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RESEARCH PROGRAM PLAN

OBJECTIVES

2

1. %?chnological’assessment of ribbon growth of silicon by

a capillary action shaéing techniéue.

&

. :%/jl

2. Economic evaluation of ribbon silicon grown by a capil-

lary action shaping technique‘asvlow-cdst,silicone
SYNOPSIS OF PROGRAM OF STUDY

1._ C:ystalmgr6WEh“of siliconlfibbbns.

'7,12} Characterization of silicon ribbons.

'3; f'Economic, evaluatiohs‘ and computer-aided simulation of

ribbon-groﬁth};
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HIGHLIGHTS

Ribbon silicon produced by CAST yields 11.9% solar cell

efficiency.

CAST ribbons up to 95 mm wide and 0.3 mm thick were

produced.

2

CAST technology - Single ribbon, 100 mm wide ribbon,

0.3 mm thick, 3.8 m/hr growth rate, solar cell
éfficiency 13% - has the potential to meet a $50/m2
target. This is based upon the availability of $10/kg

polycrystalline silicon.
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ACHIEVEMENTS -

At A o ":ga-:rﬂfrs;,"
3

I?‘f’
3%
4

g} . Ribbon Growth and Characterization

:

3
y -
-
E

’EL . o 123 meters (41,527 cm’) of uniform-width silicon ribbon
ig"'  - Ribbon:«ﬁidth cidpability was increaSed‘fromf1o mm to 95 1 @

o L S AR - AN

to < 4 x 10'3/cm2 ‘through CAST high melt meniscus

i .

5 SR : o , , 2
4 o ~ 6iCc surface particle density was decreased from 5/cm
(

growth ahd’use of sicfcoated;graphite‘dies. 

Y : : o
M 6 - A Growth technique for silicon tubes of 6 mm diameter x
i ' o ‘

: -f%, 1 m length was developed.

: L _
: % & | : V o R é
. af ~ o  Maximum growth rate equations for ribbons were devised. .
; e | K

o o A new technique for thermal geometry control utilizing 3

‘multiple inert gas streams was developed.

‘1'6;",The effect of die chanﬁeihngigh ohfddpant_di#tfibutioh"
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The reuse of quartz crucibles through four melt-down

cycles was demonstrated.

A system for 100 mm wide ribbon growth was designed and

implemented.

Crack~free directional solidification of 5 cm diameter

silicon ingots in carbon crucibles was achieved.

Four classes of ribbon perfection were defined. These
perfection categories coordinate with lifetime ranges

and efficiency ranges of solar cells.

Electrical activity measurements of crystallographic
defects in ribbons were made through the SEM EBIC

techniques using Schottky contacts and p-n junction for

EBIC>contrast.

Quantitative "electrical activity" measurements of line -

defects in ribbons were made through carrier diffusion

‘length  measurements. Dislocations were shown to

decrease minority-carrier lifetime by one to two orders

of magnitude.

Y P TR TE S ST, Fer e S o e

4
¥

u;s:_«nz)g

i 2. 2L

por-rres

ik e

R
Apwiwrsiagd

»-

B

T et

P | . ¥
. § H

[
RERER

Pom

ok
[t |



o Surface films .on ribbon surfaces were analyzed as SicC

~crystallites. - 'Significant structural differences,

depending on deposition location, were found.

o ’Epitaxial growth of SiC through preferential

incorporation of (111) SiC planes parallel to (111).

Silicon planes was identified’as an important'mechanism"

'fidislocat'ions/cm2 were shown to be strongly active. The

é% for surface film formation.

g é f'Eléctrically active defects in CAST ribbons were _ “?

;; idgntified as silicon carbide inclusions, high and low %
! H’iié angle grainv_boundéries »high‘ order twins boundaries,
g‘ ;h? vhultiple" stacking ‘faultsp‘ ~dislocation bands and

jﬁ{g‘ dié;qcat;Ons.v‘ | |
} ‘ié ﬁE - - R | - 'g

éf; o ‘ The electrical activity ofréroﬁn-in disloéationSldue to | E
: fié v ~ their low density was shown to be moderate. It was %
f E{% ‘éiso - shown that grown-in.dislocations are generated by‘ ;;
} E”? thérmal gradiénts associated with the growth technique.'_  §
% 'Hféj ! Theirrdehéityvvaries from 3 k‘I03 to 5 x 103 per cm?.  §
i 8 v 2
é §%~ o o 5_‘Dislocation ~ bands with dehsities larger than 10° é
k 11 N ‘ ' &
?

 bands consist of two groups of dislocations. One group

e T e,

is inclihed_towardsgthé'ribbon~surfacé, while the other
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|
S , : E
? is almost parallel to ribbon surface in the growth R

: >

‘_,g v direction. Both groups of dislocations have the same

. i . type of Burgers vectors, a/2{011] and a/2[101]. €
é Dislocation networks are formed through the interaction g

> ; of the two dislocations which leads to the formation of s
o ;f‘ . 90° aislocations. a
- | a
g | g
o Grain boundaries were also shown to be strongly active. i

| Their formation results hainly from foreign inclusions g

such as silicon carbide or from the non-accommodation g

of crystal 1lattice planes. Such non-accommodation of :;
r' ”z£~ crystal 1lattices occurs-wheg two crystals of different é
;' :% preferred orienfation, such as ([011] and [211]  ;
: %2 ) orientatidns, join. The boundaries contain ;
? ; dislocations and/or ledges which are spaced é
%z ‘k L approximately 0.1 um apart. | il
% o ;'Fifst order (coherent) twins and stacking faults were :%

% Sh6wn to be nonactive. Their electrical activity in- 1

“i ' creases as they degenerate into multiple overlapping

; gk" ; , faults and low-angle boundaries. The low-angle 3
é iy ’boundaries contain a high density of dislocations. The ‘
% '?J%%‘ o - dislocation spacing ranges from 0.1 to 0.4 um with an §
é Y;i average of 0.2 pum. Degenerated twins act as disloc- i
gi ;% ation sources. | | | | q
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General Economic Outlook:

o Silicon technology has the potential for achieving
future low-cost material objectives for photovoltaic
applications. For single ribbon growth a 1986 shé&;

price of $50/m2 is projected.

Based upon recent significant achievements (e.g.,r10 cm
: . 2 o s

wide ribbon; > 11% efficient cell), $50/m silicon

shéet price can be obtained with CAST technology

without further scientific breakthrough.

Technology Development Guidelines:

Polycrystalline Silicon

o Low-cost polycrystalline silicon of semiconductor-grade
quality, at $10/kg, is a prerequisite to achieving 1986
sheet material targets.

Ribbon Technology

o $25/m2 silicon ribbon by 1986 requires some technology

advances. A set of technology requirements has been

xii
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defined, which  re§u1ts' in ribbon prices ranging from
$13/m’ to $30/m2. e '
i; R o ~ Ssince our ribbon geometry objectives (10 cm wide, 0.3
L "mm: thick) have been achieved, short-range technology
o E ‘ o |
fz ~development should focus on improving material quality
if (long-range = objective: 13% cell,_efficiency) and
increaSinq growth rate (objective: 3.8 m/hr).
f o Single-ribbon growth systems offer a good potential for
!' B achieving low-cost silicon sheet material within the
shortest period of time.
5 £ |
v ]
o Ribbon thickness is a relatively insignificant factor , fgz :
. in determining energy-capacity cost. A thickness _ SN
N compatible with efficient solar-cell processing ih the : -
. range of 0.3 to 0.4 mm should be selected. . é
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1.0 INTRODUCTION

‘years

I CRYSTAL GROWTH

by

The crystal*growth method undér inVestigation is a capillary

|
S

: aptioh, shaping technique. Meniscus shaping for the

desired ribbon geometry occurs at the vertex of a wettable

die. As nripbon growth depletes the melt meniscus, capillary

o

-action supplies replacement material. The configuration of
‘ftﬁe technique used in our initial studies is shown in Fig.

':LI+1 'and- is similar to the edge-definedq, film-fed growth

j(ﬁFG) process described by LaBelle(1). The crystal-growth

methbd ;has been applied to silicon ribbons for several

(2,3, 4)

progressed, we have found that substantial improvements in

‘ribbon surface quallty could be achleved w1th a higher melt

menlscus than that attalnable with the . EFG technlque. Thus,

',:zn our later work we have abandoned the EFG technlque in5[
_Jfavcr 'of the 1mproved capillary actlon shaplng technlque, |

:;whlch employs the caplllary dze desxgn shown 1n Fxg. I 1

Crystal Growth 1
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As our work on silicon ribbon growth has
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Fig. I-1. Capillary Die Design.

It represents a departure from the die types used for

edge-defined, film-fed growth, in that the bounding edges of

thg die top are not parallel or concentric with the growing
ribbpn. The new dies allow a higher central melt meniscus
(Fig. I-2) with concomitant improvements in surface
sﬁoothness and freedom from SiC surface particles, which can

degrade perfection.
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éag, R Our objective in this work has been to attain a clear

fg[é ' technological assessment of silicon ribbon growth by the
- f§* ' capillary action shaping technique and to enhance the

applicability of the teéhnique to photovoltaic powér dgvice
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The results of our crystal growth studies will be presented
in the following categories:

- Growth of 25 mm wide silicon ribbons

- Growth of 38 mm wide silicon ribbons

- Growth of 50 mm wide silicon ribbons

C . Growth of 100 mm wide silicon ribbons
2.0 GROWTH OF 25 MM WIDE SILICON RIBBONS

At ‘the onset of contract work, equipment and expertise
existed for growing 12 mm wide silicon ribbons. Initial

technician - training was conducted at this width on the

available equipment. This equipment was modified as

required during the course of the contract.
2.1 Description of Experimental Apparatus

Silicon ribbon growth was conducted using a hydraulically
actuated pulling mechanism with a 1.37 m maximum stroke. A
pressurized air-over-oil reservoir system provided the
d;iving force for actuation of the moving platen upon which
the seed holding shaft was attached. X-Y-7 adjustment was

provided for the seed shaft. Platen speed adjustment was

~attained via a needle valve in the oil flow line between the

hydraulic cylinder and the oil reservoir tank. The crystal
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\ §¥<“§ growth furnace and associated vacuum system were supported §
S on the frame of the hydraulic puller as shown in Fig. I-3. 3
F_‘,.‘ A : ;
; ;g} The furnace was powered by a 50-kw, U5-kc-rf generator. g
Ey et : ;
A i | b
oy 3
e L . . ) b
: : The furnace consisted of a single-walled 94-mm-diameter é
o ; silica shell with water-cooled stainless-steel end fittings E
: | ‘ |
i 3 sealed by viton O-rings. The top fitting could be either é
f ‘ completely sealed (for vacuum bake-out of dies and furnace i

E ‘ig components) or provided with an oval cross section pull port
%

: through which the growing ribbon passed. The bottom fitting
4 i .

connected the shell to a horizontal base on one arm of a

w

5 5 i "tee" fitting. A horizontal sliding plate on an X-Y-8 stage
Lﬂ ’é*; Qas mounted on the opposite arm of the "tee." This plate
fﬂ § if} | ﬁeld the pedestal shaft upon which the crucible assembly
§ E B :ested. The plate also supported an optical temperature

i E' %ensor which was focused on the bottom of the crucible | !

, ; vhoider ahd"was part of the‘cloSed-loop temperature control ?

% ~syétem. The third arm of the "tee" was used for evacuation,J E

. g I and as a purge gas inleﬁ. g
The furnace hot zone is depicted in Fig. I-4. All interior

components are graphite except the opaque heat shield and : 15

the clear quartz crucible. A 50-mm-OD x 25-mm-high

fiat-bottomed crucible was used. The EFG die design

depicted in Fig. I-5 was used for our‘in;§§a1'experimenté and

i

{
A
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6Fig. I-3.Ribbon growth apparatus
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operator training. The dies were fabricated £from Poco
DFP-3~-2 graphite. For the initial growth attempts, the dies
were typically 12.5 mm wide. The capillary slot dimension

was 0.26 mm, and the die top thickness was 0.5 mm.
2.2 Growth Procedure

The graphite die and hot-zone components were baked out at
1500°C for one hour in vacuum prior to use. After bake-out,
the quartz crucible was loaded with approximately 50 gms of

undoped silicon.

P{type doping was achieved using a boron/silicon alloy
pgwder of 1.1 parts per thousand concentration as the
source. 2.5 x 1074 grams of source per gram of silicon was
put into the crucible with the silicon charge.;'Thé‘target

resistivity was 2 Q-cm,

Growth was conducted in an argon ambient. After the silicon
charge had melted, growth was initiated by touching a
5-mm-wide %X 0.4-mm-thick silicon seed to the melt At the die
top. A short portion of the seed was melted back, and then

the pulling speed was gradually increased and the

temperature adjusted to first neck the growth to a width

less than thét of the seed and then widen the{qrowing ribbon

 Crystal Groﬁth 9,?
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to full width. A brief description of the growth
experiments during the operator training period, and in fact
for all growth experiments performed during the course of

the contract, may be found in Appendix I.

Early in the contract, a few expériments were conducted with
si;icon tube growth. Since a tube can be considered to be
an "edge-less" ribbon, its growth allows a study of the
relationship between growth rate and thickness which is

independent of width. The growth procedure for tubes was

‘similar to that for ribbons, and the stages of initiating

growth are depicted in Fig. I-6. Details of this work may

be-found in reference 5.

After the ribbon or tube reached the desired length, growth

- was terminated by increasing temperature and pulling speed

to separate the shaped crystal from the liquid meniscus at
the die-top. By reseeding, several pulls could be made from
the same charge. At the end of the day, the die was
salvaged by freezing a seed crystal to the die top and using
it to pull the die assembly (die, holder, shields) free from

the 'liquid in the crucible. Although the frozen silicon

within the die frequently cracked_ upon cooling,‘the die"

itself was,typiqally craqk-ffee.

2.3 Die Material Investigations

lfnigh-density‘graphité; fulfills;thé durability ‘énd‘wettabil—

R S R R »vw_”"“,a\ oy, % 72

R
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: i 4 Fig. I-6. Stages in the growth of a silicon tube; (a) Seeding,
' (b) Circumferential spreading by temperature reduction
n and pulling rate increase, (c) Further spreading by
() temperature reduction, (d) Closed, equilibrium growth.
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ity requirements of a die(z) and has been used to date for’ , 5‘_ R {_;

'»most silicon ribbon growth; itVis hpt, howéver, completely Q~_f.f: V%E

e R ﬁ»non—reactivé; Good vc:ystallographgé perfection has been

: ” “achieved on small ribbon’segménts(2'3)5 but the structure of

; gwff 5 ;a?géf_fibbons 'is‘marred:by planar, line and ‘point defects, = -

" as well as surface irregularities. These problems are

“fthbught to be at least partially related to the die %

2

B,

3

p b . material; hence a brief study of some non-graphite die .
f ‘materials was conducted. ' R e T L i 3
|

g

3

¢

. 2.3.1 -f Materials Investigated o : i
o The potential die materials listed in Table I-1 were tested R
=t under actual ribbon growth conditions. Hot pressed "high S T
b " . . . ' . ,3
o purity" AlB,,, TiB,, %rB,, Al,C,, B,C, and Si,N, were |

; SRR obﬁained ‘from Atomergic Chemetals Co., a division of - ; ;i_

- . ‘ Gdllard-Schleisinger Chemical Mfg. Corp. The materials were
obtained in the form of rectangular blocks 3 x 10 x 30 mm in

>si@e. No binder was used in hot pressing. Purity levels 5': . é}

were 99-99.9%, densities were about 90% of theoretical SOt g}
B k'jaenSities - and the starting powder particle size was )
~ typically 2-5 pm, according to the manufacturer. Vitreous ; ‘ g}

”"cﬁrbon was also obtained from Atomergic Chemetals Co., in f_ .

A N - A T e
g1

 tHe form of 2 mm thiCk,?létes, with properties as shown in

{ :© Table I-2. Two sources of silicon carbide were used. One U .

B v ribatyr =ty e oyt R L L AR AN W T T P N R A P T LI S e 0 e §

. g u e UGN " e e b s e & A AR T B - e
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-5”4{§; TABLE I-1. Die Material Evaluation
Vo ’ | capillary Durable In Ribbon
N Material Rise - Molten Si Growth
? b
B . 1 ,
-2 Aluminum Boride - [ ——— -———
: ¢ i . . . .
y - Titanium Boride Yes No Short ribbons
? il (dissolves)
: R :
E P Zirconium Boride Yes - No Short ribbons
b ! (dissolves)
F - Aluminum Carbide? - : -— ' -—
¥ R :
P” ',g;i Boron Carbide Yes | Yes Long ribbons
5 e Silicon Carbide Yes Yes ' Long ribbons
[ b
» - SiN bonded SsiC No3 somewhat . None
s @5{”’ Vitreous Carbon Yes Yes © Long ribbons
%Eﬁ“ Graphite (dense) Yes . Yes Long ribbons
L Boron nitride No Yes None
| : Silicon nitride No3 Yes None
i ; _ o
EER RS 1. Vapor pressure too high at 14127C
T, 2. Decomposed and crumbled during storage >
e 3. Evidence of surface wetting, but no rise in capillary slot. B
o 3
i |
4 was Crystar silicon carbide from Norton Industrial Ceramics
R Division, the other was KT silicon carbide from the |
‘E . Carborundum Company. A silicon nitride-bonded silicon ?
; 1
carbide was also obtained from Carborundum. The ]
manufacturers data for these three materials is given in ]
i

Crystal Growth'é
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% | TARBLE I-2. Manufacturer's Data for Vitreous Carbon {\.i’
- |GHEMICAL CHARACTERISTICS T
f | Méximum Opérating temperature : ;f'“ u]- » >2 500°C ég
- Apparent density B Lo ’ 1. 50 to 1.55 q/cm E
... |Apparent porosity (no absorption 0
TR ~of o0il and mercury) ’ : -8 2
|Permeability to gas; at normal better than 102 cm®/s
- temperature at 2,500°C ' : : | approx. 10~6cm /s
: ASh content ‘ ‘ . 0.005% (50 ppm)
P Sulphur content <50 ppm :
3 Boron content T <2 PpPmM .
! 7 Oxidation resistance at 600°C ‘ , 0.1 mg/cm‘/h
B»: | | at 800°C | : 2 mg/cm2/h
,; MECHANICAL PROPERTIES
Eﬁ: ' Liansverse breaking strength ‘ 600 to 800 mg/cmq
!l , Compre551ve strength - ' B 1 1,500-2,000 kg/cm2
4 Shore hardness : e : 1120-125
- Hardness Mohs' scale R : 6-7 R ]
SRS Vickers micro-hardness (30 kgm) ’ 150-175 .., ‘ .
%ﬁlﬁf Young s modulus o : 2,200 kg/mm”~ lf,ﬂ‘
THERL~1AL PROPERTIES
? JCoeff1c1ent of thermal expansion: at 100° 3.2 x 1078 per °c ks
at 650 c 3.5 x 1078 per ©c
P Thermal Conductivity : R v [
. H Resistance to thermal shock S 0.06 cal/cm/s/°c g
S ’.Alr quenching acceptable from... D Lo o 3
3 : to room temperature , _ e 1 2,500°C
|ELECTRICAL PROPERTIES
é% Electricél Resistivity ' o 4,500 microhm/cm ?;
1 ‘ ' - *u -
Tt i
1}
o ""%Q b i'
I
5 = -‘-“F
L E-

b G g S g
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5 '*~7 Table I-3. The Crystar material is nominally 99% pure
i EJ_Q‘ ’récrystallized silicon carbide, with Ti, Cr, Co, V, and Al
et as typical metallic impurities. Purity levels of the
f v ‘carborundum materials are not known at this time. Pyrolytic
— L boron nitride was also investigated.

- t - 2.3.2 Die Fabrication and Evaluation

Rihdatan VRS M
o Poiatiaais
+ $ormeere

"

iy

RIS S S ATHEN I S M SRS e

ARV

Dies were fabricated from all materials except aluminum
carbide, which had crumbled during storage, and boron
nitride. The dies were made as shown in Fig. I-5. They
were 9.5 mm wide with a 0.76 top thickness and a .56 mm
cépillary slot thickness. All machining was done with 180
g@it diamond wheels. No serious machining problems were
eﬁcountered, except that wvitreous carbon and silicon
nitride-bonded silicon carbide chipped easily. Slow
machining rates were necessary on silicon carbide and boron
carbide to avoid chipping. After machining, the dies were
baked out in vacuum at 1500-1600°C for one hour. The AlB12
die outgassed severely during bakeout and the temperature
could not be raised above 1“00°C without éausing the
pressure to rise above 2 x ‘10—u Torr. This die was
cohsiderably‘ erroded and broke after bake-out. The Si3Nu
die was é light tan color - the others were grayish to

black.

i T e }
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TN IS % IR PPy T
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? TABLE I-3. Manufacturer's Data for Various Silicon Carbides s
"REFRAX Silicon ‘T
S : ' nitride-bonded CRYSTAR
Property = KT Silicon Carbide Silicon Carbide Silicon Carbkide
|Apparent specifibb 3.10 2.65 2.6 _
gravity (g/cm3) :
; 'Working temperature . E
: | Inert atmosphere 4200°F max. 3200°F max. ——-
j Oxidizing atmosphere 3000°F max. ——- 3200°F max.
Modulus of rupture, 22,800 (2200°F) 5000-7000 (2560°F) | 10,000-22,000 (2730°F
psi ' !
L 6 o . 6 90 6 o
Modulus of elast1c1ty, 56 x 106 (70 F& 17 x 107 (70°F) 30 x 10 [
p51 51 x 107 (2200°F) ;%
Lompre551ve strength, 150,000 (70°F) 20,000 (70°F) 100,000 fi
p51 : . E
§§ |Tensile strength, psi 20,650 (70°F) 3000-3500 (70°F) ——- .
i ; ; &
: Thermal condBctivity 720 (11“0 F mean temp) 113.5 (2200°F) 180 (1000°F) ;
- |BTU in/hr ft 465 (1574°F mean temp) 1 165 (1500°F) 5
‘ S 250 (2086°F mean temp) 1 145 (2300°F) %
174 (2292°F mean temp) -1 135 (2900°F) i
94 (2782°F mean temp) :
Thermal coefficient of | 1.88 (70°-800°F) 1.8 (70°-400°F) 2.7 (70°-2600°F) N
expan51on e 2.60 (70°-1800°F) 2.6 (70°-2500°F) :
in/in/°F x 10 2.80 (70°9-2500°F) @
5
‘lean specific heat .31 (70°-2800°F) .29 (70°-2500°F) .35 2 3000°F Y
Spectral emissivity at | .9 .9 === :
1600°F : f
\Permeability. Impermeable Megligible -—— ;-
Ssity ne -' ;
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The growth procedure described in section 2.2 was used in
attempting ribbon growth with the new materialé. If the die
did not £ill with liquid silicon, the system temperature was
increased considerably above normal 1levels to attempt to
encourage melt rise. If melt rise occurred, crystal
growth was attempted. After the growth attempts, the dies
were visually checked for durability in molten Si. The
appearance of the various die bottoms, where contact with
molten Si took place, is shown in Fig. I-7. In the case of
borbn nitride, the capillary rise check was made by placing
silicon in a boron nitride crucible with a slotted wall, and

melting the silicon. Brief descriptions of the experiments

appear in Appendix I, runs 50805-50826 and 60208-60302.

2.3.3 Results

The results of the evaluation are summarized in Table I-1.

For the particular forms of the die materials used here,

only boron carbide, KT silicon carbide, Crystar silicon
carbide, vitreous carbon, and of course, high density
graphite were adequately wettable and durable to allow the

growth of 1long ribboné (> 0.5 m). In addition, TiB, and

2
Z2rB, allowed short ribbon growth, but the dies suffered

acute dissolution as can be seen in Fig. I-7(a,b). The

ribbons grown from experimental die materials are pictured‘

in Fig. I-8.
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7a. TiBz

Fig. I-7. Die bottoms after contact with molten
silicon for more than two hours
(sheet 1 of 5).
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Fig. I-7. Die bottoms after contact with molten
silicon for more than two hours

(sheet 2 of 5).

P T R TR TR g b i eade o oiennll il _ o ol
~3
.
~
3
w
[
(¢}

Crystal Growth 19




—_—r
) 8

S St i ]
M

A

i
b
F

Te. 813N‘ - bonded SiC

7f. Crystar SiC

i Fig. I-7. Die bottoms after contact with molten
, silicon for more than two hours
(sheet 3 of 5).
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7g8. Vitreous Carbon

Fig. I-7. Die bottoms after contact with molten
< silicon for more than two hours
(sheet 4 of 5),
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71. Graphite

Fig. I-7. Die bottoms after contact with molten
silicon for more than two hours
(sheet 5 of 5).
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Fig. I-8.

