 8670C and Tridymite will change to Cristobalite at approximately

14700C. The softening point of lcsed quart: is 1667 0C. During overly

agressive meltdowns (excessively high temperatures) the crucible has been

known to soften and sag or deform. Therefore, it can be assumed that cru-

cible temperatures in excess of 14700C are routinely achieved during melt-

downs. :'he phase changes mentioned above are cf a sluggish nature and

progress: very slowly. However, many elements and compounds have the ability

to accelerate the devitrification process. Namely the alkalies, alkali

earths, halides a%id some metals.

The inconsistency in degrees of devitrification along with impurity

analysis studies of silicon crystals led to the impurity analysis of new

and used crucible samples.

Table 33 lists typical impurity concentrations of fused quartz

crucibles (as supplied by the crucible manufactures). Also included in

table 33 are impurity analysis results for samples of crucibles taken

from Run No. 47 and Run No. 49. From this data, it appears that used

crucibles have accumulated impurities during the continuous recharge run.

The source of these impurities is not completely understood however, several

possibilities exist:

r"
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CRUCIBLE IMPURITIES
(Concentration in PPM by Weight)

1	 2	 3	 4	 5	 6	 7
Quartz	 General	 Run #47	 Run 049

Impurity	 Amersil	 Products	 Electric	 Corning	 Amersil	 Toshiba Cruc.

B	 1	 NR	 1	 0.5	 0.1	 0.4

Ca

Cu

4

1

1

NR

3

1

1

0.05

33 410

Fe 3 1 4 5 11 12

L1 1 1 0.5 NR Int Int_

Mg 1 1 1 0.1 6 0.4

R 2 3 3 0.1 33 BO

Na 3 1 3 2 66 41

T 1 1 2 2 10 7 16

Cr NR NR 3 NR Int Inc

Zn NR NR 2 NR 0.9 5

Mn NR NR 2 NR 0.1 0.4

C1 29 41

Br 9 28

F 20 11

1 6 7

S 2 8

P 6 25

Mo 6 15

Zr 9 0.9

Se 13 32

TABLE 33
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1	 2	 3	 4	 5	 6	 7
Quartz	 General	 Run #47	 Run 1149

Impurity	 Amersil	 Products	 Electric	 Corning	 Amersil	 Toshiba	 Cruc.

Ba	 6	 35

Pb	 2	 3

Ge
	

0.6	 6

NR: Not Reported
Int: Interference

Maximum impurities in Fused Quartz (vitreous Si0) crucibles
provided by vendors. Expressed as parts per million by weight.

TABLE 33 (Cont'd)
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1). The silicon raw material.

2). Water or air leaks in the furnace.

3). Improperly cleaned grower interior.

4). The crucible itself.

Samples of new, unused crucibles were sent out for impurity analysis along

with used portions of similar crucibles made by the same manufacturet. Table 34

lists the impurity concentrations found in samples of crucibles used for the

runs indicated. The seven elements listed are those which have appeared to

change the most from impurity levels supplied by the quartz manufacturers.

The most noticeable statistics on the chart are the major differences in the

impurity levels of new crucibles as opposed to the impurity levels supplied

by the respective crucible manufacturers. A complete list of impurity concen-

trations is presented in Table 35. The discrepancy between the impurity con-

centrations indicated by the Commercial Testing and Engineering Co. results

and purity claims by the crucible manufacturers precipitated special analysis

work being performed through one of the crucible manufacturers (Quartz Products

Corporation). The results of Quartz 'Products impurity analysis tests are

contained in Table 36.

Duplicate samples of the new and used crucible fragments were sent to

Quartz Products. Therefore, results should be directly comparable. The major

difference revolved around the testing method:

Quartz Products - Atomic Absorption Spectrophotometer method.

Commercial Testing - Spark Source Mass Spectrography method.

A copy of the return letter enclosed with the Quartz Products results

can be found on page 199. This letter contains a brief description of the
1

sample preparation and comments concerning the results.

Commercial Testing and Engineering Zompany also defends their results

and testing pt-.,cedure as being accurate.
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Impurity Concentrations (PPM)

Crucible Samples and Other Related Samples

a

aamy'ie r X ru Ga K Fl Cl Be

41-Crucible	 1211
(Amersil) 66 6 33 35 =20 29 6

49-Crucible	 1411
'Toshiba) 41 7 410 80 1.1 41 35

'i-Crucible	 14"
(Quartz Products) 24 L 0.2 36 52 =170 9 20

2* C,"ucible	 12";
(Quartz Scientific) 57 82 68 220 0.1% 25 480

New 14" Crucible
(Quartz Products) 61 19 14 120 ,̂..4270 11	 0.9

i

New 14" Crucible
(Toshiba) 20 3 3 24 1 20

Run 2* Top of
Crucible (cleaned)
(Quartz Scientific) 92 4 20 89 .^:460 18 ,-3 0.9

Run 55
Hopper Deposit
formed during
Recharge Cycle '160 11 21	 I > 770 550 28 *1
after water leak
developed
(White Powder)

r

TABLE 34
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ANALYSIS OF TRANSPARENT SI

Translation	 - 2/27/80

1 - ORIGIN

Samples submitted by Donald Rickard in January, 1980, together with Kayex
Corporation report giving the analysis of these crucibles made by Commercial
Testing and Engineering Company.

2 - CONTROLS

The samples submitted were fragments of crucibles, each in its own closed
,plastic packet. Before analysis these pieces were washed in boiling
Hydorchloric Acid Solution. They were ground in an agate mortar to a
granulometry of less than 50 microns. After rinsing with Hydrofluoric
acid, the analysis of the different elements was made by an atomic absorption
spectrophotometer. We give (see enclosed table) in each case between
parentheses the results from the analysis of CTE. The results are expressed
in ppm (reference to weight).

3 - COMMENTARY ON RESULTS

CTE has certainly made their analysis by a physical method (a flash mass
spectrometer, emission spectrography). In ti ►e absence of a standard, the
values obtained are purely qualitative and could present large variations
with reference to the actual values.

Our results judged on samples of new crucibles, and in particular on our
crucibles, correspond perfectly to those that we have obtained previously.

One can note after use a systematic enrichment of earth alkalies (barium,
strontium, calcium), in iron, except for the Quartz & Silice crucibles and
in aluminum for the QSI crucibles.

s'

FM NW
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Commercial Testing prepares their samples according tc. ASTM standards.

A brief procedure in listed below as relayed to Kayex by phone.

1. Hand Grind Samples to 200 mesh agate.

2. Mix 1/10 Gm of agate with ultrapure cerbon dried in alcohol.

Cleaning Procedure

3. Wash in Acetone

4. Wash in Chloroform

5. Wash in Methanol

6. Etch for 30 seconds to 1 minute in 1:4 Hydrofloric Acid:

(Ultrapure acids imported from Germany).

7. Deionized water rinse

8. Ethanol rinse

The following questions are still unanswerea:

Are new fused Quartz crucibles consistently as pure as the manufacturers

claim?

Are fused Quartz crucibles accumulating significant amounts of impuri-

ties during continuous recharge runs, as most results indicate?

If there are impurities present in the silicon melt or furnace atmosphere,

are they affecting the silicon crystal that is grown or only being

absorbed by the fused quartz crucible?

Further information concerning impurity analysis of silicon samples can

be found in Section 5.2 starting on page 237.

A special situation occurred during Run No. 55 which afforded us an

opportunity to better learn some of the consequences of a microscopic water

leak in the furnace during the growing and recharging process.
	 t

During the recharging cycle after the eighth crystal was grown, a
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white powdery deposit adhered to the lower portion of the hoover. At the

same time, a microscopic (pinhole) water leak was definitely identified

in the spectator viewport weld. This powdery substance was included with

the other sampl6s for impurity analysis. The results are shown at the

bottom of Table 33 .	 The major component was silicon as expected. We

woulc: also expect oxygen to be a major component. Also, molybdenum was

tested as a major component, which means > than 0.1% concentration. This

molybdenum probably came from the hopner from which the powder was scraped.

As can be seen, potassium fluorine, and sodium show high impurity concen-

trations.

It is felt that the crucible purity p lays a major role in the

Czochralski crystal growth process. Crystal quality may be affected by

the fused quartz crucible especially as a function of time into a continuous

recharge run.

The limited crucible analysis data generated during this project

indicates that more work and study is needed. Crucible purity should be

confirmed without question, also impurity concentrations in used crucibles

should be verified.
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5.0 Characterization Data and Analysis

P	 5.1 Solar Call Data

The main source of crystal quality feedback during the Crystal

Growth Development program involved solar cell efficiency data - Refer

K
to Section 4.5.3 page 158. It was important to determine what para-

meters of the crystal growth process would affect solar cell efficiencies,

and also tc answer questions concerning the effects of the continuous

recharging method of Czochralski crystal growth on solar cell efficiencies.

• Would solar cell efficiency be affected by progressively growing

more than one crystal from one melt container (crucible)?

• Would solar cell efficiency be affected by growing large diameter

(un to 15 cm), high weight (up to 25 kg) crystals?

• What affect does the loss of "zero dislocation (OD)" crystal quality

have on solar cell efficiencies?

A complete list of solar cell electrical and efficiency data is

in-luded in Table 37. All results were reported by testing samples under

AMO condiitr,it3. AMI results were determined by calculation from AMO results

using a conversion factor of 1.2:1 (AMI:AMO). The relationship between

AMO efficiencies and AMI efficiencies did not appear to be totally

understood on a practical basis. Therefore, during the project, the

AMO to AMI conversion factor was changed from 1:1.4 (AMO:AMI) to the

present 1:1.2 (AMO:AMI).

All solar cells in Table 31 were fabrAcated and tested by Applied

Solar Energy, Inc. according to p tandard(baseline) methods and procedures.

In all but one series of cells (Run No. 30) four 2 cm x 2 em sections

were taken from each wafer sample provided by Kayex. Therefore, four

individual sets of data were available for each wafer tested. This

sampling method was very useful in determining the possible incongruities
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within a single large diameter wafer. It also allowed for some insight

into the effects of grain size in polycrystalline material on the cell

efficiencies.

The "Comments" column of Table 37 has been used to include important

information concerning wafer samples and indicates if the wafer sample

was polycrystalline (poly).

This section is intended to present data and statistical information

concerning solar cell fabrication and testing performed on silicon material

grown du.ing continuous recharge runs. General observations, summaries,

and conclusions can be found in Section 2.4 of this report.

