R} U
12500 GLADSTONE AVE , SYLMAR CALIFORNIA 91342 TWX 910-496-1488 Area Code (213} 365- 4611

g
! ‘\l{l e
ks ’
x‘“ﬁ\\ .o \fo;
e N2
= =

A Dwsion of [ Inc = =
= =
=, S
! ) ‘
ey 1
% Jr!f'!tlli\l\‘ *

Davelopmenc of an Integratled

Lightveaght Flexable Salicon Solar Cell Array

FIHAL RIPORT

SEP 12 1970

Prepared for

Jel Propuls.on Laboratory
2 Qi Iecanology

Cel Jora.a Ingu..uie
800 Oak Grove Drive
Pasadena, Califorma

Prepared uvnder

Contracl No. 952560
by

Helictelk, Division of Textron, Inc

12500 Gladstone Avenue
Sylmar, California 9L3L2

m
TR —————

O s T
(W (CODE) -
X OR AD NUmszr %3\ |
) {CATEGORY) ) NAT]OﬁKufu%egéﬁNICAL

INFORMATION SERVICE

S~ e
f
sprnngheld, Va. 22151

FACILITY FORM g2



N70-39507

DEVELOPMENT OF AN INTEGRATED LIGHTWEIGHT FLEXIBLE SILICON
SOLAR CELL ARRAY

Heliotek, Division TextrongIncorporated
Sylmar, California

12 September 1970

Distributed . . . 'to foster, serve and promote the
nation's economic development
and technological advancement '

NATIONAL TECHNICAL INFORMATION SERVICE

US DEPARTMENT OF COMMERCE

This document has been approved for public release and sale






Development of an Integrated
Taghtweight Flexable Silicon Sclar Cell Array

FINAL REPORT

JPL Contract No. 952560

This work was performed for the Jet Propulsion Laboratory,
Califorma Institute of Technology, as sponscred by the
National Aeronautics and Space Administration under Contract

WAST-100.

Prepared by

E. L. Ralph
E. F. Zimmerman
P. M. Stella

Heliotek, Pivision of Textron, Inc.
12500 Gladstone Avenue
Sylmar, California 91342

11



This report contains information prepared by the Helictek
Division of Textron Incorporated, under JFL Subcontract.
Its content is nobt necessarily endorsed by the Jet Pro-
pulsion Laboratory, California Institute of Technology,

or the National Aeronautics and Space Administration.

111



SECTION

1.0
2.0
2.1
2.2
2.2.1
2.2.2
2.2.3
2.2.4
2.3
2.3.1
2.3.2
2.3.3
2.3.4
2.1
2.5

2.6

2.6.1
2.6.2
2.6.3
2.6.4
2.6.5
2.6.6

TABLE OF CONTENIS

SUMMARY

TECHNICAL DISCUSSION

Solar Cell Evaluation and Selection
Coverslide Assembly Study
Coverglass Material Costs
Coverglass Installation Cosgts
Ribbon Glass Coverslide Analysis
Coverglass Cost Comparison
Intercomnector Study

Common Failure Modes

Array Effective Spring Rate

Flexure Fatigue Analysis and Tests
Thermal Expansion Stress

Substrate and Solar Cell Bonding Systems

Vacuum Deposited Metallic Laminates --Inbegrabted
Power Dastraibution

Wraparound Interconnector Module Manufacturing
Feaszibilaty and Cost Study

Solar Cell Module Descripbtion
Interconnector Description
Mcodule Fabrication

Medule Repair

Module Manufacburing Feasaibilaty

Wraparound Interconnect and Conventional Interconnect
Module Price Comparison

Second Demonstration Module

CONCLUSIONS

Solar Cell and Contacts Survey

Coverslide Azsembly

Interconnector Study

Substrate and Cell Bonding

Integrated Power Distribution Systen

Demonstration Module Fabrication and Documentation
RECOMMENDATTONS

iv

PAGE

1-1
2ul

22

2-12
2-12
2-16
2-21
200
2-30
2-30
2-31
2.3h
2-60
2-70
2-73

2-80

2-80
2-80
2-81
2-92
2-92
2.02

2-93
3-1
3-1
3=l
3-2
3-3
3-3
3-3
a1



Fag. No.

1.1-1
1.3-1
1.3-2
1.3-3
1.3-k

2.1-1
2.1-2

2.1-3
2.1-4
2.1~5
2.2~1
2,22
2.2-3

2,2=h
2,2-5

2.2-6
2.2-7
2.2-8
2.2-9
2.2-10
2.3-1
2.3-2

2.3-3
2.3-4

2.3-5
2.3-6
2.3-7

Inst of Figures

Descraption
Power/Welght/Cost Normalized to 12 Mil Cell

Interconnector Confaigurations A
Interconnector Configurations B
Flexure/Tensile Test

Thermal Stresgses 1n Silicon Under a Metal Tab
of Varaious Thicknesses

Cell Price ve Thickness for Particular Pricing Year.

Thicknegs vs Tame for a Faxed Cell Cost to
Generate L(K) Cost of Fagure 2.1-1

Relatave Cell Cost vs Time

Power/Welght/Cost vs Cell Thickness
Power/Welght/Cost Wormalized to 12 Mal Cell

Price of Various Filter ''ypes on Solar Cell Covers
Soclar Cell Cover Price.

Installation Price of Varicus Types of Solar Cell
Covers versus Quantity

Acceptable Hot Wire Trimmed (50x) Cell on Right Side

Unecceptable Hot Ware because of Glass Chip (50x)
Cell on Right Side

Bubble Caused by Overheating (50x) Cell on Right Side
Acceptable Abrasive Cut (50x) Cell on Right Side
Unacceptable Abrasave Cut (50x) Cell on Right Side
Acceptable Scribed Break (50x) Cell on Right Side
Unacceptable Scribed Break (50x) Cell on Right Sade
Solar Cell Thermal Expansion Model

Metal Fatigue Failure Characteristic for Various
Stress Cycling Levels

Interconnect Design with Eszentially No Expansion Loop

Interconnect Design with Expansion DLoop Extending Above

Cell Surface
Module Test Wrap
Interconnector Confaigurations A

Interconnector Confagurations B

Page TNo.
1-2
1-8
1-9
1-10
1-12

2-7
2-8
2-10
2-1h
2=15
2.18

223
203

2-03
204
2-24
2-24
2-2l
2-35
2-39

2-40
Duh2

ouls
2=l
2-48



Fig. No.
2.3-8
2.3-9
2.3-10
2.3-11
2.3-12

2.3-13

2.3-1hk
2. k-1
242
2.5-1
2.5-2
2.6.1
2.6-2
2.6-3
2.6-4
2.6-5
2.6-6
2.6-7
2.6-8
2.6-9
2.6-10
2.6-11

Inst of Figures (cont)

Flexure/Tens1le Test Apparatus

Lamnated Wraparound Scolar Cell Matrix Failure

Flexure/Ten31le Test
7 Tab Failure

Thermal Expansion Model for a Three-Member Rigrdly

Bonded System

Thermal Stresses 1n Silicon Under a Metal Tab

of Various Thicknesses

Thermal Coocling Test Results

Copper Polyimde Lamihate Tensile Test

Stress/Straln Test
Wraparound Interconnector
Taped Submodule

Soldered Submodule

90° Interconnector Bend
Insulation Additaron
Completed Wraparound Submodule
Complete Module Top View
Complete Module Bottom View
Module Closeup Top Vaiew
Module Closeup Bottom View

Module Electrical Performarce

vl

Page WNo.
2-52
2=25
257
2-59
2-62

2-66

2-68
2-T2
P=T2
2-76
2.7
2-82
2-83
2-83
2-8L
2.8k
2-85
2-87
0-88
2-89
2-90
2-91



LIST OF TABLE

Table No. Page No.
1.2-1 Price Comparison of Covered Solar Cells -3
1.2-2 Comparative Cover Costs i~5
1.h1 Tensile Test of Ribbon Substrate 1-13
2.1-1, Power to Weight vs Thickness - Bare Cellis 2 chm-cm 2.11
2.2.1 Price Compsrison of Covered Solar Cells 2-20
2,2-2 Ribbon Glass Cost Analysis 2-26
2.2-3 Integral Cover Process Cost Analysis 2=27
2.0l Comparative Cover Costs 2«29
2.3-1 Thermal Coefficient of Lanear Expansion of Materaal

at 30°C 1076 in/in°C 2-36
D.3-2 Fending Around a 10 Mil Radius 2=50
2.3-3 Theoretical Thermal Stress 2-63
2,41 Tengile Test of Ribbon Substrate 2-Th
2.6-1 Module Price Comparison 2-94

vii



1.0 SUMMARY

It 1s the intent of this swmary to provide a comprehensive and complete
description of the pervinent portions of thig program in a self-contained
éﬁoqmgt. For this reason some information and a number of figures will

be repetitidus with material withan the report's main body.

The dbggcﬁlve of this program was to develop metheds and analytacal
} techmagues which could be uzed to fabricate an integrated lightweight
flexible silicon solar cell array blarnket with the following goals
that the array be capable of (1) provading 120 watts per pound of array
weight, (2) being manufactured at a cost of $100 per watt of raw power,

and (3) being produced in modular prefabricated sections.

The study effort was divaided 1nto gseven major basks in order to examine
individual components comprising the total array concept. These areas

were

1. BSolar cell and contacts

2. Coverslide assembly study

3. Bolar cell interconnects

L. Substrate and cell bonding

5. Integrated power distribution

6. Demonstration module fabrication

7. Documentation

The last two tasks were specifically concerned with demonstrating and
exhibiting the manufacturability of the systems and concepts evolved
from the 5 magor component studies. The development efforts concluded

under these programg were as follows

1. Solar Cell and Contacts  With the solar cell being the active

element and alsc the major cost component, efforts were directed
towards optimizing the ratio of power to werght per cost of the
solar cell by considering effects of cell thickness, size, and
contact configuration. Although the original intent was to baze
the data on quotes from various cell manufacturers, incomplete
replies redirected efforts to examination of cell prices obtained
cver the past decade and then examning for cost trends and rela-

tionships. Basic cost trends indicated that

NENR
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TABLE 1.2«1

PRICE COMPARTSON OF COVERED SOIAR CELLS

COVER MATERIAL

.006" 7940 FUSED SILICA

006" 0211 MICROSHEET

50,000 PCS. 50,000 PCS.
COVER AND INSTALIATION

SPECIFICATIONS TIGHT RELAXED TIGHT REIAXED
COATING ON COVER A.R.ONLY {A.R.,& BIUE |A.R.ONLY |A.R, % BIUE A.R.ONLY | A.R. &BLUE | A.R.ONLY |A.R. &£3LUC
COATING COST CHANGE - 42 0 -, 42 0 -.17 0 - 17 0
COVER COST 2.50 2.540 1.73 1.83 1.32 1.25 67 1.85
INSTALIATION COST 1.60 1.60 1.00 1.00 1.60 1.60 1.00 1.00
TOTAL COST 3.68 4,00 2.31 2.83 2.75 2.85 1.50 1.65




(1) The cost for a particular cell (s1ze, thickness, contact con-
faguration) decreases as time passes--reflecting the manufac-

turing learning curve and customer use.
(2) The cost for a particular thickness decreases as tlme passes.

(3) Each new parameter of a cell such as reduced thickness, largexr
s1ze, or contact configurastion initially commands a very high
price and as demand and manufacturing experience 1ncrease, the
cost becomes reduced. The time interval required to reduce th
cell cost is dependent on the "encouragement” given to the

manufacturer by purchasers.

Bagsed on these trends and relative prices for the cell as a function
of thickness, size, and conbact configuration, trade-offs were per=-
formed to provade an optimrzed cell. The contact analysis indicated
that only the bar contact cell was presently economical and that only
for relatively thick cells, 2.e., 12 mils thick, the large area cells
would provide a cost savings. Consequently the primary trade-offs
1nvolved varying thicknesses in bar conbacted 2 x 2 cm cells. These
results are summarized in Figure 1.1-1. Clearly the 8 ml cell
provides the greatest power/welght value per dollar at present.

Yet, present thickness versus cost versus tame rates indicates this
optamum cell will be at 6 mils by 197L.

Coverslide Assembly Study  The coverslide study was directed towards

reducing the cost of the coverslide system, including assenbly. In
addition o examning various types of covers such as platelet,
integral, and ribbon, the cost impacts of AR coatings and Tfilters
was examined. A summary for platelet sysztems of fused silica and

microsheet 1z shown in Table 1.2-=1.

Sizeable cost gavings thru the use of integral and ribbon glass
systems were realizable over the conventional platelet. The
considerable cost reduction for the ribbon glass AR coating re-

t
flects the economy of coating a continuous ribbon. These savangs

1k



TABLE 1.2-2

COMPARATTIVE COVER COSTS

f ! CONVENTIONAL ‘
| Integral | Fused Salaca | Microsheet | Ribbon
¥ \ §
! Material | $0.020 ' $2.0b $0.78 $0.16
AR Coating 0.30 0.30 0.27 0.03
1 t
Installation Labor | 0,54 1.15 1.39 | 0.k5
(Burdened) i ; !
Total Cost 0.86 3.49 o.u 0.65




are clearly exhibaited in Table 1.2-2, A continuous process ribbon
glags cover assembly was investigated during this program. This was
evaluated in an effort to reduce coverslide costs by reducing the
cost of both material and labor. This automated continuous process
consists of two major steps (1) Bonding the continuous glass ribbon
to the solar cells, and {2) Tramming the coverglass to the correct

51Z7€.

Adhesive selection and application, explained in detail an the text,
wag performed and Dow Corning XR-6-3489 was selected. Rolling produced
a thin bond line about 0.001 inch in thickness and cure times could be

accelerated to about five minubes.

Three methods of tramming were evaluated (1) Seribing with a
diamond, (2) Melting with a hot ware, and {3) Abrasive trimming with
a hagh velocity jet of aluminum oxade. The abrasive method proved to
be most satisfactory and was seleched for use in Tfabricating the

demonstration module.

