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1. SUMMARY

During this veperting period, significant progress has been made
in our understanding of the web growth proucess, Thermal models have
been developed that accurately predict the thermally gencrated stresses
in the web crystal which, 1f too high, cause the crystal to degenerate.
The application of the modeling results to the design of low-~stress
experimental growth configurations will allow the growth of wider web
crystals at higher growth velosities.

A new expetimental web growth machine was constructed. This
facility includes all the features necessary for cavrying out growth
experiments under steady state thermal conditions. Programmed growth
inttiation has been developed to give veproducible crystal starts.
Width control permits ithe growth of long ribbons at consvant width.
Melt level is controlled to 0.1 mm or better. Thus, the capability
exists to grow loug web crystals of constant width and thickness with
little operator intervention, and web growth experiments can now be
performed with growth variables controlled to a degree not previously

possible.
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2. INTRODUCTION

Silicon dendritic web is a single crystal silicon ribbon
material which provides substauntial advantages for low=cost manufactuve
of solar cells., A significant feature of the process is the growth from
a melt of silicon without constraining dies, resulting in an oriented
single crystal ribbon having excellent surface features. In common with
other more classical processes such as Czochralski growth, impurity

L

rejection into the melt permits the use of less pure "solar grade"”
gstarting material without significantly affecting cell performance. A
unique property of the dendritic web process 1s the growth of long
ribbonag of controllable width and thickness which not only facilitates
automation of subsequent processing into solar cells, but also vesults
in high materlal utilization since cutting and polishing are not

required.

During the previous program (DOE/JPL Contract No. 954654), most
of the component elements for the reproducible and steady state growth
of high—-quality web crystals were developed and demonstrated. Area
throughputs greater than 25 cm?/min were demonstrated for short perilods
of time. Melt replenishment for periods of up to 17 hours (a onc-day
growth cycle) was demongtrated. Thermal models were developed for
caleulating temperature distributions in the web crystal as a function

of configuration parameters.

On the present contract and during this reporting period, three
broad areas uf work are emphasized:
1. The devciopment of thermal stress models in ovder to understand
the detalled parameters which generate buckling siresses. The
model can thss be used to guide the design of improved low-

stress web growth configurations for experimental testing.
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2, Experiments to {increase our understanding of the offects of
various parameters on the web growth process.

3. The construction of an experimental web growth wmachine which
contains in a single unit all the mechanical and electronic
features developed previously so that experiments can be carried
out under tightly controlled conditions.

Thus, the principal objective of this work has been to expand
our knowledge and understending of both the theoretical and experimental
aspects of the web growth process to provide a solid base for substan-
tial improvements in both area throughput and web crystal quality.

GRIGINAL PAGE 1S
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3. PROGRESS IN WEB GROWTIL RESEARCH

3.1 Development and Application of Thermal Stress Modeling

3.1,1 Basic Thenry

Although surface tension forces may be the ultimate factor that
limits the width of dendritic web c:yatals,(l) thermally generated
stresses are presently a wmuch more serious limitation. As the web
crystal widens, the magnitude of the stress increases while at the same
time the “"stiffness” of the ribbon decreascs until at some critical
point the growiog crystal buckles. Oncc the crystal has deformed, It is
not only unsuitable for use in device fabrication, but also will lose
its single crystal character, The overall goal of the thermal stress
modeling work in this program is to reduce the thermal stregses in the
growing web by changing the temperature profile in the ribbon through
use of an appropriate thermal environment.

Thermal stresses have two major effects on the growth of ribbon
crystals such as web: residual stresses which remaln in the grown
crystal and the deformation or "buckling” which occurs during growth.(z)
In practice, the residual stresses can be controlled by talloring the
thermal environment near the growth front by proper design of the slot
configuration in the 1l4d and through control of the melt height.

Even when residusl stresses are not a problem, buckling still
oceurs when the web has reached some critical combination of width and
thickness. 8o far, control of the stresses causing buckling has not
been obvious. OQur goal in the present program is to ldentify the
ceritical vuckling stress magnitude, the temperature profile necessary to
avoid deformation, and finally the growth configuration required to
generate this profile.
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Unlike the residual stress resulting from plastic deformation of
the ribbon, the stresses causing buckling are affected by the tempera-
ture distribution away from the interface region. R. W. Gurcler(s) has
modeled the stresses from two temperature distributions which were
identical necar the melt surface but different at greater distances., The
first distribution decreased linearly along the length of the ribbon;
there was no clastic stress and there would be no buckling. Unfortu-
nately, this temperature distribution is unrealistic since absolute zero
is reached a few centimeters from the growth fromt. The temperature
decline could not be made more gradual withiout excessively slowing the
growth rate.

The second temperature distribution was identical to the flrst
near the growth front but parabolically approached ambient temperature
instead of linearly rcaching absolute zevo; this temperature profile
caused large clastic stresses.

0f course, the mere existence of thermal stresses in a growing
web crystal does not auvtomatically meon that the web will have residual
stresses or deform during growth. In order for residual stress to be
observed, the thermal stress must have exceeded the yleld stress; for
deformation to occur, the thermal prresses must exceed some critical
buckling atress. A determination of the buckling stress criterion and
the required temperature distribution would be a valuable guide in the
design of high throughput growth configurations. The following seetions
review the mathematical formulation of both thermal stress generation
and the ribbon deformation, and elucidate several approaches to solving
the problems.

stress model. The stresses in a thin ribbon of thickness t,
length coordinate x, and width coordinate y, are related to the plane
temperature distributlon T (x,y) by means of the Alry stress function ¢

,oGE 15
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2
oﬁy =2 ¢/axay (1)
2 .58 2
oyy » ¢/3x

where o, is the longitudinal stress, ey is the shear stress, and °yy
the trangverse stress. These stragsses are determined from the temperva-
ture distribution via the differential equation

o = =a B AT 2)

rh

where o is the thermal expansion coefficient, E is the modulus

&

elasticity (Young's modulus),

2 2 2
0 9 9
8x2 Byz 9z

is the Laplaclan or harmonic operator and M is its square or the
biharmonic operator. Boundary conditions require that both ¢ and lts
normal derivative should vanish on the growth front and on the edges of
the web.

With proper shicld design the web temperature should be necarly
constant in the crosswise, or y, directlion. For this case, T = T(x),
Boley and Wiener(a) have found an approximate series solution for
equation 2 which is valid away from the melt surface., Numerical
solutions can also be obtained by various techniques; for example, the
Westinghouse WECAN finite element code has been used to solve for the
stress distribution both near and far from the growth front with an
arbiltrary temperature distribution for input.(z)

Buckling Model. Whether or not the stresses determined by

equation 2 would cause buckling depends on another differential equation
which also involves the biharmonic operator(S):

6 ORIGINAL PAGE I%
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3,2 2 02 2

L DA™ 0w 0"w v
2(1-F) Ml Wt TRy WYy 3

where v is Poisson's ratio, E 1s Young's modulus, and w(x,y) is the trans-
verse deflection (2 dircetion) of a buckled thin plate of thickness t.

The system of aquations 6, 7, and 8 under the appropriate boundary
conditions form the mathematical model of buckling in silicon web growth.

Sinee the web edges consist of dendrites which are less flexible
than the web itself, the c¢losest model for the boundary conditions would
scem to be cdges supported by elastic beams(3);

e O W 0w 0w v
BL —7 w & D | g (22V) == A Opy Ty (4)
0x dy 0x Oy 0x

on the edges y = % ¢, where EI is the flexural vigidity of the dendrite,
A 18 the cross=sectional area of the dendrite, gad D = ET3/12(1~v2) is
the flexural rigidity of the plate or web. MHere we have added the last
term on the right side of equation 4 to account for the longltudinal
variation of oyxe Bquation 4 accounts for the twisting momeuts and the
vertical shearing forces at the edges. The bending momenus are
considered in an additional boundary condition:

2 2 2
9 0w 3w 0w

10—+ (3=) =D (—5+ v=—3) 5
0x \axdy ) ayz (3)

ony = £C, where C is the torsional rigidity of the dendrite.

For the edge of the initial button, boundary conditions similar
to equations 4 and 5 would be apprepriate when the growth has recently
begun. After the web is loug enough to wrap around the pilckup reel, the
leading edge of the web would be fixed and the boundary conditions would
then be

w= 0w/0x =0 (6)
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Finally, at the growth front x = 0, the edge is free and the boundary
conditions are:

O/ 32 4 (2=v) Ow/ dxdyZ = 0
oul % + vatu/ oyt = 0 X

3.1.2 Solution Methods

The WECAN program can solve equations 1 to 7 for any arbitrary
temperature distributien. (The problem of designing a furnace configu-
ration to produce a desired temperature distribution will be considered
after it 1s learned what the desired distribution 1s.) Unfortunately,
finding a solution for equations 1 to 3 does not solve the buckling
problem. In fact, the trivial solution, w =0, is such a solution; it
represents the nonbuckled state. As long as nc other golution exists,
there can be no buckling, The problem thus is to determine the range of
temperature distributions which induce sufficiently low stresses such
that equations 3 to 7 have a unique solution, w = 0. This range of
temperature profiles will give leeway for proper sllicon growth. We
ghall discuss four possible ways to approach this problem:

1. The WEJAN computer program has the capability to solve
eigenvalue problems, and we can approximate the buckling problem
as an eigenvalue problem by varying the stresses in a fixed
proportion; i.e., let

] = Q
xX AOXK

o]
g = \g
yy yy

o = Ado
Xy A Xy
o] © oo ao
where xx, vy’ xy are the stresses determined from equations 1 and

2 for some typical temperature distribution T (x). WECAN can then
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dotermine the values of A for which equations 3 to 7 have a unique
trivial solutlicsa. Tor these values of A, any of the temperature
distributions A9(x) + ax + b (a and b are independent of x and
chosen to satlsfy appropriate boundary conditions), would provide
buckle=frea silicon web growth. Notice that the second derivative
of any of these distributions is proportional to that of the initial
temperature distribution. Repetition of the above method for one or
more Initlal temperature distributions (whish are not proportional)
could give some indication of the range of temperature distributlons
for which web growth would be stable.

