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1. SUMMARY

Silicon dendritic web,asingle crystal ribbon shaped during
growth by crystallographic forces and surface tension (rather than dies),
is a highly promising base material for efficient low cost solar cells.
The form of the product —smooth, flexible strips 100 to 200um thick—
conserves expensive silicon and facilitates automation of crystal
growth and the subsequent manufacturing of solar cells. These character-
istics, coupled with the highest demonstrated ribbon solar cell efficiency-
15.5%-make silicon web a leading candidate to achieve, or better, the
1986 Low Cost Solar Array (LSA) Project cost objective of 50 cents per'

peak watt of photovoltaic output power.

The main objectives of the Phase II Web Program, technology
development to significantly increase web output rate and to show the
feasibility for simultaneous melt replenishment and growth, have largely
been accomplished. Recently,web output rates of 23.6cm2/min, nearly
three times the 80m2/min maximum rate of a year ago, were achieved. We
now have grown webs 4cm wide or greater, e.g. Figure 1, on a number of
occasions. Moreover, these wide webs are free from the rippled texture

accompanying growth of the widest Phase I ribbons.

These results have important economic, as well as technologic
implications, viz.Figure 2. At the 23.6cm2/min demonstrated output rate,
the projected silicon web wafer plus polysilicon cost is about 12.8 cents
per watt, or more than 3 cents per watt below the LSA 1986 cost goal of
16 cents per watt. Even if the future cost of polysilicon falls only
to $25/kg,the projected web wafer plus polysilicon cost is 17 cents per

watt, or within 1 cent of the LSA objective.




Figure 1 Maria Meimlich displays a 4cm wide silicon web crystal
recently grown as part of the DOE/JPL Web Development Program.
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. Significant increases in web width and speed have been made
during the Phase II program. Herver, to reach the projected 1986 web
costs requires not only high output rates, but that these rates be
sustainable for considerably longer }eriods than now is possible. Long
term higﬂ output operation currently is hampered by depletion of silicon
from the crucible as liquid transforms to crystal. The fall in liquid
level reduces web growth rate and promotes an increase in web stress, a
precursor to ribbhon bending. ‘Thus melt replenlshment and closed loop

level control are critical requirements for further: web devélopment.

A first sfep,in establishing the necessary long tetim growth
stability, development of melt replenishment technology, has been tested
and shown feasible during this program. The feedstock, pelletized
silicon, is injected into the melt from a programmable, mechanically-

" actuated pellet feeder while concurréntly pulling a web crystal. The
system employs a unique two compartment crucible design in which the
melting pellets are separated from the growing web by a quartz barrier.
A key result of these experiments was the4demonstrétion that solar cells’
fabricated on the replenished matefiél were just as efficient as cells
fabricated.on fypical webs growth without melt replenishment. The

feediné technique apparently introduces no undesirable contaminants.

Besides the important developments in output rate and ‘
replenishment technology, characterization studies indicate that average
"web solar cell efficiency has increased during the Phase II effort, and
that further improvements can be expected.  Over 180 web crystals grown
under a variety of conditions typifying fhe range of experimental
parametérs.studied in Phase II have been fabricated inta snlar ealls.
The éverage cell efficiency (AMl, AR coated) for the 740 cells was 13%,
~ about 1% higher than the efficiency average during Phase I. As part of
a companion program (JPL 95473),solar cells fabricated on web'grown
during the pést year exhibited 15.5% AM1 éonversion efficiency, the '
highest yet for any ribbon solar cell material. The first one square‘

foot area web demonstration modules'produced 11.5% conversion efficiency.



Most of the major technical requirements to produce silicoﬁ
web suitable-for low cost solar cells have now been demonstrated. These
include output rate, cell efficiency, ribbon thicknéss,and tolerance to
impurities(likely in solar grade silicon)sufficient to meet the 1986
LSA cost objectives. Future activity must be aimed at the de?elopment of
an operational melt replenishment syétem and closed loop growth system.
controls so that high wéb output rates can be sustained for prolonged

periods with a minimum of operator intervention.



2. INTRODUCTION

Silicon dendritic web is a single crystal silicon ribbon
material with unique advantages for the manufacture of low cost solar’
cells. Shaped by the interplay of natural crystallographlc and surface
tension forces, rather than potentially contaminating dies, the web
produces solar cells with excellent conversion efficiency. For
example, during the past year an AMl efficiency of 15.5% was demonstrated,
so far the highest value reported for 'a ribbon material. The web process
also conserves expensive silicon: the ribbons'ére thin as grown, 100 to
200 ‘um, and the facet-smooth surfaces require .no costly cutting or
etching before cell fabrication. Because impurities are rejected from
the ribbon during crystal growth, it is feasible to use cheaper,.less
pure "solar'" grades of silicon as feedstock for the web process. Finally,
long flexible web strips facilitate automation of both crystal growth
and the subsequent cell maﬁufacturing_operations. Taken together, these
characteristics make the web process a leading candidate to achieve or
better the 1986 Low Cost Solar Array (LSA) Project cost objectives of

50 cents per peak watt of photovoltaic output power.

Nevelopment of weh teehnology has continucd under Westinghouse
funding, and under the auspices of the Department of Energy and the Jet
Propulsion Laboratory, as part of the LSA Project, JPL Contract 954654.

By the end of Phase I of that contract (April 1978) a numbef of impértant
results had been obtained.1 For example, web crystals over 3 cm wide

had been grown(4 cm in very short segments)and a maximum web area output
rate of 8 cmz/min had been demonstrated. Stable growth of thin _
(£150um) ribbons was readily achievable.  Even in webs grown from silicon”
melts purposely contaminated with up to 40 parts per million of Cr, Mn,

- Fe or Ni, the crystal structure and cell performance were unimpaired so

that the use of a "solar" grade feedstocks is feasible. Finally, web



solar cells,though unoptimized with respect to.performance or material
quality yieldéﬂ efficiencies as high as 14.5% AM1 with a 12% average

efficiency for all Phase I cells made and tested.

"The Phase I study yielded significanf improvements in web
technoiogy and also identified the requirements, or critical process
developmenfs, to achieve the i986 cost objectives. These were derived
from an economic analysis of the web process by the JPL SAMICS-IPEG
approach.1 Briefly, that analysis showed the web process.can achieve
the 1986 JPL wafer plus polycrystalline siliéon cost goal af an area
output rate of 25 cmz/min, a polysilicon pfice of $25/kg, and 15% cell
conversion efficiency assuming automated continuous growth for periods
-up to about 65 hours. When the polysilicon price falls to $10/kg, the
projected wafer plus silicon cost for web is about §.04/watt below the
JPL 1986 objective. ’

Clearly, improvements in output rate and in the ability to
grow web for extended time periods were required. Because of its large
leverage on system costs, an increase in cell efficienéy was also
desirable. For this reason development of technology to raise the out-
put of the web process-to 25 cmzmﬁjlbecame a major objective of -the Phase
IT program described in this annual report. A second key<objéctive of
the Phase II stﬁdy waslto show the feasibility of melt replenishment so
" that stable.growth conditions can be maintained for practical periods.

- This is the first step toward achieving a fully automated growfh system.
The material broduced as part of the developmenf effort was to be 100
to 200 ym.thick, exhibit dislocation densities of 104 cm_2 or(}ess and
possess quality sufficient for the fabriéation of 12% efficiént solar
cells. o

The Phase II program approaéh gtilized.both active and
passive thermal trimming and special growth 1id designs to increase web
width and growth velocity while minimizing stress in the material.
Development of these techniques is an interactive procéss in which
computer simulation of thc growing ribbon is cuupled wilh empirical

evaluation of system parameters and hardware to improve web output rate.



Development of melt replenlshment capablllty included 1nvest1gat10ns of
mechanical and thermal requirements to feed pelletized silicon to the
melt while simultaneously grow1ng web crystal. - The impact of changes
in growth system parameters on web- seeding and web quality were
monltored‘by structural, electrical, and device measurements to assure
that the material remains compatible with the fabrication of efficient
solar cells. Finally, the economic analysis was updatéd to reflect

the progress in web technology development.

'The Phase II'effort has been quite successful. We recently
achieved an output rate of 23.6 cmz/min, néarly three times the maximum:
value attained during the Phase I program and very.close to our goal of
25 cmz/min. Long webs over 4 cm wide were grown on a number of occasions.
Not only are these recent webs wider than the earlier crystals, but they
also are free from the ripples often encountered in the widest Phase I '

. 1
material.

At 23.6 cmz/min the. projected web polysilicon plus wafer costs
is $0.17 per watt (about a'penny a watt above the 1986 target) with $25/kg-
silicon, and $0.13 per watt; or 3 cents below the 1986 goal, with
$10/kg silicon. The same assumptions regarding. cell efficiency and

growth cycle time described above hold for these calculations.

To achieve the projected costs requires that the web be grown
at high output rates for.prolonged times. We cannot yet do this; the
falling melt level and ensuing changes in thermal environment produced
as liquid transforms to web eventually rcduccs growth spced and promotes
web deformation A first step in e11m1nat1ng this -difficulty, introduction
of melt replenishment technology, has been successfully tested as part of
this program. The system employs a mechanically-actuated pellet feeder
by which 1 .to 2 mm sized silicon ﬁellets can be inserted at a programmed
rate into the liquidlto maintain the level constant. A two compartmént
crucible in which the melt 1s self- levellng keeps the injected pellets
from the growing web as they melt Web crystals grown with simultaneous
melt replenishment have y1e1ded the same high average cell efficiencies

as crystals grown without replenishment.



Besides improvements in web output fate and replenishment
technology, characterization experiments on over 180 webs grown during
Phase II indicate a general increase to 13% AMl in average céll
conversion efficiency compared with the 12% average efficiency typifying
the Phase I study. This is despite the fact that no "standard" growth
‘procedures are now employed-crystéls are grown under a variety of
cbnditioﬁs depending on the parameters being tested, e.g. to improve
output rate. Web cell efficiencies as high as 15.5% and module
efficiencies up to 11.5% were demonstrated as part of a companion program
"(JPL 954873). We expect these efficiencies will increase still further

with improvement in cell processing and module fabrication.

The remaining sections of this annual report provide an overali
picture of the results from over 380 experimental runs conducted as
péit of Phase II web development program. For specific details readers
may consult previous quarterly reports,2_4’the Growth Run Summary in
Appendix 2, or the appended paper entitled, '"Silicon Ribbon Growth by
the Dendritic Web Process, a detailed discussion of the origin and
cqntfol of stress in web crystals, the tolerance of web growth td

impurifies and recent backsurface field solar cell results.



3. PROGRESS IN WEB'TECHNOLOGY DEVELOPMENT

3.1 Enhancement in Silicon Web Output Rate

Web éfystals afe gfown from silicon held molten in a quartz
crucible, Figure 3 . which is heated inductively thrangh a molybdenum
susceptor. System heat flow is confrolled'by a slotted molybdenum
susceptor lid and heat shields through thch the growing web also
passes. The 1id and shields shape the liquid isotherms so the center
region is. supercooled while the periphery remains hot enough to prevent -
freezing at the quartz crucible-melt interféce; These eléments in
combination with thermal trimmers placed above the shields also define

the temperature profile in the web crystal itself.

The rate at which liquid silicon is converted to web single
crystal is determined by the product of the web width and growth veiocity.
Crysfal width depends dominantly 6n the lateral temperature profile in -
the liquid while the dissipation of the latent heat of fusion controls
the growth velocity. As we-have noted before, the growth slot width;
bevel angle, and 1id thickness (and the level of the liquid in the
cavity) have profound effects on web growth velocity, while the slot
length, area and hole size are more important for controlling the melt

>

temperature profile.

As wider and wider QeB was grown, it became clear that the
limitation to further width increase was no ionger imposed by the melt
profile. Instead stresses caused the wider crystals to deform, and
structure to degrade.4 For this reason a computer model of the stress
in web was developed and verified to guide the implementation of thermal
trimming elements which minimize web stress. Section 3.1.1 describes
the model development and stress measurements in web; sections 3.1.2 and
3.1.3., respectively, highlight studies to improve web wi&th and speed,
while experiments coupling increases in web width and speed to maﬁimize

output rate are the subject of section 3.1.4.

10
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3.1.1 Stress Modeling and Measurements

At the end of the Phase I program we had clearly identified a
major impact of thermal stress on web crystals} the tendency of web to
twist and curl at some criticel width less than the maximum width -
attainable %or‘a’given‘slot geometry. . Once bending occurred, the
crystal perfection of the material deteriorated rapidly, and the growth
of that crystal had. to be terminated. An associated phenomenon was the -
propensity of some web'strips to fracture lengthnise when handled. The
two halves of the strips diverged,indicating the presence of a residual
stress field in the ribbons, and in fact the degree of divergence can

. . . v . 1
be used to give a quantitative measure of this stress.

Both of these observations are related to the temperatnre
distribution in a web crystal as it is growing from the melt but are
not otherwise necessarily related to each other. That is, web crystals
having relatively large residual stresses may show no tendency to curl
or tW1st and conversely a web crystal may have very small residual
stress until very shortly before it bends. A profosairationale for
these phenomena, described in detail in Appendix 1, is that the‘residual
stress develops trom plastic deformation of the web while elastic
deformation is sufficient to induce the observed bending. While the
qua11tat1ve aspects of these thermally-generated stresses were recognized
at the beginning of this phase of the web development program the
quant1tat1ve aspects ‘of bath the residual stress measurement and the
stress generatlon process were then only roughly formulatcd In the
follow1ng sections, developments in these areas over the last year'will .
be briefly reviewed. |

Residual Stress Measurements. In order to evaluate what effects

changes in susceptor 1id geometry had on the residual stress 1n web
crystals, some technique for quantltatlve stress measurement was needed.
The so called "split width" technique was chosen for its 51mp1101ty and
moderate precision despite the drawback that it is destructive and gives
only an average stress level, not a stress distributiop.'.In this method"

a length of web crystal, usually abont 20cm, is split lengthwise down
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the middle. TIf residual stress present, both pieces curve and the

" curvature is evaluated by measuriﬁg the separation of the two halves as
a function of length. Usually the crystal splits completely and the
twofpieces,must be repositioned for the measurements; however,errors
introduced by this procédure can be minimized by proper treatment of the

data.

The average residual stress in the material can be determined
by analogy to the stresses generated by bending a beam to a uniform
curvature. For a beam of width W, bent to a radius of .curvature R,

The stress at the edges is given by
o=t (1)

where E is Young's modulus. -

The radius of curvature can be expressed as

2 3/
- QX - 2
R |
R = - , , (2)
a2y ‘
dx2
d d |
ay ¢ 9y .
N1/ 2 if g2 <<l : (3)
' . EW d2y o
so that" ' .o w TZ'E;;' : (4

Since dy/dx in split web crystals is very small (m10'3), Eq.(4) is
the appropriate formulation. '

" In practice, the web sample is scribed with a diamond tool
and' fractured lengthwise; accidently spiit crystals have been utilized

as well. One half of the pair is taped to a plastic strip and the
second half is fitted to it at one end and lightly taped in place.

13



Longitudinal alignment is simple by means of small nicks on the crystal
which act as fiducial marks. Angular and lateral positioning is more
difficult, but those errors can be compensated to a great extent by the
statistical treatment of the data. The total'split width is measured
with a filar micrometer eyepiece; the longitudinal position determined
by 1 cm lines scribed on the plastic mounting strip. The raw width-'
length data-usually 18 to 26 data'pairs-is then fit to a quadratic

form using regression analysis:

y = a0+a,1x+0.2x2. . ()

The systematic érrors in mounting the crystal strips appear in a4, and
a1, whereas the second derivative is computed.from ap. The final equation
is 4
W ‘ | -
Ores ~ 7 %2 * (6)

where W is the total ribbon width, o is defined by Fq. § and we have
used the value E = 1.9x1012 d_vnes/cm2 for Young's Mndn]us.s The usual
result of the regression analysis is a high degree of correlation
(r? ¥ .998) and a reasonable standard error for the a4, cnefficient

® dynes/cn?), the.

(v 20%). In low residual stress samples (o v 10
uncertainty in o, approaches 100% indicating that this stress is about

the limit of resolution for the technique.

Typical stress data for a number of crystals are collected
.in Table 1. 1In all cases the 1lid and shield configuration was the RE-1
configuration shown in Figure 4. (Dwg. 1703B17) 1In addition to the
group of data for the unmodified configuration, two other groups of data
' are presented: (1) crystals grown from an REl lid with the addition of
a hot aftertrimmer and (2) crystals grown from an RE-1 1id with a
cold aftertrimmer. These repreéent two types of thermal trimming which
were tested as means to reduce the stress, and hence, deformation in web

crystals.
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SAMPLE.

RE1-1
RE3-6.4
RE7-2.5
RE54-1.3
RE56-1.2
RE57-1.2

J80-2.16

J84-4.3

J82-3.2
J85-1.4
J85-2.5

J106-1.
J018-1.
J115-1,
J116-2.
J117-1

E N LY, B @)

TABLE 1

‘STRESS MEASURED IN WEB CRYSTALS GROWN
WITH DIFFERENT THERMAL TRIMMING GEOMETRIES

RE-1 LID ALONE

10% w2 106

dynes/cm cm? o /W2

16.3 2.657 6.1
7.6 3.208 2.4
36.5 4.335 8.4 .
3.45 3.574 0.97
0.83 3.600 0.23
8.04 3.769 2.13
3.00 3.920 0.77
1.46 3.869 0.38

RE-1 LID WITH AFTERHEATER

127 3.857 32.9
67.8 4.562 " 14.8

65.6 4.170 15.7

'RE—l LID WITIl COLD AFTERTRIMMER

. -4.87 4.012 -1.21
28.2 4.272 -6.61
13.8 3.38 4.08

-36.8 3.686 -10.0
10.9 . 4.306 2.5
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Inspection of the data is sufficient to reveal fhat the use of
a hof aftertrimmer dramatically increases the residual stress while the
cold aftertrimmer gives results which ere similar to those with no
aftertrimmer (at least insofar as the residual stress is concerned we

take up effects due to elastic bending later.)

- The stress data in thetable are given both as the total stress
as calculated from Eq.” (6) and also as a "specific stress" o/W2. The
latter quantity appears to be a parameter which is more nearly character-
istic of the growth conditions than simply the stress itself. A nide
web sample and a narrow web SQmple can have markedly differing stress
values, however o/W? is nearly the same for the two samples, and

characterizes the growth geometry.

Stress Modeling. The empirical data clearly illustrate how the

growth geometry may profcundly effect the residual sfress in web crystals;
however; they give little insight as to how the stresses develop. For
this reason,we developed mathematical models to portray the physical
situation involved. The goal of this work was to understand the Qrigin
of.the thermal stress and to develop low stress designs .for the growth

system including e.g the use of after-trimmers.

.The ‘analytical approach employed for the modeling was the
finite element method.6 Although this approach is particularly useful
for complex geometries, the mechanics of the available computer code
made it very simple to input arbitrary temperatnre distributions and
material properties for the simple half $trip geometry used to represent
the web. :A‘number of element geometries were evaluated; however most
of the model runs were done with a geometry comprised of rectangular
elcments uniform in 1ength aiong the 1ongitudinéltcrysta1 axis
(Z-direction) but varied in width transverse to the crystal, Figure 5.
The clcments were narrower at the edge with the intent of obtaining
better longltudlnal stress resolution. (Recent evidence suggests that

a nearly square, uniform element may give somewhat better results; for the

-

most part, the dilference between the Lwo geometries is minimal. . Problems
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Figure 5 Rectangular Grid Elementé used in Stress Model Calculations
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arise only.when very small stress levels are being computed. The
variatior evidently arises when taking the difference between two
large numbers, and for these cases greater precision is achieved when
the elements are more nearly square.) For further general description

of the model see Appendix 1.

Low Stress Temperature Profiles At the inception of the

stress modeling work, the computer program used w1th the model was
checked by running the special case of a linear temperature profile
with temperature independent materlul parameters. Thermal stress
theory predicts that the resultlng stresses in the ribbon should be
zero,? and in fact the calculated stresses, while not zero. were quite
small. The same temperature profile was then run with a temperature
dependent thermal expansion (as is the case for silicon); the resulting
stress fields increased markedly as might be expected. The model was
then assumed to be operative,and further effort was applied to the
modeling of temperature profiles appropriate to specific 1lid designs.
Near the end of the current program phase, however, it became necessary
' to obtain a better definition of an "ideal" profile; clearly it was not

simply a linear profile.

L . . : . S 8
_For silicon, the thérmal expansion coefficient is given by

a = 2.552x107% + 1.953x10°°T . 9.03x10'15T2. (7)

When we modeled a ribbon with a linear temperature profile but
-~ with this quadratic expansivity, small but real stresses were calculated.
Indeed, using the approximate equation
2
0,, = & (c%-3y%) :z;: (8)

(C = ribbon half w1dth and y = .lateral coordlnate), it was p0551b1e to .
" calculate an effectlve d T/dZ from the value of 0y It was found
that . .
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2
dT 1. d
3 =3 2 @D . - @)

dz"'eff. dzZ

This suggests that_the'Zero stress temperature profile is given by

’

2

2 .
d dT. 2
—d—z(aT)=0=9—2(a+Td‘;)+ & & 00
dz dz )
For the case where o = a, +a T, this.equation redu;es to
2 .
2 .
. (‘il") - Ay
d7. ' '

where a = a0/2a1. Equation (1) has the solution

'T'—a=‘/b12+'b2 Y

This form of temperature profile was modeled in combination with the
thermal expansivity,Eq. 7, and the result was a null stress field over .

most of the ribbon.

With the curved temperature profile given by Eq. 12, all the
stress and shear components were zero over most of .the ribbon with the
exception of the ribbon.ends where modest lateral and longitudinal
stresses were. calculated. To investigate this end effect phenomena
further, several additional runs were made using various element sizes
and types in the model. Thé results of these runs indicated that "end
effect" stresses were an artifact of the analysis resulting from
Computing the differences of two large numbers in the computer program.i
These errors tended Lu Le absvlule In narure rather than rélative, so
that for the large stresses calculated in the 1id analvses, only small
pPrrPangP Prrnrs resulted, Th1c conclusion was verificd hy rmning
some previously analyzed temperature profi]es and F1nd1ng only a 10 to
20 percent change in the calculatcd stresses. Future modeling runs will
be done using a modified element geometry to reduce the end effect<
however the basic conclusions .derived from the previous runs are st111

valid at least on a comparative basis.
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The analysis of a "low stress temperature profile' gave
important directions for 1id and aftertrimmer design. Rather than strive
for a linear temperature profile in the growing web, the model indicates
fhat a sub-linear profile is desired over at least.a portion of the
crystal. This obviously cannot be an extensive region; hcwever,it can
‘be obtained in limited portions, and in fact is one of the inherent
characteristics of the RE-1 .configuration which has demonstrated low

stréss'gréwth, viz Table 1.

Thermal Trimming. An important application of the thermal

stress modeling was to evaluate the effect on stress of the vertical
thermal profilé (e.g due to an aftertrimmer or extra shields placed

above the susceptor and lid assembly) in the web. The temperature
distribution in the web wa$ modeled using an expanded version of the
thermal model detailed in Appendix 6.5 of reference 1. Three situations
were investigated: (1) Hot aftertrimmers at various positions and
tempefatures; (2) no after trimmer; and (3) a cold after trimmer at
various positions. Temperature distributions for typical examples of
these situations are shown in Figure 6; TAS is the aftertrimmer '
temperature and its position is indicated in the fiéure. The temperature
profile near the growth front is changed only slightly between the

three cases; the greatest effect is several centimeters up the ribbon.
The hoflaftertrimmer results in a relatively hot, uniform temperature
region as might Le expecled.. The cold aftertrimmer, which has the _
physical effect of shielding the web from the hot upper surface of the
1id assembly, generates a more linear profile. The longitudinal (ozz)
and lateral (oYY) components of the resulting thermal stresses are

plotted in Figures 7 and 8.

The model calculations can be used qﬁalitatively to rationalize
the ‘stress data (Table 1) obtained for webs growth with different thermal
trimming configurations. The largest stresses are predicted for the
hot aftertrimmers and the smallest for the cold aftertrimmer. In Figure
8, portions of the curves are dashed; in that region, the calculated
stresses exceed the silicon.yield stress estimated from the work of °

Graham et al.lo.
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Figure 6 Comput=d longitudinal temperzture profiles in silicon web crystals. Temperatufe as
a function of position along veb for three cases: no aftertrimmsr, 300°K aftertrimmer
(TAS - 300°K), and 1100°K aftertrimmer (TAS = 110C°K).



Curve 716352-A
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TAS =1100°K

No Aftertrimmer-

1000 TAS =300°K
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Figure 7 Computed variation in longitndinal stress difference
(02 axis-ozz edge) as a function of position above the
-crystal-liquid interface for three cases: no aftertrimmer,
300°K after trimmer, and 1100°K after trimmer.
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above the crystal-liquid interface.  Curves are dotted at

positions were Oy exceeds the silicon yield stress (cyp).
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A second aspect of the modeling was’ the prediction that the
stfesses part1cu1ar1y lateral stress, are sensitive to the position of
‘the melt with respect to the lid. (see Appendix 1 for details).-Th
calculatlons indicate that as the melt level changes theAsfress in the
web may also change. Thus,the stress distribution and hence ultimate
 web width can be very dependent on the melt level during growth as
well as on the 1id geometry and thermal tr1mmer profile. Since we now
do not replenish the melt in most of our runs we may, in fact, be.
negating the beneficial effects of low stress 1ids and thermal -trimmers

designed to provide -the wide web.

, In" summary. both experimental results and computér_simdlation
indicate that afterheaters placedlébove the susceptor iid zgifg!rather
than reduce the residual stress in web crystals. Afterheaters per se
are not a viable technique to promote the growth of wide web crystalst
Instead, analyses show that a susceptor 1id designed for low stress
(no plastic deformation) coupled with a cold affertrimmér (to minimize
elastic bénding of the web above the 1id) should promote conditions for

wide web growth.

Since cne effect of the cold trimmer is to shield the growing
web from the hot 1id assembly, alternatives to the cold trimmer are
. mod1f1cat10ns to the top shielding or some combination of shielding
plus the cold trimmer. As we show below,this approach works and has

. recently. produced long web crystals 4 ¢m wide with improved structure.

Finally, the model studies imply that control of the melt
level in the web growthvsystem.is important if the benefits of low
stress lids and thermal trimmers are to be fully achieved. If the.melt
is depleted by crystal growth, stress levels Trise and web deformation is

-expected. -
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3.1.2 Thermal Geometry for Wide Web Growth

As we have pointed out,l’4 the shépe of the thermal profile
in the liquid controls web width unless thermal stress causes premature
deformation of the ribbon. The essential features of the process are
depicted in Figure 9. Heat loss from the meniscus, perturbs the thermal °
field near the tip of the bordering dendrite so that thére is slightly
more growth on the outer edge than on the inner cdge.’ This causcs a
small deviation of the growth direction from the preferfed [211]
diréctiqn and the crystal widens. sc long as there is a uniform temperature
profile in the melt. When rhe widening weh reaches a region of increasing
melt temperature as shown in the figure, the intrinsic lateral temperature
gradient in the liquid counteracts thg'témperature gradient created
by the meniscus heat loss. The web then ceases to widen and continues

to grow at a steady state.

Thus,if the melt profile is too steeply concave upward wide
web cannot be grown. Wcb width was limited by this effect at the
beginning of the development program. Through a design program based
on experimental developmeﬁt aided by computer simulations, susceptor/
crucible/ 1id designs, which demonstrated flat meit temperature profiles
over regions apprdximately 60 mm in length, were achieved (See Appéndix 1).
With sufficiently flat melt profiles available, atftertrimming elements
were then applied to the system to minimize ribbon deformation. The
following two sections describe the general experimental aspects of

lid design and thermal aftertrimming, respectively.
3.1.2.1 Lid Design

To a large-extent the shape and dimensions of the lid slot
controls the temperature profile in the liquid. By proper design this
profilc can bc made flat to a few tenths of a degree over a distance
corresponding to the desired web width. While the number of potential
desigﬁs is large,certain-constraints limit the number of practical

choices:
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(1) The teﬁperature difference-(AT) between the cénter of
the melt and the crucible wall must be large enough so
that the silicon-crucible interface temperature remains
above the melting point of Si when the melt is under-

cooled for growth.

"(2) Convective flow and any resulting temperature fluctuations
in the melt must be low. Thus,the.center to edge AT
should not be subStantialIy 1érger than necessary to
satisfy (1). |

(3) The growth region should be the coldest region of the

melt with a smoothly varying profile to the walls.

(4) Any oxide generated by the reaction of the molten
silicon with the quartz crucible must be managed so
that it does not circulate in regions of .the system

where it can interfere with growth.

(5) Convective gas flow should be minimizcd'so that thermal-
'perturbations remain small near the crystal-meniscus .

interface region

Exce551ve deviations. from condltlons (1) and (3) promote
"jce" nucleation; variance from (2) and (5) may induce spontaneous pull
out, while point (4) is self explanatory. These considerations though

not overriding do enter into 1id design considerations.

There are two major configurational aspects of 1lid slot
geometry. The first is the horizontal two dimensional shape, i.e..
length, width, size of dogbone holes (if any) etc. These primarily
dictate the distribution of heat loss from the melt and, therefore, the
melt temperatore distribution. ,The second is dimensional shape in
the vertical direction, i.e. 1id thickness, bevels, etc. which controls
the heat losses from the web near the interface region and upward, and
* therefore the vertical temperature distribution in the growing web.
This is important since the vertical temperature distribution affects

web stress levels, and thus indirectly'impacts web width.
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In addition to slot geometry itself, the configuration and
numbeerf shields above the 1id also contribute to controlling the .
vertical and melt temperature distributions (viz SeétionS.l.]Jand aré
in a very practical sense a part of the 1lid configuration. Thus in
our terminology, lid configuration refers to the combination of 1id'

and top shields.

From a width point of view the two most successful 1id
configurations tested so far are illustrated in Figures 4 and 10.
While the two configurations at.first appear quité different, inspection
of the figures shows that the two-dimensional slot geometries are
identical for each. Specificaily, the slots measure 80 mm long overall,
6 mm wide with 12.7 mm diameter dogbone holes. The thicker, beveled
slot for the 1id in Figure 10 has advantages over that of Figure 4 in
terms of growth speed and stress induced deformation, which will be
discussed later. In termé of melt temperature profile the lids are
essentially identical, producing a flat growth zone gfeater than 5 cm
wide, viz profile A, Figure 11. Webs 3 to 3.5 cm wide could be grown

repeatably with these lids, web deformation 1limiting further widening.

chér slot geometry configurations have been tested both to
gather data for imput to the thermal modelihg work and to test the
effect of variations in 1id design on growth behavior. For example, a
straight 80x6 mm slot produced web 2.6 cm wide. The melt profile was
dipped several degrees over a distance of 4.5 cm as measured by a

dendrite probe of the melt surface. (profile B, Figure 11).