Interconnector Study Major emphasis in the intercomnector study was

aimed at i1mproving interconnection reliability. The program defined

4 prame failure modes for interconnectors

(1) Interconnectors stressing silicon beyond ulbtimate strength .,
(2) Interconnector being stressed beyond ulitimate strength.
(3) Interconnector fracture due to Fatigue .

(4) Solder joint fracture due to fatigue.

Efforts to prevent failures under 1 and 2 have been strarghtforward
and successful in the past so that study efforts were directed at
preventing fatigue failures per 1tems 3 and 4. The accomplishments
under 1tem 3 1ncluded the deraivation of an equation which gives the
minimum height for a stress loop required to provide no fatiguing.

This 1s for small changes 1n the interconnector loop bend radius



Y¥' -R 2R, R
h' = R + £ = vhere R, = — 5=
| n ¢ T SR
Rf - R 1 - £
- Ed
where h' = minimum heaght of stress loop
Y'!' = half the maximum cell spacing due to array motions
E = modulug of elasticity for interconnector
d = thickness of interconnector
Sf = fatigue strengbh of interconnector material
R = radaus of curvature of stress loop

Additionally, a number of different interconnector configurations were
found which provided significantly greater fatigue resistance than
standard 7 tab low strees loop interconnectors. The various inter-
connector configurations examined and tested are shown 1n Figures
1.3-1 and 1.3-2, Flexure/tensile tests of sample modules utilizing
the wvarious interconnector types shown an Figures 1.3-1 and 1.3-2
resulted in the data exhibited in Figure 1.3-3. An zmprovement in

fatigue resistance by the wraparound concepts is clearly demonsvrated

in these tegts.

The examination of the thermal stress problem at the solder joint

resulted in the equation,
R
= a AT - =

Sl El( T L )

where the index, 1, refers to the memwbers of the ftrimetallic bond--

interconnector, solder, or silicon. Hence

sl = average stress 1n the 1th member
El = glastic modulus

al = thermal coefficient of expansion
AT = temperature change

L, = length of the members,
and R = resultant length change given by
3
LZtEO!AT
i1
=1
R o= e
5} E
11
1=1

where tl as the materaial thickness.

=7
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Z TAB CONFIGURATION

(a)

) |
INSULATOR’/’
WRAPARQUND
(b)

STRESS-RELIEVED WRAPAROUND

(c)

FIGURE 1.3~1 INTERCONNECTOR CONFIGURATIONS A



TOP VIEW

(a)

TOTAL: SPAN WRAPARQUND

a

HOLES

™
SULSTRATE

LAMINATED TNTERCOMNECTOR

)

FIGURE 1.3-2 IRTERCONNECTOR CONFIGURATIONS B
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Based on this model, a family of stress curves exhibiting the silicon
stress dependence on material type and thickness is exhibated in
Figure 1.3-4. Purthermore, calculated solder stresses at temperatures
higher than 150°C and lower than -100°C approached guite clogse to the
solder yield strength and 1ndicated that the solder would be a weak
link in the bond.

Cell Support Substrate Lightweight polyimade in flat sheets and in

narrow ribbon configurations was examined as & possible cell gubstrate.
Ihe effects of ribbon width and adhesive coverage were examined as
shown an Table 1.4-1 . The rubbon concept provided sufficient
gstrength for mechanical integrity when compared to a flat sheet sub-
strate. OSubsequent module wrap tesgts indicated dhat complele

edge coverage of the solar cell was required to prevent cell lifting
wnder array bending. Furthermore, the inbterconnector flexure/fat;gue
tests showed a slightly greater fatigue rate for wraparound inter-
connectors when a ribbon substrate was used when compared to a sheet
substrate. This appeared to be due to a poorer dlstributlon of

stress loads by the substrate resulting i1n higher stresses along

some ribbons and consequently greater cell spacing changes and higher
interconnector failure rates. It is felt that further development of
fabrication technigues can prevent the uneven distribution of stresses
by the ribbon substrate, hence allowing the use of the approximately
50% weight savings offered by the ribbon concept

Integrated Power Digtribution System  The mechanical-electrical

integrity of metallic-polyimide laminstes was examined under tensile

and bending tests. A vacuum deposited copper-etched polyimide

system was found to provide both mechanical and electrical integraty
suitable for array ubilization throughout the testing. The evaporation
prqceseﬁggnslste& of resistance heating fine copper wire held in a
tungsten basket  Evaporation pressures were on the order of 5 x lO"lL torr,
although the evaporation pressure was not a sensitive parameter in

terms of good copper adherence to the polyimrde

1l-11
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Demonstration Mbdulgs and Documentation Demonstration modules were

fabricated exhibiting the manufacturability and compatibality of the

optimized components determined in Fhagses 1 thryu 5 above. These
included 7 and 8 mil thick bar contacted silicon solar cellg, 1.3 ml

thick ribbon glass covers, wraparound (high fatigue resistant) inter-

connectors, and the polyimide sheet substrate. FPhotographs and

fabrication documentation were prepared for the manufacturing process.

The pertinent findings of this study include

8 mil thick 2 x 2 om bar contact cells provide optirmum

power/W81ght/cost at the presenl time.

6 m1l thick 2 x 2 cm bar combacht celk will provide optamum
pover/weight/cost by 19T4. -

Integral and ribbon glass cover systems can reduce the cover
cost per cell from $2.50 minimum for a platelet system to
less than $0.8€.

A generalized equation relating interconnector stress loop

height and fatigue resistance was deraved.

Deposited metal - polyimide laminates used as interconnechors
can provide substrate mechanical strength and electrical

integrity.

Minimum adhesive coverage bebtween solar cell and ribbon substrate

was determined.

Silicon stress versus interconnector thickness for various
temparature eyecling ranges Were calculated for copper and

molybdenum material.

1-1h



2.0

TECENICAT. DISCUSSION

Efforts to provide a basic silicon solar cell array providing
120 watts per pound at a cost of $1C0 per watt were broken
down anto seven major tasks. The primary emphasis 1n each
task was guided by the program’s basic power to weight and

cogt goals and additionally by specafic goals peculiar to

each task. These gurdelines provide an outline of the specific
efforts described in the main body of the technical discussion
and reflect the task efforts conducted during the previous
year. Addationally., brief discussions are ancluded so as

to i1ndicate why each task was treated in 1ts particular

nanner.



SOLAR CELL EVALUATTION AWD SELECTION

The intent of the cell evaluation part of the lightweight array study
was to determine the cell configuration which would provide the best
pocwer to weight ratio at the least cost and be readily adaptable to
use on a modular array concept. Ideally, a trade-off study such as
this should be easily obtained by comparing costs of various size

and thickness sclar cells and relating thie to the power ocutput values.
Actually this 1s not simple since there are many cell types available
and the number of variables becomes very large. Alsoc the cell costs
are highly dependent upon the degree of development or the availability
of tooling and experience of a particular cell type. In gprte of
these problems, an attempt was made to develop a matrix of cell types,
and current costs were requested. The following variables were conw

sidered important for this program and were included in the matrix.

1. ©Standard bar contact cells 2 x 2 cnm

2. Wraparound contact cells 2 x 2 cm

3. TLarge area cells 2 x 4 cm, 2 x 6 cn

4. Various cell thicknesses 12, 8, 6, and 4 mils
5. Cell guantities from 10K to 2M.

This request for power oubtput and general cost information resulted
in either no 1nformation submitted or at best only partial answers

te selected portions of the variable matrix. Anhalyzing the few data
points thus available, 12t became apparent that 1t would be impossible

tc gain any relevant trade-off information thig way.

It was therefore decided that 1f current cost and performance data
was not readily available, then poseibly the trade-off design study
could still be performed 1f some of the principles of cell economics
could be defined. In order %o define these principles, a study was
made of solar cell prices over the past years so as to determine what
kinds of trends might be noticeable. If definite trends were found,
then 1t was felt that extrapolations could be made to the present

and future regarding such variables as new cell design accephbance,

cell costs, performance and time factors.

2-2



In regard to solar cell costs 1t was concluded that at any particular
time in history, the thinner the cell the higher the cost. Actually
there normally was a range of cell thicknesseg which were available

at essentially the gsame price and then as the thickness was decreased
below this mainimum (or conventlonal) thickness, the praice increasged

at a very rapid rate due to the uncertainty of production yields.
Faigure 2.1-1 shows this relationship over a fairly long period of
time. Although these are basically schematic curves, there are usually
several historical poants on each curve that generally fixed the shape
and magnitude of the curve. The curves were normalized to 1.0 for
the thickest (least expensive) cell for the given period of time so
that only thickness effects were analyzed and general cost variations
due to cell design, production efficiency, time perrod, size, ete.,
were put on an equal basis. Characterastically the base line cost
price has decreased with time from $6.00 for an 18 mil 1 x 2 cm cell
in 1958 to $4.60 for a 2 x 2 cm cell 1n 1969.

The value "one' represents basically the state-of-the-art large volume
production cell for each period of time. The first obvicug fact that
15 evident 1s that the trend i1s to provide thinner solar cells as time
goes on. Also, the critical point where the cell price increases
raprdly with decreasing cell thickness changes to thinner cells with
time. BSince these curves are continually changing, information today
will not be satisfactory for projecting cost effective designs for
future array designs. Therefore, Tor example, a curve i1g shown for

a 1974 projected estimate that can be used in this study for making

a cost effective array design. This 1974 curve 1s expected to be
sumilar to the general patterns seen in the past, but will be ghifted
so that the critical break occurs between 6 and 8 mils cell thickness.
The curve for 1974 was established by constructing the set of curves
presented in Figure 2.1-2. This set of curves was constructed by
determining the intersection points of a line corresgponding to constant
relative price values of 1.25, 1.5, 2.0 and 3.0, and the year curves
from Fagure 2.1-1., These data points were plobtted and a smooth curve
drawn and extrapolated to generate the 1974 estimated curve in Fagure
2.1-1.

2-3
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Several significant historical design changes have taken place and
can he uged as examples, For instance, the change from P/N to N/P
cells, the change from nickel contacts to titenmium~-silver contacts,
the use of thinner cells, and the use of larger area cells. All of
these examples had learning curve characteristics associated with
the change that reflected in the cell costs. In all cases the
1matial change resulbed in higher costs with a subsequent drop to

a base level that was usually close to the i1nitial base level.

Some types of cell design changes make a guick recovery, while other
changes are more severe and require much time (years) %o reach the
bagse level. TFigure 2.1-3 shows schematically how these cell design
changes typically appear in a cost analysis. For instance, N/P
cells had a significant cost impact at first, but soon reached P/N

cost levels.

The 8 mi1 thick cells also had a significant cost impact, but were
mach slower to approach the thicker cell base line. The large area
cells are an example where only a small cost impact was inmitially
seen, then the learning curve was rapid and the costs dropped below
the original base line level which was set at the low price value
for the 12-14 mal 2 x 2 em cell. The wraparound cells are presently
following a very slow learning curve, however, it i1s unknown whether
thrs may be due to lack of interest or due to basic cost factors.

In any case, 1t is appavent that future cell design changes will
follow these basic cost patterns and they must be characterized and
vredicted for any new cell design utilized in a cost analysis of

nev arrays.

If new cell design cost consideratrons {such as large area and wrap-
around contact celle) are combined with the thickness effects we

get a schematic curve such as that shown an Figure 2.1-4. Both large
area cellg and wraparound cells are of interest for this lightweight
array study and are shown in this figure. In this plot the 197k

projected values show that the thin large area cells are more expensive
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than the thin 2 x 2 cm cells while the thicker large area cells are

less expensive. The wraparound cells are shown to be more expensive
than both other cell types in 1974, although this prcture 1s likely

to change 1f an extensive effort were placed on developing this

type of cell.

If the results of the data in Fagure 2.1-h are incorporated with the
cell performance datal) for each type of cell, the outcome of this
analysis 18 exhibited in Figure 2.1-5. This figure shows the

relative power/welght/cost data for various types of cells as a function
of cell Thickness. A curve representing present-day conditions and

one for estimated conditions ain 197: are shown. These are again norma-
lized to the present-day 12 mal cell. The present-day curve indicates
that the 8 ml cell is opbimum, with a shift to the 6 mil cell in
approximately 4 to 5 years. Again, since the newer type cell prices
reflect the requirement of a learning period, any increase or decrease
in emphasis of effort in these areas will greatly effect the period

of time required before they reach the base. line conditions and
become straightforward production items. Table 2.1-1 1s a summary

of data presented in previous 1llustrations to emphasize progress

1in cost reduction.

1) Performance of Very Thin Silicon Solar Cells, E. L. Ralph,
Sixth Photovoltaic Specialists Conference, Cocoa Beach, Florida,
March 1967
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TABLE Z.1=1

POWER TO WEIGHT VS THICKNESS
BARE CELLS 2 OHM-CM

BT, 1969 1974 (ESTIMATE)
THI CKIFESS RELATIVE RELATIVE RELATIVE ¢ RELATIVE
(MILg) | |POWER/WEIGHT || cosT POWER/WEIGHT/COST|I COST | POWER/WEIGHT/COST
12 953 1.0 1.0 1.0 1.0
8 135.3 1.1 1.29 1.0 1l.he
6. 170.2 1.9 .9k 1.2 1.kg
L oho o 3.55 .72 J 2.2 1.15

2=-11




2.2 COVERSLIDE ASSEMBLY STUDY

The object of this segment of the integrated array study was to

develop an inexpensive lightweight solar cell cover system.

A comprehensive cost analysis of various types of solar cell cover
systems was performed to determine the variables that affect cover
costs. The purpose of the study was to supply information for =
cost effectiveness analysis and did not include an analysis of the
design parameters such ag light transmission characterigtics of
guartz and 0211 microsheet, the propertres of various filiers, or

the shieldang properties of various material thicknesses.

2.2.1 Coverglass Material Cogts

The cost of the cover i1s essentially determined by the cover sub-
strate material used, the type of optical costing and filter applied
to the cover, and the tolerances on the dimensions of the cover,
l.¢., length, width, and thickness.