2. Timoshenko and Gorel3) show how the elgenvalue problem mentioned
in ecquation 1 can be solved as a minlmizatlon problem when
serles solutlons to equations 3 to 7 can be determined., They
glve scries oxpansions for simllar boundary problems, and it is
posaible that these might be adapted to the proolem at hand.

3. Similar to the energy method implied Lo equation 2 4s functional
analysis chenry(o) for the uniqueness of solutions to the
buckling differentlal equatlon. This theory way provide
additional lnsight for determining the range of desirable
temperature dlstributlons for web growth.

4. Integral equations provide powerful methods for obtaining
golutions to equation 3(7>; however, the complicated boundary
conditions, equatlons 4 to 7, make the analysils too difficult to
pursue for the present.

Conclusion: Although the analytic techniques investigated offer
great power and geuweraldlty Ffor establishing buckling criteria, they
would require considerable additional development before they could be
applied to our gpecific problem. Thus, for the present, 1t would appear
that finlte element numerical analysis, while less general in scope, is
nevercheless the most effective approach for dnvestigating thermal
stress and critical buckling conditions in dendritic web crystals.
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3.1.3 Stress and Buckling Calculations

3.1.3:1 WECAN Computer Code

The Westinghouss finite element code, WECAN, has boen used
previously for the velatively simple problem of caleulating thermal
stresses in a two=diwmensional representation of dendritic webs In the
presont work, we ave employing the full capabilitics of the code to
caleulate the eritleal buckling atresses In o wob crystal modeled as a
three=dimensional bar including the stiffening effect of the supporting
dendrites, The rvequired threg=dimensional program uses nodal points at
the Intersection points of each of the finite element parallelepipeds
and also at polnts midway between them. Further, for the buckling
analysis each nodal polnt is allowed three degrees of freedom.

To reduce computer time and cese, the grid size can be minimized
by dividing the ribbon into only the number of finlte elements needed
four reasonable computational accuracy. While this number camnot be
determined a priori, at least the placement of the finlte elements
shiould be arranged so as to have tho Ffinest grid structure in the repglon
of maximum temperature and stress voriation. TFor the dendritic web
problem, this vegion {8 near the melt surface. A nonuniform grid can
make the varlation of stress across ecach {inite olewment more nearly zevo
than can be done with a uniform grid. Although WECAN cannot handle
large variations in grid spoacing Cfrom one element to the next, it ecan
accommodate a grid with element sige varylng as a geometric progression.
Such a grid for the giliron web {s shown in Wigure 1; the olements next
to the surface are oneseighth as long as the elements at the other
ond. A perspective view of a4 gection of the mesh 1s 1illustrated in
Flgure 2 to show the modeling of the bounding dendrites.

In addition to the fiunite olement grid, WECAN requives a
temperature input for cach nodal point. The temporature distribution
along the ribbon cannot be measured easily but {s obtained by inte~
grating the heat conduction equation for a spocific furnace lid and
shield geometry-cs) The undform step siwze used in the previous
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A

integration algorithm does not moatch with the geometrically varying grid
used with WECAN, and modification to matech the points led to numerical
instabilities. A solution was finally obtained by interpolation of the
vesulte of the uniform step Integratlon.

3.1.3.2 Buckling Analysis

Buckling ocecurs as a sudden deformation in the planar silicon
gtrip when the thermal stresses veach some cvritical magnitude. Mathe-
watically, buckling can be represented as an elgenvalue problem where
the critical stress distributlon Is vepresented by an eigenvalue and the
buckled shape by an elgenvector. ¥For buckling problems, WECAN snlves an
equation of the form

(K] (A} = A [k} (4} (8)

where [K] 1s the conventlonal stiffness matrix, [Kg] 1is the lnitial
stress matrix resulting from a given temperaturce distribution, and {A}
is a vector containing the unknown displacements of the ribbon surface.
A solution parameter to the above equation, A, is an eigenvalue and the
corresponding (A} is an eigeovector; there can be many eigenvalues for a
given equation. The smallest positive one Is the most significant,
since the product of it with [Kg] 18 the weakegt stress distribution for
which buckling occurs. Negative eigenvalues lmply a veversal of the
slgn of the gtress distrlbution or a heating instead of a cooling of the
ribbon from the melt surface. Although negative eigenvalues may be
obtained mathematically for some [KQ], they are not physically
meaningful., We shall discuss these concepts further in terms of a
specifle example == ribbon growm using the J181 1id and shield
configuratlon.
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3.1.3.3 Stress and Buckling in J181 Ribdbon

J181 ribbon is grown out of o silicon melt covered and shielded
a8 fllustrated in Figuve 3. The corresponding thermal wodel is shown in
Figure 4; the temporatures are measured data, (9 A previously developed
thermal modeling progrnm(lo) was used to calculate the temperature
distridbution in the growing web resulting from this growth geometry; the
regult s ghown in Figure 5.5 This temperature distribution was used as
the fnput to WECAN to calculate the stresses in a 10 cm long and 150
thick ribbon. The width of the web betweon the dendrites was taken as
2.5 em for a total vibbon width of 2.7 em. The WECAN code then calcu=-
lated the x stress along the leongth of the vibbon, the y stress across
the width of the ribbon, and the xy shear streas. Flgure 6 shows the

stress contours for these three component The top odge of the strip

8o
is the outer edge of the deandrite, the laft odge iz the melt surface,
the right edge is 10 ¢n from the melt surface, and the bottom edge is
the centerline of the ribbon with the stresses symmetrvic about this

line. These stresses determine the matrix [K ] of equation 1, since

other componeuts of the stress tonor vanish for thin ribbons.

Using the initlol stress matrix [Kg ), WECAN then solved equation
13 for the etgeavalue A = 1,05, and {18 corresponding eigenvector or
buckled shape is illustrated in Pigure 7. Since N 1s greater than
unity, this cibbon would not have buckled == all the atresses would have
to be increased by a factor of 1.65 to obtain the {llustrated defowvma-
tion., The stability of 150 mn thick and 27 mm wide web agrees with
growth expevience with the J181 configuration.

In the actual growth appavatus, the ribbon is actually about 50
em long, rather than 10 cw, before it is wound up on the reel. The

T e )

Only temperature for distances legs than 10 em from the melt was
caleulated using the previous program. An asymptotic procedure, to
be discussed later, was used for greater distsnces.
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Curve 729250-A
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computer used for the WECAN analysis does not have oufficient storage
capacity to model this length, unless it were divided up into very large
clements. Sinze the largest stresecs occur within only about 3 em of
the melt interface, it was felt that a 10 cm Long model would be
adequate for the present purposes. Nevertheless, we added three rows of
clements for a total length of 13.6 cm to check the invariance of the
eigenvalue A» This longer ribbon was found to require slightly more
gtress for buckling with A = 1,67. We felt that this 0.02 inercase in A
was within experimental error and insufficient to warrant the additional
computer time.

Not only is morc computer time nccessary to evaluate longer
models, but the temperature input data is more difficult to obtain. The
temperature integration becomes inaccurate at large distances away from

A

the meit surface., An asymptotic method was used to find the temperature
of the ribbon away from the melt, as graphed in Figure 5. This method

will be discussed in an appendix to a future report.

3,1.3,4 Investigation of Buckling Parameters

With some assurance that the WECAN buckling model is recasonable,
we proceeded to use it to investigate the effect of ribbon width and
thickness on the buckling resistance. These parameters are of prime
importance in the eventual goal of designing a growth geometry which
will grow wide, thin (i.e., fast) web crystals.

Width Effects., We chose two widths, 33 mm and 39.5 mm, to
compare with the 27 mm J181 ribbon which was initially modeled. The
stress contours for these widths are shown in Figures 8 and 9. Accord-

ing to Boley and Wiener's approximation,(a) the shear stress should
vanish on the centerline and it does in the numerical results. The x-

and y~stresses, however, do not exhibit the expected width dependence:

O™ wz and gy~ wa- Examining the point of maximum stress along the

centerline, we find instead that oy~ w9l and ay~ wl‘z8 with a slight
variation in the exponent depending on which of the width cases are
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50  OF POOR QUALITY



991 LIBIf. ™2 €€ I0F SUOIINQYIISIQ SS913§ — g 2InSIg

S
&9
114
]
T~
L3 3
[ %
(33 L8
Shi~

Ladalal 00 T U X J

DR S S e
$530s e go3ygc HYIHS AX

a8l *
-1 2]
a2

L 23
A8l
4C2=
S0~
85~

o Kol & T F %

L.
G

.
A

t]
L}

"+ 6.,
i 9
/

“n
, a?

et
I"Blll
9. T

ot FA00
on

T I
R FYY

e
. <3
.

-, - -

LE I Y T,
.

