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SUMMARY

The objective of this research program is to investigate the technical and economic,
feasibility of producing solar-cell-quality sheet silicon, We hope to do this by coating
one surface of carbonized ceramic substrates with a thin layer of large-grain poly-

crystalline silicon from the melt,

Beginning the middle of February 1978, we expanded our program to include activities
funded by the Task VI Cell Development Group of the Low-Cost Silicon Solar Array (LSSA)
program at the Jet Propulsion Laboratory. This work is directed toward the solution of
unique cell processing/design problems encountered within the silicon-on-ceramic (SOC)
material due to its intimate contact with the ceramic substrate. Beginning next quarter,
we will igsue two separale yuarlerly reports. Une will report on progress of the total
effort; the other will identify the activities specifically funded by the Cell Development
Group. The Cell Development Quafterly Report will be a replication of cell development
information contained within the total Task II apd Task VI Quarterly Report.

During the past quarter, we demonstrated significant pfogress in several areas:

o An antireflection (AR) coating facility was put in place, Results to
date indicate a 33 percent average increase in cell performance
using an 8004 silicon manoxide (SiQ) coating.

e Further fabrication of active area cells yielded the best performance
to date, namely, 9.5 percent conversion efficiency (AR-coated) on a

1-cm2 active area cell.

o Our first slotted substrate cells were fabricated (base contact on back
of substrate); best performance to date is 4. 3 percent (uncoated) on a
5-crn2 cell. (Slot spacing and widths were not optimized for cell

performance).
Results and accomplishments during the quarter can be summarized as follows:

e Thermal shock resistance and fracture toughness measurements were
completed on both Honeywell and Coors ceramic substrates, The
range in values for the different materials is small,

® The proper adhesive was found, enabling us to carry out SOC adhesion

. tests,

¢ Coors determined that the thermal expansion coefficient of mullite



can be closely matched with silicon without increasing the cost of the

mullite material.

A new, experimental, dip coater design was 80 percent completed.
This will be used to study methods for increasing the throughput of

our SOC process without sacrificing thickness.

The dip coater consistently yielded material capable of solar-cell
quality material, Our best-performing cells were produced after
the latest cleaning of the dipper, indicating our contamination

problem is solved.

The problem of the silicon spalling off of some ceramic substrates
was identified as a loss of porosity and roughness as a result of the

dipping.

The overheating problems in the continuous coater were resolved.
Thermal gradients existing within this coater caused substrate
breakup. This condition 1s currently belng modilied by the addition

of preheaters and afterheaters.

Light-beam-induced current (LBIC) measurements indicated minority

carrier diffusion lengths (LD) of 14 to 22 pm within grains of SOC cells.

An experiment where three different base dopings (NA) were used in
successive dippings was carried out to establish a correlation between

NA and Jsc‘ No correlation was established, in that the N, range was

A
too narrow,

A new labrication procedure was adopted for processing slotted substrate
cells (removing the base contact from the top). The best performance

to date is 4.3 percent on a 5-cm2 cell,

Our processing téechnigues yielded some cells with low fill factors
(~0.60). This will be improved during the next quarter.

Work began in the novel device development aréa. The first structures
investigated were the integral optical coupler and P-N junction formation

using doped carbon as a diffusion source.

Ammonia borane (NHSBH3) mixed with carbon resin showed promise

+
as a P dopant source.

An exact theoretical analysis was made of the solar-cell electrode
design geometry effect on cell performance. This analysis yielded
electrode design criteria needed to design cells for maximum

performance.



INTRODUCTION

This research program began on 21 October 1975, Its purpose is to investigate the
technical and economic feasibility of producing solar-cell-quality sheet silicon by coating
inexpensive ceramic substrates with a thin layer of polycrystalline silicon, The coating
methods to be developed are directed toward a minimum-cost process for producing

solar cells with a terrestrial conversion efficiency of 12 percent or greater.

By applying a graphite coating to one face of a ceramic substrate, molten silicon can be
causcd to wet only that graphite-coated face and produce uniform thin layers of large-
grain polycrystalline silicon; thus, only a minimal quantity of silicon is consumed. A
dip-coating method for putting silicon on ceramic (SOC) has been shown to produce solar-
cell-quality sheet silicon. This method and a continuous coating process also being
investigated have excellent scale-up potential which offers an outstanding cost-effective
way to manufacture large~area solar cells, The dip-coating investigation has shown that,
as the substrate is pulled from the molten silicon, crystallization continues to occur
from previously grown silicon, Thereforé, as the substrate length is increased (as would
be the case in a scaled-up process), the expectancy for larger crystallites increases.

A variety of ceramic materials have been dip-coated with silicon. The investigation has
shown that mullite substrates containing an excess ot b‘iOz* best match the thermal expan-
sion coefficient of silicon and hence produce the best SOC layers. With such substrates,
smooth and uniform silicon layers 25 cm2 in area have been achieved with éingle-crystal
grains as large as 4 mm in width and several cm in length, Crystal length is limited by
the length of the substrate. The thickness of the coating and the size of the crystalline
grains are controlled by the temperature of the melt and the rate at which the substrate

is withdrawn from the melt, °

The solar-cell potential of this SOC ~h=_r . iicon is promising. To date, solar cells

with areas from 1 to 10 crn2 have been fabricated from material with an as-grown surface,
Rccently, an antireflection (AR) coating has been applied to our SOC cells. Conversion
efficiencies greater than 9 percent have been achieved without optimizing series resistance
characteristics, Such cells typically have open-circuit voltages and short-circuit current

densities of 0.51 V and 20 mA/cmz, respectively,

The SOC solar cell is unique in that its total area is limited only by device design con-
siderations. Because it is on an insulating substrate, special consideration must be given



to electrical contact to the base region. To date, this has been done using an inter-
digital electrode pattern, One method which offers considerable promise is to place
small slots in the substrate parallel to the crystalline growth direction and contact the
base region by metalizing the silicon that is exposed through the slots on the back side
of the substrate. Smooth, continuous coatings have been obtained on substrates which
were slotted in the green state prior to high-temperature firing, Initial cell results
indicate a 4. 3 percent conversion efficiency (no AR coating) on a 5-cm2 cell, This cell

was not optimized for device performance,.

Development efforts are continuing in such areas as improvement in growth rate, reduc=
tion of progressive melt contamination, and optimiziation of electrical contacts to the
base layer of the cell. The investigation has shown that rmullite substrates, to a limited
extent, dissolve in molten silicon, The impurities from the substrate are believed to
adversely atfect solar-cell conversion efficiency. A special type of graphite coating on
the substrate has shown a potential for inhibiting this dissolution of mullite. Should
these ecnatings prove to satisfactorily isolate the substrate from the melt in a cost-
effective manner, improved solar-cell performance should be attained. An alternate
method for reducing substrate dissolution is to reduce the contact area the substrate
makes with the silicon melt. Therefore, a silicon coating facility has been constructed
which is designed to coat large (10-cm x 100-cm) substrates in a continuous manner, [t
is expected that this new facility will not only improve the growth rate, but also mini-
mize the silicon melt's contact with the substrate, This should reduce the rate at which
the melt becomes contaminated. This new facility will also permit a study of possible
continued grain growth by accommodating the use of longer substrates. It should also

reveal problems that are likely to be encountered in a scale-up process.



TECHNICAL DISCUSSION

SUBSTRATE CHARACTERIZATION (B. Koepke and K, Wuori)

During the past quarter, most of the efforts concerning substrate characterization were
concerned with determinations of the fracture toughness and thermal shock resistance

of Coors and Honeywell Ceramic Center substrates and wi.th devising a means to quantita-
tively measure the adhesion of the silcon layer to the ceramic substrate. Some important
data were received from Coors on low-thermal-expansion substrate compositions which

are also reported in this section.

Fracture Toughness Testing

Fracture toughness is a measure of the resistance of a material to fast, catastrophic
fracture. Fracture toughness is usually given as the critical stress intensity factory,

3/ '3/2).

"in units of MNm"~ 2 (meganewtons meter Further discussion of KIC and

K
Ic’
techniques used to measure it were given in the Quarterly Report No, 7 and will not be

repeated here,

KIC measurements have now been made on all experimental substrate materials. These
data are listed in Table 1, Six measurements were made on each Coor composition

and five have been run on the Honeywell material,

Table 1. Fracture Toughness of Mullite Substrates

Code Material Ky (m™®/%)
-——- MV20=* 1.98 + 0,23
A S1s1 2,39 10,31
B High-mullite 2,22 £0.06
D Glass-property 2,37 £0.26
modification
E Open=-porosity - 2.17 £0,23
F High-purity 2,23 +0,23
G Electrically-fused 2,11 + 0,28
: ' H Reducing-fire 2.30 +0.31

*Honeywell Ceramics Center

w



The fracture toughness of all the materials supplied by Coors was about the same, with

the open-porosity and electrically-fused modifications being lowest, As noted in Quarterly
Report No., 7, all substrate compositions except the electrically fused mullite survived

the dipping process, The failure of the electrically-fused mullite composition was more
likely due to its high thermal expansion and high alumina/silica ratio rather than its
slightly lower KIC value.