5.1.1 Single Crystal vs. Polycrystalline Silicon

Table 37 distinguishes between monocrystalline material and poly-

crystalline material used to fabricate solar cells, in the comments

column. To better depict the relationship between monocrystalline

material and polycrystalline material used to fabricate solar cells, the

graphs in Figures 53 thru 59 have been constructed. Each graph

represents the solar cell efficiency results compiled from one specific

continuous recharge run (e.g. Figure 53, Run No. 30). Each graph

relates the average AMI efficiencies of the four solar cells fabricated

from each wafer as a function of total kilograms grown during a contin-

uous recharge run. The symbols (triangles and squares) represent these

average values. Monocrystalline material is represented by triangles

while polycrystalline material is represented by squares. The range of

efficiency values for the four cells fabricated from each wafer is

shown by a vertical line running through the symbol representing that

wafer sample. If more than one wafer was tested from a crystal, the

_	 symbols representing these average efficiency values are connected

203



fir`

MO r\N O00 O00 V\J ^J 000 nN NJ u1n nno I	 D0^
00 ON ON 00% 00% 0% 00 ON OJ C% 00 O O 00% 00% 00% ON 00.4 r4 .-1 .-1 .4 .-1 .-1 .r .•1

1} Qi C! N	 N N	 M N	 N M	 N N	 N N	 N N	 N N	 N N	 M N	 N N	 N N	 N

Ax .^ K .^
^

•^ •^ r c	 +^	 , tkq ^ 4
!!

coq S
8

K ^
^	 !!

c^
6 !1A 9 Qi /! 11 f,N	 !! !!99	 !I 9 ® t! A C

.-^ J O^ O^ 00 ^ M ^1 ^O •-1 N N
d
Ty	 At N

"4
r1
.-1

rl
r1

.4

.4
O
r4

O
.4

r-1 N
r•1

r-1
-4

N
.4

(14
-

.-1
dd

-i Ul n r•1 C14 M
A
y	 i^ O.-r O^ 0^ O^ O^ O^ O.-1 a O.^ O.a Q\
d

W i`t' J r•-1 M M N O^ •- 1 J N N N '-/
U r` n n f\ ^p ^p n t\ n t\ t\ n

O^ O M r\ J N O^ M V7 J O^ O^

J -+ M M Oo O^ O
J1

^p N ^Y J N
U1L̂ LM v1 %A V1 J J u1 LA v1 u1

8

X

Ln M O N O kn V1 M Co N N
u
0 d r^ M LA J N N J M r!1 r^ r/1
H E{ c" M M M f" M

.-1 1-1 1.4 •-r .4 .-r 1-1 .-4 -4 -4 1-4

J
1^9

lt0 N '4C J J 00 M M r\

u
0 C4

M LM> 8 J J J M M J ^C J Ln J
Ln N1 V1 LA u9 in in u 1 Lm Ln LM

00 W m M N rA to N M q1 Uf to
-4 1.4.-r .-1 .--1 -4 -4 .-1 • 4 •-1 .-1 .-1

0 r4 fo .- to .-/ fA .4 IA .-1 W ^4 to	 1-1 d1 fA r to w 1-0 0 r-^

01	 01 01	 % 01	 01 0 01 b 01 N b 01	 01 Ol 01	 0! v	 01 w	 01 w	 01

M O u
•-d

0 u
.-r

0 u
.4

O u 4)-4	 u 0 u14 O u 01
1-4	 u O url u.-r O u-4 O u-4 O u 0 u•-1

u c0 w lb w m N c0 w M N M m w 0 m w m w N w M 6 113	 W m W

> > O > O 0 > O > O O > O > > O > O > 0 > OqOj
w w w w .4 w w .- w w • w • w w6B

00 00 00 00	 N 00 00	 U) 0A	 .-r 00 00 00 00 00
o >w >w >w >44 ^4 >w >w•.4 >w O >w >w >w >w >w
v d o d u d o d o A d o d O A ¢ 0 a. ¢ o d o d o d o d o

0x
41 H H o1 H H
.4 H 10 00 H H pq
Q. 1 1 I 1 1 I 1 •^ N N M .^
Q N N N N M M M ( 1 I 1

IV) 0% O, 0% I	 0% 0l ,..r .-1 .-4

204

N1

H
¢

aA
d
U
H

W

a



^o c% ao ao O

a^ ao o^ o^ 0 0

V
N	 N N	 N N	 N

9 0 b

N V1 ^O

dd .-1 rl .-1

t+. re O N ^T

^O O O^
e
aC ^

CN
u^1p, Ln

k
8

09
cc C14 -4

1. 4 M m e^11

u
O > %C o
> e -4t Ln

ur, Ln .n

N W ^
.-1 -4

W ra .-1 N r-I

> 0 > 7 u ; a

•,w •w .Oi
0 •w
U 00	 W be

d 0 d 0 0 d 0

O
2

01 10+.gip, t

? ^9 C
cA ^-+ .r U

d
H

aA
d
U

a^
a

^t]U

Q^
Vf

b

u
C
O
U
v

!'1

R7
►a

d
H

205



x

d

UFti	 x

u
4
U

f`	 k

M

d

i

O►N	 O
AM

.1
^O

t4 I	

n	 Op	

.1

	 ^Y	

el

.1	 ^ I	 N	 00 I ^. i	 !^	 1^	 n 

	

N1	 .7	 V1	 s	 I 00 I r^ I .r I	 1^	 1 N 1 M I 1^ I %p I I I	
.d	 *o

	

,-1	 ,-1	 '-1	 1

(a.	 N	 O^	 O^	 ^A	 ^p	 V1	 .-^	 1f1	 M	 N	 ^t	 ^O	 N	 '"1	 ^;

	

VV1	 N	 M .^	 N	 N ^1 ^1 N M	 M	 t\

U 
x	 L

p^	 v1 ^ V1	 O	 O M O V1 u1
	 M	 N

th	 O ^O .t N

00	 00
f\	

O	 ,-i

.4

W	 ^

U
	

g H w a
	

a	 I a I	 I a I a l	 I	 a	 I °"

H

N N
1^1 V O M

H

Y Ln ~ 10Ln	 +1
1

v
o o c g

"

r°I,
o
M

0
M

0M U M M M U
M

206



i

^u

^ a^ ao ^o h ^o

r! N GO O N N N

Hĵ
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by a straight line. This enables one to see the difference in

efficiency values in different parts of the crystal. The horizontal

scale has also been divisioned such that each crystal grown during

a continuous recharge run is indicated (by number) in relation to

the total amount of silicon ingot grown.

It can readily be seen that the average solar cell efficiencies

of monocrystalline silicon were significantly higher than the average

efficiencies of polycrystalline silicon grown during all continuous

recharge runs. The polycrystalline material was generally 15% to 25%

lower in AMI efficiency. The wide variations in both average solar

cell efficiency and individual cell efficiencies of polycrystalline

samples may be attributed to the variations in the grain size preser*

in the sample wafers. Some wafers exhibited very large grain size

such that as much as half the wafer was single crystal, whereas the

other polycrystalline wafers exhibited a large number of grain

boundaries throughout the entire wafer.

The average solar cell efficiencies of monocrystalline material

was very near to the average efficiencies of the control samples.

Runs No. 30 and No. 62's average efficiencies actually surpassed the

control samples average.

The solar cell efficiency data obtained from Run No. 49 revealed

another important result:

A signifi_ant percentage of Run No. 49 was single crystal

material but not of zero dislocation quality. The cells

fabricated from single crystal (but not dislocation free)

exhibited efficiencies similar to the dislocation free

samples tested.

PRECEDING PAGE BLANK NOT FILMED
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It was not possible to make this same evaluation on all continvae

recharge runs since most of the time the c:vstals developed polycry-

stalline growth shortly after they lost zero dislocation quality.

5.1.2 Solar Cell Efficiency Forformance as a Function of Total Amount Grown

During a Continuous Recharge Run

The data contained in Figures 53 thru 59 have led to the conclu-

sion that there is no significant deterioration of solar cell efficiencies

from the beginning of a 100 kg continuous recharge run to the end.

Specific examples will show a slight variation downwards, while other

examples will show a slight variation upwards).

Sind: Run No. 62 resulted in the most extensive efficiency analysis,

it will be used as a representative set of results. Monocrystalline

material from the last crystal grown during Run No. 62 actually tested

at higher efficiencies than the monocrystalline material from the first

crystal grown. For the most part, material from crystals grown after

the first crystal show efficiencies at least as good as those of the

samples from the first crystal. The major exceptions being polycry-

stalline material. Solar cells fabricated from the middle of the eighth

crystal after approximately eighty (80) kg had been grown resulted in

the second highest efficiency average (13.95X) with a surprisingly

narrow range of efficiencies (14.0-13.9).

5.1.3 Solar Cell Efficiency Performance as a Function of Growth Time into a

Continuous Recharge Run

The graphs used to express AMI Efficiency as a function of total

kilograms grown can also be used to relate the effect of time (duration)

MI efficiencies as a continuous recharge run progresses. Time

A replace the horizontal scale variable (kilograms grown) since

Ame progresses into a continuous recharge run, more silicon and more

itals are grown.
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Total run time for all continuous runs is contained in Table 1,

page 6. The shortest 100 kg run lasted 79 hours (run No. 30), while

the longest 100 kg run lasted 109 hours (Run No. 2*).

The solar cell efficiency results and conclusions would, therefore,

be analogous to those stated in section 5.1.2 as they pertain to total

amount of silicon grown. Specific continuous recharge runs show a slight

decrease in average efficiencies toward the end of a run while other

runs show a slight increase. Still, the runs indicate a constant level

of efficiency results throughout the run. Here again- the biggest

single detriment to high solar cell efficiencies is the loss of monocry-

stalline type growth with a resultant polycrystalline type growth. It

does not matter if it occurs during the growth of the first crystal after

less than twelve hours of run time or during the growth of the last

crystal after possibly ninety hours of run time.

One other aspect of run time is noticeable when Figures 53 thru 59

are reviewed. It appears as though there may be a greater tendency to

realize polycrystalline growth (usually towards the bottom of a crystal)

near the end of a continuous recharge run than at the beginning of the

run. However, this theory cannot be substantiated for several reasons:

All crystals grown were not the %ame length.

Crystals that lost structure early into a continuous recharge run

were tapered and removed from the melt shortly after losing zero

dislocation structure.