Currently there are two materaals that are typically used, these
are Corning Glass Works #7940 fused silica, and Corning Glass Type
0211 microsheet. For applications requiring a cover with zn AR
coating and a blue cuton filter there i1s 100 percent price penalty
for simlar cover thicknesses 1f fused silica 13 employed instead
of the 0211 microsheet. This price differential i1s primarily due
to the fact that the fused silica must be sliced from a block of
solid material, then lapped and polished. The microsheet, which
1s available in the desired thickness 1n 13 x 14 inch panels, 1s
merely rough-cut, bonded together in stacks and cut to size. The
principle price 1ncreage is due to the additional labor inveolved
1n preparing the silica covers which s accompanied by a modest
difference in basic material cost. The basic material costs are
guite small. The manufacturer's 1965 price of 0211 mecrosheet was
$1.35 for a sheet 13 x 14 inches 0.006 inch thick, and $1.20 for a
sheet 13 x 14 anches 0.003 inch thick. If 100 percent utilizstion
of a gheet could be achieved, material cogts for a 2 ecm x 2 cn

0211 cover would be only about one penny.

2~ 12



Three different and distinct solar cell thain fi1lm interference-type
optical coabtings are available. They are the antireflective coating,
the ultraviolet reflecting filter, and the blue-red falter., The _
blue-red filter 1s essentially a heat reflecting filter which trans-
mts maxaimum energy 1n a bandwidih corresponding to the speetral
responge curve of the sclar cell. Since current pricing data was

not made available for the various coatings as separate items, coverw
glass pricing information was developed from hisborical data. The
filter cost data presented in Figure 2.2-1 was obtained from quotations
during the period 1967-1969 and i1s assumed to be representative of
current trends. This faigure shows price variations as a function of
the type of coating applied to the cover substrate. To facilatate

cost effectiveness studies, the base line of zero ih Figure 2.2~1

was selected to correspond to the most commonly used coverglass failter
design (1.e., AR plus blue cuton). Figure 2.2-2 ghows the coverglass
price with an AR costing and a blue filter on the platelet. There- _
fore, this corresponds to the base line (or zero lane) on Figure 2.2-1.
If the filter is changed to either AR only or AR plus blue-red the
values 1n Figure 2.2-1 must be added to the values in Figure 2.2-2.
For example, 2f a 2 x 2 cm 0.006 1nch thick microsheel cover with an
AR coating and a blue filter costs $1.00, a similar cover with an AR
coating but with a blue-red filter would cost the $1.00 base price
plus an additional $0.30 to $0.40 depending upon the quantity and

the quality specifications. The coating prices in Figure 2.2-1 also
must be i1nereased an relation to the number of 2 em % 2 cm size

equivalents for larger area covers.

The third set of parameters which influences solar cell cover prices
is the tolerance on the cover dimensions, principally length, width,
thickness, and edge/corner chip specifications. Typical dimensional
tolerances are +0.003 1nch on length and wadth and +0.001L inch on
thickness. Taghtening of a tolerance slightly, will increase the

cover base price by 5 to 10 percent. Nominal edge and corner chip
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2.2.2

specificationg are 0.0L0 inch maximum projection into the face of

the cover. Tightening of this nomnal tolerance will cause another
5 percent in the price of a cover. Relaxation of the tolerances and
vhysical characteraisties simlarly will result 1n a corresponding

cost reduction.

The price of various solar cell covers From the 1967-1969 data ais
presented in Figure 2,.2-2 which illustreates the effect of size,
thickness and materaial type on the price of a cover. Furthermore,
each category is represented by a broad curve which indicates the
price range resulting from loosge and Tight specifications governing
size and chip tolerances. The cover prices are also based on an
equrvalent 2 x 2 cm area, therefore the price of a large area cover
must be determined using the area factor and the proper curve. The
area enclosed by the center curves represent the price range of
three types of substrate. The 0.006 1nch and 0.012 inch thick fused
silica costs are similar because of material cost and yield trade
off. The 0.003 inch thick 0211 microsheet price 1g due primarily
to handling drfficulties and lack of large guantity yield data.
Once sufficient experience 1s accumulated, Tthe cost of the 0.003
inch 0211 microsheet can be expected to be between the cost value
of fused silica and the 0.006 inch thick 0211 macrosheet.

Coverglass Installation Costs

The major portion of the solar cell installation cost is generated

by direct labor and i1s a function of specification requirements.

The most 1mportant considerations in determining installation prices
are thickness of the cover (because of breakage), cover-to-cell
location tolerances, and the type of cover bonding adhesive usged.

It 15 therefore difficult to establish an exact price relationship
for the numercus combinations which could be évolved. The cover
thickness influences the price pramarily due to the more sophisticated
handling equipment and technigues reguired for thinner covers,
parvicularly with the 0.003 inch thick covers. Exbreme care must be
exercised especially during the cleaning and cementing steps. Hand-
ling of the thin covers usually necessitates the use of vacuum probes.
Thas 18 an inherently slower procedure with a high resistance %o

automation.
2-16



Posaitioning or indexaing a solar cell coverglass during the bonding
process has become a very preclse operation because of the require-
ments of the "zero gap' configuration. This concept requires 100
percent coverage of the solar cell active area. The increased coit
of the "zero gap" cover i1s due to the higher cost of the necessary
precision tHooling needed for indexing. Additional costs are also
incurred by the higher reject and rework rate and more straingent in-

process 1nspection.

The final consideration ig the type of adhesive used to bond the
cover to the solar cell. The most commonly used adhesives are
Epocast 15E, RTV602, Sylgard 182, and Dow Corning XR63-489. The
RTV602 1s the most econcmical because of the eage of handling,
cleaning, and replacing coverglasses. When 15FE i1s used, repair is
not practicsl because of the high bond strength. The Sylgard 182
and XR63-489 are almost identical in properties, but excess adhesive
1s diffacult to remove due to their hardness and high tensile strength.
Sinece 1t would be imposgible to establash praces for all of the pos-
gible cell cover lay-down parameters, the cost data generated i1n thas
study 1s based upon diametrically opposed requirements covering the
two extreme conditions (or degree of difficulty) experienced in

applying solar cell covers.

The least expensive approach ubilized loose cell and cover dimension
tolerances, an inexpensive (211 microsheet substrate, and the easily
applied RTV602 coverglass adhesive. In the more difficult and costly
approach, tight cell and coverglass tolerances, a #79#0 Tused silica
substrate, extremely rigid ("zero-gep") cover placement tolerances,

and the most costly adhesive (XR6-3489) were assumed.

Figure 2.2-3 indicates the approximate range of installation prices
for various cover thicknesses as & function of the gquantity installed.
The price includes typical burdened labor and a nominal breakage
allowance. The curves were based on preveiling prices in effech during
the period 1967 to 1969. The upper and lower limts Ffor each type

cover correspond to the two expenditure limts described above.
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To 1llustrate the use of the three pricaing figures discussed above
in performing an engineering trade-off cost analysis, assume that a
0.006 1nch thick cover 1s necessary as a shield due to the radiation
environment. Consider a guantity of 50,000 2 x 2 cm cells. Do not
anclude 1n this trade analysis other design parameters such as power
loss due to light transmission losses or temperature effects due to
filter type saince these characteristics could be defined by another
engineering trade-off gtudy. The basgic problem can thus be stated
What 1s the cost trade-off for the power levels associated with each
filter-coverglass combination? TableZ.2-1 shows a typical price
breakdown develcoped from the three pricing curves by uwsing the follow-

ing steps.

a. Determine coating cost correction from Figure 2.2-1.

b. Determine upper and lower price for each substrate type
from Figure 2.2-2.

c. Determine upper and lower praice for tight and relaxed
gpecificaticns for 1nstallation from Figure 2.2-3.

A comparison of the figures in the total cost line provides the

means for determining which design parameter will prove to be most
economical. Also 1t shows the i1mpact that cost reduction develomment
efforts will have as a result of decreasing installation costs, elim-
inating the need for filters, or reducing the cost of the cover

materazal by changing type or mechanical tolerances.

A review of the aforementioned faigures gives added impetus to pro-
grams directed toward reducing solar c&ll cover asgembly costs. Two
of the most promising approaches being considered in this program
are the gutomated ribbon glass process discussed in previous reports
submitted under this contract, and the evaporated integral cover.
Cost projections indicate that a 0.001l3 inch thick cover applied,
using the ribbon process should cost sbout $0.60 to $0.75,and the
integral cover may ultimately be reduced to $0.40 or $0.50. Cost
savings of this amount will be very saignificant for large area golar

cell arrays containing large numbers of scolar cells,
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TABLE 2,2-1

PRICE COMPARISON OF COVERED SOIAR CELLS

0og~2

COVER MATERIAL .006" 7940 FUSED SILICA 006" 0211 MICROSHEET
50,000 PCS., 50,000 PCS,

COVER AND INSTALIATION

SPECIFICATIONS TIGHT RELAXED ‘ PIGHT RELAYED
COATING ON COVER A.R.ONLY | A.R.& BIWE |A.R.ONLY |A.R. % BIUE A.R.ONLY | A,R, &BIUE | A.R.ONLY |A.R. &BIUE
COATING COST CHANGE - b2 0 - b2 0 ~.17 0 - 17 0
COVER COST 2 50 2,40 1.73 183 1.32 125 67 1.85
INSTALIATION COST 1 60 1.60 1.00 1,00 1.60 1.60 100 100
TOTAL COST 3 68 4,00 2 31 2.83 2.75 2.85 1.50 185




Ribbon Glass Coverslide Analysis

The concept of using an ultrathin (0.0013 inch) combinucus ribbon of
glags for solar cell covers was congidered because 1t offered the
advantages of reduced material cost, reduced weight and lower proces-

sing labor costs.

Basically the sgystem consists of cleaning the glass and the cell,
applyaing adhesive to the cell, applying the glass to the cell,
rolling the glass to achieve a 1 mil adhesive thickness, curing the
adhesive and fanally trimming the bonded,glass to size. Thils approach
was selected because of the handling problems encountered 1n using

the ultrathin glass ribbon.

The analysis was davaded into two phases, the first was adheszive
selection and application. The second was selection of a suitable

glass trimming technigue.

Required adhesive properties are

l) Good laght transmission
2} long-term envaronmental stability
3) Adaptability to automated assenmbly.

State~of-the=art adhesives that were considered were RTV 602, Sylgadd
182, Dow Corning XR6-3489, G.E. SR 585 contact adhesive, and
Schgeldahl GT 100 f1lm adhesive, 1 mal thick. The fiwid adhesives
were applied by spraying both the cell and cover and by applying a
metered guantity of adhesive to the cell. The cover was positioned
on the cell and then was rolled wath a pressure of 500 grams on a
one inch wide, one inch diameter roller to achieve the desired
thickness of one to two mils and to remove bubbles between the cell
and cover. The adhesive was cured at 200°F for 2 minubtes prior to
trimming. The Sylgard 182 and Dow Corning XR6-3489 proved to be
most satisfactory in this study and the metered head of adhesive

method was more satisfactory than spraying.
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2.2.h

The second phase of this task was concerned with selection of a glass
trimming technique. Three methods of trimming were evaluated during
thag study. Fagure 2.2-4 through 2.2-10 1llu?trate the type of edges
produced by the varaous methods of tramming. The first method con-
gisted of a Nichrome wire held taut between two apring-loaded insulated
posts. Sufficient current 1s pazsed through the wire to maintain &
temperature of approximately T50°C. The hot wire was passed along

the edge of the covered cell edge in g ghearing motion to minimize
glasg buildup on the wire and cell edge. This method of trimming was
discarded because of high reject rates due to ragged edges and ther-

mally induced stress cracks in the glass covers.

The second and most successful method consisted of a high velocaty

Jet of abrasive particles 25 microns in diameter at a pressure of

L0 pounds per square inch using a gun with a nozzle size of 0.006

X 0.060 i1nches. In the hands of an experienced operator, this
technigue had an acceptable reject rate. This method was subsequently

selected for use on the demonstration module.

The third method svaluated consisted of scoring the glass at the cell
edge with a diamond scribe with a 1/2 to 1 ml radiuns point and a
presgure of 30 grams. Tmmediately after scraibing the glass was bent
and broken along the scribed line. This method shows good possibilai-
t1es but requares a substantial investment in time and tooling To be

Teasaible.

Coverglass Cost Comparisan

This section of the final report presents detailed cost analyses for
the ribbon glass and integral cover systems. A final summary then
compares these values with the costs of the conventional microsheet

and fused silica platelet sgystems drscussed in Section 2.2.2.
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Figure 2.2-4 ACCEPTABLE HOT WIRE

Figure 2.2-5 UNACCEPTABLE HOT WIRE
TRIMMED (50x) CELL ON RIGHT SIDE

BECAUSE OF GLASS CHIP (50x) CELL ON
RICHT SIDE.

Figure 2.2-6 BUBBLE CAUSED BY OVERHEATING
(50%) CELL ON RIGHT SIDE.
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Figure 2.2-7 ACCEPTAERLE ABRASIVE CUT
(50x) CELL ON RIGHT SIDE.

Figure 2.2-9. ACCEPTABLE SCRIBED BREAK
(50x) CELL ON RIGHT SIDE
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Figure 2.2-8. UNACCEPTABLE ABRASIVE
CUT (50x) CELL ON RIGHT SIDE.

Figure 2.2-10. UNACCEPTABLE SCRIBED
BREAK (50x) CELL ON RIGHT SIDE.




2.2.h.1

2.2.4,0

Ribbon Glass Solar Cell Cover Costs

Tn this analysis the cost per 2 x 2 cm solar cell 0.01l4 anch thack
has been based on a production quantity of 500,000 solar cells per
year. Initial tooling and machining coste of $60,000 were amortized
over this production quantity. A cost breakdown is shown in Table
2.2-2 for the coverglass and the installation. Thais table shows that
a price of gbout $0.62 would be expected For this ribbon glass cover
system. WNo ultraviolet rejection filter i1s considered, since the
glass would be the 0211 type, vwhich has an absorption region in the
ultraviolet that protects the adhesive. Also, no antireflection
coating 1s considered for the glazs so that this system could be

compared directly with the integral coverglass system.