As noted in Quarterly Report No, 7, the KIC measurements made on the MV20 were from

a batch that had a tendency to fracture during dipping. The fracture toughness of this
material is somewhat lower than that of the other substrate materials as might be expected.

At this time, we have not measured KIC on other batches of MV20.

To summarize, the range in fracture toughness of all substrates used in this study was
found to be small., We will complete these meuasurements during the next quarter by

measuring K’[C on other batches of MV2U, : - - - -

Thermal Shock Measurements

Thermal shock measurements were completed on the substrate materials, The method
used is attributed to Hasselman1 in which the room temperature fracture strength (usually
in bending) of samples quenched from elevated temeratures is measured as a function of
quench temperature. When the quenching stresses are sufficient to propagate locallized
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 resigtance.

An example of a thermal shock resistance measurement for Coors S1SI material is
shown in Figure 1, In this material the critical quench temperature is 290°C. The room
temperature fracture strength and critical quench temperatures for the experimental

substrate materials are listed in Table 2,

The Coors substrates exhibited lower thermal shock rcsistance and higher room temper-
ature strength than the MV20, The higher strengths reflected, no doubt, smaller flaw
sizes due to the increased homogeneity resulting from cold pressing and firing, The
increased thermal shock resistance of the MV20 substrates is suggested to result from
the lower thermal expansion of these materials. The thermal expansion of MV20 is 0, 495
percent from room temperature (R, T.) to 1000°C, while all Coors compositions, excep;t
the high=-silica modification (not tested to date) and high-mullite modification, were above
0.5 percent. 2 It should be mentioned here that the room temperature strengths measured
during the thermal shock measurements correlated well with those reported in the Silicon-

on=Ceramic Process Second Annual Report.
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Figure 1. Thermal Shock Resistance of Coors S1SI Mullite Material

Table 2. Room Temperature Fracture Strength and Critical Quench
Temperatures for Honeywell and Coors Substrate Materials

Code Material S?Egglg)‘t h %I;ﬁggigﬁgrelch
(°C)
Series 7-50 MV20 15,0+ 2,7 340
Series 7-300 MvV20 13.8 + 2.3 340
A S18SI 21.7+1,4 290
B High- mullite 21,0+ 1.6 290
D Glass-property 21,1 +1.4 285
modification
E Open-porosity 17.1+1,8 275
F High-purity 19.4 £ 0.9 285
G Electrically-fused 16.4 £ 6.5 225
'H Reducing=-fire 22.3+1,5 280




In summary, little variation was observed in the thermal shock resistance of the Coors
substrates. The MV20 material had superior thermal shock resistance but lower strength,
The superior thermal shock resistance of the MV20 is attributed to the lower thermal
expansion of this material. Our general experience has been that all substrates, with the
exception of the electrically-fused mullite, have the thermal shock resistance and strength
required to survive the dipping process.

Measurements of the Adhesion of SOC Substrates

In Quarterly Report No, 7, our initial attempts to measure the fracture energy of the

SOC interface were reported. In those tests, a slotted, modified double-cantilever beam
specimen was used. The slot was coated on each side with carbon and the specimen
dipped to fill the slot with silicon, The sample was designed to fracture along the silicon-
ceramic interface by offsetting the silicon-filled slot so that one edge of the slot coincided
with the centerline of the specimen. Difficulties were encountered with comnpletely filling
the slot with silicon and with fracture occurring predominantly through the silicon. The
[ of 1.65 and 1,95 MNm™3/2

These values are reasonable when compared with Table 1 and iraply that the silicon is

two successful tests that were run yielded values of K
mechanically adhering to the ceramic but over only a fraction of the surface.

In view of the marginal success of this technique, we have also been attempting to

measure adhesion by the technique of Becher, et al. 3,4

This technique is another mod-
ification of the double-cantilever beam geometry in which a steel beam is cemented to
the silicon, The steel beam is then loaded as a cantilever beam, and fracture occurs

at the silicon-ceramic interface as shown in Figure 2. The biggest problem with this
geometry, of course, is finding a cement strong enough to withstand the testing loads,
Preliminary tests run during the past quarter identified a suitable adhesive. The adhesive,
Buehler Epo~-Kwick, Epoxy No. 20-8128, is an epoxy used for mounting metallurgical
specimens, Figure 3 is a photograph ot a gpecimen before aud after testing, The cilicon
coating is ground off part of the surface as shown in the top photo, The specimen after
testing is shown in the bottom photo. r'racture has vccurred eintirely at the oilicon-
ceramic interface. A jig is being fabricated that will allow us to apply this technique

to quantitatively measure the fracture energy and to determine the adhesion as a function
of parameters related to carbon deposition processes., These measurements will be
made during the next reporting period.

Development of Low=Thermal-Expansion Substrates

Under a separate contract, J. Sibold and D,Wirth at Coors are developing experimental
substrate materials that exhibit improved thermal compatibility with silicon. Some of
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their recent results show important progress and are repeated here. A number of ex-
perimental mullite compositions are being produced with low A1203/Si02 ratios with the
intention of driving the thermal expansion down closer to that of silicon. To do this,
naturally-occurring fused silica has been added to the S1Si mullite composition in varying
amounts. The results are shown in Table 3. These data are quite encouraging and show,
as one might expect, that the thermal expansion of a fireclay refractory decreases as the
silica content increases. Since naturally-occurring silica is a low~-cost material, the

overall price change is small.

Table 3. Thermal Expansion of Experimental Mullite-Based Ceramic
Substrate Materials Produced by Coors

Mstarial AlyO4/810y | (g, T,ALt/<)L$00°C) (R. T. Afc{ L1%oo°c)

Silicon 0.26 0.40

MV20 1.2" 0. 307 0. 495
S1SI 1.47" 0.320 0. 520
SISI + 10% excess SiO, 118" 0. 310 0. 505
SISI + 12. 5% excess SiO, 1. 12" 0.305 0.485
SIST + 15% excess SiO, 1.o7" 0.295 0. 470
SISI + 17. 5% excess SiO, 102" 0. 290 0. 450
?l?goeé‘u:ﬁ;icgnulhte + 40% 0. 8741. 0.250 "

* Coors chemical analysis.
t Calculated from raw materials.

¥ Not measured,

By adding 17. 5 percent silica, the thermal expansion dropped 9 percent. The composition
containing 60 percent fused mullite and 40 percent fused silica had a lower thermal ex-
pansion than the silicon., We feel the ideal substrate should have a thermal expansion
equal to or slightly greater than silicon, since the residual stress in the silicon layer,

if one exists, will be compressive. We have received samples of the 60 percent mullite,
40 percent silica material and will dip them in the near future. Samples of the other

compositions are forthcoming.

10




SHEET SILICON GROWTH (R. B. Maciolek, J.D. Heaps, R.I. George, L.D. Nelson,
and D. J. Sauve)

General Discussion

During the past quarter, the SOC coating effort was divided into three interrelated tasks,

as follows:

1) Providing state-of-the-art SOC layers for cell fabrication and device

evaluation studies.

2) Performing SOC growth studies with the objective of optimizing the
growth velocity, stress-relieving the silicon coating, improving the
silicon ceramic bond, and reducing the coating's series contact

resistance.

3) Developing a continuous SOC coating technique capable of providing
uniform coatings of large-grain silicon on large-area (1000 cm2) sub-

strates.

The coating effort was modified principally to provide more highly controlled, variable
free sheet silicon to the cell fabrication and device evaluation portion of the program,

In the past, the first two tasks above relied on the existing dip coater for their experi=
mental procedures. Satisfying the objectives of the second task required constant modifi-
cation of the dip coater. Occasionally, some of these modifications adversely affected
the quality of the silicon coatings being used for device studies. The design of a new
experimental dip coater, which is discussed below, is about 80 percent completed and
will be constructed early in the next quarter to satisfy the needs of the second task. The
existing dip coater has now been cleaned and all of its internal furnace parts have been
replaced to provide the highest-purity sheet silicon possible for cell fabrication. Once
the experimental dip coater is completed, the existing dip coater will be used exclusively

to provide state-of-the-art SOC coatings for device studies.