If serious structure loss problems occurred late into a continuous

recharge run, following the ern • •;;, of 60-70 kg, the last one or two

crystals were grown full size regardless of crystal structure.

Even though the above procedures were generally followed, data and

observations concerning structure loss, crucible devitrification and

silicon monoxide buildup suggest there may be a relationship between run
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time and structure loss. It is felt that more controlled study and

investigation is needed in this area.

5.1.4 Solar Cell Efficiency Performance as a Function of Crystal Location

The question--does the solar cell efficiency deteriorate from the

start (top) of a crystal to the end (bottom) of a crystal, has been

asked many times. It is very difficult to formulate a responsible

conclusion based on the limited amount of data available from the solar

cell efficiency tests performed under this project. There are crystals

that indicate a decrease in average solar cell efficiency from the top

to the bottom. However, there are other crystals that indicate an in-

crease in average solar cell efficiency from top to bottom, while other

crystals remain fairly constant. Moreover, individual cells fabricated

from wafers exhibit both extremes and most of the time overlap no

matter what position the sample wafer is taken from the crystal. Here

again however, it should be noted that many of the crystal bottoms tested

for solar cell efficiencies were polycrystalline material and should not

be considered in any comparisons with monocrystalline material.

Figures 53 thru 59 have the horizontal scales proportioned to

indicate each crystal that was grown during a continuous recharge run.

It is important to remember that the straight lines connecting average

efficiency data from the same crystal in no way relate to average effi-

ciencies of material from the crystal since no samples were taken from

the crystals in these areas. Another limiting factor is the nonuniformity

in crystal length meaning that some crystal bottoms were grown with a

relatively small amount of residual melt left in the crucible while

I	 other shorter crystal's bottoms were grown with a relatively largem

amount of residual melt in the crucible.

With all the handicaps to consistent data interpretation, it is

still felt that there is no significant deterioration of solar cell
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efficiency as a crystal is grown from top to bottom. The mayor pro-

blem, again, stems from loss of monocrystalline structure.

If the limited data on solar cell efficiencies of polycrystalline

material is studied, an anomaly is exhibited in the data from Run No. 30

Figure 53. Three examples of significantly increased efficiencies are

indicated as polycrystalline growth progresses from the middle of crystals

112, #4, and #6 to the bottoms of these crystals. The normal assumption

would predict the reverse. It would be assumed that as polycrystalline

growth continues, grain size would become smaller and therefore, lead

to lower efficiencies.

A very limited amount of resistivity data was accumulated from

continuous recharge runs. However, sufficient samples of crystals grown

during the 100 kg continuous recharge runs have been catalcgued and filed

so that this type of characterization data could be obtained in the future

if necessary. Table 38 presents this data. No conclusions have been

formulated as to the effects of resistivity on solar cell efficiency.

The contract specifications called for a resistivity range between 1.5

ohm cm and 3.0 ohm cm.

One set of solar cell efficiency results does stand out because

of an error in doping procedures. Run No. 2* crystal number 1 was

inadvertently not doped Table 37, page 213 and resulted in efficiency

levels from 51% (6.2X) to 60% (5.0X) lower than the average monocrystalline

efficiency of the total run.

w

Finally, one Diffusion Length Analysis was performed by Applied

r Energy, Inc. during the course of the project. The results are

sated in Table 39.
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30-1

30-1

30-1

30-2

30-2

30-3

30-3

30-4

30-4

30-4

30-5

30-5

RESISTIVITY RESULTS

Crystal No.	 Crystal Position 	 Resistivity ohm-cm

9-2 Top - OD 5.75

9-2 Middlb - OD 6.o^

9-2 Bottom - OD 5.6

9-2 Bottom - Dislocated 5.6

9 -3 Top - OD 5.2

9-3 Top - Dislocated 5.2

9 -3 Bottom - Poly 4.4

11-1 Tor - OD 2.99

11-2 Top - OD 2.74

11-2 Bottom - OD 2.57

11-3 Top - OD 3.69

11-4 Top - OD 3.52

11-4 Bottom - OD 3.62

11-4 Bottom - Dislocated 3.62

2.30

1.86

1.82

1.72

2.94

2.47

2.78

2.34

3.12

1.95

2.20

2.48

2.16

2.97

1.90

Top - OD

Middle - OD

Bottom - Dislocated

Middle - Poly

Bottom - Poly

Top - OD

Bottom - Poly

Top - OD

Middle - Poly

Bottom - Poly

Top - OD

Bottom - Poly

Top - OD

Middle - Poly

Bottom - Poly

Table 38
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Table 38

RESISTIVITY RESULTS
(cont)

Average

Crystal No. Crystal Position Resistivity ohm-cm

49-1 Top 2.67

49-1 Bottom 1.95

49 -3 Top 2.12

49-3 Bottom 2.01

49-4 Bottom 2.04

49-5 Top 2.15

49-5 Middle 1.85

49-6 Top 1.80

49-6 Bottom 1.60

49 -8 Top 1.83

49 -8 Bottom 1.64

49-9 Top 2.06

49-9 Bottom 1.73

1) Resistivity measurements were made without heat treating samples.

2) Average resistivities decrease from top to bottom of crystals.

3) Average resistivities tend to decrease as the continuous run progressed
(from the first crystal to the last crystals).
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40

DIFFUSI

INGOT NO.
TOP

1

3

5

6

Method: Short Circuit Current Response at long (.8-1.Oum)

Cell Thickness:	 .015" + .002"

TABLE 39
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5.2 Impurit% An.^- alysis Data

Impurity analysis was included as a part of the statement of work

on the continuation of Phase I of the 954888 contract. Some funding

was allocated for this purpose and recommendations were made by JPL

as to possible commercial sources to perform the impurity analysis work.

Theoretical calculations predict that impurities will be initially

rejected from entering the crystal lattice of the silicon crystal as it

is grown in relation to the impurities segregation coefficient. However,

over a period of time, as the impurities become more concentrated in

the residual melt the impurity levels should increase in the silicon

crystal. The first impurity analysis tests did in fact indicate an increase

in impurity concentrations as more crystals were grown (Table 40). How-

ever, subsequent test results were inconsistent, (and for the most part,

make it ver- difficult to prove the theoretical conclusion).

The charts included in Tables 41 thru 44 interpret the impurity

concentrations of the samples indicated in terms of atoms / cm 3 of silicon

material. Although 10 15 or 10 16 atoms appears to be a very large number,

it is a billion times less than the number of atoms of silicon in one cm 

of pure silicon with virtually no impurities (5 x 10 22 atoms/cm 3).

The total impurity concentrations in the crystal samples tested and

the residual melt samples tested did not reach the "critical impurity

concentration valve, Ce *, for structural breakdown due to constitutional

supercooling" (10) ( 5 x 10 19
 
atoms/cm 3).

Samples of the crucibles used during several of the 100 kg continuous

recharge runs were tested for impurity concentrations at the same time

f'

crystal samples and residual melt samples were tested. Results

&led impurity concentrations at least one order of magnitude greater

the samples taken from crystals grown from that crucible, or from
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SPARK &OURCE MASS SPECTROSCOPY IMPURITY ANALYSIS
(ATOMS/CM) FOR FEEDSTOCK AND SAMPLES OF RUN NUMBER 11

FEED- iNGOT N2	 SAMPLE NUMBER	 INGOT N4
MAJOR SEGREGATIO

^2)

STOCK 103	 104	 105	 106	 107

(x1015)DWURITY COEFFICIENT (x1015)

Ag 7.67 - - - - -

Al 2.8 x 10-3 1.53 0.30 1.03 1.54 10.26* 11.36*

-5Mn 1.3 x 10 5.10 0.26 0.76 0.50 1.01 1.89

2n 1.0 x 10-5 1.27 - 0.42 - - -

Cu 8.0 x 10-4 1.95 1.31 2.18 4.36 4.86 9.86

Fe 6.4 x 10 -6 22.20 17.36 24.80 49.59 49.59 50.37

Cr 1.1 x 10 -5 2.39 1.07 2.66 2.66 7.99 8.93

Ti 3.6 x 10 -6 0.86 [	 0.58 G 1.16 L 1.45 e.	 2.60 L	 5.76

Mg 3.2 a 10 -6 5.10 1.71 5.69 5.69 11.08* 11.30*

Mo v10-6 - 1.15 2.89 2.89 5.77 7.38

Ta 0.15 2.30 4.59 3.06 7.65 8.13

V - < 0.05 <	 1.54 4 1.54 4C	 3.08 t	 5.69

*Heterogeneous Distribution

TABLE 40
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3Segregation
Coefficient le Number and Description (atms

1.78 x 1017

2.33 x 1015

1.32 x 1015

2.48 x 1016

3.82 x 1016

7.78 x 1015

5.36 x 1012

Int

6.63 x 1015

Int

2.82 x 1016

1.68 x 1018

7.69 x 1017

4.62 x 1017

2.12 x 1017

1.58 x 1018

7.78 x 1016

1.07 x 1015

1.3	 x 1016

1.82 x 1016

1.99 x 1017

9.18 x 1016

Int

2.04 x 1016

Table 42

Spark Source Mass Spectroscopy Ana]3ysis
(Converted from ppm to Atoms/cm )

Ag

Al

Mn

Zn

Cu

Fe

Cr

Ti

Mg

Mo

Ta

V

Na

Ca

K

P

Cl

S

F

B

Co

47-
47-3-B	 Residual Melt

5.86 x 1015

6.03 x 10 15	6.03 x 1015

47-C-ucible

5.86 x 1016

3.62 x 1017

7.89 x 1015

5.92 x 1016

1.69 x 1017

1G17

Int

3.96 x 1017

2.59 x 1017

3.84 x 1017

2.8 x 10 3

1.3 x 10 5

1 x 10 5

8.0 x 10-4

6.4 x 10-6

1.1 x 10 5

3.6x106

3.2 x 10-6

10-6

0.35

0.8

8.0 x 10-6

6.58 x 1015

8.46 x 1015

?nt

8.34 x 1015

5.66 x 1015

1.29 x 1016

2.03 x 1016

2.33 x 1015

1.32 x 1015

2.83 x 1016

1.64 x 1016

7.711 x 1015

5.36 x 1012

1.3 x 1016

Int

Int

2.54 x 1016

2.33 x 1015

1.32 x 1015

1.42 x 1016

3.27 x 1016

3.89 x 1015

5.36 x 1012

1.3 x 1016

Int

Int

47-1-T

6.03 x 1015

0. U1

0 x 10-3

2.77 x 10 16 1	 2.21 x 1016

6.58 x 1015

1.69 x 1017

Int

8.34 x 1015

5.66 x 1015

1.29 x 1016

1.92 x 1016

1.66 x 1016

Int

8.34 x 1015

1.29 x 1016
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:.egregat ion
Imnuritv	 Coefficient	 Samnle Number and Descrintion (atms/cm3)