Changing the slot to 83 mm x 6 mm with 9.5 mm dia. dogbone
holes, produced a 3.5 cm web width. If the dogbone holes are made
too large, there is a strong tendency to nucleate free floating ice in
.the dogbone region. For example, when the dogboﬁe holes were increased
to 15.9 mm dia.,there were some growth problehs in this respect. Melt
profiles were measured by the dendrite probe method} and the results were
consistent with the general expectation, i.e. the flatness in the melt
profile improved‘aé the slot geometry progressed from no hole to larger

dogbone holes.
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Figure 10 Examples of a growth 1lid which is beveled to increase

radiative heat loss-from the web. Mod. 1 and Mod. 2
depict different shield arrangements. The 2-dimensional
slot geometry is the same as in Figure 4 and the resultlng
melt temperature profile is essentially the same.
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Another slot geohetry tested to improve web width was 114 mm -
X 6 mm, with a 3x3.mm bevel in a 7.5 mm thick 1id. The rationale here
was to proVidé a more uniform environment for the dendrites as the web
widened (compared with the shorter dogboned slot) while the increased
slot length compensated for the lack of dogbone holes. Indeed,
dendrite probes indicated the melt profile to be flat to about lfC in
the growth region, aithough the measurements were somewhat erratic.
Although hardcr to grow with than the aforementioned configurations,
"a 3 cm wide crystal was produced.' The main difficulty with this
configuration was the nucleation of floating ice in the melt. Overall,
this configuration did not seem to offer any advantage over the
configurations in Figures 4 and 10, so fhe latter were chosen as base lines
for the application of thermal trimming to reduce stress-induced

deformation.

Some important,conclusions can be drawn from these'experiments.
_ First, in terms of melt:profile, the maximum width capabilities of the
RE-1 type slot'geometry have not yet been approached. In ail cases, the
growth of wide webs are terminated because of the onset of stress-induced
deform?tion.' Modifications in 1id and top shield configurations,
discussed in the next section, have moved the initiation of deformation
out to 4 cm, where the web still continues to widen. .Second,'the

ability to control the meltbtemperature profile with small variations

in slot geometry while maintaining high quality growth conditions has
future implications with respect to width contfol for 1ohg period,
continuous growth. (See, for example, discussion of width control in |

Section 3.3).

3.1.2.2 Stress Reduction for Web Width Enhancement

In the present phase of this program, a parallel experimental
and analytical approach was taken to identify the sources of and to.
control the stress in dendritic web crystals. The results of the '
modeling study were presented in Section 3.1.1. In this section we

describe the concurrent experimental work.. '
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‘The major factor involved in stress reduction is management
of the temperature profile in the growing web. Three approaches have
been and/or are being tested experimentally: 1) after heater, 2) cold
after trimmer, and 3) 1id and top shield configurations. Although the
afterheater experiments were negative they are covered here for sake
of completeness. The most promising results have been the application

of new lid/shield.configurations.

After Heater Development. During the first'quarter of the

present development phase, several forms of integral afterheaters were
tried with little success.2 These trimmers were heated by induction
-coupling and by conduction from the 1id to which they were attached.

The lack of both independenf temperature control and heater positioning
were obvious deficiencies with the apprdach, so a new and more flexible

‘ apparatus was designed and constructed. This afterheater,whose function.
was based on concepts developed on other ribbon growth‘programs}l’12
is dépicted schematically in Figure 12. - The upper and lower heaters

on each side of the web are specially-designed immersion heatérs capable
of operation at more than 1000°C. The upper and lower heater are

joined by a thin nickei/chrome alloy sheet to generate a vertical
temperature gradient along the length of the web. Each of the four
'ﬁeaters is equipped with its own power suppiy and temperature measure-
ment and control so that a range 6f,temperaturés and temperature
gradients can be ublained in practice. The vertical position of the
entire assembly is also adjustable to supply. an additional control
parameter for experiments. All chamber penetrations required to

position and power the afterheater are vacuum tight.

The operating range of the equipment was'suffitient for'thé
initial experiments.4 .These tests were carried with the afterheater
positioned above a susceptor with an "RE-1'" 1id assembly (Figure 4).
This 1id was chosen as a baselihe since it produced a flat melt
temperature like FigurellA aﬁd because a wealth of growth data had been

accumulated against which to compare the performance of the afterheaters.
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The most compelling results of the study were that stresses,
especially the residual stresses, in the web crystals incréased
markedly for every combination of afterheater operating conditions that
was_tried. For example, from previous measurement§£ the characterlstlc
residual stress for the RE-1 configuration was o/W2 = 2.1 + 1.0 x 10
dynes/cm, a factor of about 20 greater than without the afterheater.
(Table 1). Some of the reasons for this behaviour-were clarified by
the modeling results which became available about the time these
initial afterheater tests were run, and are reviewed in Sectlon 3.1.1.
These results clearly 1nd1cated that the desired vertical temperature
profile required a cooler rather than hotter ambient above the growth

1id ‘to reduce thermal stress.

Cold Aftertrimnmer Studies. The first version of the cold

aftertrimmer, Figure 13, was comprised of two water cooled copper
piates about 4x8x.3 cm mounted at a 45° angle above the susceptor
assembly. Perforared‘tubing which was brazed to the bottom edges of
the plates provided an argon flow curtain to prevent any accumulation

of oxide on the aftertrimmer.

Webs grown in the first few runs of this apparatus were
subject to frequent pull outs; and the formation of third dendrites.
The temperature distribution on the melt surface was then carefully
measured by determining the melting point of a thin dendrite at
several melt positions This test revealed that the temperature proflle
had been drastlcally altered by the presence of the aftertrimmer. Slnce
the aftertrimmer itself was essentlally at the chamber wall temperature,
this perturbation should not have been the result of changes in the
heat loss from the liquid. Rather, the presence of the copper plates
perturbed the induction heating field.

For this reason a second version of the aftertrimmer, Figure
14 was constructed. In this design the copper plates were arranged
vertically above the susceptor to have a much smaller effect on the

induction field. Indeed, dendrite  probes indicated.that'the melt
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temperature profile was flatter, although a slight right-left asymmetry
still existed. Reversing the trimmer support arms so they no longer
parallel the induction power leads (by remounting the aftertrimmer in

the opposite side of the chamber) eliminated the asymmetry.

The first growth experiments with the cold aftertrimmer were
very promising. Residual stress data from several
crystals indicate that it is compatible with the stresses found with
the RE 1 1id alone. Measurements of a number of webs, Table 1,
gave a specific residual stress o/W? = 2.6 + 7.8 x 10° dynes/cmz.
(The large standard deviation of this data reflects the fact that various
aftertrimmer conditions, e.g vertical position, were included in the

measurements.)

These first experiments confirmed as predicted by the model,
that the cold trimmer produces low residual stress. However, considerable
difficulty was experiencedin further experiments aimed at producing a
flat melt temperature profile in the presence of the aftertrimmer.
Dendrite probe measurements indicated that the melt temperature profile
was dipped several degrees, the amount of dip increasing as the
trimmer was positioned closer to the 1lid. In addition, the dendrites
bounding the web tended to be very non uniform in thickness, a
condition usually associated with convectively induced thermal
fluctuations in the liquid. Attempts were made to compensate for the
melt profile perturbation by increasing the size of the dogbone holes,
but this was unsuccessful. Changes in susceptor end shielding were
also only marginally helpful. Dendrite probes showed melt temperature
variations and growth conditions remained poor. It was finally deduced
that the cause of the erratic growth behavior was gas convection induced

by the chimney-like geometry of the aftertrimmer.

At this point, tests of the cold aftertrimmer were suspended

so that a more favorable design could be formulated.
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Lid/Top Shield Configurations. The stress modeling results

implied that an alternative way to achieve the function performed by the
cold aftertrimmer is by means of passive shielding. (This approach has
the virtue of simplicity but clearly lacks the flexibility of the
positionable trimmer.) By manipulating the number, position, and
geometrical shape of the shields considerable adjustment in the web
vertical temperature profile (and hence stress)was possible without

the convective gas fluctuations attending the use of the cold trimmer.

The initial experiments have been extremely gratifying. For
example, the addition of a third top shield to the 1id configuration
in Figure 10 increased the web width to over 4 cm. This result has
been reproduced several times, viz Figures 15 and 16, with a maximum

width of 4.2 cm achieved as of this writing.

Along with progress in width, there also has been an
impressive improvement in the crystal quality of the wider web crystals.
This is vividly illustrated in Figure 17. The lighting for this
photograph was purposely arranged to clearly delineate the macrostructure
of any surface defects. The rippled texture in the leftmost crystal
(here and in Figure 15) is typical of the deformation mode observed in
the widest webs grown at the end of the Phase I program. The other
crystals shown, besides being wider than the earlier webs, are also
free of the undulating surfacc fcaturcs, and exhibit excellent crystal

quality.

Combinations of improved 1id shielding deployed with a
redesigned aftertrimmer should increase the web width beyond the 4.2 cm

maximum so far achieved.
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Figure 15 Wide web crystals produced by improvements to 1lid thermal
shielding. Lights and laboratory surroundings are reflected
in mirror-like surfaces.
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Figure 16 Close-up view illustrating smooth surfaces of as-grown

web crystals. Faint striations are fine oxide particles
deposited during growth.
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3.1.3 Methods to Enhance Web Growth Velocity

3.1.3.1 Background

The maximum crystal growth velocity in general depends on how
effectively the latent heat of fusion can be dissipated from the crystal-
liquid interface. For dendritic web, unlike other ribbon techniques,
the latent heat can be liberated in two ways:l’4 to the supercooled
liquid from which the crystal grows and to the crystal itself. Thus in
principle higher growth speeds may be practical for web growth than for
methods which do not employ liquid supercooling. To date growth
velocities up to 10 cm/min have been achieved albeit on relatively thin
ribbons;4 4-5 cm/min are more typical of the state of the art as we show
below.

The experiments described in this section deal mainly with
ways to improve radiative loss from the silicon web, the most direct

route to improve practical growth speed. We used the mathematical

model described in Appendix 1 to assess the effects of

furnace parameters, e.g susceptor 1id thickness, growth slot width,
shield and aftertrimmer.temperatures, on web growth rate. The situation
can be visualized with the aid of Figure 18 from an earlier report. As
the model analyses, and intuition would suggest, radiative loss from

the web can be improved in the following ways:

(1) Reduce the temperature of the top radiation shield, e.g.

use extra radiation shields above the susceptor 1lid;
(2) Increase the growth slot width;

(3) Increase the view angle in the susceptor 1id (bevel the

slot):;

(4) Raise the web-liquid interface closer to the susceptor
lid, and

(5) Reduce the susceptor 1id thickness.
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We have successfully applied a number of these approaches
during Phase II, routes (1), (2), and (4) having been most effective so
far. The thermal model for the web system predicts that for a given
furnace geometry the relationship between web thickness and velocity will

be of the form:

Vv=a+bh (13)
t

where t is the web thickness and a and b are constants specific to the
growth configuration (for a given t, a system which more effectively
dissipates heat will produce a higher growth velocity). Thus by
measuring the thickness of webs grown from a fixed furnace condition

as a function of the pull speed, a velocity-thickness plot is developed
which is characteristic of that condition. We used this method to
determine the effectiveness of specific growth geometries to increase
web growth speed? The model output was used to guide the choice of the
initial configuration to be tested. The following sections highlight
the results of these studies; details of the specific runs, most of
which were carried out primarily in the J furnace, are tabulated in the

Appendix 2, and discussed in Reference 4.

3.1.3.2 1Increasing Growth Speed Via Lid Slot Design

We carried out a series of experiments to evaluate how beveled
lids and slot width affected growth speed. Melt to 1id height was also
investigated by employing a 1id which was recessed into the cavity above

the melt.

Briefly, if a thick (9 mm), flat 1id is considered a base case
or slow growth geometry considerable improvement in growth speed is
attained simply by introducing a beveled profile along the lid, (for
example as shown in the left side of Figure 10.) In this way,speed
increments of 2 to 3 times the base case were reached. That is, the

velocity-thickness curve for a beveled 1id shifts vertically up the
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speed axis as the amount of bevel section is increased. Speeds up to

5 cm/min have been achieved this way.

By shielding the hot lip of the growth slot from the growing
web, a further speed increase is gained. This situation is depicted by
Mod 2 (right side) of Figure 10. The drawback to this approach is that
an overhanging 1id like that shown in the figure can collect oxide. To
circumvent this problem,we introduced a pair of argon flow tubes (also
shown 1n the Figure) parallel to the growth slot. Argon purged hetween
the 1lid and shield can then be employed to prevent oxide deposits. A
series of runs in the RE furnace, (Appendix 2) proved the validity of
the approach (two other argon flow techniques have also been tested on
the W furnace, viz. Section 3.3.3, but the best method is still undecided).
This now makes possible the use of high speed 1id configurations
previously unfeasible. It also provides a means to introduce convective

cooling of the web, an approach we have not previously explored.

A further evolution of the beveled 1id concept is shown in
Figure 19. The bevel is recessed with only a small straight lip over
the liquid. Radiative transport was increased so that growth rates over
6 cm/min conld be achieved on webs over 2.5 cm wide. By increasing the

slot width of this design growth specd was further raised to 7 cm/min.

While we can achieve speeds commensurate with high overall
output rates there are two difficulties which must be overcome to make
such procedures routine and to stabilize growth conditions for longer
periods. One uf these is to better contrel the seeding operation for
"fast" lids which provide greater radiative heat transport. Typically,
during seeding both melt undercooling and growth speed are adjusted
during a short transient to produce the button and initiate web growth.
The added heat loss in a fast 1id makes this adjustment more difficult
for the operator to reproduce. Thick buttons may result. Within these
buttons, extra twins (Figure 20) form, causing lineage structure to
propagate into the web.4 Improved parameter readout and control should
resolve this difficulty; and this activity will form part of the future

web development program.
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Figure 20 Extra twins formed during the seeding process when the
crystal is excessively cooled.
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* Another way to.increase web growth velocity is to raise the
melt level closer to the 1lid slot. This may be accomplished by recessing
the 1id itself or by feeding silicon to the melt. One set of experiments

conducted with a recessed 1id produced speeds over 5 cm/min.

3.1.4 Combined Output Rate

Because techniques to 1ncrease web width and growth speed can
be 1nvest1gated in tandem, parallel efforts have been carried out as
discussed in the preceed1ng sections in order to utlllze program
resources effectively. By this approach, speeds’ (8 cm /m1n) and widths
>(4.2 cm) have béen independently demonstrated and if achieved

simultaneously, would exceed the web output rate goal of 25 cmz/min.

-Recently we coupled the developments for width and speed, _
employing lid designs with relatively”flat melt temperatﬁre profiles and
good fadiative 1055. In this way we were able to achieve an output rate
of 23.6 cmz/min,'very close to the tafgef value for the program. Output
‘rates above 18 cmz/min have been reached on a number of occasioné,

Table 2. These improvements in output rate may be compafed with the
maximum value of 8 cmz/min demonstrated by the end of the Phase I

program.

We have not yet been able to sustain high output rate growth
forAprbldnged periods.This isbecause in our present system, as the
web crystal grows and widens, silicon is consumed and the melt level
falls. There are two serious impacts.  First, heat loss froh the web is
reduced causing the web to thin. Second, web stress levels are increased
so that deformation is promoted. These observations. (which are consistent
with our compnter simulation resuits) are described in detail in Appendix
2. The implication is that high gpowfh rates ‘and optimum web widths
obtainable with broper 1id design, can oﬁly be sustained for short
periods in a run unless some control action is taken. Melt replenishment,
in fact, is a far-mbre»elegant and necessary way to solve the problem.
The status of melt replenishment technology development is'covered in

N

Section 3.2.

49



TABLE 2

RECENT WEB OUTPUT RATE RESULTS

THROUGHPUT RATE WIDTH GROWTH VELOCITY
RUN NO. cm®/min mm : cm/min
J-95 12.3 23.0 5.35
J-123 11.4 22.4 5.1
8.8 30.8 - 2.9
J-125 ' 14.7 25.0 5.9
J-126 L 12,2 14.7 8.3
RE-98 11.2 26.2 4.3
12.7 .25.5 5.0
J-129 ' 12.3 24.2 5.1
RE-99 12.7 23.2 5.5
_ 14.8 27.9 5.3
RE-100 12}8 21.3 6.0
J-131 12.7 26.5 4.8
13.7 29.3 4.7
14.3 26.0 5.5
12.3 24.2 5.1
RE-101 10.4 27.5 3.8
RE-102 - 11.9 23.9 5.0
, S 13.4 26.7 5.0
J-133 15.7 29.1 5.4
‘ ©13.9 32.3 4.3
J-135 12.2 24.0 5.1
RE-105 19.8 33.0 6.0
RE-107 . S 15.1 35.5 4.25
RE-108 164 31.6 5.2
RE-113 | | 14.3 30.4 4.7
RE-120 : 14.7 25.1 5.85
RE-122 ' 13.5 27.5 4.9
RE-123 14.8 35.2 4.2
RE-124 - 17.0 31.7 5.35
RE-126 ' 14.3 25.0 5.7
. : 15.3 29.2 5.25
RE-127 : 18.7 30.5 6.1
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TABLE 2 (Cont.)

RECENT WEB OUTPUT RATE RESULTS

THROUGHPUT RATE WIDTH GROWTH VELOCITY
" RUN NO. ‘ : ‘cm?/min mm ‘ -cm/min
RE-128 . 12.4 31.1 4.0
RE-130 ' 18.7 32.5 5.75
12.8 34.5. 4.0
RE-131 ' 21.9 34.2 6.4
RE-132 - = 20.1 36.6 5.5
RE-133 236 140.6 5.8
RE-134 , 16.5 39.9 4.15
RE-135 Lo 12.8 34.1 3.75
S 14.3 37.2 3.85
J-163 » 21.7 32.5 6.75
0 34.9 5.74

J-164- 20.
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3.1.5 Summary

N

Web widths over 4 cm have been produced on several occasions
by employing thermal shield‘designswhich limit radiation from the hot
growth 1id to the web. The material is free from structural ripples
encountered in the widest web crystals grown previously. . Bending of
the web still remains an obstacle to further width increase, althougﬁ
our recent successes suggest the experimental directions for future

{mprovumuils in width.

By suitable deéign of the growth slot Qidth, slot profile,
“and adjustment. of melt height, web growth Qpeeds up to 8 cm/min ‘have
been achiefed although rafes'to 5 cm/min are more common. For

snme‘of the high speed 1id configurations, stable seeding conditions
are difficult to maintain. This situation can be improved with signal
indicators to give real time output of undercooling and pull speed
during the seeding. transient. With this information, to bé developed
during the next phase of the prbgram,appropriate §eeding conditions can

be controlled and reproduced.

Combining the techniques evolved to improve web width and

- speed prdduued a Jdemonstratcd wob output rate of 23.6 cm2/miu, very
close to the goal of 25 cmz/min} These. rates are significant improve-
ments over the 8 dmz/min accomplished a year ago. The need for a
constant melt and stable thermal conditions to sustain high output

rafe-operation has been clearly identified.

' Melt depletion during growth significantly alters heat loss
from the web; high speed growth can then no longer be maintained withdut
wéb thinning. Cpntinual,‘thnrmnl adjustments are required for thermal
stability as the melt drops. If improperly carried out, this corrective
action may actually destabilize growth at high outﬁut rates. An operational
melt. replenishment system with level control is the most effective

solution to this problem, both for technical and economic reasons.
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3.2 Melt Replenishment

3.2.1 Background

1t is now Qeil established that melt replenishment (or some equivalent
procedure) will be required to achieve process economics for almost;all
of the ingot, sheet, and ribbbﬁ‘growth technologies if the 1986'LSA wafer
cost objectives are to be met. For web growth melt replenishment is
mandatdry not only for cost reasons, but to'sustain conditions for
' highzéutput operation as described in the foregoing sections of the

report.

" As part of this'program, our objective has been to demonstrate
the feasibility of simulatneous web growth with melt repleniShment.
Silicon feedstock in'the form of pellets 2 to 4 mm in diameter was chosen

for our development because this approach offers several advantages:

(1) The pellets cause only slight temperature perturbations

when fed to the melt.
(2) Additional system power requirements.are small.

(3) The pellets are readily metered with simple, inexpensive

equipment to replace thé_silicon consumed in growth.
(4) The approach lends itself to subsequent automation.

"(5) Polycrystalline silicon produced by thé LSA Task 1

" is very likely to be in pellet form}s’14

Our initial experiments in melt replenishhgnt included tests
with manual and mechanized pellet feeders; design and test of a pellet
"injection system, development of atcomﬁartmented crucible to separate
the injected peliet from the growing web, and a successful demonstration .
of web growth with simultaneous replenishment, The highlights of this

work are described here; reference 4 may be consulted for further details.

)
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3.2.2 Melt Replenishment Equipment

Two types of feed systems were utilized. Initially,a manual
feed arrangement was empioyed in conjunction with an elongated susceptor
- system. (RE furnace) to-develop baseline data on pellet 1nJect10n
crucible design, and growth parameters for feeding. Later a mechan1zed
feeder was designed, built and operated in conjunction with a round
susceptor system (W-furnace). These studies provided information on
susceptor shielding, 1id design, feed tube design, feed rates, and
operation of the feeder itself which could then be apﬁlied to the
‘standard elongated susceptor. This approach was taken to expedite
output rate studies which required the uée_of the elongated susceptor

in the RE furnace.

Manually-activated Systerm. The manuallyactivated pellet feeder

.is depicted in Figures 21 and 22. The functional parts of the manual
feea system are (1) a chamber for stering.a sdpply of silicon pellets,
(2) a manlpulator mounted on top of the storage chamber which enables
the operator to "drop pellets into a funnel topped feed tube, and (3) a
feed tube assembly. The feed tube ‘assembly incorporates a valve so
that the storage chamber may be isolated from thé furnace growth chamber

for reloading.

A susceptor lid and set of top shields were modified to allow
penetration of a quartz feed tube at a position near one end of the
crucible. A quartz barrier was positioned 16 mm from one end of the
crucible with a'naminal 1.6 mm spacing from the crucible bottom so as
to provide a ”leaky“ replenlshment compartment (see also Section 3.2. 3).
The purpose of the barrier is to prevent unmelted feed material from
floating into the growth region of the melt and 1nterfer1ng with web
growth. Feed stock consisted of 3 mm poly5111con cubes. The size was
selected as convenient for manual feeding at a reasonable rate for
evaluation purposes, but not to be construed as ideal for a praetical

automated melt replenishment system.
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Figure 21 Photograph of manually actuated melt replenishment system.
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Mechanical ly-activated System. A mechanically-operated pellet

feeder was developed and built to replace the manually operated system.
The mechanically-activated melt replenishment system provides all of the
function of the manually operated system and, in addition, pellets can

be fed on command and at a programmable rate. This improves experiment
efficiency since the operator is freed from the laborious task of feeding
individual pellets while monitoring web growth. Since the pellets can

be fed at a variety of rates it is considerably easier to approximate

and replenish silicon consumed during growth. Finally, with appropriate
level sensing a truly operational replenishment system can be implemented

with this pellet feeder as its basis.

The heart of the system is a slowly rotating dish called a
separator, Figure 23. It is presently made of polished stainless steel
and is turned at the same rate as the pellets are fed. Its job is to
separate one pellet from the load of pellets in the dish. The dish is
inclined at 35 degrees from the horizontal so that the pellets tend to
flow, not tumble, to the lower side. In the bottom of the dish near
the vertical wall is a 4.2 mm hole. The hole diameter is just slightly
larger than the maximum pellet dimension (e.g, the diagonal of a 2.4mm
cube is 4.15 mm). With the dimensions chosen, only one pellet fits
into the hole, so that as the dish turns, a pellet falls into the hole,

and is separated from the mass of pellets remaining.

The bottom of the hole in the dish is covered with a spring
loaded gate, actuated by a fixed cam which releases the captured pellet
once every revolution of the dish. In the present model, the maximum
rate is 30 pellets/minute. To double the rate a second hole can be
added, etc. The release point is determined by the location of the cam.
The present concept calls for the pellet to be released or dropped into

a small funnel which leads through a tube directly into the melt.
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Some important features of this system are:

(1) Capable of feeding both cubes and spheres

(2) Feed a single pellet at a constant rate up to 30

per minute
(3) Does not contaminate or abrade the pellets

(4) Low vibration level so the growing web and

surrounding liquid are undisturbed
(5) Capable of operation with inert gas or vacuum

(6) Reservoir can be reloaded without impact on crystals

being grown.

Since the pellets can be fed at a variety of rates it is
simple to balance the feed rate with the silicon consumption rate during
web growth. Clearly, with appropriate level sensing a truly closed

loop replenishment system is possible with this approach.

Testing of the system commenced using the round susceptor of
the W-furnace. The pellet feeder is shown installed on the furnace,

Figure 24, as it was operated for the experimental runs.

3.2.3 Melt Replenishment Results

Web Growth With Manual Feeding.

The first melt replenishment experiments employed the manual
feed system in the RE furnace and were largely concerned with crucible

barrier designs and gas flow management.

The first step in feeding was the development of a compartmented
crucible to separate the feed and growth chambers, viz Figure 25. The
crucible used a quartz barrier which prevents pellets injected into the
feed chamber from floating into thc growth region where they may cause

crystal degradation or tcrmination of growth.

The barrier must also permit molten silicon to pass between
the feed chamber to the growth chamber, so that some form of opening was
required as well. Several designs were tested;4 the most effective was
a rectangular "mouse hole'" like that shown in Figure 25. This barrier

design was used regularly but at first did not give reproducible behavior.
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Figure 24 Mechanically-activated feeder mounted for experimental
operation on the W-furnace.
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Figure 25 Type "C" barrier in quartz crucible.
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During several runs the feed chamber was observed to empty
completely,but at other times it remained full. It was determined empiricall
that the proper melt-down procedure was the key to keeping silicon in
the feed chamber of the crucible.4 When the material in the feed
chamber is melted first (by shifting the coil position), the feed
chamber remained filled with silicon throughout a run. This procedure

is reproducible and has been adopted with success in all subsequent runs.

Another difficulty in the initial replenishment experiments was
the clogging of the feed Lube with a thin layer of silicon monoxide
which interfered with pellet injection. To prevent oxide buildup,
an argon flow system incorporating a flow meter was installed in an
entry tube. A metered flow of argon then could be maintained down the
feed tube. Tests with flow rates between 25 and 500 cm3/min indicated
that a flow rate of about 100 cms/min was adequate to prevent feed tube
clogging. This procedure has also been adopted in all subsequent runs.
Finally, from time to time as pellets are fed, tiny particles of silicon
nucleate on the surface of the melt, float to the web, and either
terminate growth or impair crystal quality. The occurrence was sporadic,
sometimes occurring at the initiation of feeding, and sometimes much later
in a run. This problem, also cncountered with runs in the W-furnace,
has been alleviated to a large extent by gas flow management and improved

thermal shielding as discussed in later sections.

Web Growth with the Mechanically-activated Feeder. Figure 26

illustrates the components of the feed system employed on the W-furnace:
(1) mechanized feeder with pellet reservoir, (2) feed tube assembly
(3) compartmented crucible and (4) modified susceptor lid and shields.
This tigure will serve as a convenient reference for the discussion to
foilow.

As noted above, intermittent interruption of wcb growth by
free-floating silicon particles occurred during the first
feeding experiments. Two hypotheses were advanced to explain the
behavior: (1) blow over of minute oxide specks from material deposited

in the feed tube and (2) remelting and subsequent floating of
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dendritic silicon crystallized on the quartz barrier during temperature
excursions in the system. Each possibility is depicted in Figure 27.

As the W-furnace is equipped with a venturi system (see section 3.3) for
controlling and directing gas flow, it was logical place to carry out
experiments to eliminate mechanism number (1) as the cause of the
sporadic ice particles. The venturi effect produces a counter flow of
gas away from the growth region which should hinder particle carry over.
(One disadvantage we recognized in the W-furnace is its round susceptor
system which is not as well-suited thermally as an elongated susceptor
is for feeding. The dimensions of the round susceptor place the feeding
chamber very near the growth region.) Application of the W furnace to
melt replenishment studies also expedited use of the RE and J furnaces

for improving web output rate technology as described earlier.

The first replenishment runs were plagued by the formation of
dendrite spikes which developed as the melt was supercooled,and grew
from the crucible edge toward its center. Thus attempts were made at
once to minimize heat losses from the feed chamber. ‘The first such
experiment involved the addition of a molybdenum heat shield to the
rear of the susceptor. This proved very eftective for melting of
pellets without the intrusion of ice fronts. Initial feeding

periods up to 35 minutes were obtained.

Longer runs wefe hampered by the type of floating ice
originally observed in the manual feeding experiments. The suspected
cause was oxide carry-over from the feed tube which usually became coated
during operation. To reduce oxide accumulation a flared feed tube,
raised above the top shielding, Figure 28, was installed. This
significantly reduced the build-up of oxide on the tube and underlying
shields. For example, compare the oxide-free condition of thc flared
feed tube (center of Figure 28) with that of the straight tube after a

days run.
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Figure 28 Flared feed tube (center) remains free from oxide buildup
after one day run; straight tubes contain heavy oxide build-up.
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With the reduction of oxide aécumulation the replenishment
results again improved considerably: simultaneous growth and feeding for
periods up to 50 minutes being achieved. 1In these experiments web
growth was again terminated by floating ice. However, this time the
siliconiparticles were in the form df'small dendrite spikes. We believe
that these spike-like particles were generated by dendrite nucleation
on the quartz barrier as depicted in.Figure-27. The dendrites once
formed then melt off as the temperature of the feéd chamber cycles with

the injection and melting of the pellets. o

The use of a tapered feed hole, Figuré 29, (which diminished
radiative loss in the vicinity of the hole and barrier by a factor of
four) reduced, but did not completely.eliminate, the incidence of
dendrite spikes. Growth périqu wifh replenishment over an hour were,

however, readily attained before any spike formation took place.
3.2.4 Summary

We have demonstfated the.feaSibility of growing web while’
concurrently replenishing the consumed silicon. The repleniShment
techniqﬁe, pellet feeding, is relatively simple, inexpensive and lends
itself to ciosed loop control. A mechanically—aétivated, programmable
pellet feeder has been successfully tested. Most important as we
show in section 3.4, solar cells made on replenished material give
excellent conversion efficiency. Apparently the melt replenishment

technique we empioy does nol adversely eftect material quality.

So far replenishment for exfended periods has been hampered
by the formation of free-floating silicon particles, or ice, which
attach fo the growing web, terminating growth in some cases. Two causes
for the ice were identified, nucleation by oxide froﬁ the pellet injection
tube and dendritic freezing from the quarti barrier in the crucible. The
former was essentiaily eliminated by means of gas flow management )
(venturi system) and tube design. The latter condition could not be
completely circumvented in the small, round susceptor of thé W-furnace. -
We believe that with proper thermal shielding dendrite nucleation will be

L]
eliminated in the elongated susceptor system.