Silicon ribbons grown from experimental die

materials:

(a) KT SiC,

(b) Crystar SiC,

(c) Vitreous carbon, (d) B,C, (e) TiB,,

(f) ZrB,.
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bonded SiC, and Si3N were durable, but showed no sign

374 4
of capillary rise although surface wetting appeared to v.cur
@t the die bottom (Fig. I-7(e,h)). Since the results on
ﬁot—pressed Si3Nu were somewhat encouraging, wetting of
Qilicon cn CVD Si3Nu was tested. The CVD sample was a
segment from a cylindrical crucible wall. The radius of
curvature (in only one dimension) was 4 cm, and the segment
ghickness was 1.1 mm. The Si3Nu segment was degreased,
etched in HF for 2 min., and rinsed. An etched silicon
¢hip of 0.078 g weight was placed on the Si,N, and heated to
the silicon melting point under an argon ambient. The
drOplet was allowed to remain molten for several minutes and
then was solidified. The droplet and substrate were then
sectioned and etched to reveal the interface and contact
angle; a close-up of one edge appears in Fig. I-9. The
observed contact angle is 23°. The partial wetting
behavior indicates that capillary rise should occur with CVD
Si,N, . While the main body of the droplet had the contact
angle described above, a thin film‘of silicoh‘spreaden the
Si3Nu~ahééd~of the main bddy;“ IR |
Pyrolitic boron nitride showed no sign of wetting or

capillary rise, although it was nbt appreéiably attacked by

liquid silicon (Fig. I-7(3j)).
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. Fig. I-9. Close-up (25X) of one edge of frozen droplet i
|} on a CVD Si3zN, substrate. :
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In Fig. I-10, 10X photomicrographs of ribbon surfaces 15 cm

@

s
0

from the seed attachment point are shown for the die

HECS X‘K{?m’: ':"f-."_l'ﬂ“” T AT e N T T R
. ¥
1

materials which yielded 1long ribbons. The strong surface

o

morphology features with the Bac die are probably a result

?f 'v of excessive boron pick up. Wetting and capillary rise were

. excellent with this die. See Fig. I-7(c). The ribbon t

iesistivity was approximately 0.004 Q-cm. The surface was

plax: Tl m;v“"":‘\w!‘:*';c

very clear, however. A thick surface film was present on

t

‘the ribbon grown from the vitreous carbon die. In later y L

LV

T

stages of growth, numerous surface particles were trapped in
the ribbon as occurred with early graphite dies. The melt

and ~wetted region near the die bottom were very clean with : i

g

WT.< =)
Y TR

7
- R

vitreous carbon (Fig. I-7(g)), and similar to the appearance

PRy -+ .
i . P ;
RN T T S - S e I P ety T o

of graphite die bottoms (Fig. I-7(i)). Vitreous carbon is ‘ ﬁé

| aiso; a promising material for use as a crucible both for f Q;

ribbon growth and for directional solidification (see | ??

% section 6). The ribbons grown from silicon carbide dies ‘g
67 ’ ~ were quite free of surface particles in the early stages of ? él

? gfowth as indicated in Figs. I-10(c and d) , and some large : - g

;‘ v single crystal regions were seen. Later in growth, these o t

ribbons also incorporated surface particles, but at a low

R density. For comparison, an o0ld ribbon grown from a

O L
i

L ; graphite die of similar design is shown in Fig. I-11.

e 3,

Because this material showed the most promise of those which 3
were tried, dies for 25-mm-wide ribbon growth were g
fabricated from Carborundum Company KT silicon carbide. _ ‘ﬁwé

26
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Fig. I-10. 10X photomicrographs of ribbon surfaces 15 cm
from seed attachment: (a) B,C die, ribbon
R 50811, (b) Vitreous carbon die, ribbon
50825, (c¢) Crystar SiC die, ribbon 50805,
(d) KT SiC die, ribbon 50809.
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10X photomicrograph of a ribbon surface
15 cm from seed attachment; graphite die,
ribbon 50407. Several surface troughs
caused by SiC particles are visible.
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Several ribbons 0.5 m long x 25 mm wide were successfully
grown from this die material. In each growth attempt, it
wés observed that liquid silicon entered the region between
the die and the die holder. While the cause has not been
uniquely determined, we speculate that the die material
itself is acting as a wick for the silicon melt. The melt
in contact with the graphite die holder may tend to
cdntaminatg the remaining melt with carbén, obscuring the

dissolution behavior of the SiC die.

A distinct difference in the morphology of silicon carbide

particle formation at the die top was seen between graphite

~and silicon carbide dies. In the case of graphite dies,

individual yellow B-SiC crystals form at the top and sides.

With the KT silicon carbide dies, a dense, continuous film
of SiC tends to grow from the carbon-saturated silicon melt
‘near the the die top. When the die is first used, this film

dées not interfere appreciably with the Si ribbon

growth. The initial ribbon perfection (both with KT SiC
and with Cryétar SiC) can be quite good. As ribbon growth
progresses, however, the SiC film also grows and, at some
sﬁage, begihs‘ to break loose from the die top in clumps,
which are thén“.incorporated in the ribbon and disturb its
perfection. An example is shown in Fig. I-12. The

frequency of this 'occurrenée is similar to that of SiC

crystallite ~incorporation withj grahite dies, and the

N
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appearance of the grown ribbons is hot too different from

that of ribbons grown with graphite dies (Fig. I-13).

Fﬁrther progress was possible with dies of pure, dense
silicon carbide groﬁn.by CVD on graphite substrates, and the

wetting between the die and the die holder was prevented.
(This work was done with 50 mm wide ribbons. See section

4.3 |

Ih summarf, of ’the materials studied, only SiC, graphite,

vitreous carbon, and CVD Si3Nu showed promise for capillary

3ctionrribbon growthQ,_si3Nu was not tested in an actual die

-configuration.

- 2.4 Process Development for 25 mm Ribbons.

OQr first 25 mm wide' ribbons were grown from graphite dies

of the type shown in Figs. 4 and 5. The die width was 25

- mm, the capillary slot was 0.26 mm thick, and the die top

was '0.51 mm thick. The lower heat shield had a 2.4 mm wide

“Vx 28 mm long slot and the upper shield a 4.8 x 30 mm slot.
- The shields were 1.6 mm thick, and the lower shield had a
b.B ‘mm deep x 8 mm wide x 33 mm long recess milled in the
‘ 'bottom side. Surface characteristics of these ribbons were

féimilar to those of 12.5 mm wide ribbons. The SiC particle

Y

ﬁas approximately S/cmg; the surfaces were generally

et goene | gesmad, R e T F
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Fig. I-12.

Fig. I-13.

Clump-like particles in silicon ribbon

when KT SiC die is usea (60X).

Appearance of silicon ribbons, 25 mm in
width, grown from KT SiC die (bottom)

and POCO graphite die (top).

sk ¥
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~rough as in Figq. I-14(a) and coated with a thin Silicon

AT TR ~.~€1{'Y

oxide powder film of jéllbwiéh brown color..

.,

-

4,‘,m;.~,
A
.

| An experimental 'die design (see sec. 2.4.1) was developed
ﬁwnich produces a much smoother surface than that possible

with the older die. The SiC particle density with the new

surfaces of three consecutively-grown 25 mm wide ribbons
were examined for SiC particles. The ribbon lengths were

58, 55, and 27 ecm, and the corresponding particle

:

i‘.’

——

3

F ; die is typically less than O.1/cmz.~ The entire full width

P

F

:

% densities were .04, .10, and .03 particles/cmz. Substantial

P " lengths of the ribbons (> 10 cm) were particle-free.
Particles which do form tend to be located within a few mm
of the ribbon edge. 1In Fig. I-184, 21x photomicrographs of
the as-grown ribbon surface compare the surface morphology

i ' produced with the 0ld and the new dies. While the new dies

produce a smoother surface, it is observed that twin planes

F and grain boundaries are still present, as are surface

£ilms.

I

2.4.1 " pie Design

Rt X - dh

The new capillary die design mentioned above represents a
departure from the edge-defined, film-fed technique of

crystal growth, in that the cross section of the growing

ribbon is not concentric with the top edges of the die. The

die top is considerably thicker in the mid-region than at

4
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(a) 01d die

21X micrographs of as-grown
design and (b) new die design.

ribbon surface;

I-14,

Fig.
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the edges, yet the resultant ribbon is flat or somewhat
thicker at the edges than in the middle. This die design
allows a higher meniscus at the central region of the
solidification front and thus reduces problems which can
occur when wusing flat-top dies or curved-top dies with
parallel top edges as in the EFG technique. Such problems
come about primarily from the fact that the graphite die
used for silicon growth slowly dissolves in the liquid.
Carbon-saturated silicon rises up the capillary slot in the
dié and comes to the top region where ribbon solidification
océurs. This top region is the coolest region in the growth
system and the melt here is particularly rich in carbon both
because of the cooler temperature and because of the low
segregation coefficient of carbon in silicon. Here, excess
carbon is forced out of the saturated silicon solution in
the form of B-SiC crystallites, which tend to collect at the
top surface of the die. These crystallites distort the melt
meniscus and make the ribbon non-uniform in its surface
smoothness. Because of the proximity of the freezing
interface to the die top, the SiC particles are frequently

incorporated in the ribbon, where they generate dislocations

and other defects (see also section Characterization of this

report).

It is advantageous to keep the interface of the freezing

ribbon as far as possible from the die top, and this can be
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;. §(-m} ‘ qccomplished with the structure shown in Fig. I-1. The die
%,;kjgr“ - ‘ﬁop surface is curved so that it is higher at the edges than
?5"- g - :
ikz in the middle. In this way, if the ribbon's solid-liquid
LA : )

interface is maintained approximately planar, then the
'* . interface is further from the die, at least in the central
pHEe region. The central region is most critical for generation

_df defects in the ribbon. However, if the thickness of the

{5 ‘ die top is kept constant while the die top surface is

AT

g f;% durved, then a higher meniscus in the central region
necessarily implies that the top of the meniscus is thinner
Ehere. This would cause the ribbon to be very non-uniform

; 4
}; in thickness from one edge to the other (i.e., much thinner

h

gr in  the middle than at the ends). Thus, not only should the
% (h; die top curve downward from the ends toward the central
;h region, but it must also become thicker in the central 1
ffw region than at the ends, as in Fig. I-1. The meniscus,

e then, has a wider base in the central region. The wider
base, combined with the greater meniscus height in the
“f;v central region, results in a more uniform ribbon thickness
‘ at the solid-liquid interface. In summary, there are two
things that are important to the die design: one is the
Ert | curvature of the top surface, and the other is the

thickening of the die top in the central region. By proper

e =

E%g éhoice of the curvature of the die top and the taper angle

1 of the sides of the die, an optimum value for this variation

of the thickness of the die top with position along the die }

s’
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can be obtained. R and ¢ (see Fig. I-1) are chosen to ikw“
optimize the values of X Xe and 8§ for successful ribbon R
. i

growth. These parameters are given by i
6 =R - W “

2 tan (sin”' W) 7

2R 4

xm- Xe = 2 § tan ¢g/2.

i

For 25 mm ribbon growth, R=10 cm, ¢=uo°, and Xe=0.55-0.80 mm

] ‘4‘"“’

give good ribbon growth conditions. Ribbons grown from such
a die typically have an edge thickness of 0.42 mm and a

central thickness of 0.21 mm for Xe=0.55 mm. Exact

gy etk

dimensions of course depend upon pulling speed, and the

central thickness was as low as 0.1 mm when pulling speeds

in excess of 3 cm/min were employed.

The optimum designs which we have developed for the 25 mm
die, die holder, and heat shields are detailed in Appendix

III. Both a one-piece and a two-piece die design are

I e T e T, s oy O

presented.
2.4,2 Ribbon Surface Quality
Silicon carbide surface particles are the main detractors to ~ A
ribben surface quality, both by thair physical presence on e ;
the surface and because of the 1longitudinal troughs or ;
tracks they leave on the ribbon when they are present in the Ji
N ,; : ER: ,' ,' .;‘ ——-E
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liquid meniscus at the die top. Another major contribution
to roughness consists of sporadic, heavy horizontal
striations which can arise when the solid-liquid interface
is in very close proximity to the die top. As can be seen
from Fig. 1I-14, die design can greatly reduce the severity
of these two sources of roughness. A close look at Fig.
I-14 (b) shows that roughness from grain boundaries and fine
horizontal interface striations still remains with the
improved die design. Another detractor from surface quality
is the form: “ion of surface films on the ribbons due to the

presence of quartz and graphite in the growth furnace and

their reaction with silicon.

in the growth system of Fig. I-3, the argon inlet was at the
bottom of the furnace and the gas flowed upward past the
melt region, exiting through an oval tube at the furnace
top. The ribbon was also pulled through this tube. 1In an
attempt to eliminate ribbon surface film formation, a closed
(gas-tight) system modification was made to the ribbon
puller, and the inert argon purge system was altered to
direct the purge gas at the ribbon/melt interface. This
resulted in a cleaner appearance of the melt at the die top
and also a cleaner looking ribbon surface. However, there
was still evidence of SiC film formation near the seed
interface. The modified purge system is shown in Fig. I-15.

As can be seen, the flow direction is reversed and the

Crystal Growth
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Argen inlet to top
! bhellows

Plastic bellows

Vacuum gate valve

Argon outlet
(above gate)

Argon inlet
(below gate)

Stainless steel
water-cooled purge
tube

Graphite draw
tube

Fig. I-15. Modified Argon Purge System. |
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ribbon remains in the furnace interior throughout growth.

In use, the gate valve is closed and the region below it is
evacuated prior to fillkng with argon through the inlet
bélow the gate valve. When the lower chamber is filled, an
argon outlet to a bubbler at the bottom of the chamber is
'oﬁened. Simultaneously, the plastic bellows section above
tbe gate valve 1is argon purged. The seed shaft is
iﬁitially located in this section. When both sections have
béen purged an adequate length of time, and the die is at
the growth temperature, the argon outlet above the gate is
closed and the gate valve is opened. Argon then flows from
the inlet at the bellows top and the inlet at the gate valve

downward through a water-cooled stainless-steel purge tube

which is 55 mm in ID and surrounds the ribbon. From the

bottom of this purge tube, a 75 mm long graphite draw tube
c%n be supported. The oval bore of the draw tube causes the
purge gas to impinge on the solidification region at the die
ﬁop. The gas then flows out the bottom of the furnace and
through the bubbler. After growth, the ribbon is pulled up
into the bellows and the gate valve is closed. The bellows
is then opened to remove the ribbon and reseed for

subsequent growth attempts.

In the modified system, the routine maximum usable ribbon

length at full width is 1limited to about 0.6 meters as

Crystal Growth
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compared to about 1.2 meters with the old open port system.
However, by reseeding, several ribbons can be pulled from
one crucible charge. It was found that with the graphite
draw tube present, ribbon growth control is best at low
§urge rates (20-30 CFH). Higher rates tended to promote
asymetrical spreading of ribbon growth from seed size to
full width. However, little qualitative difference is seen
in ribbon surface cleanliness and frozen-in stress whether

the graphite draw tube is present or absent. Viewing and

growth control are best when the graphite tube is not used.

Purge rates up to 80 CFH could then be applied.

The closed bellows system and argon purge from the top (with
or without the graphite draw tube) produces a cleaner ribbon
surface than that obtained with an open port system. The
résultant ribbons have the shiny metallic grey color of
pblished silicon wafers. Under certain lighting conditions,
the ribbons appear to be covered by a multicolored £film.
However, this has been demonstrated to be a diffraction
grating effect caused by the transverse growth striations
mentioned earlier, and not a film phenomena. 1In fact, a
spectrum can be projected onto a white surface by using a
ribbon as a grating. The striation 1line density was
measured for nine ribbons which were grown at rates from 15

to 31 mm/min (see Table I-4). Line densities ranged from

620-970 1lines/cm. The product of the line density and the
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TABLE I-4. Growth Rates, Solid/Liquid Interface Striation
Line Densities and Line Frequencies for Ten

Ribbons
Ribbon | Distance Growth Line
Number from Seed Rate Density Frequency
f (cm) (cm/min)] (lines/cm) (lines/sec.)
51007 65 1.5 756 18.9
51012 12 1.9 960 ‘ 30.4
51012 100 1.9 970 30.7
51014 65 1.7 956 27.1
51017 32 3.1 660 341
§1o19 64 2.9 636 | 30.7
51022 66 2.0 940 31.3
51023 69 2.2 800 ) 29.3
§1027 66 2.5 620 25.8
51107 57 1.5 780 19.5

gfowth rate yields the striation frequency, which is also
given in Table I-4. Line density and frequency do not
change appreciably with distance along the ribbon, as can be
:séen from the data for ribbon 51012. With the exception
of the anomalously low frequency values for 15 mm/min growth
rates, the average striation frequency on the remaining
gight ribbons was 29.9 lines/sec with a standard deviation
df 2.6 lines/sec. Several explanations of these striations
have been proffered, including a) 60 cycle AC modulation of

the rf generator output power, Db) room vibration due to

. Crystal Growth 41
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heavy equipment mctors (vacuum pumps, air conditioning
motors, etc.) running at 1725 RPM (28.8 cycles/sec), and c)
oscillations associated with surface tension driven flow in

(6). No conclusive cause has been identified.

the meniscus
A 93X photomicrograph of the striations on ribbon number

51019 is displayed in Fig. I-16.

To determine whether or not the surface striations correlate
with dopant distribution striations, we beveled a ribbon at
a 3.5° angle (top, Fig. I-17) so that spreading resistance
measurements could be made at 2.5 um intervals, on the
lapped surface, in a direction perpendicular on the
striation lines. The striation 1lines, in this case, were
spaced at approximately 10 um intervals and had a nearly
sinusoidal peak-to-valley undulation with an amplitutde of

about 0.37 um (as calculated from the bevel angle and the

structure at the bevel/surface intersection in Fig. I-17).

Resistance fluctuations of up to about 12% are evident, but

do not appear to correlate with the surface striations.

the melt at the die top also appears to remain cleaner with
ﬁhe modified purge system, and the seed/ribbon interface
ettachment has improved to some extent. However, there is
evidence from TEM examinations that a thin SiC film is grown
on the seed tip by chemical vapor deposition during the

relatively long time (approximately five minutes) the seed
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Fig.

P
& Poog QdécEIB
I-16. Transverse interface striations on si ribbon
51019; magnification 93X.

remains stationary at the die top. A similar film is seen
on the ribbon, if growth is halted for several minutes with
the ribbon remaining at the die top. During growth at
typical speeds, the film is not noticeable, but is probably

Crystal Growth
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E still diminutively present.
2.4.3 Dopant Distribution in 25 mm Silicon Ribbons

Spreading resistance measurements indicate that the dopant
profile in silicon ribbons is influenced by the design of
the capillary slots in the shaping die. In our early growth
runs, a one-piece, flat-top EFG die of the type shown in
Fig. I-5 was used to grow 10 mm wide ribbons. Boron-doped
ribbons grown with such a die typically exhibited central

resistivity minima similar to that shown in Fig. I-18. The

o

= DIE CROSS SECTION

g 0

[¥¥)

$ 5

&

2 0

g 24 Bevel Angle — 0 -
L Probe Spacing — 24 yum
a 1L Data Interval — 100 pum |
] Nominal p— 48Q-cm, p
& 0.5 1 1 1 1

0 2 4 6 8 10

POSITION ACROSS RIBBON (mm)

Fig. I-18. Dopant profile with 10-mm-wide,
one-piece, flat-top die.
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spreading resistance measurements were made transverse to
the ribbon axis, on a finely lapped surface. In some
measurements to be described subsequently, the transverse
measurements were made on a beveled surface. Ribbons grown

with a one-piece 25 mm wide, curved top capillary action

shaping technique die (Fig. I-1) again exhibited the central

resistivity minima as w211 as narrow dips near the edges of
the ribbon (Fig. 1I-19). The magnitude of the difference
between maximum and minimum resistance values was somewhat
less with this CAST die than with the 10 mm wide EFG

die. In some growth experiments, a die of the type shown in

DIE CROSS SECTION

W

B )

e

Bevel — 4, 5°
Spacing — 27 pm
Interval — 250 pum
p—28-cm, p

1 1 1 1

5 10 15 20

POSITION ACROSS RIBBON (mm)

e
w

SPREADING RESISTANCE (ohms x 10°2)

Dopant profile with 25-mm-wide,
one-piece, curved-top die.
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Fig. I-1 was modified by enlarging the top of the transverse
channel slot as shown in Fig. I-20. The vee groove was cut
with a 92 mm radius saw blade having a symmetrically beveled
edge with an included angle of 45°, This was done to
determine if the larger channel volume would affect the
transverse spreading resistance profile and also to see if
the reduction in the graphite surface area of the extreme
die top would affect ribbon perfection. No significant
change was seen in perfection. The effect on the spreading

resistance profile was to cause a slight broadening of the

_.
o
-
-
.
-
.
.

18]

BEVEL- 9.75°
SPACING— 32 pm
INTERVAL~ 250 ym
P—20-cm, p

R S L TP L EPIPL AP - L SR TETE St  TO, ST ) o |

)
I

SPREADING RESISTANCE (ohms x 10-3)
o
o

4 8 2 16 20 24
POSITION ACROSS RIBBON (mim)

Fig.}I-ZO. deant profile of a ribbon grown from a 25-mm-wide

die having a V-shaped top cross-section.

Crystal Growth

s B, ey MAN A AR 5 kR B Y L S Sre s 3o s st et e+ B vt + 1 ACer bt 4 S e e et e e e s U S SV R

Y O



o

g e

-rﬂ-v‘_- Lt *>

48

central resistivity dip. There was no improvement in

transverse resistivity gradient.

The effects of various gross ribbon defects upon dopant
distribution were also investigated. Spreading resistance
measurements were made on a lapped ribbon surface in a
direction perpendicular to a series of twin lines. The
surface was then lightly etched to delineate the twins and
the probe marks. As shown in Fig. I-21, no appreciable
resistance fluctuations were seen in crossing the twin

lines.

In another ribbon sample, the resistance was measured across
large-angle grain boundaries. The lapped sample was again
1lightly etched, and in this case, a large increase in
spreading resistance (about 200%) was seen upon crossing the
grain boundaries, although the resistance in off-boundary
regions was reasonably constant. (See Fig. I-22.) Thus,
the boundaries either tend to exclude the boron dopant or
are contaminated with N-type impurities. 1t appears that
grain boundaries and the transverse dopant distribution
anomaly, which was discussed in section 2.4.3 are the known
sburce$ of large scale resistivity fluctuations, while twin
boundaries and surface striations have a minor, and perhaps

negligible, effect upon resistivity.
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2.4.4 Thermal Stress Modification in the 25 mm Growth

System

Several graphite thermal modifiers have been tested to
determine their effect upon two ribbon parameters;
transverse thickness uniformity and "frozen-in" stress.

- » The modifiers are passive in that they are not independently

petatarrance
2y

variable with respect to the rf susceptor heater. Their

Tr—

M design has evolved in an empirical fashion. The basic

set-up to which the thermal modifiers were applied is that

shown in Fig. I-4.

e e WS TERT e

SN
X

In the basic setup, the quartz insulator has a 64 mm ID,

]
]
.

- with a 6 mm wall, and its top is 2 mm lower than the

susceptor top. The die top protrudes 1.0 mm above the top

glane of the die holder, which is 9.53 mm thick. The

i susceptor top 1is recessed 18.3 mm deep to accept the die
holder and shields. The upper part of the susceptor wall is
2.67 mm thick, and the lower part of 4.57 mm thick. The
susceptor OD is 60.2 mm. The lower shield is 1.57 mm thick.

{? It has a 2.38 mm x 27.78 mm slot, and the bottom is recessed

0.76 mm deep x 7.94 mm wide x 33.34 mm long. A 1.27 mm

thick spacer separates the bottom and top shields. The top

ey ——

shield is 1.27 mm thick with a 4.76 mm x 30.16 mm slot. The

10-turn rf coil used with the setup is placed so that two %

P Crystal Growth 51
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turns are above the susceptor top and eight turns are below.
The coil has a nominal length of 100 mm and a diameter of
100 mm. The susceptor, shields, and die holder are made of

graphite.

- The first thermal modifier tried was a 50 mm ID gréphite

tube, 67 mm high with a 5 mm wall thickness. This tube
rested on ﬁhe top rim sf the susceptor and had a 12.7 mm
diameter viewing port drilled through the wall. Five growth
attempts were made with the tube in place. 1In all attempts,
freezing of the liquid film between the die and the ribbon
occurred before the ribbon had spread from seed width (4 mm)
to full width (25 mm). |

The second modifier system consisted of a molybdenum plate
53.6 mm in diameter and 1.59 mm in thickness with a central
slot 4.76 mm x 30.16 mm. Vertical parallel plates projected
upward along the sides of the slot. These were 12.7 mm high
X 22 mm wide x 1.59 mm thick and separated by a distance of
4.76 mm. The modifier rested on the upper heat shield.

