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PREFACE

This Final Report discusses the investigative results of a silicon-on-ceramic
process for producing silicon sheet material. It was performed under the
JPL Large-Area Silicon Sheet Task of the Low-Cost Solar Array Project.

The objective of the program was to investigate the technical and economic
feasibility of producing solar-cell sheet silicon by coating one surface of
carbon‘zed ceramic substrates with a thin layer of large-grain polycrystal-
line silicon from the melt. The effort was diviaed into several areas of
investigation iu .rder to most efficiently meet the goals of the program.
These areas include: 1) dip-coating; 2) continuous coating; 3) material
characterization; 4) cell fabrication; and 5) theoretical analysis. The

work in the continuous-coating technology development area was funded di-
rectly by Honeywell Inc. from 1 January 1979 to 30 September 1979. Additional
support to certain phases of the continuous-coating effort was contributed
by the Solar Energy Research Institute (SERI) under the title of "Supported
Growth of Polycrys.aliine Silicon Sheet on Low-Cost Ceramic, Carbon, or
Reusable Substrates,' SERI contract No. XS-9-8119-1. Results from each of
these separately funded efforts are included in this report for completeness.

The work was performed riuring the period 21 October 1975 to 31 December 1980
at the Honeywell Corporate Technology Center in Bloomington, Minnesota,
under JPL contract No. 954356.

During the course of the program, the Project Managers were P.W. Chapman

and J.D. Zook, and the Principal Investigators were J.D. Zook, J.D. Heaps,
and B.L. Grung. Others who participated in this program are listed in another
section of this report.
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SUMMARY

The objective of this Research and Development program was to investigate
the technicai feasibility of producing solar-cell-quality sheev silicon to
meet the Department of Energy (DOE) 1988 overall price goal of 30.70/watt.
With the silicon-on-ceramic (SOC) approach, a low-cost ceramic substruate
is coated with large-grain polycrystalline sil.icon by unidirectional
soldification of molten silicon. This RLD effort was divided into several
areas of investigation in order to most efficliently meet the goals of

the program. These areas include: 1) dip-coating; 2) continuous cca*ing-
designated SCIM-coating, an acronym for Silicon Coating by an Inverted
Meniscus; 3) material characterization; 4) cell fabrication and evaluation,
and 5) theoretical analysis.

Both coating approaches were successful in producing thin layers of large-
grain, golar-cell-quality silicon. The dip-coating approach was initially

investigated and contiderable effort was given to this technique. The

SCIM technique was adopted later because of its scale-up potentiality and

its capability to more conveniently produce large areas of SOC.

Large (10 cm x 100 cm) ceramic substrates were developed by Coors Porcelain
Co. for the purpose of this investigation. Tare substrates ccntained slot
openings for making electrical contact to the bottom surface of the sjilicon
coating. Mullite was the ceramic selected. It was compositionally modified
to be thermally compatible with silicon,

By virtue of unidirectional solidification, the thin (50 to 250um) silicon
layers contain columnar grains as large as 5mm in width and several centi-
reters long. The single grains are heavily twinned with their boundaries,
43 well as the normal boundaries, generally normal to the surface of the
layer. Thus, the layers are, in general, only one crystal thick. The
silicon~-to-ceramic bond is mechanical in nature and has provea to be re-
liably secure in practice.

It was determined that substrate slot openings which are oriented perpendi-
cular to the growth direction perturb the silicon structure to a lesser ex-
tent than those which are parallel to the direction of growth. In either
case, coverage with silicon is satisfactory. The thickness of the layer is
inversely related to the melt temperature and is also proportional to the
inverse of the coating speed squared, when the heat of fusion is removed




from the growing layer by radiation alome. It was experimentally demon-
strated, however, that the growth rate can be substantially enhanced by the
addition of convective cooling, and coating rates commensurate with project's
aeconomic goals can be achieved in this mananer.

The mullite substrates are slightly soluble in molten silicon, causing the
melt to become progressively contaminated using the dip-coating process.
This is minimized with the SCIM technique oy reducing the contact tiine and
area the substrate has with the melt.

The surfaces of SOC coatings are smooth and shiny and need no further pre-
paration other than a standard clearup procedure prior to forming the p-n
junction.

SOC solar cells can be "=producibly produced with an average conversion
efficiency of 9.6% (AM1, AR). The slot openings in the ceramic substrates,
however, must cover approximately 50% of the total substrate area to

achieve this level of cell performance. The need for this large slot open-
ing ratio is to minimize 1nternal series resistance in t*e cell, a fact

that resulted from a supporting analysis of parasitic resistance. The high-
est conversion efficiency for a dip-coated SOC cell was 10.54% (AM1, AR) and
the highest efficiency for a SCIM-coated SOC cell was 7.6% (AM1, AR). The

higher efficiencies are produced with a PH, diffusion at BSOOC, followed

3
by a slow cooldown at about 5°C/min.

Theoretical modeling of SOC solar cells shows that present cell performance
is limited by diffusion length, and that 13% SOC cells are possible with
a diffusion Length of 50um.

The average diffusion length, L, in SOC material is 15 to 25um. The dif-
fusion t «.gth within good grains is three times the average diffusion
length. Closely spaced grain boundaries, high dislocation densities, and
subsurface grain boundaries have been identified as structural causes of
the reduction in L.

Cost estimates of the SOC process are $13/m2 added value, or $17.25/m2 in-
cluding silicon at $14/kg. Based on 11% module efficiency, this corresponds
to a sheet price of $0.125/Wp added value, and $0.166/Wp, including silicon.
The analysis shows that the cost of ceramic is the largest cost driver in
the S0OC process.
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INTRODUCTION

This R&D program began 21 October 1975. [ts purpose was to investigate the
technical and economic feasibility of producing solar-cell-quality shoeet
silicon by coating inexpensive ceramic substrates with a thin layer of
polycrystalline silicon. The coating methods developed were directed toward
a minimum-cost process tor producing solar cells with a terrestrial con-
version efficiency of 11% or greater. At this period in time, sheet
silicon, for the most part, was produced by growing cylindrical single-
crystal ingots and slicing them into round wafers. This slicing effort not
only requires labor and time, but i{s accomplished by a costly diamond-wedyged
saw which in turn produces a kerf loss of expensive silicon. The sliced
watfers are then mechanically polished and subsequently chemically etched to
remove surface damage. For the purpose of safe handling, these wafers are
made thicker than is necessary to produce solar cells of a reasonable con-
version efficiency. Once this type of solar cell is fabricated, much less
than half of the starting stlicon material plays a role in the photo-
voltauic conversion of solar energy. The numerous processes required are
labor-intensive and the round geometry of the final cell does not contribute
to an area-effictent solar module,

The silicon-on-ceramic approach, on the other hand, eliminates man ‘f the
above costly features. With the SOC process. a graphite coating is applied
to one surface of an inexpensive ceramic substrate, causing molten

silicon to wet, upon contact, cnly that suface of the substrate to produce
a uniform, thin layer of large-grain polycrystalline silicon. With this

process, nearly all of the silicon consumed is used in energy conversion.

The surfaces of these thin layers are smooth and shiny and need no further
preparation other than a cleanup before being processed into solar cells.
Such layers are coated onto large areas of rectangular substrates, thereby
maximizing the active-area/total area ratio of a final solar module.

During the course of this program, two silicon coating techniques were
investigated:

e Dip-coating

e Continuous SCIM-coating (SCIM i1s an acronym for Silicon Coating by In-
verted Meniscus)

RTPUROUIPE
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Figure 1 {llustrates the principle of dip-coating. A carbon or graphite
coating {s applied to one face of a ceramic substrate. The substrate is than
dipped into and pulled from a crucible of molten silicon. As the substrate
15 withdrawn from the melt, unidirectional solidification occurs on the °
carbon-coated face of the substrate, forming a thin layver having large .a

columnar silicon grains.

CARBONCOATED
SUBSTRATE SILICON COATED .
(MULLITE) SUBSTRATE

o -]

SOLIDIFIED — |
SILICON LAYER

MOLTEN
SILICON

Figure 1. Silicon dip-coating principle,

The continuous SCIM technique is {llustrated in Fig. 2. Molten silicon is
contained in a fused-silica crucible having an attached trough as shown.

A plunger is lowered into the crucible, displacing molten silicon along the
trough to form a raised meniscus. As the ceramic substrate passes over this
trough, the meniscus contacts the carbon-coated side of tne substrate.
forming a thin silicon layer which is virtually identical to that of the
dip-coating technique. Since only the carbon-conted side of the ceramic
comes into contact with the melt, there is, in principle, no direct contact
between the ceoramic and the melt. Thus, contamination of the melt is Nreatly

roduced as compared with that obtained from the dip-coating technique.

¥



MOvaABLE
OisPLACER

Liquio
8ILICON

CRUCIBLE —»

SILICON
LAYER
CERAMIC GRAPHITE
SUBSTRATE ROLLER
FUSED-SILICA
CARBON COATING TROUGH

Figure 2. Schematic diagram of the Silicon-Conting-by-an-
Inverted—Meniscus (SCIM) technique.

In support of this program, Coors Percelain Co. of Golden, Colorado, de-
veloped Coist-effuctive large-area (10cm x 100cm) mullite substrates whose
composition was modified to be thermalily compatible with that of silicon.
These substrates contained slot Opeunings for the purpose of making electri-
cal contact to the bottom side of the silicon layer.

During this investigntion, two dip-coating facilities and two SCIM-conting
facilities were constructed. The second SCIM—coating facility is capable
of simultaneously coating, side by side, two 12.5¢cm wide by 100cm long
slotted substrates in g continuous manner,

The economic analyses conducted throughout the investigation clearly show
that if g coating throughput of 350 cmz/min can be achieved, the process can

broduce siljicon sheet within DOE's 1986 goal (with 119 efficient modules),

This report discusses the results of this 5+ years of work along with the
approaches used in determining the results.
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TECHNICAL DISCUSSION

SHEET SILICON COATING FACILITIES

Introduction

The silicon dip-coating technique, discussed in the introductorv section of
this report, initially provided the basis for this R&D program.

To satisfy the earlier needs of the program, two dip-coating rfacilities were
designed, constructed, and successfully used in pursuit of the work. As the
program progressed, other sheet silicon coating techniques were considered
and the SCIM technique (also previously discussed) was adopted and success-
fully developed. In pursuit of this work, two SCIM-coating facilities were
also designed aud constructed.

This portion of the report addresses the purpose and function along with a
detailed description of these four coating facilities.

Dip-Coater No. 1

To perform systematically an investigation of growth parameters which affect
grain size, dislocation density, and layer purity, a versatile and reliable
dip-coating facility was assembled. To the greatest extent possible, the
facility was designed and constructed in such a way that its cnaracteristics
did not further complicate the problems to be solved. Since modifications
were expected from time to time, sufficient design flexibility permitted
such modifications to be performed with minimum time and expense. Once the
necessary modifications were made, however, which permitted this coater to
routinely produce good reproducible sheet silicon coatings, its design was
for the most part frozen and it was then used for providing sheet silicon
for the solar cell development effort.

A sectional drawing of the facility is shown in Fig. 3 and a photograph of
the assembled facility is shown in Fig. 4.
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Figure 3. Dip-coater No. 1.
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(1) Substrate Themocouple Lead Wires
12) Dip-Pull Quartz Tube
(3) Ceramic Substrate
(4) Gas Lock Chamber Pumping Port
(5) Gate Valve Gear Box
(6) Gas Lock Chamber Gas Outlet
(7) Vacuum Connector Clamp
(8) Stainless Steel or Moly Heat Shield
(9) Melt-Dipping Chamber Gas Outlet
(10) Melt Themocouple Wire Guide
(11) Meit Thermocouple Feed-Thn
(12) 45-degree Chromium Plated Mirrer
(13) Quartz Window
(14) Melt Thermocoupie Weight Guide
(15) Melt Thermocouple Positioning Rod
(16) Nichrome Wire
(17) Vacuum Gate Valve
(18) Melt Thermocouple Weight
(19) Water-Cooled "After Heater" Base Plate
(20) Graphite Heat Shields ("After Heater")
(21) Carbon Felt Insulation ("After Heater")
(22) Graphite "After Heater"
(23) Crucible Holder (Graphite)
(24) Graphite Silicon Melt Heater
(25) Carbon Felt Insulation {Silicon Melt Heater)
(26) Graphite Heat Shield (Silicon Melt Heater)
(27) Water-Cooled Silicon Melt Heater Base Plate
(28) Quartz-Covered Melt Themmocouple
(29) Quartz Crucible
(30) Dip-Coating Facility Main Frame
(31) Silicon Meit Heater Control Themiocruple
(32) Crucible Positioning Rod
(33) Water-Cooled Heater Electrical Leads
(34) Meit-Dipping Chamber Pumping Port
(35) Ceramic Insulation
(36) Water-Cooled Surfaces

(b) Nomenclature.