Integral Cover System Cost

A sigmaficant amount of effort has been devoted to producing a low

cost solar cell cover which would be bonded directly to the solar

cell without the necessity of using any adhesives. Severasl methods,
including a fused glass slurry, thermal decomposition of silanes,
sputtering, and high vacuum slectro-beam deposition have been investi-
gated at various laboratories. Heliotek has reported success in the
use of high vacuum electron-beam technique. The cost analysis presented
in this report 1s based upon a linear scale-up of exasting equipment

to produce a quantity of 500,000 cells in one year. Table 2.2-3

gives a cost breakdown for depositing an integral cover of 1 to 2 mils
in thickness on 2 x 2 centimeter size solar cells. The glass to be
evaporated would be bornlng type 1720 glass which has exhibrted
acceptable resistance to ultraviolet and hagh energy particle radiation.
In general, the 1720 type glass possesses all of the environmental

characteristics necessary for an integral solar cell cover.
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TABLE 2.2-2. RIBBON GLASS COST ANALYSTS

Labor 3 Technicians at $3.00 an hour
O/H at 150%

Equaipment

Material $1.00 per lineal foot 50% yield

10% Contingency on above

10% G%A

10% Fee

Price for covering cell with a yield of 80%

2-26

Yearly Cost C=11 Cost
$18,000 $0.036
27,000 0.054
k5,000 0.090
60,000 0.120
105,000 0.210
80,000 0.160
0.370
0.037
0.h07
0.081
0,448
0.045
0.193
$0.617



5.

Inrrect Labor
12 Technicians

Qverhead
150% D I.

Egquapment ~

Lk chambers at
$15,000/un1t =
$60,000

Material
$6.50/1b

Contingency
10% # thru b

10%

Profit
10%

Yield
90% Estimated

TABLE 2.2-3

INTEGRAL, COVER PROCESS

COST ANALYSTS

RATE HOUR EXTENDED
$2.00/hr 24,000 $483,000
1.5 x $0.096

160,000

5 x lO5 cells

25 1b. 5000 runs

. 5 x 100 cells %

0.1 x $0.377

01 x $0.1a5

0.1 x $0.457

30 503
9.9

2=-27

$6.50

1ib

Production Basis
500,000 cells/year

Cost per cell

$0.096

$0 1Lk

$0.120

$0.017

$0.377

$0.038
$0.415

$0,042
$0.457

§o.0h6
$0.503

$0.56 TOTAL PRICE/CELL

SUBTOTAL

SUBTOTAL

SUBTOTAL

SUBTOTAL



2.2.4.3

Cover Cost Summary

Table 2.2-4 shows a summary comparison of the price of the three
alternate types of cover. The prices of the various types have been
selected from the previcus cost analysis studies such that they are
as equivalent in their characteristics as possible, to provide a
comnon base for comparison purposes. The following conditions were
used to provide this common base and specify the solar cell cover

system,

a. Dimensional Tolerance  Taght, zero-gap concept with the cover

flush or with a 3 mil overhang on three edges of the cell. No
exposed area between the cover and chmic strip wath a maximum

of a 5 mxl overlap of the cover on the ochmie strip.

b. Burface Treatment or Cover Coating Magnesium fluoraide anti-

reflective hard costing.

¢. Blue Reflecting Filter Tone.

d. Cover Material

Conventional PFused gi1lica and 0211 Microsheeb
Integral Evaporated Corning Glass Type 1720
Ribbon Corning Glass Type 0211

e. Quantity 500,000 pieces to be produced i1n a one~year pericd.
The conventional cover prices presented in the second guarterly
report have been reduced by 3 percent to reflect the change in
quantity from 50,000 to 500,000.

As the Table 2.2-4 clearly shows, the integral and ribbon glass
concepts offer a significant (= T0%) reduction in the cell cover cost.
This potential cost advantage in large area arrays clearly indicates
that such concepts would provide a dramatic reductbion in total array

cost.
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TABLE 2.2-4% COMPARATIVE COVER COSTS

Convén‘blonal
Integral Fuged Silica | Microsheet Ribbon
Material +$0.02 $2.0k $0.78 $0.16
AR Coating $0.30 $0.30 $0.27 $0.03
Installation Labor $0.54 . $1.15 $1.39 1 $0.46
{Burdened) :
Total Cost $0.86 ! $3.49 $2.1h { $0.65
i [
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2.3

2.3.1

INTERCONNECTOR STUDY

The examination of the siliecon solar cell array interconnector Was
not intended to prineinally improve the array power to weight rates
or cost factor. Although these weight and cost criteria provaded
general design guidelines, the major interconnector analysis effort
was underteken so as to improve system reliability for lightweight
Tlexible arrays. This was to be done by a series of analyses and
tests providing information which would ensure anterconnector
antegrity through prolonged periods of thermal cyecling and vibration

without requiring excessive weight or cosi 1ncreases.

The following outlines the gpproach undertaken to provide a reliable
interconnector system. Although thas does not necessarily represent
the chronological sequence of events, 1t does provide a logical

and continuous seguence.

1. Definmition of interconnector failure modes.
2. Expected peculiarities of rigid and flexible arrays.

3. Flexure fatigue analysis and tests.

4. Thermally induced stresses at the interconnector-silicon

bond, analysges and tests.

Common Failure Modes

The most common failure modes encountered during launch and

throughout migsion life are open circuits due to

1)} TInterconnectors stressing silicon beyond the ultimate strength

2) TInterconnect being stressed beyond ultimate strength

3) Interconnect fracture due to fatigue

k) Solder joint fracture due to TFatigue
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2.3.2

The remédy for 1tems 1) and 2) 18 to design a stress relief in the
interconnector so that excessive gtress levels in the interconnector
and at the interconnector hond joint are removed. Practically speak-
ing, where the stress relieving, such as the conventional 7 tab stress
relief loop, 1s employed, fairlures of exceeding ultimate strengths
are eliminated. If stress relieving 1s not practical, due to spatial
Iimtations for example, then the designer s required to provide
interconnector systems which will withgtand all direct stress levels.
In such a case 1t 1s also necessary to consider fatiguing incurred
through cyclic gtress inducing enviromments. Again, ih the case of
stress relieved systems, although 1tems 1) and 2) can safely be
elimnated 1t waill be necessary to consider the possibalaty of system
fatiguing due to cyclic motions of the stress-relieving member.

The fatigue analyses must also extend to the interconnector bond
Jownt whach will experience cyclic stregssing induced by the relation
of thermal excursion and the varicus coefficients of thermal expansion

for the components of the bond-interconnector, solder, and silicon.

Since excessive direct stresses can and have been successfully elimi-
nated through the use of stress relieved interconnectors, the Helaotek
interconnector analysis was specifically oriented towards solving

the problem of designing flexure fatigue resistant systems. This

does not mean that fairlure modes 1) and 2) are trivial, but rather,
that good fatigue resistant interconnectors should also exhibit
freedom from the farst two failure modes and that the overstress
failures exhibat themselves rather quickly in any qualificastion
testing. The next section briefly examines the effects of rigid and

flexaible arrays on stress distribution.

Array Effective Spring Rate

Forces applied to a golar cell array are distributed between the
substrate and the metal interconnections in proportion to the spring
rates K of the intercomnector and the substrate. For conventional

arrays the substrate 1s usually a honeycomb structure made with a
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skin of aluminum asbout 0.010 inch thick. The more advanced designs

utilize only a 0.001 inch thick polyrmide £film. For a force distri-
butrion analysis the substrate will be assumed to be continuous with

cells mounted on 1t. The metal interconnects that tie the cells

together are assumed to have no expansion loopg.

btE

The spring rate K 1g given as T

I

where deformation in material

applied force

material thicknegs

material wadth
length of the materaal

It

[ I e Y B = B o ] L
1l

modulus of elasticaty

A gap of 0.017 inch between cells of 0.788 x 0.788 inch size will be
assumed. Thigs corregponds to an I of 0.788 plus 0.017 or 0.805 inch
for the substrate. The total interconnector width of 0.100 inch and
a thicknesg of 0,002 inch will be examined. The spring rate for each

element of concern i1s then as follows

k - (0.788) (0.000) (.3 x30%) 12
polyimide i
substrate 0.805

x _ (0.788) (0.010) (10.5 x 106) - 1.0 x 10°
aluminum 0.805 ‘
substrate ’

. _ (0.100) (0 002) (10.5 x 10°) ~1.0% 10"
aluminum - 0.017 .
interconnector

Any force applied to the array structure will be dastraibuted in the
ratio of the element spring rates. Therefore, 1n the aluminum substrate

case the force daistribubtion will be

%5 Interconnector . 1.0 th'gé E
Ks Mlumnun substrate 1°0 X 107 10

So the substrate essentially carries the load. In the polyimide sug-

slrale case, the force digtrbution will be

%ﬁ Interconnector _1l.0x 10lL

b2 x 102

2.32
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so the substrate stretches and distributes the load to the interconnect
significantly increasing stresses in the interconnector. This lasgt
case 13 a highly undesirable situation since the ultimete loads for
these thin i1ntercomnectors 1s low, and a more important consideration
1s that ot 15 an wrelzable design that requires the member providing
the electrical integrity to also provide the structural integraty.

In order to minimize the problem, a stress-relievang loop 1s utilized
in the interconnector so that the Kl 1s reduced %o a negligable value.
The saze of the stress loop regquired will be dependent upon the inbter-
cell spacing change antlcipated. The cell spacing will change as a
result of applied forces on the substrate during deployment, from

thermal expansion, and from vibrational forces.

The different spring rate ratios indicate that array behavior under
applied forces will be quite drfferent for the rigad and flexible
caseg. Recalling that vibrational motions accelerating the relatively
massive solar cell assemblies will be describable in terms of forees,
1% 1s important that the vabrational effects be examined thoroughly.
In fact, investigation of the effect of vibrationally and thermally
induced array mobtions show that the rigid and flexable arrays behave
qurte differently. The rigad array 1s actually more sensitive to
thermal motions (see next section) and less sensitive to vibration,
whereas the flexible array i1s more sensitive to vibratiron and less
gensitive to thermal motions. The vibrational sensaitivity of the
flexable array 1s directly related to the sbove spring rate discussion.
And 1ts 1nsensitivity to thermal motions follows from 1ts non-rigidity
and better matched thermal expansion between the substrate and inter-
connector, Again, these thermal analyses are deseribed in the next
section. It 1s sufficient that different behavior of flexible arrays
and rigad arrays be recognized as requiring that the previously
industry utilized rigid array interconnection technigues may nobt be
directly applicable to the lightweight flexible arrays.
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293-3

Flexure Fatigue Analysis and Tests

The flexure fatigue of a stress relieved interconnector will depend
on the magnitude of interconnector flexing and the number of such
occurrences. These motions are in turn dependent upon the arvay
configurations and envirommental exposure. The effective array
properties vhich can affect the array motions during vibration and
thermal cyecling include coefficients of thermal expansion, relative
cross section, modulil of elastiecaty and mess daistribution. Analyses
of array motions should consider thermal expansion effects and vibra-
tional effects. However, the complexity of vibrational problems,
reguiring knowledge not only of the applied envaromment but of the
array confaiguration and mass distraibution, limits our anslyses to
the significantly simpler case of thermal expansion. This 1s the
approach that was initially conducted in determining typical array

motions ,and,; hence, interconnector flexing.

Thermal expansion effects can be described by one of two models shown
in Figure 2.3-1. Case T 1s typrcal of the polyimide flexable sub-
gtrate where the cell 1s essentially rigidly bonded to the substrate
and gll thermal expansion effects on cell spacing arce dependent upon

the expansion of the region Yie Case IT1 1s typrcal of the aluminum

rigid substrate where the cell essentially "floats" wath little rigadity

between substrate and cell. The substrate expansion occurs with respeect

to the centroid of adjacent cells while the cell also expands, =zo the

intercell spacing change 1s the difference between the two. This

model produces much greater inbercell spacing changes. The calculations

of the i1ntercell spacing change AY is simply determined from the thermal

expansion coefficient O for the appropriate temperature change AT.

Coefficients for various array materials commonly used are listed in
Table 2.3-1.



Cell

Rigid Bond

Substrate
Case I Substrate rigidly bonded to cell
X . rg; Cell

Plastic Bond

Substrate
LTI T AT &‘(//ﬂu
L
] — -
Case II Substrate expands with respect to

centroids of adjacent cells.

Figure 2.3-1. Solar Cell Thermel Expansion Model



CASE I.

AYl = Yl oak AT
where ak =2 X lO-5 1n/1n °C for Kapton polyimide film
CASE TII. _
AY2 = AL - AL )
=L Cpy AT: chsl AT
vhere GAE = 2.3 x 10_5 in/in °C for aluminum
and Oy = 3.5 % 10"6 in/in °C for silicon
TABLE 2.3-1
Thermal Coefficient of Linear

Materasl Expansion at 30°C 10'451n/1n/°c

Aluminum 23.0

Polyiwmide 20.0

Silver 19.0

Copper 16.8

Be-Copper 16.0

Maickel 13.1

Molybdenum 5.2

Kovar .50

Silicon 3.5

60/40 Solder 22.5 approximate

For a temperature change of 72°C ag would be experienced 1n going

from a temperature of 28°C to a temperature of 100°C,

Case I would

vield a value of 2.5 x lO-5 inch, where Yl = 0.017 inches. For

Cage II a value of 9.5 x lOHh

anch and X = 0.788 inch

inches 1s obtained where L = 0.805



The AY values provide inbercell spacing variations that would be

expected due Lo thermal changes and provide a minimum value for the
length of the interconnector expansion loop. Emprracally, thermal
cycle tests have shown that this mnimum interconnector loop s not

satisfactory due to fatigue effects.

The stress relief loop must therefors be further designed to prevent
Tatigue failure. For a given piece of material the stresses incurred

through bending are given by

vhere E 15 the modulug of elasticity
X 15 the distance from the center of bending to the
stress point in guestion

R 135 the radius of curvabure

For a thin uniform interconnector the center of bending will lie in
a plane located midway through the thickness of the interconnector.
Consequently, the maximum stress will be at the interconnector surface.
_ k4
SMax ~ R

where d = half the thickness of the interconnector.