$93mis on mﬂkam A

- N pamt epan * - b
FIaanios  srflle escmesgosmse i eedfle . L P
WP:NAWIIIIIRII,III& b B 5

4

(114
(11}
]
-
sul~
st~
-
[T

BN FS IR

’ -T2 ¢

—~——
\k\\\\lll\\\

SLINLS O mwwwpm N

( SIG”=SSINNIIHL) "¥'S Q1 €-1 ISV dINHLS

PAGE 15
OF POOR QUALITY

ORIGINAL

21



= MW T

QM ,I81f. WE S*6E I0F SUCTINQIAISTQ §8911§ — @ 2an8T4

os
o

]
oL~
[ 75
it~
(11 8
(1382

NP R

SS3wiLS "oN

— 9

L B

2t
M
1€1
o

1 o
ot~
o2~
2T~
[ 24 o
Cig~
-

NP P I BP O
-

LB 3

SS3IULS HYIHS AX

;

5S3wiS "0

(413
st
$
Sui~-
32~
[ 12 o
3%~

=-NAPRNe™

$S3Ints "0x

553113 A

SS34iS X

"¥'S 2-§2°€-1 3S¥J dIHLS

@ >
=
|1 . |
G <
< 2
oo
i 02
< O
=0
G &
L2 L.
o0



compared. The fact that the exponent is not equal to 2 for the x-stress
is not too surprising since Boley and Wiener's approximntion<ll) is best
at distances far away from the ends of a ribbon, whzzeas in our case the
maxlmum stress is only about a ribbon width away from the melt cnd. TFor
this same reason, it cannot be expected that the x-stress at the den-
deite edge should be double that at the centerline and opposite in sign
as predicted by the approximate theory.(a) It 1s also true that the
dendrites affect the stress patterns The ratios of the minimum x-stress
on the dendrite edge to the maximum x~stress on the ceanterline are -1.7,
~1.8, and =1.9 for the 27V wm, 33 mm, and 39.5 mm widths of ribbon,
respectlvely. The increasing magnitude of this ratlo for increasing
widths probably veflects the decreasing stiffness effect of the dendrite
since the dendrite width Ls held constant at 1 mm.

The smallest positive eigenvalues for the 33 and 39.5 mm
ribbons are X = 0,797 and X\ = 0.418, respectively. Thelr coxresponding
eigenvectors (shapes) are very simflar to that shown in Figure 7. Since
these elgenvalues ave less than unity, the ribbon would buckle before
fts width could be Increased from 27 mm to 33 mm. TE we assume that A
varias inversely as the Ny, bover of the width, then n = 3.63 for a
comparison of the 27 mm and 33 mm widths; using n = 3.63 to interpolate,
we find that the ribbon should buckle (A = 1) at w = 31 mm. This agrees
well with growth experience for web crystals grown from a J181
configuration.

The 39.5 mm ribbon has another elgenvalue less than unity: A =
0.95., Its buckled shape 1s plctured in Figure 10, This wide ribbon
could buckle like this or in the shape of its first ovder mode (A =
0.418), The fivst order mode is the more likely one to occur with the
higher ovder mode occuring only if physical constralnts should damp the

lower mode.

Thickness Bffects. We evaluated two additional ribbon sizes:
100 m thick by 27 mm wide and 300 ym thick by 39.5 mm wide. From plots
of the stress distributions, we find that the rvatios of minimum to
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maximum x~stress are -l.4 for the smaller and =2.3 for the larger
vribbon. In the 300 m by 39.5 mm ribbon, the minimum x~stress does not
occur at the same distance from the melt surface as that of the maximum
x-stresss For thils case, 1f we choose a point on the dendrite at the
same distance from the melt as the point where the maximum x-gtress
occurs on the centerline, then the ratio of dendrite to centerline
gstress 1s -2.1, which 18 very close to the predicted value of -2. Again
we find that the ratlo of dendrite to centerline stress ls closest to -2
in those ribbons in which the dendrites have the least volume relatlve
to the rest of the ribbon. The difference between the thickness of the
dendrite and that of the ribbon remains constant as the ribbon thickness
is varied, so that the dendrite's relative volume is smallest for wide,
thick ribbons.

The smallest eigenvalue for the 100 um by 27 mm ribbon is 1l.1i,
while that for the 300 pn by 39.5 mm ribbon is 1.06. Thus, the 27 mm
wide ribbon would buckle when its thickness decreases to some value less
than 100 pm, and the 39.5 mm ribbon would buckle at some critical value
between 150 ym and 300 ym. To determine the critical thickness, we
Interpolate using the assumption that the cigenvalue A 1s proportional
to the mth power of the thickness; for our cases, m = 0.98 for the 27 mm
ribbon and m = 1.34 for the 39.5 mm wide ribbon. Using these m's, we
find that the 27 mm ribbon should buckle at 90 ym and the 39.5 mm ribbon
should buckle at 287 mm. These points, together with the 150 un
thickness for a 31 mm width are plotted in Figure 11. The reglons of
stabllity (thick or narrow web) and instability (wide or thin web) are
separated by an essentially straight line. Points determined by
calculating the width at which a 100 ym or 300 wmm thick web would buckle
also lie on this line. The simplicity of this result is rather
surprising in light of the complexity of the buckling mechanism.

3,1.4 Generallzed Design Guides

The preceding sections have presented the development and
application of finite element methods for calculating thermal ¢tresses

ORIGINAL PAGI IO
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and also eritical buckling conditions during the growth of silicon
dendritic web. Evaluation of the buckling behavior of a given growth
configuration is a three-step process: (1) calculation of the
temperature profile in the web crystal using the temperature thermal
code; (2) calculation of thermal stresses for a three~dimenslonal model;
and (3) calculation of the buckling eigenvalues. In practice, steps 2
and 3 are performed in the same computer program; however, this computa-
tion is rather lengthy and complex. By comparison, calculating the
stresses in a two-dimensional model is relatively simple. It would be
desirable to have some qualitative or semiquantitative guidelines to
evaluate a growth configuration based only on two-dimensional stress
calculations. This section presents some preliminary work on such
guidelines both for residual stress and for critical buckling stresses.
The results are illustrated by consideration of the J98M3/J352

configuration.

3.1.4.1 Residual Stress Index

Up to now, our analysis has emphasized thermal stress buckling
due to its limiting effect on ribbon width. Residual stress, on the
other hand, may not as directly affect the ribbon growth but it can
certainly affect the ease of fabrication of the ribbon into devices.
Consequently, we must also consider residual stress when evaluating

various 1lid and shileld configurations.

Although the generation of residual stress during crystal growth
1s a complicated visco-elastlc process, hopefully a simple model will be
sufficient to predict growth behavior, at least on a comparative basis.
In simple terms, residual stress occurs when the thermal stress exceeds
the yleld stress for silicon. Tn the high-temperature reglon near the
growth front, the transverse stress, Oy is the only stress component of
any magnitude, and we shall use the following empirical relation for the

yield stress(lz):

ORIGINAL PAGE 1S
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Oyg = 2,57 % 10“1l exp (49459/T) dyn/em?
¢

where T is the temperature in Kelvin.

The amount of residual stress should depend on the magnitude of
the difference between the lateral stress and the yleld stress and also
on the length of time that the material is in that condition. Thus, to
obtain some approximation to the residusl stress, we define a Residual
Stress Index (RSL) as the area between the yleld and transverse stress
curves plotted as functions of distance from the melt. For this
purpose, the transverse stress at the centerline 1s used since 1t is
largest in this region., Figure 12 {llustrates the area concerned using
case 10-6 (next section) as an example.

For computational purposes, the stress functions are approxi-
mated by line segments connecting data points: (xi,yi) and (xy,z4)3 1 =
0, ++«, n. The %Xy's are distances from the melt, the yi's are the
ordinates of the yleld stress, and the zi's are the ordinates of the
transverse stress; n is the smallest value of 1 such that ly1|>zi|. The
Residual Stress Index may thus be computed as the sum of the areas of
trapezoids and a triangle.

n-1

RSI = 1/2 ) (x ty, - z,)
g1 J N

2
U2 (yny "2ao) (g 7 Xgl) L gyt T 2a)

RS S )
(10)

In the case illustrated, the RSI = 41.5 Mdyn/em; the magnitude
of this number indicates the likelihood of undesirable residual stress.

3.1.4,2 Stress and Buckling

It would be convenient to have an index for buckling analogous

to the Residual Stress Index. No single number, however, could be
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expected to predict buckling in general, The stress patterns determine
the buckling for a given ribbon size, With the goal of understanding
which features of the stress patterns are most important, we examined
the varlational formula for the buckling eigenvalue, A (3)

2 2
D [ [ (v, Fay ) = 20 = W) (W= v 5) Jdxdy
[ fmnw?ene?

‘ (11)
aVx vy ey 2nywxwy] dxdy

where D 48 the flexural rigidity of the ribbon, v 1s Polgson's ratio,
Neo Ny, and ny

regpectively, which have been multiplied by the thickness of the ribbon,

are the longitudinal, transverse, and shear stresses,

and 2 = w(x,y) is the buckled shape of the ribbon or, equivalently, the
surface which satisfies the appropriate boundary conditions and minimizes
the expression 11, The subscripts on w refer to its partial devivatives
with reapect to the indicated varilables.

We examined the values of the denominator for some of the
buckling models of the J181 growth configuration and found that the term
involving the shear stress, Znywxwy, wag the major contribution to the
integral and that thls term was greatest near the melt surface,

Although the term involving the x and y stresses directly are small (but
not negligible), these stresses influence the buckled shape w(xy), and
thus affect the term involving the shear stress.