Ge

I 47-1-T 47-3-B
47-

Residual Melt 47-Crucible

2.66 x 1016

Rb Int Int Int 3.24 x 1015

Cs 4.25 x 1015

Zr 1.69 x 10 16 3.81 x 1017

Y 3.73 x 10 15 7.46 x 10 15 3.73 x 10 15 7.46 x 1016

U 4.26 x 1016

Th 2.91 x 1016

Pb 6.6	 x 1010

Ce 2.33 x 1016

La 1.34 x 1016

I 1.40 x 1017

Nb 1.11 x	 1017

Sr Int Int Int 1.61 x 1016

Se 4.78 x 1017

As 0.3 9.2	 x 1015

Ni 4.57	 x	 1016

Sc 6.7	 x	 1015

Table 42
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end Descri tion atms

49-9-TI 49-9-B

3

149-Crucible

Segregation
itv	 Coefficient

49-1 -T
	 49-5-T

2.21 x 1016
	

3.32 x 1016

1.02 x 1017

2.33 x 1015

2.64 x 1015

3.54 x 1015

* 3.27 x 1016

?.89 x 1015

Int

r-- --- ------

* 1.78 x 1017

2.33 x 1015

* 7.92 x 1015

2.83 x 1016

1.64 x 1016

3.89 x 1015

5.36 x 1012

1.30 x 1016

Int

Int

i

Int

5.1, x 1015

Spark Source Mass Spectroscopy Analysis
(Converted from ppm to Atoms/cm )

Ag

Al

Mn

Zn

Cu

Fe

Cr

Ti

Mg

Mo

Ta

V

Na

Ca

K

P

C1

S

F

B

Co

Br

Ba

Li

Ga

2.8 x 10
-3

6.03 x 1015

1.3 x 10-5

1 x 10-5 6.58 x 1015

8.0 x 10-4

6.4 x 10 6 Int

1.1 x 10-5 1.67 x	 1016

3.6 x 10-6 5.66 x 1015

3.2 x 10-6

10-6

1.02 x 1016

2.33 x 1015

1.32 x 10l5

0.35 1.42 x 1016

* 1.64 x 1016

3.89 x 1015

0,81.30	 1016

8.0 x 10-6	
Int

0.01	 Int

8.0 x 10-3

6.03 x 1015

1.32 x 1016

	

1.69 x 10 16	5.92 x 1016

Int	 Int

8.34 x 10 15 1.67 x 1016

5.66 x 1015

2.16 x 1016

5.27 x 1016

6.03 x 10 15 4.22 x 1017

3.16 x 1016

3.29 x 1017

8.46 x 10 15 3.38 x 1017

Int 1.02 x 1018

1.67 x 10 16 Int

5.66 x 10 15 9.05 x 1017

2.16 x 10 16 1 3.02 x 1017

9.6 x 1017

3.32 x 10 16 1.11 x 1017

1.41 x 1016

2.54 x 10 16 1.04 x 1018

2.33 x 1015 9.55 x 1018

1.32 x 10 15 1.06 x 1018

2.83 x 10 16 8.85 x 1017

3.81 x 10 16 2.23 x 1018

7.78 x 10 5 3.11 x 1017

5.36 x 10 12 5.90 x 1014

1.30 x 10 16 5.20 x 1016

j Int 5.45 x 1016

6.19 x 1017

5.36 x 1017

Int Int

5.1 x 1016

Table 43
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2.66 x 1017

Int Int 1.08 x 1015

8.49 x 1014

3.81 x 1016

7.46 x 10 15 1.12 x 10 16 1.49 x 1017

9.46 x 1016

8.73 x 1016

9.9	 x 1016

5.82 x 1016

2.67 x 1016

1.64 x 1017

3.88 x 10^

2.33 x 1017

1.18 x 1018

9.2	 x 1015

9.13 x 1016

1.34 x 1016

Ge

Rb
	

Int
	

Int

Cs

Zr
	 4.23 x 1015

Y
	

1.12 x 1016

u

Th

Pb

Ce

La

I

Nb

Sr

Se

As
	 0.3

Ni

Sc
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49-5-T	 49-9-T	 49-9-B	 49-Crucible

Segregation
Coefficient

49-1-T

Table 43



it

10- 3

Na

Ca

K

P
	

0.35

Cl

S

F

B
	

0.8

Co
	

8.0 x 10-6

Br

Ba

1.81 x 1016

6.58 x 1015

8.46 x 1015

8.48 x 1016

3.34 x 1016

1.13 x 1016

8.62 x 1015

f * 5.53 x 1016

1.02 x 1016

*6.99 x 1015

1.32 x 1015

1.42 x 1016

1.09 x 1016

12
5.36 x 10

1.3 x 1016

Int

2.21 x 1015

Int

Table 44

Spark Source Mass Spectroscopy Analysis
(Converted from ppm to Atoms/cm3)

Segregation

uritv	 Coefficient
Sample Number and Description (atms/cm3)

-	 55-Lower

55-10-T	 55-10-8	 Residual Melts	 Crucible

2.41 x 1016

*7.89 x 1015

6.58 x 1015

6.77 x 1016

5.09 x 1017

1.67 x 1017

1.70 x 1016

8.62 x 1015

3.2 x 1016

2.21 x 1016

7.05 x 1015

1.78 x 1016

*6.99 x 1015

1.32 x 1015

2.83 x 1016

3.82 x 1016

55-1-T

*6.03 x 1015

8.46 x 10 
S

5.94 x 1016

2.50 x 1016

5.66 x ,1015

1.29 x 1016

2.77 x 1016

2.29 x 1016

2.33 x 10`5

1.32 x 1015

2.83 x 1016

1.09 x 1016

5.36 x 1012

Int

4.42 x 1015

..nt

16.03 x 1015

6.78 x 1016

8.34 x 1015

5.66 x 1015

1.29 x 1016

1 *2.77 x 1017

1.02 x 1017

2.33 x 1015

7.92 x 1015

2.83 x 1016

*3.82 x 1016

5.36 x 1012

2.6 x 1017

Int

Int

10175.43 x

7.89 x 7.015

1.97 x 1017

*9.31 x 1017

1.70 x 1018

Int

1.13 x 1017

5.76 x 1016

AS

Al
	

2.8 x 10 3

Mn
	

1.3 x 10 5

2n
	

1 x 10-5

Cu
	

8.0 x 10-4

Fe
	

6.4x.106

Cr
	

1.1 x 10-5

Ti
	

3.6 x 10-6

Mg
	

3.2 x 10-6

Mo
	

10-6

Ta

v

1.3 x 1016

Int

1.33 x 1016

3.06 x 1016

Int

7.05 x 1015

6.1 x 1017

8.39 x 1017

6.86 x 1017 a

1.06 x 1017
r

4.91 x 1017

1.17 x
17

10

9.11 x 1015
a

*1.3 x 1017

2.73 x

{

1016

1.55 x 1017

3.06 x 1017

4.63 x 1016

1.53 x 1016

245



Segregation
Imnuritv	 Coefficient	 Sample Number and Descrintion (atms/cm3)

Ge

55-1-T 55-10-T 55-10-B
55-

Residual Melt
55-Lower	

e
Crucible

Rb Int Int Int Int

Cs

Zr 2.12 x 1016

Y Int Int Int Int 1.12 x 1016

u 4.73 x 1016

Th 5.82 x 1016

Pb

Ce

La

I

Nb 5.54 x 10 16 5.54 x 1016

Sr Int Int Int Int 1.61 x 101

Se

As 0.3

Ni 1.83 x 10 17 1.83 x 10 17 9.13 x 10 16 5.48 x 10 17 9.13 x 1016

Sc 6.7	 x	 1015

Table 44
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the residual melt sample retrieved from the crucible at the end of the 100 kg

continuous run. For that reason, it has been theorized that the crucible may

be acting as a getterer for melt impurities and therefore preventing signifi-

cant increases in impurity concentrations in the silicon crystals. (Refer

to Section 4.5.4 for more details on crucible impurities).

5.2.1 Crystal Ingots

Representative samples taken from silicon crystal ingots grown during

continuous recharge -ins were submitted to a commercial testing service

for determination of trace element concentrations. Tables 41 thru 44

contain the results of these analysis.

Interpretation of these results was undertaken using only data which

was felt to be relatively consistent. These interpretations are stated

below.

1). Except for Run No. 30, the data does not indicate any consistent

trend of increasing or decreasing impurity concentration

throughout a continuous recharge run.

2). The residual melts tested seemed to show higher concentrations

of many of the trace element impurities when compared to crystal

samples, with the exception of Run No. 47.

3). The fused quartz crucibles used during continuous recharge runs

not only exhibited a larger number of measurable quantities of

trace elements but for the most part indicated a one or two

power higher concentration level than the crystals grown from

the crucible and the residual melt from that crucible.

4). The total trace element impurity concentrations in the crystal

aariples and the residual melt samples are less than the "critical

impurity concentration value, for structural breakdown due to

constitutional supercooling (5 x 1019 atoms/cm 3
). 10
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5.2.2 Crucible Samples

Trace element impurity levels have been higher in the crucible

samples tested than in the crystals grown from the crucible in every

case. Furthermore, impurity concentrations, for the most part (over

90% of the elements indicated), have been higher in the fused quartz

crucible than in the residual melt samples tested. Refer to Tables

41 thru 44 and Section 4.5.4 for impurity analysis results.

Table 34,page 194 tends to indicate that differences in impurity

concentration occur in new crucibles as well as samples taken from

crucibles used during continuous recharge runs.

The data available is extremely limited and has been challenged

by one fused quartz crucible manufacturer (Refer to Section 4.5.4).

Therefore, it is felt that an in depth discussion of the analysis

and data is not warranted at this time.

Further analysis of crucible samples is necessary to more

fully define the parameters necessary to maintain acceptable purity

levels within the total furnace environment.

