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1. ABSTRACT 

Recent developments in ultrathin (~50 ~m) silicon solar cell 
technology have demonstrated that this type of cell possesses the highest 
power-to-mass ratio as well as the best performance under space radiation 
of any silicon solar cell yet produced. This report describes TRW's 
efforts oriented towards incorporating this unique device into photovoltaic 
blankets for space applications envisioned by NASA/JPL. 

Interconnect materials and designs for use with ultrathin cells are 
discussed, as well as the results of TRW's investigation of the applica­
bility of parallel-gap resistance welding for interconnecting these cells. 
Data relating contact pull strength and cell electrical degradation to 
variations in welding parameters such as time, voltage and pressure are 
presented. 

Methods for bonding ultrathin cells to flexible substrates and for 
bonding th'in (75 ~m) covers to these cells are described. Also, factors 
influencing fabrication yield and approaciJes for increasing yield are 
discussed. The successful results of vacuum thermal cycling and thermal 
soak tests on prototype ultrathin cell test coupons and one solar module 
bl anket are presented herein. 

1-1 
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2. INTRODUCTION 

The basic technology used to assemble solar cells into panels and to 
accommodate the many changes necessary to develop arrays which have higher 
power and lower mass per unit area are the primary objectives of this 
study. These improvements have been brought about mainly by the employment 
of flexible lightweight substrates, interconnecting by welding rather than 
solder, thinner cover-glasses, and the use of thinner more efficient sola~ 
cells. The development of 50 11m thick silicon solar cells with AMO conver­
sion efficiencies in excess of twelve percent presents a unique assembly 
challenge to basic panel fabrication technology (Reference 1). The purpose 
of this work is to examine the prospects for fabricating solar panels 
employing ultrathin solar cells and covers via conventional assembly 
processes. 

2-1 
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3. TECHNICAL DISCUSSION 

This section contains the results of the analysis, experiments and 
manufacturing processes developed which are required for the manufacturing 
of a lightweight solar array blanket utilizing thin solar cells and covers, 
bonded to a thin flexible Kapton substrate. 

3.1 REQUIREMENTS 

The contract requirements call for a development and technology 
program for a welded solar array using 50-micron-thick, 2- by 2-centimeter 
solar cell assemblies covered with 75-micron-thick microsheet glass. The 
interconnectors are to be welded to front cell contact prior to cover­
glassing. During these operations the thin cellis electrical performance 
variations are to be determined due to welding and cover glass application. 
Once series-parallel interc)nnected, the cell assemblies are to be bonded 
to 50-micron-thick Kapton substrates using a minimum mass of adhesive. The 
resulting technology shall be demonstrated ny fabricating fifteen space 
quality solar cell coupons consisting of nine 2- by 2-centimeter, 50-
-micron-thick solar cells (electrically interconnected three cells in 
series and three cells in parallel, all bonded to 50-micron-thick Kapton 
substrates). The fi rst fi ve coupons are to be del i vered to JPL and the 
remaining ten coupons shall be subjected to the following tests prior to 
shipment: 

a) Twenty-four hours of thermal soak as a high temperature of 
1200C and an additional soak at 170 C for 24 hours. 

b) TwenSy-four hours of thermal soak at 8 low temperature of 
-120 C and an additional soak at -180 C for 24 hours. 

c) Thereafter the ten test coupons are to be incremensally tested 
to 100 thermal vacuum cycles between -1800 to +120 C with 
30-minute soaks at the.temperature extremes. 

Upon successful completion of the test and written JPL approval, three 
High Temperature-Low Mass Solar Blankets are to be fabricated, each con-
sisting of four cells in parallel and twenty cells connected in series for 
further JPL extended evaluation for the components as well as for the 
completed module solar blanket. One of the 3 modules solar blankets shall 
be subjected to 24 thermal vacuum cycles between +70° and -110°C with 
30 minute soaks at the temperature extremes. 

~. 
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3.2 INTERCONN£CTOR DEVELOPMENT 

While the techniques for assembling thin cell test coupons were being 
developed, a parallel effort was initiated aimed at producing a suitable 
interconnect des i gn for the th i n cell coupons. 1 n order to make the 
coupons compatible with the concept of either foidout or rollout array 
deplo~ment schemes, inplane stress relief intercollnect designs were 
examined. 