Figure 3. Dip-coater No. 1 (concluded).
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Figure 4. Dip-coater No. 1 and associated equipment.

The coater included the following features:

® .4 melt crucible (item No. 29) capable of dip-coating 6.5cm x 5.0cm
substraces. This capability permitted us to produce sheet silicon

coatings in excess of the 20cm2 JPL requirement.

e A purified graphite silicon melt heating element (item No. 24) powered
by a temperature-controlled 25kW power supply. The heater assembly is

mounted on a water-cooled copper base (item No. 27) and has only

fied graphite cylinders item No. 26 and carbon felt (item No. 25) for
insulation. This reduce¢es melt chamber chemical contamination to a

minimum.
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A Honeywell three-mode, precision temperature controller.

A water-cooled, stainless-steel melt chamber (item No. 36) and viewing
port assembly. This water cooling is needed to offset the lack of
heater-element insulation. This feature also contributes to a low
level of chemical contamination. The cleanable viewing port is used
for observing the substrate as it is entering and leaving the melt.

A gas-lock chamber (item No. 4) which permits the operator to load un-
coated substrates and remove coated ones without shutting down the
melt power. This feature is made possible by a large vacuum gate valve
(item No. 5) which is locatea between the dip-coating chamber and the
gas-lock chamber. The gas-lock chamber is readily purged with argon
prior to opening the gate valve.

A programmable, variable-speed dipping and pulling mechanism.

A two-pen Honeywell electronic-type chart recorder for recording sub-
strate position and temperature, both with reference to the melt.

To efficiently characterize the optimum growth parameters it was
mandatory that the growth conditions be accurately recorded for each
sample substrate that was dip-coated. By doing so, as the physical
properties of each coated sample were analyzed with respect to their
particular growth conditions, positive direction could be given to
the investigation. To provide this capability, the dipping and pulling
mechanism was designed to provide an electrical readout which, when
combined with the recorder's chart speed, provided dip-pull rate in-
formation.

An afterheater (item No. 22), if needed, located immediately above the
silicon melt. This heater, however, was never used for layers grown

at normal (3 to 6 cm/min) pull rates, but was used later in the
program for fast (> 12 cm/min) growth studies.

A capability for orienting tie substrate at an angle while perforaing
the dip-pull operation. There were no well-defined theories which
suggested that angle dipping may enhance grain size, but intuitively
we expected that dipping an angle-oriented substrate would modify

the liquid-solid interface, perhaps in a beneficial way. Future ex-
periments, however, demonstrated that this was not the case.

11



e Two adjustable gas flowmeters, one for regulating and monitoring the
gas flow through the melt chamber and another for purging the gas-lock
assembly.

® A two-way gas valve for transferring from the argon gas cylinder to
another cylinder should another type gas be desirable -“uring a
particular run.

e A water failure shutdown switch.

e A control panel for operating the facility.

Dip Coater No. 2

As the program progressed and dip-coater No. 1 was producing excellent
large-grain sheet silicon coatings, we became reluctant to further modify
No. 1 for experimental purposes. D{p—coater No. 2 was then designed and
constructed to perform future experimental functions. The major task for
this coater was to define the optimum conditions necessary to grow reason-
ably thick (i.e., 100um) films at high rates (i.e., 9 to 18 cm/min). The
design of this experimental dip-coater closely rescmbled that of dip-coater
No. 1 with a few major exceptions. Dip-coater No. 2 was larger to allow
more access around the liquid-solid interface and to allow special after-
heaters to be used. The initial attempts to improve the growth rate while
maintaining a film of reasonable thickness would involve the use of cold
fingers to increase the temperature gradient at the liquid-solid interface.
Dip-coater No. 2 had more access ports to accommodate the extra heating
and/or cooling equipment necessary to grow at higher rates. The main ex-
perimental approach used to increase growth rates is tc remove the latent
heat of solidification by forced convective and radiative cooling through
the use of cooling shoes placed near the liquid-solid interfa:e. As will be
discussed below, when this is done, an afterheater must also be used to
prevent fracture of the coated substrate during cooling.

A photograph of dip-coater No. 2 is shown in Fig. 5. There are four access
ports in the central portion of the chamber. Two are aligned at 30° to the
geometrical center of the parting plane between the upper and lower
chambers. There are fcur access ports in the top of the chamber that also
point to the center of the parting plane and are inclined at an angle of
60°. During a run, the melt surface is typically level with the parting
plane.

12
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The heater assembly is shown in Fig. 6. A silicon charge is shown inside a
fused-silica crucible in a graphite crucible holder. The crucible holder in
turn is situated inside a graphite resistance heater which is surrounded by
a heat shield consisting of two concentric graphite cylinders spaced with
graphite wool. The heat shield, heater, and crucibl)e holder can be inde-
pendently positioned. The glass tube on the right of the heater is used to
blow argon gas over the melt surface during some runs to minimize Si0
formation on the silicon coating when cooling shoes are not use The heater
is a picket-fence design considered to be more rugged than the thin-wall
neater used in the other coater.

Figure 5. Figure 6.
Experimental dip-coateor. Heater assembly in experimental
dip-coater.

The position of front and vack cooling shoes with respect to the substrate
and heater assembly is shown in Fig. 7. The cooling shoes are machined from
niclel and coniain passages for both water cooling and gas flo'v. The cooling
ard gas flow in a cooling shoe i3 shown in Fig. 8. The gas exits through
holes drilled in the end of the shoe. This was not an acceptable situation
because the nonuniform cooling on the silicon results in coatings with ve~-

13
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tical striations. Examples will be shown later. On the other hand, nonuni-
form gas coverage clearly shows the effects of gas cooling on the growth
pattern during dip-coating. Future modifications of the cooling shoes pro-
vided more even gas coverage over the surface of the substrate.

When forced convective ccoling is provided at the liquid-solid interface
during dip-coating, the thernal shock is almost always sufficient to frac-
ture the substrate particularly at higher pull rates. To minimize thermal
stresses in the coated substrate, an afterheater must be used. Early
attempts witl ''passive'' afterheaters (i.e., those heated only by conduction
or radiation from the melt zonc) were no: satisfactory and an independently
powered graphite resistance afterheater was eventually installed.

GAS

Pty
T

/
/)

WATER  WATER !
|
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SRS

MANIFOLD
Figure 7. Figure 8.
Photograph showing front and back Schematic showing water
cooling shoes in place in experi- and gas flow in cooling
mental dip-coater. shoes.

The heater is a thin-wall, cylindrical, split-resistance element similar o
those used early in the program as crucible heaters. The heater is powered
by unregulated a-c current through two transformers in series. The relation-
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ship of the crucible, cooling, and afterheater is shown in Fig. 9. The cool-
ing shoes are inclined a* an angle of 20° to the melt surface. The arrows

on the sretch indicate the direction of gas flow in each shoe. Note that in
the shoe facing the uncoated ride of the substrate, the holes are drilled
parallel to the axis of the shoe, while the holes in the other shoe are
drilled perpendicular to the substrats surface. This arrangement allows the
back side of the substrate to be cooled slightly below the liquid-solid in-
terface, while the front side is cooled above the interface. Typically, the
gas flow rate on the back side of the substrate is four times that through

the front shoe.
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Figure 9. Schematic showing relationship of
afterheater, cooling shoes, and
crucible assembly in experimental
dip-coater.

15



SCIM-Coater No. 1 (SCIN-1)

It was recognized early {n the program that even though the dip-coating
technique was successfully producing thin, smooth sheet silicon coatings of
solar-cell quality, the method, nevertheless, was not easily adaptable to

a colitinuous coating technique. In aidition t~ this, experimentation had
shown that the silicon melt was being progressively cc - "aminated with each
successive substrate that was silicon-coated. In an eflort to overcome
these disadvantages, the SCIM technique (described in the Introduction cf
this report) was adopted as a promising continuous-coating method. The
principal advantages of the SCIM technique are:

e Its coating principle vastly reduces the area of, and the time that
the substrate is in contact with, the silicon melt. This feature
lessens the possibility of the melt being progressively contaminated
by the substrate.

e This technique permits the use of much larger substrates, which should
allow the individual c ystalline grains to develop larger in size.

e The scale-up coating throughput of this method is potentiully superior
because it eliminates the dippirg and soaking t.me reyuirea with the
dip-coating technique.

e tThe thermal stability of the solidification zone of a continuous
coater should also be superior to a dip-coater, since the melt temper-
ature would not be constantly upset by the immersion of unheated
substrates.

Figure 10 shows photographs of the SCIM-1 facility. The coater is divided
into five sections: (1) a compartment for substrate loading; (2) a preheater
section for bringing the subs ate up to temperature; (3) a silicon coating
compartment; (4) a postheater section for cooling the substrate; and (5)

a compartment for substrate removal. During a coating run, these compart-
ments are flushed ith an inert gas, most generally argon. The coater is
powered by four temperature-controlled power supplies, two of which power
the upper and lower preheaters. The third supply powers the main melt fur-
nace and *he fourth supply the coating trough furnace.

16
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(a) SCIM coater No.

(b) SCIM ccater No.

1 during operational run.

1 showing bus bars from
remotely locatea power supplies.

Figure 10. Photographs of SCIM-T.
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Three of those four heaters are shown in Fig. 11, The preheater assembly
consistod of a long graphite tunnel through which the substratoes pass. A
longitudinal tomperature gradiont was created along the tunuol by heating
one ond of the tunne! with the upper and lower preheater eloments, This
tunnel assembly was subsequently surrounded by a dunl-walled insulated
housing, also shown in Fig, 11, A cross-sectional viow of the prehoater as-
sombly is illustrated in Fig. 12. The posthoater s similar to the pro-
heator except that it is slightly longer and passively heated by the

coat ing trough and proheater, Figures 11 and 13 show the longitudinal thor-
mal profiles which oxisted with this heating configuration. Initinlly,
SCIM-1's transport mechanism consisted of stainloss-stecl chatn conveyors
which cuarrted the substrates to, through, and from the yvrowth chambor. Tho
chafn convevors wore driven by a "Digtlok"-controlled, variable-spoed drive
systom which was adjustable for growth velocitioes of tenths of om/min to
many em/min. Givon a relatively flat substrate, the fore and after chain
conveyors were spacod to allow the substrate's conter of gravity to carry it
from one conveyor to the other. Spocial silicone rubber end gates pormittoed
substrates to pass through the coater with a mintmum of gas loakage. While
the facility was primarvily destgned to hortsontally cont substrates, pro-
viston was made for tilting the ontire factlity through aboat ¢ 30°. This
proved to be a valuable feature, since (U was nevor possible to succosstully

coat substrates in the hortsontal position.

The tsotherms shown in Figs. 14 and 15 {llusteate that the transverse
tomperature uniformity near the coating trough was very bad. Likowise, with
this furnace contiguration, the longlitudinal temperature profile shown

in Fig. 11 did not indicate a sharp enough tomperature drop in the solidifi-
caution sone of the coator. To correct both of these thermal inadequactoes,

A new type of trough-hoater assembly was fustalled fn the coater.