Five growth attempts indicated that this system was also

prone to premature freeze-out. In addition, a short 25 mm

e, e T R R L e L T o

wide ribbon grown with this modifier was very non-uniform in

thickness, with the edges being thicker than the middle.

The third modifier was a 12.7 mm thick x 53.6 mm diameter
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Qraphite block which rested on the upper shield. The

opening through which the ribbon was pulled was tapered from
a 7.1 mm width at the bottom surface to an 18.5 mm width at
the top surface. Ribbon growth was eacsier with this
setup, and five full width ribbons were grown at speeds

ranging from 14 to 23 mm/min. The average ratio of edge

vthickness to center thickness at the tail end of the ribbons

Qas 1.59 m and did not correlate with growth
épeed. Actual thickness tended to decrease with increas-
ing growth speed for a given die (e.g., at 14 mm/min, the
maximum and minimum thicknesses were 0.51 mm and 0.36 mm; at
20 mm/min, the corresponding values were 0.41 mm and 0.25
mm). The ribbon surface appeared to be duller with this
éodifier ﬁhan without it, probably indicating a thicker SiC
vapor-grown film on the ribbon. Ribbon 51104, grown at 14
mm/min with the modifier, was deliberately split at the tail
end. The split width vs distance curve is shown in Fig.
I-23. A rapid increase of split width with distance from
the tip implies a large residual stress in the ribbon prior

to splitting.

fhe fourth thermal modifier system was identical with the
third except that the opaque quartz insulator was 15 mnm
taller. 1In this case, it was observed that the reduction in
éystem temperature required to proceed from seed width to

full ribbon width was only 30% of that used without a
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| Ribbon
Number
| 2 |- 60304
—— 51205 |
51104
= s |
E 51201
xI
=)
=
§ 51203
< 51207
- 51110
51213
0 1
0 10 20 30
DISTANCE FROM ORIGIN (cm)
Fig. I-23. Split width vs distance from split origin for delibrately 1
split ribbons.
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thermal modifier. The ribbon was susceptible to freezeout
unless growth was carried out slowly. The tail end,
edge/middle thickness ratio of a ribbon grown at 11 mm/min
was only 1.10, and the middle thickness was 0.50 mm. The
tﬁickness ratio increased to 1.43 at 18 mm/min, with the
middle thickness correspondingly decreased to 0.35 mm.
Stress levels of ribbons grown at 11 mm/min (No. 51110), 12
mm/nin  (No. 51203), and 18 mm/min (No. 51202) with this
mddifier were lower than that seen with the third modifier

system.

The fifth thermal modifier to be tried consisted of two
gﬁaphite blocks with recessed vertical grooves (Fig. I-24)
which were placed at the edges of the ribbon. The blocks
rested on the upper heat shield. Three full width ribbons
were grown with this modifier. The average edge/middle
thickness ratio at the tail ends was 1.19 for growth rates
of 17-19 mm/min. Even though the growth rates did not vary
appreciably and the same die was used, quite a difference in
average thickness was seen among the ribbons. Ribbon
51207 was 0.24 mm thick and had a stress level comparable to
that seen with modifier No. 4. Ribbon 41205 was 0.47 mm

thick and had a lower stress level. (See Fig. I-23.)

The sixth thermal modifier system was like the fifth, except

that the quartz insulator was 15 mm higher than in the basic

Crystal Growth
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Fig. I-24. Thermal modifier No. S.

and it was found that

setup. Three ribbons were

grown,
approximately uniform ribbon thicknesses could be produced
at selected growth rates. Ribbon 51210 was grown at 14
mm/min and exhibited an inverted thickness profile; the
edge-to-middle thickness ratio was 0.77. The edge thickness
. Three

was 0.50 mm, and the middle thickness was 0.65 mm.

attempts were made to split this ribbon deliberately; and,

in each case, the crack veered to the ribbon edge inStead of
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é lf ﬁrbpagating up the ribbon. Thus, the frozen-in stress was.

' P -&ery low. As the speed was increased to 18 mm/min (ribbon
‘;b?m7 51213), it was possible to split the ribbon, but the stress
j‘,ég >£evel was still relatively low as shown in Fig. I-23. At !
; ‘{f this speed, and at 17 mm/min (ribbon 51214), the ribbon did ;
— ﬁot exhibit an edge/middle thickness variation; the ribbon ;
?’ h a;oss section was slightly wedge-shaped, witﬁ one edge 0.45 ;

“mm thick and the other 0.41 mm thick. This probably

Fog_——1 L&
e a

" reflects non-uniform machining of the die.

In the seventh thermal modifier system, an attempt was made

b Tt A o i

to combine the uniform thickness capability of system number

s;x with a still lower stress level. Towards this end, a

s S
\, d e H

i modifier was assembled in . modular form, as

: fbllows. System number six was first assembled. On top of
s the 12.7-mm blocks, spacer blocks 20 mm high x 37 mm wide x

10 mm thick were placed so that the flat 20 mm x 37 mm

PR T T LNV T T s L L T O DO LY ¥

e surfaces were near and perpendicular to the edges of the é}
» ribbon. On top of the spacer blocks was placed a graphite
L c§linder 53.6 mm in diameter x 12.7 mm high. The latter had
;‘ . a & mm x 40 mm milled slot through which the ribbon was E‘

withdrawn, as well as a cutout at its edge for viewing

i l."“?"5 a pﬁrposes. The appearance of this modular assembly (Figqg. é
E: 5= I-25(a,b and c) was similar in major details to the .é
% i *i:-i | dﬁe-piece thermal modifier which is shown in Fig. I-25(d) é
g/ 2 and wiIl be descrxbed in the next paragraph. It was hoped %
i - that the block would,reduce the vertical thermal gradient to
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Fig. I-25(a) Thermal Modifier No. 7 Fig. I-25(b)

Thermal Modifier No. 7
Assembly

Components

Fig. I-25(c) Thermal Modifiers No. 7
(left) and No. 8 (right)
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s Fig. I-25(d) Thermal Modifier No. 8

I some extent and in this way reduce the frozen-in stress.

Ribbon 60105 was grown at a speed of 14 mm/min and was found

to resist splitting. (See Fig. 1I-26). The ribbon was
l essentially uniform in thickness, with a slightly
wedge~-shaped cross section (0.50 mm thick at one edge and

0.45 mm thick at the other).
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In thermal modifier number eight shown in Fig. I-25, an
attempt was made to incorporate and enhance the main
features of modifier number seven in a one-piece design.
Several ribbons were grown with this modifier; and, indeed,

good resistance to splitting was seen (see Fig. I-26, ribbon
60203). However, a very high edge/middle thicknzss ratio
was ocbtained. Ribbon 60202, for example, was grown at 18
mm/min and had an edge/middle thickness ratio of 1.57. The
central thickness was 0.30 mm. For comparison purposes,
ribbon 60304 was grown at 20 mm/min, using the basic setup
with no additional thermal modifiers. The observed
splitting (Fig. 1I-23) was comparable to that seen with
ribbon 51205, which was grown using the fifth thermal
modifier system. However, the edge-to-middle thickness

ratio was 1.91--much higher than was cbserved with modifier

number five. The middle thickness was 0.22 mm.

Fig. I-26. Two 25-mm-wide ribbons which re-
sisted attempts at axial splitting.
Top, ribbon 60203; bottom, ribbon
60105.
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Although the parameters involved are numerous, the observed
behavior of passive thermal modifiers can be essentially

summarized as follows:

1. Placing relatively massive graphite thermal modifiers,

preferentially, near the edges of the ribbon tends to

reduce the edge thickness relative to the middle

thickness; and; at an optimum growth speed, results in
approximately uniform ribbon thickness (e.g., the sixth
thermal modifier system, at 17 mm/min growth speed).

2. Decreasing the vertical thermal gradient by extending

the height of the thermal insulation or by adding
massive, passive grapnite thermal modifiers around the
ribbon at some distance above the growth interface

tends to reduce or eliminate the tendency for splitting

to propagate along the ribbon (e.g., the seventh and

eighth thermal modifier systems).

As determined from uncorrected optical pyrometer

measurements on "interior surfaces" of the graphite

components in the basic setup, with thermal modifier number
eight in place, the vertical temperature profile of Fig.
I-27 1is present near each ribbon edge during growth and is

sufficient to produce nonsplitting ribbons, such as 60203.

Crystal
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2.4.5 Maximum Growth Rates for Melt-Grown Ribbon-Shaped

Crystals

An analysis of the heat balance at the growing interface for
nondendritic crystal growth from the melt has been made by
Billig(7). His calculation indicated that the maximum
growth rate or pulling speed vmax would occur when the
temperature gradient in the melt at the interface approached

zero and would be given by

-K
_ m daT
Vmax = Lp ( dx ) ’ ()
m m

where Km is the thermal conductivity of the solid crystal at
the melting temperature, L is the latent heat of fusion, Pr
is the density of the crystal at the melting temperature, 7T
is the crystal temperature, x 1is the distance along the
crystal from the growing interface, and (dT/dx)m is the
temperature gradient in the crystal at the growing
interface.

(8)

A calculation of maximum ribbon growth rates has been
carried out under the following assumptions: (i) heat loss
from the crystal is only by radiation to a cold environment,

(ii) the solid liquid interface is planar, (iii) the thermal

Crystal Growth

T e, i, AT

63




—

64

M- M T
I
il

conductivity of the crystal varies inversely with
temperature, and (iv) the surface emissivity € of the

crystal is temperature independent.

Heat from the solidification front is dissipated by
conduction along the ribbon and radiation from the ribbon

surface. Heat conduction along the ribbon is given by
Q = AK g§- = WtK 3= ' (2)

where A is the ribbon cross-sectional area, K is the thermal
conductivity of the ribbon, W is the ribbon width, and t is
the ribbon thickness. Heat loss from an element dS of the
ribbon surface dx long via radiation to a cold environment
is

dQ = oeT“ds = 2 (w+t)oeT“dx . (3)

For many materials of interest, particularly semic:onductors
such as silicon, the solid conductivity K can be
approximately expressed as K = Kme/T [assumption (iii)
above]. Making this substitution in Eq. (2), and

combining Egs. (2) and (3), we get the differential equation

d_ 1 ar _ 2(wt)oer” ()
dx dx WEK T :

g el e s et e it i e B e D e e i e o
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The solution of Eq. (4) for boundary conditions

and

T=T at x =0
m
is

r= | 2 [(Wtt)oE 1/2 X o+ T-Z 1/2
WEKn T, m

The derivative of Eq. (5) evaluated at x = 0 is

(dT) - (d'r - e (WHt) T )1/2
-— ={5= | —m—m
dx x=0 dx n WtK,

. (5)

(6)

Combining Egs. (1) and (6) results in the maximum growth

rate under the stated assumptions:

, 5
Vmax = 'L:) ( .OE(W * ) KT ) 1/2
o Wt

If the width-to-thickness ratio of the growing

(7)

ribboan 1is
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large (W/t >> 1), Eq. (7) may be simplified to

_ 5 1/2
Vmax = (1/Lop) (0eK,T /t) . (8)
Even for W/t = 10, the maximum growth rate is within 5%
of the rate for any greater W/t ratios.
Thus, the maximum growth rate is essentially

independent of width for wide ribbons and varies as t“1/2.

The curve for maximum growth rate vs ribbon thickness from

Egq. (8) is shown in Fig. I-28 for the case of silicon.

Maximum Czochralski growth rates(s) are given by

_ . 5,.,1/2
Vmax = (1/LPy) (0eK T /x) ’ (3)

where r is the cylindrical crystal radius.
Although the maximum ribbon growth rates are considerably
higher than maximum Czochralski growth rates, the amount of

material produced per unit time is, of course, much smaller

in the case of ribbons. One way of viewing this is to consider

the rate of surface area produced during crystal growth, as is

done in Fig. I-29.

Actual growth rates for Czochralski crystals are about

0.2 - 0.3 Vpax and for ribbons they are 0.3 - 0.4 V. ..
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Fig. I-29. Rate of surface-area production during growth vs Czochralski
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crystal dia. or ribbon width. A 0.05-cm ribobon thickness and
postgrowth slicing of the Czochralski crystal into 0.05-mm-
thick wafers with 50% material loss is assumed. Maximum
silicon growth rates are used. The effect of simultaneous
multiple ribbon growth (up to 10 ribbons) is included.
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3.0 GROWTH OF 38 MM SILICON RIBBONS
3.1 Process Development for 38 mm Ribbons

The same apparatus and hot-zone design were used for 38 mm
growth as for 25 mm growth. The slots in the die holder and

heat shields were elongated to accommodate the new die

width.
3.1.1 Die Design

The concepts discussed relative to 25-mm-wide capillary
action shaping technique dies were extended to the design of
a die for 38-mm (1-1/2-inch)~-wide ribbons. In this die, § =
1.0 mm, ¢ = 50° X, = 0.44 nm, and X = 1.16 mm. Initial
ribbons were grown at speeds of 16-18 mm/min. Typically,
the edge thickness was 0.42 mm and the middle thickness was
0.54 mm. A thinner portion (0.37 mm) was present, however,
between the edge and the middle. Thus the total deviation
from flatness was about 0.09 mm. More difficulty was
noticed with freeze-out during the process of spreading from
seed-width (3-mm) to full-width growth than had been

observed during 25-mm-wide ribbon growth.

Crystal Growth
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For initial 38-mm-wide ribbon growth experiments, five 0.8
mm diameter cylindrical capillary feed holes were drilled in
the central region of the die, spaced 3.2 mm apart. These
were in addition to the side and top slots which had been
used in the smaller dies. Ribbons grown with such a die
exhibited resistivity minima near the edges which were
similar to those observed using the 25-mm-wide die.
However, the central resistivity dip was moderated by the
presence of the cylindrical holes as shown in Fig. I-30 and,

in fact, was changed to a series of smaller-amplitude minima

S \§§ - \§§§
DIE CROSS SECTION
w3 -
S 4 -l
g 34 “
S
‘C’-‘ 2 8 pe
g
Q 1 et =
e Bevel Angle — 5.2
=) Probe Spacing — 25 pum
D Data Intesval — 250 um
a 0.5 Nominal p - 2 Q-cm, p w-
1 1 1 1 ] 1 1
0 5 10 15 20 25 30 35

POSITION ACROSS RIBBON (mm)

Fig. I-30. Dopant profile with 38-mm-wide, one-piece
die having five central, cylindrical
capillary feed holes.
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occurring approximately at the positions between cylindrical

feed holes.

These observations indicate that dies should be fabricated
with minimal capillary slot obstruction (i.e., as close as
possible to a configuration consisting of parallel,
non-contacting plates). Apparently, there is a build-up and

stagnation of dopant between vertical capillary rise

channels.

To achieve a relgtively unobstructed channel, a two-piece
die was designed and a number of ribbons have been grown
with such dies. The dopant distribution of Fig. I-31
indicates that a flatter profile was obtained with this die
than with the one-piece type. However, a smaller amplitude
central resistivity dip was still present. Thus, an open
channel die improves, but does not completely eliminiate,

the transverse dopant gradient problem.

On the other hand, dopant gradients in the thickness
dimension have been very low--even near the ribbon surface,
as shown by spreading-resistance measurements made on a
sample adjacent to the 38-mm-wide sample for which the
d§pant profile shown in Fig. I-30 was measured. In this
case, the sample was beveled at a 9.83° angle so that

measurements could be made from the surface down into the
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Fig. I-31. Dopant profile of a ribbon grown from a two-plece die.

depth of the ribbon. Such measurements were made at a
relative minimum and at a relative maximum of Fig. I-30.
The results indicate that there is no resistivity change
even as close as 4 um from the surface as can be seen in
Fig. I-32. Similar results were found when wusing the

two-piece die.
As more experience was gained with the 38 mm growth system,

it was found that capillary action shaping technique dies

with a 152-mm-radius top curvature, a 0.8-mm edge thickness,
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s Fig. I-32. Spreading resistance vs depth into ribbon at positions g
corresponding to a relative maximum and a relative %
minimum of the surface spreading resistance. | ;
; i
.
- : and a 1.52-mm central thickness produced better results than .
I‘ H .
' N the thinner dies used earlier. It was possible to grow 0.3 3
mm thick ribbons at 30 mm/min with such dies.
e 3.1.2 Reuse of Quartz Crucibles
2k
: | Experiments were performed to demonstrate the feasibility
4 ) : ;
f Co of reusing quartz crucibles. Crucibles with 51-mm outsiide .
o by
L diameter, 25-mm-height, and 2-mm wall thickness were used. ‘%
. . £
| 2 These are the standard crucibles used in the growth of 12.5, f
; - Crystal Growth 73
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25, and 38-mm-wide ribbons. They are flat-bottomed, and
were typically loaded with 50-60 gram silicon charges. The
experiments were conducted in conjunction with 38-mm-wide

ribbon growth.

In earlier ribbon growth runs (60917, 60918, 61001, and
61008), it was noticed that all silicon except a small
droplet 4 to 10 mm in diameter could be removed from the
crucible by ’continuing ribbon growth until capillary flow
starvation occurred. The small droplets did not appear to
crack the crucible upon cool-down, and so we decided to
attempt reuse of such c¢rucibles. In run 70201, the
crucible from run 61001 was reused. 1In Fig..I-33(a), the
crucible is shown as it appeared after run 61001, in which a
67 x 3.8-cm ribbon was grown. A S5-mm-diameter droplet of
silicon was left in the crucible. The crucible was etched
in an acid solution of the following composition (by

volume) :

HNO, (70%) 3 parts
'CH3COOH (Glacial) 2 parts
HF (49%) 1 part.

Etching was carried out for 24 hours; and the silicon

droplet was completely consumed. The etchant also attacked

O TR
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Q
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~
2
>
-

Stages in the repeated use and etching of a 51-mm-
diameter quartz crucible. See text for details.
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the crucible, decreasing its‘wall thickness from 1.8 to 1.4
mm. Figure I-33(b) shows the crucible after etching and
prior to run 70201. The inmer surface of the crucible is
seen to be slightly crazed where it had beeﬁ in contact with
the frozen drbplét. Mfter etching, the crucible was loaded

with 56 grams of'silicbnfandﬂa 76 % 3.8 cm ribbon was grown

in run 70201. Again the entire melt was consumed except for

a 7.2-mm-diameter droplet near the crucible wall (Fig.

The crucible was again etched to remove the silicon. The

larger droplet left a larger crazed area on the crucible

(Fig. 1-33(d)). The etching further reduced the wall

thickness to 1.1 mr.

For the third fuﬁ:with this cfucible, ancthef 56-gram cﬁarge
was loaded 'énd ribbon 70202 was grown 88 cm lopg x 3.8 ¢m
wide. Thé charge waé again consumed except for a droplet 13
X 6 mm in ‘siie;: |
crucible deformation thch 'began to‘be'noticeable in Fig.

I-33(c) is quite pronounced after the third run. This is

probably because of the thinning effect of the etch.

For the fourth run ‘witﬁfﬁhis éfucible,'oniy_aklight»gtch'w

(five minutes) was used prior té'léading'anoﬁhef 55-gram

charge. This etch did not remove the silicon droplet. A

o
{
P

See Fig. I-33(e). As can be seen,
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short ribbon (20 cm) was grown in run 70203. It froze to
the die. Then, after reseeding, ribbon 70204 was grown from
the same melt. It was a 44-cm-long x 3.8-cm-wide ribbon,
and again all the silicon was consumed except for the small
droplets shown in Fig. I-33(£). After run 70204, the
crucible was badly deformed, but was still intact and
conceivably could have been used again. However, a portion

of the upper rim was .broken auring handling.

In summary, the crucible was used in four melt-down cycles
and performed satiéfactorily. A small amount of crazing
occurred in the immediate vicinity of the residual frozen
silicon droplets left in the crucible at the onset of
capillary starvation, but the crazing was not substantial

enough to interfere with the growth process. The crucible

deformed with increasing use. This may have been enhanced

by the heavy etching which reduced the crucible wall
thickness. On the fourth run made with the crucible, it was

demonstrated that heavy étching is not necessary.
3.1.3 Thermal Geometry Control

As mentioned in section 3.1.1, more difficulty with

freeze-out during the spreading operation from seed size to
sab

full width was encountered with 38 mm wide ribbons than with
1.

smaller ribbons. Thermal Aasymetries in the hot-zone also
. £ '

L8

became more critical. Thus it became apparent that

R
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-l "on-line" thermal balancing and thermal profile control at
e the die top would be required.
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thermal profiles. 1In the case of ribbon crystal growth, for

example, radiation shields or ports(g), multipie minature

heatgrs(g),. and shaped "weights" for heat fOCuSing(1o) have
been employed. Most of these techniques héve the
disadvantage of not being continuously variable during the
process. Minature heaters are continuously variable, but
have several drawbacks; e.g., (a) the available materials of
construction for the heater and associated insulétors may be
contaminants at high temperatﬁre in some prééesées and (b)
such heaters add additional heat to a procesé already
limited by heat and hence do not provide a way of

selectively extracting heat.

A system providing a means qu growing wide silicon ribbons
through  thermal profile control whiéh is continuously
variable,v‘inert, and capable of heat éxtraction has been
implemented. The device employs multiple ineft—gas,ﬂéts
directed at various parts of the hot zone, each with an
individually controlled flow adjustmeﬁt@ In fig. I-34 a
system of four purge jets and flow-meters ihta.fibbdn growth

apparatus is shown. The two end jets impinge on the ribbon
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Fig. I-34. Inert-gas purge system for thermal
geometry control; flow monitors
are at upper left; purge tubes are
at middle right.

growth region at points 38 mm apart (corresponding to the
edge positions of a 38-mm-wide ribbon). The two middle jets
are directed so to be at either side of a ribbon being grown
and pulled upward through the large central draw tube (which

also serves as the exit tube for the inert gas--argon in

this case). To use the system, more argon is directed to
those parts of the system where the temperature is locally

higher than desired.
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%_ Several examples of use of the system are presented here. 5w }1
Three thermocouples (TCs) were placed in a blank graphite i
gh ; die-holder block as shown in Fig. I-35 (bottom); The :?
ii :f spacing was 19 mm. The TC junctions were approxlmately at '?
E%‘ é the growth reglon of a 38-mm-w1de ribbon (edges and middle) ﬁﬁ
5 The system was heated.to approximately 1200°C‘by an external fh
E~ ~§ Example 1 (Fig.-1-35) | - o o e,' ?f
% ? . . | g ?ﬁ
f{» i Flows to the four ports were eech adjusted to 8.5 cubic feet ;f
g;' i per hour (CFH). The flow through port 1 was increaeed.in ’Ef
; ? ~ increments, while monito:ing temperature at TC1. The M%"%
: ; temperature decreased approximately lihearly with flow at a 'wwi§
- rate of -3.2°C/CFH argon (Fig. I-35). The time constant for i
ie i the response of tempetature to a flow change was ?
;' i approximately 11 sec. Progressively smaller cooling effects ;i
k i were seen at positions 2 and 3. e
% EXample 2 (Fig; I-36) ' o o ;F
; . ! . . : ﬁ
5$ With  equal ’floWS» of 8. 5~CFH argon at al1 ports, an ei
E: ’asymmetrlcal thermal proflle was present (tOp) Adjustlng ”A
; =% the 1left and rlght port flows to 16"2 "and 29.8_CFH, 5
? ? respectlvely, provmded a flat proflle (mxddle) Thus,‘the i
i é 65°C temperature grad1ent over a 3. 8-cm dlstance has been - ﬁ;ml
1
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N (Ports 2, 3, and
N "4 each have 8.5
N CFH flow)
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Fig. I-35. Temperature raﬁponse:of a ribbon furnace hot

b » zone to argon flow changes.
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ribbon pulling speed was 14 mm/min. %
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flattened to within less than 2 1°c. A symmetrical radially
increasing profile could be obtained at flows: P1 = 16.2, P2
= 21.3 = P3, P4k = 29.8 CFH (bottom). Similarly, radially

decreasing temperature profiles could be produced.