3.2.1 Configuration Analysis and Selection 

Fi ve i npl ane stress rel i ef interconnects were analyzed for el ectri cal 
resistance and stress relief capability (Figure 3.2-1). All calculations 
were based on silver-plated 25 ~m (0.001 inch) Invar interconnects. Of thil: 
five designs, the box interconnect offers the greatest stress relief at the 
lowest resistance. The rounded interconnect is equivalent in the region of 
interest (H/L~3). Three variations of the rounded interconnect (Figure 
3.2-~) were selected for test evaluation. For this phase of the investi­
gations, ten coupons of thin cells were fabricated, using the same parallel 
and series circuit configuration. The single loop series interconnector 
(Figure 3.2-2) was used in assembling seven of the coupons. The remaining 
three coupons were assembled using the double loop series interconnect 
(Figure 3.2-2). All coupons utilized the same parallel interconnectors 
(Figure 3.2-2). 

j--L-j 

~{t} c(QF JFi1 A r!Rs 
BOX lOOP ROUNDED SQUARE SINE HALF 

BOX LOOP WAVE WAVE ROUND WAVE 

Figure 3.2-1. Five In-Plane Stress Relief Interconnector 
Design Configurations 

SERIES 

SERIES 

PARALLEL 

A 

B 

c 

Figure 3.2-2. Coupon Series and Parallel Interconnect Designs 
3.2-1 
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3.2.2 Stress and Fatigue Analysis 

This section presents the results of a stress analysis of the proposed 
solar cell assemblies. Due to the large difference in the thermal coeffi­
cients of expansion of the silicon cell, the substrate, and the intercon­
nector materials, the welded joint (between the interconnector and cell) is 
subjected to a large thermal stress amplitude as the solar array undergoes 
thermal ·cycles. The stresses come from two sources: (1) The actual differ­
ential expansion or contraction of the weld materials themselves, and (2) 
The forces applied to the weld by the interconnector. The former stresses 
are dependent on the selection of the weld materials and the thicknesses of 
the materials, while the latter stresses are dependent on the interconnec­
tor stiffnesses and thermal displacement between the cells. The thermal 
displacement can be minimized by the choice of different dimensions and 
materials of solar cell assemblies and is discussed in Section 3.2.2.1. 
Three different solar cell assemblies were studied. The interconnector 
stiffness c~n be minimized by the selection of the interconnector materials 
and the interconnector configuration. Three different interconnector con­
figurations were investigated. The fatigue lives of these interconnector 
solar cell welds for the solar c~ll design which has the lowest thermal 
displacement were computed fOi' two temperature ranges from -1800 to 100°C 
and from -1800 to I800C. 

3.2.2.1 Gap Displacements and Stresses of Solar Cell, 
Adhesive Material (RTV) and Substrate 

The solar cell is bonded to the substrate by use of an adhesive 
as shown in Figure 3.2-3. The adhesive material is more flexible than 
either the cell or the substrate layers. Thus, as the temperature is 
cycled, a relative motion occurs between two layers at their interface. 
The analysis, neglecting the axial s~iffness of the adhesive, has been 
discussed in Reference 2 for the case of thermal loading. The results are: 

°l(X) 
E1~a~T cosh 2SX) - - 1 + mn (1 - (3-1 ) cosh SL 

°2(X) = mOl (X) (3-2) 

2E1 t1Aa~T 
'dX) SL sinh 2SX = L(l+mn) cosh SL (3-3 ) 

3.2-2 
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where 

in which 

AU = AaAT L tanh aL + Sa2 B[ 

Aa = a2 - al 

t 
m =_1_ 

t2 

E 
n = _1_ 

E2 

2 1 G3 1 
a = '413 El t1 

+ 1 ) 
E2t2 

t1 thickness of cell 

t2 thickness of adhesive 

t3 thickness of substrate 

0 1 the axial stress in the cell layer 

02 the axial stress in the substrate layer 

T 

E1 

E2 

the shear stress 

Young's modulus 

Young's modul us 

in the adhesive layer 

of the cell layer 

of the substrate 1 ayer 

G3 the shear modulus of the adhesive layer 

S the intercell gap width 

a1 the linear thermal expansion coefficient of the cell layer 

(3-4 ) 

(3-5) 

(3-6) 

(3-7 ) 

(3-8 ) 