Experimental Dip Coater

A new experimental dip coater is being designed to perform SOC growth studies. In the
interest of saving time, its design, where practical, copies the existing coater. Changes
in the design are being made, however, to accommodate increased versatility and im=-
proved accessibility. The growth chamber is being enlarged to provide sufficient space
for adding "cold fingers'' to increase the temperature gradient of the substrate above the
melt. By removing the latent heat more rapidly, it should be possible to increase the

1




growth rate for a given coating thickness. The design will also permit the use of two

types of heating elements. One type will be identical to that in the existing coater and

the second type will allow us more freedom in altering the temperature gradient above

the surface of the melt. Use of the identical heater will assure us that for certain experi-
mental applications the new coater will be able to duplicate the results of the existing

coater.

Toward the end of the quarter, Drs. Barry Koepke and David Zook visited Dr. J. D.
Verhoeven of lowa State University to discuss our solidification studies. Dr. Verhoeven
is a recognized expert in solidification, He has since visited our laboratory to discuss
methods for increasing SOC growth velocity., He reviewed the design of the new coater
and suggested ways for modifying and measuring the temperature gradient within the
ceramic substrate being dip-coated. In his opinion, the horizontal SCIM coating method

offered greater flexibility toward improvement in growth velocity.

Growth Experiments

Following the cleanup process performed on the existing dip coater, a purity level run
was made where no substrates were dipped into the melt. Resistivity measurements
made on samples taken from the solidified melt indicated variations of resistivity from
100 to 1000 ohm~cm. These measurements were comparable to the highest purity levels
we have previously measured. It should be remembered, however, that most common
metallic impurities are electrically inactive in silicon, but do provide devastating re-
combination sites. Nevertheless, past results have shown some correlation between
carrier purity of various melts and the performance of solar cells fabricated from the

material of these melts.

Approximately 140 substrates were dip-coated during the quarter. No problems were
experienced with breakage of either the nonslotted or the slotted substrates during dip-
coating. Because the interiors of the slots were not coated with carbon, they did not

fill with silicon, thus reducing the chance of substrate breakage due to thermal expansion
differences. The decision not to fill the slots results from the fact that electrical con-
tact can be made to the cell's base layer through the slot opening whether it’is filled or
not; thus, there is little reason for consuming additional silicon which only adds to the

series resistance of the cell.

Many of the substrates coated were supplied by Coors Refractory Co. To date, the var-
ious compositions of Coors dip-coat-size substrates have been supplied to us with a
thickness of approximately 3 mm as opposed to the Honeywell-fabricated MV20 substrates
which are typically 2 mm thick. It has been observed that for a given set of growth
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parameters, layers coated on Honeywcll substrates are thicker than those coated on
Coors substrates. This is believed to result from the greater temperature gradient
within the thinner substrate. This conclusion is further supported by the fact that dip-
coat-size samples prepared from two thinner (0.5 mm and 1.0 mm) Coors substrates

also had correspondingly thicker layers for similar growth parameters.

Mullite and other substrates have been coated with a thin glassy carbon (GC) film pre-
pared in-house. This is being done to imvestigate the possibility of using this approach

to provide a dopant source for our basic layer contact interface, Substrates were dipped
and the wetability of silicon was found to be excellent. Silicon adherence has been demon-
strated on a coating as thin as 6.7 x 1077 e In dippings with thicker layers, the sili-
con has been observed to wet at a level which is slightly higher than the melt level. In
one experiment, a graphite substrate, which would normally dissolve in molten silicon,
was coated on both sides with several thin layers of the GC and dipped. The carbon re-
mained intact, This indicates that the dissolutioh of the GC film is only slightand that it might
be an excellent barrier to inhibit diffusion of impurities from the mullite, as well as

provide a means for doping the basic layer at the ceramic interface P,

Grooved (partially slotted) substrates have been successfully dip-coated with silicon and
show that very little disruption of the growth occurs when the grooves are parallel to the
surface of the melt. Care was taken to see that Dag carbon did not run into the grooves.
Closer spacing and wider grooves could be used. The spacing and groove width were-
chosen for present convenience. The process offers the advantage of contacting the back
of the silicon, spanning the entire back surface. Very good contact geometry can be ob-
tained. The main disadvantage at the present is the need for a means of ohmic contact
to the back of the silicon in the grooves. The aluminum paste technique suggested by
John Scott-Monck of JPL for BSF solar cells may be a means by which a back contact

can be made,

SOC Bonding Study

It has been observed that occasionally the silicon coating will spall off the ceramic sub-
strate either immediately after growth or during diffusion. In an effort to solve this
problem, we have begun examining the nature of the surfaces of the ceramic substrates.
It was recognized early in the program that the texture of the ceramic surface played an
important role in the bonding of the silicon to the ceramic. It was found that the silicon
flowed into the surface pores and in effect locked the silicon to the ceramic. It was thought
that one way to alter the texture of the ceramic surface would be to etch it. However, as
can be seen from Figures 4, 5, and 6, which are scanning electron microscope (SEM)
photomicrographs of undipped and dipped MV20 mullite, etching only alters the surface
to the extent that the glass matrix is dissolved. It appears that the difference in the rate
of attack between the glass and mullite is too great for etching to effecti(;ely create pits

in the surface to promote bonding.
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b) SEM (2000x)

Figure 4. Photomicrographs (SEM 200x and 2000x) of
As-Fired Surface MV20 Mullite
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a) SEM (200x)

SEM (2000x)

)

Photomicrographs (SEM 200x and 2000x) of

Etched (15 Seconds) MV20 Mullite

b

Figure 5.
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b) SEM (2000x)

Figure 6. Photomicrographs (SEM 200x and 2000x) of
Etched (60 Seconds) MV20 Mullite
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To see what effect the actual dipping has on the surface of the ceramic, we examined the
uncoated, back side of a sample. The result is shown in the SEM photomicrographs of
Figure 7. It appears that the surface roughness is actually reduced, as both the glass

and mullite phases have melted and flowed. Samples of the various ceramics were
examined before and after dipping using scanning electron microscopy. The results
shown in the following photomicrographs are in agreement with the observations made
last month, namely, that the mullite melts and flows to some extent upon being dipped in
the molten silicon. We hypothesize that the silicon reacts chemically with the mullite,
producing a glassy phase which is immiscible with molten silicon, This is reasonable
since silicon does not wet SiOz. The dipped samples are the back sides of the substrates
that were not carbon-coated and simply show the thermal effects of being dipped in molten
silicon. Figure 8 is a photomicrograph of the very first batch of McDanel MV20 mullite and
in the SOC experiments before dipping. Figure 9 is a photomicrograph of the same
material after dipping. Note retention of some roughness and porosity, which is con-
sidered necessary for the silicon to adhere to the substrate, Figures 10 and 11 are
photomicrographs of the latest batch of MV20 before and after dipping. The porosity
retention appears to be less than that observed in the first batch. Figures 12 and 13

show a Coors mullite, S1SI, before and after dipping. The resultant surface after dip-
ping is fairly smooth. The very porous material on the surface is silicon oxide that was
vapor-deposited on the surface after dipping. Figures 14 and 15 show a high-mullite
formula modification of S1SI before and after dipping. The structure is not very porous
before dipping but develops a very finely porous surface after dipping. Figures 16 and

17 show an S1SI formulation in which the glass properties were modified. The surface
after dipping is comparable to that of the standard 5313I. Figures 18 and 19 show an at-
tempt at open-porosity modification of S1SI. The photographs indicate that there wasn't
much porosity before or after dipping. A high-purity version of S1SI is shown in Figures
20 and 21, Again, the surface after dipping appears similar to that of the standard S1SI.
Figures 22 and 23 show samples of an electrically-fused mullite body, prepared by Coors,

before and after dipping. Note the uniform porosity before and after.