The system has provided the thermal control necessary for

stable 38-mm-wide and 50-mm-wide ribbon growth, and has

allowed full-width seeding of the ribbons. The geometrical
response Qf a érowing, 38-mm-wide ribbon to step changes in
argon fiow directed at one of its edges has been checked.
The growth conditions were first stabilized by adjusting the
argon flows, as necessary, to attain full-width gfowth with
no tendency for the ribbon to drift‘toward either edge of
the_'capillarf action shaping technique die. Then a step
decreasa in argon flow'(directed_at one edge of the_ribbon)
of 0.85 EEH was apﬁlied and caused the ribbon_width to
decrease (at that edge) at a rate of 4.1 ﬁm/min/CFH, nearly
linearly. A :subsequent increase in flow-by10.85 CFH, back
to the original level, returned the ribbon to full width at

a slower, non-linear average rate of 1.3 mm/min/CFH. The

\»
W\

Since the gas jets are directed:at the growth region} it has

been possible to use an open pulling port system and still

retain c¢lean ribbon surfaces of thé»type previously obtained
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only with the closed bellows, top-to-bottom purged furnace

system of Fig. I-15.
3.2 Physical Characteristics of 38 mm Ribbons

Implementation of the inert-gas thermal modifier and
concomitant improved cohtrol over the thermal profile near
the growth zone have allowedk major improvements in
38-mm-wide ribbon growth. About 25 ribbons of average
length 0.7 meter were grown with the system. The longest
ribbon grown was 1.3 meters in length. Some ribbons have
had SiC surface particle densities as 1low as 0.0a/cm2
(counted over,. the entire ribbon) and good surface
smoothness. These ribbons were dog-boned in cross-sectional
shape, with edge thicknesses of about 0.5 mm (60% of the die
top thickness at the edge) and central thicknesses of about
0.3 mm (208 of the central die top thickness). A
transverse section of ribbon, No. 61016 was grown at 30
mm/min, was beveled at a 4.6° angle to illustrate the type
of thicknesss variations present in the thinner ribbons (see

Fig. I-37).

Stress levels in the 38-mm-wide ribbons do not appear to be

any worse than in narrow ribbons. A stress of 4,000 psi was

(13)

measured in one ribbon delivered to JPL Using a

similar method;iog§‘ (measurement of the split width as a
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Fig. 1-37. Devigtions from flatness in ribbon 61016

7 (4.6° bevel).

[ : function of distance on a split ribbon as detailed in

! i section 4.0), we measured a stress level of 3.5 x 108

bl oo D ot oS

dynes/cm2 (3,900 psi) on a different ribbon. The results

o —
T
. ~

are in good agreement. Several ribbons have broken

Sy
i

transversely during handling without longitudinal splitting.

¥
-
s
1 -
5

Several 38-mm ribbons are pictured in Fig. I-38. As shown

in the figure, straight ribbon growth can be maintained

[ 8 g
L : -

after making initial thermal adjustments with the inert-gas

[ ]
. J

purge-jet system.

ey

p 8.0 GROWTH OF 50 MM SILICON RIBBONS

4.1 Description of Experimental Appar7tus

N

Since initial results in using a 2-piece die for 38-mm-wide | 4

N

growth were successful, the same design (Fig. I-31) was used

in scaling up to a 50-mm growth system. A 0.8-1.2 mm die |

Y
|
/

| p—

edge thickness and 1.8-2.0 mm central thickness with a §

—
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Fig. I-38. Four 38-mm-wide ribbons grown with inert-gas
thermal trimming.

1.6-2.0 mm deviation from flatness (§ in Fig. I-1) were
found to work well. A capillary channel thickness of

0.4-0.5 mm and a capil ary rise height of < 45 mm was used

in all growth experiments

A 55-mm-ID x 38-mm-high fla -bottomed crucible was used; it
accommodates a 150-gram silicon charge. The same die
holder, shield, and susceptor designs which were used in the
38-mm system were also kept and scaled up in size for the

50-mm system. The furnace shell size was the same as for

O WP
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12-38 mm ribbon growth. The inert-gas thermal control

system shown in Fig. I-34 was used.

4.2 Meniscus Effects MPA’GE
OF Poog QUA; o

£

4.2.1 Meniscus Height Measurements

A technique was established for meniscus height measurement
during 50 mm wide ribbon growth. The meniscus is :

photographed at a known viewing angle, 6, relative to the

horizontal plane. For example, the meniscus of Fig. I-39

was photographed at an angle of 52-1/20. The distance from

Meniscus photograph of ribbon 70410; width,
50 mm; speed, 19 mm/min.
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the seed to the solid-liquid interface at the time of the .
“; photograph is noted. Then, after growth, the ribbon "1
; thickness, tr’ at the 1location photographed is measured.
3 | The die-top  thickness, tyr is measured prior to the growth
run. The apparent meniscus height, m, is obtained from a
?’ densitometer scan of the photographic negative (Fig. I-40)
i using a Joyce, Loebl and Co. Ltd., double-heam recording i%
| microdensitometer model MK III CS. Once m, 6, tr, and td
§ are known, the meniscus height, hm’ can be obtained
r mx M ’1 .
' H
.
-7 j
% |
~ %
|
| fi
x |
L (mm)
: Fig. I1-40. Densi?ometer scan of meniscus region on photographic ]
t negative. The apparent meniscus height m is obtained *
; after dividing the scan distance across the meniscus e
r by the magnification of the negative M (usually i
: about 0.4). **@
: T
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graphically

as shown in Fig. I-41. 1In this analysis, it is

assumed that the ribbon grows at the geometrical center of

the die~top as shown in Fig. I-41.

-

"m

N
X

Meniscus configuration in CAST ribbons.

0.5

. td,,,.‘

Fig. I-41.
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One series of measurements was made with a 50-mm-wide die
having a 2.01 mm central thickness tyr a 0.41 mm slot
dimension t,, a 0.84 mm edge thickness, and a 1.73 mm
deviation from flatness of the die top (§ in Fig.
I-41). The méniSCus height hm was found to increase from
.53 mm to 0.75 mm as the central ribbon thickness decreased
from .42 to .23 mm. The meniscus cross-sections for the two
values of hm are shown in Fig. I-42. At hm = 0.75 mm, the
ribbon is considered to be growing in the high melt meniscus
mode of the capillary action shaping technique. For
comparison, in the EFG growth technique the meniscus height
is 9.06 mils (0.23 mm) for a 9.5 mil (0.24 mm) thick
ribbon(11). The factor of 3 increase in meniscus heights is
a key advantage in obtaining smooth, 1low SiC particle

density ribbons by the CAST method.
4.2.2 High Melt Meniscus (HMM) Growth
Growth run number 70103 is an example of high melt meniscus

growth. In this run, a die with 1.2-mm edge thickness,

1.9-mm central thickness, and a 0.46-mm capillary slot was

used. "The radius of curvature at the die top was 267

mm. During growth at 19 mm/min, a high melt meniscus was
maintained and the resultant ribbon had a number of

desirable characteristics: it was thin (less than 0.27 mm
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Fig. I-42.

Meniscus cross-section for two valves of ribbon
thickness, using a 2 mm central die, top thickness.
At 0.75 mm meniscus height, the ribbon is considered
to be growing in the high meniscus mode.
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except for eitreme edges), it had a "zero" SiC particle
density over its entire length, it was shiny and highly
reflective, and it possessed a larger grain morphology than
previous ribbons had exhibited. Post-growth examination of
the interface striations combined with a knowledge of the
curvature of the die top indicates that the meniscus was at
least 0.3 mm higher in the central region than at the edges
of the growth front. We estimate that the meniscus height

was on the order of 0.7 mm in the central region.

In Fig. I-43, die-top thickness, capillary slot thickness,

t
‘

— ——— Capillary Slot
————&——— Die Top l
———8——— Ribbon (Seed l_and)'g
—0— Ribbon (Tail End)

THICKNESS (mm)
Pt
L}

TRANSVERSE POSITION (cm)

Fig. I-43. Thickness of die top, capillary slot, and ribbon

as a function of transverse position for run 70103.
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and ribbon thickness are plotted versus transverse
position. The ribbon is relatively flat, except for Several
mm near each edge, and has a thickness of 0.15 x die

thickness in the central region. It is thinner than the

‘capillary slot dimension by 50%. These relative dimensions

are shown schematically in Fig, I-44. In cross section the
extreme edges of ribbon 70103 appear rounded with a radius
of 0.38 mm as shown in Fig. I-45. At the cross-sectional
position shown in the figure, a maximum thickness of 0.79 mm

is reached at a distance of 0.67 mm from the ribbon edge.

The thickness gradually decreases to a,uniformIValue of 0.16

mm at a distance of 4 mm from the edge.

Because of the very low SiC surface particle density, the
ribbon surface is relatively free of longitudinal troughs
often associated with such particles. Portions of the
ribbon exhibited parallel twinning as shown in the central
ribbon region of Fig. I-46. However, much of the surface
exhibited large single grains of the order of 8 mm in width.
Frequently these grains were separated by twins with a

raised surface morphology at the twin-ribbon surface

intersection. Examples can be seen near the edge of the

ribbon in Fig. I-U6. Magpifiéd views of some large crystal

grains are shown in Fig. I-47. In Fig. I-47(a), a grain is

Crystal Growth 93
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Fig. I-44. Top sectional view, drawn to scale, of the die top
; and the silicon ribbon during capillary action
; - shaping technique growth in the high melt meniscus
mode.
f o pommemeriecy £ i gy s stinn one g s ey gty [ ®osiing XL:-\‘,A',‘g“:,‘ o4y wd o - - u__‘dminﬁ:i %— : ; I Dl VO 3 ‘wﬁ
HW R S diciian




P s SRPEY, T R e . - Yy

BTy 7 T o

)
BRI 4
- wi*
o YOO
l
Fig. I-45. Cross section of ribbon 70103-42
near an edge. The maximum thick-
M ness is 0.79 mm, and the minimum
3 is 0.16 mm.
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l [] Fig. 1-46. High melt meniscus ribbon
| U section 70103-42.
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| shown which has a nearly flat twin boundary on one edge
| (left) and a partially raised, partially flat boundary on
kg another edge (upper right).

S S

R p—

-

Fig. 1-47. Large single-crystal grains in HMM ribbon 70103-42, 5

In Fig. I-47(b), some twin boundaries are shown which have a ". ;
: H prominent, raised-surface morphology. A transverse surface
; profile scan was recorded (left to right) over the region of |
: the two prominent boundaries at the lower right of Fig. t
] I-47(b). The most prominent (leftmost) boundary had a peak 7

96
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g % 1“7. height of 28 um, as shown in Fig. I-48, and its influence
oo (N B
% i extended a distance of 1.1 mm from the peak. The rightmost
gg? -gég boundary had a peak height of 9 um and influenced the }
? ;é§{ surface height within 0.7 mm of the peak. | ’
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?~f Fig. I-48. Surface profile scan over the two raised-morphology

e twin boundar1es at the lower right of Fig. I-8b.
E i The single-crystal nature of one particular grain, 8 mm x 27
E by ;{g mm in size, from ribbon 70103 was verified by x-ray :
% ‘%{V - topography: the topograph is shown in Fig. I-49. This grain
=l ; -

Efﬁﬁ 1s encompassed by a largely nonlinear boundary. 24
g )
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2 Fig. 1-49. X-ray topography of 8 mm
X 27 mm single-crystal
grain in ribbon 70103-42.

l About 45 ribbons of 50 mm width were grown. An example is
shown in Fig. I-50. Minimum thicknesses ranged from 0.09 to
0.82 mm, and maximum thicknesses ranged from 0.17 to 1.10
mm. The fastest growth rate attained to date was for ribbon

70411. The thickness was 0.15 mm at a 4~-cm/min growth rate.

Two additional materials were used for 50 mm CAST growth.
One is Ultracarbon UT-44 graphite (runs 70407-70412). The

98
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Fig. I-50.
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A 50-mm-wide by 109-cm-long silicon ribbon grown by the capillary action
technique. The insert shows progression in sizes from 12- to 25- to
50-mm-wide ribbons.
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C other 1is an impervious SiC-coated die using Ultracarbon , F;f
? »

1

R
UT-86 graphite as a substrate. gf
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4.3 Evaluation of an SiC-coated Graphite Die : 32.

The primary objective of growth runs 70413 through 7060& was

to monitor the performance of a single SiC-coated graphite é‘

N L I T T O AT A T P

die. The graphite grade was Ultracarbon UT-86, and the
g 3 impervious SiC coating was applied by the manufacturer. The
é die has been used for 24 growth attempts in 14 melt-down
cycles and has produced 17 ribbons of total length 13.1
meters. The SiC particle density for individual consecutive

; ribbons and also the accumulative density (total SiC

particles/total area grown) are summarized in Fig. I-51.

AN, PR
ek e 8

The accumulative SiC particle density was 1.3 x 10_3/cm2

2 of ribbon had been pulled and rose to 9 x j

2

after 2 x 103/cm

s

10-3/cm2 after 4.5 x 163/cm of ribbon had been grown from

EEEE AR S
oy
o amvernd

the die. After 6.5 x 103/cm2 of growth, the accumulative

particle density was 1.6 x 10"2/cm®.  The rise in

st d

accumulative particle density is largely due to two ribbons
which had abnormally high densities of 7.1 x 102 /em? and L

1.3 x 10”1/cm2. One of these occurred during run 70601 in

"

f_ j which the graphite heat shields were replaced.

g‘? Discounting the two high density ribbons, the accumulative

e —

O,

SiC particle density was 3.7 x 10—3/cm2. Another way of

.
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Fig. 1-51. Silicon carbide particle densities for 17 ribbons grown from
a single SiC-coated graphite die.
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expressing this result is that, on the average, one particle

occurred after each 0.54 meter of growth.

P P :»:x«z .

d A statistical break-down of the die's performance is given i
o i in Table I-5. ;F
” ii
o

' TABLE I-5. Statistical Break-down of SiC Particle Pick-up with §]§
SiC-coated Die i

.
| +h
: Range of total No. of ribbons Area of ribbons Percentage ok
? SiC particle with particles with particles of Total 1
!” " Count in the range in the range area grown 3
| 0-60 17 6575 100 -
. 0-30 16 6120 93 1
¥ 0-10 15 5740 87 &
0- 2 13 4535 69 i

0 7 2570 39 b

SiC particle densities of < 3 x 10-2/cm2 are not unusual in

the CAST growth configuration with graphite dies, and upon 1

occasion a ribbon is grown with no particles - particularly

when a very high melt meniscus is maintained. However, the

).
\

the SiC~coated die has not been encountered before with

A

large number of ribbons with zero or < 2 particles seen with gl

graphite dies. The difference in particle pick-up between

e

1 : graphite and SiC-coated graphite dies is not thought to be

related to a difference in solubiiity. The dissolution(1?) ,‘

and solid contamination(z) characteristics of SiC and C in
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silicon have been shown to be similar. The difference may

be due to the nature of the nucleationf‘siteS[ for

crystallization of excess SicC frem the‘carbon-Saturated
liquid silicon at the SiC die top. If the sic die materia1;~u

promotes better 'epltaxxal adherence of 81C grown from

| solution than does graphite, then less free particulate sic f
iy would be available in the meniscus,regicn‘fOr incorporatiOn_ ;
L in the growing ribbon. This ccncept has neither been é
ié verified nor disproved, as yet. ?
4.4 Dopant Distribution in 50 mm Ribbons f
3 In sections 2.4.3 and 3.1.1, studies of spreading resistance &
:ﬁﬂ on narrow silicon ribbons grown from various die ;
% configurations were reported. It was shown thatb
] open-channel dies (2-piece ‘design) produce the most unlform" :
ii transverse ribbon dopant distribution in 38 mm w;de-ribbons '?
;% 'althongh a central band of higher'dopantvconcentraticn still ;
. tended to be present as shown in Fig. I-31. We have dcne : ?
: similar measurements on a 50 mm ribbon grown'fron»a 2-piece i
é die and st;ll £ind an enhanced dopant region in» the i
[ near-central area of “the ribbon. . See Fxg. I-52. The ]
B transverse measurements were made on a lapped, 4.67° bevel
surface extending across the wxdth of the 1bbon. The ’
g varlatlon of spreadlng resxstance with depth into the rlbbon'-. ?
N 5 . . . b
o | | ci-ysi:‘al ‘Growth 1'033
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Fig. I-52. Spreading resistance measurements on a 50-mm-wide
‘ ribbon grown from a two-piece die.

L iaren. A Patrre iRl

i (i i B anar Tl

R e s st e e e




' LS
o A SRS A 53 a &

was checked by makihg measurements down the bevel both near
a higﬁ resistiviﬁy'région (point A of Fig. I-53) and a low
 ffesiSti§it§' région (point B). Ih- both caséS, excellent
unifoxmity was observed in the thickness diménsion_as can bé

seeh in Figé. 53 and 54.

4.5 Stress Levels in 50 mm Ribbons

'Since'fbreakége of 50 mm ribbons during sawing has been a
problem;' runs 70506-70510 a few runs werc made with thermal
modifiers near the 1fibb6n edges to.see if residual stress
levels could be lowered. §tre$s levels were determined by

splitting the ribbons at the tail-ends and measuring the

B T e P NP Lo .

split width, s, as a function of distance, L, from the tip
of the wedge—shaped_crack or split openingf 'Thié was élso
done for several thin older ribbons not grown with’thermal‘
modifiers. streéses were calculated in two ways. One

method, suggested by M. ~Leipolds13), ~is to wuse the

expression
G = HWYs PRE e (1) ’;
42 o ,

Wherg}a“is'fhe stress in dyneS/cmzy_w_is the‘ribbon'width,'
'anﬂ{ !_kis” Young's mbdﬁlus’[i.9 xv1012 dynes/cmzbfor (111) :
;silfébh],“ asgnerally. maximal Values-of I, were used. The g
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Fig. I-53. Spreading resistance as a function of depth into ribbon,
measured, on bevel. Location of measurements corresponds
: : to Point A on Fig. I-52.
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- second -methody was to find the ‘seven coeff1c1ents for a

:sixthrbrdér polynpmiél 1east-squares f1t for s vs Le The
first and second dérivatlves ds/dL and’ dzs/dL “were then

evaluated,"and the stress was calculated, as an average,,

" over all values of L of the expression

g = dzs/szri' ; é - - _ g ' .
| s 11+ (ds/am?) ‘ 2

/7
{/

14)

as proposed by Hurley and Pollock( . . The second method is

very sensitive to the accuracy'of the s-vs-L meashrements'
and to: the shape of the least-square-flt curve and glves

generally larger and less con51stent values. The results

obtained are given in Table I-6.

TABLE I-6. Stress Values in Silicon Ribbons

i108

A AL ! _
WYs Wy d’g/dr? L Minimum | Growth

Ribbon| ~ BLZ 4 (1 + (as/dL)Z13/? | Thickness | Speed

No. (dynes/cmz) | (dxnes/cmz) | W _(cm) (mm) (mm/min)

70308 | 2.7 x 103 - 5x 108 - 4.95 e | 23

70417 | 3.7 x 10 - 6x10 4,95 .09 20

70508 | 4.8 x 103 ey b4 .95 | 16

70509 | 3.5 x 10 7 x 10%° 4.7 .50 | 16
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'MRibbons 70508 and 70509 grown with the thermal modifier’df‘

L
-
ca
£
[
L

1

- mef‘d *ii"could not be brought to full width (hence they are: thicker_h

h_itbecause of the CAST growth geometry).f Their stress levels L

}
oo o
' W}i“j‘ *,Ewere no lower than those of the normally qrown ribbons.f All"
~ ,fgstress levels measured were moderate ~and of comparablef '

§< fr=; v .i~fmagnitude to those seen in 25- and 38-mm growth.‘»

. Even though measured stress levels in 50-mm~wide ribbons are
,;fonly moderate,. considerable‘ breakage occurs when they are

L sawed 1nto sections. A technique developed by F. Newman has 57d1l3 l[~;g

5
L oyt

S et Mronc A
i

,§~s oo treduced the saw breakage.. The ribbon is 1ntimately waxed to;f;fk,f~j{”*

:
X3
[———

“a: lava substrate which has previously been waxed (with afsflgg~hww

{fffﬁga‘" - ?higher—temperature wax) to an aluminum support bar. The bar,‘-
; =

£
?a : ¢ i can be mounted 1n a Vise on a Micro-Mech. diamond sawing, RTINS 4
! ol

-machine. A 7 6—cm—diameter x 0 19~mm-thick blade is used at

450 RPM and at a lateral travel rate of 3 cm/min. " The key~~u

=

" to reducxng breakage appears to lie in not cutting throughaji

the entire ribbon thickness in a single pass._ Rather, the

v:.;' ' .

» rcut _is made in several passes w;th a 0 25~mm inoreaSe in PR - 'g

3
“E &
[ SRR

'ﬁsrédépth perrpass.W'
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5.0 GROWTH OF 100 MM SILICON RIBBONS

SER)

5.1 Description oﬁ Experimental Apparatus'l

D

: Ed
2
L

It was necessary to comstruct a‘new‘furnaoe‘chamberiforr160ngjT o

,‘4;,.
,,.'C.g.i;g! .
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g | mm ribbon growth. The chamber was designed to fit the
?’ L hydraulic puller which had been used for 50-mm growth and it
i§$f% utilizes the same vacuum system. The design consists of a
% 'é clear uncooled quartz chamber fitted with cooled metal
;;. i endplates. RF heating with an exterior coil is used
éﬁv‘é although provisions are made for an interior smaller coil if

et

110

necessary. The hot-zone and pulling port will accommodate a
100-mm maximum width. Numerous inert-gas, electrical, and

sensor feed-throughs are provided for versatility.

The sizing of the hot-zone components is as follows:

ot Max OD Min ID

ITEM tom) {mm)

’ Crucible 113 108
Susceptor 138 115
Insulation 170 145

Furnace Shell 193 181

Because susceptor cracking during cool down had been an
occasional problem in the 50 mm system, two steps were taken
to prevenﬁ cracking in the 100 mm system. The crucibie,
thich had been a flat-bottom type in the 50 mm system, was
given a 305 mm (12 inch) radius bottom. The design is shown
in Fig. I-55. The crucible capacity is 500 grams. Another

crack-prevention feature is the 2-piece susceptor (items 33

Y
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Fig. I-55. /vCruclible for 100-mm ribbon furnéce.
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and 34 in Figure 56). ‘ ~The'cy1indrica1 wall can separate

from the susceptorr,base during cool-down ‘in 1lieu of

‘ cracking. The graphite ~hot-zone components have been °

durable, with the exceptxon of the pedestal support (1tem

31, Flg. I-56) whlch tends to crack at the bottom, where lt

_’1s threaded into the furnace base plate (item 3)

vThe_‘assembied furnace with the quartz bell jar for vacuum

bake out (item 2) in place, but without the exhaust port

(item 9) is depicted in Fig. I-57. For size comparison, the

furnace shell which had been used for 12-50 mm rlbbon growth

. 1s also lncluded in the fxgure.:

5.2 100 mm Growth Experiments

o

In first tests of the 100 mm system,’a 210 mm‘ID X 228 rm

long, twelve-turn RF c011 was used to outgas the graphlte

hot-zone compenents in vacuum. An RF generator power level

of_ 30.'kw (3 5 amps‘ at 9 8 kV) was requlred to heat the

system to 1510 c. In comparlson, 9 kW was the power~leve1<

requlred for the 50 mm system.t7 When rlbbon growth was

vattempted, 1n an argon amblent, lonlzatlon occurred before‘ :
"d:the growth temperature could be reached : The 1onlzatlonf'
fhhoccurred ‘1n the annular space between the quartz furnace

*'shell«iand the thlck-wal;ed/quartz insulator. An attempt to

}
.
i
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mm CAST ribbvon growth system.

Assembly drawing of 100-
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Assembly drawing of 100-mm CAST ribbon growth system.
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Fig. I-57.

100-mm Furnace (left) and 50-mm Furnace (right).*
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eliminate the ionization by placing a third quartz tube
between the shell and insulator was only partially
successful. Next, an attempt was made to lower the RF coil
voltage and the generator output power. The coil inductance
Gas decreased from 17 pH to 10.8 uH (calculated values) by
reducing the number of turns from 12 to 9, decreasing the
diameter from 210 to 200 mm, and decreasing the length from
228 to 175 mm. The required power was decreased by using
two layers of 6.4 mm thick graphite felt insulation to
completely fill the space between the furnace shell and the
gquartz insulator (items 1 and 30, Fig. I-56) and by adding
two layers of the same insulation to the top shield of the
hot zone. These steps eliminate the ionization problem and
reduced the power required for ribbon growth to about 16
kW. However, rapid devitrification of the quartz insulator

tends to occur in this configuration.

A 2-piece die with top geometry similar to Fig. I-1 was used
for 100 mm growth experiments. The edge thickness (xe) was
1.52 mm, the middle ;thickness, (X ) was 2.49 mm, and the
deviation-from~flatness (§) was 1.8 mm. The 100 mm die and
holder with its 50 mm, 38 mm, 25 mm, and 12.5 mm

predecessors is shown in Fig. I-58.