112 the linear thermal expansion coefficient of the substrate layer 

AU total gap displacement between adjacent cells 

L ce 11 1 ength 

X the distance from the midpoint of the cell 

Three proposed cell and substrate designs, as well as the Fleet 
Satellite Communications (FLTSATCOM) and the Tracking Data Relay Satellite 

3.2-3 
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Figure 3.2-3. Cross Section of the Solar Cell Assembly 
at Equilibrium Undeformed Temperature and 
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Table 3.2-1: Stresses and Gap Opening of Different Solar Cell Designs 

Parameter FLTSATCOM TDRSS Proposed I Proposed II Proposed I II 

tl 0.008 in. 0.008 in. 0.002 in. 0.002 in. 0.002 in. 

t2 0.005 in. 0.002 in. 0.002 in. 0.002 in. 0.005 in. 
(Al) (Kapton) (Kapton) (Kapton) (Al) 

t3 0.004 in. 0.002 in. 0.001 in. 0.002 in. 0.001 in. 

El (ps 1) 1. 7x107 1.7x107 1.7x107 1. 7xl07 1. 7xlO 7 

E2(psi) 1.0xlO 7 0.4xl06 0.4xl0 6 0.4xlO 6 1.0xl0 7 

G(psi) 500 500 500 500 500 

Ql(in/inoF) 1.0xlO-6 lxl0-6 lxl0-6 lxl0-6 . lxl0 -6 

Q2{in/inoF) 13.0xlO -6 llxlO-6 llxl0-6 llxlO-6 13xl0-6 

L 0.8 in 0.8 0.8 0.8 0.8 

S 0.035 in 0.035 0.02 0.02 0.02 

O'lmax/fiT -12.20 -0.993 -3.9 -3.9 -88.78 

0'2rnax/fiT 19.53 3.97 3.9 3.9' 35.51 

T max/fiT 0.51 0.141 0.198 0.140 1.163 

6U/flT 8.618xlO-6 1. 513xlO -6 1.01lxlO-6 1. 338xlO-6 4.911xlO-6 

Systems (TDRSS) designs were analyzed. All calculations assumed a silicon 
cell and RTV adhesive material. The substrate material was either aluminum 
or Kapton as indicated in Table 3.2-1. The table also shows the remaining 
design parameters and the compute~ results. 

The interconnector force is proportional to the gap displacement. 

Proposed Design I has the lowest gap displacement 6U/6T. The displacement 
of FLTSATCOM design is about 8~5 times the displacement of Proposed Design 
I, while the displacement of TDRSS is about 1.4 times. The Proposed Design 
II is 1.3 times as large, while Proposed Design III is about 4.8 times. It 
is seen that the axial stresses (11 in the s11 icon cell and (12 in the sub­
strate in the I and II designs are unaffected by the adhesive (RTV) 
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thickness. However, the shear stress T in the adhesive in the II design is 
about 70 percent of the shear stress in the I design. It is concluded that 
Proposed Design I is the best candidate for the improved solar cell design 
since it causes the smallest interconnector force and therefore should 
result in the highest weld fatigue life. The slight increase in the 
adhesive shear stress T-max compared to Proposed Design II is not critical. 
It is already considerably lower than the value for the FLTSATCOM design. 

For service temperature deltas of 3600C and 280oC, the maximum 
stresses in the silicon cell, the substrate and the adhesive are: 

CJ 1 (mn/m2) 

CJ 2 (mn/m2) 

T (Illn/m2) 

3.2.2.2 Stiffness of Interconnector 

6.8 

6.8 

0.35 

8.7 

8.7 

0.44 

3.2.2.2.1 Simple Beam Theory. The solar cell interconnector must bridge 
the gap between two adjacent cells. The gap is deformed 6U during a 
thermal cycle. In order to maintain the attachment, the interconnector is 
subjected to a separating force F which is proportional to the magnitude of 
6U times the stiffness of the interconnector. Thus, minimizing the inter­
connector stiffness will reduce the stresses in the welding joint between 
the interconnector and the solar cell and in the interconnector itself. 
Analytical solutions for tre beam stiffness obtained by the simple beam 
theory are desirable for the dimensional or parametric studies. Various 
interconnector configurations were analyzed by the simple beam theory and 
the results are expressed in the following: 

3.2-6 
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a) Si n91 e Rettangul ar Loop I nterconnector. The geometry of a 
single rectangular loop interconnector is shown in Figure 
3.2-4. Due to symmetry, a quarter of the interconnector as 
shown in Figure 3.2-4 was analyzed and the flexibility (11K) 
is: 