* .Experiments conducted as this report ‘was being prepared confirm this
conclusion. -
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3.3 Techniques to Improve Process Control

Besides the improvemeﬁt in web oﬁtput rate and the. development
of melt replenishment techniques, both of which are central to the
objectives of this program, we have also carried out studies to further
improve our control ovér ancillary process variables. These activities-
have included, for example, the development of methods to (1) improve
Tun to run repreducibility, (2) control and eliminate oxide accumulation
on furnace componeﬁts (3) improve web width control and (4) eliminate

extra or '"third" dendrites. occasionally formed during growth.

+ N

3.3.1 Factors-Affecting Run Reproducibility‘

Experiméntal runs are designed to test the impact of variables
such as 1id, shield, and aftertrimmer design on resultant web width,
speed and structure. It is,theréfore,importaﬁt that no hidden variables
be inadvertently introduced which might mask the true experimental
results. MoreoVer, in a practical sense, day to day production operatibns
when they begin must be highly reproducible in order to assure good
" product yield. Two factors, 1id and crucible preparation were identified

in our studies as requiring control for day to day run reproducibility.

Lid Preparation. It was discovered that the surfaces of the

lid slot and its edges must have a slightly different preparation from

the bottom surface of the lid which is exposed above the liquid silicon.
Nicks or scratches on the slot faces nucleate silicon monoxide which

may grow out changing the thermal distfibqtion over the melt, of'worsev
fall into the melt terminating web growth. Spalling of oxide occasionally

collected on the lower 1id surface can also have the same effects.:

Empirically,procedures were developed which whéh implemented
eliminate both these problems. The 1lid slot surfaces are carefully
prepared wheﬁ new to. remove any machining marks. Between runS they are
buffed. Following this approach the slots remain oxide-free indefinitely.
In contrast, the bottom surfaqé of - the 1id is sandblasted. -The roughening
apparently causes any oxide which forms to adhere tightly so that noné
falls into the melt. The procedures are simple, not overly time -consuming

and appear satisfactory.
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Crucible Prepafation Two aspects of crucible fabrication may

affect reproduc1b111ty and unlformlty of heat transfer from the susceptor
to the crucible, and therefore reprodu01b111ty of growth behav1or for a

given 1lid and shield conf1gurat10n. These are the shape, or fit, of the crucible

in the ‘susceptor, and crucible surface uniformity.

.ﬁ_ We have found that both of these potential difficulties could
be circumvented fairly simply. First, proper dimensional specification
and quality control provided crucihles which fit well in the susceptor
cavity thus avoiding run to run variance. -Second,we found that crucible
surface finish, whether smooth or ground, must.be uniform across the
crucible bottom if heat transport from susceptor to melt is itself to
be uniform. Again proper quality controlmust be implemented to eliminate

crucible to crucible variations.

3.3.2 Management of Oxide Deposition by Gas Flow Control

As pointed out in Section 3.1, we found that some combinations
of growth lids and shields gave improvements in web width and speed, but
because of their geometry collected oxide and were thus‘impractical to
use. The initial melt replenishment work was also hindered (Section 3.2)
by potential oxide collection and dispersal problems. For this reason,
we carried out experiments to devise a system based oﬁ directed guas
flows which could be used to control and minimize oxide collection on
furnace components. Some of our results are alluded to earlier in the

report; detéils are giveh here and in Reference 4,

Three types. of systems were tested; two employed argén purged
d1rcct1y over the 1id and shields; the third was a novel venturi
arrangement which appears very proinising especially in conjunction with

melt replenishmenf hardware.
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Argon Jet System. ‘Certain configurations involving shields

which overhang the lip of the lid slot, e. g, Figurel0, Section 3.1.2,
collect oxide along the édge of the shield no matter how carefully

the shield edge is prepared. Since these configurations are extremely
attractive in terms of web stress reduction and growth velocity,

elimination-of this oxide deposition assumes considerable importance. .

To accomplish this, an argon jet flow system was designed
fabricated, and tested. In essence, the system consists of a pair of
perforated tubes which lie on either-side of the slot betwen the lid
and the overhanging shield (See Figure 10). A flow meter is used to
control the argon flow. A total flow of about 30 cms/min is sufficient
to keep the overhanging shield clean throughout the run, and does not
interfere with web growth. (The optimal flow rate varies somewhat with
the particular shield configuration). The system appears to be very
useful and has been employed to grow web crystals 4 cm wide. Some

potential to improve web speed by convective cooling is also likely.

Argon Flooding. An alternative to the argon jet system was

tested in the W-furnace. The main difference in the approach was
that the cavity between 1id and shield was.flooded with argon(rather

than injecting the argon through individual jets.)

The basic components of the flooding system are depicted in
Figure 30. Argon is introduced'at the edge of the cavity formed between
the hot susceptor 1id and the intermediate shield. The argon flows
through the cavity, and then over the web as indicated in the Figure.
A variéty of positions of the feed tube and gas flow rate were tried.

Extremely stable growth conditions were achieved with the opposed flow

geometry. lLengths of web several meters long with widths controlled to
+ 1lmm were grown. Subsequent characterization of the web (Section 3.4)
indicated, however, that solar cell efficiency was impaired in material
grown this way. The characterization data suggested that surface
contamination had occurred, probably by Mo transport in the hot argon
gas.' This effect was not seen with the jet system. Further work on the
flooding arrangement was discontinued becausé of the adverse effect on
material qualify and the highly promising results with the jet and

venluri systems. : 7
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Venturi Systems. Several venturi designs were tested in the

'W-fUT“aC€;4 the mdst successful from the standﬁoint of growth stability and
“oxide control is illustrated in Figure 31 .. In the venturi method, argon |
gas is forced into a pair of venturi flow tubes (chimneys). This

' aspirator effect creates a suction which drains argon into the cavity
between the 1lid and shield where it is then exhausted out the chimneys.

A flow of clean gas passes over the web drawing oxide with it. ~ The venturi
arrangement is extremely effective. . For example, no oxide deposited |
on the overhanging shields in the W-furnace even after an eight hour

run.4 The web surface is also kept clean and oxide free as well;-

Figure 32. Moreover, efficiencies measured on the webs grown this way -

are excellent (nAR&14%).

We believe the venturi system has direct applicability in web
systems designed for melt replenishment. In fact, preliminary experiments
conducted on a system designed specifically for the elongated susceptor
in the RE furnace have shown considerable improvement in melt replenlshment

and growth time.

3.3.3 Web Width Control

As the'development of methods to grow web wide and fast comes
to fruition it will become important to control width at a fixed valueA
to facilitate melt replenishment automation and to .meet eventual size
specification on devices. Some preliminary experiments have been

cartied out to understand the factors controlling web width.

Figure 9 depicts how the web will'éventually achieve a steady-
state width dictated by the thermal profile in the melt.. In Drinciple,.
then, By choosing the correct lid slot design and fine tuning the

temperafure,one should be able to control web width. In our first
_experiments a target web width of 22 to 25 mm was chosen. For this
width no web deformation should occur and with proper control long
lengths of uniform width could be grown (no replenishment was used in

these tests).
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Figure 32 Web crystals grown with (right) and without gas flow control.
As-grown crystal has mirror like surface when the venturi
system is employed.
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Lid slots ranging in length from 2 inches to 1.25 were tested
in the W-furnace. Considerable success was achieved with shorter slots.
1.25 to 1.625 inches long. The presence or absence of dogbone holes

had relatively small effect on the ability to control web width.

The upper curves in Figure 33 illustrate webswhich were
controlled to 1 to 2 mm on an average width of about 23 mm. The lower
curve in Figure 33 is for a web grown from a wider slot; the crystal
widoned uncontrollably eventually deforming at about 3 cm wide. Lengths
up to 6 m were grown with good width control by employing short slots
and utilizing an operator to view the webs and perform slight temperature

adjustments. This manual process appears amenable to automation.

3.3.4 Formation and Elimination of Extra Dendrites

Occasionally during the growth of a silicon web an extra
dendrite or '"third" will nucleate near the web edge then grow slowly
towards its center. The dendrite forms apparently by braching from
the edge dendrite when the liquid becomes overly cooled, e.g by a
temperature excursion. If the extra dendrite forms after a meter or
more of growth, time and material may be wasted. The problem is

alleviated mainly by proper temperature control so that no thirds form.

However, we have also developed an alternative procedure by
which extra dendrites can be eliminated after they form. The melt
temperature is reduced slightly and the web growth speed lowered to
about 0.8 cm/min. Slow growth is maintained for about 15 seconds during
which the web thickens. As the web thickens the penetration of the
extra dendrite diminishes and it decouples from the liquid. The growth
speed and temperature are increased in steps back to their initial values

and the extra dendrite is removed, Figure 34 .
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Figure 33 Variation in web width with length. Upper curves illustrate

web width control by operator temperature adjustment and
proper design of growth 1id slot. Lower curve illustrates
behavior of webs which widen uncontrollably.
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Figure 34 Silicon web in which an extra dendrite. Web
was thickened by reducing pull speed. Extra dendrite
is eliminated (lower portion of web).
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3.4 Material Characterization

During the course of this program, the material produced has
been characterlzed dimensionally, mechanically, electrlcally, and
structurally. The dimensional characteristics used to correlate growth
condition and output rate data are tabulated with the run summaries,
:Appendix 2. The principal mechanical parameter evaluated was the residual
stress in the'crystals; this fopic’has been covered in the section 3.1.1
on stress measurement and modeling. In the present section we discuss
the electrical charactefization of the material in terms of the propefties
of solar cells fabricated from web and also some recent information on
the relationship between the electrical resistivity of the material and
the boron doping added to the melts. A Brief discussion of the web
structural propertles in the context of the relation between residual

stress and the dislocation density is also included for completeness.

3.4.1 Solar Cell Properties

The intended application of dendritic web is photovoltaic
devices, so the most meaningful test of the material quality is the.
performance of a standard solar cell. Duriﬁg Phase II of the dendritic
web development program over 200 crystals (more than 800 test solar cells)

have been fabricated and evaluated. The data are compiled in Appendix 3.

Standard Solar Cell: Design and Fabrication: Two 25 mm long

samples are cut from each crystai to be evaluated and two 10x10 mm test
cells are then fabricated on each piece.. The basic p*pn* cell design,
fabrication prdcedure, testing and data analysis were discussed in detail
in the previous annual report on this contract.l' For the- present web
testing, the same fabrication procedure is followed with some slight
modifications: (1) a cotton swab with HF is used to remove any oxide
deposits; (2) an HZSO4 cleaning is included to remove any possible
molybdenum deposit on the wafer; and (3) a SILOX masking procedure is

used to restrict the b* layer to the back of the wafer and the n* layer

‘to the front. The entire processing sequence is given in Figure 35. The
dendrites are left on the blanks during processing and the cells themselves
are defined by a mesa etch.400x.400 in. giving a total cell area of 1.032cm2;
the grid pattern reduces the active areé by about 7.5%. The total cell

area is used for the efficiency calculations.
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Figure 35 Solar, cell process sequence for
web characterization-

[ Page Run or Sample
Start Date: | ' Web Qual
T - PROCESSING . Run No.
Material: LOG .
Quantity: Engr.
Datc . , ) o = nisp.
Tech. Process Special Instructions, Measurements etc. ) r £
IDENTI - Scribe serial numbers on either side of web near
FICATION one end to identify P+ side of structure -/Swab HF rinse D.1. H,0
CLEAN (1) [ HF:H,0 (1 to 10 ratio) dip 15 sec. 4 min. H2504 - 160°C”
H20 - NH4, HZOZ - HC1
SILOX (2) Silox side not numbered -
420°C; 50008 _TK; Speed =_100 :
BORON (3) Boron Deposition, BBr, @ 960°C 2-20-2 min. Numbercd side up.
DIFF. - Very slow pull (5 m1n;2 inches)
REMOVE (4) 3:1 (H 0:HF) until all oxide is removed
OXIDE s Q/ (Ffarget value = 60 @/
SILOX (5) Silox numbered side
420°C; 50008 TK; Speed = 100
i CLEAN" (6) HF:H20 (1 to 10 Ratio) dip S sec.
i HZOZ __NHA’ HZOZ - HC1 '
| POC1 (7) | Diffusion Temp. 850°C Time 35 min. Source Temp. = 0° Flow Rates v
; DIFFUSLON 200 cc/min - N, Source; 1560 c¢/ian = N, Layrier be.S ee/min 0, !
! Slow cool by pulling 3 inches/5 min.
: REMOVE . (8) | Strip deposition oxide 3:1 (H,0:HF)
: ¢ OXTNE Measure, RS =z Q/° (Target value = 60 9/0) ;
) CLCAN (9) H?Sog:H?O? 87°C, 5 min. Strip all oxides in darkness with buffered Hﬁ.
_ 10/1 H0/HF Dip 10 sec, ‘ :
. " METAL  (10) Top Sidc (side not numbered) only Ti 1500 X 20 A/sec
§ Pd 500 & 10 R/sec :
i : Ag 20000 B 40 R/sec
i i PHOTO (11) Mask #1 (contact grid) Waycoat IC, 4000 rpm, h = 1.7 um . i
. ; RESIST - Exposure time = 3 sec ‘(I = 0.2 ypa) :
) f ETCH (12) Ag-20-60 H202 & Ammonium Hydrox.-10-15 sec. Pd !
 METAL + 30 cc HCL + 10 cc HNUg-5 sec. Ti-1bU-cc LU + bUee HUL + suec |
L i Ammonium Fl. 5 sec
i " CLEAN (13) H SO at 75° C - 3 min HF Dip
R1nse in D.I. H?O
" METAL (14) | Ti 1500X - Pd 5008 Back side is numbered
BACK Ag 20 KA

SINTER (15)

Temperature SSp °C  Time _15 Min.
Atmosphere = 2, S00cc/min.

o

PHOTO- (16) & Mask #2 (Mesa) Waycoat SC, 7000 rpm, h - 4. 0 nrh
- RESIST Exposure time = 15 sec (I = 0.6 wa), Apiezon wax back s1de
;47 ETCH (17) 44 cc HF + 26 cc HNO, + 29 cc Acetic 5°C, Etch time = 5-10 sec
H . SILICON Etch silicon between™5S to 8 um deep, Talystep um. .
[ . . N —_— .
* TEST (18)

Rev. #2 - EJS
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The-measuremeﬁt and analyéis procedures are discussed in detail
in Reference 1, but may be summarized briefly as follows. A quartz-
iodiné lamﬁ is used to simulate an AM1 spectrum at 91.'6mW/cm2 as A
determineéd by reference to a stahdard éélar cell. Five curreht—Voltage.:
pairs are then used.to evaluate IOI’ RS and n in thé sing}elexponential
equation '

| a(V+IRg)
scfor | P kT — (" 1], N eY)

T=1

and the cell parameters are calculated from the equation. The data
management program automatically flags any cells not having an acceptable

fit to this model.

Sumhary_of Resultsl The solar cell data for all the crystals
tested in the;report period are included as Appendix 3. Each entry
represents the -average of several test cells, typically four from each
crYstal; In some cases, as noted, aAprdcess variation such as chemically
polishing the saﬁples, was tested. ‘The cell efficiency data for the '
majority of the crystals listed in the appendix are summarized as a
histogram in Figure 36. The average efficiency of these cells (AR
coated,‘AM-l) has a mean of about 13% with a few cells in the 15 to 16%
rangér This value can be compared with a weighted average of about 12%

.

for cells reported in the previoﬁs annual report

~Although the test Qells,afe only 10x10 mm, they are a good
representation of the performandé which might be expected from lérger
- devices. For example Figurei37 pfesents the distribution'of cell
efficiencies for a gioup of cells 16x70 mm which were fabricated in the

. : '15 ' . :
course of a recent Westinghouse funded program. ° The mean efficiency for
this group of cclls i3 very closc to the mean cfficicney of the smaller
cells; a slight downward shift is due to a non—uniformity in the

illumination source used to test the devices which was discovered later.
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Not included in the histogram, Figure 36, are cells from a group
of crystals which were badly contaminated during'growth; the efficiencies
of these cgils averaged about 2.5% and they .were clearly not members of
the population represented by'the other data.' These confaﬁinated crystals.
were grown from-a geometry in which a large volume of argon was passed
over the hot molybdenum 1id assembly and then flooded on the growing
web as described in Section 3.3.3. A detailed discussion of this
contamination problem, its solution and auxiliary experiments is given in
a recent quarterly report on this contract.4 Briefly, however, once the
gas flow was changed, the same 1lid geometry produced web giving solar
cells of normal propertieé. This leads to the important conclusion that
growing ribbon crysfals can be seriously degraded by impurities déposited

on the crystal surtface by a gas stream.

Melt Replenishment Data. Perhaps one of the most significant

groups of cell data in the compilation are those from crystals grown
while simultaneously adding new silicon to replenish.fhe melt, Section,
3.2. Most of this material was e?aluated in the WQ20 fabrication run

as noted by the asterisks in Table 3 (crystals W151-1.2, W154-1.4 and
W153-2.3). The twelve cells from these crystals had aﬁ average efficiency,
Mag = 12.9% compared»with an average hAR = 12.6% for the 32 other cells
measured in the run. Thus the replenishment of the melt with small

pellets has no deleterious effect on the crystals.
3.4.2 Resistivity.

Although rcsistivity measurements have not heen made routinely

" on webs grown during the préSent phése of the pbntract, a number of four
probe measurements and re-analyses of previous data have been performed
recently. This renewed interest arose from the requirement of a knowledge
of NAlfor’DLTS measurementé‘as well as a desire to ascertain the effect

of resistivity on solar cell performaﬁce. The presént results indicate
that some precautiéns are necessary to obtain accurate data for | |
rectangular web samples and aléo suggest some possibly unusual solute

partitioning effects in dendritic web. growth:
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TABLE 3

SOLAR CELL DATA FROM THE WQ20 FABRICATION RUN INCLUDING
CRYSTALS GROWTH WITH SIMULTANEQUS MELT REPLENISHMENT

e Isc  Voc Cone gt “Tocp
CRYSTAL NO. CELLS mA___. " VOLT FF % 5 usec
RE12-3.Z 4 22.18 . .58 737 9.47 13.5 11.4

 RE102-2.2 4 20.18 5200 734 8.15: ,. 11.7 N
J131-2.2 4 2098 537 746 8.88 12.7 6.3
J131-3.4 . ©19.40 513 . .733 7.73 11.1 2.8.
J134-2.2 4 2170 536 749 9.21 13.2 6.7
W141-1.2 4 21.90 .569 738 9.73° . 13.9 6.3
& *W151-1.2 -4 . 22,18 543 738 9.35 13.4 8.6
*W154-1.4 4 . - 2158 542 722 .92 12.8 7.5
*W154-2.3 | 4 21,35 831 734 8.79 12.6 5.4
* Crown with melt ‘replenishment

+ - AMI illumination @ 91.6mW/cm2; cell area 1.032cm2



An inconsistency in the resitivity data first appeared when
measurements. taken at different times on the same material, and even on
the same. sample, gave resistivities differing by 20 perceht or more.
After some study it. became apparént that the. discrepant results arose
from the factor used to- convert the current and voltage measurements
to resistivity. Tﬁe usual four-probé resistivity apparatus is calibrated
in terms of round wafers which are the almost universal sample geometry.
The dendritic web samples, however, are'rectangular'and‘requifé a;
different calibration factor which is a function of both.the length and
width. If the sample'dimensions are large enoﬁgh comparedeith the
probe epacing, then the rectangular and circular factore, are ﬁearly the
same; this condition was met for some web samples. In other cases;
however, the rectangular sample had a very'different'cdrre;tiqn factor.
Since the samples are‘generally very thin compared with the probe

spacing, no correction is necessary for the thickness.

The appropriaté analysis for the four probe measurements has
, 4 A , 4 R
‘been given by Smits%6 The bulk resistivity,
by

by is related to the sheet

resistivity, g

where t is the sample thickness. The sheet resistivity in turn is given
by

V -
= . o 16
Pg C T . o ( )

-where V and I are the measured voltage and current respectively and C
is the correction factor. Tor a rectangular sample, C is giyeﬁ by the

equation

-1

C = {ln [sinh(Zu) /sinh(u)]. i %exp(‘amu) sinh(3mu) sinh(mu) an

cosh (amu) R [
{
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where u = ns/d and a-= 2/s and where w is the sample dimension along the
line of the probe contacts, d is the dimension normal to the line of the
probe contacts, and s is the probe spacing. Generally, only the first
term of the series is necessary to give an accuracy better than 0.1
percent. This equation is readily programmed on a hand calculator and

evaluated for each sample.

One of the reasons for checking the web resistivity was that
values reported during some cell processingbexperiments, both at these
laboratories and_elsewhere17 differed from the-values exbected on the
basis of the boron doping added to the melts. Wﬁere a value of about
15 Q-cm was anticipated, values of 20 to 25 Q-cm were repdrted. The
more précise evaluation of the correction factor brought the measured
and anticipated resistivities into.closer agreement, however, there was
still about a 20% disagreement. Appérently less boron was being
incorporated by the crystal than expected on the'basis of a segregation

coefficient, k = 0.8%8

Resistivity measurements were then made on a number of samples
grown in a variety 'of furnaces with different silicon and doping sources.
These resistivity data were convertéd to acceptor concentration using

the mobility -equation of Antoiadis et al%9

n,o= 47.9 + — 418 i

7
' 11.606x10"7 |

The boron concentration in the melt was determined from the nominal

cn’ /volt sec. (18)

doping concentration-either Dopesil pellets or a mastcer doping alloy.
Using this data, an effective segregation coefficient of k=0.59+.05

was found as represéntative for boron in dendritic web growth. On the

- basis of the accuracy of the‘measureménts involved, this is a significant
variation from the value commonly accepted for Czochralski pulling. The

data suggest some small shifts in k depending on the source of the boron
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“dope, but these were generally less than 10%. There was also a trend for
the resistivity of the material to decfease slightly during a given grdwth
run and along the length.of a'long crystal. Again, this effect was
5 to 10 percent and was -consistent with the buildup of boron in the melt.
due to a k of about 0.5 to 0.6. This factor will have to be con51dered

eventually in any melt replenishment process.

' ‘Although the apparently significant decrease of the partition
coefficient of boron in silicon dendritic web growth is surprising, it
is not inconsistent with previons rtesiits., We have already reported
partioning experiments in which the effective solute partition coefficients
of several solutes were very close to k 20 In that paper we showed that
the geometry of thc liquid near. the growth front was conductive to
dispersal of the rejected solute. Thus it is reasonable that k off ~ ko;
what is surprising is that'keff < ko' We offer the following speculative

) explanétion for this. behavior.

There is reason to suspeét that the growth interface of the
web may be facetted with {111} planes; this faceting provides the stability
of the interface against breakdown during growth from the supercboléd

liquidl If this is indeed the case, then the interface partition

value for a non-singular interface. Milvidskii and Berkova21 report
that boron does not exhibit such a facet effect in silicon; however,
their conclusions were based on Czochralski growth where the. interface
velocities are much smaller.. At.the fast growth rates encoﬁntered in -

web growth, a facet effect may well exist for boron in silicon.

3.4.3 Microstructural. Evaluatlon

To better understand the mechanlsms of Lhe bLlULtUlal dcgradation
of web crystals by high stresses during growth studies were made of 4
the dislbcation density in dendritic web crystals having different residual
stresses.4 Etch pits were formed by immersing clcaned web samples in
Sirtl etch. This preparation gave high contrast pits wh1ch were ea511y

counted using automatlc quantitative metallography.
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The actual determination of etch pit density was done with a
Leitz Claésimat automatic image analyzer. The apparatus counted the number
of pits in a 680 ym square area, then moved in programméd steps to a
"adjacent areas; the process repeated until a total area 6.8x10.2 mm
" in size had been covered. When the etch pit density distribution across
the width of the.Sample was -examined, it exhibited a distinct central
. maximum. . Plotting the value of this maxiﬁum (obtained by averaging the
three highest individual values) against the measured residual stress
in the crystal gave a direct relation between the two parameters, Figure
38.

Two important conclusions were dréwn_from these results.
First, dendritic web with small residual stress also has very few dislo-
~cations; in fact, it is dislocation free over large areas. Second, the
dislocation density is largestin the central regionof the web where
the lateral stresses are predicted from our thermal model (Section 3.1.1)
to be largest. This provides strong evidence that this is the stress

~ component responsible for the observed residual stress.

3.5 Web Solar Cell and Module Development

Although not part of the present program we have conducted
further solar cell development activity as part of a cémpanion.LSA program?2
" Fabrication of web cell demonstration modules has also been performed
as part of this activity and on Westinghouse funds, as well. For

completeness we report some of these results below and. in Appendix‘l.

3.5.1 Back Surface Field Solar Cell Development

Silicon web crystals as grown are thin, typically 0.01 to 0.02
cm, so the efficiency of a solar cell fabricated on web will be impaired
unless carrier recombination at the back surface of the device is minimized.
This cén be accomplished by incofporating an accepfor gradient at the
back surface of the n—pAdevice to induce a back surface field (BSF). The
acceptor g?adient promotés (1) an increase in short circuit current, (2)
an increase in‘ceil votagé, (3) increased long wavelength response, (4) N

reduced cell recsistance, and (5) incrcased fill factor in the cells.
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Figure 38 RelationShip between etch pit (dislocation) density and
residual stress in web crystals.
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Web cells produced by our standard p+pn+ process using BBr3 and

POCQ3 diffusions have produced AM1 cell conversion efficiencies as high
as 15.5% (AR coated). Although the performance of these devices is quite
good, we found it sometimes difficult to maintain the required high base

diffusion length with the BBr, diffusion sequence. Variations in cell

to cell performance are one~r25u1t of this.

To circumvent the limitations inherent in the BBr3 process we
investigated another boron BSF technique, diffusion from a CVD boron '
oxide, and also the formation of a BSF by aluminum dopingf Briefly, in
the, first case a 1 um thick p+ layer is formed by diffusion at 1000°C.
In the second approach a 15 pm thick evaporéfed aluminum layer is heat
treated at about 800°C to produce a p+ layer about 7 um thick. The front
junctions of all the cells were'made by POCQS diffusion at 850°C.
Conventional Ti-Pd-Ag contacts were used on the front and back of the
cells which were coated with Ti02-5102 to minimize surface reflection.

Cell tests were performed with an ‘AM1 illumination%’22 'Tﬁe web used was
15 Qcm p-type; all experimental runs were accompanied by wafers of 10-12

Qcm p-type float zone wafers for process control.

The device performance data (average values for several cells
in a run), Table 4, indicate that the web solar cells behave in most
respects like the baseline cells made on float zone wafers regardless
of which. process was used, a result consistent with earlier studies}
The data are too limited yet to distinguish which process produces the
most efficient cells. The aluminum BSF technique, because it is a
relatively low temperature process, holds considerable potential for
maintaining good bulk recombination lifetime in the devices leading to
_ both enhanced efficiency in the thin web cells and improved proceés
reproducibility. The aluminum technique also appears amcnable to
automated processing for cost reduction. Experiments are underway to
investigate the detailed time-temperature sequences for optimum device

15
performance.

*
Work carried out as part of Contract 954873 (R, B. Campbell, et al.)
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TABLE 4

PERFORMANCE OF WEB BACK SURFACE FIELD (BSF)
SOLAR CELLS MADE BY DIFFERENT TECHNIQUES

SAMPLE , Jsc(ma/cmz)' . Voc (V) EFF (%) tocp(n sec)
BBrz Diff | .
Xs v 1 ym web+ 31.5 .573 14.2 36

FZ Baseline : » 30.7 .580 14.2 - 35

Boron oxide CVD . _ '
Drive - Xj ~1um web 31.5 . : .566 13.8 35
FZ BAseline 31.2 .570 14.3 _ 15

Evap AL Drive _ ‘
X35 v 7 um web 31.8 .5 14. . 34
FZ Baseline B 31.5 .597 15.3 o 42

\_‘
-
n

Web cells fabricated by identical sequences save for the absence
of the BSF exhibit efficiencies lower by about 2%.

- Xj is mctallurgical juncfion depth.

NOTE: Cells are AR coated and measured under AM1l conditions
(91 .6 Mw/cm?2) .
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3.5.2 Module Fabrication

Several demonstration modules have been fabricated from 1.6x7 cm
web cells to test assembly and interconnect techniques. For example,
Figure 39 illustrates one module made on an internally funded effort.
It is comprised of 72 cells, series connected by means of silver plated
copper foil stops. The efficiency of the individual cells ranged from about
12% to 14%, distributed as indicated by the histogram of Figure 37.
The cells were mounted in an aluminum plate, encapsulated with silicone,
and covered with glass. Despite the presence of shorted cells in
one string, the overall module conversion efficiency was 11.5%. We
expect the module efficiency to improve with further fabrication experience

and increased cell efficiency.
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Figure 39

One foot square solar cell module constructed from 72 1.6x7 cm
web solar cells connected in series. Also illustrated are
web starting material and individual cells.
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4. ECONOMIC ANALYSIS

An economic analysis of the silicon web process was previously
prepared accordlng to the JPL Interim Price Estlmatlon Guidelines (IPEG)1
This analysis provided a means to evaluate the status of the effort at
that time and to identify the most productive directions for further
development. An update of this-analysis recently has beén performed.

' as part of the Phase II program. The results show both the current
state of development and its relation to the JPL goals. As part of the
analysis we have also determined, and illﬁstrate below, some of the cost

" sensitivities of the process.
4.1 Status

The current status of silicon web process development may be
put into perspective with the aid of Figure 40 which shows the maximum
demonstrated output rate (area rate of growth), 23.6 cm /m1nute,:and
the cost sen51t1v1ty as related to varylng output rates. These curves
are taken from cost data prepared by the JPL SAMICS IPEG format based
on 1975 dollars. The significance of the maximum demonstrated area
rate of growth is clear: the 'intercept of the output‘fate with the cost

curve falls bhelow the JPL 1986 combined goal for polysilicon and wafer

cost, assuming a polysilicon price of $10/Kg. For the 23.6 cmz/minute
rate and $10/Kg polysilicon the intercept occurs at 0.128 $/Wpk; for ’
$25/Kg polysilicon the’intercept is at 0.170 $/Wpk. .These figures compare
with the JPL 1986 goal of 0.160 $/Wpk for combined polysilicon and wafer
cost. ‘That is, even with $25/Kg silicon the projected web cost 1s w1th1n

$0.01 of the cost goal.
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Several assumptions were originally made in deriving the cost
curves of Figure40 . Some of these estimates have been Qerified during
Phase II and should no longer be. considered as assumptions. For example,
cell efficiency was assumed at 15% AM1, which has been surpassed, the
maximum demonstrated efficiency now being 15.5%.22 Web ribbon (wafer)
thicknesé was assumed to be 6 mils. In actual growth experience a ribbon
thickness of range of 4 to 6 mils is typical. Thus the assumptions for
cell efficiency and ribbon thiékness, as represented by the cost curve,
are conservative and overstate the cost to a small degree. For poly-
silicon price, the JPL 1986 price goal was assumed in our analysis.
Calculétions were also made on' the basis of a polysilicon price of $25/Kg.
In view of price forecasts of below $10/Kg by Task 1 contractors, it

appears that our price assumption of $10/Kg is probably somewhat high.