As an example, compare the stress data in Figure 6 (Case 1lA)

with the data in Figure 13 (Case 2-2.50). Case 1A presents the results
for a ,015 cm thick ribbon, while Case 2-2,50 represents a .0l0 cm thick
ribbon; otherwise the two cases are identical. If the stress pattervns
were identical, then equation 11 would require the buckling elgenvalues
to be proportional to the square of the ribbon thickness: D has a factor
of the cube of the ribbon thickness, while the N's have a single Factor
of the thickness, Thus, the elgenvalue of the +015 em ribbon (Case 1lA:

A = 1.65) should be 2.25 times ag large as the eigenvalue for the .010 cm
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ribbon (Case 2-2.50: A = 1.11). The finite clement buckling calcula-
tions show that this ratio 18 only 1.49,

One reason that the theoretical ratio of 2.25 is probably too
large is that the dendrite size has been kept the same in both cases
(.06 cm thick) and tends to dominate the stiffness factor, D. Even
taking an average thickness gives a ratlo of 1.79, still too large.
Furthermore, the stress patterns are not identical for both cases. The
temperature profile is slightly different for the two ribbon thicknesses
and causes a slight change in the stress distributions. The differences
in the maximum to minimum x—-stress, y=stress, and xy-stress has changed
by 8%, =4%, and -1%, respectively, for the .0l5 cm case, compared with
the .010 cm case. The apparently most siganificant factor In the denomi-
nator of equation 12, the large negative shear gtresg; iIncreased in
magnitude by only 2%. This alone does not account for the vatio of the
two eigenvalues; the changes in the stress patterns have changed the
buckled shape significantly. Since the x-stress pattern had shown the
largest increase in peaks and valleys, it is the most likely contributor
to the larger—than-expected potential for buckling (smaller eigenvalue).
The maximum and minimum x~stresses occur at the ribbon center line and
at the dendrite and at about the same distance from the melt. Thus, the
difference between the maximum and minimum x-stress is almost the same
as the maximum of the Ax-stress defined as the difference between the x-
stress at the centerline of the ribbon and at the dendrite at the same
distance from the melt.

For the J352/J98M3C 1lid/shield configuration which will now be
considered, the Ax-stress, x-stress, xy-stress, and the y-stress (away
from the interface) patterns show approximately the same behavior with
respect to the parameter variations under consideration. In other
words, even though the Ax-stress pattern is not the only contribution to
buckling, it is a good indicator for it since all the other stress
patterns increase or decrease along with 1t for the cases we examined.
While the y-stress near the melt 1s Important for residual stress, it

appears to be much less so for buckling.
ORIGINAL PAGE I8
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3.1.4.3 Application to the J352/J98M3C Growth Configurations

The J352 and J98M3C growth configurations are two 1id/shicld
configurations which have been used a number of times to grow silicon
web crystals. DBoth conflgurations have some useful properties for web
growth: the J352 produces crystals having very low residual stress,
while the J98M3C, a width-limiting lid, produces constant width crystals
having moderately small residual stress.

The web temperature profile ie calculated as a one-~dimensional
problem, so that only the vertical geometry of the 1id and shiclds 1is
important. Furthermore, the resolution of our present thermal model,
shown in Figure 14, 1is such that both the J352 and J98M3C configurations
can be modeled by more or less the same geometry., In the model, the 1id
itself 1s more or less accurately represented as to thickness, slot
width, and possible bevel and may also have a different slot tempera-
ture, TC, and top temperature, TS, a conditlon which would exist with a
thin top shield very close to the top of the lid., In the model,
however, the stack of shields above the 1id must be represented by a
lumped region of constant temperature, TAS, which must be chosen to
approximate the effective temperature of the shield assembly. In the
calculations which arc discussed here, the geometrical factors were
based on the actual 1lid and shield dimensions, while the effective
temperatures were estimated from measurements of various lids and
shields.

Table 1 shows the values of the various model parameters for six
cases related to the J352/J98M3C growth configurations. In addition to
the physical parameters i1llugtrated in Figure 14, there L8 a model
parameter, V, which estimates the growth veloecity of the web (the moving
frame velocity in the heat conduction equation). This veloeity depends
not only on the heat lost from the web itself, but also the latent heat
lost to the supercooled melt, and must therefore be estimated before the
model can be run. One of the model output parameters, VV, 1s the
portion of V due to the loss of latent heat through the web itself. 1In
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addition to VV, the table also gives the Residual Stress Index, RSI, and
the maximum Ax-stress.

Each of the cases listed in Table 1 has certain specific
features which can be discussed individually.

Removal of top shield was simulated aceidently in Case 10~1 by a
numerical error in ascribing an input value of Wy = 7.9 cm instead of
0.79 cms This case modeled moving the top shicld far from the 1id,
effectively removing it from the caleulation. Case 10-3 is identical to

Case 10-1 with the proper W, = «79. Comparison of the results shows
several effects: 1) Stresses are larger and occur closer to the melt
when the shield is removed, so that under that condition there would be
an increased tendency to buckle; 2) the residual stress index 1s larger,
so that there would be greater plastic flow near the interface; and

J) the web growth velocity is faster.

Melt level changes are modeled in Cases 10-2 and 1-3; in Case

10-2 the melt level is such that the growth front is at the same level
as the bottom of the 1lid, while in Case 10-3 the melt level has dropped
0.1 cms A comparison of the model output parameters shows that for the
lower melt, the web component of the growth velocity decreased by about
20% and the maximum Ax-stress inercased slightly, but that the Residual
Stress Index changed by a factor of about 3.5. Thus, changes in melt
height should have negligible effect on the buckling of the ribbon, a
moderate effect on growth velocity (which has been observed) and a very
pronounced effect on the residual stress.

Sensitivity to assumed growth velocity was rested by Cases 10-2

and 10-~4. As discussed earlier, the moving frame velocity V 1s required
as an input parameter for the integration, whereas the web veloeity VV
(= K/pL dt/dx],.q where k = thermal conductivity, p = density, and L =
latent heat of fusion) is calculated from the program, In Case 10-2, V
was set at 2.0 cm/min while in Case 10-4, V was set at 1.5 cm/min;
comparison of the output parameters shows that there are only negligible

18
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Table 1 == Model Parameters for J352/J98M3C

Parameter CASES v
=arameter 10-1 10-2 10-3 10-4  10-5 10-6
(Tnput) .._.._ - T

TS °K 1450 1450 1450 1450 1450 1575
TC °K 1625 1625 1625 1625 1625 1625
TA °K 300 300 300 300 300 300
TAS °K 1175 1175 1175 1175 1175 1175
TA2 °K 1450 1450 1450 1450 1450 1450
B cn .015 .015 .015 .015 015 .015
Wl cro 3 .3 3 .3 .3 .3
w2 cm 3.1 3.1 3,1 3.1 3.1 3.1
W3 cm 4.5 4.5 4.5 4.5 4,5 4.5
W4 cm 7.9 .79 .79 .79 .79 .79
wé cm 4.5 4.5 4,5 4,5 4.5 4.5
ZD cm 1.6 1.6 1.6 1.6 1.6 1,6
ZH cm 1.75 1.75 1.75 1.75 1,75 1.75
TLID cm .8 .8 .8 .8 .8 .46
TBEVEL cm .25 25 ' 25 .25 0 0
LIN cm ol 0 .1 0 0 0

v cm/min 2,0 2,0 2.0 1.5 2.0 2.0

(Output)

\'a'% em/min 1.20 1.39 1,12 1.40 1.09 1.68
RSI 33.9 12.4 3.5 13.1 3.2 41.5
Max Ao, Mdyn/cn’ 782 645 654 665 716 528
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changes; hence, for velocities currently being caleulated, the
complication of iterative solutions is not warranted.

Lid bevel effects were brought out by compavison of case 10~3
wirh the standard case 10-2., Both grometries were identical except that
the 1id in Case 10-5 did not have the .25 cm x 45° bevel of Case 10-2.
The effect of having the straight-sided slot was to slow down the web
velocity, VV, and also to decrease markedly the Residual Stress Index.
There was also some increase in the maximum Akx-stress, bubt this appears
to be relatively small compared to the other changes.

Lid thickness was the final parameter investigated. Case 106

had the same geometry as Case 10-5, except that the lid was thinner:
0.46 cm instead of 0.8 cm. The regult was that the thinner 1id showed a
marked increase in VV and also a large Increase Iin the Residual Stress
Index. The maximum x-stress decresased but, Iin addition to the main
peak, developed a secondary peak nearer to the growth front. This
second peak complicates interpretation of the results in terms of the
tendency to buckle, and a complete buckling calculation would be

necessary to evaluate the change.

Six conclusions can be stated from the modeling runs for the
J352/J98M3C model reported in the previous section:

1. The presence of a top shleld apparently reduces the thermal
stresses In the ribbon — both the RSI and the Ax~stress.

2. Lower melt level gives a lower RSI but does not affect the x-

stresses further up the ribbon.

3. The calculations are ingensitive to the pull velocity assumed as

an ioput parameter, at least for a reasonable range of values.

4. The presence of a bevel on the susceptor lid can have a signifi-
cant effect on the partial web velocity, VV, and on the thermal

stressese.

5. A thin 1id is likely to have a large RSI, albeit a larger web
velocity.

ORIGINAL PAGE I3
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6. The growth veloeilty and the thermal stresses are unrelated,
although they may appear to be correlated if only one parameter
is changed.