5.2.3 Plans and Recommendations

Spark Source Mass Spectroscopy analysis for trace elements is

rather expensive if done commercially (approximately $240 per sample)

therefore, sample selection must be very critical in order to obtain

data that will enable correct interpretation of each run.

It is felt that impurity analysis can and should be used to

further the understanding of the Czochralski crystal growth process.

This analysis should be in the form of trace elements, carbon and

oxygen concentrations and analysis of the gaseous environment within

the furnace.

7"
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6.0 Economic Analysis and Mr;el

Throughout the 954888 project, periodic updating of cost projections,

economic models and Samics/IPEC economic analyses were performed. Initial

economic models and cost projections were augmented by continuing process

development and crystal growth runs. Time cycles have been revised, growth

and recharging methods have been changed or modified. In each case, the

intent was always the same: to produce the maximum amount of high quality

silicon ingot in the least amount of time.

A general explanation of the system used to define, compare and evaluate

economic analyses and cost projections is contained in section 2.3 starting

on page 46. The two basic units of measure described in section 2.1 are

throughput in kilograms of crystal grown per hour of run time (kg/hr), and

add-on cost per kilogram of crystal grown ($/kg). The add-on cost relates

to the expense incurred when the polycrystalline silicon is melted and

transformed into a single crystal ingot.

From the throughput and add-on cost data, other calculations can he

made (with certain assumptions relating to slicing), for number of crystal

growers required in a production facility to produce silicon sheet at a

given rate.

It should be noted that all cost data contained in this report are

projections. All process development work, including continuous recharge

growth runs was performed under developmental and/or prototype conditions.

Later stages of the Phase I program and the Phase II program was intended

to duplicate the anticipated production type process procedure as closely

as possible. This was done using one crystal grower and not three. The

es and :ost parameters were then extrapolated for three crystal

er operator.
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6.1 Summary of Cost Projections

The first formal attempts at cost projections and formulations of

economic models was completed by Kayex in February, 1978. The data input

for these initial economic models was generated by the Hamco Division's

knowledge of the present crystal growing techniques and conditions.

Crystal growing standards, along with other standst •ds (such as elicing

conditions) were developed based on input of the silicon growth and pro-

cessing industry. These first economic models were broken down into four

categories:

1). Batch N1 - Batch type growth using a 12" x 9" crucible and grow-

ing 10 cm diameter crystals.

2). Batch _d2 - Batch type growth using a 12" x 9" crucible and

growing 12 . 5 cm diameter crystals.

3). Continuous CZ Al - Continuous recharge method growing five (S)

20 kg crystals ( 10 cm in diameter) from one 12" x 9" crucible.

4). Continuous CZ lit - Continuous recharge method growing three (3)

33.3*kg crystals ( 12.5 cw in diameter) from one 14" x 10^" crucible.

:he details of each of these four economic models can be found in the

"Fifth Monthly Progress Report" February 1-28, 1978 - Continuous Czochralski

Growth, Contract #954888.

The details and final cost projections of these four economic models

will not be discussed here for they would only tend to confuse the reader

when Samics / IPEG cost projections are introduced. Several key assumptions

made during the formulation of these four economic models were inconsistent

with the Samics /IPEG guidelines that were used for future cost calculations

and economic modeling.

* The first crystal was actually 34.4 kg.
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The first cost projections (based or SAMICS/IPEG guidelines) were

completed in March of 1978. The same four CZ growth methods were used to

formulate the cost projections and economic models. The assumptions,

CZ Growth Methods (Table 45), process cycle time for CZ 01, input data and

economic model discussion for the CZ #1 growth method are included on pages

252 tbru 255. Applying the SAMICS/IPEG model to the input data yielded

an add-on cost of $19.30 per kg (in 1975 dollars). *If converted into

today's dollar value (1980), the add-on coat would be $27.02 per kg.

Although the add-on cost arrived at for the CZ N1 growth method

appeared to meet the D.O.E.-J.P.L. cost goals for 1980 and 1982, it did not

meet the cost goals for 1986. Therefore, a second continuous recharge

growth method was analyzed (CZ No. 2). This growth method allowed for

the growth of 134 kilograms of silicon ingot 12.5 cm in diameter. Four

ingots were to be grown from one 14" x 1011" fused quartz crucible (Table 46).

The SAMICS /IPEG input data and cost calculations for C7 No. 1 and Cz No. 2

are contained in Table 47.

The growth of four 33.5 kg, 12.5 cm diameter crystals from one 14" x

10Y' crucible (CZ #2) projected a decrease in the add-on cost to $15.07/m 2**

in 1975 dollars or (21.10/m2 in 1980 dollars). Although the $15.07/m 2 add-

on cost was less than the IPEG price goal for P wafers in 1986, it

allowed for only $3.13/m2 for slicing the silicon crystal ingots.

* Starting in April of 1980 all cost calculations and SAMICS/IPEG analysis

was to be completed in 1980 dollars. In order to directly compare 1975

dnllarg to 1980 dollars, a conversion factor of 1.4:1 was indicated by J.P.L.

1 J.P.L. cost goals assume the 1 kilogram of silicon ingot can be

I into wafers to produce 1 square meter of surface area.
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ASSUMPTIONS

Cycle Time - 74.9 hrs

Machine Utilization - 90%

Cycles /yr - (345 days/yr) (24 hr /day) (.90) / 74.9 hrs/cycle - 99.5 cycles/yr

Direct Labor - One operator runs three machines. This equivalent to 4

people /yr continuous operation.

4 people / 3 machines - 1-1/3 man x yr/machine

Slicing Yield

1978 - 1.77 kg /m2 (wafer + kerf - . 076 cm)

1982 and 1986 - 1.0 kg /m2 (wafer + kerf - . 043 cm)

CZ GROWTH METHODS

Continuous Continuous

Conditions Batch #1 Batch #2 #1 #2

Crucible Size ( in) 12 x 9 h 12 x 9 h 12 x 9 h 14 x 10^h

Crystal Diameter (cm) 10 12.5 10 12.5

Growth Rate (cm/hr) 10 10 10 10

Total Poly Melted (kg) 18 18 105 110

Total Crystal Pulled (kg) 14.4 14.4 100 101

Pulley Yield ( %) 80 80 95 92

Usable After Grinding (kg) 12.6 12.6 87.5 88.3

Ground Crystal Yield ( X) 70 70 83 80

No. Crystals /Crucible 1 1 5 3

Table 45

f
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INPUT DATA	 (For Cont. CZN1)

The input data are in 1978 dollars. 	 The SAMICS/IPEG model has been

followed with the exception of treatment of the poly raw material. This has

been left out of the calculation in order to arrive at a CZ add-on cost.

Ultimately the CZ add-on cost should be combined with the slicing cost. with

the assignment of appropriate material plus overhead costs for the poly

silicon, to arrive at the "WAFERCO" cost for comparison with the SAMICS

goals.

1.	 Direct Equipment Initial Capital Cost EQPPT $150.000

2.	 Direct Manufacturing Floor Space (Type A) S(3FT 100

3.	 Annual Direct Labor Salaries

Production Operator (B3752D)

(1.33 PRSN' x YRS)	 ($9.400)	 (1.08)	 (1.08) 14,582

Elect. Technician (B3704D)

(0.1	 PmSN x YRS)	 ($11,000)	 (1.08)	 (1.08) 1.283

Inspector	 (B3720D)

(0.1 PRSN x YRS)	 ($8,250)	 (1.08)	 (1.08) 962

Total DLAB $	 16,827

4.	 Directly Used Materials & Supplies

Cycles/Yr - 99.5

Hours/Cycle - 74.9

P Poly	 (kg/yr) 10,447 kg

Crucibles @ $200 ea. $ 19,900

Seeds $5/cycle 498

Dopant	 (not costed) ---

Argon*	 (E1112D)	 100 ft 3 /cycle-fr @.014/ft 3 11.476

Miscellaneous including graphite usage 19,264

Total Material, excluding poly MATS-1 $	 51,138
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5. Direct Process Usage of Utilities

Electricity (C1032B)

(50 kw) ($.027 x 1.12) (72.4 hr/cycle)

(99.5 cycles/yr)

Cooling Water (C1128D)

(50 kw) (.00566 x 1.15) (73 hrs/cycle)

(99.5 cycles/yr)

UT'I L

6. Annual Production

Poly malted x yield

105 (kg/cycle) (99.5 cycles/yr) (.83)	 QUAN

* It.-ludes 132 inflation rate per SAMICS

IPEG PRICE CALCULATION

Price - (Cl *EQPT) + (C 2 *SQFT) + (C 3 *DLAB) +

(C4 *MATS) + (C 5 *UTIL)/QUAN

in which C 1 - $0.49/yr per dollar of EQPT

C 2 - $97/yr per ft  of SQFT

C 3 a $2.1/yr per dollar of DLAB

C 4 - $1.3/yr per dollar of MATS

C 5 = $1.3/yr per do g ar of UTIL

In 1978 dollars:

CZ add-on Price . $ 23.22/kg*

In 1975 dollars:

CZ add-on Price . $ 19.30/kg*

*Price does not include poly or its overhead constant

$ 10.806

2,361

$ 13.167

8,706 kg
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Year

1978

1982

1986

IPEG Price (1975 $)
Year Goal - P Wafers

1978 $381/m2

1982 128

1986 18.2

Slice Yield

1.77 kg/m2

1.0 kg/m2

1.0 kg/m2

Margin left
CZ Add-on Cost
	

for Slicing

	

$ 34.16/m2
	

$ 347/m2

	

19.30
	

$ 109

	

19.30
	

($-1.1)

r 7-

ECONOMIC MODEL DISCUSSION AND CONCLUSIONS

U,-ing the IPEG add-on cost for continuous CZN1, one can calculate the

margin available for slicing for 1978 through 1986 if slicing yields are assumed

as follows:

Conditions

Crucible Size (in.)