100 mm seeding was achieved on run 71003 (§ee Appendix I),

but the ribbon was very non-uniform in thickness. It was

R SO R P L s S S

Crystal Growth 115

A A e e i o i 2 T+ <R T B N T e R



Fig.

116

I-58. Used Dies and Die llolders for 12.5, 25, 38, 50, and 100-mm
wide Ribbon Growth.

thick at the edges and the midregion but very thin at 6 to
25 mm from each edge. As growth proceeded, these regions
became progressively thinner and ultimately pulled free of
the meniscus. A partial ribbon cross section is shown in

Fig. 1-590
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To avoid the thinning effect, seeding was tried at 80 mm

}{i width in order to lower the melt meniscus. Ribbon width was |
: t gradually increased during the run. The thin regions were ?
k ;ié still present and got thinner as the width increased. The é
| é~‘ ribbon again pulled off at a width of 95 mm after 176 mm of ,j
: é v growth. The ribbon shattered after falling out of the seed é
? holder, but the pieces are shown in Fig. I-60. Details of é
T j‘f growth are given in Appendix I. z
: &é The heat shields were modified to reduce the observed é
é § —~ thinning effect but have not yet been tested because the die %
; % s cracked, and a second die was apparently made of unsuitable
2 {rt graphite. Die fabrication, from the correct type of
ﬁ :;f; k graphite, had not been completed by the contract termination ;

;“ date. :

pomrarre—t
K

Crystal Growth 117

4 §
e







e

TR
s

5

g m,av‘

B
3

LT

TR
by

o ia e

.e""""""""T?’f" 3

T ‘*‘ﬂ“’-Wv"ﬁ'm-\

;,.ﬂ,.—
T

o
sz

P

e,
handd)

e

L s g A

acherems x::}u

!

b iR A AR
g

[

-~

6.0 >LARGE*GRAIN DIRECTIONAL SOLIDIFICATION OF SILICON

During investigations of the usefulness of vitreous carbon
as a die and crucible material, the feasibility of
crack-free directional solidification of silicon was

demonstrated.
6.1 Experimental Procedure

A 139 gram polycrystalline charge of silicon was placed in a
50 mm diameter x 50 mm high vitreousbcarbon crucible along
with sufficient boron to produce a 2 Q-cm average
resistivity. G;aphite rf susceptors and heat‘shields were
arranged to establish a vertically increasing temperature
gradient of about 35°C/cm, the top of the crucible being the
hottest region. The system was heated to melt the silicon
and then additionally heated to a temperature of 1680°C at
the top melt surface. Since the melt was about 3 cm deep,
the temperature at the bottom of the crucible was
approximately 1575%C. The molten silicon was held at this
temperature for 15 minutes. The system temperature was then
decreased at a rate of 2.5°C/min while maintaining the
vertical gradient until the entire charge had solidified
(about 2 hours). The c¢ooling rate was then increased to
20°C/min until the silicon temperature was 1000°C, at which

time the power was turned off. The growth system was very

Crystal Growth ll%
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clean' during this experiment (no 8ilicon oxide fluff
deposits as are typically present when using 'a quartz

‘crucible).

6.2 Physical Characteristics of Directionally Solidified

Silicon (DSS)

Upon removal from the furnace, the solifidied silicon was
found to be intact and free of cracks as can be seen in Fig.
I-61. Several thin slices were sawed from the bottom
and top of the cylindrical ingot. Small silicon carbide
particles were found at the carbon/silicon interface on the

crucible bottom.

At a distance of 0.7 mm from the crucible bottom, the
silicon grain distribution was as shown in Fig. I-62.

Grain size ranged from 0.05 mm to 2 mm, with 0.5 mm being a
typical size. The silicon here was P-type, and

resistivities ranged from 1.4-5.0 Q-om.

At a distance of 2.5 cm from the crucible bottom, the grains
were substantially larger (Fig. 1463). They ranged up tc 4
mm in size, with 1 mm being a typical size. Figure I-64 is
a photo of the opposite side of th'e slice region shown in

Fig. 1I-63. The slice was 1.2 mm thick. As can be seen,

. L
L srancted

e
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Silicon directionally
solidified (bottom to
top) in a vitreous
carbon crucible.

Fig.

I-63.

Grain characteristics
2.5-cm from crucible
bottom (10X).

SR I PTIRY 7 o e free

Fig. 1-62.

Fig. I-64.

Grain characteristics
at 0.7-mm from crucible
bottom (10X).

o

Opposite side of 1.2-mm
thick wafer shown in
Fig. I-3. Some grains
visible on both sides
are numbered.

Crystal Growth 121
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there is a substantial amount of vertical boundary
behavior. Some of the grains visible from both sides of the
slice are identified with corresponding numbers. The
resistivity here ranged from 0.5-2.1 Q-cm, P-type.

Several wafers from the mid-region of the ingot are shown in

Fig. I-65.

Fig. I-65. Two wafers from a 5-cm diameter
directionally solidified silicon
ingot.
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Since the grains are large and at least some of the
" f’bOundarieS"aré vertiéa1; thQSevWafers we:e processed into 2
X 4  cm solar cells”,tp\’detexmine their - photovoltaic

suitability.

_Under 100»mw/cmz'illﬂmihation'f?éﬁ'a Tungéten ELﬁllamp, the

: cells,éxhibitedythe”followinq_chﬁfééteristicé:

oc .49~.50 volts

Ige - v 14.9-15.6 ma/cm

0
i

ff 0.51-0-56

E ‘ - ) n-o-u.z% ‘ . o ) i““ : °

The cells appeared to suffe: from high‘contact resistance as

well as leakage - the latter probably being due to grain

;»boundary.effects,

‘It should be noted that the grain structure of this material

is very ‘similar to - that reported by Fischer and

(15)

Pschunder for the Wacker-Chemitronic non-single

‘crystalline silicon upon _which~sc1a: cells of up to 12.5%

. AMO efficiency were fabricated.

6.3 Discussion

Direcﬁional solidification or Bridgeman/Stockbarger crystal

growth is an effective simple technique used for many metals
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and alkali ihaiiﬁ&a
: ‘ L J

(QG). The container should be ihert and
the material ta\béwqfswn should contract upon freezing or at
least not stick to the crucible walls. Silicon with fused
quartz crucibles, does neither and has not been successfully

(17), additional

grown by this simple process: Recently
attempts have been made using the traditional fused quartz
containers; and cracking of the ingot is a serious problem.
Some progress, however, has been made in eliminating the
crackiné by kaltering the quartz structure of the inner

crucible wall(18).

Silicon is capable of plastic deformation from the melting
point (1415°C) down to about 650°C. Below that temperature,
silicon responds to an increasing applied stress by
deforming elastically until the fracture stress (cracking)
is reached. In the temperature range 650° to 20°C, the
thermal expansion coefficient monotonically aecreases from 5
x 10°%/%c to 2.4 x 10-6/°C almost linearly. Thus, when

silicon is solidified and then cooled below 650°C in a

quartz crucible, the silicon shrinks at a much higher rate

than the «crucible (the thermal expansion coefficient of

fused guartz 1is 0.55 x 10'6/°C in the temperature range
15-1000°C) . Since the silicon sticks to the gquartz,

cracking results as the silicon fracture stress is exceeded.
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?, % g In 1972, it was shown that graphite is a durable substrate
[ i S : ' C
g } H . L . . Y v 'b o . o s .
£ in contact with liquid silicon provided that the density is
£ P greater than about 1.75 gm/cm3 and the grain size is less
[ H ) N e B
¢ 3‘1 than about 50 um(12). ' The degree of carbon contamination
;‘g of the silicon (about 20 ppm) is similar to the level of
;i% oxygen contamination when silicon is grown from conventional
f{; sio, crucibles; however, unlike oxygen, carbon is not
P electrically active in silicon.
gk
57» Graphites are available with a wide 'range of thermal
Py | | _
g“ expansion coefficients (1.1 to 8.3 x 10 6/°C), some beina ;
71 ‘ 3
';{g isotropic and some anisotropic. To avoid cracking of the :
%“T silicon charge and/or the crucible, the graphite or carbon :
K P crucible should have a thermal expansion coefficient in the E
; . .
, S . X 3
3 L range 650°C to about 20°C which either matches that of :
§ % silicon or | else, on the average, produces the same
) % dimensional change.
\ i ’
}
g i}f The thermal expansion coefficient of vitreous carbon ranges 3
from 3.5 x 107%,9 at 650°C to 3.2 x 107%/%c at 100°%C (see ]
g{% Table I-2) and has about the same average dimensional
; ‘{% change as silicon in this range (at 650°C, the silicon E
Vo shrinks more than the carbon with decreasing temperature, i
i » o i
; i i
*“Ir{% while near room temperature, the silicon shrinks less than ]
§ :
B @ the carbon with decreasing temperature).
" ¥R % “
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Of course, any cross-sectional ingot shape can be produced
by using an appropriate container shape. In Fig. I-66, a
S cm x 5 cm DSS wafer with rounded corners is shown. A much
faster cooling rate of 15°c/min was used in this case, and
the solidification rate w&s about 16 grams/min. In this
experiment, the thermal environment was such that the sides
and surface of the molten silicon solidified once the system
temperature had dropped appreciably. The later freezing of
the mclten core led to a fine grain structure in the center

of the ingot; this is visible in Fig. I-66. The volume

Fig. I-66. A 5-cm x 5-cm wafer, with rounded
corners, from a directionall
solidified silicon ingot.
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increase upon freézing of the trapped liquid core led to

fot cracking“atﬂthe top of the ingot, although the_lower portion

MNTITEEY f*:\_wvwl-\—,{f.yr,< R
< . R

was intact. ) Thus, it is necessary to preveht a thermal

) et
A- k)
l...'.....:vj

- _inversion during cool down. _ 3
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APPENDIX I
o SUMMARY OF RIBBON GROWTH EXPERIMENTS
3 May 1975 to November 1977
=
. ; Die
— Run width Die Experimental
> : No. mm Material Variables Results
[ 50516 12.5 Graphite New die #05. Flat 43 cm ribbon
f : DFP-3-2 top thickness.
. 0.25 mm capillary
r slot. Die holder,
f lower, upper
: shield #13. Pull
: speed 15 mm/min.
'A # 50517 12.5 DFP-3-2 Repeat - operator 26 cm ribbon 3 25 mm/min
4 training.
i 50518 12.5 DFP=-3-2 Repeat No results.
g 50519 12.5 DFP-3-2 Repeat 71 cm @ 23 mm min
50520 12.5 DFP-3-2 Repeat 94 cm 3 22 mm/min
. 50521 12.5 DFP-3-2 Remachined sus- No results - die flooded
\ ceptor shaft to
i level susceptor.
; 50522 12.5 DFP-3-2 Repeat No results
50523 10 DFP-3-2 New die #05A No results
50524 10 DFP-3-2 Repeat No results
50525 6.3 DFP-3-2 Cylindrical capil- 65 cm long tube 2
; lary die for 11 mm/min
| silicon tube
L growth
L : )
: " 50526 6.3 DFP-3-2 Repeat. Pull 109 cm long tube 2
¥ . speed constant. ' 11 mm/min. Wall thick-
: ; Temp. increased ness decreases with in-

; in increments crease in temp.
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1 Die
4 Run width Die Experimental
é - No. (mm) Material Variables Results
¢
. 50601 6.3 DFP-3~2 Drilled six 1 cm Froze
- dia. holes in die
§ holder and shields
; 1 on 39 mm dia.
S circle
TR Y 50602 6.3 DFP-3-2 Repeat. Vary pull 117 cm tube. Wall thick-
| speed from 13-21 ness decreases as speed
] 7 mm/min. Temp. increases
é constant
: 50603 6.3 DFP-3-2 Repeat 124 cm tube
$
*,r
! 50604 6.3 DFP-3-2 Repeat. Pull Froze
SV speed - 8 mm/min
P o~ 50605 6.3 DFP-3~2 Repeat Froze
F P
{ ‘ 50606 12 Crystar* Evaluate die Irregular short ribbon
et g Sic made of SicC grown
S
‘ 50607 12 Crystar* Repeat Same. Sensitive to temp.
T SicC changes
L
. i 50608 12.5 DFP-3-2 Die type 05. Top 20 cm ribbon bad wi-
o e protrudes 1 mm bration
; L above holder
“ | Y
i R 50609 12.5 DFP-3-2 Repeat No results
: 50610 12.5 DFP-3-2 Repeat 24 cm 2 24mm/min
i 50611 12.5 DFP-3-2 Repeat 52 cm & 21 mm/min
X i 50612 12.5 DFP-3-2 Repeat 27 cm then froze
i ; Le 50701 25.4 DFp-3-2 Die, holder, No results
SR shields, spacers
: . %P #13 (Capillary
8o action shaping
c e technique die with
gg radiused, beveled
top and variable
, A top thickness,
3 Center is thicker
) than edges.)
: i» Crystal Growth 131
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~ Die . i
Run width Die Experimental ; 1
No. (mm) Material Variables  Results 3
T
50702 25.4 DFP-3-2 Repeat No results, growth drifts * £
to one edge of die. it
50703 25.4 DFP-3-2 Repeat, thicker No results, froze at “‘Q
seed. 20 mm width. QEQ
50704  25.4 DFP-3-2  Repeat - No results, froze "
50705 25.4 DFP-3-2 Repeat _ Could not control drift, 3§
o - froze towards front.
50706 25.4 DFP-3-2 Repeat. Rotated  Drifting problem not
die 150° caused by die. Froze
towards front, short 3
ribbhon. B e
50707 ° 25.4 DFP=-3-2 Repeat 98 cm a2 21 mm/min,
25 mm wide -
50708 25.4 DFP-3-2 Repeat No results ~
50709 25.4 DFP-3-2 Repeat Froze a full width
50710 25.4 DFP-3-2 Repeat 75 cm @ 21 mm/min. Split.
during scribing. Split
width 1.1 cm after a
distance of 57 cm.
50711 25.4 DFP-3-2 Thermal modifiers No results. Cannot see
added. Same shape to seed.
as die holder 12.5
mm high. 6 mm
wide, slot 38 mm
long.
50712 25.4 DFP=3-2 Same as run #50710 Froze
50713 25.4 DFP-3-2 Repeat Froze
50714 25.4 Graphite New die #13 No results
HPD-3-2
50715 25.4 HPD-3-2 Repeat No results. Froze 3 full s
width -
.
;
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? | Die
: Run Wwidth Die Experimental
; No. (mm) Material Variables Results
% 50716 25.4 HPD-3-2 Repeat No results. Froze
; 50717 25.4 HPD-3-2 Repeat Froze
P g - 50718  25.4 DFP-3-2 Die 05, new quartz No results
i ;g; tube. Flat top
? R  EFG die.
T 50719  25.4 DFP-3-2 Same 50714 plus No results
B: RS thermal modifier
SR from run 50711
I
S 50720 25.4 DFP-3-2 Repeat No results. Froze 2
R 4 mm width
g ; 50721 25.4 DFP~-3-2 Repeat. No results. Froze 3
L 21 mm width
L
LA 50722 25.4 DFP-3-2 Repeat. Varied No results
s coil position
L 50723 25.4 DFP-3-2 Same as 50714. Susceptor broke. No
- No thermal results
. f modifier
: - 50724 25.4 DFP-3-2 New die #13. Aad- 77 cm @ 17 mm/min
: 3 justed coil
o 50725 25.4 DFP-3-2 Repeat 22 cm 3 22 mm/min
50726 25.4 DFP-3-2 Repeat No results
; : 50727 25.4 DFP-3-2 Repeat No results
- 50728 25.4 DFP-3-2 Repeat No results
LI I
¥ tk 50729 25.4 DFP-3-2 Repeat No results
3 f 50730 25.4 DFP-3-2  Repeat. Doped 86 cm 2 16 mm/min.
Lo 2 ohm-cm Edge thickness .67 mm,
L m genter thickness .44 mm
=
; L 50801 25.4 DFP-3-2 Repeat Froze
®
1
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Die
Run ‘Width Die Experimental
No. (mm) Material Variables Results
50802 25.4 DFP-3-2 Repeat 25 cm 2 17 mm/min
50803 25.4 DFP-3-2 Repeat 78 cm @ 18 mm/main
50804 25.4 ,DFP-3-2 Repeat. Rotated 20 cm 3 21 mm/min
- ~ die 180°
50805 9.5 Crystar* Evaluation of 50 cm @ 16 mm/min.
sicC silicon carbide Surface seems smooth
material
50806 9.5 Crystar* Repeat 81 cm @ 17 mm/min
' sic
50807 9.5  KT#* Evaluation of 28 cm 2 15 mm/min
sic silicon carbide
die material
50808 9.5  KT#+ Repeat 3% cm @ 15 mm/min
: sicC
50809 9.5 KT** Repeat 113 cm 2 16 mm/min.
S§icC Surface smooth but has
’ SiC particles
50810 9.5 Si N“/ Evaluation of Melt will not rise in
Sié Refrax** silicon die capillary slot
nitride bonded
silicon carbide
die
50811 9.5 Buc Evaluation of 35 cm ribbon, wets
boron carbide die extremely well. Clean
surface. Strong
morphological features.
.004 ohm-cm, p-type
50812 9.5 B,C Repeat No results
50813 9.5 Bac Repeat, faster Pulled away from melt
speed
50814 9.5 Si3Nu Evaluation of Melt wets surface, but

silicon nitride
die

will not rise in slot

*Trade Mark of Norton Industrial Ceramics Division
**Trade Mark of Carborundum Company
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Die ;
Run width Die Experimental .
No. (mm) Material Variables Results :
50815 9.5 2rB, Fvaluation of Short ribbon. Good melt ;
zirconium boride rise, but die dissolves E
die 1
50816 9.5 TiB, Evaluation of Short ribbon. Good melt 3
titanium boron die rise, but die dissolves ‘
50817 9.5 TiB, Repeat Froze '%
50818 9.5 TiB, Repeat Froze ;
50819 9.5 Ti82 Repeat Froze f
50820 9.5 TiB, Repeat same as 50816 3
50821 9.5 TiB2 Repeat. Narrower Same as 50816 f
slot in lower 3
shield E
£
50822 9.5 TiB2 Repeat Same as 50816 ]
50823 9.5 TiB, Repeat Same as 50816 :
50824 9.5 'I‘iB2 Repeat Same as 50816
50825 8.5 Vitreous Evaluation of 44 cm long, narrow ribbon,
carbon vitreous carbon with dark coating on
die surface. Parallel
twinning ‘
50826 9.5 Vitreous Repeat. Die is 30 cm ribbon, same §
carbon 1.5 mm lower in properties as above. |
holder SiC particles on
surface E
50901 25.4 HPD-3-2 Same hot zone as Ribbon froze a 14 mm :
runs 50701-50725. width :
Argon purge system :
modified by en- .
closing pull shaft ]
in plastic bellows :
to completely con- :
tain ribbon in Argon -
during growth. i
System purged from i
top to bottom. j
j
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Die o o '
. "Run ~ Width Die - Experimental B S
ey No. {mm) Material Variables " Results
50902 25.4 HPD-3-2 Repeat. Argon Froze
— G - . flow ‘increased ‘
- ~ from 50 to 58 CFH
” 150903 25.4 HPD-3-2  Repeat  Froze a 23 mm width
- 50904  25.4 HPD-3-2  Repeat °Froze
iz 50905 -25;4‘_HPD—552 Repéét Frozé‘af fullbwidth
50906  25.4 HPD-3-2  Repeat _ Short full width ribbon
: then froze
25.4 HPD-3-2 Repéat Same as aboVé
'25.4 HPD-3-2  Repeat 8 cm. Ribbon then froze.
_ - ' ~ “Ribbon drifts to front.
25;4 HPD-3-2  Repeat. Increased 50 cm @ 20 mm/mln.» o
v - pull speed -Ribbon surface clean and
« N . . L melt clean U
50910 25.4 MDFP43~2' New die. ‘Ih- :  ’R1bbon froze at full
: - _stalled bubbler width
on argon outlet
to create slight
back pressure.
50911  25.4 DFP-3-2 Repeat 30 cm 2 19 mm/min
50912 25.4 DFP-3-2 Repeat. Argon' ”Rlbbon and melt st111
‘ ' - flow dropped to clean
- 50 CFH
- 50913 25,4 DFP-3-2 Repeat  Froze
50914  25.4 DFP-3-2  Repeat Froze
' Z 50915 25.4 DFP-3-2 Repeat - ‘Froze
E‘ 50916  25.4 DFP-3-2  Repeat. Reduced 52 cm @ 18 mm/min.
N ' .~ argon flow to Ribbon still clean
. 17 CFH -
136
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i
A Die
T Run Wwidth Die Experimental
et No. (mm) Material Variables Results
h ,k -
VAR 8¢ 50917 25.4 DFP-3~2 Repeat Froze
- !
/ 3 »
."ﬁ : 50918 25.4 DFP-3-2 Repeat Froze
?; §,ﬁ 50919 25.4 DFP-3-2 Repeat 93 cm 3 18 mm/min.
R Ribbon and melt residue
e clean but powder build-
§ t r up on heat shields
i 23: 50920 25.4 DFP-3-2 Repeat Froze
; f?? 50921 25.4 DFP-3-2 Repeat Froze
SRR ¥
SR 50922 25.4 DFP-3-2 Repeat Froze
! : é 50924  25.4 DFP-3-2 Repeat Froze
S
SRR I R 50925 25.4 DFP-3-2 Repeat Froze
A 50926 25.4 DFP-3-2 Repeat 35 cm @ 13 mm/min
50927 25.4 DFP-3-2 Repeat @ faster 40 cm @ 25 mm/min.
S pull speed Fractured during handl-
B ing.
A . 50928 25.4 DFP-3-2 Repeat @ faster 46 cm @ 28-30 mm/min
; pull speed
— 51001 25.4 DFP-3-2 Grew CZ crystal -~
C 1 to check dopant
: ~ 51002 25.4 DFP-3-2 Removed graphite Clean ribbon surface,
Pog drawtube. 60 CFH growth easy to control
PR argon purge, from
g top
Lo 51003 25.4 DFP-3-2 Repeat Same
e
: ] i 51004 25.4 DFP-3-2 Argon purge in- Froze at 15 mm width
[ creased to 75 CFH
N -
f £ j 51005 25.4 DFP-3-2 Repeat Clean surface, 50 cm
Cobt long ribbon
3
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Die

Run Width Experimental

No. (mm) Material Variables Results

51006 25.4 DFP-3-2: Repeat Froze

51007 25.4 HPD-3-2 Repeat, growth 51 cm ribbon, 0.45 mm
speed 15 mm/min thick middle, 0.73 mm
New die. thick at edges

51008 25.4 HPD-3-2 Growth speed in- Ribbon 0.43 mm thick in

T creased t0 22 middle, 0.66 mm thick

mm/min at edges

51009 25.4 HPD-3-2 Continuation Froze

51010 - 25.4 HPD-3-2 Continuation Froze

51011 25.4 HPD-3-2 Continuation Froze - melt level too

low

51012 25.4 HPD-3-2 Argon purge 75 CFH 91 cm long ribbon. Easy
from bottom of to grow. Colored film

o furnace. Exhaust on surface.
is draw tube and
purge tube around
ribbon.

51013 25.4 HPD-3-2 Continuation 20 cm ribbon as above

51014 25.4 HPD-3-2 New draw tube - 54 cm long ribbon.
02. Argon flow Clean surface.
is 30 CFH from
top.

51015 25.4 HPD-3-2 Argon flow 20 CFH 85 cm long ribbon.

' Clean surface.