Thisx heator was fabricated in such a way that the graphite trough holder
ftsolf was an active resistive element of the assembly (see Fig., 16). The
rectangular togs of this hoating assembly served the final substrate heating
requirement . The power deonstty of each leg was gradunted in such a way that
the substrate temperature never excecded the melting point of stltcon.
Contrary to the original approach (seve Fig. 11), the heating zone now ter-

minnted abruptly at the downstream edge of the trough.
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As shown in Fig. 17, the upper substrate heater was shortened, thereby
shifting the peak temperature in an upstream cdirection.
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Figure 17. SCIM-I coating chamber configuration

showing combination trough/substrate

heater.
Following the above modifications, the liquid-solid interface, if desired,
could now be shifted until solidification occurred at the edge of the
trough. This is the dip-coating equivalent of having the surface of the
melt freeze around the substrate as it is being withdrawn from the melt.
The temperature of this shorter heater was now a critical coating parameter,
If too hot, solidification, as usual, occurred too far downstream. [f not
hot enough, the substrate would freeze to the melt. In spite of this fact,
the solidification position could now be controlled.

The original chain-conveyor transport mechanism proved to be inadequate.
Therefore, while the above furnace modifications were being implemented, a
multiple~roller-type mechanism was installed in the coater. The lower
roller was driven, whereas the upper roller served as an idler to maintain
the alignment of the substrate. The rollers were made of graphite, since
two sets of them operated at temperatues as high as 1200°C. The addition of
these transport rollers required a modification to be made in the pre-
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heater and postheater assemblies, also shown in Fig. 17. It was with this

coating configuration that the first successful continuous coating was
performed.

SCIM-Coater No. 2 (SCIM-II)

In the last year of this contract, a second continuous-coating system (de-
signated SCIM-II) was designed, constructed, and made operational. Its
primary function was to demonstrate the capability of producing silicon
sheet at a throughput rate of 350 cnz/nin.

To achieve this goal, the coater was designed as shown in Fig. 18 to simul-
taneously coat (side-by-side) two 12.5cm-wide x 100cm-long mullite sub-
strates The coating experience acquired using SCIM-I was a valuable asset

in the design of SCIM-II. The design of this new coater is shown schemati-
cally in Fig. 19.

Figure 18. SCIM-II exterior showing two side-by-side
substrates entering the coater.

There are several key features which are different from the SCIM-I system.
They are:

1) All assemblies within the coater are attached to a common water-cooled
chassis (see Fig. 20). This assures us that proper alignment of key
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Figure 19. Schematic cross section of SCIM-II.

parts will be maintained irrespective of operating temperature.

2) All metallic parts within the coater are water-cooled to improve the
purity of the silicon layer, and the majority of the remaining parts

are fabricated from graphite which can be purified prior to assembly.

3) The melt crucible and trough are contained in a graphite cradle as-
sembly which permits convenient adjustment of trough-to-substrate
distance during operation.

4) Side heaters powered by a separate power supply were installed tc
improve the transverse temperature uniformity in the substrate pre-
heater. These side heaters, however, have proven so far not to be a
necessary feature.
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Figure 20. SCIM-II interior showing water-cooled base
and substrates emerging from preheater.

5) The substrate transport mechanism consists of aluminum rollers which
are fitted with several silicone rubber '"O"-rings. The upper, as
well as the lower roller, is driven by a ioosely coupled spur gear.
The entrance and exit roullers are positioned external to the cover
containing the inert atmosphere needed for growth. In operation, they
have proven to be very effective in performing the transport function.
With this method of substrate transport, however, the substrate used
must be at least as long as the distance (97cm) between the rollers.
This can be a problem if a substrate breaks during coating. In this
respect, the multiple-roller method used in SCIM-I is superior.
However, the numerous rollers in SCIM-1I, some of which operate at
temperatures as high as 1200°C, proved to be only marginally
dependable.
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8) The water-cooled cover on SCIM-II serves only the function of con-
tainiag the inert gas. As such, when this cover is removed, the
inner wulls are easy to clean. Likewise, when removed, the entire
inner-@orklngs of the coater are easily accessible for maintenance.

The preheater and postheater design used in SCIM-II was fashioned after
that of SCIM-I. This design was used because these functions in SCIM-I
performed well. The purpose of the preheater is to bring the substrate from
room temperature to the melting point of silicon in a manner which neither
fractures nor warps the substrate. This is done by using a narrow graphite
tunnel through which the substrate passes. One end of the tunnel is

heated by a graphite resistance heater, and thermal conduction along tle
tunnel creates the needed temperature gradient. The postheater is similarly
constructed. It, however, is a passive element deriving its heat from the
preheater and the coating trough. This coating configuration produces a
temperature profile with a rapid fall in temperature immediately downstream
from the coating trough, thus creating the required thermal environment

for solidification. To ensure that the coated substrate will emerge from
the machine at a temperature of less than 232° (the maximum operating
temperature of the silicone rubber "0"-rings), a water-cooled heat sink is
attached to the downstream end uf the postheater. The thermai modeling
contributing to this design is discussed later in this report. In order to
achieve a uniform transverse temperature, the preheater and postheater are
substantially wider than the width of the side-by-side substrates being

coated.

The trough heater and the fused-silica trough-crucible assembly are also
fashioned after the design used in SCIM-I. The quartz trough uestles in an
electrically active trough heater. The cross section of this heater is
reduced at the electrode end ir order that additional power can be generated
to offset losses by conducticn to the water-cooled copper electrodes and

by radiation through the viewing port. The trough heater is also made pur-
posely long for temperature uniformity reasons.

As with SCIM-I, SCIM-II can alsc be tilted to coating angles up to 20° to
provide the necessary meniscus stability. To date, 10cm-wide substrates
have been coated at angles of 10° and 20° these results are included else-

where in this report.

The most obvious problem during the initial operation of SCIM-I. was the
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buckling and/or breakage of the coated substrates. Experiments were per-
formed without silicon in the system to clarify the situation. Initial
axperiments quickly showed that at high speed (15 cm/min) there was only
minor buckling, but at lower speeds, the buckling became more severe, and
below 6 cm/min the substrates broke. The results were qualitatively the
same regardless of the silicon coating and regardless of whether one side
of the substrate was carbon-coated.

The original design of the entrance and exit tunnels was based on a design
speed of 15 cm/min. The most interesting result is that at this high speed
there has been little warping and no cracking of any substrates. This lis
true of the original design as well as all subsequent modifications.

The problem is that without forced convective cooling or use of an asym-
metric growth mode, there is no chance of getting the desired silicon
thickness at high speed. The thickness is needed to demonstrate slot
coverage and cell performance. fhus, we wanted to do initial coatings in
the range of 4 to 6 cm/min. At these lower speeds, the substrates have
warped, buckled, or cracked. The proposed explanation is that the longitu-
dinal temperature profile must be the cause of the problem. At high speeds,
the lungitudinal profile is smoother than at low speeds because the heat
capacity of the substrate causes a temperature lag. Thus, the purpose of
the changes in tunnel design has been to linearize the temperature profile.
Fortunately, this has reduced the problem at low speeds, and has not
created any problem at high speeds.

The explanation in terms of thermal stresses caused by longitudinal temper-
ature gradients is the same as that proposed by Surek for edge-defined,
film-fed ribbon growth or EFG.1 The origin of thermal stress and the
strategy to avoid it are discussed in SOC Quarterly Report No. 15, pub-
lished 31 July 1980.

As discussed by Surek,l the equation for the stress is

2 2
& ..b 3 2
E d°T
oxxs 3 (1_—%—.) _._2. (1)
b dx

in the case where the second derivative of the temperature is significant.
Here, a is the expansion coefficient, E is young's modulus, and b is one-
half the substrate width. The solution is positive at the center (y = 0) and

1A. D. Morrison, et al., '"Large-Area Silicon Sheet bv EFG,'" Mobile Tyco

Energy Corporation Annual Progress Report, September 15, 1976.
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negative at thg edge; (y = ¢ b), indicating tension and compression, respec-
tively, when d° T/dx"™ is positive. At the ends of the substrate, the solu-

tion is not valid, since Yex T 0. Thus, in the vicinity of the end, there
are oyy and axy stresses which can also be derived xumlyticully.‘1

It is obvious that the temperature profile cannot be entirely linear in

any substrate which i{s heated and then cooled and that both types of non-
linearities must be encountered, as shown in Fig. 21. Thus, thermal stress
must always exist. However, there is a strategy which, at least in prin-
ciple, can reduce the residual thermal stress to zero.1 This strategy is
detailed in Fig. 21, The idea is to have the concave portions of the pro-
file in regions with high yield stress. Thus, thermal stresses do exist, but
they result only in elastic deformation so that when the sample is again

in a d2T/dx2 = 0 region, the residual thermal stress 1is zero.

LIQUID-SOLID
1500 p — INTERFACE
PLASTIC
DEFORMATION
1000 } NO
SILICON
Low |
Low N TROUGH
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500
i COATING
STRENGTH ZONE
/ —-» jo-
0
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Figure 21. Strategy to eliminate eftects of thermal stress.
In the high-temperature regions, the ceramic can
deform without buckling or cracking, and stress
in the silicon is annealed as it is generated.
At low temperatures, only elastic deformation
occurs. The intermediate temperature ranges are
critical, and the temperature profile must be
linear.

At sufficiently high temperatures, the yield strength of both the ceramic
and the silicon is low so that the sample can undergo plastic deformation
with no buckling or cracking. Stress relaxation studies in silicon1 show
that at 1000°C the stress relaxation time is a few seconds Thus, in the
vicinity of the trough and especially at the liquid-solid interface, the
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presence of large nonlinearities in the temperature gradient will not have
harmful effects,

In summary, the strategy is to consider the problems in terms or three
temperature zones. The following strategy applies to both the heating and
cooling zones:

p e

a) The high-temperature zone (T 2 1000°C) can tolerate large nonlineari-
ties in the temperature profile.

b) The intermediate-temperature zone (1000°C > T 2 *120°C) must have a
very linear profile,.

¢) The low-temperature zone (500°C 2 T) can tolerate large nonlinearities
such that the thermal stress does not exceed the elastic limit of

Silicon on ceramic.

According to the design strategy based on stress analysis (Fig. 2i), a
linear longitudinal temperature profile is sought for the temperature

range of low yield strength, from 500 to 1000°C. The linear profile {is
necessary in both heating and cooling in order to eliminate or at least
greatly reduce residual stresscs in the coated ceramic panels. A second
requirement is to provide rapid initial cooling of the coated substrate, as
prescribed by heat balance at the silicon liquid-solid interface. The
second requirement will not be in conflict with the first one if rapid
cooling is restricted to the plastic deformation region, as indicated in
Fig. 21.

It is expected that the thermal design of a production coater can be opti-
mized for a given fixed feed rate. In the experimental growth system,
thermal design is complicated by the need to acccmmodate more than one
feed rate; an ideal temperature profile is difficult to maintain over a
wide ruige of feed rates. At low speed, the substrate is likely to heat up
over-rapidly on first entering the heating chamber. At higher speeds, this
is moderated by the thermal inertial time lag. On the other hand, high-
speed panels tend to emerge from the cooling chamber insufficiently cooled.
The first problem can be eliminated by heat-sinking at the entrance to the
heating chamber, whereas the second problem is relieved by heat-sinking

at the exit from the cnoling chamber. A more flexible means of accommo-
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dating different speeds is to vary the amount of insulation placed in the
respaective chambers.

A great deal of ins’'ght into these and other aspects of the tnermal design
problem has been provided by a mathematical analysis of the heating and
cooling chambers. A brief thermal description of the mathematical models
follows.

The substrate panels are transported at ambient temperature to the heating
chamber, which is siown in schematic cross section {in the left half of
Fig. 22. This is made up of pairs of active heaters, carbon guides (a'so
functioning as the passive heaters), and insulatiy layers. The lmm-thick
ceramic substrates move left to right between the guides, ucquiring heat by
radiation from the guides, so that they reach 1693K when they arrive at
the right end of the tunnel. At this temperaiure, the melting point of
silicon, they are ready for silicon coating in the chamber immediately to
the right. It will be noted that the moving substrates extract a total of
PCwt AT joules of heat per centimeter of length, where p and C are the
density and specific heat, w and t are panel width and thickness, and AT
is the temperature rise. If the panel feed rate is v cm/sec, the active
heaters then must supply energy at a rate greater than poCwtAT watts. The
"greater than'" may be made to approach "equal to" if wasted heat is mini-
mized; that ic, the quantity and placement of insulation are such as to
prevent significant losses to the water-cooled case.