Crystal Diameter (cm)

Growth Rate (cm/hr)

Total Poly Melted (kg)

Total Crystal Pulled (kg)

Pulled Yield

Usable After Grinding (kg)

Ground Crystal Yield (y)

No. Crystals/Crucible

CZ GROWTH METHODS

Continuous No. 1

12 x 9 h

10

10

105

100

95

87.5

83

5

Continuous No. 2

14 x 10-1/2 h

12.5

10

143.3

134

94

117

81.5

4

TABLE 46
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105
20
5

10
10
75.4

12" x 9" high
83

143.3
33.4
4

12.5
10
75.1

14" x 10-1/2" high
81.5

SAMICS/IPEG INPUT DATA AND COST CALCULI.TION
FOR CZ NO. 1 AND CZ NO. 2

Conditions: (Per Cycle)
	

CONTINUOUS CZ NO. 1 CONTINUOUS CZ NO. 2

Total Si Melted (kg)
Crystal Weight (kg)
No. of Crystals/Crucible
Diameter of Crystal (cm)
Growth Rate (cm/hr)
Cycle Time (hrs)
Crucible Size
Yield W

Input Data (1975 $)

Capital Equipment Cost (EQPT)
Manufacturing Floor Space (SQFT)
Annual Direct Labor Salaries

Prod. Operator (1.33 prsn x yra)
Elect. Tech. (0.33 prsn/yrs`
Inspector (.1 prsn/yrs)

Total (DLAB)

Direcc Used Material and Supplies

	

$124,700
	

$124,700

	

100
	

100

	

$ 11,572
	

$ 11,572

	

$ 1,018
	

$ 1,018
$	 763
	

$	 763

	

$ 13,353
	

$ 13,353

85% Usage per year
Cycles/yr; hrs/cycle 	 98.7; 75.4
Poly - kg/yr (charged)	 10,363 kg
Seed ($4.16/cycle)	 $	 410
Dopant (not coated) 	 ---
Argor. (100 ft3/cycle - hr @ $0.014/ft 3) 	 $ 9,503
Crucibles - $166/12"; $208/14" 	 $ 16,384
Miscellaneous (including graphite	 $ 16,753

$2.25/cycle-hr (12"); $2.50/cycle-hr (14"))
Material Total (MATS) 	 $ 43,110

Utilities (Process)

Electricity (C1032B)	 $ 8,932
(50 kw)($.0251'kw) (cycle time-3 hr)(/cycles)

Cooling Water (C11280)	 $ 1,912
(50 kw)($.00528/kw)(cycle tics-2 hr)(Acyclea)

Utilities Total (UTIL)	 $ 10,844

1

99.1; 75.1
14,201 kg

$	 412

$ 9,563
$ 20,613
$ 1A,615

$ 49,203

$ 8,932

$ 1,912

$ 10,844

TABLE 47
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CONTINUOUS CZ NO. 1 CONTINUOUS CZ NO. 2

IPEG PRICE

C1 *EQPT -
C2 *SQFT -
C 3 *DLAB -
C4 *MATS
C5 *UTIL -

TOTAL

$0.489/yr-dollar *EQPT
$96.9/yr -ft2 *SQFT
$2.133/yr-dollar *DLAB
$1.255 /yr-dollar *MATS
$1.255/yr-dollar *UTIL

50,978
9,690

28,482
54,103
13,609

$166,862

$ 60,978
9,690

28,482
61,750
13,609

$174,509

QUAN ( total chorge x % yield)(kg)
Throughput
ADD-ON COST ($/kg or $/m2)

(assume 1 kg -4 1 m2)

8,602 kg
	

11,574 %g
1.12 kg/hr
	

1.56 kg/hr
$19.40
	

$15.07

TABLE 47

1
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In order to formulate cost projections for CZ No. 1 and CZ No. 2, it

was necessary to project process cycle times (Table 48). These initial

cycle times were arrived at by using crystal diameter and growth rate

goals of the project along with estimated times for growth preparation,

hot fill and recharge cycles and shut down cycles. Total cycle time for

CZ No. 1 and Cz No. 2 were projected to be simile:. CZ No. 2 produces

considerably more crystal in the same run time because the crystal. diameter

goal (5") is larger than CZ No. 1 goal (4") while the growth rate remains

the same at 10 cm/hr. The resulting significant increase in throughput

is the largest single factor in reducing the CZ add-on cost. The calcula-

tions illustrate the economy of increasing the throughput by an increase

in crystal diameter. The cost per ►neter 2 indicated assumes that one kg of

ingot will produce one square meter of silicon sheet.

In December of 1978, following process development work involving hot

filling experiments, recharging and several continuous recharge runs, the

initial cost projections and economic models were updated.

In addition to the update of CZ No. 1 and CZ No. 2 two new economic

models were developed for the purpose of economic analysis and comparison

between the present technology (CZ lll) and those technologies required for

1986 or later (Table 6, page 48).

The circled items in Table 6 are the major differences among the four

methods, thus, the crucible size increases from 12 x 9 inch to 15 x 12,

the diameter from 10 to 17.8 cm, and a modest increase in growth rate for

CZ #4. The other criteria assumed were that (1) th , ,.,-•le time would be

approximately the same, that is, approximately 75-80 hours based on the

predicted life of vhe crucible, and (2) that the yields achievable would

be a relatively constant 81-84X. The other figures are calculated from

these predetermined conditions.
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PROCESS CYCLE TIME

OPERATION

1. Preparation
Load Poly
Close Furnace
Pump Down
Melt

2. Hot Fill/Growth Cycle
Position Poly
Lower Poly
Melt Poly
Retract Poly*
Lower Seed*
Stabilize Temperature
Seed Growth
Crown Growth
Straight Growth
Taper End

3. Recharge/Growth Cycles
Cool Crystal
Remove Crystal
Position Poly
Lower Poly
Melt Poly
Retract Poly*
Lower Seed*
Stabilize Temperature
Seed Growth
Crown Growth
Straight Growth
Taper End

4. Shut Down Cycle
Cool Furnace
Remove Crystal **
Clean, Sat Up

Total Time (Min.)
(Hr.)

CZ NO. I ( N.)
	

CZ NO. 2 (MIN.)

180
	

240

	

45
	

45

	

5
	

5

	

10
	

10

	

120
	

180

765	 895
5 5
5 5

60 120

5* 5*
15* 15*
40 40
30 30
60 60

525 575
40 60

3460 (4 cycles)	 3210 (3
30 45	 cycles)
10 10

5 5
5 5

120 220
5* 5*

15* 15*
40 60
30 30
60 60

525 575
40 60

	

120	 160
60	 80
10**	 10**
60	 80

	

4525	 4505
75.4	 75.1

*Completed during stabilization of melt temperature.
**Completed during furnace cooling time.

TABLE 48
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The add-on costs are expressed in 1975 dollars per meter  and the

IPEG equn,ion was used to calculate these costs. The costs in 1980 dollars

are included below the 1975 dollar costs.

At this time, an analysis was also performed relating the effect of

number of crystals grown per crucible on the CZ add-on cost (Figure 17, page

49).

Putting the number of crystals per crucible into the IPEG equation

as a variable (from 1-5), it can be seen that the cost per Kg diminishes

rapidly by growing two ingots instead of one. The cost reduction for addi-

tional ingots becomes less and less significant as more crystals are grown.

The arrows indicate(Figure No. 17),the point where a quantity of 100 kg

is reached for a given method.

Except perhaps in the case of CZ No. 4, it would appear that production

of more than 100 kg from a crucible has a marginal effect in reducing the

cost per kg.

The advisability of growing more ingots must be weighed against the

expected yields and the risks associated with longer runs.

ALL, when 100 kg is produced, the crucible is no longer the major cost

item; rather, the materials used and the cost items related to time become

significant, such as labor, equipment, and utilities.

The data indicated that once the 100 kg capability was achieved, efforts

should be directed toward other cost reducing possibilities such as increased

growth rates. The effect of increased growth rate on CZ costs is shown in

Figure 60. If the growth rate is increased from 10 to 12 cm/hr, then cost

.ill be reduced from $19.24 to $17.70 for CZ No. 1.
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Figure 60
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Following the first two 100 kg continuous recharge runs using 12" x 9"

crucibles, a change over to 14" x 10^" crucibles was made. The 954888 con-

tract extension required five more 100 kg continuous recharge runs. Those

runs were to be performed using 14" x 10^" crucibles. Therefore, an economic

analysis and cost projection of the growth of 100 kg of silicon ingot from

one 14" x 1011" crucible was prepared.

This new cost update was referred to as (CZ No. 2*) so that it could be

differentiated from the original CZ No. 2 which assur,.,d the growth of three

33.5 kg crystals from one 14" x 1011" crucible (Table 46). The new CZ No. 2*

allowed for the growth of four 25 kg crystals from one 14" x 1011" crucible.

Table 49 presents a general time cycle projection for the initial Cz No. 2*

growth method along with the SAMICS /IFEG add-on ^ost calculated from the time

cycle projection. This initial cost projection was formulated in August of

1979. Table 49 also includes a general breakdown of the actual time cycles

for Runs No. 49 and No. 55, both 100 kg continuous recharge runs. From these

two 100 kg runs, a new updated cost projection was formulated in December,

1979. It can readily be seen that actual continuous recharge run times were

considerably longer than the projected run times and time cycles. The

reasons for the longer run time can be seen in the table. Run No. 49 resulted

in nine crystals being grown and Run No. 55 resulted in ten crystals being

grown. More than five crystals were grown during these runs so that a high

percentage of monocrystalline material could be produced. This had a signi-

ficant impact on the growth preparation time required during each run. This

increase in the number of crystals grown also impacted on the number of

recharge cycles required for each run and therefore should have increased

1
the recharge time correspondingly. However, due to the use of the chunk

recharging method - as opposed to the rod recharging method 	 the recharge

cycle time was actually less than projected (for twice as many recharge cycles).
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COST UPDATE FOR CZ NO.2 *

Projected Actual Time Actual Time Updated
Operation Time (Hr) Run 1149 (Hr) Win #55 (Hr) Projection(Hr)

Melt Down 4	 (7.0X)* 2	 (2.3X) 1.8	 (2.0X) 3	 (5.3X)*

Growing Preparation

1)	 Stabilize Temperature 10.6	 (18.4X) 23	 (26.7X) 36.5	 (40.1X) 14.6	 (25.6%)

2)	 Growing Seed (4 ingots) (9 ingots) (10 ingots) (4	 ingots)

3)	 Crown Growth

4)	 Melt Backs

Ingot Growing 30.4	 (52.9%) 50	 (58.1%) 43.9	 (48.3%) 30.4	 (53.3X)

(Straight Section) (10 cm/hr) (7.0 cm/hr) (7.2 cm/hr) (10 cm/hr)

Recharge Cycle (Lump Only)

1)	 Removal of Crystal 12.5	 (21.7X) 11	 (12.8%) 8.5	 (9.4X)
is

9.0	 (15.8%)

2)	 Load Hopper (3 times) (5	 times) (6 times) (3 times)

3)	 Hot Fill

4)	 Melt Down --- --- ---

Total Time 57.5 86 91 57

Add-On CZ Cost	 (1980 Dollars) (23.90)** (33.32) (34.9;) (23.76)**

CZ No. 2: 14" Crucible; 100 kg; 13.3 cm diameter; 10 cm/hr

*Includes Melt Down Preparation

** Includes 2-1/2 hours for shut down cycle

Table 49
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The straight growth rate during Runs No. 49 and No. 55 was lower than

projected and therefore, also impacted on the total run time.