3.1.5 Zero Stress Profiles

We have seen that the J18L configuration produces a temperature
profile aloung the ribbon that would cause sufficlent stress to buckle
silicon ribbon grown to a 31 mm width and 150 pm thickness. In order Lo
redesign the lid and shield configuration to produce. wider and/or
thinner ribbon, we would like to know how the temperature profile could
be modified to reduce stresses in the ribbon. A first step toward this
goal Is to find temperature profiles that produce no stress at all.

That a linear temperature profile should yleld zero stress is
derived from the equatinn

24 o - > A
A= a BAT (2)

where ¢ is Adry's stress function, o i3 the thermal expansion coeffi-
cient, B is Young's modulus, and A is Lapalace's operator. For zero
stress, the left-hand side vanishes and we find that T"(x) = 0, since T
is a function only of the distance x from the melt and not of y or z (to
a cloge approximation in ribbon growth). The above equation, however,
was derived for constant o. For a a function of T (o = 2.8L71 x 1070

+ 9.789 x 10~-10r for silicon), we replace the condition T" = 0 by (o T)"
= 0., One resulting temperature profile is shown in Figure 15, curve 9-
1. This curve must pass through the point (x = 0, T = 1685°K) and can
be at any chosen temperature at the other ead. However, 1f this
temperature 1s reasonable, then the slope at x = 0 would he so small as
to produce vary slow ribbon growth. If the initial slope of this curve
was chosen for rveasonable speed, then the temperature at the othexr end
of the ribben would be so low as to be physically impossible. One way

around this problem is to try to design for a "zero stress" temperature
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profile near the melt with a reasonable slope and then, at some point
far from the melt, decrease the temperature at a much slower rate than
that of the "zero stress" profile.

In Figure 15, curve 9-1 1s a "zero stress” curve. At 8 cm from
the melt, two "talls" were joined to this curve in such a way as to
maintain a continuous first derivative. The "tail” 9-3 is linecar and 9-
2 1s an exponential function of x.

Plots of the difference In longltudinal stress (ok) between the
centerline and the dendrite edge for cach of the three temperature
profiles are shown in Figure 16. The linear tail, which is barely
distinguishable from the "zero stress" tall, produces a small additional
stress. The exponential tall produces a major stress peak at about 8.5
cm from the melt, although it i1s not nearly as strong as some of the
J181 cases which peaked at close to 1000 Mdyn/cmz. The "zero stress”
profile appears to produce small stresses at both ends of the ribbon;
this is an artifact of the model. For these three cases, an 8 x 100
mesh of linear, two-dimensional, finite elements was used to model the
half=strip, The "zero stress" case was additionally modeled with a
5 x 23 mesh of cubie finite clements which have eight more nodes per
element than the linear elements. The caleculations using the cubilce
elewants gave a zero stress over the whole ribbon length and incidently

took much less computer time.

We have found that small deviations from the ideal "zero stress"
temperature profile can produce major stresses in a ribbon. To under=-
stand and quantify this effect better, we plan to examine additional
synthetic temperature profiles for stress generation, In particular,
profiles with steeper slopes at the melt surface are required for
reasonable growth speeds.

3.1.6 Temperature Data for Modeling Calculations
Thermal modeling of a web growth system requires lid and shield

temperatures as input parameters to calculate the heat transfer between
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the web and its surroundings. In most modeling work done go far, the
necessary temperature data has been estimated from a limited set of
measurements made on a J181l configuration some time ago.(g) Current
modeling has become Increasingly sophisticated so that more accurate and
complete temperature data are nceded. Not only are more extensive data
needed, but also information is required as to the variation in
temperature which can be obtained by adjusting the coil height and
changing the coupling of the shields to the work coil, etc.

Two current growth configurations, the J352 and the J98M3A, were
chosen for measurement since they are representative of many other
configurations. The general lid and shield geometries are shown in
Figure 17, which illustrates the configurations and shows the thermo-
couple locations. Additionally, two types of shields were used as the
top shields in the J352 configuration: a normal shield which had a
continuous edge and a slitted shield that had 1 x 12 mm slits every
12 mm along the periphery to reduce coupling with the work coil.
Previous measurements had shown that such a slitted top shield ran
significantly cooler than a similar solid shield, and additional

Information was needed.

3.1.6.1 Experimental Procedure

Shield temperatures, which were generally less than 1300°C, were
measuyred with Type-K (chromel-alumel) thermocouples, while the 1id
temperature was measured with a Type-B (Pt/30%Rh -- Pt/67%Rh) couple.
Small holes were drilled in both the 1lid and the shields and the thermo-
couple beads cemented in place with alumina cement to ensure good
thermal contact: The thermocouple leads were brought through the
furnace chamber wall with Conax compression seals. The Type-K leads
were continuous to the measurement apparatus, while high-~purity copper
was used for extension leads with the nobel metal couple. The thermal
emf's were measured and converted to temperature data by a Fluke 2240B
Data Logger which also printed out the results at regular intervals.
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Most of the temperature data were taken without zilicon in the
system so that a wide range of susceptor temperatures could be covered.
For each configuration, temperature data were taken at three different
coll helghts and a range of susceptor temperatures (measured by a Type-B
thermocouple on the axis of the susceptor). For the case of the J983A
confilguration, additional data were taken with a normal silicon charge
in the system so that the lid and shield temperaturaes could be measured
at the "hold" temperature to standardize the temperatures.

3,1.6.,2 Results and Analysis

Measurements made without silicon in the system showed that the
lid and shield temperatures were related linearly to the susceptor
temperature over a wide range. Generally, the shicld temperatures did
not change as rapldly as the susceptor temperature; the lid temperature
had nearly the same rate of c¢hange as the susceptor. Table 2 summarizes
the measurements made on the various configurations shown in Figure 1.
The data are expressed in terms of an empirical equation:
T = A + B(Tg~1380) [°C], where T is the elecment temperature, Tg 1s the
axlal sueceptor temperature, and A and B are the fitting coefficlents.
The form of the equatlon was chosen so that A represents an approxima-
tion to the element temperature near normal operating conditions.

The coil position obviously affects all the element temperatures
but has the least influence on the lid temperature. Slitting the edge
of the top shield also has a strong effect on the shield temperatures,
which shows that coupling with the work coil is a very important factor
in determining the system temperatures. We attempted to analyze the lid
and shield temperature distribution In terms of radiative transfer with
an effective emlssivity as the adjustable parameter. An emissivity on
the order of 1.5 was needed to give even an approximate fit, again
indicating that the inductive coupling was indeed a very important
factor, even with the slitted shields. The results thus confirmed our
asgumption that measured, rather than calculated, temperatures were

essentlal for accurate modeling predictions with real systems.
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Table 2
Summary c¢f System Temperature Data (Without Silicon)
T = A+ B (Tg - 1380)

Coil Lid Bottom Shield Top Shield
Configuration Height A 5 ry 5 K_B___“,ji
mm* °C °C °c
J352, 2 shields ' ,
(tar” s 93,0  1324.9 1,0106 1031.4 0.7031
97.5 1313.3  .8968 990.1  .7432
102,0  1296.1 7988 973.0 3456
3352, 2 shields 93,0 1320.1 .8790 942.4  ,7568
(top slitted) 97.5  1306.4 8687 936.5 .8727
102,0  1293.6  .8918 908.0  .7448
J352, 3 shields 93.0 1328.2 9723  1144.8 6573 944.7 7146
(top slitted) 97.5 13195 .8702 1112.9 .6456 918,7  .7209
102,0  1306.6 .8506 1075.7 .4183 883.2  .5618
JOBM3A, 4 shields  97.5 1334.7 .8694 1177.3 .7348  1033.7 6174
(top solid)
97.5 1322,3  ,9379  1144.3 .7551 990.1  .5910
102,0  1306.5 .9576 1107.5 .6202 936.3 6573

*Coil height measured from arbltrary zero; smaller numbers are higher coil
posi4ions with respect to susceptor,

TS is the axial susceptor temperature,
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Experiments without silicon in the system give the data required
to determine how the element temperatures change when the susceptor
temperatute changes. The presence of silicon permits evaluation of the
clement temperatures for actual operating conditions. Table 3 lists the
11d and shiecld temperature data for a normal silicon melt at "hold"
temperature for both the J98M3A configuration cvaluated in the present
experiments as well as the previously reported data for the J181
configuration (a three-shield configuratiou).(g) The data clearly show
that the 1lid temperature has a relatively small range while the shield
temperatures can vary widely. For example, in the J98M3A data, a 9 mm
variation in coil height changes the lid temperature by only 17.6°C,
while the shield temperature changes by 92.3°C. Furthermore, thicker
1ids run somewhat hotter: the 9.5 mm 1lid of the J181 runs about 25°C
hotter than the 6.4 wm 1lid of the JI98M3A, Thus, 1lid thickness provides
a temperature parameter as well as a geometrical parameter for future
system design.

3.2 Experimental Web Growth

3.2.1 Advanced Growth Studies

The objective of this activity is to develop the experimental
understanding of web growth behavior in order to grow web crystals wider
and fagter, with the aim of achleving area growth rates up to 35 nmz/min.
This effort 1s tied closely to the thermal stress modeling effort,

There are two major aspects to this work: (1) developing lid
and shield configurations giving higher growth speed at greate¢r width
and (2) developing the capability for steady state growth for long times.