ENTRANCE COATING EXIT

Figure 22. Schematic cross section of SCIM-II showing
simplified arrangement of various thermal
elements used in modeling. h = “esistive
heater; ¢ = carbon (guide); i = insulation,
w = heat sink (when present); s = substrate.
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After the silicon coating step, the substrates traverse a cooling chamber
(right half of Fig. 22) of similar geometry to the entrance tunnel. The im-
portant differeuce is the omission of the active heaters. However, the
water-cooled case and variable insulation are essential. Inasmuch as cool-
ing is passive with the case being the heat sink, the carbon guides are a
hindrance to cooling though needed for mechanical support. The guides act
like heat shields, interrupting the raiiative transfer from silicon-coated
panels to the case. The important heat escape path is vertical from sub-
strate to guide to case, with a lesser contribution by way of longitudinal
conduction through the guides.

The need for design flexibility is reflected in the variable structure of
the mathematical models; provisions are inrcluded also for experimental
calibration:

e The amount of insulation used in the heating and cooling chambers
can be varied. Adjusting insulation may be the quickest and easiest
way to set up different substrate speeds.

e The far ends of the cooling chamber guides have tended to reach ex-
cessively high temperatures in both theory and practice. The theorse-
tical mudel includes an optional heat sink at these ends.

e '"Standby'" versions of the models have been provided. These represent
heating and cooling chamber with heaters active but no substrate
rresent. The main purpose for these versions is to calibrate the
mcdels against temperature measurements, which are normally taken
with the chambers empty.

Only longitudinal temperature profiles are analyzed here, since these are
believed to be associated with warping and breakage. Transverse temperature
variations alsv occur and are discussed elsewhere. The main problem caused
by transverse variations is coating nonuniformity, and this is being suc-
cessfully attacked by heater redesign.

The physical rzlationship upon which the thermal models are based will next
be summarized. All temperature profiles are assumed to be one~dimensional;
thus, variations in the transverse direction zre ignored. Several thermal
elements interact with one another (Fig. 22) so that as many as five coupled
heat equations must be solved. Basically, the electrical input produces

heat in the resistive heaters (h), and this heat spreads along both heating
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chamber guidus (c) by thermal conduction. In the steady state, the heated
guides release part of this energy by radiation to the entering substrate(s)
and the rest is lost by radiation and conduction to the ambient. The model
includes a convective heat transfer coefficient, but this has been set

equal to zero in the calculations reported here. A significant portion ot
the heat loss takes place from insulated surfaces due to the limited
thicknesses of carbon felt. The substrate(s) acquires heat from the guides
S0 that {ts temperature increases from approximately ambient at the left

to the coating temperature (1420°C).

In the cooling chamber, the process is essentially reversed. The substrate
is progressively cooled by radiation to the cooling chamber guides and by

conduction in the downstream direction. Because of the heat-shield effect,
the cooling rate is lower than it would be in the case of direct radiation
to the 300K ambient. The cooling problem is further aggravated at the far

(right) end because thermal conduction within the guides tends to olevate

the toemparature at that end. This effect can be greatly relieved by heat-

sinking (w).

End effocts are found to be significant and are included both at the exter-
nal end facing the cool environment, and the internal ends facing the
couting chamber. Not ouly the actual ond surfaces are atffected but also
parts of the internal surfaces close to the ends The moving substrate is
not completely cooled when it emerges from the cooling chamber. It is
important that enough cooling has taken place at this point to avoid a
further precipitous temperature drop outside of the chamber. In the numeri-
cal calculations, a practical approximation is required tor the boundary
condition at infinity. We use T = 'X‘O (room temperature) at a point some
distance (u few cm) beyond the tunnel end. Over this distance, the radia-
tion environment is assumed to be at temperature To' It is easily verified
that the approximate boundary condition does not atffect the numerical solu-
tions for the temperature within the chamber. Figure 23 shows calibration
of the model against measurements taken by using a thermocouple instead of
the substrate.

The finite-difference grid for the heating chamber represents lcm incre-
ments in longitudinal position, or 41 points for a 40cm tunnel. Since there

-

are five coupled layers (two heater-insulation layers, two guides, and one b
substrate), there are 5 x 41 = 205 nodil equations which are solved by a -
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Figure 23. Calculated versus experimental
exit tunnel temperature with
no substrate in chamber,

divect-inversion method for sparse matrices. The matrix has a bandwidth of
11 and iy asymmetric due to the moving substrate. Since the rudiation law
is nonlinear and thermal conductivities arve temperature-dependent, the
equations are resolved iteratively with updated coefficients for the nodal
equations. Convergence occurs in about 20 iterations. For the cooling
chamber, a finer grid (0.33cm) iy used, but heater-insulation layers are
not required.

Heating Chamber (Entrance Tunnel) Results - Calculated temperature profiles

are shown in Fig. 24 for two substrate speeds. The solid curve gives the
substrate temperature and the dashed curve gives the mean guide tomperature.
(The two guides may differ up to 20°C from each other at any x position.)
The third curve consisting of dashes and dots, represenrts mean guide temper-
ature under standby conditions-the same electrical input but no substrate.
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Calculated entrance tunnel profiles corresponding
to slow and fast operation. Guides are 0.5 inch
thick and the channpel height is 0.5 inch. The
solid profile corresponds to the substrate; the
dashed to the guides under operating conditions;
and the dashed and dotted to guides in standby
conditions with same electrical input,

34



The high-speed substrate profile is nearly linear, indicating optimum de-
sign for high speed. Electrical input is 135 W/cm of width, of which 92
W/cm heats the substrate, the rest being absorbed by the ambient environ-
ment. The standby profile is considerably elevated because the entire 135
watts is wasted to the environment, thus requiring a higher average radia-
tion temperature.

The low-speed profile demonstrates some of the difficulties encountered

in trying to optimize the basic chamber design for a range of substrate
speeds. With all the insulation in place, the initial temperature rise in
the substrate is extremely rapid. This is moderated by removing all of

the insulation, giving the indicated profile, which is still somewhat too
steep and has excessive curvature. The curvature is initially convex but
becomes concave in the middle due to the large radiation losses from the
guides. It becomes convex once again at the end, where the active heaters
are located. The electrical input, 198 W/cm, is almost totally wasted, with
only 12 W/cm required to heat the substrate. As discussed in SOC Quarterly
Report No. 13, published 15 February 1980, the theoretical profile for

the low-speed case is best improved by increasing the thermal resistance of
the guides - for example, reducing their thickness. A compromise solution
is being investigated experimentally,; carbon has been removed in transverse
grooves at the ends of the guides,.

Cooling Chamber (Exit Tunnel) Results - The substrate temperature distri-

bution in the cooling chamber should satisfy two requirements: (1) a large
initial gradient to carry the latent heat of fusion out of the grown
silicon layer; (2) a nearly constant gradient from 1000°C to 500°C. as
previously explained, these requirements are difficult to satisfy simul-
taneously under all conditions. The location of the insulation is critical;
since the cooling curve has the greatest curvature at high temperatures,
the insulation should be placed fairly close to the beginning nf the
chamber. On the other hand, the first requirement demands a fast initial
cooling, and this dictates leaving a finite uninsulated gap at the very
beginning. A lcm gap was found to be sufficient to retain the full initial
cooling rate. The next approximately 18cm of both guides are insulated for
present experimental work, and the same insulation interval (1 to 19cm) was
used in the numerical calculations plotted in Fig. 25. The effects of this
insulation are readily observed by comparison with Fig. 26, which repre-
sents the uninsulated case.
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Calculated exit tunnel profiles at different
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guides in standby conditions.
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As discussed above, the high exit temperatures are intolerable. A water-
cooled heat sink was therefore added at each guide end, and, according to
calculations (Fig. 27), a substantial lowering of the exit temperature was
expected. As discussed below, this was indeed the result.

To eliminate this substrate warpage and breakage in practice, a large
number of modifications were made in the system:

e Entrance tunnel heaters were simplified and moved forward.

e The side heaters were found to be unnecessary with the new entrance
tunnel heaters.

e The method of measuring temperature profiles was improved by relo-
cating the thermocouples.

e Insulation was added or removed as required to obtain the desired
profile.

e The trough heater was designed to compensate for unavoidable con-
duction and radiation heat loss nonuniformities.

e The exit tunnel was connected to a water-cooled heat sink as indicated
by modeling and by measurements.

e Closed~loop control for the temperature in the trough was implemented.

o The angle of the quartz trough was changed so that it tilts backwards

in operation.

These modifications gave much improved operation.

Temperature Profile Measurement - Careful measurement shows that when the

thermocouple is inserted from the entrance port, the reading is different
from when the same thermocouple is at the same position when inserted from
the exit port of the coater. The discrepancy is opposite to that expected
on the basis of conduction of heat along the thermocouple. For example,
the temperature above the trough is 30 degrees hotcer when measured from
the exit port, where heat is conducted away from the probe. The only rea-
sonable explanation for the discrepancy is that the thermocouple is re-
sponding to the direct radiative environment and that the presence of the
ceramic probe blocks the radiation. Thus, in the above example, the probe
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pointed toward the hot entrance tunnel reads hotter than when it is
pointed at the cold exit tunnel. A diffterent method of reading the temper-
ature profiles was adopted. A series of thermocouples was installed by
drilling holes into the half-inch plates and cementing a thermocouple into
each hole. The results of the measur2ments which followed are discussed
below.

The temperature of the exit-tunnel plutes as indicated by the type-K thermo-
couples shows a sharp discontinuity at the edge of the insulation. This
result also follows from the thermal modeling (see Tig. 27). Figure 28

plots this profile and sketches the insulation position. The function of
these carbon plates is to take the sample from a high temperature, where the
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© oo}
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CENTIMETERS FROM TROUGH CENTERLING Exir

Figure 28. Temperature profile of partially insulated
exit tunnel. The horizontal scale is mea-
sured in cm from the center of the trough.
The data were taken with thermocouples im-
bedded in the carbon plates to avoid radi-
active coupling problems.

ceramic is soft, smoothly down to a low temperature where the sample is
strong enough to withstand the strains (Fig. 21). There is a change in slope
at the end of the insulation. In this case, breakage of substrates oc-
curred presumably due to the sizeable secoad derivative in the profile.
Figure 29 shows the case where tihere was no insulation at all, and the pro-
file is quite linear. Obviously, no insualtion is not very energy efficient.
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Figure 28. Measured profile of uninsulated exit tunnel.

It also prevents bringing the leading edge of the exit tunnel up to the
1000°C temperature range required by the mullite. We then covered the exit

tunnel with a uniform layer of graphite felt from the leading edge of the
carbon all the way back to overlap the water-cooled copper plates. Figure
30 shows the profile of the present exit tunnel and shows the positicu of
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Figure 30. Measured profile of exit tunnel with
insulation along full length.
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the insulation and water-cooling. 4 similar set of thermocouples was
mounted in the entrance tunnel to provide a profile of the entire SCIM-II
coater. Figure 31 is a plot of the profile of the eatrance and exit cunnuls
at two different input power levels. Considerable crosstalk between the
trough heater temperature and the entrance tunnel heaters is indicated by
the fact that the trough heater alone cannot reach 1400YC. Also note the
900°C temperature at the leading edge of the ex1t tunnel corresponding to
400 A. Under these conditions, thermal stresses were excessive. We have
concluded that at 900°C the exit tunnel is too louw to begin cooldown on the
substrate, whereas at 1000°C or more the 10cm by 100cm samples do not
buckle at low or high speeds.
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Figure 31. Measured profile at two heater powers.

The data in Figs. 28 through 31 all have been taken without samples or
silicon in the trough. Figure 32 is the operating profile of SCIM-II, in-
cluding all of the following cases:

e Substrates going through from 3 to 10 cm/min

® Mo substrates at all
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PPV

i et onche e e et S ke

e Silicon in the trough
® No silicon in the trough
e Coating SOC at 5 cm/min

The height of the bars shows the total variation in temperature under these
conditions. This variation was only +20°C at the most critical point (at
the leading edge of the exit tunnel). With these conditions, the system can
coat silicon on 10cm x 100cm ceramic substrates without buckling or crack-
ing due to thermal stress.
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Figure 32. Measured profile during a coating run.