51016 25.4 HPD-3-2 New die. Removed Ribbon surface much
draw tube - 02. rougher. 52 cm long
Argon flow 20 CFH ribbon. 0.3% mm thick
from top. 28 in middle, 0.60 mm
mm/min pull speed thick at edges

51017 25.4 Repeat, but 81.5 Ribbon 0.26 mm thick

138

HPD~3-2

mm/min pull speed
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0.44 mm
Rough

in middle,
thick at edges.
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Die
Run Width Die Experimental
No. (mm) Material Variables Results
51018 25.4 HPD-3-2 Repeat, but 25 Ribbon smoother, .47 mm
mm/min pull speed thick at middle and .67
65 CFH argon purge mm at edges
51019 25.4 HPD-3-2 Same as above, Ribbon 0.35 mm thick
29 mm/min pull at middle. 0.55 mm
speed thick at edges
51020 25.4 HPD-3-2 Repeat Froze. Widened too fast.
51021 25.4 HPD-3-2 New die. 19 0.38 mm thick at middle,
mm/min pull speed 0.66 at edges
51022 25.4 HPD-3-2 Repeat 0.28 mm thick at middle,
0.59 at edges
51023 25.4 DFP-3-2 Repeat, but 24 mm/ 0.39 mm thick at middle,
min. pull speed 0.59 at edges
51024 25.4 DFP-3-2 Repeat, but 14 0.26 mm thick at middle,
mm/min pull speed 0.64 at edges
51025 25.4 DFP-3-2 Repeat, but 18 0.22 mm thick at middle,
mm/min pull speed 0.56 at edges
51026 25.4 DFP-3-2 Repeat of 50916 0.37 mm thick at middle,
run conditions 0.62 at edges
51027 25.4 DFP-3-2 As above, but 25 0.26 mm thick at middle,
nm/min speed 0.52 at edges
51028 25.4 DFP-3-2 Continuation of Froze
above
51029 25.4 DFP-3-2 Continuation - Froze. Could not grow at
attempt 30 mm/min 30 mm/min
pull
51030 25.4 DFP-3-2 60 CFH argon purge Difficult to grow. Could
from top. No draw not reach full width
tube. After
heater - 01.
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Die -~
Run width Die Experimental :
No. (mm) Material Variables Results :
51031 25.4 DFP-3-2 Repeat Same problem o
51032 25.4 DFP-3-2 Repeat . Froze .
51033  25.4 DFP-3-2 Repeat Grew 59 cm long ribbon, 2
irregular width L
. -
51034 25.4 DFP-3-2 Repeat Grew 59 cm long ribbon,
irregular width. Froze -
upon reaching 25 mm width .
51101  25.4 DFP-3-2 Basic set-up, but Ribbon froze to edge :
with vertical, of die -
"parallel plates", :
after heater
(22 mm wide x ]
12 mm high, spaced P
4.7 mm) ?° ;
.
51102 25.4 DFP-3-2  Repeat, new seed Grew 24 mm wide ribbon, 5% g
but control is very -
unstable ::§§
51103 25.4 DFP-3-2 Repeat Ribbon froze to die ?!jg
51104 25.4 DFP-3-2 Basic set-up, but Easy to grow, surface ii ;
with 12.6 mm high is duller. More SiC e i
block graphite particles. Ribbon was RS &
after heater. .- deliberately split. f§ g
Ceatral opening Spread was 4 mm over S
+ pers from 7 mm a distance of 380 mm —_—
wide at bottom to MR
18.5 mm at top. ]
14 mm/min speed. ey
: i 4
51105 25.4 DFP-3-2 Repeat, at 20 mm/ Same general appear- v Q
min. Argon flow ance. Split width was .
80 CFH ' 1.1 mm over a distance ;rg
of 170 mm ;
51106  25.4 DFP-3-2 Repeat, 40 CFH Froze i
argon flow “',é
.
‘1
18
140 ;
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Froze upon reaching
full width
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L Die
~ ko Run Width Die Experimental
" i‘i No. (mm) Material Variables Results
i l % 51107 25.4 DFP-3-2 Repeat, 15 mm/min’ 49 cm ribbon, fewer
i‘ § SiC particles. Ribbon
. P T .50 mm thick at edges
RS B b .28 at center
S Rt 51108  25.4 DFP-3-2 Height of Quartz Cooling water failure.
R insulator in- Lost die and holder
i 8 creased to 25.5
T cm (was 23).
: ! . After heater from
o } 51104
%‘ é 51109 25.4 DFP-3-2 New die}'repeat Froze
; ! of 51108
' Cobr
i gy .
R i 51110 25.4 DFP-3-2 Repeat, 10 mm/min Grew 12 cm long ribbon,
! P ” then froze. Split width
- Lo was 0.5 mm over a
: Bl distance of 130 mm.
' o Thickness .55 to .50 mm
§{£ 51111 25.4 DFP-3-2 Repeat Difficulty in spreading
" to full width
g%@. - 51112 25.4 DFP-3-2 Repeat Short ribbon. Much
¥ ‘ smaller temp. adjust-
'gng. ment required to
vl spread ribbon with
- this set-up
.7§£§ 51113  25.4 DFP-3-2 Return to basic Froze out
: o set-up (23 cm
f ;qg quartz insulator,
: P no after heater,
g L 60 CFH argon flow
; if to make ribbons
o for solar cell
. characterization
SR 51114  25.4 DFP-3-2 Repeat, 23 mm/min 48 cm ribbon; thickness
P .50 to .34 mm
S
AR 51115 25.4 DFP-3-2 Repeat, 20 mm/min 87 cm ribbon; thickness
| 51116  25.4 DFP-3-2 Repeat




; ®

5
3 Die
: Run width Die Experimental
R No. (mm) Material Variables Results
. ; 51117 25.4 DFP-3-2 Repeat, changed Same as above
' to 25.5 cm quartz
e insulator
-
B 51118 25.4 DFP-3-2 Repeat, 21 mm/min 57 cm ribbon; .46 to .29
E? ‘ mm thick
?' 51119 25.4 DFpP-3-2 Repeat, 22 mm/min 54 cm ribbon; .46 to .28
; mm thick
i 51120 25.4 DFPpP-3-2 Repeat, 23 mm/min 21 cm ribbon, then froze
g | 51201 25.4 DFP-3-2 Return to 51108 16 cm ribbon; .50 to .35
: run conditions, mm thick
4 but with €0 CFH
: flow 20 mm/min
p 7 51202 25.4 DFP-3-2 Repeat, 12 mm/min 60 cm ribbon; .52 to .42
E mm thick
» 51203 25.4 DFP-3-2 Repeat 19 cm ribbon; .76 to .38
FT mm thick
51204 25.4 DFP-3-2 Basic set-up, with Froze during spreading
12.5 mm high after
heaters at ribbon
- edges (vertical,
; 3 mm radius
i recesses milled
| out to surround
ribbon edge
51205 25.4 DFP-3-2 Repeat 18 mm/min 36 cm ribbon; thickness
| .50 + .05 mm
51206 25.4 DFP-3-2 Repeat Froze
: 51207 25.4 DFP-3-2 Repeat 20 cm ribbon, then froze
1
r ¥ 51208 25.4 DFP-3-2 Repeat. 19 mm/min 46 cm ribbon, .43 + .07
: mm thick
f, ” 51209 25.4 DFP-3-2 Repeat. Argon 53 cm ribbon, split width
N flow reduced to 1.1 mm over a 200 mm
’ 40 CFH distance
142
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Die
: Run width Die Experimental
! No. (mm) Material Variables Results
ot 51210 25.4 DFP-3-2 Repeat. 25.5 cm 46 cm ribbon. Thicker
high quartz shield in center (0.65 mm) than
60 CFH argon flow. at edge (0.5). Three
14 mm/min speed attempts made to split
ribbon. In each case,
{ the split veered to the
; edge and would not
propagate axially
. 51211 25.4 DFP-3-2 Repeat, but higher Froze at 23 mm width.
growth rate (23 Difficult to control
mm/min)

51212 25.4 DFP-3-2 Repeat Froze again. Temp. control
seems more critical with high
quartz insulator

g, 51213 25.4 DFp-3-2 Repeat. Approx. 32 cm ribbon. Difficult

i « 18 mm/min to control. Cross section

¢ thick at one edge, but then

: uniform

.- 51214 25.4 DFP-3-2 Repeat. 16-17 55 cm ribbon. One edge

¢ mm/min slightly thicker (.45-41 mm

. at tail end).

§, 51215 25.4 DFP-3-2 Die, holder, Froze out

L shields baked out

7. 4 hrs. at 1250 C

H in wet argon.

- Followed by normal

. vacuum bakeout.

i Basic set-up, but

o~ 25.5 cm high

- quartz shield

L 51216 25.4 DFP-3-2 Repeat, 17 mm/min 39 cm ribbon, effect on

- efficiency to be determined

3* 51217 25.4 DFP-3-2 Repeat 57 cm ribbon, .75 to .47 mm
thick

51218 25.4 DFP-3-2 Repeat. 18 mm/min 45 cm ribbon. .60 to

.50 mm thick.
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Die
Run width Die Experimental
No. (mm) Material Variables Results
51219 25.4 DFP-3-2 Repeat Froze, seed broke
60101 25.4 DFpP-3-2 Die bake-out 4 hrs Die/holder flooded
at 1250°C in wet with Si
argon plus an-
hydrous HCl
60102 25.4 DFP-3-2 Die bake-out 4 hrs 58 cm ribbon; effect
at 1250°C in dry on efficiency to be
argon plus an- determined
hydrous HCl
60103 25.4 DFP-3-2 Repeat growth, 57 cm ribbon
same die
60104 25.4 DFP-3-2 Repeat growth, 60 cm ribbon
varied seed ori-
entation
60105 25.4 DFP-3-2 Same set-up, added 55 cm ribbon, thickness
mock-up of proposed uniform between 0.45
afterheater for uni- and 0.50 mm
form thickness (14
mm/min growth speed)
60106 25.4 DFP-3-2 Repeat, but at 23 Froze out after 4 cm
mm/min of growth
60107 25.4 DFP-3-2 Repeat Small contaminant
particle lodged on die
preventing growth
60108 25.4 DFP-3-2 New die and holder, White powder coating on
repeat of bakeout die and Si furnace tube
conditions in 60101 after bakeout (probably
S8i0). Scraped off. No
ribbon
60109 25.4 DFP-3-2 Repeat - Same set-up No ribbon--froze out
60110 25.4 DFP-3-2 Repeat 32 cm ribbon; effect on
efficiency to be
determined
60111 25.4DFP-3-2 Set-up from run 60102 94 cm ribbon
grow full length ribbon
60112 25.4 DFP Repeat 90 cm ribbon
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Die
Run width Die Experimental
No. (mm) Material Variables Results
60113 25.4 DFP-3-2 Repeat Froze out
60114 25.4 DFP-3-2 Repeat 33 cm ribbon - then
froze out
60115 25.4 DFP-3-2 Repeat 36 cm ribbon - then
froze out
60116 25.4 DFP-3-2 Repeat 31 ocm ribbon - then
froze out
60117 25.4 DFP-3-2 Repeat, rotated die Still freezing out/
180° uneven spreading
60118 25.4 DFP-3-2 Repeat Froze out, no ribbon
60119 25.4 DFP-3-2 Repeat 28 cm ribbon--then
froze out
60120 25.4 DFP-3-2 Repeat 95 cm ribbon
60121 25.4 DFP-3-2 Repeat, same set-up Froze out, too little
Si
60201 25.4 DFP-3-2 Repeat, same 60121 No results
60202 25.4 DFP-3-2 Thermal modifier No. Smooth shiny surface.
8. Coil spread to Thin in center. 96
cover afterheater and cm ribbon
die. 18 mm/min.
60203 25.4 DFP-3-2 Repeat, 14 mm/min 25 cm ribbon, then
froze. Very low stress.
Ribbon would not split
60204 25.4 DFP-3-2 Repeat Froze reaching full
width
60205 25.4 HPD-3-2 Hand lapped die to Unable to make ribbon
.39 mm edge thickness spread. Die edge touch-
ing L shield
60206 25.4 HPD-3-2 Repeat 9 cm ribbon, froze
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Die
Run Width Die Experimental
No. {mm) Material Variables Results
60207 25.4 HPD-3-2 Die not centered in No results
holder, touching edge
60203 25.4 KT*SicC KT*SiC die. Top radi- No results. Ilelt be-
used to 3.75 inches. tween die and holder
No thermal modifier
60209 25.4 KT*SicC Repeat. Grew ribbon 45 cm ribbon. Ribbon
from flooded die curved due to rubbing
on lower shield
60210 25.4 KT*SiC Repeat Froze
60211 25.4 KT*SicC Repeat Froze
60212 25.4 DFP-3-2 Standard procedure 55 cm ribbkon @ 17
mm/min
60213 25.4 DFP-3-2 Standard procedure 77 cm riblon @ 20
mm/min
60214 25.4 DFP-3-2 Thermal modifier No. Hachine problem. No
8. Measured thermal results
vertical gradient
60215 25.4 KT*SicC Cleaned die in HF 24 No results
hr. (die from run
60208)
60216 25.4 KT*SicC Repeat 40 cm ribbon a 19
mm/min
60217 25.4 KT*SiC Repeat 18 cm ribbon a 20
mm/min
60218 25.4 KT*SicC SiC die with thermal No results. Edge
modifier 08 of die too cold
60219 25.4 KT*SicC Repeat No results
60220 25.4 KT*SsicC Repeat No results. Froze 23
7 mm width
60301 25.4 KT*SicC Repeat No results
60302 25.4 KT*SicC Repeat No results

’;Trade Mark of Carborundum Company
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Die ,
U Run width Die Experimental
S No. (mm) Material Variables Results

g :

§L§ 60303 25.4 DFP-3-2 Standard procedure 55 cm @ 17 mm/min

§

ff 60304 25.4 DFP-3-2 Repeat. Ribbon was 55 cm @ 20 mm/min.

; split for stress Stress results simi-

£ measurements lar to those with

£ thermal modifier #5

? 60305 25.4 DFP-3-2 Standard procedure Single crystal short

. with thermal modifier distance at seeding

¢ #8 and 3 mm seed.

b Neck-in sharply after

f seeding

E 60306 25.4 DFP-3-2 Repeat No results

.-é

; 60307 25.4 DFP-3-2 Thermal modifier #8 No results. Ribbon

P drifts to right

? 60308 25.4 DFP-3-2 Repeat after adjust- No results

2 ing rf coil

60309 25.4 DFpP-3-2 Std. procedure 53 cm @ 16 mm/min.
(Thermal modifier #5) Uniform thickness
within 6%, at .45 mm
60310 25.4 DFP-3-2 Repeat, faster pull 23 cm @ 20 mm/min,
speed again uniform thick-
ness (.39 rm)
s 60311 25.4 DFP-3-2  Repeat No results, froze
ot 60312 25.4 DFP-3-2 Repeat 47 cm @ 21 mm/min,

Y thickness is again

£ uniform (.35 mm)

{ (; 60313 25.4 DFP-3-2 Argon flow increase No results, froze.
S from 50 CFH to 67 CFH. Argon affects direc-
Y {s Thermal modifier #5 tion of spreading
; w1
t ; * 60314 25.4 DFP-3-2 Repeat @ 50 CFH argon No results, froze,

. ; {; flow right side

< A .

; P 60315 25.4 DFP-3-2 Repeat @ 17 CFH argon No results, froze
i P (“"\ flow

E N 7\ *k

d i
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Die
Run width Die Experimental »
No. (mm) Material Variables Results
60316 25.4 DFP-3-2 New die and graphite No results, froze right
components. Die top side
is .52 mm thick at
edges, .99 mm at middle
60317 25.4 DFP-3-2 Repeat, ribbon drift- Not able to keep
ing to right. Argon centered. Used up
flow 50 CFH all travel and
froze
60318 25.4 DFP-3-2 Regeat, rotated die 44 cm @ 18 mm/min
90
60319 25.4 DFP-3-2 Repeat No results, froze upon
reaching full width
60320 25.4 DFP-3-2 Repeat 55 cm @ 22 mm/min
60321 25.4 DFP-3-2 Repeat, <111> (112) No results, froze
‘ seed
60322 25.4 DFP-3-2 Repeat, adjusted RF 57 cm 2 23 mm/min.
coil Edge thickness .41,
middle .25 mm
60323 25.4 DFP~3-2 Repeat, faster pull 29 cm @ 29 mm/min.
speed Edge thickness .32,
center .22 mm
60324 25.4 DFP-3-2 Repeat 54 cm 2 26 mm/min.
Edge thickness .32,
center .24 mm
60325 25.4 DFP-3-2 Repeat <110> (100) 18 cm @ 20 mm/min.
seed Edge thickness .50,
center .40 mm
60326 25.4 DFP~-3-2 Repeat 38 cm @ 18 mm/min
60327 25.4 DFP-3-2 Repeat No results, froze
60328 25.4 DFP-3-2 Std. procedure 35 cm @ 23 mm/min
60329 25.4 DFP-3-2 Repeat 65 cm @ 23 mm/min
60330 25.4 DFP-3-2 Repeat 43 cm @ 27 mm/min
148
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Die :
Run width Die Experimental
No. (mm) Material Variables Results
60331 25.4 DFP-3-2 Thermal modifier #5 No results, froze %
60332 25.4 DFP-3-2 Repeat No results, froze ;
60333 25.4 DFP-3-2 Repeat No results, froze :
60334 25.4 DFP-3-2 Std procedure, removed No results, froze ?
thermal modifier 5
60335 25.4 DFP-3-2 Repeat adjusted RF coil No results, froze f
60336 25.4 DFP-3-2 Repeat No results, froze
60337 25.4 DFP-3-2 Repeat 52 cm 3 20 mm/min.
.5 mm 3 edge,
.22 mm 3 center
60338  25.4 DFP-3-2 Repeat No results, froze ;
' reaching full width 3
60339  25.4 DFP-3-2 Std procedure. Ad- No results ]
justed RF coil because .
of uneven spreading )
60340 25.4 DFP-3-2 Repeat ! No tesults, froze a
full width :
60341  25.4 DFP-3-2 Repeat 55 cm @ 23 mm/min g
60342 25.4 DFP-3-2  Repeat, increased pull No results, froze 23 i
speed to 28 mm/min full width 3
60343 25.4 DFpP-3-2 Repeat, reduced pull No results, froze 23 é
speed to 20 mm/min full width ;
60401  25.4 DFP-3-2 Std procedure 56 cm @ 19 mm/min |
60402 25.4 DFP-3-2 Repeat 57 cm @ 24 mm/min
60403 25.4 DFP-3-2 Repeat at faster pull No results, froze
speed 3 seeding
60404 25.4 DFP-3-2 Repeat 76 cm @ 27 mm/min
Crystal Growth 149
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Die
Run width Die Experimental
No. (mm) Material Variables Results
60405 25.4 DFP-3-2 Std procedure No results, froze
60406 25.4 DFP-3-2 Repeat 56 cm @ 21 mm/min
60407 25.4 DFP-3-2 Repeat increased speed 56 cm @ from 26-29
while lowering temp. mm/min
after full width
60408 25.4 DFP-3-2 Repeat at faster speed 65 cm @ 32 mm/min.
' .3 mm thick @ edge,
.15 @ center
60409 25.4 DFpP-3-2 Repeat at faster pull 48 cm 3 33-36 mm/min.
speed .35 mm thick 3 edge,
.10 mm center. Note:
9.4 meter of ribbon
grown with this die
60410 25.4 DFP-3-2 25 cm quartz insu- No results, froze
lator, thermal modi-
fier #5, new die
60411 25.4 DFP-3-2 Repeat No results, froze
60412 25.4 DFP-3-2 Repeat No results, froze
60413 25.4 DFP-3-2 Repeat No results, froze
60414 25.4 DFP-3-2 Std procedure, 23 cm 56 em 3 27 mm/min
quartz insulator. No
thermal modifier
60415 25.4 Drp-3-2 Repeat No results, froze
60416 25.4 DFP-3-2 Repeat 58 cm & 29 mm/min
60417 25.4 DFpP-3-2 Repeat No results, froze 2a
full width
60418 25.4 DFP-3-2 Repeat, seed <121> 54 cm @ 26 mm/min
(111)
60419 25.4 DFPP-3-2 Repeat 56 cm & 30 mm/min.

.32 mm thick 2 edge,
.1 mm & center
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Run Width Die Experimental
No. (mm) Material Variables Results
60420 25.4 DFP-3-2 Repeat 32 cm @ 30 mm/min,
.35 mm thick a edge.
.1 mm center
60421 25.4 DFP-3-2 New die baked out 3 50 cm @ 20 mm/min
1225°C in argon/HC1
60422 25.4 DFP-3-2 Repeat same die 52 em @ 25 mm/min
60423 25.4 DFP-3-2 Repeat No results, froze
60424 25.4 DFP-3-2 Repeat No results, froze
60425 25.4 DFP-3-2 Repeat No results, ribbon
drifts to right
60426 25.4 Drp-3-2 Repeat No results, froze
60427 25.4 DFP-3-2 Repeat No results, froze
60428 25.4 DFP-3-2 Repeat, rotated die No results, froze
90¢C
60429 25,4 DFP-3-2 Std procedure adjusted No results, froze
RF coil spacing
60430 25.4 DFP-3-2 Repeat No results, ribbon
drifts to right and
froze
60431 25.4 DFP-3-2 Repeat No results, same as
above
60432 25.4 DFP-3-2 Std. procedure, 55 cm @ 23 mm/min,
rotated die 180° less drifting
less drifting
60433 25.4 DFP-3-2 Repeat No results, froze
60434 25.4 DFP-3-2 Repeat No results, froze.
Drifting to right
Crystal Growth 151
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Die :

Run width Die Experimental

No. (mm) Material Vvariables Results

60435 25.4 DFP-3-2 Repeat No results, froze

60436 25.4 DFP-3-2 New die.'iStd pro- 53 cm 3 28 mm/min

cedure
60437 25.4 DFP-3~-2 Repeat 53 cm 3 23 mm/min
60438 25.4 DFP-3-2 Repeat 43 cm @ 32-36 mm/min
C .28 mm thick 3 edge

.18 @ center

60439 25.4 DFP-3-2 Std procedure 54 cm 2 25 mm/min

60440 25.4 DFP-3-2 Repeat 56 cm @ 25 mm/min

60441 25.4 DFP-3-2 Repeat No results, froze

60442 25.4 DFP-3-2 Std procedure 16 cm @ 23 mm/min

60443 25.4 DFP-3-2 Repeat 38 cm @ 24 mm/min

60444 25.4 DFP-3-2 Repeat 39 cm 3@ 25 mm/min

60445 25.4 DFP-3-2 Repeat No results

60446 25.4 DFP-3-2 Std procedure 56 cm @ 22 mm/min

60447 25.4 DFP-3-2 Repeat 58 cm @ 21 mm/min

60448 25.4 DFP-3-2 Repeat 53 cm @ 23 mm/min

60449 25.4 DFP-3-2 Std procedure No results, ribbon
drifting

60450 25.4 DFP-3-2 Repeat, adjusted coil Seed broke, ruined
die

60451 25.4 DEp-3-2 Repeat, using die No results, froze

; from run 60435
60452 25.4 DFP—3-2 Repeat No results, froze
152
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Die
Run width Die Experimental
No. (mm) Material Variables Results
60453 25.4 DFP-3-2 Repgat, rotated die No results, froze
: 180
60501 38 DFP-3-2 New die 38 mm wide No results, froze
(# 15) with five d 26 mm width
0.80 mm dia. capil-
lary holes
60502 38 DFP-3-2 Repeat No results, froze
? 25 mm width
60503 38 DFP-3-2 Repeat No results, froze
d@ 24 mm width
60504 33 DFP-3-2 Repeat No results, froze
60505 38 DFP-3-2 Repeat 10 cm @ 16 mm/min
60506 38 DFP-3~2 Std for 38 mm die 44 cm 2 17 mm/min.
.5 mm thick a edge,
.65 mm 2 center
60507 38 DFP-3-2 Repeat No results, froze
60508 38 DFP-3-2 Repeat, raised coil No results, froze
60509 38 DFP-3-2 Std for 38 mm die No results, froze
60510 38 DFP-3-2 New die. std for No results
38 mm
60511 38 DFP-3-2 Repeat 36 cm @ 13 mm/min.
Resistivity de-
creases in regions
between capil-
lary holes
60512 38 DFP-3~2 Std for 38 mm die No results
60513 36 DFpP-3-2 Repeat No results
60514 38 DFP-3-2 38 mm die cleaned in No results