It 1s assumed that the interconnector stress relief loop was bent to
1ts assembly shape and subsequently annealed or the working was done
so there was no residual stress. Stress will occur only with further
bending. The maxamum stress in the interconnector as a result of

cell movement can be caleculated ag follows

\

where Rl and Rf are the 1nrtial and final radii of curvature.
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The maximum stress level to be used in the analysis i1s determined
from stress fatague data that hag a characteristic simlar to that
shown in Figure 2.3-2 for each type materlall). As & practical
matter, the stress level that corresponds to 500,000,000 cycles
without Tailure 1s usually used as the definition of no fatigue.
Under some circumstances, such as space missions where the cycle life
18 expected to be only about 60,000 cycles over a ten year period, 1t
may be possible to use significantly hagher stress levels (50% or

greater).

A simple i1nterconnect system is schematically shown in Figure 2.3-3
which has essentially no expansion loop, however, there is a radius

of curvature change that corresponds to the change in cell motion.

The maximm allowable change in radius that wrll not make the inver-

comnector exceed the endurance limit can be calculated as

Rl
Be = =751
1 - La
Ed
where Sf 18 the nc fatigue stress level obtained from the Metals
Handbook.

For example, using alwminum (1100-0) intercomnector, with R = 0.010

inch, E = lO7 ps1, thickness 2d = $.002 inch, and Sf = 5000 pea,

= 1
Rf Max. 0.0L005 anch

Hence, the maxamum allowable change in curvature radius i1s 0.00005 inch.
Recalling the previcus calculations, cell spacing changes due to
thermal expansion (or vabration) are often expected to be on the order

of 0.001L inch. Therefore, the stress loop design above would be

1) Metals Handbook, Vol. 1, Eight Edition, American Society for Metals
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FIGURE 2.3~2 METAL FATIGUE FAILURE CHARACTERISTIC FOR VARIOUS STRTUSS LEVELS.
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— Cell Spacing Change

FIGURE 2.3-3. INTERCONNECT DESIGN WITH ESSENTIALLY NO EXPANSICN LOOP.
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1nadequate for the aluminum (1100-0) interconnector af the radius
change was egual to the spacing change Changing to 0 002 inch thack

7

copper wvath B =1 8 x 10" psi and 8e = 11,000 ps1 results in

R Max = O 01006 inch
which 1s essentially no i1mprovement over the above example using
aluminum  Hence, the copper interconnector offers no saignifacant

fatigue advantage over aluminum.

One way in whaich improved fatigue resictance can be obtained 1s to
place the stressz loop higher above the cell surface In this type
design there wi1ll he less change in radius with linear cell motion
Figure 2 3-4 schematically approximates the i1mpact of changing the
interconnector height The change in bend radius i1s significantly
smaller than the change in cell spacing The fotal loop height h'
1s defined as h + R where R 1s the imitial bend radius and Rf is the
maximum radius allowable without exceedaing the endurance limt.

Y 15 one-half the initial cell spacing and AY i1s one-half the cell

spacing change due to expansions From Figure 2 3-bx

h = M-8 (1)
sin @
where & = R.cos¢-¥, (2
R _cosw P
-8 (AT + -
sing = Ai 8 (& Y; L (3)

) 2R
- - I X L
and 2h + MR = 2h + (7R, - 29R)—> R =7~ (5 - 9) (k)

Using the 0 002 inch thick copper interconnector where R = 0 010

anch, and taking a cell expansion of 0O 001l anch (COrrespondlng to
a AT ~ 100°C) which mekes AY = O 0005 inch, then

@ = 0 009368, h = O O4T anch and h' =h + R = 0 057 anch

hence the no fatigue stress loop must have a total heaght of 57 mils
for this example BSince most interconnector designs are not designed
to eliminate fatigue, a shorter and more practical loop height i1s

commonly used

* The equations suggested by R Matlin of J P L
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FIGURE 2.3-4 INTERCONNECT DESIGN WITH EXPANSION LOOP
EXTENDING ABOVE CELL SURFACE.
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For a long lafe mission where a no fabtigue gtress loop 1s desired,

the 1nterconnector thickness can be reduced so that the height (h')
will be shorter. Also the material or the bend radius can be changed
to optimize the design. Saimilar calculatbions for 2 mrl-thick 5050-0
aluminum alloy yield a value of 0.031 inches for h'. Reducing that
thickness to one mil gives h" = 0.017". All the variables in the equa-

tions can be summarized as follows

h'=h + R
AY-5 ¥ + AY - BgCOS @
and = = (5)
gin @ gan @

for small ®, 1.e. When

Q= :%-(1 - R/Rf } 1s small, 1.e. R R 15 small

£
s(Y+AY)—R:E‘ R 2R
n o= = (Y + AY) « ¢ f] (6)
@ R, - R o
_ R
where Rf = SR
- A
Ed

Hence, we have relations for calculating the "no fatigue" loop
height for an interconnector design which experiences a cell spacing
change due to thermal expansion or applied loads. General guidelines
for amproving the interconnector design indicate that the thinnest
interconnector practical should be utilized (small d)}, generous

bend radil should be employed (large R), and the material should
exhibat a high fatigue strength to elagtic modulus value. AL

thie point a number of tests were conductéd 1n order to examine

the behavior of the interconnector and look for comparisons to the
theoretical models. Thege tests consigted of module wrap tests,

interconnect material flexure tests, and flexure/fen51le tests.
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2.3.3.1

Sample Module Wrap Test

This test was conducted to subject sample modules to cyclic
rolling and unrolling. This would reproduce -motion which mght

be expected 1n a rollout~type array.

The test faixture for thiz test is shown in Frgure 2.3-5. Samples
prepared included high and low gtress relief 8 or Z design inter-
connects and a wraparound interconnector cofiguration. The
Wwraparound concepts have evolved from considerations as to reducing
interconnector stresses during array flexing by placing the inter-
connector in the plane of the substrate, rather than running 1t
from the top of one cell to the bottom of an adjacent cell. Since
the flexable arrays would be expected to experience bending during
vibration and deployment, 1t would minimize interconnector stresses
1f the interconnector remained in the substrate plane. Ideally, a
wraparound contact cell would provide the best cell configuration
for such an interconnection, but since this would not be economical,
the wraparcund interconnector coneept evolved as an approximation.
By wrapping around the cell before extending to the next cell,

all array motions would be absorbed by the segment adjacent %o

the substrate. The total span and "wraparound" interconnectors
represented two approaches to providing the desired interconnector
configuration and subsequent configurations, such ag the stress-
relieved vraparound and laminated wraparound, represented further
developments of the "wraparound" configuration, hich 1s pre-
sently more practical in terms of array fabrication than the total

span concept.
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Figure 2.3-5

Module Wrap Test
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The high and low stress relief S, or %, design interconnects and a
wraparound interconnector sample were fabricated into 3 x 4 cell
modules and bonded to a polyimide ribbon substrate and a weight _
was attached to one end to provide slight tensroning. All inter-
connectors were fabricated from 2 mil-thick copper. These and
other interconnector- configurations subsequently tested are shown
1n Frgures 2.3-6 and 2.3-7. The rolling and unrolling on a 6 inch
diameter drum of the conventional S, or Z, design interconnect was
terminated at 108,000 cycles when the last tabs of one parallel
connected submodule failed completely. This type of farlure opened
the circurt so that there was no electrical output from the circuit.
The complete failure occurred on the module with the high stress
relief interconnects while only mnor damage was obgerved on the low
gtress relief interconnects. These two sample modules were cyecled

similtaneously on the game fixture under identical condations.

Examination of the failures showed that the failures were not due

to the flexure of the interconnector loop, rather, improper bonding
of the substrate to the ainterconnector lead o 2 complete separation
of the substrate from the interconnector up to the regron where
adhesion to the cell’s bottom surface occurred. This zn turn allowed
the flexure stresses to be concentrated 1n the interconnector at the
bond line. Hence, the interconnectors were cyelically bent at the

bond line along a fairly sharp radius until failure occurred.

Although 1t 18 not expected that this roll-up type array motion will
occur more than a few times in a typical migsion, a similar bending

of the interconnects mght be experienced as a regult of vibrational
motions. Therefore, designing for no fatigue i1n an extensgive rollup
teat appears to have merit. If cells are not bonded completely to the
substrate with adhesive, the edges can lift during vibration to

produce a similar bending failure.
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7 TAB CONFIGURATICN

(a)

INSULATOR
WRAPARCUND

(b)

STRESS-RELIEVED WRAPARCUND

(e)

FIGURE 2.3-6 INTERCONNECTOR CONFIGURATIONS A
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TOTAL, SPAN WRAPARCUND

TOF VIEW

(a)

SOLAR CELL

SULSTRATE

HOLES

SUDSTRATE

LAMINATED IWNTERCONNECTOR

()

FIGURE 2.3.7 INTERCONWECTOR CONFIGURATIONS B
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2.3.3.2

As a comparison to the Z tab design test above, thecwraparound
design samplewithstood in excess of 250,000 cycles of rolling and
unrolling on the 6 inch diawmeter drum with no visible or electriecal

degradation. -

The test was terminsted at this point since 1t was felt that further
cycling would not provide any additional information. The success
of the "total span"” wraparound concept was due to 1ts ability to
prevent sharp bend regions from cccurring. This i1s due to the
interconnector design allowing the interconnector to bend with the
substrate, and hence follow a gradual curve shape, between the

solar cells.

The data at this point indicated that under the low level cyclac
bending stresses, induced interconnector failures were caused only
when there was poor adhesion between cell and substrate in the
conventional 8, or Z,tab design which 1ledd to the formation of a
sharp bend radius on the intercommector. The Wraparou?d concept
showed that 1ts design provided a means for better distribution of

interconnector bending loads.

Material Flexure Test

In order to evaluate materials for use i1n bonding applications, a
Tflexure test was degigned. In this test a ribbon of the sample
material was bent back and forth across two 10-mil radaus knife

edges of a clamping device. Each 90° bend was considered as one
cycle. The results of this test are presented in Table 2.3-2. The
sample was cycled until a vaigaible fracture was obgerved. This test
gives an approximate measure of the relative resisbance to flexural
fatigue of candidate materials being considered for the rnterconnectors
end power distribution system for a flexaible lightweight solar array.
As was expected, the thinner materials exhibited the greatest fatigue
resistance with the laminates exhibiting the greatest fatigue resis-

tance.
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Table 2.3-2

BENDING ARCUND A 10 MIL RADIUS

Material Thickness ! Ave. No. Bends Tal Frachure

cu/polyimide laminate 0.00L" 9.5

cemented
Copper 0.00L" 5.1
cu/polyumde (Cu evap- 8-10p 8.k

orated deposition)
cu/polyimade (an evap- 3-51 7.0

orated deposition)
Silver plated copper 0.002" : 3.5
Kovar 5 0.00L" ; T.5

| Ag-plated Kovar ! 0.0015" ' 6.9

Aluminum 1100 0.002" 2.7
Aluminum 1100 0.00L" 2.6 :
Aluminum mesh | 0.00L" 5.3
Molybdenum 0.003" 2.9 E
Silver § 0.002" 1.5 f
S1lver mesh i 0.00L" | 5.1 ;
Beryllium Copper . 0.002" ! L4
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2,3.3.3 Interconuector Flexufe/Ten511e Test

The analytic approach to the problem of interconnector flexure fatigue
discussed earlier consisted principally in examining the aspect of
thermally induced array mobtions. Vibretional motions were, for the

most part, neglected. This neglect was not because such motions were
considered to be of no consequence, but rather, because no technique

was available for describing the magnitude or frequency of these motions.
In the case of thermal motion, 1t was felt that a model givang the
maximum and minrmm exbtent of possible motion could be obtained, and

this was done.

The fatigue model thus obtained was used to relate interconnector

sbresges with the motion of the cells. It was evadent that 1f the
vibrational enviromnment could be deseribed in terms of cell motions,
the same type of stress relations could be utilized in obtaining inter-
connector design requirements. Hence, the results of & previous
vibrational test conducted by Ryan Aeronautical Company on a roll-out
type array were wtilized as bhest available data in order to have some
indication of the vibrational problem. Their work had-shown that with
a one-mil thick polyimide gubstrate, a typarcal Sabturn launch environ-
ment would produce a change in the cell spacing distance of mpproximately
b mls. The rescnance frequency for this was het ops. Realaizing that
the problem of vibrational mobion 1s dependent not only on the input
vibration spectrum, but also upon the stowed array configuration,
Heliotek felt that the Ryan data could nevertheless be useful in pro-
vaiding a point for designing an eXperiment which would examine the

properties of various interconnect concepts.

With this in mind the apparatus shown in Figure 2.3-8 was construcbed.
In operation, an eccentric cam on the motor produces a cyclic vertical
motion of the 6" diameber drum. This drum, in turn, 18 thrust up

against the fixed module/substrate sgmple to induce the required loading.
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FIGURE 2.3.8 FLEXURE/TENSILE TEST APPARATUS

a

1




-

Calculations were made based on the Ryan data which indicated that
the 1l-mil thick polyimide substrate need be subjected tc a force on
the order of 12 pounds per lineal inch in order to provide the 4 mil
change in cell spacing. In the test setup, the actual loading is
measured by examining the deflection of springs which fix one end of
the polyimide substrate to the test fixture. The spring calibration
indicated that a total spring deflection of 0.050" will be produced
by a total force of 36 pounds. Across the 3 inch wide substrate
used in these tests, this deflection corresponds to the required 12
pounds per lineal inch. Optical measurements of the cell spacing

has further indicated an actual cell spacing change of 3 to 5 mils.

The frequency used in the laboratory tests was 43 cpm, slightly

slower than the Ryan data indicated.

The samples tested (shown in Figures 2.3-6 and 2.3-7) consisted of

five different interconnect concepts. These were:

a. High 2 (or 8) type tab (50 mils stress loop height).

b. Low Z tab (15 mils stress loop height).

c. Wraparound interconnector (with and without stress relief).
d. Total span wraparound interconnector.

e. Laminated wraparound solar cell matrix.