The updated projection looks at the actual time cycies in relation to

the original projected time cycles for CZ No. 2*, and attempts to better

define these time cycles and the resultant CZ add-on cost ($23.76/kg) for

the CZ No. 2* growth method.

After two 100 kg continuous recharge runs using 14" x 10 &%" crucibles

the updated cost projection agreed quite closely to the original projection

for CZ No. 2* ($23.90/kg).

Cost projection updates during the second half of 1979 centered around

the growth of 100 kg of silicon ingots. Prior to the completion of Phase I

of the 954888 contract, J.P.L. requested that Kayex submit a proposal for a

three month extension to the 954888 contract (Phase II). This contract

extension involved the growth of 150 kg of silicon ingot from one 14" x 10"

crucible. This increase to 150 kg of silicon represented a 50% increase in

the quantity produced. Projected crucible lifetime necessitated a revision

in the growth parameters acceptable for the growth of 100 kg of ,silicon.

Phase II, therefore, required the growth of 15 cm diameter ingots rather

than the 12.7 cm diameter ingots grown during Phase I of the contract.

Table 50 lists the conditions of this new CZ Growth method referred to

as CZ No. 3*. This new CZ No. 3*should not be confused with the CZ No. 3

method previously formulated in December, 1978.

r
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CZ No. 3* Growth Method

Conditions

Crucible Size (in.) 14 x 10.5

Crystal Diameter (cm) 15

Growth Rate (cm/hr) 10

Total Poly Melted (kg) 155

Ingot Size (kg) 25

No. Ingots/Crucible 6

Total Crystal Pulled(Kg) i50

Pulled Yield (%) 96.8

Usable After Grinding (Kg) 128

Ground Crystal Yield (%) 80

Table 50

The initial SAMICS/IPEG cost calculations indicated an add-on cost of $15.62

per kilogram of usable silicon in 1980 dollars. This analysis was based on

a total cycle time of 58 11 hours. The projected add-on cost for CZ No. 3*

represented a 34.2% decrease from the projected add on cost for the production

of 100 kg of silicon (CZ No. 2*;.

An updated SAMICS/IPEG cost analysis was performed following the first

two 150 kg continuous recharge growth runs. This analysis resulted in a

slightly higher add-on cost than initially projected due to a revision of

the cycle times for CZ No. 3*. Therefore, the final projected add-on cost

for the CZ No. 3* growth method was $16.14 per kilogram of usable silicon

for solar cell manufacture. Details of the SAMICS/IPEG input data and cost
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calculations can be seen in Section 6.2.

The add-on costs projected for CZ No. 3* do not include the coats

necessary to slice the crystal ingots into wafers. Also, the projected add-

on costs do not include the cost of the polycrystalline silicon used to pro-

duce the monocrystalline silicon.

A chronological summary of cost projections can be seen on page 267.

Table 51.

6.2 Coat Components of Convential CZ Growth vs. CZ No. 3*

At the completion of phaae II of the 954888 contract a comparison of

the SAMICS/IPEG cost components was investigated. The results of the com-

parison is included in Table 52 and 53.

Two methods of conventional (Batch Type) CZ growth were considered

;n Table 52. Batch N1 assumes the growth of one 10 zm diameter cr ystal per

crucible. The crucibles used for the Batch 01 process are 12" x 9". Batch

N2, assumes the growth of one 12.5 cm diameter crystal from one 14" x 104"

crucible.

The projected cost for each component is followed by the percentage of the

total cost which it represents. The materials component has been broken down

further to point out the cost factor attributed to the crucible as well as

other items that make up the materials component.

It should be noted that the cost components for the conventional (batch)

CZ growth have used the SAMICS/IPEG guidelines so that they can be compared

directly to the cost components for continuous recharge type CZ growth.

Therefore, these cost figures may or may not .agree with costs experienced

by commercial producers of silicon.

Table 53 presents the SAMICS/IPEG cost components for CZ No. 3* type

sous recharge crystal growth. Two projections are included; one lIdeal*)

s that optimum crystal growth conditions exist and that no problema
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SUMMARY OF COST PROJECTIONS

Batch Cont. 01 Cont 02 Cont /3e

Crucible Size (in) 12 D x 9 H 12 D x 9 H 14 x 10.5 14 x 10.5

Ingot Diameter (cm) 10 10 13 15

Growth Rate (cm/hr) 7.6 10 10 10

Ingot Size (kg) 14.4 20 25 25

No.	 Ingots/Crucible 1 5 4 6

Total Pulled (kg) 14.4 100 100 150

Yield. Usable (X) 70 83 81 80

C2 Add-On 1960 $/kg $52 $27 $23 $16.1

With $14 poly $71 $47 $43 $16.i

$/watt $.50 $.34 $.31 $.25

When Reported Apr.	 '78 Apr.	 '79 Dec.	 '79 Apr.	 '80

All Costs are expressed in 1980 dollars.

Table 51
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SAMICj/IPEG COST COMPONENTS OF

CONVENTIONAL BATCH CZ GROWTH

BATCH M1(1)

Equipment x $0.489 - EQPT $ 71,150 ( 25.6x)

Area x $96.9 - SQFT 9,690 (3.5x)

Direct Labor x $ 2.133 - DLAB 50,637 ( 18.3x)

Utilities - 1.255 - UTIL 17,240 (6.2X)

Materials x 1.755 - MATS

Seeds 5,399 (1.9X)

Argon 26,078 (9.4x)

Crucibles 67,488 (24.4x)

Graphite b Miuc. 29.420 10.6a

(Sub-Total, MATS) (128,385)(46.3X)

TOTAL ANNUAI COST $277,101 (100X)

Add-on Cost per kg $ 51.12

BATCH 02(2)

$ 71,150 (23.8X)

9,690 (3.2x)

50,637 (16.92,

22,530 (7..%^

3,941 (1.3x)

25,891 (8.7X)

82,755 (27.7%)

32.689 10.9x.

(145,276)(48.6X)

$299,282 (100%)

$ 42.19

1) 12-inch diameter crucible ( see details of ether assumptions in Table 54)

2) 14-inch diameter crucible (see details of other assumptions in Table 54)

Table 52
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SAMICS / IPEG COST COMPONENTS OF

CONTINUOUS CZ GROWTH

IDEAL* CONSERVATIVE*

Equipment x $0.489 - EQPT $71,150 (28.4%) $ 71,150 ( 29.6X)

Area x $96.9 - SQF1 9,690 (39 9%) 9,690 (4.0X)

Direct Labor x $2.133 - DLAB 50,637 (20.2X) 50,637 (21.1X)

Utilities x $1.255 - UTIL 23,471 (914X) 23,773 (9.9X)

Materials x .51.255 - MATS

Seeds 3.143 (1.3X) 2,179 (0.9X)

Argon 26,728 (10.7X) 27,127 (11.3X)

Crucibles 32,996 (13.2X) 22,876 (9.5X)

Graphite, Misc. 32,689 ( 13.0X) 32,689 (13.6X)

(Sub-Total, MATS) (95,556) (38.2X) (84,871) (35.3X)

TOTAL ANNUAL COST $250,504 (100X) $ 240,121 (100X)

Add-on Cost per kg	 $16.14	 $22.31

See Table 55 for ac ._ *c,ntions made for these calculations.

Table 53
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are experienced, while the second (conservative*) allows for a moderate

amc.int of t'me delays brought about: by possible problems associated with CZ

crystal growth.

A detailed SAMICS/IPEG cost analysis for Batch N1, Batch #2, continuous

CZ 13 (Ideal) and continuous CZ #3 (conservative) are incl , -.ded in Table 54

and Table 55.

The final analysis indicates that the CZ No. 3 method, for production

o' 	 cost monocrystalline silicon for use in solar cells, can lower the

cost of this silicon from 62% to 68% in comparison to conventional batch

type CZ crystal growth.
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Batch #1 Batch #2

Input Data ($1980)

Capital Equipment Cost (EQPT) $145,500 $ 145,500

Manufacturing Floor Space (SQFT) 100 100

Annual Direct Salaries

Prod. Operator (1.33 persons/yr) 17,503 17,503

Elect. Tech.	 (0.33 persons/yr) 5,082 5,082

Inspector (0.1 persons/yr) _1,155 1,155

Total DIAB 23,740 23,740

Direct Used Materials & Supplies

85% Usage per year

Cycles/yr;	 Hrs/Cycle 430.2;	 17.3 314;	 13.7

i	 Poly kg/yr charged 7,743.6 9,420

1	 Seed	 ($10/cycle)
i

4,302 3,140

Dopant (not coated) a
i

Argon (150 ft 3 /cycle hr @ $0.02/ft 3 ) 20,779

e

20.630

Crucibles	 ($125/12";	 $210/14") 53,775 65,940

I
Mi.,cellaneous (inc. graphite)

$3.15/cycle hr	 (12");

$3.`,0/cycle hr	 (14") 23,442 26,047

Materials Total (w rS) $ 102,298 $ 115,757

I	 Utilities	 (Process)

Electricity

(65 kw @ $0.035/kw)(cycle time - 3.2 hrs)

0 cycles)
1

14,485 14,644	 z

r

{	
Table 54
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Bat,.-h ail Batch #2

Cooling water

(65 kw @ $0.0074/kw)	 (cycle time - 1.8 hrs)

(# cycles) 3,373 34308

Utilities Total (UTIL) 17,858 17,952

IPEG PRICE

C1 EQPT - $0.489/yr - $EQPT 71,150 71,150

C2 SQFT - $96.9/yr - $ SQFT 9,690 9,690

C 3 DLAB - $2.133/yr - $DLAB 50,637 50,637

C4 MATS - $1.255/vr - $MATS 128,384 145,275

r 5 UTIL - $1.255/yr - $UTIL 22,412 22,530

Annual Cost $282,273 $299,282

QUAN (Total charge x % yield) 	 (kg) 5,420.5 kg 7,093 kg

Throughput 0.728 kg/hr 0.953 kg/hr

Add on Cost ($/kg or $/M 2 ) $52.08 $42.19

*All costs expressed in 1980 Dollars

Table 54 (Cont'd)
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Ideal Conservative