3:2:1 etch over
weekend

Crystal Growth 153

et g 7 S e b s o b




B e £ T 2 At s

B I e T T 3

Ctadem s

Die
Run width Die Experimental
No. (mm) Material Variables Results
60515 25.4 DFP-3-2 Std procedure 25.4 mm No results
die
60516 25.4 DFP-3-2 Repeat No results
60517 25.4 DFpP-3-2 Repeat 20 cm @ 22 mm/min
60518 25.4 DFP-3-2 Sstd procedure No results
60519 25.4 DFP-3-2 Repeat No results
60520 25.4 DFP-3-2 Std procedure, new die 58 cm 3 18 mm/min
25.4 mm
60521 25.4 DFpP-3-2 Repeat 9T cm @ 21 mm/min
60422 25.4 DFP-3-2 Repeat 90 cm @ 20 mm/min
60523 25.4 DFP-3-2 Repeat 60 cm @ 23 mm/min
60524 25.4 DFP-3-2 Std. procedure 25.4 mm No results, froze 23
. die <121> (101) seed full width
60525 25.4 DFpP-3-2 Repeat 55 cm @ 21 mm/min.
.45 mm thick a edge.
.40 3 center
60526 25.4  DFP-3-2 Repeat <110> (112) seed 58 cm 2 24 mm/min
60527 25.4 DFpP-3-2 Repeat 81 cm @ 23 mm/min
'60601 38 DFP-3-2 Std procedure 38 mm No results, fro:ze
die
60602 38 DFP~-3-2 New die Froze @ full width
60603 38 DFP-3-2 Repeat 38 cm @ 17 mm/min
60604 38 DFP-3-2 Repeat Froze
60605 38 DFP-3-2 Repeat No results, froze
154
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& Die i
- Run width Die Experimental E
No. (mm) Material Variables Results
BEE 60606 25.4 DFP-3-2 Top of capillary slot 6.3 cm @ 18 mm/min 1
SRS modified to vee grove
4 using a 184 mm dia. :
e grinding wheel with a g
45° included angile 3
! 60607 25.4 DFP-3-2  Repeat Froze :
’[ 60608 25.4 DFPp-3-2 Repeat Froze
%“;7 60609  25.4 DFP-3-2 Repeat Froze
B :
- 60610  25.4 DFP-3-2 Repeat Froze §
N 60611  25.4 DFP-3-2 Repeat. Raised rf 50 cm @ 20 mm/min. g
R coil Broad central dip in :
transverse resistiv-
- ity profile
60612 25.4 DFP-3-2 Repeat 65 cm @ 23 nmm/min ;
60613  25.4 DFP-3-2  Repeat Froze ;
& 60614  25.4 DFP-3-2 Repeat 48 cm @ 20 mm/min :
'lj £ - ‘j‘
~ g 60615 25.4 DFP-3-2 Repeat 91 cm @ 20-26 mm/min §
o 4
3 H E
) 60616  25.4 DFP-3-2  Repeat No results o
B 60701 25.4 DFpP-3-2 New die. Duplication No results
of 60606. Baked out
- in argon/HCl
e 60702  25.4 DFP-3-2 Repeat 85 cm @ 18 mm/min. ;
.50 mm thick at :
edge, .51 mm center ;
k
60703 25.4 DFP-3-2 Repeat Froze at full width g
60704 25.4 DFP-3-2 Repeat Froze ?
L 60705  25.4 DFP-3-2 Repeat. New RF coil 57 cm @ 22 mm/min &
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Die
Run width Die Experimental
No. (mm) Material Variables Results
60706 25.4 DFP-3-2 Repeat 94 cm 3 24 mm/min
60707 25.4 DFP-3-2 Repeat Froze
60708 38 DFP-3-2 std prdcedure Froze during seeding
608251 38 DFP-3-2 New die, 13B with 152 53 cm 2 14 mm/min.
mm top curvature, .64 mm thick at edge
.68 mm edge thickness .68 mm center
and 0.4 mm capillary
slot
60802 38 DFP-3-2 Repeat 6 cm @ 13 mm/min
60803 38 DFP-3-2 Repeat 22 cm 2 17-19 mm/min
60804 38 DFP-3-2 Repeat 29 cm @ 16 mm/min
60805 38 DFP-3-2 Repeat No results
60806 38 DFP-3-2 Repeat Froze 3 full width
60807 38 DFP-3~2 Repgat. Rotated die 16 cm 2 21 mm/min
180
60808 38 DFP-3-2 New die #13B. std Edge of die touched
procedure lower shield. Could
not run
60809 38 DFP-3-2 Repeat. Filed away 59 cm @ 16 mm/min.
lower shield where Ribbon shattered
die touched during handling
60810 38 DFP-3-2 New die #15A 10 em 3 13 mm/min.
Rough ribbon surface
60811 38 DFP-3-2 Repeat. Seed <121> 2¢ cm @ 16 mm/min
60812 38 DFP-3~2 Repeat Ribbon drifting.
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Die g
Run Width Die Experimental
No. (mm) Material Variables Results
60901 38 DFP-3-2 Four port argon No results. Froze
thermal modifier
system used. Open
pull port. Bellows
removed
60902 38 DFP-3-2  New die #13B plus - Demonstrated that
argon thermal modifier drifting could be re- |
versed by changing 5
argon flow ,
:
60903 38 DFP-3-2 Repeat, evaluate argon Mo ribbon
thermal modifier
60904 38 DFP-3-~2 Repeat No results. Center of
die too hot compared
to edges
60905 25.4 DFP-3-2 Argon thermal modifier No results. Froze
used with flat die
60906 25.4 DFP-3-2 Repeat Froze
60907 25.4 DFP-3-2 Repeat using full Froze
width seed. <110>
(100)
60908 25.% DFP-3-2 Repeat 2 faster pull Edge colder than center
speed (17mm/min) Ribbon pulled out in
center
60909 25.4 DFP-3-2 Repeat. Spreading Ribbon froze after short
responds to argon distance
flow changes %
60910 25.4 DFP-3-2 Repeat. Slow pull Froze after short
speed and higher argon distance
flow at ends of ribbon
60911 25.4 DFP-3-2 Repeat 3 11 mm/min Meniscus hotter in
center, ribbon pulled :
out ]
60912 25.4 DFP-3-2 Repeat 2 5 mm/min Same as above

)

1
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Die
Run width Die Experimental
No. (mm) Material Variables Results
60913 25.4 DFP-3-2 Repeat 2 9 mm/min Same as above. Center
region too hot
60914 25.4 DFP-3-2 Repeat, rotated die Meniscus still too hot
180°. sSpeed 15 mm/min in center
60915 25.4 DFP-3-2 Repeat, upper and 112 cm ribbon a3 14
lower shield openings mm/min. Very smooth
modified to navette surface, few SiC
shape. Argon flow particles
about 3 CFH di-
rected 3 ends of die
60916 25.4 DFP-3-2 Repeat 90 cm @ 14 mm/min
60917 25.4 DFp-3-2 Repeat with diffuse 83 cm 2 14 mm/min
argon flow of 25 CFH
from bottom of furnace
in addition to flow @2
die ends
60918 25.4 DFP-3-2 Repeat of conditions Good response of
in 60915. Study ribbon width changes
width response to to argon flow
argon flow changes
60919 38 DFpP-3-2 New die #15A. Power failure of rf
system
60920 38 DFP-3-2 Repeat Die chipped, could
not reach full width
60921 38 DFP-3-2 New die #13B. Finer 47 cm @ 14 mm/min
resolution argon flow
meters installed.
Argon flow a die ends
3 CFH
60922 38 DFP-3-2 Repeat No results
60923 38 DFP-3-2 Repeat Froze
60924 38 DFP-3-2 Repeat with argon flow 42 cm 2 13 mm/min
of 1.5 CFH @ die ends
158
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Die

Run width Die Experimental
No. (mm) Material Variables Results
60925 38 DFP-3-2 Repeat with argon flow Froze
of 3.5 CFH @ die ends
€0926 38 DFP-3-2 Repeat. Rotated die 45 cm @ 14 mm/min
900,
60927 38 DFP~3-2 Repeat, same die as 20 cm @ 17 mm/min
used in run #60%18
60928 38 DFP-3-2 Repeat Ribbkon froze at
spzed of 19 mm/min
60929 38 DFP-3-2 Repeat, attempting Seed broke and
higher pull speed ruined die
61001 38 DFP-3-2 New die #15A. 67 @ 15 mm/min
61002 38 DFP-3-2 Repeat at 16 to No results
18 mm/min
61003 38 DFP-3-2 Repeat 75 cm @ 17 to 27
mm/min. At 27 mm/min
edge thickness is
.55 mm. Center thick-
ness is .38 mm
61004 38 DFP~3-2 Repeat at 25-30 mm/min No results, froze
61005 38 DFP-3-2 Repeat Froze
61006 33 DFP-3-2 Repeat 35 cm @ 25 mm/min.
.45 mm thick at edge,
.40 at center
61007 38 DFP-3-2 Repeat No results, froze
61008 38 DFP-3-2 Repeat 3 20 mm/min 37 cm @ 20 mm/min.
Smooth surface
61009 38 DFpP-~3~-2 New 2 piece die No results, froze
17-38A
61010 38 DFP-3-2 Repeat 122 cm @ 18-20 mm/min
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Die
Run width Die Experimental
No. (mm) Material Variables Results
61011 38 DFP-3-2 Repeat 100 cm @ 22-25 mm/min
.45 mm thick at edge,
.35 mm center. Less
variation in trans-
verse dopant profile
than with one piece
die
61012 38 DFP-3-2 Repeat 2 30 mm/min No results
61013 38 DFP~-3-2 Repeat No results
61014 38 DFP-3-2 Repeat. Argon flow 80 cm @ 25-30.5 mm/min
die ends 6 CFH .45 mm thick at edge,
.25 mm center
61015 38 DFP-3-2 Repeat No results, froze
61016 38 DFP-3-2 Repeat a 25 mm/min 50 cm. Controlled
width with argon flow
rather than temp.
61017 38 DFP+-3-2 Repeat 131 cm 2@ 25 mm/min
61018 Lo DFP~-3-2 New setup for 50 mm Froze 2 40 mm width
growth
61015 4y DFP-3-2 Repeat 25 mm @ 15 mm/min.
Width 43-44 mm.
Smooth surface
61020 50 DFP=-3-2 New 2 piece die Froze reaching 44 mm
#2P501 width
61021 50 DFP-3-2 Repeat Same as above
61022 50 DFP-3-2 Repeat No results
61101 50 DFP-3-~2 New die 2P502. Shijeld 109 cm ribbon. 50 cm
slcts opened to form a wide @ 14 mm/min
navette shape
160

T

i s



Die

Experimental

Material Variabless

Results

£
'{
)
;i
:
£ Die
& Run Width
5‘:- i No » (M)
5 i 61102 50
£ i
-
;;_
: 61103 50
é o 61201 38
d
. 61202 38
P
L
. 61203 38
61204 38
61205 38
i
- 61206 50
L 4,
% .
13
k3
i 61207 50
i“?‘

DFP-3-2

DFP-3-2

DFP-3-2

DFP-3-2

DFP-3-2

DFP-3-2

DFP-3-2

DFP-3-2

DFP~3-2

Repeat of 61101
conditions

All components care-
fully aligned. Die
rotated 90° from
run 61102

Gain experience with
38 mm die while wait-
ing for 50 mm dies

Die has 0.75 mm dia-
meter capillary holes
and 101 mm radius top
(die for fun 61201 had
0.38 mm capillary slot
and 152 mm radius top

Repeat at faster speed

Repeat

Die with 1.05 mm edge
thickness, 1.93 mm
central thickness,
and 254 mm top radius

New die. Baked out
under argon flow in-
stead of vacuum

Same die. Checking to
if rerunning die and
slower growth speed

(9 mm/min) affect

SiC density

B L T R N SO RPN S

Ribbon separated from
die after 1.5 cm of
growth

Could not grow with-
out freezing to die.
Die damaged

91 cm x 38 mm ribbon
grown at 19 mm/min

80 cm x 38 mm ribbon
grown at 18 mm/min

Froze at 23 mm/min
speed and 24 mm width

Ydentical results

Heavy residue from
vacuum bake-out.

Grew 90 cm x 49.4 mm
ribbon, 0.72 mm thick.
Ribbon has very heavy
sicC par&icle density
(7.5/cm“). Ribbon
split while being
measured

95 cm long ribbon,
similar to 61205

(high SiC density).
Growth speed 16 mm/min

SiC density was
reduced

Crystal Growth 161
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Die

Run width Die Experimental

No. (mm) Material Variables Results

61208 50 DFP-3-2 Same die. Checking to SiC density lower yet.

P see if rerunning die Ribbon is 86 cm long,
and faster growth 0.8 mm thick at the
speed affect SiC edge and 0.5 mm thick

- density (speed = 24 over large central

! mm/min region

61209 50 DFP-3-2 New die, 2P502. Baked Froze during seeding

out in argon

; 61210 50 DFP-3-2  Same conditions. 120 cm long ribbon,

| 15-18 mm/min growth 49.6 mm wide. High

’ speed €iC density (0.76/cm?)

;- 61211 50 DFP-3-2 Same die, repeat 44 cm long ribbon,

: very smooth (0.03 SicC

- particles/cm?)

o 70101 50 DFP-3-2  Fourth run with die, Very smooth (0.014
to see if SiC particle particles/cm?) ribbon
density changes. 1.2 m long x 4.9 cm
Speed = 18 mm/min wide x 0.2-0.8 mm

; thick

!

) 70102 50 DFP-3-2 Repeat Die ruined by Si flow

into die holder

70103 50 DFP-3-2 New die, 1.2 mm thick "Zero" SiC particle

at edges and 1.9 mm density on 0.56 m x
thick at midpoint. 4.9 cm x 0.07-0.9 mm
0.46 mm capillary thick ribbon. Re~-

: slot. 19 mm/min flective surface,
growth speed large grains. Thin-

i nest ribbon grown to

! date (less than 0.27

4 mm except for extreme

edges)

70104 50 DFP-3-2 Repeat Froze before reaching
full width )

70106 50 DFP-3-2 Repeat Same. Having problems
with alignment of fur-
nace components
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Die
Run width Die Experimental
No. (mm) Material Variables Results
70107 50 DFP-3-2 Repeat. Die had 1.08 m long by 4.93 cm
shifted and froze un- wide ribbon, 0.23 to
even in holder. Lower 0.90 mm thick. Surface
heat shield was looks good
shimmed to make it
even with die top
70108 50 DFP-3-2 Repeat Ribbon shattered while
growing. Apparently
seed holder caught on
pull port
70109 50 DFP~-3-2 Repeat, improved 0.96 m x 4.9 cm x .35~
alignment .90 mm thick ribbon, at
18 mm/min speed
70110 50 DFP-3-2 Repeat with higher .57 m x 4.9 cm x .32~
pulling speed (27 .88 mm thick ribbon.
mm/min) Ran out of melt. Die
holder and susceptor
cracked
70111 50 DFP-3-2 6 mm taller susceptor Ribbon froze at 0.66 mm
support used. New die length. Much higher
operating temperature
required. Ribbon 4.9
cm wide x .30-.88 mm
thick
70201 38 DFP-3-2 Crucible from run Crucible worked OK.
61001 etched to re- Grew 76 cm ribbon,
move residual Si, again nearly emptied
and reused crucible
70202 38 DFP~3-2 Crucible from last run Crucible again worked
etched again and re- OK. Grew 88 cm riblon,
used nearly emptying crucible
70203 38 DFP-3-2 Crucible etched only Froze after 16 cm of

lightly (not enough
to remove Si) and
reused

growth

Crystal Growth 163
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' Die
Run width Die Experimental
No. (mm) Material Variables Results
70204 38 DFP-3-2 Repeat (same melt) 44 ecm ribbon. Crucible
worked OK, but deformed
during run
70205 50 DFP~-3-2 New die, 2PA501, with Grew 121 cm long ribbon,
thicker walls and but melt flooded into
reinforced edges. space between die and
Growth speed 19 mm/min holder because of re-
entrant corners on die.
Ribbon thickness 0.5-
0.6 mm in central region
70206 50 DFP-3-2 Repeat at 30 mm/min 29 cm long ribbon, 0.25-
speed 0.3 mm thick in central
region. Die split after
run
70301 50 DFP-3-2 New die. Reentrant No flooding of melt.
corners filed away in Grew 64 cm x 50 mm
critical areas to ribbon, 0.4 to 0.55 mm
avoid flooding thick in central region
70302 50 DFP-3-2 Repeat 70301 con- None
ditions
70303 50 DFP-2 Installed new quartz Froze, unable to
insulator tube. Ad- maintain full-width
justed right argon growth
flow balancing tube.
70304 50 DFP-2 Repeat Silicon splashed on
die and ruined it.
70305 38 DFP-3-2 Standard growth con- 114-cm ribbon
ditions, to produce
ribbons for cutting
experiments
70306 50 DFP-3-2 Photographic record- Good ribbon. Me-
ing of meniscus niscus heights
heights, at speeds under evaluation.
of 1.5-3.2 c¢m/min. Susceptor broke on
New die cool-down. Photos
not shaxrp
164
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Die

Run width Die Experimental

No. (mm) Material Variables Results

70307 50 DFP-3-2 As above, except con- 92-cm=-long ribbon.
stant pull speed of Meniscus heights
1.9 cm/min, while under evaluation.
varying temperature Photos not sharp
and argon flows

70308 50 DFP-3-2 Meniscus heights pho- Five photos made.
tographed at constant Ribbon is 120 cm long,
temperature, but vary- 0.14-0.19 mm thick in
ing argon flows and central region.
pull speed. Also to Stress cajlculated to
measure ribbon stress. be 3 x 10 dynes/cm2

by measuring split
widths. Photos not
sharp.

70309 38 DFP-3-2 Standard conditions, 90 cm x .55 mm thick
to grow ribbon for ribbon grown. Mo
cutting experiments. change in fogging
Also increased argon
flow from furnace bot-
tom to avoid fogging
of quartz furnace tube.

70310 38 DFP~-3-2 Standard conditions, 11 cm x .4 mm x 38
to grow ribbons for mm wide ribbon
cutting experiments

70311 50 DFP-3-2 New die 2PA~-502. Mone. Die not seated

in holder. Flooded

70312 50 DFP-3-2 2P501 die (new). Photos of meniscus
Photograph of me- much sharper without
niscus directly (no water filter. Good
water filter). looking ribbon

70313 50 Ultra- New die. New graphite Two short pieces of

carbon material. Design ribbon grown, but
UT-44 2PAS501. froze out. Die

ey e Shaer ki a e e A R arirS. - TAAASSS hat o x KA IANEr _BRRL a e MANULCe BeoE o

ruined
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Die
Run Width Die Experimental
No. (mm) Material Variables Results
70314 38 DFP-3-2 Standard process to 78~cm—-long ribbon
grow ribbon for cut- grown
ting experiments
70401 50 DFP-3-2 Evaluate thicker die 27-cm ribbon. Very
top (1.3-mm cdges, rough. 0,95 mm thick
2-mm center). 20-mm/ at edges/.66 mm thick
min growth speed in center
70402 50 DFPpP-3-2 Repeat. 110-cm~-long ribbon
grown, 0.39 mm thick
in center
70403 50 DFP-3-2 Repeat. All growth attempts
with this die have
been easy to start
70404 50 DFP-3-2 Repeat. Die was Easy to start.
splayed from previous 111-cm~long ribbon
run. Argon flow di- grown. Quartz tube
rected at front of stayed clear through
furnace tube to avoid run
oxide buildup
70405 50 DFP-3-2 Repeat. Splayed die Crucible OK for
closed again at reuse
growth temperature.
Will pull crucible
nearly empty for reuse
70406 50 DFP-3-2 Reused crucible from Pive wiotos made.
previous run. Photo- Will be analyzed.
graph meniscus with 64-cm~long ribbon
this 1.3-mm to grown
" 2-mm-thick die
!
70407 50 UT-44 Evaluate new die ma- Meniscus photographed.
terial and design. Nice looking ribbon 35
Die is 0.82 mm thick cm long x 5C.1 mm wide
at edges and 1.99 mm X .55 mm thick at
thick in middle. edges (.28 mm in
Top has 1.7-mm devi- middle) .
ation from flatness.
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: Die {
T Run width Die Experimental {
" e No. (mm) Material Variables Results
L |
- 70408 50 UT-44 Repeat. Temperature lowered
too far. Ribbon froze
— 70409 50 UT-44 Repeat, photograph 80 cm x 50 mm x .5C
i meniscus at 20-mm/min mm thick ribbon.
growth speed Three photos made i
i 70410 50 UT=-44 Repeat, more meniscus Five photos made. 110
L photographs cm X 50 mm x .4 mm
- thick ribbon
- 70411 50 uT-44 Repeat, to explore Attained speed of 40
! faster pull speeds. mm/min for a distance
¥e of 11 cm. Then froze.
. Dendritic surface
g, morphology developed
" at fast speeds. Over-
7 all length is 104 cm.
] Thickness ranged from
‘- .30 to .15 mm (the
- latter at 40 mm/min).
“ 70412 50 UT-44 Repeat, but at slow No dendritic features.
.~ speed (18 mm/min) to Ribbon is thicker
1 see if dendritic sur- (.48 mm) at slow
© face morphology speed.
~ recurred.

70413 50 sic/ Evaluate SiC-coated Very smooth reflective
= Graphite graphite die. 20/mm ribbon. Zero SiC parti-
' min growth speed. ticle density. 82 cm x
b 50 mm ribbon. .85 rm
- thick at edges/.35 mm
é: thick in center.

e 70414 50 sic/ Repeat at 26 mm/min. Thinner ribbon (.65

'% Graphite edge/.27 center) 23 cm
long. Again zero SicC

3 density but ribbon

; has some morpholoag-
ical features in a

e T thin central strip.

70415 50 sic/ Repeat. Temperature lowered
rn Graphite too far. Ribbon froze.

o R e
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, Die
\ Run width Die Experimental
P No. (mm) Material Variables Results
—
E: 70416 50 sic/ Repeat, 20-mm/min 62-cm-long, ribbon.
3 Graphite speed. Thicker (.6-.70 in
; center). Two SicC
j particles on surface
? (density .006/cm?) .
? Same rough features
’ present as in run
E 70414,
g 70417 50 sic/ Repeat, 20-mm/min Very smooth, thin
' Graphite speed. Photograph {(.09-.15 mm in
- meniscus. central region)
l ribbon. Zero SiC
; particle density.
f Similar appearance
Lw to run 70413,
B
70418 50 sic/ Repeat of above. 79-cm~-long, smooth
Graphite thin ribbon (.11-.18
mm in central region).,
One particle (.003/cm2)
: on entire surface.
i 70501 50 sic/ Die material 60 cm x 5 cm x
Graphite performance test. .32-.70 mm ribbon.
18 mm/min growth Zero SiC density.
speed.
70502 50 sic/ Repeat. Ribbon pulled out upon
Graphite reaching full width.
! Seed broke.
f 70503 50 Sic/ Repeat. New thick None. Could not seed.
g Graphite susceptor.
| 70504 50  SiC/ Repeat. Added argon 82 cm x 5 cm x 0.30 to
Graphite flow directed at 0.68 mm ribbon. Zero
backside of ribbon. SiC particles. Backside
20-25 mm/min growth of ribbon clean, but
speed. now front side has
oxide power coating.
Seed was loose and
ribbon shifted later-
; ally several times.
G
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Die
Run Width Die Experimental
No. (mm) Material Variables Results
70505 50 sic/ Repeat. But no argon 76 cm x 5 cm x 0.37
Graphite flow to ribbon back- to 1.00 mm thick
side. 16 mm/min ribbon. 0.071 SiC
growth speed. particles per cm?.
Susceptor broke
during unloading.
e 70506 50 sic/ Repeat. Heat shields Froze upon reaching
B Graphite placed at edges of full width.
fal ribbon. New
e susceptor.
70507 50 sic/ Repeat. 19 mm/min 61 cm x 5 cm x .25
- Graphite growth speed. Meniscus to .55 mm ribbon.
phctos made. 1.2 cm Zero SiC density.
N x 2 cm heat shields
- placed on susceptor
- rim near ribbon edges.
. -
- 70508 50 sic/ Repeat. 16 mm/min .- 31 cm x 4.4 cm x .95
' Graphite speed. to 1.20 mm ribbon. 1
: 0.013 SiC particles/ ;
- cm?., Stgess leve17 4
: 4.8 x 10° dynes/cm=. )
- 70509 50 sic/ Repeat. 72 cm x 4.7 cm x .50 i
Graphite to 1.04 mm ribbon. |
’ Difficult to reach ]
™ full width with A
shields._ SiC density i
0.002/cm?. ;
70510 50 sic/ Repeat. Froze at 19 cm length.
h Graphite ' .031 SiC particles/
E ’ cm®. Width = 4.3 cm.
) 70511 50 siC/ Repeat. Heat 120 cm X 5 cm x .16
g Graphite shields at edges re- to .62 mm ribbon. .
¥ moved, 25 mm/min Zero SiC density. E
speed. 3
70512 50 sic/ Repeat. Froze during seeding. &
. Graphite ;
r“v 1
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Die
Run width Die Experimental
No. (mm) Material Variables Results
70513 50 sic/ Repeat. 18 mm/min 120 cm x .30 to
Graphite speed. .88 mm ribbon. 0.15 SiC
particles/cm?. Right
side pulled out
during seeding.
70514 50 sic/ Repeat. Could not achieve
Graphite proper seeding
: conditions.
70601 50 sic/ Replaced upper and 91 cm x 5 em x .40
Graphite 1lower shields. They to .68 mm ribbon.
had warped. Growth 0.33 SiC particles/
speed 16 mm/min cm®. Rough surface.
70602 50 sic/ Repeat (continuing 12T ecm x 5 cm x 0.18
Graphite 1long~-term evaluation to 0.63 mm ribbon.
of die first used 0.805 SiC particles/ .-
in run 70413). 20 to cme.,
30 mm/min growth
speed.
70603 50 sic/ Repeat 2 17 mm/min 130 cm x 5 cm x 0.15
Graphite growth speed. Took to 0.79 mm thick ribbon.
meniscus photos. 0.002 SiC particles/
cm?.
70604 50 sic/ Repeat (continuation) Could not seed.
Graphite ,
71001 100 DFP-3-2 Initial start-up Argon ionization
' of 100 mm system in growth chamber
before growth temper-
_ature was reached.
71002 100 DFP-3-2 Added third quartz Ionization still
tube between occurs, but at
furnace shell and slightly higher
quartz insuylator. temperature
170