The laminated wraparound solar cell matrix, configuration e, combines
some aspectss of the composite solar cell matrix (NASA Technical

Brief 67-10503) and the wraparound interconnector concept. The com-
posite solar cell matrix was suggested by R. K. Yasui of JPL and
incorporated a standard Z, or S, interconnector in a system requiring
no adhesives for the series direction array integrity. Rather, the
interconnector provides the mechanical strength. The solar cells

are placed on one side of the polyimide substrate and the interconnector
is bonded to the solar cell through holes in the polyimide. This

"sandwich" provides module integrity without adhesives in the series

and parallel direction.
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For these particular flexure/tensile tests, all sample modules consisted
of nine 2 x 2 cm silicon solar cells interconnected in a 3 parallel by
3 series configuration. The polyimide substrates were all 1 mil thick.
A modification in configuration was required for the laminated wrap-
around solar cell matrix due to its catastrophic tearing during the
first few cycles.. Originally, slits were used where the interconnector
passed from the top of dne cell to the bottom of the next. Where the
bottom surface solder bonds were made circular regions were cut out.
The substrate material for the initial design was a single polyimide
sheet. With the initial design, tearing commenced at the feedthru
slits and rapidly led to complete tearing of the sample, as shown in
Figure 2.3-9.

Consequently, this initial concept was modified to provide greater
tear resistance. First, all feedthru regions in the substrate were
fabricated by punching circular holes. This removed the regions of
high stress that were incurred by the slitting techniques. Second,
a second 1/2 mil polyimide substrate was bonded to the first, sand-
wiching the interconnector in between. This configuration, shown in

Figure 2.3-T7 was used for all further testing.

Another variation had to be made to the original test sequence in

the case of the wraparound design. It was discovered that the wrap-
around concept had to be modified to provide additional stress reliev-
ing. The initial test of the wraparound showed a high failure rate,
comparable to the low Z tab design. The failure appeared to be

caused by a rubbing action of the tab along the cell edge due to
motion relative to the cell. Because of the insulation and silicone
adhesive underneath the cell at this point, slight motions were
possible. Hence, a small stress loop, approximately 5 mils high was

incorporated to allow interconnector motion without any rubbing.
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LAMINATED WRAPAROUND SOLAR CELL MATRIX FAILURE

1 2.3=9,
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This data for all cycled samples is summarized in Figure 2.3-10.

The data is presented as percent of tabs failed versus number of
cycles. As a matter of reference and comparison, the Ryan data which
was obtained by subjecting a roll-up type array to a typical Saturn
launch environment, showed a resonant 4 mil intercell spacing change
at approximately 6 cps. The duration of the environment was 5 minutes
resulting in a total of 1800 cycles. The number of cycles which the
samples experienced in these laboratory tests was well in excess of
the 1800 cycles, thus providing information well beyond the design
goal.

Furthermore, theoretical calculations of Z tab stress loop height for
no failure were made using the model and equations described previously
and were based on 500,000,000 cycles, in accordance with the available
materials' properties. These calculations showed that for a 4 mil
intercell spacing change, a stress loop of approximately 70 mils
height would be required. In the experimental tests, the low Z con=-
figuration (15 mils stress loop height) and the high Z configuration
(50 mils height) were expected to exhibit a wide variance in fatigue
resistance. Accordingly, the test data in Figure 2.3-10 conclusively
bears out this theoretical data. For the Z type configuration inter-
connector, fallures occurred predominantly at the top of the stress
loop (see Figure 2.3-11) in agreement with that expected based on the

theoretical model previously mentioned.

Returning to Figure 2.3-10, all the concepts have essentially formed
three patterns, characterized by a relatively high fatigue rate,

moderate rate, and a low rate. Interestingly the laminated wraparound
solar cell matri#, which uses no adhesives to bind the cell to the
substrate, although initially exhibiting a greater failure rate than

the high Z tab configuration was quite comparable to it after approxi-
mately 50,000 cycles. For a mission entailing only a few thousnad
cycles, the composite would appear to be somewhat inferior to the high

Z configuration, however, the potentially lighter weight and the ease

of construction of the laminated wraparound make its use on many missions

lock promising.
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Both the total span wraparound concept and the stress relieved wrap-
around concept were much superior to all other concepts in fatigue
resistance tests. When compared to the low stress relief system which
approximates many present-day interconnect systems, the improvement

in fatigue resistance is quite pronounced. It appears that the total
span wraparound and stress relieved wraparound systems shown would
provide the best fatigue resistance. The possibility of lower array
weight with the laminated wraparound concept, along with its good
fatigue resistance should make that concept a candidate for some
missions where all-out fatigue resistance was not of prime concern

(moderate intercell spacing motions).

The significance of these interconnector design changes can be seen by
comparing the number of cycles required to cause a 10% failure rate.
The conventional low stress relief loop design only requires 2,000
cycles to fail 10% of the interconnectors. Increasing the height of
the stress relief loop increased the number of cycles for 10% failed
to 36,000 cycles. The wraparound design with stress relief design
could go 65,000 cycles before the 10% failure rate was reached. These

improved designs are obviously better candidates for lightweight arrays.

An examination of failure mechanisms showed that in all cases, excepting
the laminated wraparound, the failure mechanism consisted of inter-
‘connector metal fatiguing. In fact, failures could often be predicted
from the appearance of the interconnectors. Prior to failure the

tabs in the region of flexing showed evidence of surface pitting and

tearing at the edges, along with a generally crystalline appearance.

With the total span wraparound configuration, the fatigue failures
occurred underneath the cells and was apparently due to crimping

during the cycling.

With the laminated wraparound matrix concept, a large number of failures
occurred at the solder bonds and did not appear to be fatigue failures.

Rather, it appeared that stress levels had exceeded bond strength.

%




FIGURE 2-3-11. Z TAB FAILURE




2.3.5h

With the laminated wraparound matrix concept, the absence of adhesaves
appeared to minimize the array's ability to absord stresses over rela-
tively large areas. Instead, they became concentrated at the solder
bonds. Possidbly, the use of thinner interconnectors would be advan-
tageous i1n the design so that less twisting torgue would be transferred

to the bond.

The sequence of testbing interconnector flexure fatigue was completed
by Qetermining the failure rates for low Z tab interconnectors and
stress relieved wraparcund interconnectors as tested by the flexure/
tensile test apparatus. This was done since the wWraparcund concept
was chosen 0 be used in the demonstration module. It was felt that
this data would be most valuable when the relation to the standard

7 tab configurations was 1ncluded. The failure rate for the standard
Z tab interconnector was based on cycling two modules and that for

the stress relireved wraparound on three modules. The inftercell spacing
change of 4 mls was used for all tests. Thas would correspond to a
rather severe launch vibration environment, but will serve to indicate
the relative fabigue resistant abilities of the two concepts. The
fai1lure rates listed below are based on a 90% confidence level, where

farlures indicate the complete tearing of interconnector tabs.

Failure Rate - 90% conildence Configuration
5% +29/1000 cycles Low Z tab
0.8% +0.4%4/1000 cycles Stress relieved wraparound

Thermal Expansion Stress

In addition to the interconnector stresses caused by cell movement,
there are stresses 1n the interconnector cell interface that can

cause fairlure. These stresses are the result of mismatch in the
thermal expansion coefficrents of’the materials. The type material
used, the thickness of the material, the size of the bonded region and
the thermal excursion determne the magnitude of the stresses generated.
The failure usually 1s a silicon fracture (davot) or fatigue of the

solder joint.
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The thermal expansion model for a three component system composed_of
silicon, scolder, and an interconnector tab i1g shown in Figure 2,3-12,
If the menbers were not mechanically coupled, thermal effeets would
cause each member to expand or contract to some "free" length AL.
However, since these members are rigrdly bonded together they must
all expand to the same Jength (assuming no bending) and the stresses
are distributed within each member. The stress will be determined
by the amount of deformation AX regumred to translate each member
from the Tree expansion length to the actual expansion length R.

The resultant length change 1s calculated by consadering the weighted

expansion as follows

L t B o AT
1 2

= LR’

t_E

Wwhere tl 1s the thickness of each member 21,
I: 18 the length of the members
B 1s the modulus of elasticaty
(o4 1s the coefficient of thermal expansion
AT 1s the temperalbure change
and R' 1s the weighted mean of the length change

The strain induced in the member will then be

&X AL, -~ R
1 1

I o
= Q_AT-RY
1
and the stress S1 in each member will be
Elﬂxl

= = - t
5, 5 E (o AT - R')
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Figure 2.3-12.

THERMAL EXPANSION MODEL FOR A THREE-MEMBER RIGIDLY
BONDED SYSTEM.
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Calculations were made to determne the stresses in the interconnector
material, the solder layer, and the silicon cell using the above equation.
This analysis showed that the §tresses in the solder were gquite insensi-
tive to intercomnector material type and thickness. Also, 1t showed

that the stress in the solder layer would easily exceed the yield strength
of solder at elevated temperatures (~ 3000 ps1 at 100°C) which 1s a common
failure mode in thermsl cyecling tests. Data for various interconnectors
1s shown in Table 2,.3-3.

TABLE 2.3-3
THEORETTCAL THERMAL STRESS

.

Interconnector Materisl Stresses (p.s.1.)
and Thickness Interconnector Solder Solar Cell

0.5 m1l Molybdenum 6,500 9,900 1,900

1.0 mul Molybdenum 6,000 9,800 2,000

2.0 m1 Molybdenum L, 300 9,600 2,600

0.5 ml Copper 18,400 9,600 2,400

1.0 mul Copper 17,100 9,300 3,400

2.0 m1 Copper 15,100 8,700 h,900 |
4.0 ml Copper 12,100 7,900 7,200 I
6.0 m1l Copper 10,100 7,300 8,700

1.0 m1l Silver i8,700 9,600 2,970 !

At lov temperatures (-100°C) the tensile stremgth of solder increases
to about 12,000 psi and the calculated stress i1n the solder for copper
or molybdenum tabs 1s only aboub 9,000 to 10,000 psi. Therefore the
solder 1s heavily stressed but provides sufficient strength so that the

cormon mode of failure i1s fracture of the silicon.
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Calculations of the salicon stress values are prone to error

from the uniform stregs distrabution assumption. The reagon for
this discrepancy is that usually the silicon stresses are not
dastributed uniformly across the relatively thick silicon as
assumed,but instead are concentrated only in a very thin region
immediately below the metal tab. Efforts were undertaken to
determine an accurate description of the silicon stress distri-
bution, however, due to the complexity of the task and the lack of
vell=established formulas for the model., this was not accomplished.
Therefore, empirical data was used to obtain parameters for detex-

mining the silicon failure level.

The test data used compared the behavior of molybdenum and copper
interconnector systems under a thermsl cycle of 75°C to -175 °C.

The silicon cells in this experiment were 10 mils thick wath 3 mrl
thick interconnectors. The behavior of the molybdenum system

showed essenti1ally no failures (characterized by surface cracks)

through more than 350 thermal cycles whereas the copper inter-

connector exhibited a steadily inecreasing number of surface cracks

up to a maxaimum of 9P% cracked solder joants at 350 thermal cycles.
Theser data were i1nterpreted as defaining "cafe" (molybdenum) and "unsafe”

(Gopper) stress levels.

Application of the Heliotek model to the above experimental data showed a
sailicon stress value for the copper of 9200 psi, and TBOO psi for the
molybdenum system. The 9200 psi value was then taken as the 100% silicon
fracture strength value and all other silicon stresses as some per-
centage of that value. In this manner, although no value for the actual
fracture producing stresses in the silicon was obtained (1.8., no stress
concentration value was obtained), 1t was possible to relate all
calcnlated silicon stresses to the relative stress compared to the

pornt of fracture.

* W. Iuft and E. Maiden, "Temperature Cycling Effects on Solar Panels,
Fourth TECE Conference, Sept. 22-6, 1969.

bl



Using this relationship the curve in Figure 2.3-13 was developed. This
curve shows the silicon stress for copper and molybdenum interconnectors
when the temperature 1s reduced by an amount AT. Copper 1s a marginal
design when a AT of 150°C or more in encountered. The advantage of using
molybdenum or a metal with a similar thermal expansion cocefficient as

an intercommector 1s obvious under all conditions, but 1t becomes a
necessity 1f relaable bonds are to be made that will survave very low

temperature cycling.

2.3.4.1  Intercomnector Thermal Cycling Tests

Thermal cycling tests were conducted on interconnector samples with
four thicknesses (2, 4, &, and 8 mls). It wae intended that these
tests would provide farlure rate dgts to sugment the theoretical inter-
comector failure analyses previously reported. The interconnector
samples were formed from 0.050" wide copper strips and then soldered
to 14 mil thaick silicon solar cells. Two thermal cycle sequences were
conducted. The fairst consisted of 100 cyecles bebtween room ambient to
=195°C and the second consisted of 100 cycles from room auwbient to
approximately -100°C. For each sequence, 8 tabs of each thickness were
cycled. The thermal cycle rate was approxamately a 5 minube excursion
with a two minute dwell at each temperature extreme. All samples were
examined visually every cycle for bond fairlure or surface cracks, and
at every 10 cycles under a 50 power microscope for evidence of hairline

surface fracturing.

Analysis of the test data did not provide a clear correlation bebween
interconnector thickness and failure rate. Rather, for the -195°C to
room ambient cycle test, failures were distributed evenly for each
thickness. With the less severe =-100°C to room ambient cycle test, the
intermediate thicknesses of 4 and 6 mils exhibited bond failures of

about 50%,whereas the 2 and 8 mil ainterconnechbed samples exhibited less
than 15% fa1led bonds. Apparent embrittlement and recrystallization of
the solder was noted well before any actual bond fairlure for all samples.
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In many cases this significantly weakened the bond strength without,
however, producing a visible bond failure. As a result, at the end

Of each cycle each tab was manually tested in order to provide some
indication of weakening due to solder ewbrittlement. TIn approximately
1/3 of the bond Pailures, lightly tapping the part was sufficirent to
cauge bond failure. Thas data indicates that posgsibly the failures

were influenced by a more imporiant factor than tab thickness.