The first activity is concerned with the continued design and
testing of growth configurations which will permit both high-speed and
low~stress operation, particularly low elastic stress which presently
limits width through deformation of wide crystals. The second activity
not only involves the design and validation of automated growth equip-
ment, but also includes the achievement of growth configurations which
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Table 3
Summary of System Temperature Data (With Silicon)

Configuration Hggégt Tempgigcure gggpeigiﬁ:g
mm¥ *C °c
JISM3A, 4 shields 93.0 1342.4 994,9
(top solid) 97,5 1332,7 9460
102.9 1325.1 902.,6
J181, 3 shields
(top solid) 100.0 1354.7 963.1
102.7 1351.3 941.7
105.0 1344,6 927.4
(top slitted) 101.0 Open TC 876.6

*Coll height measured form arbitrary zero; smaller numbers are
higher coil positions with respect to the susceptor.
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produce a constant, controllable ribbon width compatible with melt
replenishment.

3.2.1.1 Growth Velocity

During the carly part of this perilod, experimental cfforts were
directed toward gaining a better understanding of the configurational
parameters which affect growth velocity.

In order to Increase growth veloclty, a series of experiments
with thinner lids was undertaken. A thin 1id has the cffect of
increasing radiative lossges from the web near the growth interface so
that the heat of fusion is more rapldly dissipated, thus permitting more
rapid growth for a given crystal thickress, Previous work had shown
that simply thinning the ldd, while having a large effect on growth
velocity, can have negative effects in terms of erystal quality and
oxlde deposition., These effects occur because a thin 1i1d tends to run
colder in the reglon of the growth slot. Thus, concurrent changes must
also be made in the top shield configuration in order to provide a
vertical temperature distribution which not only produces substantially
higher growth velocities, but also maintains good growth behavior in
terms of growth Initiatdion, crystal quality and freedom from oxide
Interference. To accomplish this, a series of experiments was undertaken
in which the 1id was systematically thinned in steps while changes were
made in the top shield configuration vo maintain good quality growth.

Initial experiments ilnvolved an rE-1(13) 1id reduced in
thickness by 20%, with the RE-1 ghield arrangement. As cxpected, growth
velocity iuncreased significantly as determined by thickness-velocity
neasurements.(}3) In terms of the relationship

d
V"’C‘i'VE-

which relates growth velocity (V) to web thickness (t), both coefficients
c and d increase when compared to the original thicker lid designs.
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However, growth initiation was difficult and stability and erystal
quality poor. The addition of two more top shields to this configura-
tion resulted in stable growth with some tradeoff in maximum growth
velocity.

Some other variations in the number and spacing of top shielding
uginy the same lid have been tested. Only small effects were found in
terms of growth veloclity, but these experiments have led to the develop-
ment of several important guldelines relating to 1lid and shield
configuration which, 1f nut considered, may produce unwanted side
effects, for example, sporadic floating ice and growth=inhibiting oxide
accumulation in the slot region of the shields, The configurational
parameters to be controlled are the 1id temperature and the spacing
between the various components of the lid-shicld stacks. By maintaining
the bottom of the 1lid at sufficiently high temperature and keeping
appropriate top shield spacing, oxide and ice are prevented.

The 1id temp:rature can be controlled to the required degrec by
adequate radiation shielding and by proper positioning of the work coll.
In addition, the 1lid bottom and susceptor top must mate well to insure
maximum contact and thus maximum heat transfer between the two. When
conditions are properly controlled in terms of shielding, lid=susceptor
fits, ete., the lid bottom is totally free of oxide deposits, and ice
from spalling does not occur.

One of the important aspects of top~shield spacing is the
separation betwecen the lowest shield and the 1lid. 1If this spacing is
too small, oxide is deposited on the shiclds and grows out over the slot
region, inhibiting crystal growth. The minimum spacing neceded to
prevent such oxide deposition appears to be about 4.5 mm. This
observation had previously been made relative to the J=181 1lid and
shield configuration, in which the lowest top shield is thin and
relatively cold. Recent experiments indicate that this spacing
requirement is much more general and that the temperature per se is not

the only factor to consider; the convective gas flow patterns are .
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critical in relation to growth~inhibiting oxide deposition on the top
shields.,

Another observation relative to shleld spacing relates to the
spacing between the individual shields in multiple shield stacks. A
gpacing of 1.5 mm 1s generally satisfactory, Expanding this spacing to
3 mm can cause the deposition of a hard blue oxide on the web crystal
(as opposed to the normal, fluffy, easily removed type). Again, in this
case the convective gas flow patterns are believed to be significant.

Even with improved shileld spacings and lids which had reasonably
fast growth speceds, growth was not always easy and crystal quality
sometlimes poor. In some cases, the crystals would degenerate after some
tens of centimeters of growth. Split width measurements showed that
some o¢f the crystals had considerable residual stress, even at thz
relatively narrow width of 20 mm or so. These factors indicated that
the 1lid temperatures in the vicinity of the slot were too cool, even
with multiple top shields.

Another appreach to achileving the proper thermal geometry was
then tried: a thick (9.6 mm) 1lid with a recessed center portion around
the growth slot. Such a configuration would have a higher slot tempera-
ture since the higher thermal conductance of the thick 1id would
transport heat more readily and, further, the thicker 1lid would couple
to a greater extent with the work coil.

Several recessed lids with thicknesses in the slot region
ranging from 5.6 to 3.2 mm have been investigated. The speced of these
configurations is very similar to the speed of the flat 1lids of equal
thickness, with the distinct advantage that the growth behavior is
better. With each 1id configuration a number of shield configurations
has been tried. Two genersl types of configuration are shown in Figure
18. 1In the first configuration flat shilelds are used, but in the second
configuration, one of the shields 1s made of thinner material and bent
over to reduce radiative heating from the sides of the xecess. An

advantageous configuration uses the bent shield together with a top
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shield which is slitted around the edge to redune coupling.(l) This
combination provided velatively fast growth with an acceptably low
resldual atress, although other conflgurations were nearly as good.
Although the shield configurations and the slot shape are very important
in determining the speed of the system and lts stress behavior, one of
the most important parameters scoms to be the wmelt hedght, Later In
this report (Figure 31), duta are given for the change in wob thicknees
as a functlon of crystal welght (which ls equivalent to melt height).
Using the converslon that 20 gm of crystal is equivalent to 1 wm of walt
height, it can be scon that significant gpeed improvement results when
growth Is maintalined with high melts. Some of the configurations we

teated have shown promise of such behavior,

The growth experiments with thin lids, recessed lids, and with a
variety of shield geometries have reemphasized the large vumber of
parameters which dnfluence the growth bahavior of dendritic web. All of
these factors luteract tn a complex way to determine the growth speed
and thermal stress in the growing rvibbon. The experiments so far
indicate that achicving any optimum configuration by amplrical methods
alone is difficult. Tt should be uwoted that the reductilon In buckling
stress through the utiliwation of the thermal modellovg vesults will not
only benefit crystal width, but also growth veloclty through the thilck-
ness dependence; 1l.e., low stress permits high crystal quality to be
maintained at lower thickness, and thickness and veloclty bear an
inverse relationship.

3.2.1.2 Widrh Control

For the continuous growth of loug web crystals, 1t is necessary
to limit or control the width at some desired value. In addition to
tavgoting wldth to a speclfic size solar cell (reducing waste), the
erystal width can be mointained below that at which stress~Induced
buckling wmight occur. Thusg, very long crystals can be grown with the
majority of the material usable for cell fabrication.
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Configurations for width control were developed on an in-house
program and utilized in this program wbare applicable. Data from an
early crystal for which the width was controlled to within a fraction of
a millimeter by pagsive lid design techniques is shown in Figure 19.
Crystals have been grown to lengths over five meters at controlled
width, without the benefit of melt replenishment.

3.2.1.3 Melt Replenishment

During web growth, a congtant melt level Is one of the require-
ments for maintaining constant thermal conditions, in turn required For
steady state growth. Under the previous contract(}) 4 method was
developed for detecting the silicon melt level and malntaining it during
web growth; the feasibllity of controlled melt replenlshment over
periods of many hours was demonstrated. On the basis of thils experi-
ence, it was clear that a number of refinements was desirable in order
to ilmprove the melt level control function and to meet the requirements
better for long-term semi~automatic growth, a goal of the overall design
of the new experimental web growth machine. This improved system is
described in Section 3.3. In this section, we will briefly discuss some

of the experimental work velated to melt replenishment.

During the period when the new melt control clrcultry was being
designed and constructed, growth erxperiments were carried out on the RE

furnace using manually set replenishment rates.

Lid and shield designs which provide width control were adapted
for replenishment by the additlon of feed and laser holes. This enabled
the melt level to be maintained reasonably constant using a constant
feed rate. Any mismatch between feed rate and consumption rate is
manifested as a thickness variation in the crystal, so that any needed
adjustments in feed rate can be made emplrically. Thus, growth at
constant width allows growth experiments to be carried out at nearly
constant melt level without the need for melt level sensing, at least
over perlods of several hours. It was also established that the
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width=limiting 1id and shield designs continued to carry out their
functlon fn a melt rveplenishwent conflguvation. Crystals up to four
meters long were grown with manual replenidshment.

Although the standard rectangular cruclble design has performed
well, it has become increasingly apparent that a longer crucible would
be desirable in order to provide more physical space in which to
separate the thermal requirements for growth of wide crystals and
replenishment at the higher vates vequlred to malutain a constant
throughput. A new rounded-end crucible was designed ond fabricated.
This crucible has the same shape as the susceptor, i.e., the geometry
follows the susceptor perimeter. This design adds nearly 5 em of useful
length along the crucible center line with no change in the furnace
configuration except the shape of the recessed portion of the
sugceptor. Iniuilal tests of growth behavior in the elongated ecrucible
did not show any inherent problems, but the thermal characteristics of
this configuration are somewhat different from those of the shorter
rectangular configuration. The required shield positions, coil helpht,
and crucible barrier positions for pgood growth with simultanecous
replenighment were determined experimentally. The expected improvements
in replenishment capabilities nver the shorter crucible were indeed
realized, i.e., increased thermal fsolation of the feed and growth
reglons of the crucible. Pellets melted easily at move than twice the
feed rate possible in the short crucible configuration without affecting

crystal growth.