Finally, Figures 24 and 25 show samples of the Coors mullite from 1-meter-long sub-
strates. Some roughness and porosity was lost as a result of dipping. This study indi-
cates porosity in the ceramic is important to good silicon adhesion and will be modified in

certain compositions by contact with the silicon melt,

Continuous Coating Process

During the quarter, the 24-kW power supplies, which were temporarily loaned to us,
were replaced by the 45-kW supplies originally ordered. Initial operational testing of
the continuous (SCIM) coater at the power levels achievable with these larger supplies
uncovered numerous overheating problems. The most serious overheating problems
were related to contact resistance between the heating elements and their electrodes.
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a) SEM (200x)

Figure 7.

b) SEM (500x) c) SEM (1000x)

Photom icrographs (SEM 200x, 500x, 1000x) of Ceramic Dipped in
Molten 3ilicon but not Coated



Figure 8. Photomicrograph (SEM 1000x) of MR27,
Not Dipped

Figure 9. Photomicrograph (SEM 1000x) of MR27,
Dipped
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Figure 10. Photomicrograph (SEM 1000x) of Most
Recent Batch of MV20, Not Dipped

Figure 11. Photomicrograph (SEM 1000x) of Most
Recent Batch of MV20, Dipped
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Figure 12. Photomicrograph (SEM 1000x) of Coors
S1SI, Not Dipped

Figurc 13. Photomicrograph (SEM 1000x) of Coors
S1SI, Dipped
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Figure 14. Photomicrograph (SEM 1000x) of Coors
S1SI (High Mullite), Not Dipped

Figure 15. Photomicrograph (SEM 1000x) of Coors
S1SI (High Mullite), Dipped

22




Figure 16. Photomicrograph (SEM 1000x) of Coors S1SI
(Glass Property Modification), Not Dipped

Figure 17. Photomicrograph (SEM 1000x) of Coors S1SI
(Glass Property Modification), Dipped
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Figure 18. Photomicrograph (SEM 1000x) of Open-Porosity
Modification of S1SI, Not Dipped

Figure 19. Photomicrograph (SEM 1000x) of Open-Porosity
Modification of S1SI, Dipped
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Figure 20. Photomicrograph (SEM 1000x) of High-Purity
S1SI, Not Dipped

Figure 21. Photomicrograph (SEM 1000x) of High-Purity
S1SI, Dipped
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Figure 22.

Photomicrograph (SEM 1000x) of Elcctrically-
Fused Mullite, Not Dipped

Figure 23.

Photomicrograph (SEM 1000x) of Electrically-
Fused Mullite, Dipped
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Figure 24, Photomicrograph (SEM 1000x) of Coors
Mullite, 1-Meter-Long Substrate, Not
Dipped

Figure 25. Photomicrograph (SEM 1000x) of Coors
Mullite, 1-Meter-Long Substrate,
Dipped ’
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These particular problems were solved by replacing the stainless-steel mounting screws
with larger-diameter graphite screws. Additional heating-element insulators containing
carbon felt were also added, where needed, to increase the efficiency of the growth

chamber,

Two attempts to silicon-coat large (100 cm x 10 em x 0. 1 cm) mullite substrates fur-

nished by Coors failed. The failures were primarily due to substrate breakage. During
the first attempt, one end of the large substrate shattered as it was slowly (0. 05 cm/sec)
entering the substrate heater (see Figure 26), This presumably was a result of the large

thermal gradient at the entrance port of this heater.

Two further problems became evident during this run. First, after the silicon charge
had melted and the silicon level was being satisfactorily elevated by the quartz displacer,
it was observed that the molten silicon did nol flow along the quarlz trough. This is nec=
essary, of course, to form a meniscus column over which the substrate passes. After
increasing the temperature, silicon did eventually flow into the trough. Observations
following the run indicated that this flow did not take place, however, until the quartz
trough was near its melting point and had subsequently vitrified, allowing the silicon to
wet it. The second problem resulted from a superheated region in the trough heating
zone. As shown in Figure 26, the surfaces of one portion of both the trough and melt
heaters face each other. As a result, these surfaces radiate their energy to each other,
causing a higher temperature to be attained in this region. This problem was anticipated,
and the walls in this portion of both heaters were made thicker to lower the power density.
It is quite apparent, now, that they were not made sufficiently thick. This superheated
region eventually melted a portion of the quartz trough, allowing molten silicon to flow
between these two heating elements. It was necessary to replace these heating elements
and, after doing so, a graphite cap was placed over the two heatere to more nniformly
distribute the heat. Also, an additional plate of graphite was cemented to the offending
wall of the trough heater to further lower the power density in this zone. Lastly, a moat
was machined around the periphery of the above cap to trap molten silicon should there be

future runover problems.

The second attempt to silicon-coat a large substrate again failed because of substrate
breakage. In this run, one end the substrate was positioned within the substrate heater
prior to applying power to the coater. Understandably, this would not solve the thermal
gradient problem, but it may be possible to demonstrate the SCIM coating concept on a
smaller section of substrate in this manner. Unfortunately, when the substrate heater
reached a temperature of approximately 750°C, the substrate broke up in an explosive

manner, removing any possibility of silicon coating.
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It becomes obvious that the substrate must experience a less severe temperature gradient
if large substrates are to be successfully silicon-coated. To gain insight regarding the
acceptable thermal gradient and thermal shock that Coors large substrates will endure,

a substrate was passed through a heated (910°C) belt furnace. It was allowed to travel
first at a very slow rate and then at the furnace's maximum rate. The substrate endured
both passes. At temperatures above 750 to 800°C, mullite should be sufficiently plastic
to accommodate larger thermal gradients; therefore, the major emphasis will be to

properly adjust the temperature gradient below this temperature.

A thermal profile of the belt furnace is shown in Figure 27.. Also shown is the maximum
temperatureugradient (dT/dx) and thermal shock (dT/dt) the substrate encountered. By
way of.cornparison, a temperature profile was made of the path along which the substrate
passes through the silicon coating furnace. The measurerr.i:én,ts \;vere initially attembted
by cementing three transversely-oriented thermocouples_(TC) to a thin (0. 020 inch)-
substrate-size sheet of stainless éteel. The three TCs were to indicate transverse
temperature differences along the path, and the stainless sheet's function was to simulate
the thermal effects of the substrate, As the stainless sheet entered the coating furnace,
it warped badly, and the profile run was dxscontmued Later it was ledrned that the
thermal conductivity of stainless steel does not closely match that of mullite. Their
values are 16.3 W/m°K and 2,5 W/m°K, respectively. Since no other material could be
found that was capable of withstanding 1400°C, the TCs were supported by the alumina
TC tubing alone in the profile runs that followed. The re’su}ts of these runs are shown in

Figure 28.

Action is being taken to reduce the maximum values of dT/dx and dT/dtby adding a pre-
heater and afterheater at the entrance and exit ports of the coating furnace chamber. If
such heaters are 12 inches long and provlde a linear gradlent from room temperature to
700°C, the maximum values of dT/dx and dT/dt would be those shown in Figure 29. Based
on the data acquired by passing the substrate through the belt furhace (see Figure 2 7‘),
these modified values of dT/dx and dT/dt should be acceptable.

MATERIAL CHARACTERIZATION AND EVALUATION (D. Zock, T. Schuller, and
- R. Hegel)

LBIC Measurements

Ten diodes were measured for uniformity, spectral response, and mmomty carmer dif-
fusion length (LD). Table 4 gives the L
14 to 22 pm at''good" spots.

D results, Within grains, typical LD values are
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Table 4, Diffusion Length (LD) Values for SOC Cells

Lp
Cell
e (vm) Comments
85-7-2-P9-B5 18 Good spot
, 10 Bad spot (probably dirty)
85-7-2-P9-A6 14 Good spot
6 Bad spot
P20-A6 ' 340 } Single-crystal cells,
P20-B5 . 305 poor fit to data
96-4B-P21-3 22 Good spot
2 Bad spot
96-4B-121~1 18 Good spot
‘ - 4 ; _ABad spot
94-3A-P24-3 - 29 Good spot
. Co © 17 Bad spot
94-3A-P24-5 38 'Good spot
9 Bad spot
104-24A-P25-A5 22 Good spot
: 4 Bad spot
104-2B-P25-2 16 Good spot
' 12 Average spot
3 Bad spot

A scan of diode 94-3A-P24-5 was examined in more detail in an effort to correlate the
minima in current response with observed"features. - Micrometer readings were taken
at the position of each minima‘., then the scan was repeated and a visual ob.'séxjvation was
made using reflected light. At each minima there is an observable boundary which
scatters light significantly, This result suggests that it may be possible to characterize
the crystallinity of the material by measuring scatfered light, | '

In deriving the values of L"D, the stress-relieved (SR) literature values of a were used.
The "good' and ''bad' spots were chosen at representative regions where the current

response appeared to be uniform.

For our convenience in measurement, a second LBIC system is being set up 'in our own

laboratory, using eésentially the same setup as in the original systém.
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Device Performance (D. Zook. B. Grung, R. Hegel, T. Heisler, S. Znambroski)

Summary of Solar Cell and Photodiode Performance -- During the period, no significant

modifications in fabrication procedures were made. The possibility of using a thick
sputtered silver film to replace both the nickel film and the indium solder was investi-
gated, but was not found to be feasible. A number of cells were fabricated, with the re-

sults shown in Table 5. Several significant conclusions can be drawn:

e Cells which have been etched with Wright's to show twin boundaries
and dislocations do not appear to suffer any loss of performance. This
is good because diodes made on etched substrates can then be used for
LBIC measurements, and the response can be correlated with dislocation

densities.