"Other aésumptions represented in the curves including capital
costs are based on process requirements which identify the required
features of web growth equipment. The labor content used in. the cost
analysis is based on the belief that, with the fully devéloped process,
growth will be automatically controlled and labor will thus be largely
limited to starting,‘cleon—up and reloading activity within a three day .

growth cycle}

The three day growﬁh cycle is the least proveh assumption
included in the economic analysis. The key development necessary to
achieving long cycle aﬁtomated growth is continuous melt replenishment
-simultaneous with web growth. During Phase II considerable progress was
made toward that end. Simultaneous web growth and melt replenishment
for periods greater than one hour produced web and solar cells-of high
quality. However, much longer sustained periods, of days rather than
hours, are required. This development wi}l be a basic part of the

continuing program.
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4.2 Cost Sensitivities.

Perhaps the first step to putting the various cost factors of
the silicon web process into perspective is to review the distribution
of those individual costé relative to the total costs as calculated by
the JPL SAMICS IPEG format. Using growth parameters which, in our
judgement, will enable the silicon web process to more than satisfy the
JPL 1986 comblnPd cost goal for polysilicon and wafers, we find the

following distribution of costs:

TABLE 5

DISTRIBUTION OF COSTS FOR SILICON WEBlPROCESS

GROWTH gqgﬁL
_________ EéBéMETEB@----_-_-__QQ§T_QI§TBEEQTIQN-$ZWEK__--__-___y--_i?ka
Area Rate| Silicon Cycle _ '
cm?/min $/Kg Days | Si |EQPT| SQFT| DLAB| MATS| UTIL
25 10 3 | 2.77(3.30 1;73' 2.74] 1.27| 0.44 12.3

(JPL 1986 Combined Goual for Silicon and ﬁafers = 16.0¢/Wpk)

Note that none of the costs are dominant. The largest cost
contributotr, capital equipment (EQPT) is just 26.8% of the total cost.

Silicon and direct labor comprise another 22.5% and 22.3%,respectively.

Another consideration of cost sensitivity is the character of
each cost. For example, does a particular element of cost have strong-
leverage on the total cost if the assumption for that element of cost is
not attained? These sensitivities are addressed in the following

discussion and figures.

The sensitivity of the web cost to the. area rate of growth
was illustrated in Figure 40, discussed earlier in this section. The
present maximum demonstrated rate is below the steep portion of the curve
in a region where a further improvement in output rate does not result

in a comparable reduction in cost.
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The characteristic of the capital éost of equipment is seen
from Figure 41 as a non-critical linear relationship. .Doubling‘of the
equipment cost would still leave the total cost in $/Wpk slightly below
the 1986 combined goal for poly5111con and wafer cost at a $10/Kg

polysilicon price.

xlThe cost of direct labor, Figure 42, also exhibits a non-
critical characteristic. The cost of labor could be more than doubled
without exceeding the 1986 goal all other costs remainiﬁg fixed. The
characteristic cost of polysilicon, Figure 43, is non critical and by

itself could be over 2 times higher without exceeding the 1986 goal.

The shape of ‘curve relating web costs and growth cycle length,
Figure 44, is very similar to that for output rate, Figﬁre 44 . ‘Note that
. the assumed and expected growth cycle of 3 days falls below the steep
portion of the curve. The 1986 goal would be satisfied with a growth
cycle reduced to less than two days. Increases in fhe'growth éycle
length beyond 3 days result in a comparatively small improvement in

cost.
4.3 Summary.

The'economic analysis for silicon web indicates that the JPL
1986 combined polysilicon aﬁd wafer cost goal can be achieved or bettered.
According to the analysis,; the maximum demonstrated throughput rate of
23.6 cm?/minute can provide a cost of 12.8¢/Wpk as compared to the JPL
goal of 16.0¢/Wpk. ‘

The economic analysis also indicates phat no cost element is
dominant and that none of the cost elements or assumptions have a strong

leverage on total cost.

Finally, the dnalysis indicatgs that the requifement for long
(v 3 days) cycle growch is the only large cost assumption not yet
completely verified. This requirement is strongly depeﬁdent on the
completion of the development‘of technology fof'continuous helt

replenishment.
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5. SUMMARY AND RECOMMENDATIONS

5.1 Summary of Phase II Progress

During this past year significant advances were made in silicon
web technology, ‘particularly in three areas: (1) web output rate, (2)

felt replenishment teéchniques and (3) average solar cell performance.’

For example, an output fate of'23.6cm2/min——about triple the
8cm2/min‘rate demonstrated at the end of Phase I——was'recently achieved.
‘This accomplishment was an outcome of new growth lids and shields designed
on the basis of computer simulations of the web growth process. This
approach has made it possible for the first time to achieQe web Qidths

over 4cm on long crystals.

Key developments in melt replenishment technology included
the design, test.and operation of a programmable, mechanically—activated '
pellet feeder, a pelletlinjection system and a compartménted crucible
which permits pellet feeding without disturbing the growing web crystal.
These components comprise the heart of a system by which it should be‘
possible to feed silicon at a rate needed to replace the silicon )
transformed to web crystal during growth. So far solar. cells made on

replenished material have exhibited excellent cell conversion efficiency.

A3 part of thc program, all web run3 arc subjected to some
type of dimensional, mechanical, electrical and solar cell testing, or
combination thefepf. More than 700 solar. cells fabricated on crystals
grown under a variety of eipefimental conditions have been tested. The
~average web cell conversion efficiency on this experimental material
was 13% AMi, AR coated. This is a full percentage point above the 12%
average efficiency of Phase I material. Moeover, a maximum cell
efficiéncy of 15.5% was demonstrated on a second program devoted
to cell array deVelopment.zz' This ié the highest efficieﬁcy so far
achieved for a ribbon material and is comparable to that for cells made

on Czochralski silicon.
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Put in the perspective of -our updated economic analysis, these
results indicate that most of the key technology elements iequired to
reach the 1986 JPL wafer cost goal have now been demonstrated for web.
The following section outlines our recommendations with respect to
future development that must take place if the full potential of web

for low cost solar cells is to be realized in a timely manner.

5.2 Recommendations for Future Technology Development

As a consequence of the demonstrated web output rate of 23.6cm2/min
- we project from our economic analysis, Section 4, that web wafer cost for

a fully develbped web process will fall well below the JPL 1986 goal. ‘

A sensitivity analysis indicates that no cost element is dominant with
respect to web wafer cost. However, for the projected cost to be

realized in actual productlon, hlgh output rate must be attalned on a

sustalned basis under the condltlons assumed in the analysis.

Critical future developments have been identified and given
priority on the basis of results from the economic model. Probably, the
most obv1ous need is to develop contlnuous melt replenlshment since it
is a key component of sustained long term growth Equally important, it
has also been demonstrated that a specific, maintainable melt level
position is critical to the attainment of maximum width and speed (hence
output rate) and minimum thermally generated stress. Clearly, ‘the
development of continuous melt replenishment is of the highest priority.
Furthérmore, as this development is the prerequisite to the continued
development of optimized thermal conditions for high throughput'and low
stress, it should take place first, chronologically.

The primary development and demdnstration‘éf simultaneous melt
reblenishment and growth is now complete. Continuing developmenf éhould
consist of two parts which at first can proceed independently. The
development of thermal design and pellet injection already underway
should continue as a sub-task in parallel with a new sub-task for the
development of melt level sénsing. Later, the results of the two sub-

tasks would be joined for simultaneous operation.
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Concurrently with work on melt replenishment, .
improvements in the thermal conditions to sustain high output rate should
be continued. A large portion of this activity can take place pending
the availability of an operational melt replenishment system. However,
completion of the development will take place under conditions of

optimal and sustained melt level control provided by melt replenishment.

When combined melt replenishment and melt level sensing have
been demonstrated, the last major obstacle to automated web growth will
have been removed. At this point implementation of closed loop controls
for semi-automated webAgrowth should be developed and demonstrated. In
this context, semi-automated is defined as requiring some minimal operator
intervention during the growth portion of the total start-to-finish web

growth cycle.

At the completion of this next development phase semi-automated
growth of silicon web for extended periods, a requisite for meeting the
long run economic objectives, should be démonstrated. Coupled with high
output rate operation and some improvements in average cell performance

all key technoiogy elements for pildt production development will have,
been, we believe, shown feasible,
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6. NEW TECHNOLOGY

During Phase II of this prograﬁ, two items of new technclogy

were identified and reported to JPL.

_ The first item was the thermal design for growing wide
dendritic web from silicon melts. In order to grow wide,web-crYstals,
it is hecessary that the melt be uniformly supercooled over a region
commensurate with the width of the crystal. Previous practice in web
crystal growth was to use a round crucible system and to achieve the
uniformity of the temperature distribution by a suitable slot shape in
the crucible cover. This approach was'suitable'for‘crystals up to
about 251mm wide, however it is difficult to achievé thermal geometries
suitable for wider growth this way. The new techndlogy reported was
the use of an elongated system where the whole/susceptor/lid system was
compatable with the essentially two dimensional nature of the crystal.
With this sort of geometry, flat temperature distributions 6 to 7 cm
long could be established on the melt surface thus removing this

limitation to the growth of wide dendritic web crystals.

~The second item developed during this program was a new
apparatus for the growth of silicon dendritic web. In.order to satisfy
the goals of the program it was necessary to provide a web gfowth
:apparatus having greater width capability than existed in prior
technology. In addition to the width capability it was further
necessary to incbrpdrate other new concepts which contained provisions
for thebdevelnpment and demonstration of high throughput, economical

web‘growth;
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SILICON RIBBON GROWTH BY THE DENDRITIC WEB PROCESS

R. G. Seidensticker and R. H. Hopkins
Westinghouse Research Center
Pittsburgh, PA 15235

ABSTRACT

Silicon dendritic web is a unique mode of ribbon grOWth in
which crystallographig and surface tension forces, rather than shaping
dies, are used to control crystal form. The singlé'crystal webs, typically
2-4 cm wide,have béen made into solar cells which exhibit AM1 conversion
efficiencies as high as 15‘5%'; During crystallization, silicon webs
efféctively segregate metal.impufities to the melt (keff "~ 10-5) SO
tﬂat the use of cheaper, less pure silicon as feedstock for crystal growth
appears feasible. Recent studies described here indicate that higher
gréwth outpuf rates can be‘achieved.by control of -the thermal profiles in
the web itse1f~§nd in thé ﬁclt‘froﬁ which the crystal grows. The improvements
stem from an enhancement in the dissipation éf latent heét and a reduction

in ‘stress within the crystals. To sustain high output rates for prolonged

periods will require melt replenishment during growth.
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1. INTRODUCTION

The dendrific‘web grbwfh mode .produces a ribbon crystal whose
form is contrdiled by cfystallography and surface tension furces rather
than shape-defining dies. Ribbons of indium antimonidé’a, gallihm
arsenidez, germaniuf?\’4 and silicon5 have been produced tﬁis way, thodgh
‘silicon has attracted the greatest interest due to its potential
as base material for efficiént{ low cost suvlar L¢1156.. In the latter
context the overidiné concern is to produce large areas of efficient
devices‘as cﬁeéply as possible. Thus the thrust of recen£ silicon web
research has been to develob ways to (1) increase web output rate (the
product of.QeB width and grdwth speed), (2) minimize raw material cost
and (3) raise soiar cell converéion efficiency-as high as possiﬁle. The

results of several of these studies are reported in this paper.

2. THE DENDRITIC WEB PROCESS

s

Detailed descriptions of web growth have.been given elsewhere
but it is worth-reviewing here the basic features of the process. This
can be accomplished with the aid of Figure 1 which illustrates what
happeﬁs when the liquid surrounding a fine silicon dendrite seed is
supercooled by a few degrees. As the melt temperature falls, the seed
-first spreads 1at¢rélly to form a button; when the seed is then'raiseq,
two secondary dendrites propagate from each end of the button into the

melt. The button and dendrites form a frame‘suppqrting a liquid film
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which crystallizes to form a silicon web typically 0.1 to 0.2 mm thick.
The twins shown in the figure provide reentrant corners for dendrite

growth but do not appear necessary for growth of the web itse1f6.

fhe web and bordering dendrites'can.be propagated indéfinitely
by'replenishing the liquid silicon as it is transformed to crystal. As
~we will see below,the ultimate Qéb width and growth velocity are de-
termined by the'thermél conditions in the surrounding melt and furnace

‘ambient.
3. SILICON WEB GROWTH

Figure 2 depicts the essential features of a ;ilicon web
growth furnace. Heat is introduced to the system by induction éoupling
to.a'molybdenum susceptor. The outflow of heat is controlled by a
slétted molybdenum susceptor 1lid ahd heat shields tﬁrough which the growing
web also passes. The 1lid and shields shape the isotherms in the liquia soAthc
center régién’is supercooled thle the periphéry femains hot enough'to

prevent freezing at the quartz crucible-melt interface.

3.1 Web Output Rate

)

The rate at'thch liquid silicon is converted t§ web single
crystal is determined by.the attainaﬁle web width and growth Velocity.
Crystal width depend§’dominant1y on the 1aterél température proffle.in‘
the liquid,while the dissipation of the latent heat bf fusion.cbntréls
the growth Veiocity. "Both processes are influeﬁced strongly by system
heat flow, but in different ways. For example, the growth slot width,

bevel angle and 1id thickness have profound effects on web growth:
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velocity, while the slot length, area and hole size are more important
for controlling the melt temperature profile. For practical purposes,
the two problems, (1) heat flow in the melt/crucible/suséeptor system
gnd.(Z) heat loss from the web and meniscus,'can be decoupled and

treated separately. We have done this by means of two thermal models
which were used to guide the design of furnace geometries for. higher

web output rates.

3.1.1 Web Width

Figure 3 suggests the way in which‘the temperature distribution
~across the melt surface fixes the ultimate web width. The web grows
'froma‘meniscus 6 or 7 mm above the melt surface; however, |
the highgliqdidAcurvatpre required at the edges of the bqunding dendrites
limits the meniscus height there to only/l‘or 2 mm.
Crystallographic and heat flow factors cause the growth direction of
thgzdgndrites‘to be very nearly a [211] direction. lleat loss from
~ the meniscus, however, perturbs the thermal field near the t;p of the
dendritevso that there is slightly more growth on the outer edge than on
the innerdedge.‘ This causes a small deviation of the growth direction
from [211] andﬁthe’crystal widens so long as there is a uniform tempera-
-ture profilevin the melt. When the widening web reaches a region of
increasipg melt temperature,as shown in the figure, the intrinsic lateral
temperature gradient in the liquid counteracts the temperature gradient

created by the meniscus heat loss. The web then ceases to widen and

continues to grow at steady state.
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Thus a necessary éondition for growiﬁg wide web is a
temperature profile on the melt surface which is essentially flat over
a distanée commensurate with'the desired width of the web. This
surface temperature distribution is a strong function of the shape of
the slot in ihe'susceptor cover. As the number of potential slot
geometries which could be tried experimentally to obtain é flat femperaf
ture profile is large;computer analysis was employed to guide the empiri-

cal effort.

To combute the tempeyaturé distribution in.the susceptor-
crucible-melt assembly, we constructed a three dimensional finite element
model of the system. Most of thé 4184 elehents in the model are tﬁree
dimensional and fepresentlconductive heat fransfer in the solid or
liquid regions of the assembly; ﬁowever, a number of one dimensional
links are used to represent radiative heat transfer from the 1iquid to
the surroundings. Each node on the melt surface is radiatiﬁely connected
with the slot, the.lid and the exﬁosed susceptor via linkéges‘whiéh
account for the various view factors and emissivities. In a‘uSual
network,represehtati&n of a radiative transfer problem7; separate ele-
ments are used to represent the emissivity ana view factor; in the present
model some efficiency in computation wés achieved by a wye-delta like
fransformation so that only three dire@t Iinkages result ét each heif
surface nodc:one to Lhe slot, one to the lid and one to the wall.

Figure 4 schematically illustratesbthé typé of model used. Thé model

was evaluated using a general purpose computer code?8
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Numerous slot profiles were modeled in this way and the most
promising were subjected to experimgntal verifitation.A An example of
the results for two similar desigﬁé is shown in Figure 5; a long sfraight
. slot and a similar élot terminated by end'holes (sometimeé called a
"dog-boneﬁ slot). The addition of the end holes has almost doubled
the length of the thermally flat region. The data vpoints in the figure,
obtaincd by dectermining relative temperatures tor équilibrium between

the melt surface and a fine silicon dendrite, are in good agreement

with the model predictions.hl

Perhaps the most striking verificalion ol the modcl}S pre-
dictions is the increase in web width with successive itefations in the
slot geometry.‘ Figure 6 illustrates webs grown from slots typical of
the geométries in Figure 5;slof A'with a flat profile over 6 cm long
produced webs hp to 4.2 cm wide. further increase .in width was not
limited by the flatness of the melt temperature but by thermal stresses

which deformed the crystals, a subject discussed léter,

3.1.2 Growth Velocity

Thermal transport also plays a domihanp rolé in the re-
lationsﬁips between the web growfh velocity, web thickness and the
'furnace geometry. As wifh~any solidification process, the critical
factor in ;pcﬁ a'rélationship ig the dissipation of the latent ﬁeat.
For dendritic web, thefe are two modes of heat loss from:the interface:
to the solid ribbon»énd to the supercooled melté Since the growth
froﬁt is at a constant'temﬁeraturé, presumably tﬁe melting temperaturé,
the anaiysis can be ‘broken into two ﬁroblems which can be solved

separately.
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Both thé web crystal and theAméniscus are relétively long
and wide cqmpared with the thickness; the problem reduces to a 6ne
. dimensional analysis S0 numerical integrationlrather than finite element
techniques were used for the so}ution._ A detaiied analysis of the
appréach is giQen in Reference27. Briefly, at any point along thé length
Qf the crystal (or meniscus),séveral heat transfef'procésses must be
evaluated as suggested in Figure 7. Expreésions were developed for the
‘radiation view factors used for the heat transfer term in the moving-
frame heat flow equation. This differential equation was then solved
numerically using a 500 step, fourth order, Runge-Kutta procedure. In
the case of the ribbon, thé melting.temperatufe of silicon at the
growth front provided one boundary condition, while a second bounhar&
Condition was supplied by ;éqhiriné the numerical solution to match an
analytical solution far from the growth front. A somewhat similar,

' 8
simplified approach has been reported by Harrill et al.

The model hés’been used to assess directly the effects of
furnace parameters suchAas suscéptor 1lid thickﬁess; érowth 510t>width,
heat shield temﬁeraturé and melt depthl(inferface Doéition) on the web
growth rate;z5 A set of typicalltemperature profi1es is shéwn in figure 8
which_illustrates Fhe effect of interface position on web temperature
for a given growth geometry. ~Daté like this can also be used as input
information to calcﬁlate tﬁermal stress fiélds in'the.growing web crystals

(Section . 3.2 ).-
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In geﬁeral,the trends predicted by our calculations are

8 R
in agreement those of Harrill et al. As Figure 7 and intuition would

suggest, growth velocity can be increased by increasing the radiative

heat loss from the web. This can be accomplished in several ways:

(1) .

(2)

(3)

(4) ‘

(5)

LOwef the temperature of the top of the radiation shield,
e.g. by uging stacks of radiation shields above the
sUséeptor'lid;"

Increase the width of the'growfh slot;

Raise the 'position of the growth front cléser to the
susceptor 1lid;

Increase the‘view‘angie in the susceptor lid,

e.g. by beveling the slot; and

Reduce the'thickhesé'ofithe‘susceptor lid-

Experimentally, épproach (2) is somewhat less viable than

the others because it may induce undesirable secondary effects. For

example, if the growth slot is too wide (> 7 mm) the melt température

profile steepens and web widening is restricted.

Examples of the calculated and measured velocity-thicknesss

relationships for two of the numerous slot geometries studied ?re

depicted in Figure 9.'Agreeméntbctween theory ‘and experiment is

excellent. The data were obtained by measuring the thickess of webs

grown from a fixed furnace condition but with incrementally varied

growth speed. Growth velocities in excess of 5 cm/min can be obtained

with rather simple combinations of bevel angle and 1id thickness.

118



As Harrill, et af%suggested and our calculations confirm,
a given g;owth rate can only be sustained so long as the melt level
rémainslfixed. As liquid siliéon is removed by_crystal éroch the
freezing front drops lower into the hot cavity below the susceptor 1lid.
Less'héat can be dissipated so that the web must thin if'the velocity
remains-constant. The éxperimental data from a "slow'" growth lid,
Figupe 10, demonstrate that this.érediciton is in
fact realistic. In the figure, we plot web thickness as a ‘function of
growth time (which is inversely'proportional to melt height). As the

melt is depleted the web becomes thinner and thinner.

One can compensate for this effect somewhat by adjusting
the melt temperature and hence supercooling. This is because ,unlike
other ribbon processes, latent heat of.fusion can bevdissipated to the
melt as well as the Surroundings during web growthi Of course growth
velocity variations, which change the latent heat output, caﬁ also be
used to,maintain constant tﬁiékness. Neither approach is entirely
satisfactory since careful attention by a.skilled operator would be
required fér prolonged growth peribds, and also because gdverse stresses
develop in thg.web as the melt level falls. Melt réﬁlenishment_in fact

is a far more elegant and practical solution to the problem.

119



3.2 Generation and Control of Thermal St}ess During Web Growth

As the melt temperature profile became flatter making possible
the growth of wide webs; defbrﬁation of the'crystais by twisting or
'curling'was enéountered. Similar effects have beeﬁ observed for other
~ribbon growth»techniques such as EFG and laser-melted ribbon to ribbon
crystals where the principal cause of this deformation was reported to
be thcrmﬁl stregs generated by curvature of the wefticﬁl toﬁporaﬁure
profile in the ribbdn?’lo, Eveﬁ wheﬁ’observablé deformation 6f the
crystals did not occur durlng growth re51dua1 stresses sometlmes re-
mained maklng it difficult to handle durlng subsequent device fabrlca—

tion steps.,=

Residual stresses can be measured in ribbons by splitting the
crystals 1engthw1se and medsuxlng the Spllt d1vergence as a funytlon of
length. By analogy with the stress distribution in a unlformly curved

beam, the residual stress in the ribbon crystal is given by
res = 8 al | S

“where E is YoungSSmodulus (1 9110 dynes/cmz}, W is the width of the
crystal before splitting, n is the split width and £ is the distance
along the-;rysta].' In'practiée. with the web crystals, measurements
of n were made with a miéroscope'eyepiece micrometer every centimeter
for 15 to 25 cm. The resulting data was then used to-generate a |
least squares value for the coefficients in a quadratic eqﬁation;
dzn/dg2 was computed ffom the quadratic coefficient. This procedﬁre
gives a good fit to the data and has a sensitivity‘limit of about
1x106 d}'nes/cm2 (v 15 psi). | |
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Residual stresses in the dendritic web crystals were found
to vary frbm asvmuch as 2 to 3x10%yne§/cm2 to’<__106 dynes/cmz,‘de_
pending on the~specific slot and.shield configuration. The preliminary
dafa suggested that wider sléts tended to generate lower stresses than
the narrower slots, howeﬁer the data was scattefed and hard to interpret.
Rather than fol}ow a purely empirical developmént approach, analytical
modelingBWas used to idéntify the source of stresses and guide the

déyelopment of 1id designs which would generate low stress material.

Since the origin of the thermal stress was presumably the
ribbon temperature profile, the thermal model developed for the thickness-
velocity analysis (Section'3.1.2) was used to prPVide‘an input to a
'finite element stress model. - The stress model was then evaluated using
the WECAN code. *The dutputvof this analysis wés anAévaluation of
UZZA(the longitudinal stress), Oyy (1at§ra1 stress) and;crzY (sheér stress)

as well as principal stresses and stress intensify for each element,

both numerically and as isostress plots."

Several interésting results were obtained from test cases usédt
to verify the stress model. First,-ﬁo thermal stresses result from a
linear teméerature profile in the web if the thérmal.expansion coefficient
is cbnétanf. Second, as expected;.Onlyilongitﬁdina} stresses of constapt
magnitudc were present away (ruin Lhe growth front whén a parébolié
temperature ﬁrofile was imposed.11 Third, significant thermal stresses
‘were pfesent even with é_linear profile, when.a femperéture depen&ént
expansion coefficient was used in the cal;uiatipn,‘ Finally,_the

traction-free boundary conditions at the growth front and at the ribbon
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edges were important. Longitudinal stresses (GZZ) were signifiéant
several centimeters away from the growth front, but they were small .in
the hot, plastic, region near the liquid. Conversely,'the léteral
stresses (cYY) were largegt in this plastic region and decreased away

from the growtﬁ front.

For practical reasons, quantitative results were desired
from this analysis; however we realized that uncertainties in the

physical pérameters.preclude a strict interpretation of the results.

. 1
The data used for the analysis were Young's modulus, E = 1.9x10~2
.dynes/cm% 12 Poisson's ratio, v = .20 12 and thermal expansion
9 -15.2 13

coefficient a = 2.552)(10-'6 + 1.95x10 °T - 9.0x107"°T". ~0f several
choices for &, this dété‘is in best agfeement with the independent
lattice parameter measurements of Logan and Bond. 14 A final.parameter
needed.for interpretations of the residual stress measurements is an
estimate of the effective yield stress; an operationalAestimate can be

. . . . . S oo .
obtained from the results of Graham et al. 1 Their results for visco-

elastic flow can be expressed as

Ap = 2_57x]0—s exp (49459/T) dynes/cmz.

The initial analysis of several slot profileé indicated that
the lateral stress components are probhahly responsible for most of the
residual stresses found in dendritic web crystals. Figure 11 shows

' desi though the longitudinal
Oyy> 977> and Oyp for one such design, and althoug g
stresses reach largef values than the lateral stresses, the ribbon

temperature drops so rapidly that only the lateral stresses exceed the

estimated yield stress. The analysis is supported by experimental results:
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crystals grown from this 1id generally have small residual ‘stresses in

the range of 1 to 3x106 dynes/cmz, although the stress is occasionally

larger as noted below.

- Because the iiquid»level falls during growth without melt
replenishment,we'investigéted what effect the chgngihg position of thé
growth front Would have in the residual stress in the web. The most
significant change was in the lateral stress in the sensitive region
near the growth front. Figure 12 illuétrates the magnitude of the
lateral stress when the interface is at the lid, and 1, 2 and 4 mm be;dw
Atﬁe lid. Iﬁ two cases, oy, is exceeded and plastic deformation might
be expecééégyiﬁhfﬂe other two cases littlg residual stress §hoﬁ1d result.
This is consistent with our observation that the residual stress

increased after several meters of crystal were grown from this furnace

geometry without melt replenishment.

When growth gedmetries giving low residual stress were employed,
the width of undeformed crystals increased from aboutlZO to uver 35 mm;
However,'deformation was still observed.at greafer widths. Samples taken
juét‘before the deformed regions showed typical low stress values and
concommitant loQ dislocation densities, typically 102 to 103.cm_2.
After the defdrmation‘event, the residqal stress and dislocation density
iﬁ;reésed by‘several orders of magnitude. These precipitoué changes

suggested that web bending was due to elastic buckling of the ribbon by

large longitudinal stress fields well above the growth front.
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The ﬁropbsed process is illustrated schematically in Figureils.
Initially the cryétal grows without deformation as in Figure 13a, although
stress fields are present. The largest lateral stressés arélat p
Qhere'plastic flow can occur,_ana the largest longitudinal stress is
at E where only elastic deformation is ﬁdséible. As the érystal widens, -
‘fhe magnitude of the stresses :;anreases11 and the resistance of the ribbon
to Buckling decreases so that at some critical point in growtﬁ (Figuro 13b)
the ribbon‘buckles with the greatest (elastié) déformation at "E",vand
with some lesser deformation at '"P"; in addition to‘the curvatufe shown
by the sections, there would also b€ a curv;ture out of the plane of

the figure.

At this poiﬁf; the deformation may be pureiy eléstic; or some
plastic flowAmay also occur‘at "P''. In any case, the twin planes in
the material must also curve and remain locally parailel to the crystal
faces. However, as the ribbon continues to propagate, the néw material
will tend to grow in a straight line beﬁﬁeen the bounding dendrites due
to surface forces in the meniscus as shown in Figﬁre 13c. This new
“material ténnot contain the twin piane which will emerge asAa réugﬂlf.
parabolic trace on the ribbon surface as shown in Figure 13d; the
dislocation density and slip will also increase. These "wishbone'
configurations are in fact frequently observed in deformed'web crystals
as is the increase in dislocation density and slip. Further, once the
dislocation pinning éffect of the twin'ﬁlanes is gone, the deformatioﬁ
mode of the ribbon frequently chaﬁges to the.rippled morphology shown
in Figufe 14. Other modes.which are seén include a twist, probably the '

result of lateral thermal asymmetry, and a long period waviness.
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Currént design studies éré,directed to develop growth configurations
having lower longitudinal stresses away from the interfécg as well as low
léterai stresses. Qualitatively, this will require ''straighter' tempera-
ture‘profiles in the crystal for several centimeters above the growth

front; apparatus for this purpose is being tested.

4. FEEDSTOCK PURITY CONSIDERATIONS FOR WEB GROWTH

The development of production methods for ;-cﬁeaper, less pure
"soiar” grade of silicon is underway in a number of placés}6 This
material used as feedstock for @rystal growth could reduce siénificéntly
the overall cost of silicon solar cells. Since it is likely that solar
grade silicon will have contamiﬁant 1évels‘higher than usual, or
acceptable in current semitonductor silicon, we carried out a series of
" experiments to asgess the tolerable-impurity leyels for (1) the web
growth brocess ifSelf and (2) solar cells made on webs growﬁ from
contaminated feedstock. (Analogous stﬁdiéS'were carried out earlier for

Czochralski growth%7)

4.1 Stability of Crystal-Liquid Interface

Ip is well known for ingot growth}S’lgthat under fixed growth

conditions a planar crystal-liquid interface cannot be sustained when

*
9 .

phenomenon, called constitutional supercdoiing, leads to‘inclusibn en-

the liquid impurity concentration exceeds a critical value C The

trapment and the termination of single crystal growth. No such phenomenoﬁ

has been experihentally‘identified for silicon web,although it has been
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postuiated that sufficient contaminant levels might promote some form of
inctability during web growth?o

To search for such effects silicon webs were grown from melts
purposely doped with 1 to 6)(1018cm_3 (20 to 120 ppm) of either Cu, Ni,~
Cr, Mn, Fe, Ti, V or Mo, iﬁpurities'expected to be encountered in solar
‘grade material?1 Thé elemental metals (> 99.99% pure) were dissqlved

150073 boron tn provide -subsequent electiical

in silicun along with 4x10
activity. Webs were then pulled from a crucible/susceptor arrangement
like Figure 2 at rates between 1.5 and 5 cm/min (web deformation, viz.

section3.2 precluded meaningful analysis of crystals grown at speeds

above 3 cm/min for the thermal geometry of these experiments).