Heater Insulation - Resistive carbon heaters are designed and built to sur-
round the crucible or trough as much as possible. For the entrance tunnel,
the heaters are adjacent to the carbon plate to be heated. In these cases,

only one side of the heater sees the material to be heated, whereas the
other side (outside, backside) radiates into some free-standing insulated
structure which should act as a radiation shield. As the element to be
heated approaches operating temperature, e.g., 1400°C in our system, it no
longer requires a great deal of power from the heater, whereas the box
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between the heater and the insulation that {e holding the insulation con-
tinues to drain power from the system.

Three of our four heaters have been modified to minimize this loss and
focus the radiation in the direction intended, by simply attaching the in-
sulation directly to the electrically active heater element. The structure
to hold the insulation is now the heater itself and no longer need be the
elaborate structure previously used. The hottest part of the heater is now
in contact with the insulation with reduced radiation, convection, or con-
duction losses on that side. The buare portion of the heater still radiates
directly into the intended heat sjink.

The insulation on the top entrance tunnel heater is simply a straight flat
bianket cemented on top of the heater. The bottom heater is identical ex-
cept for the insulation being underneath. The trough heater is somewhat
more elaborate in that three sides of the heater are insulated at the end
where the current connections are made, two sides are insulated whe:e the
heater reaches into the crucible container and nearly touches the crucible
heater. There is a small stretcan of three-side insulation between the cru-
cible box and the coating area as well. All along the trough heater the in-
sulation is divided, since there is a voltage drop between the .wo sides.
The 2mm gap in the heater is sufficient to maintain separation of both
heater and insulation. Filgure 33 gives a cross-sectional view of Leaters,
plates, and insulation.
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Fig . » 33. Schematic cross section of
coating zone, including
heaters, insulation, and
passive plates.
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Coating results using this thermal configuration are reported in the Sheet
Silicon Growth section of this report.

CERAMIC SUBSTRATE DEVELOPMENT EFFORT

Introduction

Early in 1975, when silicon dip-coating was first conceived, carbon appeared
to be a logical choice as a substrate material. Small substrates were
machined from graphite and dip-coated with silicon. Thin, smooth silicon
coatings were produced having columnar grains similar in structure to the
most recent SOC layers. Samnles of Grafoil (a graphite foil) were also
dip-coated at that time with surprisingly good results. A promising char-
acteristic of carbon or graphite was the fact that it is electrically
conductive and could conceivably form the back contact to the siliccn
layer. A preliminary ianvestigation, however, into the economics of carbon
substrates proved to be unfavorable and our attention turned to ceramic

as a potentially low-cost substrate material. Sections of mullite tubing
were then cut up into small substrates and successfully dip-coated with
silicon. In the early phase of this program, Honeywell's Ceramic Center was
asked to assist us in selecting a suitable ceramic.

Later in the program, we learned of Coors Porcelain Compary's expertise in
large-area substrates and they were consulted and subsequently very much

impacted the SOC effort. The results of these efforts are discussed below.

Ceramic Material Selection

The Honeywell Ceramics Center played an important role in helping us in the
selection of a suitable ceramic material. This selection had to be made on
the basis of thermal expansion coefficient, thermal shock resistance,
chemical purity and, most importantly, cost.

The Ceramics Center, in addition to purchasing or developing substrate
materials, spent time examining several processing approaches, which could
be scaled-up to produce square-meter-size substrates. These approaches
included rolling, casting, doctor-blading, and hot-pressing. Rolling of a
high-plasticity, mullite material was examined and substrates as large as
SOOcm2 were formed and fired. Roliing and doctor-blading of a calcium-
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aluniinate bound alumina material were shown to be feasible. Casting and
doctor-blading of silica substrates were demonstrated. Hot-pressing of
fiberpg.ass products into large, 500cm2 sheets was also accomplished.

Standard Sca x 7cm test samples for this program were prepared or received
from vendors as indicated in Table 1. Each of these materials is discussed

in the paragraphs that follow.

Table 1. Substrate materials investigated.

Material Trade Name Source F;n)k;x::::i.on 1 emi;‘;‘e'::‘t‘ure
| e — e e
Mullite MV-20 McDanel Corp, Rolling 1840°C 20" glass
Mullite MV-30 McDanel Corp. Casting .- 15% glass
Mullite Fiberfrax Caroorundum Hot pressing 1400°C
—.\lulme American Lava Pressed
Cordierite Alasimag 701 American lLava (purchasged) .-
Cordierite A-3171 Mu-Co (samples) --
Alumina Alpimag 614 American Lava (purchased) -- 96% Al.‘,()3
Alumina Alsimag 798 American t.ava {purchased) -~ 5% M'.!("Z!
Polygranular Si()2 Gp-21 Glasrock Products, Inc. Casting }:gg°:
1640°C
Calcium Aluminate | CA-25 Alcoa Pressing and rolling 80:(:
1640°C
Jirconia Alsimag 475 Amerizan Lava
Sapphire To be acquire ..

Mullito - Mullite is an aluminum silicate compound (3A120

3

28102) which

'

is available in many forms. The crystalline material has a melting point of
about 1850°C, but up to 30% glassy phuse is commonly found in this material,
which lowers the softening temperature. The thermal expansion und conduc-
tivity of mullite is about 5 x 10-6/°C and 3.5 Btu/hr—ftoF, respectively,

and its theoretical density is 3.26 gm/cc. Four types of mullite were
initially obtained for this program:

o Honeywell rolled MV-20

e McDanel cast MV-30
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e Honeywell hot-pressed Fiberfrax
e American Lava pressed material

McDanel mullite composition MV-20 was procured in a plastic extrudable
form. Test substrates (5 X 7 x 0.2cm thick) were produced by rolling the
material over a snooth, olled surface and countrolled drying and firing to
16¢0°C. After rolling, the sheet material was cut to oversized 5cm x 7cm
coupons. The coupons were dried betwgen flat plaster of paris blocks for 20
hours at 60°C. They were then bisque-fired on mullite sagger plates to
600°C and finally high-temperature-fired (on mullite) to 1640°C. Several
larger 7cm Xx )2cm substrates and 20cm x 22cm substrates were successfully
prepared of this material by the rolling methods.

A second McDanel mullite composition, MV-20, was procured in fired tubular
form. Eight lLest coupons were cut from this material. The MV-20 and MV-30
materials typically contain 20 and 15% glassy phase after firing, re-
spectively.

Additional test samples of experimentally pressed mullite substrates were
roceived from American Lava Division of 3M Inc. Rigid sheets of mullite
fibers were alsc formed by pressing double or triple layers of Fiberfrax
(1.2mm-thick Carvorundum sheet) under a load at 1400°C. Flat, very porous,
rigid sheets 1mm to 1.5mm thick with a density of 0.5 gm/cc were formed
by this process.

Alumina - Alumina substrates are the most common type of flat ceramic mate-
rial used for electronic curcuitry. Pure A1203 has a melting point of about
2000”C and a thermal expansion and conductivity 6.7 x 10'6/0C and 10 Btu/
hr—fc-oF, respectively. The theoretical density of this muterial is 3.98

gm/cc.

Two types of alumina substrates were cobtain~d from American Lava for this
program, namely pressed 96% and 85% alumina. These are designated as
Alsimag 614 and 798, respectively. A third type of «lumina was fabricated
at Honeywell by rolling, pressing, and doctor-blading a cuicium-aluminate
bound alumina material. Table 2 gives four compos:i.ions that were formu-
lated from Alcoa CA-25 calcium aluminate cement and tabular alumina filter.
The consistency of the mixture was varied by addition of water based on the
method of forming.
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Table 2. Honeywell Ceramic Center formulation data.
6
] Bisque nr,” H, T "1,
’ It . . .
! "r"l,"ul‘“‘m \laterials ‘(:f’m'&‘:"' (:‘:::':v‘) ‘\“;::‘;3: (l:s‘t:)“&“? firing Viring 1 iring Piring
. " by (Y 11160 ) (1400 ) 11040 LH
=
1 \icoa CA-258 4% 20 Casting X
Tab Aly0y-123 30 .
Iat :\12014“
S m— - S — el -3
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Smooth compress surfaces with no sticking were obtained at 5000-psi pres-
sure. No appar=ant warpage occurred during firing. Rolled substrates had
some surface roughness, and slight warpage occurred during high-temperature

{ firing. These materials were still somewhat porous but still had a density
over 3 gm/cc.

Zircon - Zircon is a zirconia silicate (Zr0, -° 8102) compound with a melt- .

2
ing point of 1530°C and theoretical density of 4.68 gm/cc. The thermal
axpansion and conductivity of this material is 6.0 x IO‘G/OC and 3.8 Btu/

hr—ft—oF, respectively.

o

Cordierite - Cordierite is a magnesium aluminum silicate (2M50-2A1203-58102)
with a melting point of 1200°C; nowever, slightly different modifications
may be as high as 1400°C. This material has a thermal expansion of 1.5 x
1076 ,°¢.

Sample Cordierite substrates were obtained from the following two suppliers:

e Minnesota Mining and Manufacturing Co. (3M - Alsimag 701)

® Du-Co Ceramics Co. (A-3171)
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A specimen of each material was fired at 1500°C with the results shown in
Fig. 34. Both materials show leaching out of a lower melting-point con-
stituent. The 3M material retained its shape, but the Du-Co material
melted completely. The Du-Co material was therefore not evaluated for the
silicon dip-coating application.

Figure 34. Cordierite substrate samples.

Silica - Silica in powdered form was procured from Glasrock Products. This
Glasrock grade '"I'" material (99% 8102) was of two particle sizes designated
GP31 (Fisher sieve 2.0) and GP71 (Fisher sieve 4.5). Two formulations were
made (see Table 2). In each case, a slip was prepared by high-shear mixing
of the solid ingredients and water. The material was then cast on a flat
porous substrate. The castings were dried at 60°C, and subsequently high-
temperature-fired at either of two higher temperatures (see Table 1).

A slight warpage of the cast sheets occurred after high-temperature firing.
This was attributed to a nonuniform particle size distribution through the
sheet thickness. The fired substrates appeared to have adequate structural
strength for subsequent processing.
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wWith the exception of the cordierite substrate, all of the ceramics pre-
viously discussed were dip-coated with varying degrees of success. All of
the materials with the exception of American Lava's pressed mullite with-
stood the thermal shock of being immersed into molten silicon with only a
relatively short preheat cycle prior to their immersions. Of those listed,
the McDanel MV~-20 mullite plastic composition, which was rolled, dried,
and fired at 1640°C by Honeywell's Ceramics Center, stood out as a strong
favorite. This ceramic, as a substrate material, appeared to satisfy the
important criterion of being defined a suitable material for the dip-
coating process. Its cost-effective qualification also appeared to satisfy
the long-range economic goals of JPL's Low-Cost Silicon Solar Array
Project, and its thermal expansion coefficient (5 x 10_6 OC) was reasonably
compatible with that of silicon. No obvious stress or strain was evident,
in either the silicon coating or the substrate.

At this point in the program, the folled, dried, and fired McDanel MV-20
mullite substrates were adopted for further SOC studies.

Mullite Substrate Development

Later mullite substrates of similar composition to MV-20 were obtained
from Coors Porcelain Co. They were designated as a S1SI composition and
were produced by a cold-pressing and sintering process.

The success of the coating experiments run with MV-20 mullite prompted an
effort to see if the properties of the substrate could be optimized by
compositional modifications. Based on discussions with M. Leipold of JPL
and engineers at Coors Porcelain Co., substrates with experimental composi-
tions based on variations o£ the 55 wt. % A1203 composition were identified
and were produced by Coors. The experimental compositions are listed in

Table 3 and briefly discussed below.