° Three different base dopings (NA) were used in the cells evaluated. A
correlation between doping and short-circuit current (Jsc) would indicate
the effect of doping on lifetime, but such a correlation is not obvious

from the data.

° There are wide variations in the base sheet resistance (psb) as indicated
by the four-point probe method. These variations appear to be too large
to be explained as thickness variations and may be due to mobility varia-
tions. At any rate, there does seem to be some correlation between Psb
and the cell fill factor (FF).

® A new pattern with total area of 4 cm2 and active area of 2. 77 cm2 was
made up, using a closer electrode spacing than the previous pattern.
Because of the variations in Psp there was no noticeable improvement
in FF,

e Dip run 104 was the first run made after the new heating elements were
installed and the system was thoroughly cleaned. Cell 104-7B-P25 showed
the best performance to date for an uncoated 1-cm? cell, This indicated
that the contamination problem was solved. One note of caution, is in
order, however, because these cells appeared to have an unusually black
color, and may have had some type of inadvertent AR coating which ac-

counted for their better performance. This is being investigated.

e It is significant that cells made from dip 104-23 were about as good as
those from 104-7, this indicated that cumulative contamination of the

melt by the mullite did not occur.
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Table 5. Summary of Cell and Diode Performance

Base A Number of| Active Ps Voo oo e | Max.
Diode sb 16 .3 | Diodes Area (0 /0) R s, FF @ | E Comments
(0/0) (10" °cm™) (avg) (em?) (mA/cm®) (%)
P21 — - 14 0.078 39 0. 53 24,8 0. 724 9.5 2.9
P22 ~—— -r- 14 . 0.078 38 0.54 24,17 0.718 8.7 10.4
P24 .- - 14 0.078 41 0.53 25.8 0.684 .4 10.2 Single-crystal control cells
P25 .- - 14 0.078 .- 0.53 27.5 0.692 10.1 10. 6
P26 .- - 1 1. 05 -—— 0. 54 23.6 0.613 .9 7.9
86-5A-P21 66-132 1.2 1 7:‘.4 1'2 0.48 13,7 0, 564 3.7 3.7
Sample reworked
86-7A-P21 112-141. 1.2 1 1.0 42 0.47 18,4 0.532 4.6 4.6 ( Seeded growth
86-7B-P21 112-141 1.2 [3 0. 078 42 0. 35 23.8 0. 564 4.6 5.6
91-4B-P1Y 103-235 iz T 0.070 --- 0.47 10,6 0.638 AN 7.2
91-6B-P19 63-235 1.2 7 0.078 53 0.30 i9.9 0.476 2.8 4.8
91-9A-P19 192,310 ° 1.2 1 1.0 - 0. 46 20.0 0.533 4.9 4.9
93-3A-P22 42-88 1.2 1 1.05 43 0.38 17.7 0.628 4.0 4.0 ‘

A . v d Seeded growth etched surface
43-3B-P22 42-48 1.2 14 0,078 43 0. 46 £2:1 0,610 6.2 2.3 |} Gample reworked
03-6-P32 27-64. 1.2 1 2.9 42 0.40 14.6 0. 401 2.4 2.4
94-3-P24 75-170 0.9 1 3.085 50 0.513 21,04 0. 551 6. 05 6.05 i Seeded growth etched surface
94-3A-P24 75-170 0.9 6 0. 084 50 0.50 24,6 0. 657 8.1 9.0
95-3A-P24 136-411 0.9 1 1.05 51 0.50 20.8 0. 487 5.0 5.0
95-3B-P24 136-411 0.9 6 0. 084 51 0.47 22,4 0. 582 6.1 7.15
95-4A-P24 87-263 0.9 6 0. 085 42 0.48 23.3 0. 640 7.15 7.8
86-4A-P21 101-271 0.9 1 1.05 44 0.48 17.17 0.628 5.4 5.4
96-4B-P21 T 101-271 0.9 K 0.078 44 0.43 17.17 0. 548 4.4 6.2
97-6-P24 80-143 - 0.9 7 0.078 49 0.42 21.7 G.473 4.4 7.8
104-2A-P25 180-485 0.6 1 1.05 49 0.48 19.8 0. 508 4.9 4.9
104-2B-P25 180-485 0.6 7 0.078 49 0.47 21.1 0.602 .0 6.0
104-3A-P25 113-375 0.6 14 0.078 53 0.48 20.5 0. 606 5.9 6.6
104-7A-P25 68-140 0.6 1 3.08 0. 51 22.6 0.523 6.0 6.0 Sample reworked
104-7B-P25 68-140 0.6 1 1,05 0. 51 21.8 0. G54 7.2 7.2
104-04-¥25 150334 .6 1 2.47 ’ 92 0.50 21.0 0. 435 4.8 4,5
104-9B-P25 150-338 . 0.6 14 - 0.078 52 0.49 22,5 0. 656 7.2 8.1
104-24A-P25 44-62 0.6 14 0.078 71 0.40 20.1 0. 551 4.7 8.0 Material defects
104-24B-P25 44-62 0.6 13 0. 080 71 0.48 18.7 0. 644 6.1 7.3
104-24C-P25 44-62 0.6 13 0.080 n 0.49 18.7 0.625 6.7 7.9
105-24-P26 62-153 1.2 1 2.77 - 52 0. 50 18.3 0. 541 5.2 5.2
105-2B-P26 62-153 1.2 1 1.05 52 0.50 18.7 0. 654 6.1 6.1
1n5-2C-P26 " 62-153 1,2 1 0.078 52 0.49 18.5 0.675 6.5 7.0
105-7A-P26 256-542 1.2 1 2.77. 49 0.48 15,7 0. 541 4.1 4.1
105-7B-P26 256-542 1.2 1 1.05 49 0. 47 14.8 0. 463 3.2 3.2
105-7C-P26 256-542 . 1.2 7 . 0.078 49. 0.43 15.6 0.415 2.9 2.9
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CELL DEVELOPMENT (B. Grung, D. Zook, R. Hegel, and T. Heisler)

Slotted Cell Development

Solar cells were fabricated on five slotted substrates. The best cell (see Table 6) had
an efficiency of 4. 3 percent (uncoated) and an active area of 5 cmz. Neither the slot

widths nor the spacings were optimized for device performance. This preliminary result
indicates clearly the technical feasibility of the slotted substrate approach.

Table 6. Summary of Cell Performance on Slotted Substrates
(Without AR Coating)

l?’ase NA Number of | Active os voc Jlm X Eef Max,
Diude s 16 -3 Diodes Area (/0 ($9] 5 FF %) Eff. Comments
(/) (10" "em ™) (avg) (cm?2) (mAlem”®) . ° (%)
1°-28 .-- --- 1 1.05 --- 0.54 24.9 0.60 8.0 8.0
P-29 --- --- 1 13.1 34 0.56 27.6 0.53 8.1 8.1 Single crystal
control cells
£-291 --- --- 1 13.1 34 0.56 26.9 0.58 8.6 8.6 .
105-4-P27 50-200 1.2 1 5.07 58 0. 47 17.8 0. 51 4.3 4.3
108-12-P28 90-220 1.2 1 8.9 57 0.36 13.8 0.29 1.5 1.5
108-13-p28 70-230 1.2 1 10.38 48 0.45 13.2 0. 37 2.2 2.2 Slotted sub-
strates
108-10-P29 75-130 0.6 1 12.2 43 0.48 18.8 0.38 3.4 3.4
109-12-P29 30-90 0.6 1 13.1 31 0.34 15.3 0.26 1.3 1.3

A new fabrication procedure was required for the slotted substrates because the base
contact was removed from the top surface of the solar cell and added to the back surface.

The new fabrication procedure is as follows:

1) Perform phosphorus diffusion for 20 minutes at §5°C. This diffusion

forms the n' emitter region of the completed solar cell. After the
phosphorus diffusion, the resulting heavily-doped silicon-dioxide layer

is then removed by hydrofluoric (HF) etch.

2) Sputter-deposit platinum on the back surface. The platinum is used to

form an ohmic contact to the lightly-doped base region.
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3) Bake for 2 hr at 100°C. This bake removes any residual liquids (i.e.,

water) that remain in the porous ceramic substrate after the previous
process steps. Without this bake, the silicon may spall off the substrate
during the subsequent high-temperature process, as was demonstrated
during our first attempt to fabricate solar cells on slotted substrates.

4) Sinter for 30 minutes at 600°C. This forms a platinum-silicide ohmic

contact to the base region,

5) Sputter-deposit nickel on both the top and bottom surfaces. On the top

surface, the nickel is selectively etched to form the contact grid to the
n" emitter region. On the bottom surface, the nickel provides a good
electrical connection to the thin platinum-silicide layer,

6) Indium-golder the depusiied nickel. This complctes the ohmic contacts

to the emitter 'and base regions of the solar cell.