Briefly, the ké} results of the experiments were as follo&s:
neither the.Ni, Cu or Mn-doped spécimens.showed any unusual micro-
structural features. Etch pit densities fell in the range nbrmally
encountered for uncontaminated material. In contrast, when the other
meta}spwe;évﬁ;eseﬁéni; fgéﬁ;;ié,’;;merous outcrops of roughened surface
formed intermitténtly along.thé leﬁgth of otherwise smooth webs.  The
morphology of the outcfops, a system of nearly paraliel ridges and
valleys (illustrated for a Ti-doped web in Figurc 15)was a common

‘feature of all the impurities which induced structural degradation.

Material near the outcréps etched preferentially with respect
to tﬂe adjacenf smooth face of the web. Infrared hicrographs and x-ray
topdgraphs, Figure 16, confirmed the presence of secoud phase inclusions
in the web beneath the outcrops. Perhaps the most striking aspect of

growth from the impure liquids was the complete breakdown of the smooth
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web-liquid interface to an array of parallel dendrités for the higher
velocities and impurity concentrations, Figuré 17. As in Figure 15 the
dendrite array appears'to‘initi?te immediately below a ridged outcrop.
The exact origin of the surface corrugations is yet obscure but the
dendritic breakdown in the material appears to be a frue-case of inter-
face instability. The approximate concentrations~atCZ(struct) at which

outcrops developed for each impurity are listed in Table 1.

. 4.2 Effect of Impurities on Web Solar Cells

Ten to fifteen specimens from each doped web were processed
to lcm i lcm solar cells via the standard fabricatibn sequence de-
-scribed elsewhere?1 '(Samples from the material which exhibited out-
croppéd structure were avoided). Webs containing no added contaminant

were processed concurrently to obtain baseline values.

The performance of solar -cells can be related directly to the

. . S VA . i ' R
contaminant level in the silicon. ’ The impurity concentration in

the silicon is determined by the liquid impurity concentration C, and
the effective distribution coefficient,k .., for impurity partitioning

during . crystal growth. We have shown for web growth that ké depends on

ff

growth velocity (vo) and thickness (t) according to the relation22

v t
¢}

kege(Web) =Ko | 1 * 55 7sine | - @
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where kg is the equilibrium partition Cngficienf, D is Fhe solute
diffusivity in the liquid, and 6 approximafes the meniscus half angle.

- We used the growth conditions and liduid imﬁufity concentrations for
these experiments to calculate keff and hence Cs' With CS and the
previously determined impurity concentration-cell performance relations%1
we estimated the expected performance of cells made on the doped webs;
These data are cohpiied-in Tahle 2 along with the measured values of

cell performance.

The measured and calculated values of cell.pérformance'are
in excellent agreement. Of 411 Lhe lmpuritics studioed Ti, V, and Mo
are mogt detrimental to the devices made upon contaminated web. This
‘result is cénsistént with data gathered on solar cells fabricated froﬁ

: 17,21
metal-doped Czochralski crystals.

4.3 Impurity Tolerance for Continuous Web Growth

. The tolerable feedstock contaminant levelvfor web growth wiil
be determined by the-liquid impurity concéntration at which either
(a) structural breakdown ot (b) cell'performénce degradation first occﬁrs.
We deriote these impurity- levels by b; {struct) and C; (ce11),
respectively. - By comparing the breakdown déta and cell performance
results we may deduce for each metal species which impurity 1eve1;.C;
(struct)_or‘C; (cell)fwill control the feedstock purity. Fof web
growth the data in Table lindicate that C; (cell) < C;V(struct)vfor all
impurities (save perhaps Cu and Ni) a result similar to the previous
analysis of Czochralski growth. If however, the cell performanée

requirements were relaxed, e. g. if one allowed the contaminated devices
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to be 90% as efficieﬁt as the baseline cells (n = 0.9 nB) then for some
impurities like Fe structural breakdown would be the critical consider-

ation dictating feedstock purity.

In reality the "critical" concentratién values in Table.l de-

" fine an upper boundary for melt impurity content. In a practical
situation some form of melt replenishﬁent will.be,required to effect
process economics and to maintain gtable growth cohdition; for prolbnged
périods (see section Sj. Under these conditions impurities will be
continually rejecfgd from the crystal to the liquid as growth proceeds,
and ﬁelt impurity concentration will rise as the amouﬁt of crystal |
grown increases. Thus the initial feedstock impurity concentration‘Co
must be less than.C27 How much smaller Co must ﬁe depends on the.
material throughput and whether the melt is sequentially o;_continuously

replenished.

- We expéct to adopt continuous replenishment for web growth.
For this approach the instantaneous melt impurity concentration when 2

volume of crystal Vc has been grown is given by

C/C =14+ -5 : (3)

when k < 10ﬂ3. In equation 3; Co is the initial or fecedstock impuri;y'
content and V0 isvphe melt volume. Thus we may determine the feedstock
" impurity content corresponding to-C£= C;lfrom Eq. 3~by Specifying the

throughput rate and the growth cycle period. For example, if 5 cm wide

by 0.015 cm thick web grows at 5 c¢m/min about 52.4 gm of silicon web
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. will be produced in an hour. Then for a three Hay growth cycle (65 hours
of actual growth),as now looks attractive from an economic standpoint,

VC/Vo U whennthe melt volume-VO v 200g. From Equation 3

@]

- C
- L _ L
o T+17° 18 (4)
t . .
.h :
Thus if the values of CQ (cell) are assumed to define the maximum im-

purity content that may be reached by the end of the run, then

*

C -
c - & (cell) : ©(5)

0 18

for a three day cycle. The values of Co calculated this way appear in

the lést column of Table 1.

VFrom the table it is evident that with pdnfinudus replenishment
under the cénditions assﬁmed above ,most imnurities can be tolerated in
-the web feedstock at a 1 to 3 ppmé level. Major exceptions are Ti.and \Y
whose concéntrations must be considerably lower if cell performance is
‘to remain complétgly unimpaired. Again these results are similar to

the Czochralski growth case.

In our éalculation Wevassumed-no reduction in cell performance
would be tolerable. RelaxaLiuulof these rcquirements tu suy n = Q'g”B
increases impurity tolerance by factors from about -2 to 10 depending
on the impurity. Further, if'melt_volume weré increased above_that
assumed, impurity buildup would be Slower and larger Co's would pe

'acceptable.
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Typical semiconductor grade feedstock contains impurities at
concentrations of parts per billion orllcss, We estimate that parts per
million concenpfations of impurity will be tolerable for. web growth.
-_Thus the use of a cheap solar grade feedstock appearsiquite feaﬁible for

continuous web growth.
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5. SILICON WEB BACK SURFACE FIELD SOLAR CELLS

Silicon web crystals as grown are thin, typically 0.01 to
'0.02 cm, so the efficiency of a solar cell fabricatea on.webvwill be
imfaired unless carriei recombination at the back surface of the device
is minimized. This can be accomplished by incorporating an acceptor
gradient at thé back surface of the n-p device to induce a back surface

field (BSF).23:24

The acceptor gradient promotes (1) an increase in
short circuit current, (2) an increase in cell voltage, (3) increased

long wavelength response, (4) reduced cell resistance, and (5) increased

fill factor in the cells.

" In our initial studies a standard BBr, diffusion at 960°C wag
employed to form the pfp back junction of the célls. The n’ front
junction was then introduced by POC!L3 diffusion at 850°C. -The process
sequence and geometry of the test cells has been described
previously.25 Wéb solar cells produced this way have exhibited AM1
"conversion efficiencies as high as 15;5% with 12.5% being average for
the anti-reflection coatéd devices.26 Although the performance of thése
devices is quite good, we found it sometimes ditficult to maintain the
required high base diffusion length with the BBr3 diffusion sequence.

Variations in cell to cell performance are one result of this.

[N

* .
These studies were carried out by R. B. Campbell, E. J. Semen,
P. Rai-Choudhury and J. R. Davis.
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To circumvént the limitations inherent in the BBr3 process,
we have receﬁtlyliﬁvestigated the utility of anofher.boron BSF technique,
diffusion from.a CVD boron oxide, and also thé formation of a BSF.
" by aluminum doping. Briefly, in tﬁe first case a 1 um thick p+ layer
is formed by‘diffusion at 1000°C. In the second approach a 15 um
thick evaporated aluminum layer is heat treated at about 800°C to
produce a p+ laygr about 7 um thiék. The front junctions of all the
cells were made as described above. ‘Conventional Ti-Pd-Ag contacts
were used on the front and baék of the cells which were coated with Ti02-
SiO2 to minimize. surface refleéfiop. Cell tests were.performed with
an AM1 spectrum simulator (see refefence 25 for details). fhe web
used was 15 Qcm p—type;'all experimental runs were accompanied by

wafers of 10-12 Qcm p-type float zone wafers for process control.

The device performancetdata (avéragé values for several
cells in a run);,Téble 3, indicate that the web solar cells behave in
most reépécts like the baseline cells made on.float zone wafer§
régafdless.of'which process was used. This fesult is consistent with -
earlier studies which found web devices comparable in perfbrmanbe to
control sémples made on Czochralski-wafers.6 The data are too limited
yet to distinguish which process produces.the most efficient cells.
However, the CVD oxide technique offers an advantage oVer the BBr3
diffusionAfor process aﬁtomatioﬁ. :The aluminum BSF technique ,because
it is a ¥e1ative1y low temperature procéss,holds considerable potential
for ﬁaintaining good bulk recombination lifetime in the devices leading

to'both enhanced eftficiency in the thin web cells and improved process
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reproducibility. The aluminum technique also appears amenable to
automated processing. Future experiments will ihVestigateﬂthe detailed

time-tempeature sequences to achieve optimum device performance.

6. CONCLUSIONS

The dendritic web technique is a unique methpd to grow ribbon
single crystals of diamond lattic semiconductors. The hefhod applied
to silicon, produces high purity, low dislocation density crystals
which are excellent substrates'for the fabrication of efficient .solar
cells. For example, efficiencies up to 15.5% AM1 (the highest reported
~value-for ribbon cryStal) have been‘aéhieved with cell structures
employing a BBrs—diffused back surface field. Back surface fields
produced by.aluminum alloying or CVD oxide diffusion‘appear to work
equally well and show advantages for cost ;eduction via process
automation.

For.cohmonly encountered metal impurities the effectiye'

. segregation coefficients during web growth are small, typically within
a factqr'of two to thfee of ko. Thus theAuse of a cheaper, solar grade
silicon containing on the order of a part per'million of impurity,

appears feasible for wsb growth even with melt replenishment; C

Web output rates can be enhanced by manipulation of the thermal
environment of the growth system. . For éxample, extending the susceptor
lid slot and introductiﬁg ”dogbbne” héles flattens the melt profile so
that web widths over 4 cm can be achieved. By increasing the radiation

loss from the web higher growth velocities can be attained. By reducing
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the'top heat shield teﬁperatures ana beveling the 1lid slots, growth
speeds of 5 cm/min are readily produced. Sustainéd’growth at high

outﬁut rates, however, has been hampered by depletion of fhelmelt
whichv(l) reduces lafent heat dissipation and thus sPeedvand (2)'increases
ribbon thefmal stress causing deformation of the ribbon. At low ‘

output rates melt depletion evolves slowly enough that temperature
corrections can‘be made by the operator. .Ribbong 6 to 8 meters long

have cdmmdnlybbeen grown this way.

To susgain high output rates for long growth periods will
require‘melt'replenishment to maintain the melt level, and hence
thermal condifions invariant. We have recently demonstrated a system
by which pelletized siiicoﬁ can be fed to maintain a uniform melt
leQel while web simultaneously grows. Futﬁre develobment will combine
melt replenishment with thermal trimming to grow low sfress material. at

N

larger output rates.
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Igpurity
Cu
Ni
Cr

' Fe

Ti.

Mo -

TABLE 1

FEEDSTOCK IMPURITY CONCENTRATIONS FOR WEB GROWTH

(see text for nomenclature)

*

*

(est)

Ciis(stl-;gct) clggelg, n/nBQf 1.0 y -go

10" rm ~_ppma 10" "¢cm ppma 10" "em ppma

> 1.4° 28 1.1 (est) 22 .06 (est) 1.2

> 1.0 . > 20 >1.1 > 22 3306 - >1.2
6 120 31.6 > 32 >.09 21.58

> 2.6  " 52 >2.6 > 52 >.14 >2.8
3 ‘ 60 >1.3 > 26 >.07 >1.4
- 80 0.05 1 .003 .06
4 80 0.04 Q. .002 .04
2.5 . 50 0.8 16 .04 .é
+ > indicates no breakdown obsérved at this concentration

concentration

* 1 ppma v 5 x 10

16
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2 indicates no measured cell degradation at this



TABLE»Z

PERFORMANCE OF CONTAMINATED SILICON WEB
‘ - SOLAR CELLS

3

Impurity . keff(web*)' Cl(lolscmf ) - Cs(lolscm;s n/ng(calc) n/ng(meas)

Mo . 1.2 (10°7) 2.5 .03 | .91 | 0.85

Ni 8 (107 10 88 .98 - 1.01
cr 2.75.(10f5) 16 4.4 . .97 1.03
Mn 3.25 (107%) 2.6 8.5 - 97 1,07

Fe .. 1.6 (10'?) 1.3 2:1 .97 1.01

Ti 9 (10'6)‘ : 2.2 : 1.9 " L77 . .73

v 1107 s 1.5 .79 .80

* Calculated tfrom Equation 2 with D = 5x10”* Umz/bet, 8 - 20°
(See Ref. 22).

g is the efficiency of an uncontaminated device, about

12.5% AM1 with AR coatings in these studies.

141



TABLE 3

COMPARISON OF BACK SURFACE FIELD (BSF} FORMATION TECHNIQUES
© ON DENDRTTTC WEB SILICON SOIAR CRITS

: 2 : o
SAMPLE . Jsc(ma/cm ) VOC(V) EFF(%) ,TOCD(U sec)
BBr, Diff .
X541 um webt 31.5 .573 14.2 36
FZ Baseline 30.7 .580 14.2 35
’ *
Burun oxide CVD .
Drive - Xi ~ 1 um web 31.5 .566 13.8 35
FZ Baseliie 3.2 .570 ‘14,4 15
Evap AL Drive T "
Xj ~ 7 um web 31.8 .571 14.6 34
F7 Baseline 31.5 .597 15.3 42

* Web cells fabricated by identical sequences save for the
nhaence of the BSF cxhibit efficiencies lower by about 2%.

+ Xi is metallurgical junction depth.

NOTES: 1) AR Coated

2) Measured at AM1 (91.4 MW/cmz)
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Dwg .6256A82

- Dendrite Seed

, Button
i Bounding Dendrites
-—}———Web :

Twin Planes

Dendrlte H-Arm Reglon
Dendrite Tip and Transition Region

Figure 1 . Schematic depiction of dendritic web growth. Seed button,
- bounding dendrites and crystallographic orientation of the
ribbon are illustrated.
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Dwg. 7686A17

.
,I

% -
/ Susceptor

1cm

Figuré 2 Sectional view of susceptor—crucible-iid assembly for dendritic
' web growth; low frequency induction coil not shown.

144



Dwg. 6L438A24

"= Bounding Dendrites

HeatLoss / J/
. //
| / 7 ? / //

Temperature

o~

Position
Figure 3 Illustration of the way the lateral température ‘distribution

in melt and lateral heat loss from the r1bbon influence the
-dendritic web widening process. :
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Dwg. 7686A16

Figure 4 Schematic representation of finite element model for susceptoi—
~crucible-melt assembly.
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Figure 5

Curve 714929-A

Position (cm)

Lateral melt temperature profiles computed for a long slot
terminated by end holes (A) and a similar straight slot

(B) Data points were determined from the melting temperature
of a fine dendrite seed.
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Figure 6 Increase in actual web width obtained with successively
flatter melt temperature profiles. The 4 cm wide crystal
was grown with slot A illustrated in Figure 5.
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Dwg. 6439A08

Figure 7 " Heat transfer paths for mode11ng temperature proflles in the

meniscus and in the web.

149



Curve 714927-A
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Figure 8 Calculated longitudinal temperature profiles in a 150 um thick
web crystal grown from the 1id in Figure 2. The exact profile
depends on the distance of the crystal- 11qu1d interface below
the 11d, identified by LIN in the Figure.
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Curve 714924-A
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Figure 9 Growth velocity as a function of web thickness. for different
lid slot profiles. Curves are calculated from theory, data
from thickness measurements on web crystals.
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ACurve 714925-A
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" Fig.'10

Figure 10 . Web thickness as a function of growth time. The decrease
in thickness at constant speed is caused by the drop in
melt level.
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Figure 11

Curve 714926-A
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Calculated variation of longitudinal (o z) and lateral
stress (o,,) components along the lengtﬁ of a ribbon
grown from the slot illustrated in Figure 2.
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Curve 714928-A
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Figure 12 Lateral stress (0' ) at center of 25 mm wide web for different
crystal-liquid interface locations below the 1id; see Figure 8
for corresponding temperature profile.
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Figure 13

Dwg. 7686A18

%*’——;.f—DE CaneERy: s
o———a P . o

<H—Twin Plane
Lidi GRRN|  Traces

Model for elastic deformation process: a) initial condition;
b) start of deformation; c) continued growth with straight
growth front; d) web surface illustrating twin planes traces
and slip bands after outcrop on surface.
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Figure 14 Rippled deformation mode which develops in a web after the
twin plane outcrops due to elastic bending.
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Figure 15 Patches of corrugated surface which developed in webs grown
from a melt containing > 4x1018cm~3 titanium. Extra
dendrites often nucleate in the vicinity of such patches as
indicated in the figure.
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Figure 16 X-ray topograph of a silicon web grown from a heavily metal-
doped melt. Individual bright spots in the typograph are
strain fields surrounding the positions of inclusions
entrapped within the crystal during growth.
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Figure 17

Breakdown of the smooth web-liquid interface to a dendriti

array. Melt contained about 3x1018cm-3 of molvbdenum.
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8.2 APPENDIX 2

GROWTH RUN SUMMARIES
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GROWTH RUN SUMMARY

" Preface to RE Furnace Runs.

The majority of runs in the‘RE—furnace fall into three broad
categories: 1) extensive repeated runs using a fixed -configuration in
order to establish base line growth characteristics, study reproducibility,
develop operator technique, optimizelgrowth proeedures and supply web '
material for_charecterization and cell fabrication. 2) Develop melt
replenishment techniques and hardware. 3) Combine width and sPeed
technelogy for highAoutput rates. In‘addition, s ane runs were devoted
jeo testing 11d designs for width or speed and an argon flow system for

'pxide,control.

The first 31 runs in the RE furnace (exceptiRE—19) used the
same general configuration (the "RE-1" 1ids). Problems associated with
crucible fit, oxide deposition, and 1lid preparation were identified and.

steps were taken to understand and control these ‘variables.

Feed system tests were begun with run RE-38 and continued, with
a few interruptions, through run RE-79. A variety of crucible barrier
Adesigns and slot configurafions were tested Problems requiring further

study were identified, and this work was continued in the W-furnace.

At this point, the RE furnace was 1arge1y dedicated to studies
to obtain higher output rates,.teéting configurations for higher growth

speed and greater web width.
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GROWTH RUN 3SUMMARY

Same configuration

some

NO. OF LENGTH MAX. WIDTH MAX. VELOCITY ' : :
RUN CRYSTALS {cm) - (mm} (cm/min) DESCRIPTION/RESULT
RE-1 2. ‘ 278 '28.0 2.1 R-furnace modified to us: elongated susceptor
. (J-type)! 6.3 mm thick 1id, 80x6 mm slot, 12.7 mm
dogbone holes. Two top zhields, lower shortened.
, ‘ Configura-ion grows well in both furnace facilities.
RE-2 3 315 28.9 1.3 To,préYare n-type base mz=terial for cell fabrication.
‘ ' 1.2x1018 -hosphorus dopizg [0.86 gms) RE-1

configurazion,

_RE-3 7 459 22.6 2.4 Rerun RE-l configuration. After some problems in
morning, 3rew well in afternoon.

RE-4 1 - 69 156 2.4 Repeat RE-1 configuration. Difficult to start growth.
Concern adout argon purity. Change in operator.

RE-5 3 170 20.8 2.1 Argon purification train installed.
as RE-1. Some problems with thirding and ice.

RE-6 4 310 19.% 2.1 RE-1 configuration. Melt unstable in a.m.,

. floating ice. A

RE-7 2 - 327 32.0 1.7 RE-1 configuration. Prablems with oxide deposition on
1id. ' : :

RE-8 4 404 25.5 1.8 RE-1 configuration. Some oxide and ice prbblems.

RE-9 5 438 25.0 1.8 RE-1 configuration; Mos: crystals terminated by
pullout. ’

RE-10 2 462 30.7 1.7 RE-1 configuration. gereraily'good growth behavior.
One crystal was 290 cm long.’ o

RE-11 4 358 28.6 . RE-1 configuration. Sonz floating ice in a.m.

RE-12 : 239 28.4 1.€ RE-1 configuration. Soms problems with oxide growth

) on 1lid slot.

RE-13 7 530 24.7 1.8 RE-1 configuration. Unstable melt, oxide.

RE-14 3 332 30.4 1.8 RE-1 configuration. Szerting problems in a.m. better

' o in p.m. '
RE-15 3 245 35.3 3.05

RE-1 configuration. 285 cm long crystal. 10.9 cm2/min.
thruput. '
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GROWTH RUN SUMMARY

NO. OF LENGTH  MAX. WIDTH  MAX. VELOCITY o
RUN CRYSTALS. {cm) . {(mm) . {cm/min) : DESCRIPTION/RESULT
RE-16 3 103 $16.7 1.8 - © RE-1 configuration. Plagued by oxide in slot
falling into melt, terminating growth.
RE-17 - 2 _ 83 16.1 . 1.7 RE-1 configuration. Ice problems.
RE-18 3 : 410 23.5 - 1.7 ' RE-1 configuration. Doped to produce lower
S : ' ' resistivity than normal.
RE-19 Not Productive of Web , Test new 1id configuration. Lid 8.7 mm thick,

slot 80x6 mm, 12.7 mm dogbones, 5x5 mm bevel all
around. Two top shields. Large piece of oxide

fell into melt early and went to crucible wall,

caused ice problems all day.

RE-20 - 5 . - 548 - 18.5 2.6 Repeat RE-19. Take thickneés-yelocity data.
’ ’ Growth behavior generally good.

RE-21 7 ' 510 . 26.3 1.8 Same configuration as RE-19. Many short crystals
‘ ) decanted because they went poly early.

RE-22 4 305 : 2€.9 1.7 RE-1 configuration. Crucible bottom ground flat in
hopes of improving reproducibility.

RE-23 7 498 33.2 1.8 RE-1 configuration. Crucible bottom ground flat.

RE-24 . 4 284 297 1.8 RE-1 configuration. Crucible bottom ground flat,
now becoming standard procedure. .

RE-25 6 546 35.0 1.8 RE-1 configuration. Melt pulled free frbm crucible

wall during growth of last crystal.

RE-26 5 420 30.0 1.8 " RE-1 configuration. Melt partially replenished with
. Si rods. - Oxide in slot late in day.

RE-27 4 357 26.3 1.8 RE-1 configuration{ Some oxidelproblems late in day.
RE-28 6 430 36.0 1.9 RE-1 configuration. Occasional ice.

RE-29 .4 365 25.8 1.9 RE-1 configuration. .Qxide in dégbone hole.

RE-30 2 . 264 ] 28.1 1.9 RE-1 configuration. Oxide in dogbone hole:

RE-51 2 132 - . 18.4 1.9

RE-1 configuration. Ice problems all day.
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GRONTH RUN SUMMARY

2 146 ' 22.4 2.2

Lid 66.6x6.3 mm

NO. OF LENGTH MAX. WIDTH MAX. VELOCITY ‘ g
RUN ~  CRYSTALS - (cm) (mm) (cm/min) DESCRIPTION/RESULT
RE-32 5 326 25.2A4 1.9 Change configuration. 80x6 mm'dogboned slot
’ ‘ ' with 5x5 mm bevel all around in thick lid, 3
top shields, 2 lowar formed to lap bevel 3 mm.
Excessive oxide build up on 1ip of formed shields
prevented growth of long crystals.
RE-33 5 529 . 27.9 1.9 RE-32 1id, 3 top saields, only lower one formed
o . over lid bevel. Much better growth behavior.
. RE-34 6 448 , 23,2 2.1 Répeat‘RE—SS configuration. Some oxide.
RE-35 Not Productive of Web Crystals RE-32 1id with 3 flat top shields. Excessive oxide
. . ‘ and ice problems. Melt too cold at ends.
RE-36 ‘Not Productive of Web Crystals RE-32 1id, 2 full top shields, plus one over ends
only. Crystals ccnsistently started poly. Melt
, . too hot at ends. _
RE-37 Not Prcductive of Web Crystals RE-36 1id-and shield configuration, -except lower
: ‘ ’ : half of susceptor side shields.removed in effort to
trim melt profile consistent poly starts.
-RE-38 . Not Productive of Web First test of manual feed system.
dogboned slot with feed hole, 2 top shields,
with barrier to separate feed and growth regions.
Bottom of feed tube became blocked with oxide.
RE-39 Not. Productive of Web - Test use of argon flow through feed tube to ﬁrevent-
_ ‘ oxide deposition in tube. Problem with floating ice.
RE-40 290. 17.8 2.1 RE-1 configuration.
RE-41 350 ’ 24.6 2.1 RE-l configuration; Oxide problems.
RE-42 1 : 85 ©16.6 1.9 Test behavior of 1id with straight-slot beveled
) 5x5 mm, 2 top shields Ice repeated nucleated by
' oxide. apparently spalling off bottom of 1id.
RE-43 Feed system test, RE-38 configuration.

Feed tube
blocked early. Imsufficient oxide flow in feed

tube.

Crucible
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GROWTH-RUN SUMMARY

Y

LENGTH MAX. WIDTH  MAX. VELOCITY-

RE-49

4 577 25.0 1.9

NO. OF
RUN CRYSTALS (cm) (mm) {(cm/min) DESCRIPTION/RESULT
RE-44 5 255 17.8 . 2.1 Feed system test, RE-38 configuration. Fed
: pellets for 8 min. and 11 min., while growing
then floating ice particle observed, which
attached to web causing breakdown. After run,
crucible feed compartment empty except for a
few frozen drops. '
RE-45 .1 67 16.8 2.4 Repeat RE-44. Feed tube clogged with oxide before
) ‘feeding initiated. Crucible feed compartment empt:
. . after run. -
RE-46 2 : 169 17.2 2.2 " Repeat RE-33 configuration. Oxide build up on
' ) lower shield. Icing. »
RE-47 1 90 23.3 1.8 Feed system test. RE-38 configuration. Oxide and
- ice problems, even without feeding pellets.
RE-48 Not Productive RE-1 configuration. Aborted during melt down. Si
C : ' touched 1id, immediate and-catastrofic reaction.
New susceptor and new 1lid configuratioﬁ tested

50x4 mm straight slot beveled 5x6 mm, 2 top shields
Test behavior of shorter slot, to be later used

in feed experiments. Crystal went poly at about

2 meters. ‘
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RUN

NO. OF
CRYSTALS

LENGTH

(zm)

GRCWTH RUN SUMMARY

DESCRIPTION/RESULT

RES0

RES1

RES2

.RES3

RES4

RES55

170

E-N
~d
(72}

170

214

479

Feed system test. Run to evaluate Type A cruc¢i-le barrier.(vertical, narrow
slot). Fed and grew web simultaneously.. Growt- terminated by floating ice

in melt. Noted melt rippling during feeding; dnd not disturb qrowth Silicon
remained in feed reservoir.

' Test effect of narrow straight (80x4 mm) slot om web stress. Two. full top

shields 5mm x 5mm bevel. Web deformed at about 2 cm maximum width and went
polycrystaliine.

Feed system test. Test shorter growth slot(50xcmm) to raise temperature

at feed position. Type A barrier in feed reservoir. Oxide collected on
right of growth slot. Argon feed rate appeared toc high; reduce flow reduced
oxide deposition. Silicon remained in feed reservoir. .

Feed System Test. Initially no silicon in feed chamber to test:. (1) thermal
symmetry in system (2) melting behavior of pellets. Type A barrier. Dendrlte
probe indicated thermal asymmetry-feed side hot. Pellets melted in empty
reservoir and some flowed over to growth chamber

Test new RE-1 1lid to replace damaged 1id. Buttoning and growth behavior
normal for this lid. Widths 23-28 mm easy to achieve. Lid appears useable
in future experiments. o ' :

Test effects of 80x6émm slot, 5x5mm bevel (12.7 mm dogbone) on melt profile,
web stress and width. . Dendrite profile indicated temperature is slightly
humped in center of melt and some asymmetric. Crystals widened poorly 20mm
max. Oxidz collected on shield assembly caused ice in melt.
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GROWTH RUN SUMMARY

~ NO. OF LENGTH :
RUN CRYSTALS “ (em) ' : DESCRIPTION/RESULT

RES6 | 4 372 ‘ Verification run on new RE-1 1id. Maximum width 28.5 mm. Melt
. profile relatively flat as expected. Plan to run 1id in after-
trimmer experiments.

. RES7 6 350 Test effect of vertical coil position on seeding and growth with
RE-1 1lid. - Problems with ice formation negated experiment. Note
oxide on bottom of 1id after run. Apparently spalled during run.
Test new 1id cleaning procedure installed.

RES8 3 ‘ 305 - Test effect of directed argon flow to minimize oxide buildup on
overlapping shields. Beveled lid, 80mm slot. Considerably reduced
oxide laid down on shield. Harder toseedat high flow rates-third
dendrites.

RES59 4 ' 464 Verification test of directed argon flow system. Good oxide control.
: Grew maximum width of 28mm. Good seeding.

RE60 - 4 389 Test S5cm, beveled 1id for subsequent feéding runs. Dendrite probe’
fairly flat over center 2-3cms. Feed hole clogged in absence of
argon flow. Flow is mandatory for this configuration.

RE61 Nct Productive of Web , Feed systemtestwith RE60 1id. Type B barrier no silicon in feed
chamber. Large amounts of ice. Shields oxidized suspect system
leak. Clean and tighten fittings before next run.

RE62 1 96 " Test RE58 1id configuration. Lid overhang extended to reduce A
' radiation from hot 1id to web. Used argon flow between shields.
Excessive oxide accumulation . :

RE63 1 : 88 ' Feed system test. Reveled 1lid, 5cm slot, dogbones. Addition of
argon flow tubes to minimize oxide accumulation. Type B crucible
barrier (60° slant). No silicon in feed reservoir. Fed and grew
web; growth terminated by floating ice. ’
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RUN

NO. OF
CRYSTALS

LENGTH
(cm)

" GROWTH RUN SUMMARY

DESCRIPTION/RESJLT

RE64

RE65

RE66
RE67

.RE68

70

325

95

264

88 .