The data for the McDanel ceramic were obtained from a company brochure. The
Coors analysis was based on analyses of the starting materials. The only
notable difference between the two is the higher titanium in the S1SI1. The
high-mullite and high-silicon modifications were produced to determine

*For additional information, refer to reports titled '"Development of Mullite
Substrates and Containers'" and "Silicon Sheet Growth Development for the
Large-Area Silicon Sheet Task of the Low-Cost Silicon Solar Array Project"
by D. G. Wirth and J. D. Sibold, Coors Porcelain Company Golden, Colorado.
Work Performed Under Contract No. NAS-7-100-954878
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whether the mullite or the glass phase dominates the thermal behavior of the
substrate during the coating operation. The boric acid modification was
intended to be a body in which the glass phase is doped with 8203 to
produce a low-expansion glass and possibly act as a source of boron in the
silicon coating. The open porosity modification is a body intentionally
produced with higher porosity. The higher porosity will enhance the thermal
shock resistance and will allow deeper penetration of the silicon coating
into the substrate. The high-purity modification is a body produced from
starting materials selected for their low-impurity content. As noted in
Table 3, the iron, sodium, and titanium are noticeably low in this material.
The electrically fused mullite is produced from a mixture of electrically
fused mullite and silica powders. The impurity levels in this material are
understandably low. The reducing-fire modification is a standard S1SI
mullite body that has been fired in a reducing atmosphere., The intent was

to produce a material with hi, i porosity that contained residual carbon

in the form of unoxidized binder materials.

A better idea of the phase relationships existing in fireclay refractories
can be obtained from alumina-silica equilibrium phase diagram of Aksay

and Pnskz shown in Fig. 35. Mullite is a compound that exists over a mea-
surable range of compositions, and, according to Aksay and Pask, melts
incongruently. Disagreements on the melting behavior of mullite still exist
in the literature. Referring to Fig. 35, the equilibrium structure at room
temperature of a composition containing about 55 wt. % A1203 consists of
mullite crystallites in a eutectic matrix consisting of a finely divided
mixture of SiO2 and mullite. In reality, tho liquid present at the firing
temperature (approx. IGOOOC) does not crystallize at the eutectic tempera-
ture and instead forms a continuous glass matrix around the mullite
crystallites. It should be further mentioned that the clay starting mate-
rials do not contain any mullite but decompose during firing into a high-

silica liquid into which the mullite crystallizes as firing proceeds.

Structure and Properties of Ceramic Substrates - The structures and prop-

erties of the substrates were measured at Honeywell and at Coors Porcelain
Co. Microstructure, density, and modulus of rupture (MOR) determinations
were made at Honeywell's Courporate Materials Science Center (CMSC), and
density, firing, shrinkage, thermal expansion, and x-ray percent of mullite
were determined at Coors. The Honeywell Ceramics Center provided firing

20 Pask, Science 183, 69 (1974).
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Table 3. Composition of mullite-based ceramic substrates (in wt.%).

Code Material A1203 8102 Fe203 Ca0 MgO K,O Na,0 TiO2 8202 MnO CaO V205 Comments .
Commercial Compositions
I McDanel MV-20 55.4 42.0f1 0.8 0.1 0.04}1 0.7 0.5 0.5 Nominal McDanel
52.6 43.71 0.45 0.09|0.14f0.74{0.74 | 0.82 Coors analysis
- - 1.27 0.15]¢.33 - 0.38}1.30 0.07 0.01} 0.07 | Emission spectroanalysis
A Coors SISI 57.6 38.9] 0.62 0.13]0.25}0.92] 0.25]1.12 Coors analysis
I1 {McDanel MV-30 60.0 38.0] 0.5 0.1 0.2 0.5 0.08]G.5 Nominal McDanel
58.3 38.9] 0.82 0.19]0.19] 0.481 0.10}| ¢ 83 Coors analysis
- ~ 0.79 0.04)10.33 - 0.13] 0.90 0.012] 0.01} 0.03 | Emisstion spectroanalysis
Experimental Compositions from Coors Porcelatin Co.
B High-mullite 67.2 31.410.45 0.02}10.01]0.16]0.18)] 0.54 Coors analysis
(o] High-silica 52.2 44.7}10.56 0.13]10.22}0.83}0.22]1.01 Coors analysis
D Boric acid 56.7 38.3(0.61 0.1310.2410.90}10.24]11.10 }1.50 Coors analysis
E Open-porosity 57.6 38.9] 0.62 0.13]0.25}10.92}10.25}11.12 Coors analysis
F High-purity 59.5 39.110.44 0.2110.13{0.3410 05}10.30 Coors analysis
G Electrically-fused | 77.5 21.9]0.12 0.0010.00f0.0010.35] 0.05 Coors analysis
H Reducing-fire 57.6 38.9}0.62 0.13]0.25|0.92}0.25}1.12 Coors analysis
o~y — " -8 . . N g a— —
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Figure 35. Alumina-silica phase diagram. Also sLown
are the compositions of the various sub-
strate materials currently being examined
(the code letters are explained in Table 3).

shrinkage data on the MV-20 and MV-30 substrates. The properties measured
to date are summarized in Table 4. The thermal expansion of these materials
is in accordance with the good thermal shock resistance of fireclay refrac-
tories. As shown in Fig. 36, the thermal expansion of the mullites is
slightly greater than silicon. Thus, after cooling to room temperature, the
silicon coating should be under a compressive status. Preliminary x-ray
measurements (discussed later) of residual stress in the silicon have in-
dicated this to be the case.

The strengths of the MV-20 and boric acid modifications were the lowest of
the group. The strongest samples were those containing greater amounts of
mullite (i.e., S1SI and the high-mullite modification and the material
fired in a reducing atmosphere). Both the strength and thermal expansion

53



14

Table 4. Properties of mullite-based ceramic substrates.

Thermal
Thickness Length Expansion
Density % Shrinkage Shrinkage X-Ray Equilibrium KT to 1000°C MOR
Code Material (gm/cc) Porosity % (%) Mullite % Mullite (%) (kpsi)
Commercial Compositions
I McDanel MV-20 2.50 - 14.0 10.2 - 74 0.495 15.3 = 1.
A Coore S1S! 2.70 0.32 12.1 16.7 76.5 81 0.520 23.7 2 1.
II McDanel MV-30 - - - - - 82 0.470
Experimental Compositions from Coors Porcelain
B High-mullite 2.86 0.22 12.1 1.7 70.2 95 0.485 2.9 1.
C High-silica - - - - 36.1 74 0.480
D Boric acid 2.60 0.19 11.7 13.7 66.8 80 0.535 15.6 = 0.
E Open-porosity 2.75 7.27 il1.6 13.8 66.4 81 0.525 18.8 = 1.
F High-purity 7.70 0.53 14.9 19.5 66.8 84 0.510 20.1 = 1.
G Electrically-fused 2.6 to - 10.4 | 11.3 84.2 87 0.530 18.6 : 1.
2.8
H Reducing-fire 2.7 to - 12.5 18.1 6¢€.4 bi 0.215 23.8 * 1.
2.9
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Figure 36. Thermal expansion of mullite
compared with silicon.

affect the thermal shock resistance. Materials with low expansion and high
strength, such as the high-mullite modifications, are expected to have
good thermal shock resistance.

The average thermal exvansion for mullite from room temperature to 1000°C
is 0.526%.3 This value is at the upper limit of those listed in Table 4
and, as discussed later, indicates that the thermal properties of the glass
phase rather than the mullite are dominating the properties of the sub-
strates.

The microstructures of McDanel MV-20 and Coors S1SI mullite refractories
are shown in Fig. 37. The light regions are mullite crystallites and the
dark phase is the glass matrix. The S1SI structure has more mullite and
less porosity. This is consistent with the data in Table 4; the S1SI has a
higher density and contains more A1203, which corresponds to a higher
mullite content. The microstructures of most of the experimental composi-
tions were similar to those shown in Fig. 38. The major differences were
in the amounts of the phases (i.e., glass, mullite, aud porosity). The
microstructure of the electrically fused mullite body is shown in Fig. 38.
The light areas are presumably mullite and the dark regions are silica.

3T. G. Godfrey, Jr., MS Thesis, Clemson College, Clemson, S.C.
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(a) McDanel MV-20, specimen MR-114.

(b) Coors S1SI, Specimen MC-1.

Figure 37. Optical micrographs of mullite
refractory specimens.
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Figure 38. Optical micrograph of an
electrically fused mullite
substrate (500x).

Characterization of Acid-Leached Mullite Refractory - Most of the impurities
in a mullite refracto:y are in the glass phase. In an effort to eliminate

some of the impurities prior to coating, a number uf pieces of McDanel
MV-20 were leached in hydrofluoric acid to dissolve the glass phase. A
scanning electron microgreph of a fractured cross section of an MV-20 sub-
strate is shown in Fig. 39(a). This substrate was immersed in hydrofluoric
acid until about half the total cross section had been acid-leached. A
higher magnification photo of the interface region of the leached layer is
shown in Fig. 39(b), while a still higher magnification photo is shown in
Fig. 39(c). The acicular morphology of the mullite crystallites that pre-
cipated during firing is readily apparent. The structure appears to contain
only the continuous-glass phase and the mullite needles. The results of
EDAX analyses of regions in the center and at the edge of the leached
sample showrd that, as expected, the aluminum/silicon ratio increased and
the potassium and titanium were lower in the leached region. The iron
content was hardly altered by leaching.

Although the leaching operation lowered the surface impurity content, it

also weakened the substrate. Leached substrates that were carbon-coated and
dipped in silicon repeatedly fractured during dipping.
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BLACK AND WHITE PHOTOGRAPH

(a) Sample at 20..

(b) Region at base of leached
zone (2100x).

¢) Region near linear ba[
of leached zone (5300%).

|

“

Figure 39. Scanning electron micrographs of a fractured surface
of an MV-20 sample that had been immersed in HF to -
leach the glass phuse to a depth of approximately !
one-third the specimen thickness.
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The residual <tress in the silicon layer can be estimated from an expression
used for stresses in glaze coatings applied to cera.mics.4 For a thin silicon
coating on an infinite substrate, the stress at temperature, T, is

981 * E‘To - T‘ (qSi' aceramic) ‘1 -39 GJZ) (2)

where E is Young's moduius and is assumed to be equal in the substrate
and the coating, To is the temperature at which the substrate and coating
are at a stress-free state, (aSi- aceramic) is the difference in linear
thermal expansion coefficients of the coating and substrate, and j is the
ratio of coating to substrate thickness.

For the coatings applied in this work, the last term in the equation is
negligible. Silicon is assumed to deform above 600°C (i.e., T, = 600°C) and
E is approximately 15 x 106 psi. Tue room temperature stresses in the
coatings estimated from the above range from about 4500 to 7500 psi, de-
pending on the substrate material. A compressive stress in the coating is,
of course, beneficial, since il raises the iracture stress of the coating.

Some x-ray measurements have been made which have detected the residual
stress in the sili.on layer. In these measurements the Bond techniqu35 of
precision lattice parameter measurement was used to detect any stress-
induced change in lattic: spacipng. Since the technique can be used only on
stressed single crystals or samples with large grain sizes, only large-
grained samples were examined. The x-ray measurements showed the (110)
lattice spacing in the silicon layer to be less than the <110> spacing in

a stress-free single crystal by 65 ppm. This confirms the sigh of the re-
sidual stress. The <110> direction in the grain examined lay 20 degrees off
the normal to the specimen surface. As a result, the strain (and stress)
distributicn parallel to the specimen surface could not be calculated be-
cause the orientation of the crystazl axes of the silicon grain with respect
to the specimen surface are not known. A very rough estimate of the residual
stress in the coating corresponding to a strain of 65 ppm can be made as
follows. If we assume that the strain normal to the surface is 65 ppm, then

15 x 10° x ¢5 x 107°

g = Eg = 03 = 3250 psi ) (3)

where Poisson's ratio, v, is assumed to be 0.3. This stress is cii the order
of that arrived at earlier on the basis of the thermal expansion mismatch.

4w. D. Kingery, H. K. Bower and D. R. Wilman, Introduction to Ceramics, 2nd

Ed., Wiley, New York (1976) 1, p. 609.