While this work was in progress, the new melt level coutrol
system was installed on the RE furnace and tested under growth condi-
tions. Overall, the system operated as designed. This was establighed
by recording both the output from the detector amplifier and the output
from the motor controller (input to the pellet feed motor) and observing
changes wilth changes in melt level. Oue modificatlon deemed desirable
was to lengthen the time constant 1n the control system in order to
reduce the noilge generated by the shimmering melt. In order to provide
gome flexibility in the choice of time constant, a clrcuit was designed
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which provides a cholce of 0, 20, 100, or 400 sec. This civeult was
included in the melt level control system installed on the new experi-
mental web growth machine.

Toward the end of this report period, the new experimental web
growth machine was placed in service and operated on a regular basis.
The facllity functioned as intended, producing web in the first run.
Part of the melt level sensing system had not yet been installed when
these inlcial runs were made, so melt replenishment was accomplished
with manually set fced rates. Replenishment at full replacement vates
was carried out over the period of the work day without difficulty.

3.2.1.4 Programmed Start of Growth

A controlled and reproducible start-up sequence 18 desirable for
reliable, routine web growth. It is also important to be able to iso-
late this variable in studies of curystal quality as a functlon of other
growth pavameters.

Typlcally, the growth initiation involves several minutes of
coupled changes in melt temperature and growth velocity, as suggested
schematically in Figure 20. The melt is f£irst undercooled below the
equilibration or "hold" temperature Ty to produce a button of suitable
width. The growth velocity is Increased to thin the button and start
web propagation. Both temperature and velocity are then adjusted to
their final steady state values. Small vartations in the sequencing and
rates of change In these manipulations can make the difference between
"good" starts and "poor" starts. Thus, the quality and veproducibility
of starts when performed manually Is dependent on the skill of the

operator.

Programmed start of the growth operation<3) has the potential
for several important advantages compared to manual growth starts,
including (1) repeatable wide starts, (2) reproducible high erystalline
quality, and (3) less stringent operator skill aund training. To
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Temp. Control Set Point

Pull Speed

Curve 725246-A

Time

Figure 20 -- Typical Program Sequence for Web Growth Initiation

ORIGINAL PAGE IS
57  OF POOR QUALITY



evaluate programmed start of growth, we have interfaced a Leeds and
Noxthrup 1300 Process Programmer with the speed and temperature control
circuits of a web growth furnace. This programmer features two synchro-
nized programs which ave independently set to adjust pull speed and

temperature.

The system has been used to provide high-quality starts of
growth with no operator input. The interfacing has becn designed to
allow synchronized ("bumpless") trausfer from "manuzl” to "programmed"”
and back to "manual” status, thus permitting a single programmer to be
transferred from furnace to furnace as required.

The circuits designed to accomplish the "bumpless transfer”
between manual and programmed modes are depicted in Figures 21 and 22.
In actual operation, the transfer from the remote or programmed mode to
local, manual control {s achieved by setting the wultage at V in each
case Lo zero with the selector switch in remote. For temperature
control, this 1is done by adjusting the alternate set~point potentiometer
to match the output of the local set-point potentiometer. In the uvase
of pull speed, the local control potentiometer is adjusted to match its
output to that of the interface amplifier. The local/remote switches
can then be set to local and the crystal growth walntained in the

conventional manner throughout the rest of the run.

3.2.1.5 TLong~Term Growth Stability

Unless compensated in some manner, a very gradual long-term
temperature drift may occur during web growth. Without compensation,
this temperature drift would eventually cause interruption of the web
growth process, necessitating occasional restarting of the web crystal.
Long~term drift occurs for at least two reasons: (1) gradual change of
the temperature sensor calibratlon and (2) gradual change of the thernml‘I
propertics of the system, notably the emissivity of heat shields.
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We have tested two mebhods to scnse and compensate the system
for small thermal drifts, monitoring dendrite thickness and monitoring
web width.  Both methods work although we believe the latter approach
offers some distinet advantages for control.

Dendrite thickness monitoring by visual observation has been in
use for quite a while as a guide to adjust growth and is a sensitive
indicator of the thermal conditions in the system. With the unaided cye
or optical equipment, the dendrite 1s viewed edge-ony a thickening
dendrite implics the liquid is too cold, a thin dendrite that it is too
hot. Temperature adjustment can readily be made to compensate for drift
due to scensor calibration change or heat shield emissivity variation
with time. We recently attempted to quantify these observations by
employing the use of a linear array of diode sensors coupled with an
optical system to measure dendrite thickness.

EG&G RETICON manufactures such diode arrays and the associated
clrcuitry and so was invited to Westinghouse R&D to demonstrate the
equipment required. This equipment included the lenses needed to focus
a magnified image of the dendrite on the diode array.

The demonstration was successful 1in generating a signal directly
related to dendrite thickness. However, the light from the glowing melt
was not adequate to obtain a well-defined image and an external light
gource had to be used. With external back lighting of the web sample in
the furnace, an Image of the dendrite having good contrast was obtained.
With front lighting the image was discernible but the contrast was
barely adequate. In both cases alignment of the optical system was
quite important. Where back lighting was used, the orientation of the
web was critical.

An alternative, and we feel better, method for temperature
compensation 1is to monitor and control web width. Here the web is
viewed face-on, a geometrically more favorable technique. With a
sultably designed 1id/shield configuration, our experience has shown
that web width can be maintained constant within a fraction of a
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millimeter so long as the temperature is constant. Thus, web width 48 a
reliable indicator for temperature adjustments. Suitable optics can be
used to enhance the width meapurement.

Thus, we have concluded that width rather than dendrite thicke-
ness sensing is preforable for drift compensation. The method can be
applied in the form of fully automatic closed-loop control or, alterna-
tively, can be applied in the form of infrequent operator adjustment as
needed.

3.2.1.6 Test of Feed Stock Pellets from Kayex Corporation

A sample of silicon in the form of shot made from semiconductor
grade silicon was provided by Kayex Corporation. The pellets are
roughly spherical with a diameter range of about 1.6 to 2.5 mms In the
first of two growth runs, the Kayex material was used for replenishment
stock only, the original cruecible charge being our standard polycry-
stalline silicon load. Growth behavior was normal during replenishment,
and the pellets all melted readily in the crucible feed compartment.
Because the holes in the pellet feed were far from optimum for the size
of the pellets and the pellets were not screened to a narrow size range,
multiple pellet drops frequently occurred. This was no problem, as the
feed rate could be adjusted to a suiltable average value, and no diffi~-
culty in melting was observed. However, by late in the day, all three
feed holes in the pellet fceder became jammed with three pellets cach
and replenishment ceased. This problem could be readily solved with
some adjustment in the pellet feeder hole size and some screening of the
feedstock, particularly to remove "doubles” (two pellets stuck together).

In the sccond run, the crucible charge contained 317 of the
Kayex pellets in ordei to test melting characteristies. The melt down
was clean, with no trace of surface scum, indicating that the pellets
were clean. (The pellets were used as supplied.)

On the basis of these preliminary tests, thils material appears
to be an excellent form for melt replenishment gtock in the silicon web
process.
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3.3 Experimental Silicon Web Sheot Growth Machine

A new silieon web growth machine has been built and is ready for
use in experimental web growth,

3.3.1 Purpose

The purpose of this machine is to support the experimental part
of a program to obtain a fundamental understanding of the silicon web
growth process. A fundamental understanding 18 required for cevaluation
of the technlical feasibility and the ultimate commereial potential of
the process, The program to achleve this understanding combines closely
coordinated computer thermal modeling of the process and related experi-
mental web growth. Until now, such an investigation wag limited to
experimental growth under transient conditions only. This new machine
brings together, for the first time in a single machine, all of the
growth control features developed by this program. With these features,
evaluation of the fundementals of the process can be performed under
sustalned steady state rather than transient conditions of growth.

3:3.2 General Description of Machine

The general configuration and placement of basic components of
this machine, shown schematically in Figures 23 and 24, is not unlike
that of web growth machines developed carlier in this program. These
general features are described in the following paragraphs. New
capabilities required for sustalned steady state web growth, which are
unique to this machine, will be discussed in a subsequent section
(3.3.3).

As with earlier web growth apparatus developed under this
program, web growth occurs within a water~cooled chamber (sece Figures 23
and 24) which contains a protective (argon) atmosphere., In this chamber,
the siiicon melt is contalned within a shallow quartz crucible which is,
in turn, contained within an induction-heated molybdenum susceptor. Ten
kilohertz induction heating is used principally because it permits
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freedom in the use of thermal shields with minimal induction coupling
and an absence of voltage breakduwn and corona. Temperature profiles
within the melt and within the growing web are determined by a system of
thermal shields which surround both the susceptor and the first several
centimeters of growing web. An XYZ mechanical positioner for the
induction heating work coll is situated below the growth chamber in the
lower part of the furnace frame. The positioner is used to achieve
front-to~back and side-to-side thermal asymmetry within the growth
system, and to achieve the desired degree of dendrite penetration into
the melt. These capabilities are necessary for experimental web growth
with changing thermal configurations.