" Retest RE62 cohfiguration (80mm slot, beveled large overlappihg

shields) without argon flow tubes. Excessive oxide. Conclude
cannot run this arrangement without argon purge.

Feed System Test. Beveled 1lid, 5cm slot, dogbones (RE63) without
argon purge through shields. Largs (6mm) gap below feed barrier.
Assess containment characteristzcs. Got ice when feeding pellets.
Some oxide toward end opposite “eed tube. Silicon remained in
feed reservoir. '

Test dished growth.lid.(désign to vary radiation view angle along
slot length) two top shields. Evaluated widening characteristics
Only 21mm width. Excessive oxide on shield made result ambiguous.

Feed System Test. 5cm, beveled slot with dogbones. (RE63). Test use
of A%,03 ceramic argon flow tubes under shield to replace Mo tubes.
Type A barrier. F=2d pellets without perturbing growth. Feed chambe:
empty of silicon after run. Growth slot free of oxide.

Rerun test of dishad 1id (RE66). Still have problem with oxide
deposition on shields. Conclude must alter shield configuration or
use argon purge. -
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RUN

RE69

RE70

RE71

RE7:2

RE73

RE74

GROWTH RUN SUMMARY

Unproductive

Unproductive

NO.. OF LENGTH .
CRYSTALS __cm DESCRIPTION/RESULT

S 282 . Feed system test. Test type C barrier (6x10 mm hole) as partition
for feed reservoir. Crystal growth terminated repeatly by formation
of ice in melt during feeding.

3 - 203 Feed system test. Feed tube itself submerged in melt to act as

' pellet insertion mechanism as well as in situ barrier. Feed andin situ
grow for periods up to 10 min. Pellets only partlally melted
and blocked tube to further feeding.

3 ' -158 Feed system test. Retest. of submerged tube with argon flow adjusted.
Both oxide and unmelted pellets terminated feeding eventually Conclude
submerged tube ineffective feeding technlque

4 ‘. 228 Feed system test. Test type C barrier with extended height .to minimize

oxide transport togrowth chamber Again grew and fed for short periods
but ice formation terminated growth, Conclude higher barrier ineffective
solution to oxide problem. . -

Test of reversed argon flow through lid shields (away from slot) to
minimize oxide. Produced temperature fluctuat1ons Seeding and growth

.difficult to control Abort run.

Feed system test. Type C barrier. Systematic test of argon purge rate
through feed tube ‘to control oxide buildup. Unable to grow due to ice
throughout run. Suspect furndce leak. After run found that no silicon
remained in feed chamber. '
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. NO. OF LENGTH
_CRYSTALS _______ cm

- GROWTH! RUN ‘SUMMARY

RE77

5 350

Unproductive

4 116

__ DESGRIPTION/RISULT

Feed system test. Repeat of previous run after furnace checkout.

No major ice problem. Grew and fed simultaneously for periods over
1 hour. Growth of longer crystal terminated by oxide speck.

Feed system test. Testqof methods to eliminate outflow of silicon
from fee¢ chamber during run: larger hole (7x15 mm) in type C. barrier.
Result ambiguous due to oxide. Height of hole too close to melt
surface to act as effec-ive barrier.

Feed system test. Test effects of melt down procedure to prevent
outflow of silicon from feed chamber. Melt charge from feed end
toward center. Silicon in feed chamber at end of run. Oxide and
ice in melt made Tun unoroductive for growth.

Feed system test. VeriFication of efFects of directional charge
melt down procedure. M=21t from center to feed end by repositioning
coil. Feed reservoir emnpty at end of run. Conclude must melt
matcrial in feed chamber first during start up to keep silicon
there during run. Fed and grew during run.



193

RUN

NO. OF LENGTH
CRYSTALS (cm)

GROWTH RUN SUMMARY'

DESCRIPTION/RESULT

RE79

RE80

RE81

RES82

RE83

RE84

RE85

RE86

RE87

(38}

273

Not ?roductive of Web

7 471

2 209

2 123

Not Productive of Web

4 280

Run aborted .

Feed Run Test. - Evaluate melt down procedure on silicon retention
in feed chamber. RE-1 type 1id. Melt down from feed end first.
Silicon remained in feed reservoir throughout run. Web width

up to 24mm.

Test 1id for high speed growth. Recessed bevel, ~ 3mm thin 1lip
(see text, section 3.1.3). -Speed to 6cm/min in short lengths.
Excessive oxide accumulation on shields. Oxide fell in, run aborted.

Retest high speed lid of RE80 but with argon purge to reduce
oxide. Speeds up to 4.5 cm/min. Widths 12.3-17.5mm. Lineage.

Retest high speed 1id (RE81). Evaluate effect of coil height on
seeding and growth. Max. speed 3.5cm/min; Max. width 15mm. ’
Problem with lineage structure formed during seeding; limits w1den1ng

Test effect of lid-melt distance on speed. Full beveled, dogboned
lid recessed 2mm to bring melt level close to growth slot. Collect
thickness velocity data. Maximum speed Scm/min. Hard to control seeding.

Test effect of slot width on speed and seeding. Slot configuration.
as in RE81. Slot widened from 4.6 to S5.5mm. Tendency for web to

go polycrystalline near start of seeding. Harder to control seeding.

Rerun:RE84Aconfiguration. ‘Obtained thickness—velocity data but no

" long web lengths (due to vibration in melt). Speeds to Scm/min.

Test effect of melt height on growth velocity. Reduced melt height with -
RE84 1id configuration. Better control of seeding but growth speed
reduced. ’ :

Test beveled, recessed 1id as used in RE83. Argon flow tubes to minimize
oxide. 'Melt wetted lid; run aborted. ’
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RUN

NO. OF L3NGTHS
CPYSTALS (cm)

GROWTH RUN SUMMARY

DESCRIPTION/RESULT

" RESS

RES89

RE90

Not productive of Web

s 498

Clean up lid wetted in RES7. Attempt rerun of .that configuration.
Vibration-on melt surface prevented steble growth.

Retest of configuration attempted in RE87 and 88. 'Lower initial

melt level to improve melt stability. Growth stability good. Width
up to 24mm

Grow crystal for re51st1v1ty check; doping level 3x1017 DOPESIL
compared to 1x10 17 ysually employed
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RUN

NO. OF LENGTH  MAX. WIDTH

CRYSTALS. (cm)

GROWTH RUN SUMMARY

(mm)

MAX. VELOCITY
(cm/min)

DESCRIPTION/RESULT

RE-91

RE-92

RE-93

RE-94

'RE-95

4 407

Not Prcductive of Web

Not Prcductive of Web -

1 : 124

30.8

20,

3

2.0

1.9

1.9

The purpose of this rTun was to provide crystals
with double the usual doping level for character-
ization studies. RE-1 type lid and top shield
configuration. .

Purpose: web-for characterization studies. Very
erratic buttoning. behavior and temperature drifts.
After run, shields were found to be oxidized.
Leaks were found in the growth chamber and repairs
made.

Test of new set of RE-1 Type lids for aftertrimmer
experiments. Top shields and side shields. Icing
problems all day. Growth initiation difficult.
Some- leaking may still be occurring.

Test of 1id configufations for high speed growth.

Test full beveled 1lid, recessed 2mm in order bring
1id closer to melt surface. Purpose, higher speed.
Starts were consistently poly. Conclude view factor
too open, i.e. excessive heat loss at start.

Feed system test. Attempt to prevent ice nucleation
in growth region by modification of feed configuratior
RE-1 type 1lid and top shields with feed holes.

Bottom .of feed tube 1 cm above shields so that gas
flow is decoupled from melt. Feeding caused freezing
in crucible feed compartment because of excessive
heat loss. Oxide build up on shield feed holes. Not
a viable feed configuration.
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GROWTH RUN SUMMARY

NO. OF LENGTH MAX. WIDTH MAXY. VELOCITY : Coe .
RUN CRYSTALS (cm) (mm) (cm/min) S DESCRIPTION/RESULT

RE-96 3 193 24.0 2.0 ‘ Test behavior consistency of RE-1 configuration
: in RE facility. Thexe was a tendency to either
third 'or pullout, unstable melt condition.

RE-97 Not Productive of Web ' ‘ Repeat previous experiment. Erratic buttoning
. behavior ‘and tendency to third readily; even though
melt probelndlcated a relatlvely flat profile.

RE-98 6 197 25.5 5.0 Test thick '1id with straight slot, beveled 45°x4mm,
o . 80mm long. Try high speed growth, and wide (>2.5cm)
starts. Reached thruput rate of 12.7cmZ/min.
- Easy to start at 2.S5cm or less, difficult to drop
dendrites with longer buttons. Melt profile dipped
~ 1°C over 3cm. '

RE-99 5 ©124 27.9 5.5 Attempt to achieve higher thruput. RE-1 type
‘ : conflguratlon Maxnmmlthrupout of 14.8 cm /m1n

RE-100 1 45 21.3 6.0 - Attempt at h1gh ‘speed growth 6mm th1ck 1id, 80mm
dogboned slot, 3mmx45°bevel, RE-1 top sh1e1ds
crystals consistently‘poly This slot geometry has
highly unfavorable thermal geometry for starting
and maintaining high crystal quality.

RE-i01 - 3 152 27.5 3.8 Attempt to flatten melt profile by addition of 2nd
, ’ partial top shield to RE-1 configuration. Melt
probe indicated extra shield not effective,-melt
dipped in center. Max. thruput only 9.5cmé/m1n

RE-102 2 . 191 26.7 5.5 Run purpose was to provide data for thermal modeling.
. . . Lid with straight 6x80mm slot, 6.2mm thick. RE-1
top shield configuration. Melt profile measured.
and thickness velogity data obtained. Reached
thruput of 13.4 cm®/min.. '
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RUN

NO. OF LENGTH
CRYSTALS (cm)

GROWTH RUN SUMMARY

"MAX. WIDTH MAX. VELOCITY

(mm) . (cm/min)

" DESCRIPTION/RESULT

RE-103

RE-104 -

RE-105

RE-106

RE-107

2. 125

3 149

3 248

‘18.1 . 1.6

Not productive of web

1 - 226

fa1
[9a]
(92

4.25

(%

Purpose: confirm behavior of straight slot

1id of RE-102. Slow melt down and high coil
voltage suggested susceptor shields partially
oxidized; confirmed after run. Poor growth
behavior, choppy dendrites, melt profile dipped.

"Purpose: increased thruput. RE-1 configuration.

Excessive nucleation of floating ice caused growth
termination before widths of significance for
thruput purposes could be achieved.

Purpose: Increased thruput. RE-1 configuration.
Icing problems in late afternoon Reached thruput

. of 19.8 cm /m1n

Purpose: Test modified fast 1id configuration.

Lid shown in Figure 18, Dec. 1978 quarterly with
lower top shield modified with 5 mil moly vertical
shield along slot, 8 mm separation. Attempt to
improve quality of growth initiation with small
sacrifice in growth velocity. Rapid oxide buildup
on edges of thin shields prevented growth of web.

Purpose: Data for thermal modeling and test growth
behavior, 9.5 mm dia. dogbone hole added to 1id
of RE-102, 103, Slot 83x6 mm, RE-1 type top shield
Melt proflle still dipped, but less than stralght
slot. ' Max. thruput 15.1 cm?/min.
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NO. OF LENGTH MAX. WIDTH

GROWTH RUN SUMMARY

‘MAX. VELOCITY

RUN ~ CRYSTALS (cm) {(mm) (cm/min) DESCRIPTION/RESULT
RE-108 3 . 385 31.5 5.2 Repeat RE-107 conflguratmné attempt increased
. thruput max thruput 15.4 cmé/min.
RE-109° - Not Productive of Web Argon blow tubes added to RE-106 configuration in
: effort to control oxide. Not effective. Oxide
grew toc fast to permit web growth. Growth
potential- of 1id cannot be assessed unless oxide
can be controlled in this geometry.
RE-110 2 210 26.7 z.6 Check baseline RE-1 corfiguration. Some problems
S - with floating ice.
RE-111 4 399 26.5 4.0 "Purpose: obtain_thermal and thickness velocity data
- On modified slot. 1 mmx45° bevel added to RE-107
lid. Max. thruput 10.6 cm?/min.
RE-112 2 288 24.C 5.2 Repeat RE-111, gather additional thermal data
: Max. thruput 12 5 cm/min.
RE-113 2 322 ©30.4 4.7 Purpose additional thruput data RE- 1 conflguratlon
- Max thruput 14.3 cm®/mia.
RE-114 4 436 25.7 5.9 Repeat RE-111 conflguratlon attempt high speed

growth., Max thruput 11.3 cm 2/min. Conclusions:

The small bevel on this 1id does not interfere with
seeding, and yields a small gain in growth velocity.
The melt profile is significantly dipped, restricting
web width. In future experiments the dogbone holes

_and bevel will be systematically increased and

width and growth velocity related to both measured
and -theoretical thermal configurations.
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GROWTH RUN SUMMARY -

NO. OF . LENGTH MAX. WIDTH  MAX. VELOCITY -

ﬁUN CRYSTALS (cm) . (mm) (cm/min) DESCRIPTION/RESULT
RE-115 3. 198 16.4 3.1 Test new 1id configuration with elongated slot.
: . . 114x6 mm straight slot, 3x3 mm bevel, 7.5 mm thick
1id. Melt profile flat to 1°C. Velocity-thickness
data., Ice problems all day. Oxide spalling from
bottom of 1id. Underside of 1id roughened by sand-
blasting in preparation for next run.
RE-116 6 513 29.8 C 3.8 Repeat RE-115 configuration. After early poly starts
and thirding problems, grew well in afternoon.
RE;117 1 ‘ 46 . 17.5 - To obtain baseline data on'susceptbr and melt profiles.
' RE-1 type lids, no end shields. Susceptor ends down
16°C. Melt profile dipped about 1° over 4.4 cm.
RE-118 1 60 - . 14.3 3.2 Test new lid and shielding configuration.: RE-lOZ, 103
' : 1id has dogbone holes increased from 9.5 mm to 14.3 mm.
Perforated susceptor end shields, 75% coverage. ‘
RE-119 Continue to gather temperature data with variations on

No Significant Web Production

1id and susceptor shield configurations. Dogbone holes

in RE-118 1id opened to 15.9 mm dia. Perforated susceptor
end shields. Susceptor profile flat end to end to about
3°C. Melt profile dipped about 2° over 4 cm.
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GROWTH RUN SUMMARY

NO. OF LENGTH MAX. WIDTH MAX.. VELOCITY .
RUN CRYSTALS {cm) (mm) ' (cm/min) ' DESCRIPTION/RESULT

RE-120 2 286 25.1 5.85 Repeat RE-119 configuration without end shields.
' Some floating 1ice problems early in day. .Melt
profile dipped about 1. S° cver 4 cm. Max. thruput of
14.7 cm2/min.

RE-121  No Significant Web Production : Test thermal effects of 1la mm long straight slot with
. bevel on bottom, with susceptor end shields. Susceptor
- profile flat to + 2°, but melt profile badly dipped.
Thermal measurements took most of day.

RE-122 3 361 . 27.5 5.0  Repeat RE-121 configuratiom to cleck growth behavior.
: Some icing. Reached thruput 13.5 cm?/min.

RE-123 5 635 35.2 5.0 Change In 1id configuration. 80x6 mm slot, 12.7 mm
dogbone holes, 5x5 mm bevel all around. 9.5 mm thick 1id.
Lower oS two top shields leps 1id bevel slightly. (Figure
"17, Dec. 1978 Quarterly Report). Argon flow tubes in
place. Max. thruput of 14.3 cm 2/min. This configuration
will be repeated several times in order to test maximum
thruput capabilities.

. RE-124 2 348 31.7 5.35 -Repeat RE-123 configuratiorn. Reached thruput of 17.0 cm?/
minute.

RE-125 3 220 23.6 5.35  Repeat RE-123 configuration. Some oxidation of shields
- : early in day deleterious ta growth behavior. Ice
problems. Max. thruput 12.6 cm 2/min.

. RE-126 5 - 455 29.2 . 5.7 . Repeat RE-125, with system Zeaks regpaired: some ice
problems. Thruput rate of 24.3 cm‘/min.reached.
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GROWTH RUN SUMMARY

NO. OF LENGTH  MAX. WIDTH MAX. VELOCITY

RUN CRYSTALS (cm) (mm) (cm/min) ' DESCRIPTION/RESULT
RE-127 2 325 ) 30.5 ©6.15 o Repeat RE-123 configuration attempt hlgh thruput
‘ - . rates. ‘Rached thruput rate of 18.75 cmZ/min.
RE-128 5 377 31.1 5.0 “Re geat RE-123 conf1gurat10n. Max. thruput 12.4
/min. _ : ’
RE-129 6 470 27-.4 ’ 5.75 . Repeat RE—123 configuration.,‘Ice problems early
: in day.
RE-130 2 419 34.5 : 5.75 ' Repeat RE-123 configuration. Thruput rates of 18.7
' . ' and 12.8 cm?/min. )
RE-131 "4 584 34.2 - 6.4 ' Repeat RE-123 conflguratlon. Thruput rates of
- 16.7 and 21.9 cm /m1n .
RE-132 2 388 36.65 . 5.5 ‘Repeat RE0123 configuration._ Oxide and ice problems
' . urtil late in day. 19.96 cmz/min. max. thruput.
RE-133 2 ] 421 : 40.6 5.8 Repeat RE0123- configuration w1th edition of third
- - .top shield max thruput 23.55 cm?/min. Third
shield seems to reduce stress build up, allowing
.~ncrease in web width.
RE-134 2 - 372 . 39.9 4.15 . Repeat RE-133 ‘configuration. Max thruput 16.6
' : © cmZ/min. .
RE-135 3 550 37.2 - 3.9 . Repeat RE-133 configuration. Early starts poly,
‘ ‘ : grew well in afternoon. A -
RE-136 2 310 29.9 4.5 Repeat RE0133 configuration. Tendency to pull out.
: ’ ~Thickness velocity data obtained.
RE-137 3 315 28.5 4.0 ‘Test addition of fourth shield to RE-133 configuration

did not grow as well. Floating ice during afternoon.



GROWTH RUN SUMMARY

Preface to J-Furnace Runs

The majority of runs in the J- furnace were devoted to testing
a variety of 1id and shield configurations to improve width and speed
and to reduce stress. Extensive measurements ot me;t and suceptor
temperature profiles were made. Soﬁe tés§s of output capabilities

were also carried out.

Several types of ancillary hardware were tested‘ih an effort
to reduce stress levels in the web crystals so that greater web width
could be achieved. Passive afterheaters proved tbtally unsatisfactory.
A dynamic afterheatef system was constructed and tested, beginning with
‘run J-69. The afterheater had deleterious effects on thermal geoﬁetry
and increased. web stress levels. Tests with a cold after tfimmer were
begun in run J—106f The cold Frimmer produced low residual stress but

in its present design compromises the growth system.

A gcries of runs largely dedicated to gathering thermal data,
melt profiles, and testing the effects of susceptor shielding
modifications were begun with run J-141. This data was used to correlate
growth behavior. with thermal behavior. Web growth was not a pfimary

objective in these runs and output was generally low.

180
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GROWTH RUN SUMMARY

NO. OF LENGTH  MAX. WIDTH.  MAX. VELOCITY

RUN CRYSTALS (cm) - (mm) . (cm/min). - DESCRIPTION/RESULT
J-29 Not Productive of Web Test thick passive afterheaters, 5.2 cm long x
: ' ‘ "3.8 cm x .63 cm thick, Placed lcm apart parallel

to slot; 1.3 cm radiation gap above 1lid. Slot has
3x3-mm bevel. Single Top Shield. Oxide Deposition.
Afterheater effected thermal -geometry, web poly, .
thirds. - :

J-30 1 : 53 9.7 . - Repeat J-29 with second top shield. Oxide problems,

" growing from afterheater-lid interface.
J-31 3 ' 277 26.6 : 1.9 o To produce material for evaluation.RE-1 configuration.
J-32 6 490 23.8 > 2.1 Report J-31, slot not polished. Some oxide growth
' ) on slot. )
J-33 2 54 15.3 ; 2.3 Test new 1lid with shorter slot, 66.1x6.3 mm, 12.7mm

.dia. dogbone holes, 6.3mm thick, single top shield.
. Poor growth, dendrites choppy, pullouts.

J-34 4 504 26.4 ‘ 2.0 Repeat J-33 configuration with the addition of a

o : . second, partial top shield. Second shield improved

- growth substantially. Will repeat several times to
establish reproducibility of growth behavior.

ya3s 7 " 618 2.3 Repeat J-34.  Good growth.

22,1
J-36 2 131 25.0 E 1.9 Repéat J-34, new operator.
J-37 'Not Productive of Web ; ; Repeat J-34. Severe problem with oxide growth on

. . , slot, falling into melt and causing icing.
J-38 5 T 520 ' 26,0 ° - 2.0 . Repeat J-34. Good growth behavior. )
J-39 2 154 25.9 ¢ 1.9 . Repeat J-34. Trouble starting growth during afternoon,
J-40 6 468 3.7 ) 1.9 " Repeat J-34. Most crystals terminated by pullout after

) _ : ’ beginning to twist.
J-41 4 331 32.5 1.6 . Repeat J-34. 3 cm wide crystal decanted because of
: - twisting. _
- J-42 4 200 15.4 1.9 Test of thick passive afterheaters. New lid, 80x6mm

slot, 12.7 mm dogbone holes, 6.3 mm thick. Two top
shields. Oxide collected on lower top shield. Problems
with pull out. '
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GRCWTH RUN SUMMARY

NO. OF LENGTH MAX. YIDTH MAX. VELOCITY
RUN CRYSTALS - {(cm) (mm) (cm/min) DESCRIPTION/RESULT
J-43 1 41 12.7 1.9 -Repeat J-42. " Severe cxide collection on lower
' top shield forced early shutdown.
J-44 2 88 15.2 2.0 J-42 configuration with lower top shield set back
: : on additional 1.5 mm. This eliminated oxide
deposition on lower tcp shield, but oxide collected
. _ on 1lid slot. Melt prcfile dipped in center.
- J-45 2 93 15.1 6.7 Repeat J-44 configurztion.
Conclusion on passive afterheater: Introduces such
severe perturbations in thermal geometry that the
effect if any, on stress can not be assessed.
J-=46 Mot Productive of Web Return to J-34‘configumation. Melt unstable, difficult
to start. ) . ' ’
J-47 4 195 17.1 1.7 Repeat J-46 configuration, New Tank Argon. Problems
o with oxide and -ice. '
J-48 1 35 19.2 1.9 ' Repeat J-46, crucible-bottom ground flat. Difficulty
dropping dendrites, consistent pull out. Ice during
afternoon. C
J-49 4 487 28.8 1.6 Repeat J-46, crucible bottom ground flat crystals
terminated by decanting bscause of twisting. '
J-50 z 313 24.0 1.8 Repeat J-46 configuration. Growth terminated by
twisting and pull out.
J-51 4 207 14.8 2.9 Test new configuraticn. 5.3 mm thick lid, 80x6 mm

slot, 12.7 mm dogbones. 3x3 mm bevel along slot.
Single top shield with 2.5 cm wide slot. To test
effect on growing wet of more exposure to hot 1lid.
This is to partially simulate effect on web of hot
after-trimmer. Web very thick (to 400 um), tendency
to third. ’ . :
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'GROWTH RUN . SUMMARY

NO. OF- LENGTH MAX. WIDTH "MAX. VELOCITY

RUN CRYSTALS (em) {mm) : (cm/min) DESCRIPTION/RESULT
J-52 Not Productive of Web Repeat J-51 with higher coil position. Thick web,
o pullouts and thirds. o

J-53- 4 391 27.0 2.0 New 1lid configuration. Lid 8 mm thick, 80x6 mm slot,
12.7 mm dia. dogbones. 3 top shields, lower two
.5mm thick bent to partially lap slot bevel. Upper
shield flat 1.5 mm thick. Oxide deposition caused
some growth difficulties, but growth behavior is

. encouraging.
J-t4 2 224 23.9 2.0 Repeat J-53, to further evaluate growth characteristics,
- oxide. .
J-55 3 ~ 406 29.9 . .2.0 Repeat J-53. Growth behavior good, but problems with
. oxide on slot region all day.

J-56 2 99 18.0 1.9 Repeat J-53, except one of formed top shields removed.
Air got into system when trying to remove oxide. Run
aborted. )

- J-57 3 , 368 27.9 2.0 Repeat J-53. Oxide problems. This type of config-

' . uration appears promising if oxide deposition on top
shields and slot can be eliminated.

J-58 6 381 ’ 29.8 1.9 RE-1 configuration, to produce web material.

J-59 Not Productive of Web Test behavior with no Top shields; to partially
similate effect of hot aftertrimmer on web. Could not
grow;ice formed near ends of slot. Dendrite probe
indicated center of melt profile hot by at least z°C.

, Susceptor profile also hot in center.

J-69 Not Productive, run aborted during melt down Try J-59 configuration with susceptor side shields
removed coil water boiled when attempting melt down.

J-61 Not Productive of web..

Same as J-59, except single top shield open over entire
crucible area. Could not grow. Oxide deposition on
slot a constant problem. Conclusion: configurations
with largely unshielded lids cause substantial problems
with no redeeming virtues.
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GROWTH RUN SUMMARY

NO. OF LEINGTH  MAX. WIDTH  MAX. VELOCITY '
RUN CRYSTALS fem) (mm) (cm/min) DESCRIPTION/RESULT
J-62 2 L0S 20.- 2.1 Test 80x6.1 mm dogbone¢ slot, two identical top
shields with 4.7 mm set back Difficult to initiate-
- growth, pull out. '
J-63 2 105 19.6 2.1 Alter J-62 configuraticnm by increasing set back of
upper top shield. Hard to grow,choppy dendrites,
' . pull out. . o
J-64 4 829 27.2 1.9 New 1id. Straight slot (no dogbones) 80x4 mm 5xSmm
' ‘ bevel all around, 8 mm thick. Two top shields with
1 mm set backs. Webs terminated because of twisting
and going poly. Otherwise, growth easy and stable.
J-65 5 474 27.C 1.9 Repeat J-64 configuration. Similar growth behavior.
J-66 2 221 18.3 1.9 Repeat J-64 configuration. Ice problems all afternoon.
- J-67 3 159 18.1 1.9 Repeat J-74 configuration. Ice problems all day.
J-68 3 209 17.8 2.1 Repeat J-64 configuration. Ice nucleated all day.
: Source of 'ice nucleation not clear. Problem seems to
have gotten worse with sach run of J-64 1lid. _
J-69 2 . 103 16.3 2.0 First test of dynamic afterheaters, botttm of heater 23
' mm above lid.With no input power, heaters 770°C bottom,
550°C top, 100% power, lower only,930°C bottom, 570°C
_ top. RE-1 type lid configuration.
J-70 3 o121 18.0 2.1 Repeat J-69 configuration. Consistent problems with
: floating ice.
J-71 4 137 20.8 2.1 ‘Repeat J-69 configuration. Ice problems. Apparently,
. A oxide is fldk1ng from a’terheater, falling into melt.
J-72 Not Productive of Web Test J-64 1id configurazion with afterheater. Excess1ve
oxide deposition and ice nucleation prevented growth,
J-73 6 - 224 26.8 2.0 Test crucible from new supplier. RE-1 configuration,
no afterlieater. Crystals terminated by pullout.
J-74 234 32.1 2.0 Repeat J-64 configuration " Crystals twist and go poly.
J-75 521 19.0 2.1 Change configuration by addition of 12.7 mm dogbone

holes to J-64 1id geometry, 2 full top shields.

Crystals tended to go poly.



- 981

GROWTH RUN SUMMARY

NO. OF: LENGTH.  MAX. WIDTH ~ MAX. VELOCITY - -
RUN CRYSTALS (cm) (mm) (cm/min): DESCRIPTION/RESULT
J-76 3 198 -8.0 - 2.1 - Test J-75 configuration with afterheaters 25 mm

above 1lid. Vary afterheater temperatures. Crystal
went poly. . Similar to J-75 growth behavior.
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GROWTH RUN' SUMMARY

NO. OF LENGTH MAX. WIDTH MAX. VELOCITY ‘ ' '
RUN CRYSTALS (cm) (mm) (cm/mm) DESCRIPTION/RESULT

J77 2 70 18.1

hy
[

Afterheater Test. Full beveled lid; 80x6mm : o ae
slot, dagbones, 5x5mm tevel. Continue test : '

of afterheater, Vertlcal position: 1.5¢m above
1id. Linmeage structure limited widening.
Oxide ccllection on 1id shields.

Test effect of shield cn oxide accumulation for °
1id used in J77. Lower shield bent upward.
Widening fair but still some oxide accumulation.

1)
.
[\S]

Ji8 3 ' 292 25.5

J79- - 2 137 21.3 1.9 Retest of shield configuration in J78. Similar’
result. Conclude no improvement in oxide control,
web speed or width with this shield arrangement.

Test behavior of new RE-1 1id. for later experiments
with afterheater. Baseline behavior verified.

1S}
[}

J80 5. 538 - 30

Jsl 2 148 16.1 . : 2.3 Test shield arrangement to minimize oxide accumulation
' ' on long beveled, growth slot. Lower:top shield
bent up along slot. New top shield.' Oxide well
controlled but difficult to seed without third
dendrities or pull out. Conclude not a useful
configuration.

Jgz2 3 123 22 2.0 Afterheater test with RE-1 1id. Evaluate effect of
. heater vertical positiom on growth: 2.5cm above 1lid.

o ' " ‘Dendrite probe revealed slightly cupped profile in
' liquid limited widenirg '
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GROWTH RUN SUMMARY

NO. OF LENGTH MAX. WIDTH- MAX. VELOCITY
RUN CRYSTALS © (em) (mm) (ecm/min) - DESCRIPTION/RESULT

- J83 2 114 19.6 2.0 Test effect of 3rd top shield to flatten melt
temperature profile with long, beveled 1lid.
Profile flattened but not sufficiently to in-

 crease width. Adjust shiélding. :

Jsa 4 385 34.7 ’ 2.0 .. Retested 3 shield configufﬁtfon used in J83.
: Produced web to 34.7 mm.

"J85 2 274 22.9 1.9 - Afterheater test. RE-1 baseline lid. Heater 1.5cm
' above. Remove outside shields on afterheater to
raise available AT. Very little improvement in AT
or widening of web. : T

. J85 1 41 - 14.4 1.9 Afterheater test. RE-1 lid. Lower heater

' ' ‘ h " temperature raised (increase AT by ~ 100°C)
Web did not widen. . Run terminated by oxide
collection on afterheater..

J87 1 42 14.5 1.9 Ran RE-1 1id without afterheater to check if melt
: : profile was flat. 'Conclude profile flat enough to
‘ get wide web. Failure of afterheater not due to
‘effect in RE-1 1lid. Icing terminated run.