T e g e PR b ks bt < e 10 P G et S (s

P
|70 SN ki B

L e At

gy

. T




R

[

e

PR
ey

-

B xd

iy
i

N o e T T e e i

By

B

Erard

e »,“;vw‘i

£ s B

-~ K A .
]
1
Die :
Run Width Die Experimental i
No. (mm) Material Variables Results
71003 100 DFP-3-2 Lowered coil in- Fliminated ionization, ]
ductance from 17 reduced growth power :
to 10.8 yH and to 16 kW. Seeded at ‘
insulated hotzone 96 mm width with a
with 2 layers of 100 mm seed. Ribbon
6.4 mm thick “was thin at ~ 20 mm
graphite felt. from each edge and
one side pulled off
after 13 mm of growth
71004 100 DFP-3~-2 Repeat, but using Seeded full width,
80 mm wide seed, gradually increased i
and keeping ribbon width. Ribbon was
narrower so that thin about 15 mm from
meniscus is lower. each edge, and finally
pulled off at a width
of 95 mm, after 170 mm 1
of growth. Ribbon fell
out of seed holder and ,
shattered during with-
drawal from furnace.
71005 100 DFP-3-2 25 mm diameter holes Started several growth
cut in upper and attempts with 80 mm
lower heat shields, wide seeds. Thickness
20 mm from each edge. seems more uniform, but
Purpose is to allow could not spread growth
more heat loss and without freezing. Die ‘
hence make ribbon found to be cracked
thicker in spots after this run. i
where it is now thin J
and pulling off
71006 100 DFP-3-2 New die and holder. Die swelled, dis-
' (uncertain) wWill use 100 mm seeds torted, and cracked

to attain higher
central meqiscus.~

in 8 places. Obvi-
ously there is a
material mix-up.

e
H - .
g .
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T . Appendix II. Dimensional Characteristics of Silicon Ribbons
. Grown During Contract
e August 1975 to November 1977
¢
b .
- .
3 : 7 Seed Usable . Thickness (mm)
S Ribbon Orientation Length Width (mm) Seed Tail
ék : Run No. Axis Surf. (cm) Max Min Max Min  Max ..-Min
¢ 50805 0 0 38 8.6 6.7 1.01 .00 1.03 ;00
! § S0806 0 0 65 8.1 6.2 1.00 .00 1.08.- .00
: 50807 0 0 25 8.7 7.6 1.10 .00 1.15 <00
" 50808 0 0 34 8.4 8.1 1.06 .00 1.21 .00
E 50809 0 0 114 7.3 6.7 1.01 .00 1.05 .00
: : 50811 0 0 28 8.0 7.1 1.35 .00 1.35 .00
v L 50825 0 0 32 4.7 4,2 1,58 .00 1.60 .00.
Lo 50826 0 0 32 5.5 3.8 1.25 .00 1.u43 .00
- . 50909 0 0 23 26.2 25.8 .70 .35 .67 .39
g 50911 110 . 111 24 25.7 2u4.4 .65 .35 .62 L4l
. ’ 50916 110 100 46 26.0 0 .73 .54 .62 .33
? ‘ 50919 110 100 90 26.0 .0 .55 .23 .65 .36
Lm ; 50926 110 100 18 26,0 .0 .65 .57 .65 .56
* 50927 110 100 40 26.0 .0 .53 Y] .54 .34
}' ‘ 50928 110 100 45 26.0 .0 .49 .32 .50 .31
' ' 51003 11¢ 112 49 25.6 23.6 .67 .51 .63 .46
51005 110 112 50 26.1 24.7 .63 a4 .66 45
! ! 51007 110 112 51 26.4 23.0 .75 .53 .73 .45
. { . 51008 110 112 4y 25.6 23.7 .63 <40 .66 .43
- : 51012 100 11¢ 91 25.9 24.3 .69 .49 .68 <47
51013 100 110 20 26.0 25.0 .64 U2 .68 .51
51014 100 110 Sy 25.7 21.2 .69 .62 .62 .34
. i 51015 110 100 84 25.1 23.4 .61 .35 .64 ¢34
* - 51016 110 100 52 24.8 17.0 .73 .48 .60 .39
1 ; - 51017 110 100 22 24.7 23.8 .64 .45 44 .26
: 51018 110 100 23 25.1 25.0 .72 .43 .67 <u1
b 51019 110 100 56 25.0 23.6 .67 LUy .55 .35
? 51021 110 100 Sy 26,2 24,4 .65 .49 .66 .38
: 51022 110 100 63 25.6 23.8 +63 .38 .59 .28
| ? 51023 110 100 63 25.5 24.1 .62 .35 .59 .39
e 51024 110 100 24 26.2 12.5 .63 .35 .64 .26
i 51025 110 100 58 25,7 23.3 .54 .31 .56 .22
: ? - 51026 110 100 62 25.4 24.6 .62 42 .62 .37
: § 51027 110 100 59 24,9 24.5 +«51 «29 .52 .26
E i 51102 110 112 12 .0 .0 .00 .00 .00 .00
: t 51104 110 100 59 25.3  23.5 « 54 <40 .51 .36
; g 51107 110 112 49 25.5 24,1 +u5 «29 .50 .28
- : 5 51110 110 100 10 25.7  23.3 .55 .50 +55 .50
| : ' 51114 110 100 48 25 . 4 24 .4 .50 .36 .50 .34
f 51115 110 100 87 25.6 25.2 +A46 .30 .57 .35
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Crystal Growth 173?

Sced ‘Usable Thickness (mm)
Ribbor Orientation Length Width (mm) Seed Tail
Run No. Axis Surf. (cm) Max Min Max Min  Max Min
51118 110 100 57 25.2 24.8 46 .31 .45 .29
51119 110 100 sS4 24.7 24.5 .43 .28 .46 .29
51120 110 100 21 24.9 23.8 .45 .32 47 .25
51201 110 100 16 24.6 17.4 47 .50 .50 .35
51202 110 100 60 25.0 2u4.1 .52 42 .50 .45
51203 110 100 19 25.5 24,1 .76 .50 .45 .36
51205 110 100 36 25.0 24.9 .55 .45 .50 .45
51207 110 100 20 24.5 22,2 .61 80 .26 .22
51208 110 100 46 24,6 24,3 .50 .40 46 .36
51209 110 112 53 .0 .0 .45 .35 .00 .00
51210 110 112 u6 24.9 20.6 .67 .50 .65 .50
51213 110 112 32 23.5 14,0 .38 .32 .53 .40
- §1214 110 100 55 24,8 23,2 .48 40 .45 .41
51216 110 100 39 25.3 22,7 .71 .52 .73 .45
51217 110 100 57 24,7 23.4 .74 .48 .75 47
51218 110 100 45 22.9 22.4 .55 .50 .60 .50
60102 110 100 56 25.5 24.9 .53 .39 .50 .33
60103 110 100" 51 25.2 24.2 48 .31 .45 .27
60104 110 112 60 25.4 24,3 .49 .29 .52 .33
60105 110 100 58 24.9 18.8 .50 .45 .50 .45
60110 110 100 46 24,8 23.6 .53 42 .50 .37
60111 110 100 9y 25.4 ° 23,8 .00 .00 .00 .00
60112 110 100 90 2.9 23.4 .45 .35 .50 .27
60114 110 100 33 25.4 22,7 .50 .45 .53 .36
60115 110 100 - 36 25.2 20.1 .50 .40 40 .30
60116 110 100 31 25.2 22.4 .53 .42 .37 .28
60119 110 100 28 25.4 25,1 .55 - .50 .54 .38
60120 110 100 95 .0 .0 .00 .00 .00 .00
60202 110 100 96 24,6 23.7 .50 .32 .47 .30
60203 110 100 25 25.5 22.2 .57 .38 .55 .25
60206 110 100 9 23.1 18.1 .62 .70 .60 .64
60209 110 100 45 25.9 24,2 .80 .90 .64 .90
60212 110 111 55 25.7 25.1 .60 .50 .60 .40
60213 110 111 77 25.6 25.4 .60 .85 .00 .00
60216 110 100 40 24.6 24,2 .70 - .80 .55 .65
60217 110 100 18 24 .4 24,2 .60 .85 .42 .52
60303 110 111 55 24.9 22.5 47 .43 .45 .35
60304 100 110 55 25.5 22.6 45 .42 42 .22
60309 100 110 53 25.6 23.4 47 .50 42 .45
60310 100 110 23 25.2 23.9 .35 .35 .38 .40
60312 111 110 41 24,7 21.7 .32 .32 .35 .37
60318 100 110 4y 25.6 23.7 4y .40 .45 “37
60320 100 110 55 25.3 24,3 42 .38 - .36 .30
60322 111 112 57 24,7 24,0 40 .34 .41 .25
60323 111 112 29 24.6 22.0 .30 .27 .32 .22
60324 111 112 54 24,4 22.2 .35 .28 .32 .24
60325 110 100 18 23.9 18.6 .65 .70 .50 .40
60326 110 100 3s 25.5 21.9 45 .38 .5u 46
- 60328 110 100 35 25.3 25.0 45 42 .40 .28
60329 110 112 56 24.8 22.7 .30 .25 .40 .28
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4
i i Seed Usable Thickness (mm)
LT Ribbon Orientation Length Width (mm) Seed Tail
SR Run No. Axis Surf, (cm) Max  Min Max Min Max Min
.3 :
1 b
Yoo 60330 110 112 43 25.4 24,7 .30 .26 .38 .30
v 60337 100 110 52 25.2 18.0 .40 .27 .50 .22
— 60341 100 110 55 25.1 23.7 .40 .35 .48 .32
' i 60401 100 110 56 26.2 25.8 .50 .35 .50 .37
S 60402 100 110 57 25.7 25.2 .45 .32 .u5 .30
g ; 60404 110 100 76 26.4 24,6 .40 .21 .50 .32
. : 60406 100 110 56 25.8 25.0 .52 .36 .52 .24
p ' 60407 100 110 56 .0 .0 .00 .00 .00 .00
! 60408 100 110 56 25.0 24,2 .30 .16 .30 .15
: 60409 100 110 48 24,8 23.7 .30 .15 .35 .10
0 6041y 110 100 56 25.6 25.0 45 .25 .35 .20
[ 60416 100 110 58 25.4 23,6 .45 .22 .38 .18
i 6ou1s 121 111 54 25.4 20.5 .45 .22 .35 .10
4 60419 121 111 56 25.2 24,5 .40 .22 .32 .10
T 0420 121 111 32 25.2 25,0 .32 .19 .35 .1§
o 60421 121 101 50 25.2 22.4 .48 .37 .48 .32
) : 60422 121 101 52 25.0 23.1 .45 .25 .43 .25
" 60432 100 110 55 2u4.9 24.7 .40 .30 .00 .00
. 60436 100 110 52 24.8 24.1 .48 .41 .00 .00
60437 121 111 55 25.2 24,1 .40 .28 .45 .32
pou3s 121 111 43 25.0 22.9 .35 .23 .28 .18
60439 121 111 54 25.5 24,1 .45 .29 .42 .30
60440 121 111 56 24,5 24.3 .40 .25 .39 .24
gouu2 121 111 16 24,4 23.1 .42 .27 .42 .25
o443 121 111 38 24,3  20.5 40 .32 .36 .16
~ gouus 121 111 39 24.4 24,3 .42 .19 .45 .20
- 60446 100 110 56 24,4 17,2 .38 .25 .38 .22
: 60447 121 111 58 24.6 19,7 .35 .19 .45 .21
; 6ou48 121 101 53 24,4 24,1 .45 .20 .40 .15
; 60506 100 110 46 38.2 37.8 .55 .65 .50 .65
: 60511 110 112 36 39.2 37.4 .43 .55  .u4 .53
. 60520 110 112 58 25.2 25.0 .52 .45 .51 .45
. 60521 121 101 91 24,7 22,7 .40 .38 .40 .28
£ 60522 110 112 90 25.2 24.8 .40 .35 .45 .28
’ 60523 110 112 63 24.7 24,5 42,30 .39 .30
‘ 60525 121 101 55 24.7 24,6 45 40 .45 .u0
; 60526 110 112 58 24.6 23,3 .40 .20 .40 .25
: 60527 110 112 81 25.0 24,3 .40 .20 .50 .25
% 60612 110 112 65 24.4 23,7 47 .2 .40 .32
N 60702 110 112 85 24.8 23,2 .45 .50 .50 .51
i 60801 110 112 53 38.1 37.9 .81 .67 .68  .b6u
¢ 60803 110 112 22 38.0 .0 .65 .57 .63 .59
60915 110 100 112 37.7 37.5 .75 .50 .60 .49
y 60916 110 100 90 37.6 37.4 .92 .74 .71 .60
& 60917 110 100 83 37.5 37.4 .80 .58 .80 .63
E 60918 110 100 90 38.0 .0 .77 .64 .83 .68
! 60920 110 100 54 34.0 .0 .89 .73 .80 .53
60924 110 100 42 38.0 .0 1,04 .75 1,10 .75
60926 110 100 45 38.0 .0 .95 .85 .77 .56
60927 110 100 20 38.0 .0 1,45 1.15 1.00 .80
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Seed Usable Thickness (mm) i
Ribbon Orientation Length Width (mm) Seed Tail p
Run No. Axis Surf. (cm) Max Min Max Min Max Min i
}
60928 110 100 23 38.0 .0 1.05 .82 1.00 .84 y
61001 110 100 67 38.0 .0 1.10 .80 1.18 .80
61003 110 100 75 38.0 .0 <75 .55 .55 .38
61006 110 100 35 38,0 .0 .65 .58 Lu45 LU0
61008 110 100 37 38.0 .0 .48 47 .50 .48
61010 110 100 122 38.0 .0 .68 .50 .63 LU0
61011 110 100 100 38.0 .0 S .u8 ~U42 LU4 .32 :
61014 110 100 80 - 38.0 .0 .56 .50 43 .28 '
61016 110 100 50 38.0 +0 40 .28 .60 «27 5
61017 110 100 131 38.0 .0 .60 MY .55 .35
61019 110 100 21 3.6  41.4 .70 w43 .78 .68
61020 110 100 17 43.7 42.9 1.40 .82 1.50 1.10
61101 110 100 108 49.5 49,1 1.20 .60 1.20 .50 i
61201 110 100 91 38.1 37.2 .80 .72 .61 .51 '
61202 110 100 80 38.0 37.4 .80 .70 .70 .60 g”
61205 110 100 90 49.4 u48.6 .98 .72 .90 .72 {
61206 110 100 95 4g.4 u47.6 .95 .85 .90 .75 :
. 61208 110 100 86 50.0 0 .70 50 .80 .53 LI
61210 110 100 120 49,6 u48.6 1.02 .57 .96 .39 . aé
61211 110 100 uy .0 .0 .60 .00 .00 .00 4
70101 110 100 - 120 49.0 47.0 .80 .40 .80 .20
70103 110 100 © 56 49.6 48,2 .90 .18 .92 .07
70107 110 100 108 49.3 49.1 .90 +33. .90 .23
70109 110 100 96 48.6 u48.2 .82 Ju8 .90 .35
70110 110 100 57 48,6 u8.1 .85 ub .88 .32
70111 110 100 66 48.7 u48.2 .87 <42 .88 30
70201 110 100 76 37.9 36.2 «65 .70 .82 .85
70202 110 100 88 37.5 36.8 .80 .70 .60 .50
70204 110 100 L 37.8 37.2 .80 +70 .70 .60
70205 110 100 o121 50.0 49.2 .82 .60 .45 .52
70206 110 100 29 49.7 u46.2 .38 .25 <40 .30
70301 110 100 64 50.0 49.7 .70 .55 55 .40
70305 110 100 114 37.4 37.1 .70 .36 .60 .28
70306 110 100 108 49:7 49.4 + 713 .38 .6u .20
70307 110 100 92 49,5 49,2 .55 .36 .60 .35
70308 110 100 120 49.5 49,2 .50 .19 U8 <14
70309 110 100 90 37.6 - 37.1 .75 - .55 60 52
70310 110 100 11y 38.1 37.9 .62 .42 .92 .33
70312 110 100 85 49,2 48.8 .78 .25 1.08 .40
70314 110 100 78 37.6 36.5 .82 - .60 . .56 .us
70401 110 100 27 . 49,1 u48.2 .85 .75 1.02 .58
70402 110 100 110 ~ 50.2 49.1 «65 .45 1.00 .33
70403 110 100 18 48,7 u47.2 .90 .82 . ,95 .72
70404 110 100 111 49,7 u48.6 .60 «70 ~6U .38 ,
70405 110 ‘100 51 49.0 u48.5 .95 .82 .90 .70 3
70406 110 100 64 49,3 48,7 . .92 .73 42 «32 :
70407 110 100 35 50.5 50.1. .50 .28 .60 .28 ,
70409 110 ico .80 50.4 47,4 «52 .40 «70 .50 .
. 70410 110 100 - 110 50.5 49.7 .61 +40 +52 ,’.u2 ﬁ
70411 110 100 10y 50.5 49.7 .21 .15 .17 .15 g
4
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] ] Scedl Usable Thickness (mm)
Ribbon Orientation Length Width (mm) Seed Tail
Run No. Axis Surf. (cm) Max Min Max Min Max Min
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{ 70412 110 100 50 49.8 u49.6 .65 .45 .52 48
: 70413 110 100 82 S0.1 u8.6 .80 .37 .92 .32
. 7041y 110 100 23 49.3 47.6 .65 .35 .64 .27
70416 110 100 62 49.4 46.9 .92 .75 . .92 .57
70417 110 100 86 49.5 49.4 .36 .15 .60 .09
: 70418 110 100 79 49,4 47.0 .56 .11 J42 .18
! 70501 110 100 60 49,6 49.2 .52 .35 .70 .32
‘ 70504 110 100 82 49.4 45,4 .68 .31 .65 .30
70505 110 100 76 49.9 46.7 .84 .43 1.00 .37
70507 110 100 61 49.5 47.4 .55 Ju2 .37 .25
70508 110 100 31 4y ,6 u43.9 1.10 .95 1.20 .95
70509 110 100 72 47,7 47.0 .96 .72 1.0u .50
70510 110 100 19 42.8 42.1 .70 .50 .95 .72
70511 110 100 120 49,9 49.4 .+ 60 .25 .62 .16
S 70513 110 100 120 49.8 49.2 .88 Ju2 .84 .30
I A 70601 110 100 91 50.5 50.3 .60 .40 .68 J42
3
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70602 110 100 121 50.1 49.8 .63 Ju40 .60 .18
i . 70603 110 100 130 50.1 49.6 .60 .22 .79 .15
y : 71004 110 100 17 95.0 80.0 1.74 .78 1.52 .21
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APPENDIX III. Design Details for 25 mm Dies,
Die Holders, and Heat Shields

.
(-]
pors
(3]

R R T TV S T A SR

T,

THIS SURFACE MUST BE FREE
OF NICKS AND FLAWS |

B (2X) .030

I T e

~ (2x) .010

{2x).010

s

.

.
it g T T T

e —— e — ! — —— —— — t— —  — {— ——  o—— o——o sormtn]

l

I

!

I

%

!

8
T8

K%
o

~ TOLERANCES |

1.20

2X) .15

teze e -—I-t—«zx).w PR R |

 [e—i(2x).33

—1.05}

2PLACES =011 = A et L o DR, e
3PLACES +.003 - R e O e I B T e e

.} m;;’f"u:," S L
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STRUCTURAL AND ELECTRICAL CHARACTERIZATION or

CAST SILICON RIBBONS

. H. qchwuttke; K H. Yang, H F. Kappert, R. Hezel, and

. G. Dessauer

1.0 INTRODUCTION

CAST crystals dlsplay a unique defect structure.v foort was
expanded to study, :analyze and rmprove 'crystal defect

structure in such ribbons. The influence of crystal

~defects in CAST rlbbons on solar cell performance was also

Wt

HC Stndied;f

Sy n

*l?iﬂe‘ characterlzatlon' problems encountered in CAST crystals
Al.?durlng the contract perlod were ' numerous., ‘_Inf the
xtkpbeglnnlng of . the program rlbbon growth was plaqued by thev

f‘formatlon of 5111con .carblde crystallltes and epltaxlally

lqdep051ted 5111con carblde fllms. The "hlgh—melt~menlscus

technlque together w1thﬂ"thermal balanclng" u51ng inert-gas
4
streams (descrzbed 1n section Crystal Growth of thls report)

'yfmpreduced th;s problem con51derably. :

/\

| ffébntrolled seedlng and control of surface orlentatlon of

casT rxbbons remalns a problem and needs further

o

e TR Mty s AR LA PV G T e A I S

I e

T




attention. A complete surface orientation analysis of

f - ribbons grown under steady state condition was made using

‘g electron 'channeling patterns in the SEM. Transmission

electron microscopy was used to'analyze the crystallographic

f’ . nature of crystal defects. The electrical activity of

crystal defects was determined using the SEM-EBIC technique.

; Lifetime degrading properties of crystal defects were ﬁ
-
? 1. measured using the MOS C-t technique. A correlation of

crystal defect density and solar cell performance of ribbons

s TN EfRE T
Moy

was obtained.

A detailed description of the key efforts is presented in

the following sections.

e

2.0 SILICON CARBIDE FORMATION
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4
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The use of carbon as die material causes formation of

silicon carbide during ribbon growth. Silicon carbide

Fa

crystals may form as small crystallites on the die sides or

‘E

B7 2y

g

in the die orifice. They may also grow épitaxially on

ribbon surfaces. The high melt meniscus technique

combined with thermal 3jet control during ribbon growth

-
e
g’: s 4 a :

reduced such problems considerably.

2.1 SiC Crystallite

EEIEPUCI\ P
fracts
pIELe?

| 38

Mg

During silicon ribbon growth, particularly without thermal
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jet control, small SiC crystallites form in the orifice of
the die. Such crystallites are also found floating in the
meniscus at the top of the die.’ More or less frequently
such' a particle becomes attached to ﬁhe silicon ribbon thus

destroying the perfection of the ribbon(1’2).

Similar observations are made on the outside of a carbon die
in contact with the molten silicon. An accumulation of
crystallites in the orifice of a carbon die is shown in Fig.
IT-1(a) and on the outside of a die in Fig. II-1(b).

Scanning electron micrographs of such small crystals scraped

»from the orifice and from the side of the die are shown in

Fig. II-2(a,b). These crystals appear equi-axed and expose
mainly (111) and (100) surfaces. The morphology of the SiC
crystals is in agreement with the growth from a liquid phase
by precipitation. Some of these crystals are found in
clusters bonded to each other with a véry limited area where
their orientations are identical. It is obvious that
beautiful small SiC crystals cankbé grown by this technique

as an unwanted "side-product" of Si ribbon pulling.

2.2 Silicon Carbide Film

SiC films form on the ribbon surface via vapor transport
deposition. Vapor-phase deposition of SiC is particularly

active during the seéding phase and during the initial
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II-1(a).

Precipitates in carbon die orifice after
silicon-ribbon growth.
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Fig. II-1(b). Precipitates on side of carbon
die after silicon-ribbon growth.
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Fig. II-2. Scanning electron micrographs of
: SiC crystais scraped from the
: orifice of carbon die.
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growth period, leadlng to a more or less dense sic fllm on
the ribboni surface. ' lSuch siC fxlms 1nf1uence
destructively the effLC1encY of rlbbon solar cells(17) - To

minimize film formation ’it,ls 1mportant to understand the

o

' crystallographlc nature of the f11m as well -as the mechanlsm

of growth Thls study relates to these prublems and

presents a complete analysls of such fllms.‘

2.2.1 Analysis of Surface Films

Visual inspection of seed-ribbon crystals as grown . reveals

that the seed is covered with a dull bluishbfilm while the
surface of the ribbon close to the initial seed interface
looks dull and dark. The surface dullness decreases rapidly
with the distance from that interface, and a shiny ribhbon
surface is normally ohtained after 10 cm of ribbon growth.
The surface film formation is more Apronouncedrofor -lower
growth speeds end'very strong during the lseedihg Operatio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>