As the web grows it is withdrawn from the furnace through a duct
into the room atmosphere, The geometry of the duct 1ls essentially of a
large length-to-area ratlo such that only a small exhaust flow of argon
is sufficient to prevent entry of room atmosphere Luto the growth chamber.

As the growing web exits the growth chamber and duct, it passes
through positioning guides and winds onto the web withdrawal and storage
reel, The linear speed o web growth is determined by the rotational

speed of the reel, which is driven by a direct-current servoe motor.

The speed and dimensional capacity of this machine is more than
adequate to meet the area rate-of-growth goal for this program, as had
been determined by economic analysis of the silicon web growth process.
A photograph of the machine nearing completilon of assembly is shown in
Figure 25.

3.3.3 Required Features for Sustalned Steady State Web Growth

The required features, applled simultaneously, permit web growth
to attain a steady state condition of growth for periods from several
hours to as many as several days. A growth perifod of several hours
under steady state conditlons 1s adequate for much of the fundamental
study now in progress. A period of days, however, is requived in orvder
to appralse lmportant long~term growth effects. This is important
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Figure 25 -- New Experimental Web Growth Furnace
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because economic analysis has shown that a growth period of days is
required in order for the process to become commercially competitive on
a large scale.

The required features for sustained steady state growth are
discusged in the followlng subsections.

3.3.3.1 Constant Melt Level

A basic requlrement for sustalned steady state web growth 1s to
maintain constant temperature profiles within the melt and within the
growing web. Because both profiles vary with melt height, it follows
that the melt level musgt be held constant during web growth. Inasmuch
as the silicon melt 1is continuously depleted as a consequence of web
growth, 1t is necessary to replenish the melt continuously at a rate
equal to the rate of depletion.

In the new web growth machine, melt replenishment is provided by
a method shown schematically in Figure 26. 1In this arrangement, poly-
silicon pellets ranging in size up to three millimeters are fed into a
partitioned crucible consisting of a small compartment into which
pellets are fed and a larger compartment from which the web 1is grown.
The barrier which separates the two compartments has an opening below
the liquid surface which permits liquid flow and allows the 1liquid level
to equilibrate in the two compartments continuously. The barrier does,
however, prevent movement of unmelted pellets to the growth compartment
where interference with web growth would otherwise occur. The barrier
also prevents ripples £rom reaching the web growth interface as pellets
are dropped into the melt replenishment compartment. Polysilicon
pellets such as those (Figure 27) prepared by Kayex Corporation for a
parallel JPL program have been found to work quite well with this melt

replenystment system,

In order to maintain a constant melt level through use of the
melt replenishment system, it is necesgary to control the rate of pellet
feeding such that it equals the rate of web withdrawal. To attain this
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7 == Polysilicon Pellets from Kayex Shot Tower. Left Side 0.4 to

Figure 2
2 mm. Right side 2.0 - 2.8 mm.
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control a closed~loop melt level sensing and control system (Figure 28)
has been developed for the experimental web growth machine.

For melt level sensing, this system utilizes a two milliwatt '
helium=neon lager mounted such that the light beam veflects from the
melt onto a commercially available solld state position detector. The
control loop 1s closed with circultry (Figures 28 and 29) which measures
the detector output and provides continuously varlable speed control.
This system controls the melt level to within 0.1 millimeter, the value
which has been determined as the accuracy needed for steady state web
growth.

3.3.3.2 Constant Temperature

Another requirement for malntalning constant temperature
profiles (see Section 1.3.1) 1s to maintain a constant temperature at an
appropriately selected location within the thermal system. The tempera-
ture sensor used for control is located within the wall of the
induction-heated susceptor. Temperature control instrumentation ir this
application, similar to instrumentation used for low-frequency
induction~heated Czochralski crystal growth, 1s shown in simplified
schematic form in Figure 30. TFor this machine a fixed rather than
adjustable range and zero offset are used. Temperature control accuracy
obtained by this system is considerably better than the + 0.1°C range :
required by the web growth process for steady state growth.

3.3,3.3 Constant Width of Growth

For steady state web growth, the web output must be maintalned
congtant in width, thickness, and speed of growth. Control of web
growth width in the experimental web growth machine is attained by way
of appropriate thermal design used in combination with the constant melt
level feature described in Section 1.3.1 and the constant temperature
feature described in Section 1.3.2. The thermal design malntains width
within one millimeter and is developed for widths up to three centimeters.
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The design will be modified to accommodate widths greater than three
centimeters.

3.3.3.4 Constant Web Thickness and Speed of Growth

For any web growth thermal configuration, the growth thickness is
a function of growth speed. This relationshilp will remain fixed for
steady state conditions of web growth wherein the melt level and
temperature are held constant,, Thus, 1if growth speed is maintained at a
constant value the web thickness will, conscquently, also remain constant.
The dependence of growth thickness upon melt replenishment (with constant
temperature and melt level) is shown in Figure 31. For the experimental
web growth machine, a de¢ servo motor ls used to provide preclsely constant
reel drive and growth speed.

3.3.3.5 Programmed Start of Web Growth

Programmed start of growth is not a mandatory requirement for
sustained solid state web growth. Manually started growth can and
frequently does result in a high-quality web crystal. Manual starting
nonetheless does have serious shortcomings in that it requires compara-
tively high skill by the web gro&th operator and, regardless of the
operator's skill, frequently results in crystal imperfections which may
ultimately lead to deterloration or fallure of the web. Programmed start
of growth has been found to eliminate essentially all of the manual start
objections by producing good-quality, repeatable starts. The programmable
start is a capability not yet fully utilized In that programs for highest
quality and maximum width have not yet been developed. In the experi-
mental web growth machine a two-channel commercial microprocessor—type
programmer has been interfaced with the temperature and growth speed

control systems.
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3.3.4 Summary

An experimental silicon web growth machine has been built and 1is
now capable of satisfying all of the anticipated experimental needs of the
on-going program to attain a fundamental understanding of the web growth
process under conditions of sustained steady state growth, Such funda-
mental understanding 1s required in order that the process become commer=
cially competitive, Experimental web growth with this machine will be
closely coordinated with a parallel ceffort which models the web growth
process and provides guidance to experimental work.

This machine is the first which combines all of the web growth
improvements generated by this program. Each major component of the
machine has been individuailly and independently proven prior to imclusion
in the new machine. Coordinated experimental web growth will begin in the

next reporting period.
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4. SILICON WEB ECONOMTC AWALYSLS UPDATE

The basic input and assumptions of the IPEG economlc analysis are
unchanged. It has been deemed appropriate, however, to update the
analysis in terms of comparatively :lnor cost corrections for crucibles,
labor, and electric power. The adjusted costs shown are in 1980 dollars
and include the following IPEG coefficients: EQPT-0.54, SQFT-110.6, DLAB-
2.8, MATS-1.2, and UTIL-1.2. The cost breakdown for a three~day growth

cycle 1s:

EQPT = .54 x $15,600 £8424

SQFT = 110.6 x 30 3318

DLAB = 2.6 x 4 hrs/run x $6.30/hr x 117 runs/yr 8256

MATS = 1.2 [$20+(68 hrs/run x $.06/hr)j] x 117 3381

UTIL = 1.2 x 3kW x 68 x $.05/%Wh x 117 1432
Annual cost per furnace $24,811

QUAN (annual output per furnace) 115342
Area cost = $24,811/1153 21.52/M?
Value added cost = $21,52/(1000 x .15 x .95) 15.1¢/Wpk
Polysilicon cost at $14.00/kG 3.9¢/vWpk
TOTAL SHEET COST 19.0¢/wpk

This projection of 19 cents per peak watt is 1.7¢/Wpk higher than
the previous projection but well below the JPL 1986 goal of 22.4¢/Wpk.
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5, SUMMARY AND CONCLUSTIONS

5.1 Summm

The thermal stvesa model has been developed vo the point where it
can be applied to the design of experimental growth configurations, When
applied to previously tested configurations, the model gave results in
excellent agreement with experiment and is presently belng utilized to
design new low-stress 1lld and ghield configurations which will be \ested
experimentelly.

The value of the modeling effort cannot be over emphasized.
Experiments have shown that in some cases, small differences in 1id and
shield configuration can have a largec impact on both stress-~induced
deformatlon and residual stress in the web. Correlations between these
cffects and the results of calculaticns will enable us to concentrate
experimental efforts on deslgns which the modeling results show to have a
high probabilicy for success.

The new experimental web growth machine has been completed. This
facility contaims all the functions necessary fcr long-duration, steady
state web growth, including melt level control. Thus, growth experiments
can be carried out with fixed thermal conditions. This facility has
undergone preliminary testing and performed as designed, producing web on
the first run. On the basis of these tests, some minor modifications in
the melt level control circuitry werve deemed desirable and these are belng
made. This facility, with the inclusion of low-stress, width-controlled
lid designs, will enable us to carry out growth experiments under steady X

state thermal conditions controlled to a degree not previously possible.
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5.2 TFuture Work

The thermal model for calculacing tewmperature profiles in the web
will be modified to incorporate more complex Llid geometries and any number
and shape of top shields. This will allow more complex configurations to
be modeled accurately. Low-stress 1lid and shield desligns will be
developed, adopted for width control, and tested for long~duration steady
state growth. This sequence will progress to wider web crystals grown at
higher speeds as designs are improved.
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6. NEW TECHNOLOGY

Programmed growth initiation of silicon web erystals, JPL New
Technology items SC1293 and §C1295.

Thinuner 1lids and Iimproved shield configurations For greater
throughput, JPL New Technology item SC1267.
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