5W. L. Bond, Acta Cryst. 13, 814 (1960).
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Figure 40 shows the thermal axpaasion of the experimental substrate compo-
sitions from Coors plutted as a function of mullite coutent as determined
by x-ray snalysis. Also plotted oa the figure are the expansions of pure
mullite and vitreous silica. Each data point is identified by the code
letters defined in Table 4. The results can be discussed in te ms of the
glass content and impurity content in each material. The addition of im-
purities to vitreous silica increases the thermal expansion. The total
impurity content as determined from Table 3 increases steadily through the
series of samples with similar glass contents as follows: B, F, H, E, D.
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Figure 40. Thermal expansion from 25°C to 1000°C of
experimental substrate materials.
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The horic acid modification material (sumple D) has the highest purity
content of all and the largest expansion. Samnle A has the same impurity
content as samples E and H but contains moure mullite. Sample C has a higher
impurity content than B but contains more glass. The conclusion here is

that the thermal expansion of a mullite-bas - rvefractory is determined not
only by the relative amounts of glass and m.. - e in the material but also
by the impurity content which primarily resides in the glass and alters its
expansion. Impurities such as transition metals may be deleterious to the
ultimate performance of the photovoltaic coating. Thus, if substrates are
to be designed to be more thermally compatible with silicon, the most likely
approach will be to alter the glass content rather than the glass chemistry.

The boric acid additions were to produce a low-expansion glass to lower the
thermal expansion coefficient to a value closer to that of silicon. This
was not found to be the case. This problem was resolved with other com-
position modifications discussed later. The porous body was produced to im-
prove the thermal shock resistance and to allow more penetration of sili-
con into the ceramic. The results were marginal. The material fired in a
reducing atmosphere contained a high pcrosity and a carbonaceous residue
from unoxidized binder. Both were to enhance silicon penetratjon into the
ceramic. Agaia the results were marginal.

Modifications B through F and H survived the dip-coating operation but too
few were dipped to make a valid comparison of the effects of the composi-
tional modifications. In fact, only one solar cell was fabricated on one
of these substrates. The efficiency was only 3.41%. The G-Mod material was
the only substrate not to survive the dip-coating operation. This is at-
tributed to the higher total mullite content in the body. The thermal
earansions of these materials are discussed in more detail later.

Semiquantitactive analyses of the impurity contents of a number of these
materials have been run and are given in Table 5.

Notable differences incluvde the lower impurity content in the F-Mod material
and the higher titanium and copper and lower iron in S1SI compared with
MV-20. As noted above, there have not been enough solar cells made on the B
through H modifications to evaluate the impurity effects. The mechanical
properties and thermal shock resistance of S1SI and of the Coors substrate
materials A through H which were extensively characterized are discussed in
the paragraphs that follow.
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Table 5. Semiquantitative emission spectrochemical
analysis of mullite substrates (in wt. %).

MV20 ——- ——— 0. 041
S1SI 1.1 0.071}10.29 ] 0.68 | 0.070 0. 051 <0. 03 0.020 <0. 03
Open- 1,45 0.038]1 0.29 | 0.57 | 0.062 0. 038 <0, 03 0. 028 <0, 03
porosity

modification

Reducing- 1.0 0.27 0.27 | 0.52 | 0,062 0. 042 <0, 03 0.28 <0, 03
fire

modification

High- 0.27 0.047]1 0.14 | 0.45 | 0,080 | <0, 03 <0. 03 N. D. <0. 03
purity

modification

The fracture strength and thermal shock resistance of these materials are
listed in Table 6. The fracture strengths were measured in four-point
bending at room temperature on bars with a nominal cross section of 0.1 X
0.1 inch over a span of 1 inch. The fracture strengths of tne Coors C-Mod
and McDanel MV-20 material were about the same. As previously determined,
the A1203/8102 ratios and presumably, the glass contents, are also similar.
With the excepticn of the open-porosity and electrically-fused nullite
substrates, the fracture strengths of the rest of the Coors materials were
about 20 kpsi.

The critical quench temperature refers to a thermal shock resistance mea-
surement attributed to Hasselman.6 In the technique the room temperature
fracture strength (usually in bending) of samples quenched from elevated
temperatures is measured as a function of the quench temperature. When the
quenching stresses are sufficient to propagate localized surface flaws in
the ceramic, the room temperature strength decreases abruptly. The quench
temperature causing the decrease in strength is an indication of how

much thermal shock the material can withstand. Higher critical quench
temperatures imply greater thermal shock resistance. The dat: ®‘=sted in
Table 6 were obtained on bars with a nominal cross section of 0.08 x 0.08
inch tested in four-point bending over a span of 0.75 inch. Tests were run

6D. P. H. Hasselman, J. Am. Ceramic Soc. 52, 600 (1969).
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Table 6. Room-temperature fracture strength and critical
quench temperature for mullite refractory

substrates.
Code Material St(xkepr;gi;h ,19 e::,t;: ?;t%::"(cog )
7-50 MV20 15.0+ 2.7 340
7-300 MV20 13.8+ 2.3 340
A S1sI 21.7+1.4 *
B High-mullite 21,0+ 1.6 300
C High-glass 13.8+0.8 360
D Glass-property 21.1+1,4 325

modification

E Open-porosgity 16.6 £+ 1.8 325
F High-purity 19.4+0.9 325
G Electrically-fused 16.2+ 6.5 315
H Reducing-fire 22.3+1.5 315

*Not rmeasured to date.

on S1SI samples but the bars were larger in cross section. Since there is
a size effect in thermal shock testing, these data ueec to be repeated

on smaller specimens. The critical quenching temperature increases for
smaller cross sections. Representative data showing the fracture strength
as a function of quench temperature for MV-20 mullite are shown in Fig. 41.
With the exception of the MV-20 and C-Mod material, the critical quenching
temperature is around 325°C. It is slightly less for materials with higher
mallite contents (B and G-Mod) and for the material fired in a reducing
atmosphere. It is slightly higher for materials containing more glass,
presumably as a result of their slightly lower thermal expansion. The ther-
mal expansion data will be reported later in this section.

Fracture toughness measurements have been made on MV-20 and on the Coors
material A through H, excluding the C-Mod material. Briefly, the fracture
toughness is an indication of the resistance of a material to fast, catas-
trophic crack propagation and is usually denoted by the critical stress

intensity factor, KIC' K is a measure of the stress at a crack tip during

IC
fast fracture in terms of the crack tip and loading geometry, the crack
size, 2ad the remote applied stress according to KIC =Y Op 2, where Y is a

geometrical constant, c, is the fracture stress, and a is the crack length.

F
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Figure 41. Room-temperature fracture strength
of MV=-20C mullite.

KIC is a material property and is determined by measuring the load required

to fracture precracked specimens with known loading and crack geometries.

In this work, the constant-moment modification of the double-cuntilever

beam technique, devised by Freiman et al.,7 is being used to measur= KIC' )
An advantage of this technique is that the stress intensity factor is

independent of crack length. Thus, the fracture toughness measurement can

be made by simply loading a precracked specimen to failure. Crack length
measurements are not necessary. A schematic of the specimen and loading

geometry 1is shown in Fig. 42. A side groove is cut into the specimen, as

shown in Fig. 42, to guide the crack.

KIC is calculated from
P L
_ o]

K. . = (4)
IC (It)I7§ .

7S. W. Freiman, D. R. Mulville and P. W. Mast, J. Mater. Sci. 8, 1527 (1973).

'
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Figure 42. Schematic showing specimen and loading
arrangement used in the constant-moment
test. § is the deflection of the point
of load application during the test.

where I is the moment of inertia of one-~half of the specimen, L is the
moment arm, and t is the thickness at the base of the crack-guiding notch
shown in the cross-section diagram in Fig. 42. Neglecting the effect of the
reduced cross section at the crack, I = wh3/12. Note that the general form
of both these expressions is KIC = APC, where A is a geometrical term and
Pc is the applied load at fracture. In this test, KI is independent of the
crack length, a, and the measuremenis are correspondingly simplified, as
noted above.

Fracture toughness data taken to date are sunmarized in Table 7.

Table 7. Fracture toughness measurements
on mullite substrate materials.

gde Material K MNm™3/2)
MV20 | MV20 ~1.98¢ 0,23
A S181 2.39+0.34
B High-mullite 2.22 + 0.06
D Class property 2.37+0, 29
modification
E Open-porosity 2.16 £+ 0.25
F High-purity 2,23+ 0.25
G Electrically-fused 2.10+ 0.31
H Reducing-fire 2.30+ 0.34
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The fracture toughness of the mullite refractories listed in Table 7 are
about the same. The lowest of the Coors materials is the electrically-fused
mullite fired with fused silica. To put the numbers in Table 7 in per-
spective, values of the fracture toughness of ceramics range from 0.75
MNm'3/2 -3/2
silicon nitride. Fine-grained aluminum oxide has a fracture toughness of
about 5 MNm~3/2,
magaitude higher.

for soda lime glass to greater than 6 MNm for hot-pressed

The fracture toughness of metals is typically an order of

An estimate of the flaw size initiating fracture in these materials may be

obtained from KIC = JFYAl/z, where GF is the fracture strength and Y is a
constant dependinyg on the flaw and loading geometry. For penny-shaped
8

surface fiaws, Y = 1.26.

Fluw sizes calculated from K and cF measurements on S1SI and MV-20

IC
naterials are 160 and 230um, respectively. These are relatively large
flaws and may indicate most failures in these ceramics originate from pores

or pore clusters,

Before the thermal expansion data are presented, some recent work on new
mullite compositions should be pointed out. One of the goals of the work ou
the first series of Coors substrates (i.e., B through H-Mod) was to see

it the thermal expansion of mullite-based refractories could be altered by
compositional control. This was the reason that boric acid was added to
S1SI to form the D-Mod substrates. The resulting borosilicate glass was
expected to lower the thermal-expansion coefficient of the material. As pre-
viously noted, this was not the case and the expansion of the D-Mod sub-
strates was actually slightly higher than that of S1SI. We realized that
substrates with thermal expansions closer to that of silicon would probably
have to be developed when slotted substrates were used because the stress
concentrations in the substrates due to the slots might initiate frac-
tures in the substrates and coatings. This we later found toc be true.

Since fused silica has a lower thermal expansion than silicon and mullite
has a higher thermal expansion, in principal, the thermal expansion of the
two~-phase refractory should be a function of the relative amounts of each
phase. These are controlled by the A1203/SiO2 ratio according to the phase
diagrams shown in Fig. 35. With this in mind, J. Sibold and D. Wirth at

Coors started formulating another experimental series of mullite composi-

8G. R. Irwin and P. C. Paris, pp. 1-46 in Fracture, Vol. III, H. Liebowitz

ed., Academic Press, New York (1971)
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tions by adding excess silica to the S1SI composition., This had alroady
been done in the first series of compositions (i.e., the B and C-Mod mate-
rials), but in the "high-silica'" modification, cnly enough silica was
added to S1SI to bring the A1203/Sio2 ratio down to that of MV-20. In the
next series, even more SiO2 was added. The compositions of the second
series of Coors experimental substrates are given in Table 8.

Table 8. Composition of the second series of
Coors experimental substrates.

Composition 41203/3102

Code Material wt, % A1203 Ratio

A S1s1 57.6 1.48

C "High-silica mod" 52.2 1.17

S1SI + 10 wt. % excess 8102

I S1SI + 18 wt. % excess SXO2 48.8 1.01

J S18S1 + 25 wt., % excess 8102 45.8 0.89

K S1SI + 38 wt. % excess SiO2 41.4 0.74

We see in what follows that the material with the highest silica content
(i.e., K-Mod) has properties that make it much more applicable as a sub-
strate for SOC than any others tested to date,

The microstructures of the A, I, and K-Mod materials are shown in Fig. 43.
The darker phase is the continuous glass phase. The amount of glass phase
is seen to increase as the A1203/Sio2 ratio decreases. The pore size also
appears to increase with increasing silica additions. Measurements have
not been made of the densities at this time. The mechanical properties and
thermal shock resistance of these materials have also not been determined.

Thermal expansion data have been provided by Coors and are discussed below.

The thermal expansions of the substrate materials produced by adding excess
silica to the S1SI composition are shown in Fig. 44. The data are plotted
as the linear thermal expansion from room temperature to 700°C as a
function of the A1203/SiO2 ratio. The residual stresses between the silicon
layer and the substrate are presumed to be negligible above 700°C. The
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(a) S1SI. (b) S1SI + 18 wt. % excess 8102.

(c) S1SI + 38 wt. % excess 8102.

Figure 43. Photomicrographs of various mullite bodies
(magnification 150x).
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data corresponding to S1SI, I and K modifications are indicated as such on
the figure. The thermal expansion of silicon is also included in the figure.
Note that as the silica content increases, the thermal expansion decreases
ln the manner expected and that the thermal expansion of a mullite re-
fractory with an A1203/SIO2 of approximately 0.4% should be equal to that

of silicon.