7) Plasma-etch the outer regionsg of the solar cell. This defines the total

area of the solar cell, which was between 5 to 10 cm2 for the preliminary
cells on slotted substrates. .
The cells fabricated by the above process show considerable potential, as has been noted.
New, higher—éfficiency cell configurations are being designed and fabricated at the pre-

sent time,

Antireflective Coatings (B. Grung and R. Hegel)

A total of 21 solar cells having antireflective (AR) coatings have been fabricated using
our new coating system, The average efficiency increased by approximately 33 percent.
The measured characteristics for SOC solar cells are given 1n l'able 7; the corresponding
characteristics for single-crystal solar cells are given in Table 8. Up to this point, no
attempt has been made to optimize the coating conditions.

The fill factors of all 21 solar cells were less than 0. 60. With our processing techniques,
we should be able to produce fill factors greater than 0. 70. During the next quarter, we

will try to determine the cause for the low fill factors.

The new AR coating system is a diffusion-pumped evaporation system with a silicon-
oxide evaporation source from Vacuum Atmospheres Company. ' This is a design with
which we had good experience in coating manganese-bismuth films. The thickness is
monitored with an Inficon thickness monitor. The nominal thickness we have used is

8003, which gives the desired deep blue color.
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Table 7. Antireflection Coating Enhancement of Cell Performance
(SOC Material)

Area % Percent
SOC Cell 2 Voc Jsc FF Eff, Increase
{cm®) _
91-10F-P19 (before) 1,05 0. 485 16. 62 0. 567 4,57 27
(with AR) 0.494 20.76 0. 565 5. 80
96-4A-P21 (before) 1.05 0.493 18.18 0. 641 5.75 929
(with AR) 0.498 21.71 0. 649 7.02
R1720-59 (before) 1,05 0.510 19. 05 0.701 6.81 36
(with AR) 0.519 25.71 0. 696 9,29
75-15-PH9-01 (before) | 3.08 0. 508 18.18 0. 448 4,13 29
(with AR) 0.512 22,04 0.473 5. 34
65-7F-66 (before) 1.05 0.514 | 18.38 | 0.682 | 6.45 47
(with AR) 0,521 28.33 0.621 9.5
104-7A-P25 (before) 3.08 0. 51 23.0 0.51 5.8 21
(with AR) 0. 51 30.0 0. 46 7.0
105-7A-P26 (before) 2.80 0.47 16.0 0.53 4.0 43
(with AR) 0. 48 22.0 0. 54 5.7
105-7B-P26 (before) 1.05 0.46 15.0 0. 46 3.1 29
(with AR) 0.47 19.0 0.46 4.0
105-2B-P26 (before) 1.05 0. 50 18.0 0. 65 6.0 30
(with AR) 0. 51 25.0 0.61 .8
106-2B-P26 (before) 1.05 0.49 17.0 0. 60 5.2 42
(with AR) 0. 50 25.0 0.58 7.4
106-9A-P26 (before) 1.05 0.45 16.0 0.43 3.3 42
(with AR) 0.47 22.0 0. 44 4,7
Average
Increase =
34%

After the AR coatings, the appearance of the single-crystal cells was quite uniform in
color. However, there were large variations in appearance of the SOC cells after AR
coating and some of them did not have the required blue color. The reasons for the

variation are not clear, and those with poor appearance were not included in the averages.
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Table 8. Antireflection Coating Enhancement of Cell Performance
(Single-Crystal Material)

. . Area % Percent
Single-Crystal Diodes | (cmz) VOC Jsc FF Eff. Inerease
P21 - 1B (before) 0. 0525 0. 541 26.5 |0.745 10. 68 43
(with AR) .0.567 33.5 |[0.805 15. 31

P21 - 5B (before) 0. 045 0. 545 27.1 |[0.748 11. 06 25
(with AR) 0.562 | 33.3 |0.739 13.85

P21 - 6A (before) 0.045 0. 556 26.4 | 0.747 10. 99 48
(with AR) 0.555 | 37.1 [0.789 16. 26

P21 - 2A (before) 0. 045 0.558 26.0 |[0.756 10. 98 39
(with AR) 0.554 [ 36.9 {0.710 14.53

P22 - 1B (before) 0. 0525 0.546 | 25.9 [0.755 10. 67 21
(with AR) 0.542 | 33.52(0.708 12,87

P22 - 5B (before) 0. 045 0.543 26,0 |0.733 10. 35 13
(with AR) 0. 543 33.6 |0.640 11.66

SC - 71A (before) 1.05 0.543 | 23.62 (0,615 7.89 39
(with AR) 0. 55 33.3 [0.599 10. 98

94-3 (before) 3.1 0. 50 21.0 | 0.56 5.9 925

(with AR) 0.51 27.0 |0.54 7.4
P-26 (before) 1.05 0.54 23.0 [0.62 7.1 40
(with AR) 0.55 37.0 |[0.54 10.8
Average
Increase =
33%

Novel Device Development (B. Grung, D. Zook, and S. Znameroski)

Our objective is to develop novel devices using the SOC substrates fabricated at Honeywell.
At the outset, we plan to investigate 1) the benefits of combining an inlegral optical
coupler with a high-voltage cell structure, and 2) the feasibility of forming a pn junction
by using doped carbon as the diffusion source. The first was suggested by G. Turner

.and the second by Li-Jen Cheng of JPL.

The integral optical coupler is a concentrator device having a concentration ratio in the
range of 2 to 10. This device is based on the compound parabolic concentrator devices
developed by Winston, et al. The integral optical coupler can have two forms as illus-
trated in Figure 30. The first form involves reflections from a metal surface; the second
form involves total internal reflections, In both devices, the solar cell material is lo-

cated primarily in the regions directly below the exit apertures.
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Figure 30. Integral Optical Coupler
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The high-voltage cell is illustrated in Figure 31. This cell is fabricated as follows.
Carbon stripes are deposited on the ceramic substrate. The substrate is then dipped so
that the carbon stripes are perpendicular to the surface of the melt. The resulting sili-
con stripes are then used to'form the completed structure. The integral optical coupler
and the high-voltage structure can be easily combined as shown in Figure 32. For this
figure, the integral optical coupler is a cylindrical, trough-like dielectric compound
parabolic concentrator having a concentration ratio of 3. As compared with a conven-
tional SOC solar cell structure, the combined device structure has two novel features.
First, it allows efficient collection of incident light even though all metal contacts are
located on the top surface. - That is, the incident light is concentrated primarily on the
solar cell material. Second, the combined device can produce an output voltage in the

range of 5 to 10 volts.

Doped carbon is being developed as a diffusion source for forming pn junctions. If this
source proves to be feasible, then several novel devices, such as the tandom cell, will
be investigated at a later point,

CONDUCTIVE INTERFACE DEVELOPMENT

Diffusions from Doped Carbon

During the quarter, attention was directed to the formation of a p+ back region for the
SOC cells. The inaccessibility of the back region or ceramic side of the silicon makes it
impossible to use conventional diffusion methods. New diffusion processes are now under
investigation, One such process, which we shall refer to as a doped-carbon process,
makes use of the carbon layer as a dopant source. Dopants such as boron or aluminum
are either incorporated in the carbon or in a layer between the carbon layer and the

ceramic,

To date, two diffusion sources have been tried using the doped carbon method on single-
crystal wafers with a glassy carbon (GC) film. The first incorporated the use of a mix-
ture of amorphous boron (4004 average particle size) and a GC polymer. ‘This mixture
was spin-coated into the surface of an n-type silicon wafer and diffused at 1000°C for

4 hours. A p-type surface of 135 0/0 sheet resistivity resulted. The other doping source
was ammonia borane (NH3BH3). The dopant was mixed with the carbon resin, was coated
on a p-type wafer of 131 /0 sheet resistivity and was diffused at 1100°C for 40 minutes.
This resulted in a p-type surface of 4. 8 /O after carbon removal, indicating significant
diffusion had occurred.
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The use of ammonia borane as a dopant is very promising. The above diffusion process
has been repeated with slight modifications of conditions and resulted in very similar
results. One such modification was to take a GC-coated wafer (wafer ps = 135 Q/0),
coat the carbon surface with a film of the doped polymer, and diffuse. This resulted in
a p-type diffused surface of 6,7 /0 after carbon removal. The surface concentration
(Cs) for a difqueglwé.fer fromsan ammonia borane polymer mixture was calculated to be
approximately 10“" atoms/cm”, so that the diffusion appears to be the same as con-
ventional methods using oxide sources to produce p+ layers.