To recall the earlier theoretieal calculations,1t should be noted

that stress levels in the solder were quite high in reference to the
solder tensile strength. Furthermore, i1ncomplete materials' properties
data for the solder at low temperature required some extrapolation of
strengths. Hence 1t 1s likely that the solder strength is marginal
under the stresses encountered. TFor this reason, the effect of inter-
connector thickness may be of secondary importance to the solder bond
fatigue resistance. So, although theory predicts that 1t 1s reasonable
to expect thinner interconnectors to incur less stress in the solar
cell during thermal cyeling than thaicker interconnectors, the failure
of the solder essentially masks the interconnector thickness effects

in the experimental work.

As a further investigation of the importance of the possible effect of
the solder on the failure mechanism, an addational experiment was con-
ducted. This test consisted of samples with 2 mil copper inberconnectors
soldered to cellz and 2 mil thick sluminum intercommectors ultragsonically
welded to the cells. A1l sample cells had salver titanium contacts.

The samples were cycled 60 times from room smbient to -195°C. Addition-
ally, two samples of each system were soaked in LN, (-195°C) for
approximately 2k hours. The results, plotted as percent of hond failed

versus cycles, 1s shown in Figure 2.3-1L.
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The difference i1n farlure rates cannot be conzidered significant
since only 28 bonds of each type were used. However, the mechanism
of failure was quite different. In the majority of cases, the failed
solder bonds removed large divobts in the silicon. In sharp contrast,
the ultrasonic bonds that failed often left just a slight blemigh on
the silver-titanium contact or in some cases, a slight deposit of
aluminum. Hence the ultrasonic weld failures appeared to be located
only 1n the bond region, whereas the soldered bond failures produced
a proucunced disruption or fracture in the silicon solar cell. Thas
game type of oceurrence was observed i1n the samples soaked at -195°C
for 24 hours. This would indicate that the actual ¢ycling 1s not as
important a determinent of failure as 1s the total time spent at low

temperatures.
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SUBSTRATE AWD SOLAR CELL BONLDING SYSTEMS

The substrate for an integrated flexible solar cell array must fulfill
a multitude of purposes Of primary concern, the flexible substrate

in contrast to the rigrd substrate, which achieves a minimum weight of
about 0 200 1b/ft2, must have a weight less than 0 015 lb/ft2 1ncluding
cell bonding adhesive to achieve a power to weight retio of 120 watbtis
per pound for an array  The blanket or array in thas study includes

the cells, covers, interconnects, adhesives, substrates, and the bus

connectors, but does not include the deployment mechanism
Additional functions of the array substrate which are important are

Maintain solar cell series and parallel spacing

Transmit loads from support structure to cell matrix during
extension and retraction

Insulate the power transmission bus from the cell matraix
Resist UV and hard particle radiation

Have high temperature and vacuum stabilaty

Regust flexural fabigue

Have flexibalaty over a wide temperature range

Have the sbilaty to be bonded wsing conventional adhesives

O Q@ -1 OV W

Have a reasonable absorptivaty to emissivity ratio to insure
adequate temperature control unless an additional surface treat-

ment 18 used

Although the aforementioned qualities must be considered in designing
solar cell arrays in general, this study will direct 1ts attention to
the specific properties that are eritical to the design of an ultra
lightweight flexable array As the first part of this analysis i1nstead
of' using a comtinuous substrate sheet, a polyamade film raibbon of some
predetermined wadth was investigated as the support for the solar

cell matrix  The big advantage of this type substrate design is that

1t provides support with the least weight and 1t provides support at
the cell edges where 1t 18 needed to prevent cell "flapping” during

vibrations and roll up It also meets all the other functions required
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above The adhesive and pramer that were selected for the ribbon
experaments were RTV 3145 and Dow Corning 90-198 pramer  This
adhesive and primer were selechbed based on the results of tests on

8 lightweight array study performed by Ryan’ Aeronauticdl and Spectrolab

An analysis to debermine the minimm ribbon width was begun by comparing
the spraing rates of a lap jJoant i1n which a strip of T mal thack poly-
imide f1lm was bonded to a solderless solar cell using a thickness of

1 5 mls of RTV 3145 wath the 90-198 praimer applied to the cell only

If we consider Figure 2 L-1 and assume that the lap joint was made

using two rigad materials, top and bottom, with an adhesive between,
then the spring rates of the rigid members would be high and the joint
would transmt stresses uniformly across the adhesive region I Failure
would occur as a straightforward shear farlure as determined by the

shear modulus of the adhesive material

In the flexible array case the iwo members bonded together are not
both rigid Instead, the polyamide has a spring rate that i1s low
Therefore, vhen stressed ain shear by tensile loading, they develop

a non-uniform stress pattern along the lap as shown in Figure 2 4-2

The stress diagram indicates that the pesk siress and the failure

front will occur at the leading edge of the adhesive and will gradually
shift as the tensile load exceeds the bond strength at the adhesive
film interface This failure mechanism will therefore be dependent
upon the glue lane width W and thickness rather than the overlap

length L

To substantiate this model with experimental data, three-cell series
modules were bonded together using polyimide firlm bonded to the cells
with RIV 90-02k (a refined version of RTV 3145) and DC 90-198 primer
Ribbons of 1 mil polyimide film were bonded to the cell rear surface
in cell overlap wadihs of O 050, 0 100, O 150, O 200 and O 250 The
adhesive thickness was about 0 0015 ainches No interconnects were

used i1n these assemblies Ten sample modules of each of the five
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2.5

ribbon wadths were made and tested. Two mil thick polyimide films
were bonded to the ends of the module to provide graps that were
stronger than the test joints. The assemblies were subjected to
tensile loads until separation occurred. These forces were recorded
and the results are presented in Table 2.4-1. These data 1llustrate
the lack of dependence of overlap length I %o fairlure loads although
the 0.050 inch ribbon ce:se starts to indircate s limiting effect.

The curve alsoc shows that the fracture 1n scme cases was a cement
bond fairlure € and in obther cases a polyimide substrate tear K. The
failures were dastributed about half~and-half between the two fallure
modes i1ndicating the system was capable of being stressed to a point
very near the strength of the substrate material. ‘

Structural loads generated in a large area array during eﬁten31on and
retraction are expected to be on the order of five to ten pounds
across a typlcal array which would be three feet wide or more. The
single cell values plotted on Table 2.U4-1 would therefore indicate
that the ribbon substrate system under consideration will be more

than adequate for loads anticipated on thas design concept.

VACUUM DEPOSITED METALLIC LAMINATES--INTEGRATED POWER DISTRTBUTTON

The concept of ubtilizaing thin f1lm laminated conductors appears quite
attractive, for not only does this suggest the possibilaity of forming
the substrate conduction system in a single fabrication step, dbut it
also allows the use of ultrathin metallic interconnectors which would
otherwise be prochibatively fragile. With the lamnating of the thin
metal to g flexable substrste, an assembly with good flexure fatigue

resistance and hsndiing capabilities can be achieved.

There are metal-polyimde laminate systems commercially available that
consist of thin metallic layers adhesively bonded to polyimide substrates,
hoquer, there sre limted sizes avalilable and ultrathin layers to speci-
fic designs are not available. Therefore, a technmigue was developed for

incorporating thin layers of copper on polyimide substrates.

RTV 3144 was selected becsuse of high peel strength without the use of

primers, and the absence of acetic acid.
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The polyimide surface was initially prepared by being chemically
etched in concentrated mitric acid for thirty mnutes followed by
a thorough rinsing in derontzed water This step was found to be
necessary in order o obtain coatings which would adhere well and
pass & tape pull test Tt 18 lakely that such a preliminary etech-
ing could be rveplaced by subjectring the kapton to a glow dischearge
Just prior to the f£1lm evaporation  The evaporated copper falms
formed this way could be subjected to a tape peel test wth no

visible delaminating or pinholing

Although a good adhering system was thus achieved, 1t was necessary
to check the system's mechanical 1nmtegrity (1 e how the lamnate
behaved under an applied load) Since the laminate concept appeared
to offer strong possibilities for an integrated power distribution
system as well as an interconnecting material, 1t was felt that a
test of 1ts behaviour under loading, which 1s most amportant to the
substrate, should be determined By measuring the deflection of
samples under loading 1t wonld be possible then to determine the
laminates elastic modulus, elastic limits, and farlure (or rupture)

poant

The copper-polyimde laminate formed as described above was cut into
1/2 inch wide strips and then stretched ags showm in Fagure 2 5-1, A
pointer was attached to the laminate sample to establich a reference
point against which the elongation or &eflectlon could be messured
Furthermore, wires were soldered to the copper film and connected to
an ohmmeter in order to determine the point of electrical continuvaty
farlure or the change in conductivity assocrated with the elongation
The laminate strip was clamped in the test Tixture at its ends, with
insulating material used to 1solate the copper film from the vise
Jaws The elongation data obtained was plotted as a function of
applied load in Figure 2 5-2. The haitched area represents the average
values for the twenty-five samples tested The variation in data
was pramaraly due to the difference in actual thickness for the

deposited copper  The ohmmeter readings for each sample remaaned



FIGURE 2.5-1.

COPPER POLYIMIDE LAMINATE TENSILE
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constant at the unstressed value up to the point where the polyimide
substrate failed. Therefore there was no apparent failure in the

metal film prior to the substrate failure.

Typically the 25 deflection/load curves, which are directly relested
to stress/strain, exhibited a linear relationship between the deflec-

tion and load up to approximately 4—1/2 pounds. From this point up

to the faillure point as the load was increased the deflection increased

at an increasingly faster rate.

The region from O to h-l/? pounds is the elastic region where the
material acts in an elastic manner such that we can write F = KY
where F is the applied force, Y is the material deflection, and K

is a constant of the material. An experimental curve for bare poly-
imide film (same thickness and configuration as the materisl used in
the laminate) is also shown as the dashed line in Figure 2.5-2 for
comparison. As expected it exhibits greater deflection for a given

load than the laminate.

A comparison of the empirical data for the laminate and theoretical
data was conducted by comparing values of the modulus of elasticity

obtained in the following manner.
For a given sample the modulus E, is given by

Lol
E_Ad

where A = cross sectional area

P = force producing the deflection
1 = sample unloaded length
d = total elongation

The experiments were conducted on 1/2 inch wide laminate strips,
-l =
composed of copper 2 x 10 ~ inches in thickness deposited on 10 x 10

inch thick polyimide.

I




A = 1/2(10 + 2) = e 107" P
P = 4 pounds (from Figure 2.4-4)

Af = 1 inch

d = 30°° s 50n (from Figure 2.L4-1)

6 B
Therefore, E = .67 x 10 psi - .17 x 106 psi based on the empirical
data.

Theoretical considerations indicate a modulus for the composite,
based on requiring equal deflections for the copper (Cu) and the

polyimide (P) under the applied force, given by:

) s %
ACu ECu s

+
ACu Ap

B

For these materials, published values give

i

ECu = 106 95,10 i

_ B

Ep .46 x 107 psi

Further, AP =] o lO”h cm2
L1

L 2

Ap =5 x 10 cm

Therefore, the theoretical E = .62 x 106, agrees within measurement

error, with the average empirical value of .67 x 106 psi.

In summary it appears evident that additional study is nécessary to
meke use of the excellent properties of the ribbon substrate. The
vacuum deposited copper laminate appears to be a good material for
use on both a lightweight current carrying substrate and a fatigue

resistant cell interconnector.
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WRAPAROUND INTERCONNECTOR MODULE MANUFACTURING FEASIBILITY
AND COST STUDY

A demonstration solar cell module was constructed during the third
quarter of JPL Contract 952560 to demonstrate the feasibility of the
wraparound interconnector concept. Fabrication of this 380 cell
module (19 parallel x 20 series) was performed to obtain information
about the various manufacturing tasks employed to assemble the module
and provide a comparison of the corresponding manufacturing tasks of
the conventional and wraparound interconnects. The manufacturing tasks
were reviewed to determine the general overall task efficiency and type
of tooling or tooling modification necessary to expedite module assembly.
Manufacturing tasks of the conventiocnal and wraparound interconnector
were compared to determine the difference in costs of similar tasks.
From this demonstration module it was possible to extrapolate the

cost of fabricating a wraparound interconnector module.

Solar Cell Module Description

Solar Cells: 2 X 2 cm bar contact solderless

8 mils nominal thickness

Solar Cell Cover: 0211 microsheet .3 mils thick
Interconnect: 2 mil copper, silver plated
Solder Technigue: Front contacts - impulse

Rear contacts - resistance
Module Size: 19 cells in parallel by 20 cells in series
Wraparound Insulation: 1 mil glass cloth impregnated with RTV 3145

Interconnector Description

The interconnector configuration shown in Figure 2.6-1 is the type
used to fabricate the demonstration test module. The configuration
incorporates stress relief features which were designed to alleviate
thermal stresses at the interconnector solar cell interface. The

ma jor redesign compared to conventional interconnects consisted of
relocating and lengthening the ohmic strip tzbs to allow the wraparound

to be completed. The tabs were stress relieved to allow transverse
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2.6.3

movement due to thermal expansion, without exerting large stresses at

the cell and tab interface.

The interconnectors were fabricated from 2 mil copper silverplated on

all surfaces. The 2 mil copper was selected to parallel the type of

material used on the conventional interconnector to insure that esta-

blished soldering techniques will produce uniform relisble solder bonds.

Module Fabrication

The demonstration module fabrication consisted of the following steps:

A.

Cell electrical output matching: Prior to assembly, the

solar cells were graded and an average current value of
95.0 mA at 460 mV at 140 mW/cm2 and 28°C was established

for each parallel submodule.

Coverglass Installation: Cell covers were bonded with Dow

Corning XR63-489 silicone adhesive.

Paralleling of Cells: ©Solar cells were placed in a vacuum

hold-down fixture to establish cell spacing. Mylar tape
was applied to the face of the cell to maintain spacing
during the assembly process. The interconnectors were
indexed and soldered in place. A pulse soldering technigue
and 1 mil x 30 mil solder preforms were used to produce an
optimum bond. Figures 2.6-2 and 2.6-3 show taped and

soldered submodules.

Interconnector Insulation and Bonding: Figures 2.6-L4

2.6-5 , and 2.6- 6 show the three steps necessary to

complete the insulated wraparound contact. Figure 2.6- L
shows the interconnector bent 90 degrees toward its final
position. This step is performed to facilitate submodule

handling and priming of the surfaces to be bonded.
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WRAPAROUND INTERCONNECTOR

Figure 2.6-1
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FIGURE 2.6-2.