0.4

S1si

0.3+ |

THERMAL EXPANSION RT TO 700° C (PERCENT)

| i 1
0'20.6 0.8 1.0 1.2 1.4 1.6

Al504/510, RATIO

Figure 44. Thermal expansion of S1SI mullite
containing excess silica.

A silicon-coated substrate with this composition should not show any re-
sidual stresses between the coating and the substrate. The residual stresses
in the silicon coating can be estimated by

¢ ¢ EaT sy T aceramic) (5)

where Young's modulus, E, is assumed to be equal 1n the substrate and the
coating, AT is the temperature difference when the composite cools below

its stress-free state, and Agy and aceramic are the linear thermal-expansion
coefficients of silicon and the substrate, respectively. If we assume E is
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15 x 10% pst, ug, (RT - 700°C) = 3.7 x 107%9c"', and u stress-free state

at 700°C (i.e., AT ~ 675°C), the residual stresses in the silicon layers on

S1SI and the K-Mod substrates are:

3 (RT - 700°C)
0o,.~1 v

Material (c ) (psi)
S1S1 4.7 x 1079 10,000
K-Mod 4.0 x 1078 3,040

Note that with even a small thermal mismatch, significant thermal stresses
can develop. These stresses can cauge the slow growth of flaws. When sub-
critical flaws reach critical size under a constant applied stress, large-

scale fracture may occur.

The K-Mod substrates proved to be very comfortable with the SOC process in
every respect and innumerable satisfactory SOC layers, large and small,
were achieved using them. Minor modifications to the K-Mod substrates were
later made and designated as N and O mods. While no in-house characteriza-
tion of these latest modifications was performed, *“hey too proved to be

completely satisfactory for SOC purposes.

Slotted and Large-Area Substrate Development - The ceramic substrates used
in SOC solar cells will necessarily have to bLe produced by a continuous
process in order to meet the economic goals of the program. To this end,
J. Sibold and D. Wirth at Coors have been adapting their roll compaction
process to the manufacture of mullite substrates for the SOC process. This
effort was quite successful. Large, 10cm x 100cm S1SI substrates were
produced from roll-compacted tape. These substrates were 1.0mm thick and
are some of the largest single substrates produced by a tape process.

Roll-compacted tape has also been used to produce slotted substrates for
back-contacted SOC sclar cells. In this process, slotted substrates with
dimensions shown in Fig. 45 and 46 were produced by punching the slot

patterns in green, unfired tape with plastic die sets. The properties of
silicon coatings put down on slotted substrates are discussed elsewhere

in thi: report.

A final commeut is made pertaining to the mechanical integrity of slotted

R




ORIGINAL PAGT
BLACK AND WHITE PHOTOGRAPH

| B
)
!
0.03 |
i 2 ’
HEe———
¢ — e 8 ; 2.7
’ - | | = - |
0.07 === >
) == 1.5
= — |
+{}e-0.04
| , v
F—— 1.3 —.‘
s o= 1.7 —

Figure 45. Dimensions of slotted substrates
produced at Coors. Taken from
September 15, 1978, Monthly Peport
from Coors. All d4imensions are in
inches.
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Figure 46. 10cm x 100cm slotted substrate
produced at Coors.
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substrates. It was noted tlhiat slotted substrates have more of a tendency to
crack after coating with silicon and during subsequent processing than un-
slotted substrates. This was expected and results from the tendeacy for
subcritical crack growth to occur in ceramics and from the stress concentra-
tions associated with a slot. Since the thermal expansion of the substrate
is greater than silicon, the subst .te is in teasion at room temperature.
The stress concentration at the end of a slot can raise the local stress to
values larger than those listed above. The fracture stress of a ceramic
depends on tha fractive toughness and the flaw size. [f flaws in the Jsub-
strate can slowly grow under a coanstant residual stress, they may grow

to a size where they become critical and initiate fast fracture. This 1s

the origin of delayed failure in glasses and other ceramic imaterials and

has been observed by us in silicon-coated mullite. This problem has been
minimized by using the K-Mod and C-Mod substrate materials, but is still oc-
casionally observed.

SUBSTRATE CARBON COATING EFFORT

As discussed in the Introductory secticn of the report, the carbon or
graphit2 coatings play a ky role making SOC possible.

Initially, the substrate carbonization was performed by simply hand-scrub-
bing high-purity graphitc onto the substrate. It was originally believed
that this graphite coating, in addition to making the substrate wettable to
molten silicon, could perhaps serve as a back contact to silicon coating
which otherwise was electrically insulated by the ceramic substrate. It was
also not known to what extent, if any, the type or nature of carbon coating
would ultimately affect the crystalline structure of the subsequent silicon
layer.

The scrub-on-coatings proved to do an excellent job in producir: good
adhering, smooth, large-grain layers, but they did not appear to be cost-
effective in a scale-up process. For this reason, early in the program,
the following alternate carbon coating methods were investigated:

) Applying carbon socot to one surface of the substrate, using an
acetylene torch.

° Applying black Aqua-Dag to one surface of the substrate and subse-
quently firing it at 900°C in an argon atmosphere.
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) Applying a liquid coating of pure acrylic which had been dissolved
in 1-2 Dichloroethane (C2H4C12) to one surface of the substrate
followed by a 900°C firing in an argon atmosphere.

) Pyrolyzing a layer of transparent 3M-brand Scotch tupe in =& 900°¢
furnace having a nitrogen atmosphere.

Of these methods, only the rubbed-carbon technique produced :.niform coat-
ings of silicon. Except for the Aqua-Dag which flaked off the substrate
following thc 900°C firing, the remaining methods produced only spotty
wetting of the silicon.

Later in the program, five different liquid-carbon-coat:ng compounds were
purchased from Dylon Industries. These coatings had the viscosity of latex
paint and were water-soluble. A v .al of 22 substrates were silicon coated
that were first coated with the various Dylon compounds. It was found
necessary to oven dry these coatingr, as residual moisture caused them to
blister or "boil" off when dipped in the molten silicon, as shown in

Fig. 47. It was also noted that the granular nature of most of these ccat-
ings promoted nuclcation which decreased ithe grain size, and that carbides
formed throughout the silicon layer. However, in cases where the granular
surface was smoothed by wiping off the excess graphite and the coating

was oven-dried, the Dylon coatings gave large grain size similar to the
hand-rubbed graphite coatings. Unfortunately, our chemical analysis of
these coatings has revealed that they contain from 1 to 2% impurities and
were unsuited for our application.

Another somewhat novel method of carbon coating wa< also investigated -
plasma decomposition of propane gas in an RF sputtering apparatus. The
carbon is deposited uniformly and its purity reflects that of the gas. The
morphology and grain size of the silicon film formed on such substrate:s

is comparable to those on hand-rubbed graphite coatings.

Several methods of incorporating the carbonization with the ceramic pro-
cessing were also examined. These were rolling graphite or silicon carbide
particles into one surface of the substrate and then firing in an inert
atmosphere or just firing the ceramic in an inert atmosphere so that the
residue from the organic binders would form a carbon film. None of these
approaches proved satisfactory for silicon coatifg. The plain ceramic fired
in an inert atmosphere shattered in the temperature gradient above the
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Figure 47. Blistered and spotty silicon film formation as the ~esult
of incomplete drying of Dylon carbon coatings (1.7x).



melt before it could be dipped. The substrate with silicon carbide de-
veloped large blisters and it appeared that the silicon did not wet the

surface. The substrate with the yraphite particles appeared to have been
wet by the silicon, but either there was not sufficient carbon or the
particles did not stay embedded to permit the growth of a silicon layer.

Some rery promising experiments were conducted using colloidal carbon
suspensions obtained from Acheson Colloids Co., Port Huron, Michigan. Four
different mixtures were tested: Dag 154; Electrodag 154; Electrodag 155;
and Electrodag 502. The 154 mixtures are graphite in isopropyl alcohol
with a cellulosic binder. Eloctrodag 155 is a mixture of graphite in
trichlorethylene with a cellulosic binder. Electrodag 502 is a graphite
and carbon-black mixture in methyl ethyl ketone (2-butanone) with a
fluroelastomer binder. Drying posed nc problems and coating thickness was
relatively easy to control.

Spectrographic analysis shows that the dags should be suitable for solar
cell aprlication. The results of the gnalysis are shown in Table 9.

Table 9. Spectrographic analysis results of colloidal
carbon suspensions from Acheson Colloid Co.
Values are in ppm.

Element Dag 154 Dag 154 E’dag 502 E’dag 154 E‘dag 155
AR 88 ND < 10 110 20 33
Mo 100 ND < 23 34 ND < 33 ND < 33
Sn 52 ND < 10 ND < 10 ND < 10 ND < 10
Ca 180 43 68 39 56
v 33 ND < 33 ND < 33 ND < 33 ND < 33
Ti 24 8 53 7 8
Ni 15 2 2 2 2
si 220 15 72 73 51
Pb 35 ND < 33 ND < 33 ND < 33 ND < 33
Mg 4 2 14 2 3
B 3 ND < 1 37 ND < 1 3
Mn 4 2 3 2 3
Na 200 ND < 100 470 ND < 100 ND < 100

|  Fe 1500 260 370 285 290

*Older stock.
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The growth morphology of the silicon was not adversely affected by the
dags. Metallographic examination of cross sections of SOC which were
carbonized with Dag 154 showed excellent wetting of and bondiag to the
ceramic surface by the silicon, as shown in Fig. 48.

Figure 48. Silicon-ceramic interface
carbonized with dag 154
(500x).

Vitreous carbon coatings were applied to several mullite substrates by the
Tylan Corporation, Torrance, California. Their process is proprietary, but
they report the thickness of the coating to be upproxiﬁately 7um. While

our primary purpose for these coatings was to prevent substrate dissolution,
upon dig-coating witu silicon, a secondary interest was related to the
possibility that these coatings may provide a conductive silicoun-ceramic
interface. With this pury.-se in mind for all of the carbon coatings, the
electrical resistivity o. several carbon coatings was measured.

There are several important aspects of the electrical resistivity of carbon
layers. First, the electrical resistance can be used to evaluate the
uniformity aud reproducibility of the carbcn-coating process. Secondly, the
sheet resistance of the carbon may affect the resistivity measurement of the
silicon. Thirdly, it would be desirable to use the carbon as a back contact
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to the silicon to decrease parasitic series resistance of solar cells.
Table 10 summarizes our measurements on sheet resistance of carbon layers.

It is clear from Table 10 that with the rubbed and the dag-borosilicate
coatings, graphite is almost entirely removed by the melt. The dag only
layer is partially removed, but has the appearance of being continuous and
intact after removal of the SOC by etching or spalling.

Table 10. Typical carborn “eet resistivities.

After CP-4 Etching to
As Deposited Remove SOC Layer
Carbon Type (ohms/square) (ohms/square)
Graphite rubbed on rolled 10 to 25 250 to 600
mullite (MV-20)8
Graphite rubbed on pressed 100 to 150 1K to 60K
mullite (American Lava)
Vitreous carbon (Vitregraf) 2.5 to 5.0 2.5 to 5.0
on MV-20
Da ; (colloidal carbon in alcohcl) 20K to 40K 120 to 600
on MV-20 (uisired)
20 to 40 70 to 450
(fired) (where SOC spalled off)
Dag and borosilicate glass (1:1) - 5K to 1M

fThe thickness of the layer based on weight gain is 7um, which
wnould give a sheet resistivity of abhout 2.5 ohms/square.

The vitreous carbor layers, on the other hand, even after 1 hour »f contact
with the melt, are almost wholly intact. Since the sheet resistivity of the
vitreous carbon is only 2 to 5 ohms/square, it is much lower than the

sheet resistivity of the p-type silicon layer (50 to 500 ohms/square) and
could seriously affect the sheet resistivity measurement if *here is low-
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resistance contact between p-silicon and vitreous graphite. The nature of

this contact was therefore investigated.

Samples were mounted in a metallurgical mount, and cut and polished to
show che cross section. The microscope showed that there was an interface
layer that was harder than either the carbon or the silicon - a strong
suggestion of SiC formation.

The samples were then <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>