SILICON-ON-CERAMIC SOLAR CELL OPTIMIZATION (S. B. Schuldt)

The solar cell electrode geometry is one aspect of the total solar cell design analysis
which should help to determine maximum cell efficiency subject to practical limits on
design parameters. Optimization of solar cell electrode geometry requires specification
of the equivalent circuit parameters, since these have a contributing impact upon the
efficiency of the cell. This report deals in particular with the striped grid electrodes
and the collecting electrode at right angles to them. The collecting electrode gathers
current not only from the grid electrodes but also directly from the active cell areas.
Hence, the equivalent circuit must account for a division of the photogenerated current,
in into a portion, ic' to the collecting strip, andSiG to the grid strips. An exact analysis
is made here which shows that a previous model” overestimates ic compared with iG'
Also, equivalent resistance and power dissipation are rigorously determined from the

analysis.

A solar cell consists of repeated rectangular unit fields, each surrounded on three sides
by metal strips, as shown in Figure 33, The equivalent circuit for the diffused layer of
any one unit (for the base layer also, if similar back geometry is used) is shown in

Figure 34. Current WSJn generated by the sunlight flows through R-c and RG to ground.

Rc represents the resistance of the diffused region for carriers flowing to the top contact
strip, and RG is the resistance of the diffused region for carriers flowing to the two grid _
strips. Figure 34 is an essential part of a largef equivalent circuit considered by Handy. 2

The problem is to determine

p - (ig+ig? R=i’R (1)

where P is the electrical power dissipation per unit field in the diffused layer. Another

important quantity is V, the potential with respect to ground, averaged over the unit field
area. In the proof shown at the end of this discussion, it is shown that
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P=1i¥V ' ' (2)
so that an equivalent definition of R from (1) and (2) is

R = V/i (3)
The quantity V has further significza.nce6 as the correct parasitic voltage in the lumped

model of the solar cell junction, The resistances Rc and RG have no special interest,

since the important quantities, ic’ iG’ R, V_, and P, are determined without them.

CONTACT
STRIP

NS\
WA

/ / S \
" UNIT FIELD

GRID STRIPS

2L L L

LLLLY

T

Figure 33. Solar Cell Representation., Usually the unit field
includes a grid strip and has area (S + T) x W,
In this report, the unit field is S x W.

CONTACT ¢ —e i
STRIPS _
vV — CURRENT
e—— GENERATOR
°© i =WSJ

Figure 34. Lumped Equivalent Circuit Model for the Diffused
Layer of Unit Field
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The present analysis is exact, and begins with a calculation of the potential, V(x,y), at
all points in the unit field (Figure 35). The items of interest are obtained from this
potential as follows. Let RD be the sheet resistance (ohms per square):

+5/2
i, = (1/Ry) [ 3V/3y(x, o)dx (4)
-S/2
ig = i - i (5)
; +S/2 W
v = (yws) [ dx [ Vix, y)dy (6)
-S/2 o

The potential itgelf satisfies the equation
215.2 2,52 =
(1/Rﬂ) (d3%/2x" + 3%/ 3y )V(x,y)+Jn(x,y) = 0 (1)

which follows from local conservation of current and Ohm's law. Boundary conditions

are V = 0 at the three metal sides and 3V/3y = 0 at the open end. The solution is
[Jn(x, y) = J, = constant):
_ 2 2
Vix,y) = Rp J,5" - 1/2(1/4 - (x/9)7]

: (8)
)n+1/[(2n-1)n]3 cos (___)_Zn-sl X cosh (____)__y__)Zn-lSn W) sech (____L__Zn-sl nW

-425 (-

n=1

x=-5/2 x=4%35/2

y=W

Figure 35. Coordinates of the Unit Field
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Results
The normalized contact strip current and effective resistance were calculated from
Equations (4), (6), and (8), The results, which depend only on the ratio S/W, are given
to good approximation by simple linear forms if S/W < o. 5, a condition which covers
all configurations of practical interest. Letting Ro =1/12 RD S/W represent the resis-
tance of the unit field with the two grid strips but no contact strip, 7 we find

i /i = 0.2714 S/W (9)

R/R = 1-0,3151S/W (10)

For example, let Jh = 30 mA/cmz, RD =50Q/0, S=0.5cm, and W = 2 ¢m:

'Ln = (30) (0.5) (2) = 30.0 mA

ic = (0. 2714) (0.5/2) (30) = 2. 04 mA

RO = (1/12) (50) (0.5/2) = 1, 042 ohms

R = [(1.042) (1 - 0.3151) (0.5/2)] = 0.960 ohm
V. = (30)(0.960) = 28.8 mV

P = (SQ) (28, 8) = 864 uW

Comparison with Handy Model5

Handy assumed that ic originates in a triangular region whose base is the contact strip
(Figure 36). He proceeded to develop a relationship for the half-angle, 6, based on
continuity of voltage between the two regions at the apex of the triangle. According to
this representation, the fractional current to the contact strip is

\

iC/in = (S/4W) cot b, (11)

The actual boundaries which separate the origins of ic and iG were determined from the
exact model and are shown in Figure 37, This is the path of steepest ascent of V(x, y),
beginning at the metalization corners.
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Figure 37.

Figure 36. Geometry Assumed by Handy for
Separation Between i_and i

Exact Current Boundaries (cf Figure 32) Determined By
Steepest Ascent of V(x,y) Starting at the Corners. The
emergence angle is 45 degrees. Boundaries approach
each other asympototically, The triangle of area equal to
the iq’ region has an apex half-angle, 6, which is constant
at 42°39' for S/W < 0. 5. Hence, the calculation of circuit
parameters is much simpler than in Handy's approximate
model, which produces a variable 6.
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The boundaries emerge from the corners at a 45-degree angle but then curve so that

they approach each other tangentially. The boundary shape is practically independent of

the ratio S/W in the range S/W < 0. 5, and this accounts for the simplicity of expressions
(9) and (1). In fect, the triangle with area equal to the ic region has a constant § = 42°39!
over this range. Handy's 6 is not constant, as seen from Table 9. His angles are

smaller, meaning that his model overestimates current to the contact strip. *

Table 9 also includes ic/in and 1 - R/Ro' Gradual departures from linearity are evident
in the range of S/W above 0.5, where the equivalent half-angle § begins to increase be-
yond 42°39'. The quantity 1 - R/R0 represents the fractional decrease in resistance

due to the contact strip. The same quantity gives the fractional decrease in V and the

fractional decrease in P.

Tablc 9. Iquivalent Circuil Parameters According to kixact Model.
Both the exact () and Handy's (8 ) equivalent half-angles
-are included.

S/W iC/irl 1- R/Ro 0 GH
0.2 0.05428 0. 06302 42°39' 35°56!
0.4 0.10855 0.12605 42°39 36°17!
0.6 0.16282 0. 18906 42°39' 37°25!
0.8 0.21694 0. 25190 42°40' 38°16!
1.0 0.27041 0.31396 42°45' 39°11"
1.2 0.32237 0.37416 42756 40°10°
1.4 0.37189 0. 43141 43°16' 41°15'
1.6 0.41825 0. 48480 43°43! 42°24"
1.8 0.46100 0. 53382 44°18' 43°39"
2.0 0. 50000 0.57827 45° 0 45° O ,

Proof of P = in\_f
Local power dissipation density, PD is given by
P. = 7 F watts/cm?, , (12)

D

where J is vector sheet current density (amp/cm) and E is the electric field:

#
It appears that there is a further problem in Handy's model. He defined the effective
registance as R = V where v is the potential appearing at the apex of the
triangle (Figure 36). 'i‘hennP anénﬁ = i, Vmax» Wwhich is at variance with the result
proved in the proof that follows
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-

J = - 5= grad V (2-dimensional) (13)
a
E = -grad V (14)
Hence,
1 2
and
J‘J‘ 1 | - |2
P = = |grad V| dA (15)
Rg

where the integration is over the area of the unit field.

A mathematical identity enables us to write

- 2 - -
[[lgrad v] dA = [Vi(grad V) - nds~ [[VAaVdA (16)

where A = 62/ax2 + Bz/ay2 and the single integral is around the perimeter of the field.
The first integrand on the right is zero everywhere on the perimeter due to the boundary
conditions (either V is zero or graa V ¢ n is zero)., In the second integral, AV = RE] Jn
from Equation (7), It follows that

- 2 '
[[ lgradv| dA=R;J [[VdA (17)
Substitution into Equation (15) gives

P=J f[vda=wsg V=i V. (18)
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CONCLUSIONS

From work performed during this quarter, we conclude that:

® The fracture toughness and thermal shock resistance of mullite substrates
varies little between Coors material and Honeywell-processed material.