FIGURE 2.6-3.

TAPED SUEMODULE

SOLDERED SUBMODULE
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FIGURE 2.6-k.

FIGURE 2.6-5.

90° INTERCONNECTOR BEND

INSULATION ADDITION
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FIGURE 2.6-6.
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COMPLETED WARAPAROUND SUBMODULE




Figure 2.6-5 shows the cell rear "P" contact with the

RTV impregnated glass insulation in place. Initially, a
light coating of RTV 3145 is applied to the "P" contact
opposite the ohmic strip. The area covered is about 0.15

of an inch wide and running the length of the cell. A strip
of 1 mil thick woven glass cloth was placed in the adhesive,
additional adhesive was applied to the glass cloth, and the
primed interconnector was rolled around the edge of the cell

and pressed into the adhesive.

The assembly was placed between two sheets of teflon coated
kapton and a pressure of approximately one-half pound per
square inch was applied. The assembly was cured for L8
hours at 28°C. The submodules were subsequently inspected,
repaired, cleaned, and submitted to final assembly. Figure
2.6-6 shows a completed submodule after the adhesive had

been cured.

Submodule Series Assembly: Submodules were placed in a

vacuum hold-down fixture to maintain cell spacing and the
series connections mode. Soldering was accomplished using

1 mil solder preforms 30 mils in diameter and a resistance
soldering technique. The module was subsequently inspected
and repaired prior to electrical performance evaluation.
Fach series connected submodule was then parallel connected
to the next series string with metal jumper strips. Figures
2.6-7 and 2.6-8 show the front and back of the completed
19 by 20 cell array. Figures 2.6-9 and 2.6-10 show closeup
pictures of portions of the front and back connections of the
completed array. The module was subsequently inspected and
repaired prior to electrical performance evaluation. The

I-V curve obtained during the electrical performance is

shown in Figure 2.6-11.
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FIGURE 2.6-9. MODULE CLOSEUP TOP VIEW
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FIGURE 2.6-11, MODULE ELECTRICAL PERFORMANCE
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Module Repair

Module repairs consaisted of replacement of a broken cover or a broken
cell Cover replscement was done using ethanol and a razor blade
slipped between the cover and the cell The cell was subsequently
cleaned and a new cover was installed  Cell replacement was more
complex with the wraparound interconnect than the conventional
interconnector Thas complexity in repairs of cells would result

in a correspondingly higher per cell repair price, about 12 pexcent
more than the conventional confirguration  The cost incresse 1s due
to the fact that a cell wath a wraparound ruterconnector is replaced
as an assembly with the znterconnector bonded to the solar cell and
requires specilal handling Tt 1s antrcipated that this price wall
be significantly reduced as more advanced and mechanized technigues

are developed

Module Manufacturing Fessibility

As a result of the processing performed for the above demonstration
array, the wraparound interconnector solar cell module fabrication
technique has been demonstrated and has been shown to be feasible
for use on an integrated lightweight solar cell arrsy  Eanviron-
mental and performance testing of this module will be performed
under the darection of JPL, and these tests will provide informa-

tion regarding reliabilaty and integration of the design

Wraparound Interconnect and Conventional Interconnect

Module Price Comparison

Table 2 61 has been comprled to provide a relative price comparlson
of the wraparound interconnected module compared to the conventaional
system  The conventional configuration uses a stress relieved Z type
photo-etched copper interconnector  The wraparound uses the technique
explained in previcus sections  The price analysis 1s broken down

into three basic areas



2 6.7

foBle 2 6-1 , MODULE PRTCE COMPARISON

f

' Interconnector Type
Task Conventional Wraparound
Module Fabrication $2 79 per cell $3 10 per cell
Module Repair $0 80 per cell $0 95 per cell
Test $0.18 per cell $0 18 per cell
*¥Total Fabrication Price $3 77 per cell $h.23 per cell

*The total fabrication price does not anclude the cell cost,

cover cosi, or cover laydown cost

Thege areas are module fabrication, which progresses from cell
matching to submodule series connection, submedule repair, and
final electrical test  The price analysis is also based on a

2 x 2 cm cell basis and projects the actusl demonstration wrap-
around module fabrication labor figures to a large scale productron

gartuation.

The projected fabrication price for the wraparound interconnector
concept 1s approximately 12% higher than for the conventional inter-
connector concept  However, the superior fatigue resistance of thas
concept, as shown in Section 2 3, will, 1n many instances provide
impetus for its utilization rather than the conventionally anter-

connected system

Second Demonstration Module

At the end of the one year program a second module was burlt to
demonstrate the feasabilaty of concepts concewnved and analyzed
during this program The module size was approximately thorbty six
square i1nches in area consisting of four 2 x 2 cm cells in parallel
by 16 cells in sernes 1in a U~-type configuration to form a square
module with 8 cells on a side
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Many of the new concepts developed gnd tested during this program

ar¥e .o 1ncorporated in fabricating the sixty four cell demonstra-
tion module  Wew concepts developed during this program that are -
"used . are 1 3 mil thick coverglass and a stress relieved wrap-
around interconnector  The coverglass and associated honding process
was developed to reduce the cost and weight of the solar cell blanket.
The vwraparound interconnect was developed specifically to alleviate
the combined flexural and tensile forces generated during the missile
launch environment Basically thais concept restricts and bending
and tensile loads to a plane on the surface of the substrate thereby
removing the stresses from the solar cell contact and interconnector

interface

In summary the demonstration module consists of the following compon-

ents
Table 2.6-1
1 Silicon Solar Cell
Saze 2 x 2 centimeters
Base Resastavaty 2 ohm centimeter
Thickness 0 007 inches nominal
Contact Type conventional bar, solderless
2 Coverslide
Thickness 0 0013 ainches nominal
Material Corning type 8871 glass
Adhesive Dow Corning XR63~h89
3. Interconnector
Configuration Stress relieved wraparound
Materaial 0 001 inch thack copper silver plated
Type Photo etched thermal stress relieved
Bonding N Pulse solderang using 0 O0L inch thick preforms
4 Substrate and Cell Bonding
Material Polyimide
Thickness 0 0005 anches
Adhesive RTV 314k
5 Power Distribution System
Material Copper, vacuum deposited
Thickness approxametely O 0005 inches

2.9k



30

31

32

CONCLUSTONS

Conclusions for each of the speciiac tasks investigated during this
effort are discussed separately waith a final statement regarding the

overall effort
SOLAR CELL AND CONTACTS SURVEY

Examination of solar céll contact configurations indicated that the
wraparound bottom contact configuration would provide improved relia-
balaty for lightweight arrays by reducing interconnector stresses
However, cost trade-offs show such a system to be prohibitive at
present becauvse the wraparcund contact cell is not developed suffa-
ciently. Consequently efforts in this study were directed toward the
use of conventional bax contact configurations in order to keep the
scope of work within the contracted effort The cost analyses indicate
that trends in cell costs are typically toward decreased costs as a
function of time for any specific cell design This trend represents
the effects of manufacburing learning curves, small gquantity require-
ments initially, and industry inertia to changes Present-day power/
welght/cost trade-offs indicate that the 8 mal thick salicon cell
provides an opbimum merit factor today and conseguently limits the
amount of array weight saving and cost per watt decrease which can be
presently obtained The cost analysis also indicates that wathain

5 years (1975) the optimum cell configuration in respect to the power/
welght/cost merit factor can drop to 6 mils thickness Since the
problem 1n reducing costs of very thin solar cells appears to be
primarily a matter of handling restrictions and tooling eny effort
toward improving the handling of thin cells will reduce the time

required for the cost of the thinner cells to become competitive
COVERSLIDE ASSEMBLY

Examination of the costs for cover assembly with platelet {microsheet
and fused 5111ca), inkegral, and ribbon glass systems has shown the

conventional platelet to cost approximately three times as much as
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integral or ribbon systems. PFurther, the integrel and ribbon concepts
can be used with material considerably thinner than 3 mils, the margin-
ally practiesl limt for conventional platelets. This will allow
significant weight savings for arrays where low radiration environments
will be encountered. The rabbon glass technigue has been utilized

in the demonstration modules for this program and has been shown to

be a8 practical cover dHystem.

INTERCONNECTOR STUDY

An effort to improve interconnector reliabilaty, through a program of
failure definmition, analytical stress analysis and testing provided

a number of configurations exhabiting greater fatigue resistance for
flexable arrays than the conventional Z tab stress loop interconnector.
These improved configurations include the stress relieved wraparound,
the total span wraparound, and the laminated wraparound imberconnect.
Vhere a Z tab interconnector is to be'employed, and smell stressg loop

motions cccur, the generalized eguation:

Y'-R, 2R

| - ____f_‘_..-...'f. =-----R——--
h' = R+ |gzmg ( - Y|, vhere R, 5.F
Lo

provades a basis for designing fatigue resisgtant stress loops. In

this relation the gquantities are.

5
I

= height of stress loop above cell surface

Y' = half the maximum cell spacing due to array motion (thermsl or
vibrational }

E = modulus of elasticiby for interconnector
d = thickness of interconnector
Sf = fatigue strength of interconnector

R = anitigl fabricated radius of curvature of stress loop.



SUBSTRATE AND CELL BONDING

The ribbon substrate was originally considered in an effort to reduce
assembly costs and overall arrsy weight An analytical and empirical
gtudy was performed to determine the minimum widith of raibbon whach
would be required and adhesive bond strength between the substrate

and solar cell

Tests conducted on sample modules revealed that the ribbon substrate
caused uneven stress distribution and premature interconnector frac-
ture Due to the uncertarnty of the anticipated loads at this time
1t was decided ©to hold the ribbon substrate an abeyance and use a
1/2 mil continucus substrate for the final demonstration module

The thin polyimide substrate proved to be satisfactory during the

interconnector Fatigue tests
INTEGRATED POWER DISTRIBUTION SYSTEM

An abbreviated examination of the task was conducted due +o an

inerease of program emphasis on interconnector relisbilaty Results

of this survey demonstrated that a metallic-polyimide laminate, eirther
using vacuum evaporation of laminate bonding, could withstand severe
array stresses without losing electrical or mechanical integraty  Hence
a2 laminate can provide not only a mechanical substrate but electrical
interconnection and bussing  The evaporated metal laminate has a great
deal of potential for utilagation as the cell interconnector as well as
the bus system A significant reductzon in array weight and fabrication

costs is expected when this laminate system 1s fully developed
DEMONSTRATLON MODULE FABRTICATTON AND DOCUMENTATILCON

The fabrication of actual modules utarlizing the concepts and techniques
developed in tasks 1-5 exhibited the systems manufacturabirlity  Docu-
mentatron of process technigues and tooling provides information

necessary to fabricate further modules

The demonstration module fabrication was conducted in accordance with

a modular concept without including however, bussing components between
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modules. The laminated substrates dascussed sbove should provide a
golutaon for the requirement. Based on a weight analysis the achieved
pover to weight ratio for modules fabricated using the demonstration
module specifications should be 82 watts per pound. The desvelopment
of thinner cell handling techniques will be required for accomplishing
120 watts per pound. When this 1s achieved, a valad power to weight
final wvalve can be computed for a system of 120 wabtts per pound of
array weight. However, even with the aforementioned restriction on
Possible cost savings sigmificant cost reductions were evident, parti-

cularly an the cover systenm.

OVERALL FROGRAM CONCLUSIONS

The pertinent Findings of this study are as follows

8 mil thick 2 x 2 cm bar contact cells provide opbimum

power/welght/cost at present.

6 ml thick 2 x 2 cm bar conbact cells will provide optimum
power/weigat/cost by 197L.

Integral and ribbon glass cover systems can reduce the cover cost
for 2 x 2 cm cells from $2.50 miniwmum for a platelet system to
less than $0.86.

A generalized equebion relating intercomnector stress loop height

and fatigue resistance was derived.

Deposited metal-polyimide laminates used as interconnectors can

provide substrate mechanical strength and electrieal integrity.

Minamum overlap width for no loss in adhegive strengbh between

solar cell and ribbon substrate was determined.

Balicon stress versus interconnector thickness for various

temperature cycling rangeswere calculsted for copper and molybdenum

maberials.
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4.0

RECOMMENDATICNS

With the high power to weight ratioc of the demonstration module,
calculated at approximately 82 watts per pound, enough work has
been accomplished to indicate that 120 watts per pound could be
obtainahle through the use of thinnexr solar cells and lamnated
interconneet designs. Since the major drawback here has been the
lack of tame to move all the way to a 4 mil thick cell and the
problems assocrated with this thin cell, i1t would be worthwhile

to extend research and development efforts towards solving these
handling difficulties. The use of the low cost cover techniques and
laminated interconnect techniques would provide low cost arrays at
high power %o weight values. The use of wraparound contact solar
cells will eimplafy the ainterconnector design and also reduce weight

and coste of interconnecting the cells.

Interconnector studies in thais progream ghowed a number of configurs-
tiong which can substantially improve the arrsy's reliability.
Extending these studies to lighter and Thinner wraparound inter-
comnectors or establishing practical handling practices for the
wraparound contact cells will provide a further weight=saving without

religbility loss.

The integrated power distributron system studies only examned the
practicality of a substrate to provide mechanical and electrical
integrity under array stresses. Using wraparound contazct cells and
perfecting methods of bonding, mechanically and electrically, these
cells to a laminated metallic polyimide substrate will provide not
cnly a large weight reduction but also a decrease 1n the array
assembly cost through the deletion of the tedious interconnector

and bonding technigues now reguired with top contacted cells.
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A direction for further work has been indicated through the
present study and shows that techniques and concepts have been
defined which can provide a system meeting the present design
goals, Tt 1s recommended that further efforts as described above
be continued so that the potential of the 4 mil solar cell can be
demongtrated. The background of the particular survey effort
clearly indicates that a developmental effort aimed at economi-
cally utilizing thin cells with wraparound contacts, and laminated
conductor-substrates has the potential to provide the necessary
pover to weight values at a low cost so that the original program

goals can be met.
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