Total Si Melted 155 155

Crystal wt.	 (kg)
I

25 25

`	 No. Crystals/Crucible 6 6
K

Diameter of Crystal (cros) 15.0 15.0

Growth Rate (cros /hr) 10 7

'	 Cycle Time (hrs) 59.4 85.7

Crucible Size	 (ins) 14" x 10-1/2" 14" x	 10-1/2'

`
I	 Yield	 (X) 80.0 80.0

I
INPUT DATA ($1980)

Capital Equipment Cost (EQPT) $145,500 $	 145,500

Manufacturing Floor Space (SQFT) 100 100

Annual Direct Salaries
I

Prod. Operator	 (1.33 persons/yr) 17,503 17,503

Elect.	 Tech.	 (0.33 persons/yr) 5,082 5,082
I

Inspector (0.1 persons/yr) 1,155 1,155

Total. DLAB 23,740 23,740

'	 Direct Used Materials b Supplies

85% Usage per year
i

Cycles/yr;	 Hrs/cycle 125.2;	 59.4 86.8;	 85.7

Poly kg/yr charged 19,406 13,454

I	 Seed	 ($20 ea)	 (1/cycle) 2,504 1,736

`	 Dopant	 (not coated)

i
Argon	 (150 ft 3 /cycle hr @ $ 0.02/ft 3 ) 21,297 21,615

Crucibles	 (210/14") 26,292 18,228

I	 Miscallaneous (inc. graphite)g

@ $3.50/cycle hr) 26,047 26,047

Materials Total (MATS) 76,140 5',626

Table 55
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Utilities	 (Process)

Electricity

(65 kw @ $0.035/kw) 	 (cycle time - 2.7 hrs)

(# cycles) 16,150

Cooling Water

(65 kw @ $0.00528/kw)(cycle time)

(8 cycles) 2,552

Utilities Total (UTIL) 18,702

IPEG Price

C 1 EQPT - $0.489/yr - $EQPT 71,150

C 2 SQFT - $96.9/yr - $SQFT 9,690

C 3 DLAB - $2.133/yr . $DLAB 50,637

C4 MATS - $ 1.255/yr . $MAT= 95,556

C5 UTIL . $1.255/yr - $UTIL 23, 471

Annual Cost $150,504

50,637

84,871

23,773

$240,121

QUAN (total charge x % yield) (kg)
	

15,525 kg
	

10,763.2 kg

Throughput
	

2.086 kg/hr
	

1.446 kg/hr

Add on Cost ($/kg or $/M2)
	

$16.14
	

$22.31
(Assume 1 kg m 1 MZZ)

Table 55 (cont'd)
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APPENDIX A

STRUCTURE LOSS IN CZ SILICON CRYSTAL GROWTH

1.0 INTRODOCTIOn

Silicon single crystals are grow in high purity vitreous silica (commonly

called fused quartz) crucibles, in a CZ furnace having an inert atmosphere to

prevent oxidation of the silicon. The technology has advanced to the point where

large single crystal ingots can be grow with relative ease having no dislocations

discernible by etch-pit count. The only defects present in such a crystal are

point defects brought about by the thermal equilibrium vacancies or by impurities

in the lattice.

By structure loss is meant the loss of this zero dislocation (O-D) structure.

When an O-D crystal loses structure, the shock is nearly always severe enough

to subsequently cause twinning and eventually polycrystalline growth.

It is considered highly desirable in CZ growth to produce O-D crystals,

because the growth is stable and easily controlled, and the resulting material

produces the highest efficiency solar calls.

Attempts to grow 100 kilograms of high quality CZ ingots by the "continuous"

process (e.g. growth with periodic malt replenishment) have been limited to

about 50 kilograms by structure loss problems, and at this point it is not clear

what mechanisms are causing the problem, although there are a number of known

structure loss machan1ams.

2.0 CAUSES OF STRUCTURE LOSS

Structure loss mechanisms can be categorized into three general areas,

(1) mechanical or equipment perturbation such as vibration or shock, (2) thermal

perturbation, and (3) malt contamination, especially particulate contamination.
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2.1	 MECHANICAL PERTURBATIONS

Lose of structure by mechanical upset to the growtk

caused by poorly working mechanises, improper design or construction of the

grower, or the effects of external shock or vibration on the equipment.

Although this is occasionally observed. it is not considered to be a problem

with the growth runs an the project. Proper maintenance of the equipment is

the beet way to avoid mechanical problems.

2.2	 THERMAL PERTURBATIONS

Large thermal changes are likely to cause structure loss as they affect

the profile of the crystal growth front and the growth rate. Suitable deslgu

and maintenance o: the hot zone and control systems Is sufficient to avoid

structure lose by this mechanism. Thermal upset can also be caused by argon

flow rate changes, cooling water flow or temperature changes, and, of courue,

a momentary power lose. Thermal problems are not believed to represent a

problem for continuous CZ,

2.3.0 MELT CONTAMINATION

It is wall established that a foreign particle in the silicon malt will

cause at least the loss of 0-D structure, &nd most likely will cause twinning

or polycrystalline growth. Silicon monoxide and quartz particles cause lose

of structure, the affect being easily observed by the operator. Silicon

carbide particles behave in a similar way in EP6 growth. The possibility

exists, in CZ growth, that 510, 510 21 or SiC could meter the malt. Thus, all

are possible causes of structure loss and should be investigated.

2.3.1 Silicon Monoxide (S10) - This material is formed by vaporization from

the malt and subsequent condensation as a submicron powder on cooler

surfaces in the furnace. The oxygen that is required for its formation
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ce.aes from the crucible or from other sources such as air or water

leaks. or impure argon. Although considerably more care must be taken

on recharge runs to have a leak-tight system $ it is believed that

normal S10 deposition as a result of this reaction between liquid

silicon and the crucible can be tolerated. Gas turbulence in the

furnace must be minimized to prevent dislodging particles from the

inner walls. To scone extent, gas flow can be cc,ntrolled in the furnace.

directing the deposits to areas that are away from the growth region.

2.3.2 Silica (3102) - Occasionally, silica particles are seen floating on

the malt. These are probably due to chips from the crucible produced

during the loading or melt-down. Silica is distinguishable from silicon

monoxide because it does not evaporate, and the operator waits until

the particle lodges against the wall of the crucible before starting

a crystal.

Assuming proper care is exercised in loading the crucible

and that the crucibles are high quality, then visible silica particles

appearing on the melt initially should be very rare.

During long runs, however, microscopic particles of silica may be

released from the crucible, which could float to the surface and destroy

the crystal structure. Defects in the inner wall of the crucible such

as unfused are", pinholes, blisters or gas bubbles near the surface

are potentially sources of particles.

The crucible is also subject to crystallization from the -!easy

form of SiO2 to quartz by a process generally called devitrificatior

x
	 This occurs at high temperature and is accelerated (or catalyze.il  oy

alkalis, alkaline earths, halides, and, to a lesser extent, a number of
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other metallic ionic species. A small amount of devitrification is

often observed on the inner surface of crucible walls with no apparent

deleterious effect. If devitrification is severe, however, it seem

plausible that quarts particles could be released into the me'.t. There

is no direct evidence of this mechanism. Howevsr, the degree of crucible

devitrification is not predictable and occasionally severe. More investi-

gative work should be done.

2.3.3 Silicon Carbide (SiC) - Little is known about carbon control in CZ melts.

Carbon contamination in CZ furnaces occurs, but the mechanism of its

production is not clear, and the level of contamination is below nature-

Lion in semiconductor grade wafers.

Silicon carbide "scum" can be produced easily in the crystal grower

by the use of improperly "baked out" graphite parts. Presumably, vaporr-

ized hydrocarbons from the graphitization process react with the melt

surface.

In investigating this mechanism, consideration should be given

primarily to the crucible as a source of oxygen. Oxygen is then trans-

ported to the graphite via direct contact or via Si0 production and

deposition on the graphite. The carbon monoxide produced would diffuse

back to the melt surface.

If the production of CO is unavoidable, the control of gas Vow in

the furnace should minimize melt contamination by controlling both the

transport of S10 and OD.

If there is a CO or CO2 phase present in the fe:-..ece atmosphere

due to oxygen from chamber leaks or from the crucible, then gaseous

transport of carbon to the melt would appear to be feasible. In long
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recharge runs, saturation could occur. leading to precipitation of

SIC particles at the growth interface in tha supercooled region.

3.0 CONCLUSION

The important structure loss mechanism, in order of decreasing probability

appear at present to be as follows ►

(1) Silicon carbide precipitation from the melt.

(2) Release of particles from the crucible.

(3) Silicon monoxide particles falling in the malt.

(4) All other processes, e.g. mechanical, thermal, leaks, etc.



APPENDIX B

COMPARISON OF LUMP VS ROD RECHARGING

io

ROD LUMP

Recharge Time Relatively slow - about 4 hours Faster than ind.	 18-22 kg
to recharge because rod must be can be recharged to seed dip
heated &lowly at first. in 2 hours.

Contamination of	 Melt None, except for handling rods. Lumps contact metal feeding
mec'-anism. To date, we have
seen no contamination of hopper
material in crystal impurity
analysis.

Effect on Cructhle The biggest single disadvantage Crucible temperature remains
to the poly rod method. Nigh lower,	 prolonging the life of
heater temperatures necessary the crucible. Particles may
to keep the center of the melt stick to crucible wall.
hot enough to melt the poly rod
tend to increase devitritication
of the crucible, thus decreasing
the crucible life.

Convenient. Hopper can ren ►ainConvenience Rod must be notched to hold it.
in furnace during the entire
run. Simply load hopper with
bagged silicon.

Capacity of Recharge 20 kg rods (18-20 kg recharge 18 kg per cycle. Unlimited
Mechanism capacity). number of cycles.

Miscellaneous 5-inch diameter poly rods are No thermal cracking problems
not crack free. The possibility with the hopper.
always exists of a rod breaking
apart and falling into the
crucible. From experience, 	 it
appears that partial rods being
used over increases the
possibility of the rod breaking
apart considerably. Therefore,
it is felt that partial rods
left over should not be reused
for recharging.
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