These appear to be good quality control indicators for substrate selection.

o Substrate characterization tests for mullite suitability for silicon coat-
ings will be deemphasized. Our knowledge is fairly complete in terms

of understanding the necessary mechanical parameters of the substrate.

o We have vlimminated the contamination problem which previously plagued
the dip coater. Our SOC material is providing better cell performance

than ever.

e A coater dedicated to increasing the throughput without sacrificing

thickness is a necessity.

e Silicon layers will spall off of ceramic substrates which do not have a

porous surface.

o The continunus coater (SCIM) will have to contain preheaters and after-
heaters to provide the thermal gradient necessary to safeguard against

large substrate thermal fracture.

3 Light-beam-induced current (LBIC) will be the standard method for

determining LD values,

e Cells etched with Wrights etch to show twin boundaries and dislocations
do not suffer loss of performance. This indicates that a correlation

between performance and disluocation densities can be obtained.

e Slotted substrate cells are technically feasible and show great promise
for reaching high conversion efficiency. The best to date is 4. 3 percent

(uncoated), 5-cm2 area.

@ Our antireflection (AR) coating technique improves performance by
approximately 33 percent. The best to date is 9. 5 percent, 1-cm2

active area.

° Ammonia borane (NH3BH3), when mixed with carbon resin, shows promise

as a P+ diffusion source for the silicon at the ceramic interface.
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RECOMMENDA TIONS

To date, activity has been carried out in two areas of the program to gain a more funda-
mental understanding of the parameters necessary for successful SOC coating, These
areas are: 1) the understanding of the mechanical/thermal properties of mullite, and
2) the evaluation of various carbon layers strictly from the standpoint of silicon adhesion

to ceramic.

We now have a good base of fundamental knowledge concerning these areas, In the inter-
est of providing greater emphasis in the area of coating throughput versus thickness
optimization, we recommend a deemphasis in substrate characterization and carboniza-

tion (mechanical property analysis) activity.
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NEW TECHNOLOGY

The incorporation of ammonia borane (NH3BH3) with a carbon resin to provide a diffusion
source for the base layer of our SOC cell represents an important new development,.
This could provide a means for creating a conductive layer at the ceramic-silicon inter -

face, minimizing the series resistance within the SOC cell and improving the overall cell

performance.
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PROJECTION OF FUTURE ACTIVITIES

Future activities are projected as follows:

e A dedicated coater will be built to maximize our coating rate for 100-pm
layers.

Q Slotted -substrate cells will be fabricated with various slot widths and

spacing to optimize our SOC cell performance.

® AR coating techniques will be refined to improve performance of SOC
cells,

] The cause of our low fill factors will be determined and processing of
our cells improved to eliminate this problem.

® New device design activity will beg‘iri on the integral optical coupler for
use with a high-voltage cell structure,

@ Substrates will be dipped into silicon containing various concentrations
of boron to investigate LD versus NA versus series resistance consider-

ations.

° The teAmperature gradient at the entrance and exit ports of the SCIM coater
furnace chamber will be modified to prevent substrate breakage.

] Experimental Coorg substrates having thermal expansion coefficients
closely matched to silicon will be dipped.

° LBIC will be used to evaluate material before processing to determine LD'

° Work will continue to determine usefulness of ammonia borane/carbon
. + .. .
resin as P diffusion source.

e Device modeling activities will concentrate on incorporating material
parameters in theoretical analysis.

° Active area and total area solar cells will be fabricated to determine

material and processing limitations to cell performance.

e Coating/solidification consultation will be carried out with Dr., J. Verhoeven .
of lowa State University to determine definitive coating experiments leading
to ma ximum throughput,
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PROGRAM STATUS UPDATE

Updated versions of the Program Plan, Program Labor Summary, and Program Cost

Summary are presented in Figures 38, 39, and 40, respectively.

1978 79

TASK/MILESTONE

A. CONTINUOUS COATING FACILITY:

COMPLETE SUBSTRATE PRE- AND POST-HEATER INSTALLATION.
COAT FIRST MULLITE SUBSTRATES.

CONTINUOUS COATER FULLY OPERATIONAL.

DEFINE PRELIMINARY GROWTH CONDITIONS (I.E., RATE, ETC.).
OPTIMIZE COATING PARAMETERS.

=

wnm o WwN

B. DIP-COATING FACILITY:
1. OPTIMIZE BASE-LAYER DOPING LEVEL FOR BEST CELL PERFORMANCE.

2. DEFINE "STANDARD' DIP CONDITIONS WITH RESPECT TO THICKNESS,
TEMPERATURE, AND GROWTH RATE.

3. PROVIDE NECESSARY MATERIAL FOR DEVICE EVALUATION.
4. PROVIDE JPL WITH 400 CM? OF SOC MATERIAL/MONTH.

D

C. EXPERIMENTAL COATING FACILITY:
1. COMPLETE DESIGN AND CONSTRUCTION.
2. REALIZE INCREASED DEPOSITION RATE GOAL OF 0.2 TO 0.3 CM/SEC. A\

D. SUBSTRATE OPTIMIZATION: ]
1. DEVELOP IN-HOUSE FIRING CAPABILITY.
2. FABRICATE AND EVALUATE SLOTTED SUBSTRATES. 2D
3. OBTAIN AND EVALUATE GLASSY CARBON SUBSTRATES.
4. OPTIMIZE SUBSTRATE DESIGN.

VAN

E. MATERIAL EVALUATION AND DIODE FABRICATION:
1. APPLY LBIC TECHNIQUE FOR PRE-DEVICE SCREENING. vy
2. EVALUATE DLTS FOR IMPURITY IDENTIFICATION.

3. EVALUATE EFFECT OF IMPURITIES AND STRUCTURE ON L AND SOC CELL
PERFORMANCE . L

4. PRODUCE 10 SOC CELLS OF 1-cm? AREA/MONTH. -
5. PRODUCE 100 SOC CELLS OF 20-CM? AREA. VAl

F. CARBON COATINGS:
1. DETERMINE FEASIBILITY OF GLASSY CARBON COATINGS AS DIFFUSION

SOURCES. , _

2. INVESTIGATE DIFFUSION FROM CARBON SOURCES . ———

3. DETERMINE COMPATIBILITY OF DOPED CARBONS WITH DIPPING PROCESS. A —
G. ECONOMIC ANALYSIS: 1 1 [ ]

1. UPDATE ECONOMIC ANALYSIS AS NEW INFORMATION IS MADE AVAILABLE . - S——
H. SOC SOLAR CELL OPTIMIZATION (TASK VD: {1 |

1. OPTIMIZE SLOTTED SUBSTRATE CELL. (TASK Il AND TASK \'D S———

. ACHIEVE 10 PERCENT C.E. (TOTAL AREA). (TASK I} AND TASK VI) n

2
3. IMPROVE JUNCTION FORMATION AND CONTACTING TECHNIQUES.
4. DEFINE ANTIREFLECTIVE COATING TECHNIQUE.

a. OPTIMIZE ANTIREFLECTIVE COATING TECHNIQUE .

A\
i 1 1 1

5. COMPLETE INTEGRATED OPTICAL COUPLER.
6. COMPLETE HIGH-VOLTAGE CELL.
7. DEVELOP AND EXERCISE SOC CELL OPTIMIZATION MODEL TO INCLUDE
SILICON MATERIAL PROPERTIES. A - n T T T T T T T
8. DELIVER 10 CELLS/MONTH (AS REQUESTED). lLA - ; VAN T FAY " ra N A - L 1 L T FAY I VAN rﬂkﬁ\

NOTE: IN ADDITION TO THE ABOVE PROGRAM PLAN, THE HONEYWELL CORPORATE TECMNOLOGY A PLANNED
CENTER WILL PROVIDE THE REQUIRED DOCUMENTATION, ATTEND THE REQUIR A ACCOMPLISHED GOALS
MEETINGS AND DELIVER THE REQUIRED SAMPLES AS PER CONTRACT AGREEMENT

Figure 38. Updated Program Plan

55




DIRECT LABOR HOURS (x 1000)

1978 79

48
47 ¢ /
46 - ' /

451

a4 /
.43 F ) /
42 /
41 | /

40 /

39 + /

38 | ~ /

37F /

36 ] /

351 /

34+ 4 /

33 /

32+ /

31t /

30 - / — +— — PLANNED MANHOURS

29 - /

28 . ——— INCURRED MANHOURS

W
27 |
26 1 1 1 1 ) i 1 1 1 | L

Ly

Figure 39. Updated Program Labor Summary
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PROGRAM COST ( $ x 1000)

1978

79
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Figure 40,

Updated Program Cost Summary
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