J8s 5 ‘ 463 . z4.0 2.7 Test of dished 1lid.(variable bevel angle across
slot length) 8mm thick. 76x5mm slot, 12.7mm
dogbones. Center of lid dished to 4mm thickness.
Evaluate effect of 1lid. on.web widening. Width
up to 24mm. Dendrite probe gave flat profile.

Webs deformed due to stress.
J89 - 1 84 17.4 2.0 Test of dished 1id (J88) with 2 top shields instead
' : of three. Attempt to reduce web stress. Dendrite
profile showed asymmetric temperature profile.
Could not widen. :
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GROWTE RUN SUMMARY

NO. OF LENGTH MAX. WIDTH  MAX. VELOCITY T L
RUN - CRYSTALS (cm) (mr) (cm/min) : - DESCRIPTION/RESULT
Joo . 4 4z3 - 19.4 5.4 Test'shorter'1id siot for width control in
: . ' feeding experiments. Collect velocity-thickness
data. Dendrite probe reveals dished profile.
Width- kept below 20mm. Some .oxide accumulation.
J91 3 268 235 1.9 Retest of dished 1id. Use narrower slots in top
: shield to reduce s=ress in web and test widening
) behavior. Web still deformed.
J92 - 1 48 . 13.9 1.7 "Retest short slot of Run J90. Argon flow added
’ ' to reduce oxide. Unstable growth. Tended to
produce third -dendrites on seeding.
J93 3 ' 444 31.8 : 2.0 ~ 80x6mm, beveled, dogbone 1id. Two top shields,

: ' : : - bottom large overhang. - Argon flow along slot. Test
effect of argon flow rate (30 to 100 cm /min) on
oxide accumulation. Higher flow rate gave better
results. ' S : .

Jo4a - 4 33 15.5 - 2.0 Retest of short slot for feed runs. Difficult to
control growth: oullout or third dendrites
J9s - 4 265 - 24.6 5.5 Retest of beveled lid for high speed growth.™
' ' 2 Less overhang on lower top shield to reduce oxide.
Output > 12cm”/min. No oxide problems. Com>ined output rate over

12 cm2/min.



681

RUN

NO. OF
CRYSTALS

GROWTH RUN SUMMARY

LENGTH ~ MAX. WIDTH . MAX. VELOCITY
(cm) (mm ) (cm/min)

DESCRIPTION/RESULT

J96 .

J97

Josg

329 28.3 2.7

177 21.5 , > § cm/min

156 - 16.3 2.7

86 14.2 2.3

Test new lid bevel. Several crystals tun

"to get velocity-thickness characteristics.

Lid employs directed argon flow to
minimize oxide accumulation in overhanging
shield: Data collected. No oxide
accumulation. O

Use samc slot-shield configuration as previous
run. Raise melt level to improve speed’
characteristics. Take velocity-thickness .
data to characterize thermal geometry.
Crystals consistent with increased speed
attained. ’

(Runs 98 to 100 were tests of a shorter
slot length designed tq keep the width .
smaller for subsequent feed experiments in

‘RE facility). Test 3.8 cm long slot for

width control in feeding-target width 2.5cm.
Crystals did not widen well enough.

Dendrite probe revealeéd steep dip in

melt temperature profile.

Test of 3.8 cm slot with lower melt level {ﬁ
flatten melt profile. "Melt temperature
profile showed some improvement but still
not enough to get to desired constant width.
Some temperature fluctuations during growth |
run.
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GROWTH RUN SUMMARY

NO. OF - . LENGTH MAX. WIDTH MAX. VELOCITY : '
RUN CRYSTALS (cm) mn) ] (cm/min) . DESCRIPTION/RESULT

J100 No Significant Web Production. Test -of 3.8 cm slot. Argon flow to top
- ’ " shields reduced to minimize any temperature
fluctuations. Temp profile remained dipped.
Conclude this 1id design ineffective for
width controi in feeding experiments.

J101 138 2

(28]

(¥3]
~

Test new lid bevel with argon flow under

2, . - top shields for increased growth speed.
( > 12 em”/min output) Achieved 7 cm/min maximum velocity. Some

. ‘ instability in seeding control, repeatability

J102 1- 83 - 18.5 2.1 * Retest of lid used in 101 with slightly
lower melt level to improve seeding. Run
relatively unproductive. - Vibration in melt
(cause undetermined)  and some temperature
control probiems.

J103 2 - 182 21 2.0 Replace thermoccuple in system. Reran
: ‘ configuration of J102 with larger shield
overhang (cooler.shields improve heat transfe
Tests restr1cted by free float1ng ice 1n melt

J104 . 2 241 27.6 2.0 Retest of larger: sh1e1d overhang as per J102

and J103. NWidtk improved. Melt pulled
away from crucible before speed test complet
meltlevel too low :

170 18.6 2.2 Ra1sed melt .level to- more- stable regime.
Retest shielcds used in J102-J104. Some oxide
collection and icing. Conclude shield lid
configuration improves speed and output rate
but results zre not sufficiently reproducible
te achieve goals.

J105

[ 8]
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NO OF LENGTH
RUN CRYSTALS (cm)
J106 3 477
J107 2 442

GROWTH RUN ‘SUMMARY

N

MAX. WINTH MAX. VELOCITY
(mm) (cm/min) DESCRIPTION/RESULT
27.7 2.1 . First test of cold after trimmer designed
to reduce elastic bending of web. Test
- conducted with RE-1 lid, a baseline
configuration. . Initial .trimmer position 2.5
-cm above. lid., Widest crystal decanted
snontaneously. No bending. :
19 - 1. . Second test oﬁ‘cdld after trimmer. Position -

2.0 cm above 1id. Oxide collection on
trimmer later - in day reduced run ‘effectivenes:

[N
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GROWTH RUN SUMMARY

NO. OF LENCTH MAX. WIDTH MAX. VELOCITY
RUN CRYSTALS (cm) () ) {cm/min) DES:RIPTION/RESULT

Test repea' J106 Cold aftertrimmer (angled
plates,45°) Evaluate any effects of aftertrimmer
melt temperature yrofile with RE-1 1id. Mounting of

- trimmer modified te improve vision during seeding.
Melt probe indiczted temperature dlpped in liquid,
asymmetric also.

J108 3 190 23

[ )
o

Test cold aftertrinmer. Evaluate effect of trimmer
vertical position on melt profile. Melt dipped with"~
trimmer at =xtreme lower and higher p051t10n Also
asymmetric.

~1

J109 . 1 78 23.8 i.

J110 2 - 91 17.4 2.0 Test cold aftertrimmer. Evaluate effect of coil
’ position on melt profile with afterheater 1.6cm.
Temperature profils dipped and asymmetric in low
position. 5Slightly dipped in high position.

Jir 2 85 15.1 2.1 ‘Evaluate melt profile for RE-1 1lid with cold after- -
trimmer removed. “elt profile flat. Melt vibration
limited growth.

J112 7 715 26.3 2.1 ) Retest melt profiie and growth with RE-1 1lid,
- aftertrimmer removed. Flat proflle Concluded angled
plates on aftertrimmer interact with induction field
and perturb melt temperature prof11e

J113 Not productive of web ' . ’Cold'aftertrimmer modified toAvertical parallel
plate configuratien to reduce inductive effects.
Probe melt as a Function of coil height.  Profile
flatter but asymmetric atcoil positions tested.
Conclude trimmer should be inserted at end of furnace
opposite ccil leads. ' '
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NO. OF 'LENGTH

RUN CRYSTALS (¢m)

Ji14 3 125
J115 3 464°

J116 5 433

J117 3 247
J118 2 276

J119 Abort run

J120 5 549

MAX. WIDTH
{mm)

19.8

iy

26.4

'2;.4

24.1

31.3

GROWTH RUN SUMMARY

" MAX. VELOCITY
(ecm/min)

DESCRIPTION/RESULT

.1

N

1.9~

2.0

1.9

2.0

2.0

- Cold aftertrimmer test.

ErrTESmITES T 2 == Tim e

Cold aftertrimmer test. Trimmer inserted at end
of furnace opposite cool to reduce inductive effects
further. Melt profile nearly flat and symmetric.

Cold aftertrimmer test. FEvaluate position of trimmer

above lid on melt profile and growth. Trimmer 2.lcm

above RE-1 lid. Crystals under better than prev1ous
“run.  Growth ended by pullout.

: Cold aftertrimmer test. . Trimmer set 1.0 cm above
RE-1.1id. " Width -improved. Lineage in widest crystal
due to bad start. : :

Cold aftertrimmer test. Retest conditions of run J116
‘trimmer 1.0 cm above lid. Run dendrite probe at

low and medium coil positions. Slight asymmetry at
medium position; slight dip no asymmetry at low
position. Conclude slight dip still limiting widening.

Run at higher coil position
to reduce thermal dip. :

Cold aftertrimmer test. Continue evaluation of
aftertrimmer vertical position on melt’ proflle and
web growth. Melt wet 1id.

Cold aftertrimmer test with new RE-1 lid.
Continue evaluation of trimmer vertical position.
Trimmer-1.6cm to 2.lcm above lid.
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RUN

NO. OF LENGTH MAX. WIDTH
CRYSTALS {cm) (mnr)

GROWTH RUN SUMMARY

MAX. VELOCITY
(cm/min)

DESCRIPTION/RESULT

J-121

J-122

J-123

J-124

J-125

3 194 16.7

N

242 24.9

18]

39 30.8

Not Productive of Web

1.9

[#4]
—

5.9

Test of cold aftertrimmer. RE-1 type 1id and shield
configuration. Trimmer set 1.3cm above 1lid.

Thirding, pull out and icing problems again cons1stent
with dipped melt temperature profile.

Test of cold after trimmer. RE-1 type 1id and shield
configuration. Trimmer set 1.8cm above 1id. There
were some icing problems and a drifting thermal
profile. Axial thermocouple exhibited erratic
behavior. Check out thermocouple and electronics.

Test of thruput capabilities.-of RE-1 type 1id and
shield configuration.. C>ld aftertrimmer 1.5cm above
1id. Thruput rate of l1.4cmZ/min reached.

Repeat of J—123 configuration., This run was not
productive because of. very erratic seeding behavior,

.which was not consistent with the results of a

dendrite profile of the nelt surface. Button symmetry
was only obtalned when ice Fformed on the right.

Another test of thruput capab111t1es of RE-1 config-
uration with cold aftertrimmer. Unsuccessful attempts
were made to start with long buttons (3 to 4 cm).
Growth speed up to 5.9 cm/min was obtained.. A thruput
of 14.7cm?/min was attained in short lengths. It )
was noted that some defects had developed in the suscepta
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RUN

NO. OF - LENGTH MAX. WIDTH

CRYSTALS (cm)

(mm)

GROWTH RUN SUMMARY

MAX. VELOCITY
(cm/min)

DESCRIPTION/RESULT

J-126

J-127

J-128

S J-129

2 132

Not productive of web

19.0

15.9

24.

2

8.

2.

2

0

10

Test of cold aftertrimmer with RE-~1 1id configuration,
for thruput capabilities. Erratic starting behavior
was a problem. A growth velocity of 8.2cm/min was
reached on one crystal.

Repeat previous run configuration. Free-floating
ice nucleation was a problem all day, even though 1lid
and shields remained free of oxide.

There has been a problem of reproducibility and erratic
behavior in the above series of runs with the cold
after trimmer. In order to determine whether this is
due only to the trimmer configuration or to other cause,
a series of runs with the RE-1 type configuration, but
without the after trimmer was begun. This run was

to test growth behavior as a function of coil height.
Oxide deposition on the slot and falling into the melt
prevented significant crystal growth.

Repeat of above run. Test thruput capab111t1es Melt
jumpy, but no oxide or icing. Attempts to start wide
buttons not successful due to erratic drift in thermal
symmetry. Dendrite probe of melt surface gave d1p of
about 1°C over 4cm. Reached thruput of 12.3cm?/min.
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RUN

NO. OF LENGTH
CRYSTALS (cm)

MAX. WIDTH
(mm)_

GROWTH RUN -SUMMARY

MAX. VELOCITY
(cm/min)

DESCRIPTION/RESULT

J-130

J-131

J-132

2 72

5 309

2 186

22.9

28.

21,

3

6.8

5.5

1.9

The susceptor was replaced in effort to reduce
erratic run to run growth behavior. RE-1 1lid
configuration. Buttoning behavior continued to

be variable, and there was some problem with ice -
nucleation. 12cm of crystal were grown at 6.8cm/min.
before ice caused pull out. :

Suspect variable the-mal transport between susceptor
and crucible. Thecefore to improve growth behavior
reproducibility the ground surfaces of the crucible
were fire polished in hopes of improving uniformity
of heat transfer. RE-1 type lids. Behavior improved

" significantly thrupu: rates of 12.6, 12.7, 13.7, and

14.3 em?/min were reached on four crystals. Dendrite
probe-indicated  flat melt temp. profile.

Repeat previous run. Crucible fit not quite uniform
on bottom.” Some icing. Melt profile dipped.
Conclusion: Both bottom surface preparation and
flatness are important to uniform and reproducible
heat transfer. '
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RUN

NO. OF LENGTH
CRYSTALS  (cm)

MAX. WIDTH
(mm)

GROWTH RUN SUMMARY

MAX. VELOCITY
(cm/min)

DESCRIPTION/RESULT

J-135 .

J-136

J-137

J-138

2 313

3 386

24.0

17.6

15.2

5.4

1.6

5.1

1.6

" No significant-crystal production due to icing.

Run purpose: increased thruput. RE-1 type configuration
with fire polished crucible. Reached thruput. of
15.7 cm?/min.

Test of cold after trimmer. RE-1 type 1lid configuration
Trimmer 1.1 cm above lid. Generally easy to .grow.
Crystal termination by pullout. Dendrite probe
indicated melt dipped 1.7°C over 4 cm, while

susceptor probe indicated ends of susceptor 14°C

lower than center.

Purpose: measure melt temperature profile at different
cold after. trimmer heights. Melt dipped 1.4°C over

4 cm with trimmer 1.1 cm above 1id; 1.1°C at 2.1 cm
above lid. Appears that some fine tuning of shielding
needed to minimize temperature dip: Maximum thruput
12.2 cm?/min.

Purpose: test effect of additional susceptor side
shielding on melt surface temperature profile in
presence of cold after trimmer. Additional side
shields. 5 cm wide added at center of susceptor.
Dendrite probe gave less than 1° dip over 4 cm. Growth
terminated by oxide nucleation at one point on 1lid
slot, then falling into melt, causing ice nucleation.

Repeat J-136. Same oxide and icing problems as J-136.
Subsequently, a very small crack was discovered on lid,
which acted as nucleation site. Will be corrected for
future runs. However, during this run there were
additional icing problems independent of oxide."

Repeat J-137 in attempt to pin down causes of icing.
Dendrite probe indicated ends colder, not consistent
with J-136 probe results.
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RUN

GROWTH RUN SUMMARY

"MAX. VELOCITY
(cm/min)

NO. OF LENGTH  MAX. WIDTH
CRYSTALS (=m) (rmm3

DESCRIPTION/RESULT

J-139

J-140

J-141

J-142

Not productive of web due to repeated icing. .

'3 243 T 27.8 2.)

1 .95 20.3 2.0

[£%]
=

1 80 16.0

Repeat J-138 in effort to resolve inconsistencies.

" Melt probe erratic. Conclude 5 cm extra side
'shields not effective in improving growth

behavior.

'Purpose: recheck base line RE-1 configuration with

respect to growth behavior. Conclusion: Though

melt was somewhat "jumpy" and unstable, icing was
not a problem. Suspect that added central shielding
causes cold regions in crucible corners not
accessible to the dendrites used for thermal probing.

The purpose of the following series of runs is to

-flatten the temperatuZe profile in the susceptor

by modifications in the susceptor shielding.
Subsequently, 1id slo: modifications will be made
to improve melt profile. This will facilitate use
of the after trimmer Zor the growth of wider web
crystals. Web produczion is secondary to the
th2rmal measurements.

RE-1 1id configuration with the addition of
susceptor end shields slotted to give 50% shield

- coverage. Susceptor probe measurements indicate

susceptor still cold at ends relative to center,
bu:z not symmetrical because of offset coil
position. Melt profile cipped.

Repeét J-141, adjustirg coil until thermal symmetry
is reached. Susceptor ends cold by about 4°C,
center dipped about 2°C. Melt profile dipped.
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GROWTH RUN SUMMARY

NO. OF LENGTH = MAX. WIDTH  MAX. VELOCITY .
RUN CRYSTALS (cm) (mm) (cm/min) DESCRIPTION/RESULT
32143 No significant web growth.

Test shielding modification. Ends of side shields
perforated to increase losses in effort to eliminate
central dip in susceptor profile noted in previous
run. Same end shields. Measureménts showed that
this modification overcompensated, increasing end
drop and producing ~ 4°C hump in center.
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NG. OF

LENGTH

GROKTH RUN SUMMARY

MAX. VELOCITY

DESCRIPTION/RESULT

J-144

J-145

J-146

- J-147

J-148

3-149

~ HNot Productive of Web'Crystals

£

o

110

33

223"

207

12.4

18.2

18.9

16.9

MAX. WIDTH
~RUN_____CRYSTALS (cm) (mm) (cm/min)

2.0

1.9

4.0

2.0

Tést susceptor shieldizg modification. End shield
coverage increased to s0%Z. RE-1 type 1id configuration
susceptor profile fairly flat, slightly asymmetric.
Melt profile dipped ani very asymmetric. Very choppy
dendrites.

Test susceptor shield:ing modification. Perforated
side shields replaced by solid ones. Susceptor ends
hot by about 5°C. Meit profile very

dipped and asymmetric. .

Test susceptor shielding modification. 7 4mm dia.

holes each end of -side shields.. 114x6 mm straight slot,
3 mm bevel. Susceptor ends cold by 5°C. Melt flat to
within about 1°. End shields deformed; suspect
reproducibility of shielding not good enough.

Test new end shields,,pérforated to provide 75%
coverage. 114 mm straZght slot. .Shields are much

'stronger mechanically than slotted shiélds used oreviouslv

susceptor profile flat to + 0.7°C. Melt dipped and
asymmetric. ‘

: Repeat-J—147 with addition of cold aftertrimmer 1.1 cm
.above 1lid. 114 mm straight slot. Susceptor profile

flat. Melt flat to zbout 1°C. Considerable oxide
deposition on aftertrimmer.

Repeat J-148. Problems with oxide on aftertrimmer and
ice formation. Oxide accumulation is much greater than
observed in past with RE-1 lids. '
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GROWTH RUN SUMMARY

NO. OF LENGTH. MAX. WIDTH  MAX. VELOCITY

RUN CRYSTALS (cm) "(mm) " (cm/min) - DESCRIPTION/RESULT
J-150 2 138 15.7. - Test 11d with enlarged dogbone, with aftertrimmer.
4 . Slot 83x6 mm, 15.9 mm dia. dogbone holes. Icing and
oxide problems. Melt profile flat.
J-151 1 ' 20 22.0 7.3 . Test J-150 configuration without cold aftertrimmer in

order to determine if trimmer is source of problems.
Icing problems all day. Floating ice from left, while-
buttons long to right. Dendrite probe indicates melt
cold left, consistent with ice location, but inconsistent
with buttoning behavior. - Suggests non-uniform heat
transfer in crucible.

J-152 3 - 104 11.6 . 6.75 Cold aftertrimmer modified so that argon blows outside
rather than between vertical cold plates. Floating ice,
choppy dendrites. Melt probe indicated melt surface
slightly crowned in center. Unstable melt and starting
behavior.

J-153° , 3 ’ 190 21.4 - Repeat J-152 configuration. Choppy dendrites, susceptible
to pullout. . . ' .

J-154 2 . 167 24,5 1.6 Repeat J-152 configuration, with the addition of end
' : : shields on the. susceptor in effort to improve melt
stability and reduce thermal convection. End shields
are perforated to give 76% shield area coverage. Melt
profile dipped about 1.5°C over 4.5 cm.

J-155 2 - 102 17.2 1.9 Repeat J-154 with .susceptor end shield coVefagé‘reduced
) ’ to 60%. Still difficulty with pull out. :
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GROW”H RUN SUMMARY

NO. OF  LENGTH  MAX. WIDTH  MAX. VELOCITY

RUN - CRYSTALS (=m) (mm] (cm/min) ‘ DESCRIPTION/RESULT
J-156 3 286 _ 19.6 2.0 Modify J-155 éonfiguration by removing 0.8 cm from
. : bottom of end shields. - Grcwth behavior improved.
J-157 4 260 25.7 1.7 Modify J-156 configurations by removing an additional
: : : 0.8 cm from bottom of erd shields. Choppy dendrites,
pullouts. ,
J-158 2 120 14.86 - An additional 0.8 cm was removed from the bottom of
' : - the end shields as modification of J-157 configuration
difficult to initiate growth.
J-159 1 " 86 15.5 - Repeat J-158, with varying coil heights. Difficult
. : to initiate growth chopry dendrites.
J-160 2 296 18.5 2.0 Repeat J-159 with cold aftertrimmer raised to 1.3 cm

above 1id. Hard to grow, choppy dendrites, pullouts.

J-161 No Significan:t Web Production ‘ - - Repeat J-150, higher coil position. Dendrites very
choppy, pall out. Dendrite probe indicated melt
profile flat te 0.5°C.

J-162 1 N -V 17.5 Same lid and shielding arrangement as J-161, except
cold aftertrimmer removed. Test whether, choppy
dendrite caused by chimnzy effect of trimmer.

Dendrites still choppy,. 3Sut not as bad as with trimmer.
However mz1t profile now dipped nearly 2°C. Conclude
.that trimmer in its presant configurations interferes
excessively with ability to grow. -



GROWTH RUN SUMMARY

PREFACE TO W—FURNACE RUNS

In large measure the W-furnace experiments fall into three
cafagories (1) experiments to develop run to run reproducibility (2)
design and test of systems to minimize oxide deposition during growth
(thus facilitating long cycle growth) énd (3) evaluation of melt
replenishment concepts. Subheadins within the summaries indicate the

various stages of the work.

! ‘ 203



GROWTH REUN SUMMARY

Runs 21 through 39 were used to determine the effects of m=1t height and 1id

shield conZigurations on growth corditions such as wideninz rates, total length,
maximum width, stress levels, etc. Some runs were not proluctive as new, in-
experienced operators were trainad and also some malfunctiosns in the furnace controls

occurred. A .
"MAX. WIDTH TOTAL LENGTH
RUN (mm” (cm) 5ESCRIPTION/RESJLT
W-21 16.4 - ’ 88.9 195.3 gm Si, 1x1017 DOPESIL Lid 3U, Shield 4.
W-22 26 @ 211 Purpose: study effect of melt lavel on stresses 120.2
4 ' gm Si, 1x1017 DO?ESIL LID 3U, Shrield 4.
W-23 16.2 235 Purpose: evaluats melt level 121.4 gm Si, 1x1017
18.6 - DOPESIL Lid 3U, Shield 4. .

w-24 . - 18.1 69 . Lid 3U, Shield 4 Low argon flow raze 120.3 gm Si;

_ 1x1017 DOPESIL. - :
W-25 _Not Productive of Web : Repeat W-23.
W-26 ‘ 350 * Repeat W-23 120.3 gm Si; 1x10%7 ‘DOPESIL.

§ w-27 30.7 207 . Repeat W-23 121.0 gm Si; 1x1017 BORON
w-28 . Not Productive of Web - New Lid 8U Shield 4.
W-29 Not Productive of Web . Repeat W-23.
W-30 22.4 : 104 Lid 8U, Shield 4 120 gm Si; 1x1»'7 DOPESIL.
W-31 . Not Productive cf Web : o Lid 8U, Shield 1 120 gm Si; lxll)17 DOPESIL
Lower Coil. ]
W-32 Not Productive of Web ' Lid BU, Shield 1 120.8 gm Si; 1110;7 DOPESIL.
W-33 Not Productive of Web . Lid‘SU, Shield 1 Lower coil position 119.8 gm Si;
. 1x1017 DOPESIL. , -

W-34 . ‘ 230 © Repeat W-33 119.6 gm Si; 1x10' DOPESIL
W-35 ~Nct Productive of Web : Lid 8U, Shield 1 Lower Coil
W-36 Not Productive of Web: - Lid 8U, Shield 1 space between 1id and susceptor; raised

coil 121.8 gm si: 1x1017 DOPESIL.
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GROWTH RUN SUMMARY

. W-52

MAX. WIDTH  TOTAL LENGTH -
RUN (mm) (cm) DESCRIPTION/RESULT
W-37 20.2 181 Repeat W-36 122.8 gm Si; 1x10’ DOPESIL.
W-38 Not Productive of Web Repeat Lids of W-36 closed holes in susceptor 119
- gm si: 1x1017 DOPESIL. .
W-39 Not Productive of Web Lid 8U Shield 2 Shield 1 119.2 gm Si; 1x1017ADOPESIL.
Runs 40 through 72 were designed to determine effects of 1id configuration melt
height and coil position on various growth parameters such as stress levels,
width, speed, widening rates, etc. Experlments in width control were also performed
W-40 16.4 106 Evaluate Lid 8U with sh1e1ds S (1+2) 119.2 gm S1,
‘ 1x1017 DOPESIL.
W-41 2t.4 368 ‘Evaluate Lid. 8U and shields S(1+2) at lower coiled
“height. 119.8 gm Si; 1x1017 DOPESIL.
- W-42 21.5 , 245 Repeat Run W-41
W-43 15.8 - 280 Repeat Run W-41 123 gm Si; 1x1017 DOPESIL
W-44 20.3 420 Repeat Run W-41 119.1 gm Si; 1x10l7 DOPESIL.
W-45 " 21.8 ' 520 Evaluate short, unbeveled slot 1id 14S, shield S
: (1+3) 121.8 gm Si; 1x1017 DOPESIL.
W-46 Not Productive of Web Repeat Run W45 120.6 gm Si; 1x1017 DOPESIL.
W-47 . 20.0 - 500 Repeat Run W45. Web Split when unreeled 118.9 gm Si;
' 1x1017 DOPESIL. ~ .
W-48 15.8 c62 Repeat W-45 120.6 gm Si; 1x1017 DOPESIL.
W-49 16.4 237 Repeat W-45 120.7 gm 'Si; 1x1017 DOPESIL.
W-50 149 194 Evaluate Lid 14T with shields S (1+3) 121.8 gm Si;
. : 1x1017 DOPESIL.
W-51 22.1 : 237 Repeat W-50 122.6 gm Si; 1x1017 DOPESIL.
‘22.0 389

Repeat W-50 119.7 gm Si; 1x10'7 DOPESIL..
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GROWTH RUN SUMMARY

MAX. WIDTE TOTAL LENGTH
RUN (mm) (cm) . DESCRIPTION/RESULT
W-53 Not Productiye of Web Evaluate 1id 3U with S (1 and 3), oxide problems on lids.
W-54 Not Productive of Web Repeat W-53, had oxide problems;
W-55 22.6 : 305 Repeat W-50 126.7 gm'Si; 1x101* DOPESIL.
W-56 22.5 450 Repeat W-50 124.2 gm Si; 1x101* DOPESIL.
W-57 18.0 230 Repeat W-50 127.1 gm Si;-1x101* DOPESIL.
- W-58 22.0 217 ‘ Repeat W-50 127.1 gm Si; 1x10_17 DOPESIL.
W-59 14.0 187 Repeat W-50 127.1 gm Si; 1x10%* DOPESIL.
W-60 21.9 210 - Repeat W-50 131.1 gm Si; 1x10'* DOPESIL.
W-61 18.6 340 Repeat W-50 127.1 gm Si; 1x10°’ DOPESIL.
W-62 Not Froductive of Web Lid 14+ Shields 1 and 3.
W-63 Not Froductive of Web Lid 14+ Shields 1 and 3. ‘ :
W-64 21.9 583 Lid 14+ Shields 1 and 3 125.1 gn Si; 1x10’ DOPESIL.
W-65 ' Not Eroduétive of Web Repeat>W—64, had problems with oxide in melt.
W-66 21.4 270 Lid 14U Shields 1 and 3 121.5 gn Si; 1x1017 DOPESIL.
W-67 22.0 640 Lid 14U Shields 1 and 3 118.1 gm Si; 1x1017 DOPESIL.
W-68 16.8 110 Repeat W-67, determine effects 5f bigger bevel on stress levels.
" W-69 11.6 85 Repeat W-67 using a lower -coil dosition.
- W-70 Not P-oductive of Web Repeat W-67, temperature contrcl problems resulted in early
- shut down. . .
w-71 22.0 720 Lid 14T + S (1+3), using a smaller bevel to determine effects
on stress levels. .
W-72 16.2 200 '

Repeat W-71 with coil moved toward rear of susceptor.



GROWTH RUN SUMMARY

. Runs W-73 ‘through 97 were used to experiment with gas flow
redirection and oxide management. Difficulties with temperature
control and oxide management resulted in ‘some non-productive runs.

MAX. WIDTH TOTAL LENGTH
RUN (mm) (cm) - DESCRIPTION/RESULT -
W-73 | | ' Lid-4mm slot, beveled; shields 1§3.
W-74 16.7 221 Lid-4mm slot, beveled; shields 1§3.
W-75 18.2 ", 279 . Lid-4mm slot, beveled; shields 1&3.
W-76 21.4 139 : Lid 8U, shields 1§5. :
W-77 Not Productive of Web - Lid 8U, shields 1§2.
W-78 19.7 298 . . 'Lid 8U, shields 1§2.
W-79 Not Productive of Web Lid 8U, shields 1§4. /
W-80 Not Productive of Web Lid 8U, shields 1§4.
W-81 Not Productive of Web Lid 8U with chimney, shields 1§2.
W-82 Not Productive of Web i Lid 8U with chimney,.shields 1§2.
S ' W-83 Not Productive of Web ~ Lid 8U with chimney, shields 1§2.
= W-84 Not Productive of Web Lid 8U with chimney, shields 1§2.
W-85 17.2 i 82.  Lid 8U with chimney, shields 1§2.
W-86 13.1 114 " 'Lid 8U with chimney, closéd.
w-87 15.1 115 .Lid 8U with chimney, shields 1&6.
W-88 25.8 A 330 Lid 8U; 1/4” riné; LID 8U with chimney.
W-89 Not Productive of Web Lid 8U; 1/4" fing; cut back chimney 1id.
W-90 22.7 400 - Lid 8U; 1/4" ring; shield 6; cut back chimney 1id.
W-91 22.0 ’ 320 ~As in W-90. ' . '
W-92 16.0 92 Shield 5, 1/4" ring; shield 6, cut back chimney.
W-93 21.2 270 " As.in W-90, except 1/8" ring. -
W-94 Not Productive of Web As in W-93, ‘
W-95 247 o 154 Lid 8U, 1/8" ring; shields 182.
W-96 . - 22.4 353 As in W-95
W-97

Not‘Productive of Web " As in W-95.
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GROWTH RUN SUMMARY -

' MAX. WIDTH  TOTAL LENGTH » .
"RUN (mm) {cm) DESCRIPTION/RESULT

wo8 23.3 390 Test argon flooding system to'keep shields clean. System clean
. throughout run. Width of web maintained comstant to + 1 mm over
220 cm length, ‘

W99 25 323 - Test argon flooding system. Examine flow rate effects. System clean
throughout run. Good width control. -

w100 16.4 120 Test argon flooding system and controls. Savere vibration in melt
precluded good growth.

wiol 28.2 381 Test of argon flooding system with inner quart:z baffle removed to
S . monitor effects on total system flow (observation of asymmetric
oxide deposition on webs after last runs) Result: no effect on oxide
on web but produced oxide accumulation on shields. Higher coil
position needed for grcwth but stability maintained.

wioz 29 ‘ 200 Test argon. flooding syétem. Quartz baffle replaced; shields remain clean.
Conclude baffle required for system cleanliness.

Wio3 24.8 374 : Argon fiooding system. Longer slot in 1id used to iﬁcrease target width

for constant growth. Oxide accumulated at start of run. It was removed
and shields stayed clean.

w104 18.5 - 309 Argon flooding system. Attempt to introduce width control with

lenger 1id slot. Width controlled for one meter. Shields remained
clean. :
W105 22.2 ' 192 Argon flooding systeh. -Returned to shorter slot to obtain more eXpérienée

with procedures to control width. Width control more difficult with
"longer slot. :

W06 23.7 -220 oo Argon flooding test. Increase gap in flow cavity between shields from
1,8'" to 1/4" to reduce flow.velocity. Oxide collected on lower shields.

w107 Unproductive of Web Argon flooding system. Return to 1/8" cavity. Shields clean but icing
) : problem throughout run. . ,

W108 24,1 ‘ 403 - - ' Repeated rﬁn W107. Tested effect of tank argon supply vs. liquid argon
: ' : for flooding. Oxide collected on shields during run although growth
was stable,
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'GROWTH RUN -SUMMARY

MAX. WIDTH TOTAL LENGTH A
RUN (mm) (cm) . A : DESCRIPTION/RESULT

w109 - " 13.8 o 168 Argon ?looding system; 1/8" gap, short slot. Return to liquid argon supply.
) Width control difficult because of poor visibility through new quartz

tube used to replace one broken after.a previous run.

"W110 ~ 23.3 190 A Argon flooding system. Test effects of coil position on growth rate and .
' : width control. Lower coil positions caused freezout. Return to higher
positions. B .
wi1ll 16.8 ’ 116 Argon flooding systemo Further test of coil position. Unpermost positions

evaluated. - Tendency to extra dendrites at extreme positions. Coil
position optimized at mid range for this system.

Wllé‘ Unproductive of Web New venturi, system (2 in,aspirator) tested for first time. Flooding system
o ’ worked well for growth but surface contamination of web reduced cell
efficiency. Reversal of gas flow with venturi should keep shields clean
but leave web unaffected. First run to debug flow system; little growth.

W113 18.4 241 . : Venturi system test. Short growth 1id. Small amount of oxide
: on shield. Tnitial conditions for web growth identified.

wild 16.1 120 E Venturi system test. Test effect of coil position on ability
: to control web growth. Some oxide collected and inhibited growth.

W1l5 Unproductive of Web ' Venturi system test. Leak in piping caused oxidation of.furnace
parts. Run aborted. : '

Wlle 20,4 . 196 . Venturi system test. Retest of system emploved in Wi1l5 The 1id and
-~ . shields remained cleun “Some tendency for web pullout
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GROWTH RUN SUMMARY

DESCRIPTION/RESULT

MAX. WIDTH _ TOTAL LENGTH
RUN (mm) {cm)
w117 19.5 241
w118 22.3. 227
w119 30.5 294
w120 25.4 145
w121 22.1 256
w122 23 396
w123 23 102
‘w124 23.5 218
W125 25.7 202

- Venturi system test. The 1lid and zhields as in W115.

Parts remained clean. The coil wa: raised to improve
stability of crystal growth.

Venturi system tcst. The setup was. the same as in W-115.
Continue the study >f cool position on growth. Lower
position. Stable growth. '

Venturi system test; set up as in W-115 with the short
dogbone 1id and the usual shields. Run to verify
previcus results. The 1id and shields remained clean and
the crystal grew well. Run termimated by pullout.

Venturi system test, setup as in W-115. Test flow rate in
aspirator. The lid and shield remained clean. ' a

Venturi system test, setup as in W-115. Test flow rate in-
aspirator. The lid and shields remained clean. '

Venzuri system test, setup as in W-115, Test argon flow rate.
Decreased flow-through aspirators. The shields remained
clean to fairly low argon flow. When argon was totally
turned off, oxide accumulation slcwly initiated.

Venturi system test; setup as in W-115. There was some oxide
collection on the shield. :

Venturi system test; setup as in W-115. Test ability to control
‘web width. The shields remained clean.

Venturi system test; setup as in WL15. Test ability to control
width. There was some oxide collection on the shields, but

it did not present a growth hazarc. Temperature control was
extremely stable.
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GROWTH RUN SUMMARY

MAX. WIDTH TOTAL LENGTH

RUN {(mm) {cm) DESCRIPTION/RESULT
W126 24.3 341 Venturi system test; setup as in W115. Test ability
‘ : : : to control web width. There was some oxide growth on
.the shields. Generally good control.
w127 13.5 ’ 90 . System test; sétup as in W115. Test ability to control
' . width. Trouble with extra dendrites.
W128 28.8 : 437 - Aspirator system test using long dogbone 1id to increase
. ' : web target width. Width control was difficult. Either
pullout or third dendrites with this 1id, but wider crystals
grow easily.
W129 26.8 307 : Aspirator sysfem, set up as in W128. There was some oxide
' collection on the shield.
W130 23.8 394 . ~Aspirator system, using short dogbone 1id. There was a
: significant amount of oxide collection on the shield.
, W131 2511 354 _ Aspirator system using short doghone 1lid. The 2" chimneys

have been replaced with 2 3/4' long chimneys to try to
improve venturi effect. Both shields and web were clean
in this run.
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GROWTH RUN SUMMARY

Two types of experlments were carried out in runs W132 to 150:
(1) further tests of parameters effecting growth stability with venturi 1id
configurations (argon flow, sloz length, shield arrangement coil position, etc. )
and (2) installation and preliminary testing of a melt replenishment system with
mechanized feeder. Growth rate set at ~ 2 cm/min. Target width about 2.5cm.

MAX. WIDTH TOTAL LENGTH
RUN - (mm) ' (cm) : ‘NESCRIPTION/RESULT

W132 19.6 _ 130 "Venturi system test. Evaluate aspirator in conjunction with
short dogbone slot plus two shields. Test stability of
.growth conditions. Problems with oxide on shields and forma-
tion of extra dendrites and polygrowth. Temperature stability
poor. Conclude need for higher argon flow rate in aspirator
to reduce oxide accumulation.

- W133 19.0 170 Venturi system test. Rerun of 132 at higher argon flow rate.

: Zlean shields. Temperature fluctuations still large and extra
dendrities form. Possible flow rate effects due to aspirator
are inducing variations with shorz slot. Try longer (medium)
slot. 4

W134 27.2 190 . Venturi system test. Evaluate medium length growth slot. Also
test effect of lower coil position on seeding. Web grew wider
without problem of extra dendrites. Elastic bending of widest
webs, - ‘

W135 24.12 310 Venturi system test. Repeat of W134 to verify improved results.
: Seeding well controlled; no extra dendrites. -Longer crystal-pulled
out (enerally improved growth stabi 11ty Lower coil position
benef1c1a1

- W136 24.2 _ 320 . " Venturi system test. Same configuration as W134. Verify ‘

' ' repeatability and test effect of sv¥stem. parameters for routine

“operation. Crystals widen until elastic bending occurs. Difficult
to grow long lengths due to pull out but system otherwise very
clean and well behaved.
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RUN

MAX. WIDTH
(mm)

GROWTH RUN SUMMARY

TOTAL LENGTH
{cm)

DESCRIPTION/RESULT

W137

W138

' W139

W140

w141

W142

‘W143a

1 27.2

25.1

21.8

- 28.4

25.4

23.6

227

240

180

250

270

230

Not Productive of Web

Venturi system test. Continue evaluation of medium length

growth slot. Crystals widen nicely but bend at width around 27mm. A
Difficult to sustain long pulls with argon flow at 4.0 setting.

Venturi system test. Continue evaluation of flow rate effects

_in medium dogbone. Pull out or overthinning of dendrites hinders

growth of long,wide crystals. Some temperature fluctuations.
Venturi system test. Evaluation of growth parameters for routine
operation, Pull out and choppy dendrites at most coil positions.
Conclude need to further reduce argon flow through aspirators.

Ventur1 system test. Evaluate lower argon flow rate on growth

‘stab111ty with medium length slot. Oxide collected, dendrites

remain choppy with tendency for pull out. Cond1t1ons somewhat
more stable but oxide bu11dup obscures result.

Venturi system test. Continue evaluation of flow rate effects
in aspirators. Again lower flow resulted in oxide collection.
Some improvement .in stability; dendrites smoother and less
tendency to pull out. Conclude need for more data on flow rate

. effects.

Venturi system test. Attempt to control width at 27mm.
Still same tendency to pull out. Elastic bending of wide crystals
consistent with results in RE and J furnaces when no aftertrimmer
used. Continue flow rate and slot geometry experiments.

Melt replenishment system test. Install mechanized feeder, feed'
injection system and modified growth lids. Test. pellet injection.
Ice grew in liquid when pellets fed. Argon setting of 4.0 kept

feed tube clean. Conclude need for more heat to melt pellets during

feeding."
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RUN

MAX. WIDTH

GROWTH RUN SUMMARY

{mm) : {cm)

TOTAL LENGTH.

DESCRIPTION/RESULT

W143b

W144

w145

w146

W147

24.0 185

19.1 125

Not Productive of Web

" Not Productive of Web

Not Productive of Web

Melt replenishment run. Test effects of barrier crucible on
ability to grow web. No feed tube. Observe normal growth;

no ice. Conclude icing in previous run due to pellet feeding
not barrier. Test coil positior changes in.next runs to control
pellet melting. .

Melt replenishment run. Try to feed and grow without argon in
feed tube. Test. rate of pllet melting. Oxide collection blocked
feed tube, stoppec pellet injection. Growth normal. Conclude
need for argon flow to keep.feec tube clean.

Melt replenishment system test. Purpose 'to test whether 0.4
setting of flow will permit feecing. Test time to melt pellets
and effect of coil height changes in melting. Feed tube clean.
Ice when pellets fed. Could not melt out easily. Raising coil not
effective. .Some oxide; suspect system leak.

Melt replenishment system test. Evaluate coil position to melt
pellets and .grow. Moving coil 0.2 in. increased ability to melt
pellets without changing growth conditions. Could melt

pellets fed at 2 nin. intervals. Had icing due to oxide which
terminated growth. Performed system leak check. Crack in teflon
feed tube. Replaced for next run. :

Melt replenishment system test. Purpose to evaluate minimum time

to melt pellets. Coil 0.3 inches forward. Check effects of
fixing teflon tube. Run clean and oxide free. No icing with
pellets fed at 1 min. intervals for 10 min total. Growth difficult
with coil displacement so great. Extra dendrites. (hn melt pellets
but hard to grow. Teflon tube functioned OK.
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GROWTH RUN SUMMARY

MAX. WIDTH TOTAL LENGTH - : '
RUN (mm) (cm) DESCRIPTION/RESULT
W148 Not Productive of Web Melt replenishment system test. Added semi cylindfical h.at
' shield behind pellet feed chamber. Evaluate effects on melting

and growth.. Feed at 20 sec. intervals. Easy to melt with
shield. Front too cold and icing occured there. Difficult to
grow in asymmetric thermal profile. Conclude shielding over-
compensated. Try smaller shield.

w149 10 . 45 . Melt replenishmenf system test. Evaluate shorter sémi cylindrical
shield. Floating ice possibly nucleated by oxide. Difficult
to grow without ice. Source of icing must be determined.

W150 19 85.

Melt replenishment system test. Evaluate higher coil positions to
aid pellet melting! Fed and grew web; pellets injected 2 min.
intervals. Icing when 1 min intervals used. Higher coil improved -
growth stability and ability to feed/ Conclude need- to repeat
experiments with assessment of origin of icing.



8.3 APPENDIX 3

AVERAGED .SOLAR CELL DATA FOR WEB CRYSTALS

The tables in this apﬁendix give the aVerage& solar cell
performance for cells fabricated from: the crystals listed. Lach entry
in the table represents-the average value for approximately four cells,
Measurement conditions were a simulation of an AM1 illumination at a
power density of 91.6 mW/cm2 as determined by a standardized solar cell.
The cells were nominally 10x10 mm square (actual area 1.032 cmz), and had
an active area of about 92.5%. The cell efficiency with an anti-reflective
coating nAR’ is an estimated value based on an average improvement factor
of 1.43, typical of the results we obtain in practice with a TiOZ-SiO2
coating.

216



RE-Crystals

Tsc Voo Me TAR 'TOCD P
Crystal Run mA Volt FF s % ws | Q-cm NOTES
RE1-1 WQ2 " 21.6 .553 .716 8.7 12.4 6.5
RE1-2 Q2 21.5 .550 .717 8.9 12.7 8.4
RE3-6 . WQS 22.2 .560 .741 9.7 13.4 17.4
RE3-7 " WQ3 21.1 .536 .711 8.6 12.2 6.5
RE7-2 ° WQ3 . 22.3 .542 711 9.2 13.2  19.0
RES-3 WQ3 21.3 .532 722 8.7 2.4 8.0
RE9-3 WwQ3 22.4 .543 .743 9.6 - 13.7 17.6
RE10-2 " WQ3 22.9 .554  .736 9.9 14.2 29.7
RE11-4.3  WQ4 21.6° 529 .684 8.3 11.9 6.9
RE12-3.1 Q20 22.2 .548  .737 9.5 13.6 11.4  16.5 - Std. Matl.
WQ21 22.9 .535 .730 9.5 13.6 13.8 "
RE12-3.2 WQ6 22.7 .563 .749 10.1 14.4 41.0
RE14-2.3 WQ4 21.4 .509 .661 7.6 10.9- 4.4
RE15-3.4 Q4 20.6 .504 .700 7.7 11.0 . 3.3
RE18-1.4 " WQ4 - 20.9 .543 .726 8.7 12.4 4.9
' RE18-3.3 wQa 19.4 .526 .740 8.0 11.4 0.9
RE23-%.2 Qs 21.1 .513 719 8.2 11.7 7.0
RE24-1.3 WQ6 23.4 .561 .727 10.1 14.4 43,9
WQl7 22.5 .553 .729 9.6 13.7 6.5
RE25-2.2 WQ6 23.6 .553.  .743 10.3  14.7 25.0
. RE25-3.1 WQs8 23.2 569  .752 10.5 15.0 31.9
RE26-3.3 WQe  22.8 .564 732, 10.0 14.3 31.4
RE26-5.2 WQ6 - 22.1 .545  .737 9.4 13.4 24.7.
RE28-5.1 WQ6 22.8 .567 .749 10.2 - 14.6 36.1 18 Std. Matl.
WQls - 20.3 .554 .739 8.8 12.6 21.8 . "
© WQ16 22.6 564 . .736 9.9 14.2 29.9 "
WQ17 22.3 .557 .729 9.6 13.7 21.9 "
RE29-35 WQ7 21.6 .538 .724 8.9 12.7 12.0
RE30-1.4 WQ7 - 22.4 .543 .746 9.6 13.7  23.0
RE30-2.2 wQ7 - 21.6 .541 .737 9.1 13.0 14.6
RE32-4.1  WQ8 22.6 .560 .745 10.0 ' 14.3 33.8
RE32-5.1°  WQ8 22.6 .570 .751 10.2. 14.6 23.7 Std. Matl
: wQe . 22.1 .564 .743 9.8 14.0 22.3 "
WQlo  22.4 .566 .731 9.8 14.0 23.4 "
WQ11 21.8 555 .737 9.4 '13.4 20.7 "
WQ15 20.7 .548 .728 8.7 12.4 17.2 "
RE33-1.3 W8 22.6 .557 .740 9.8 14.0 35.4
RE33-3.3 . WQ8 22.1 553 . .734 9.5 13.6 21.5
RE33-5.1 wQs  22.3 .564 .748 10.0 - 14.3 21.1
RE34-6.3 Qe 22.8. 565 . .748 0.2 14.6 22.8



RE CRYSTALS (Cont.)
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_ Isc Voc N TA T0CD o
Crystal Run .mA Volt FF % % us  Q-cm NOTES
RE49-3.5  WQLO 20.4 526 .717 8.1 11.6 5.5
RE49-4.4  WQLO 20.3 506 .708 7.7 11.0 3.6
RES0-1.3 WQ10 20.5 .522 719 8.1 11.6 3.9
RE50-2.1 . WQLO 20.3 519 .702 7.8 11.1° 2.8
RES4-1.2  WQL3 23.0 550 740 9.9 14.2 19.5
RES4-1.3  WQLO 22.3 555 735 9.6 13.7 22.6
CRES4-2.1  WQLO 21.1 530 .729 8.6 12.3 9.1
RES6-3.2 . WQLO 22.2 570 .745 9.9 14.1 28.3
RE78-3.3  WQl5 21.5 542727 9.0 12.9 14.2
. RE78-4.3  WQIS 21.1 /533 731 8.7 © 12:4 9.0
RE79-1.4  WQl6 .  22.0 .526 719 8.8 12.6 5.8 15,2
RE89-2.3  WQL7 20.9 532 .707 8.3 11.9 5.5 19.3
RE91-2.3  WQI8 21.0 549 733 8.9 12.7 7.0 7.6
REO1-3.2  WQ8 20.7 548 .726 8.7 12.4 5.6 7.9
RE101-3 WQ21 21.4 .529 717 8.6 12.3 3.2
'RE102-2.2  WQ20 20.2 520 .73 8.2 11.7 3.8 9.1
RE1053 .  WQ21 21.7 540 .747 9.3 13.3 6.2
RE107-1.3  WQ21 21.4 539 .742 9.0. 12.9 4.6
REL08-2 WQ21 20.2 516 .738 8.1 11.6 1.1  10.1



!

J-CRYSTALS
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Crystal ﬁun '{Vs\_c zg(f-t FF ng n’:R | TSCS:D Q—pcm NOTES
J9-4 wQl 20.2 .540 .714 8.5 12.2 5.0 -
" J10-1 wQ1 19.0 .514 .699 7.5 10.7- 2.6
J10-2 - WQl 18.5 .507 .709 7.3 10.4 1.5
J11-3 wQ1 19.9 .511 715 7.6 10.9 2.0
J14-2 wQl 21.7 .553 .724 9.5 13.6  14.0
J16-1 wQl 21.5 1534 .720 8.5 12.2 .5
J16-3 “WQl 17.3 .496 .686 6.5 9.2 .6
J16-4 WQl 17.9 . .510 .709 7.1 10.0 0.6
J17-2 - WQ1 19.8 .517 .708 7.9 11.3 4.0
J21-5 wQl 21.2 .545 .695 8.8 12.5° 10.5
1 J24-2.2 WQs 20.3 .518 .704 7.8 11.2° 2.1
J31-3.1 WQ5 20.7 526 .718 8.3 11.9 5.5
J34-2.5 WQs 21.8 .489 .690 7.8 11.2 4.1
2.4 WQ6 21.8 .535’ .724 8.6 12.3 8.0
J49-1.2 WQs 20.1 485 .680 7.0 10.0 1.5
J53-2.1 wQs 22.6 .512 .709 8.7 12.4 7.1
J53-4.4 © WQs8 21.9 516 714 8.5 12.1 3.9
J55-2.4 WQ7 21.9 535 721 8.9 12.7  10.4
J55-3.1 WQ7- 21.1 .514 713 8.2 11.7 5.2
J57-1.2 wQ7 22,3 .546 .728 9.4 13.4  23.7
J57-2.2 wQ7 21.7 .547 .726 9.1  13.0 17.6
J57-3.3 wQ7 21.3 .549 737 9.1 13.0 - 14.3
J73-5.1 WQ10 20.4 .514 710 7.9 11.3 2.4
J78-3.2 WQ10 21.0 .526 .734 8.6 12.3 3.7
1R0-4.2 wQll 19.6 .510 .740 7.8 11.2 2.1
J80-5.1 WQ10 20.1 .518 .725 8.0 11.4 2.6
J84-4.3 ' WQ10 22.1 .550 .736 9.5 13.6  12.1
J84-4.7 . WQ10 21.6 .542 .728 9.1 13.0  10.0
J95-2.2 WQ15 20.9 .532 .739 8.7 12.4  12.5
J95-3.2 WQ15 19.1 .513 .735 7.6 10.9 3.0
J96-5.2 WQ15 21.1 .537 .739 8.9 12.7  12.5
J97-1.3 WQ15 21.2 .548 .743 9.1 13.0 14.7
J101-1.4 WQl6 22.6 .554 .725 9.6 13.7  21.5 25.
J104-2.1 WQ15 21.2 .548 .743 9.1 13.0  22.5
'J106-1.6 WQ15 20.1 .533 .745 8.4 12.0 9.4
J106-3.4° WQ15 20.3 .522 .741 8.3 11.9 6.0



J-CRYSTALS (Cont.)

c ' : Isc Vog . "e TAR TOCD -

rystal Run mA Volt FF % % us Q-cm NOTES
J112-3.3 wQl6 22.1 .546 .697 8.9 12.7 13.7

J112-4.2 WQ16 22.1° .540 .708 8.9 12.7 13.1

J112-5.3 wQl6 21.1 .523 711 8.3 11.9 5.5 24.3

J115-2.4 wQl6 23.0 .555 729 9.8 14.0 25.1 20.2

J115-3.4 wQ16 22.8 558 . .730 9.8 14.0 19.5

J120-3.1 wQl6 21.6 .542 .725 9.3 13.3 5.8 6.1

J120-4a wQ17 20.3 532 .729 8.4 12.0 2.9 6.3

J120-4b wQ17 19.9 .539 .724 8.2 11.7 3.4 6.3  Chem. Pol.
J120-5.2a  WQLY 18.6 512 713 7.2 105 1.3 6.4 |
J120-5.2b wQ17 18.9 .520 .71 7.4 10.6 1.4 6.4  Chem. Pol.
J122-2.4 "WQ18 21.6 .542 .725 9.0- 12.9 12.4 . 20.0

J131-2.2 wQ20 21.0 .537 .746 8.9 12.7 6.3 8.4

J131-3.4 - wQ20 19.4 .513 .733 7.7 11.0 2.8 9.7

J155-2.4 WQ2U 19.8 513 L1726 7.8  11.2 2.5 10.6

J134-2.2 wQ20 21.7 .536 .749 9.2 13.2 6.7 10.7

J140-3.2 21.9 1,538 741 9.3 13.3 6.1

WQ21
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AVERAGED SOLAR CELL CHARACTERISTICS

. , W-CRYSTALS
Crystal Run :mic xg(ft FF . ng ' “%AR TSED n-pcm NOTES
Wi3-1.4  WQ4  20.5 .515 711 7.9. 11.3 2.0
W19-1.4 " wQs 21.6 .539 .742 9.1 13.0 10.9
W22-5.5 wQs 22.2 .540 .749 9.5. 13.6 10.9
" W26-2 WQs  21.7 .543 .746 9.3 13.3° 8.0
W27-5 QS 22.1 .539 751, 9.5 13.6 16.3
W37-2.4 WQ8 22.6 .548 .743 9.7 13.9 27.3 _ ,
W37-2.4 WQs 21.6 .539 .728 8.7 11.4 7.6 Chem. Polished
W41-1.8 WQ8 22.6 .562 749 ©10.0 14.3  22.4 Chem. Polished
Wal-1.8 WQ7 21.1 .562 .749 9.4 13.4 24.4
- Wel-1.12 . WQ7 20.8 .559 - .745 9.2 13.1 18.2" A
WA3-1.4 wQ8 22.0 .542 .741 9.4 13.4 14.1 Chem. Polished
W78-1.5 - WQ13 20.9 .555 .746 9.1 13.0 13.7
W87-2.3a  WQll 20.2 .540 .749 8.6 12.3 2.7 Std. Clean
W87-2.3b wQll - 20.4 .541 .759 8.9 12.7 2.3 No HF
W87-2.3c wQll - 20.3 .546 .763 8.9 12.7 2.8 25 um CP
W88-2.3 wQll - 20.9 .510 .693 7.8 11.2 1.1 "Clean" Web.
wo0-3.3 - wQll  20.1 531 ° .749 8.4 12.0 4.4
W91-4.8a  WQll 20.8 .549 .749 9.0 12.9 5.1 Std. Clean
W91-4.8b - WQll 20.6 .534 .743 8.6 12.3 5.3 No HF
W91-4.8c wQ11 20.4 .548 . .747 8.8 ~12.6 . 7.4 25 um CP
W94-2.1 - - WQl5 20.9 .541 .754 9.0 12.9 12.7
W94-3.2 wQls 20.5 532 . .747 8.6 12.3 8.2
W96-1 CowWQil . 11.4 2361 590 2.6 3.7 -
' W98-1 wQ13 11.8 .374 .601 2.8 4.0 0.9
W99-1 WQl13 10.3 .313 .545 1.8 2.6 0.5
W103-2 WQ13  12.9 .363 . .588 3.0 4.3 0.5
W104-2a WQ13 A10.2 .322 © .558 . 1.9 2.7 0.8 " Jen on cleaﬁ side
W104-2b wQ13 12.3 .339 - .558 2.5 3.6 0.8 moomo
W10S-1a  WQl3 - 10.2 . .315 .547 . 1.9 2.7 0.4 moowom
" W105-1b wQl3 11.9 377 .600 2.9 4.1 0.8 . oo
W106-1a wQl3 - 11.6 .347 577 2.5 3.6 0.4 A
¥106- 1b " WQ13 11.2 .332 .563 2.2 3.1 0.4 o
W108-1 " WQ13 13.2 .346 .543 2.6 3.7 0.4
W108-1.3 wQ13 10.8 .330  .558 2.1 3.0 0.4
3 .563 .738 9.8 14.0 17.9

W113-1 : WQl3 22.
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W-CRYSTALS (Cont.)
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Crystal Run m.ls\C :Ilg(l:t FF ng "'%AR TSCS:D Q-pcm NOTES
Wi14-2 WQ13 22.2 .564 .744 9.8 14.0 24.7
W116-1 WQ15 19.9. .516 .735 8.0 11.4 2.9
W116-1 WQ16 21.4 .522 .726 8.6 12.3 3.7
W118-1.3 WQ16 22.2 .558 .743 9.7 13.9 21.2
W120-1.2 WQ16 20.9 .534 .714 8.4 12.0 5.3
Wi21-1.4 WQ17 20.9 .542 .704 8.4 12.0 5.2
W122-1.5 WQl6  21.9 ©.557 .728 9.4 13.4 16.9
Wi24-1.4 WQ16 22.2 ° .s58 .725 9.5 13.6 12:4.
W125-1.3% WQl6 22.2 .559 .730 9.6 13.7 13.1
W126-1.4 wQ17 21.6 :548 .721 9.0 12.9 9.0 12.3
. W126-2.3 WQ17 21.7 . 560 728 C 0.4 13.4  10.6 11.8
W128-2.3 WQ17 23.3 .532 .699 9.6 13.7 32.4 -787
W128-3.3 WwQ17 22.5 .532 --.707 8.6 12.3 20.0 290
W129-1.4 WQ19 20.3 .528 .716 8.1 11.6 3.9 13.9
W129-2.3 WQ19 21.3 .538 .723 8.7 12.4 - 3.9
W130-1.5 wQ19 20.38 .526 .720 8.3 11.9 5.1 17.7.
W131-2.4 WQ17 21.6  .533 .748 9.4 13.4 11.1 11.0
Wi32-2.3 wQ19 21.4 .553 .730 9.5 13.6 7.7 3.2
W133-3.5 WQ17 . 22.6 .560 .718 9.6 13.7 15.6 15.6
W134-1.4 WQ17 22.3 .560 732 9.7 . 13.9 15.9 15.9
W135-1.4 WQ18 21.8 . 564 734 9.5 13.6 18.6 16.0
W135-2.2 WQ18 21.0 .556 .718 8.9 12,7 8.7 19.0
W136-1.5 WQ18 21.0 .547 .714 8.7 12.4 9.8 17.0
W136-2.3 WQ18 21.7 .568 .737 9.6 13.7 16.0 15.0
W137-1.4 wQ18 21.5°  .563 . .725 9.3 13.3 15.5 " 15.0
W138-1.2 wQ18 21.3 .557 .734 '9.2  13.2 13.7 15.0
W138-2.5 wQ19 20.7 | .543 733 8.7 12.4 B9 15.0
W139-2.4 WQ18 21.1 .564 735 9.3 13.3 7.7 5.5
W140-1.6 wQ18 21.0 .562 .737 9.2 13.2 7.8 -5.5
W141-1.2 WQ20 21.9 .569 .738 9.7 13.9 6.3 2.8
W141-1.3 WQ19 19.6 - .551 {75; 8.6 12.3 2.6 3.0
W141-2.4- WQ18 20.8 .578 .745 9.5 13.6 7.7 3.2
. W142-3,2 wQ19 21.6 .568 .748 9.7 13.9 7.6 2.9
W143-1.4 WQ19- 21.3 .559 .748 9.4 13.4 11.5 14.1
W144-1.6 WQ19 20.1 514 .709 7.8 11.2 4.3  12.8
W146-1.5 WQ19 20.8 .509° .745 8.3 11.9 3.0 9.8



W-CRYSTALS (Cont.)}

Isc  Yoc "o TAR. TOCD P
Crystal Run mA . Volt FF % % us f-cm NOTES
W147-1.3 - wQl19 20.5 .532 .746 8.6 12.3 4.6 10.4
W147-2.4 WQ19 21.4 .551 677 . 8.4 12.0 6.5 13.2
W151-1.2 WQ20 22.2 .543 .735 9.4 13.4 8.6 10.3  FEED
W154-1.4 wQ20 21.6 .542 722 8.9 12.7 7.5 12.2  FEED
W154-2.3 WQ20 21.4 .531 .734 8.8 12.6 5.4 10.9 -FEED
W158-1.1 wQ20 9.0 .313 .558 1.7 2.4 1.0 FLOOD
W164-1.1 wQ23 20.5 .504 :713 7.9 11.3 2.6 ‘
W165-2.2 wQ21 20.7 .522 729 8.4 12.0 5.7
W165-2.2 wQ23 20.8 - .530 .732 8.5 12.2 4.2 9.4
W167-2.1 wQ23 20.7 .515 719 8.1 11.6 3.7 .10.2
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