F4-

r 

W2 where ex = W 

E = elasticl110dulus of interconnector material 

t = thickness of interconnector 

L 
~ 1 L 

~2 .~~ 
\1 __ F/2 EI2 .. t' 

EI • 

2H t ~ 
(a) (b) 

Figure 3.2-4. Single Loop Rectangular Interconnector 

b) E9ctangular Wave Interconnector. A half wave length of a 
rectangular wave interconnector shown in Figure 3.2-5 was 
analyzed. The result is: 

R5-002-79 

2 
~u 1 [12 (-wH) IT = EtW 

For a square wave interconnector, L = 2H 

~u 1. H 2 
F(2H) = EtW [l6(W) + IJ 
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L 

w w 2H 

M a:: FH 

F-t 
M I: FH -r F 

Fiyure 3.2-5. Rectangular Wave Interconnector 

c) Single Loop with Full Radius Interconnector. The geometry is 
shown in Figure 3.2-6, and the result is 

R5-002-79 

where 

f(a) = 

a = ~ 

L 

(i6 -i 8 )a 4 + .ga3(1_a) + ~2(1_a)2 + -rla(1-a)3 + k{1-a)4 

1 + (~ - l)a 

l~-·---H 

Figure 3.2-6. Single Loop with Full Radius Interconnector 
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The above analytical solutions were used for the choice interconnector 
dimensions such as Wand H based on the optimized electric resistance 
versus stress relief ratio, Reference 2. 

3.2.2.2.2 Finite Element Analyses. Three proposed design configurations: 
(1) single loop (ANS )' (2) double loop (BNS )' and (3) parallel type (C NP ) 
interconnectors were analyzed by use of the SAP4 finite element computer 
program. The powerful i soparametri c membrane el ement was employed to 
calculate the stiffness. The interconnector was assumed fabricated from 
I-mil Invar with two 0.4-mil layers of silver. 

SAP4 finite element mathematical models of the three design configura­
tions were constructed. The thick line mesh lines of Figures 3.2-7 through 
3.2-9 show the geometries of the three models. 

In order to compute the stiffness and deformation shapes of the design 
configurations subjected to thennal loading, two separate deformation 
loading cases were imposed on the model. The analysis of each design is 
described in the following: 

a) Single Loop Design (ANsl. Due to symmetry, only one half of 
the interconnector wa~ modelled and is shown in Figures 3.2-7a 
and 3.2-7b (thick lines). Sections A-A and B-B are weld 
attachments to the cells, while Section C-C is the plane of 
synmletry. 

R5-002-79 

The first loading case applied a I-mil displacement at section 
A-A in Z direction \."ith section B-B fixed. The deformation 
mesh is shown in Figure 3.2-7a (thin line). The computed force 
required to cause the I-mil displacement at section A-A in Z 
direction is 0.275 pound. Hence, the stiffness of the system 
in Z direction is 275 lb/in. From the simple beam theory 
analysis, the stiffness is 291 lb/in. 

The second loading case applied a I-mil displacement at the 
symmetrical section C-C in the Y direction with both A-A and 
B-B sections fixed. The defonnation mesh (thin line) is shown 
in Figure 3.2-7b. The SAP4 results showed that 51 percent of 
the displacement occurred in the right half vertical loop. The 
required force to cause the I-mil displacement is 2.726 pounds 
and the system stiffness in Y direction is 2726 lb/in. 
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Figure 3.2-7a. Finite Element Undeformed and Deformed Mesh of a 
Single Loop Interconnector for I-mil Z Displacement 
Applied at Section A-A 
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b) Double Loop Design (Bu~). Similar to the analysis of the 
single loop des~~ one half of the double loop inter­
connector was considered. The mesh geometry (thick line) is 
shown in Figures 3.2-8a and 3.2-8b. Sections A-A, 8-B, and C-C 
have the same definition as for the above case. The same two 
types of loading II/ere applied. The deformed shaped (thin line) 
for the displacements in the Z and Y directions are shown in 
Figures 3.2-Sa and 3.2-8b, respectively. The stiffness of the 
system in Z and Y directions are 115 lb/in and 1526 lb/in, 
respectively. For this configuration, the right hand vertical 
loop provided only 27 percent of the total Y displacement. 
Thus, elimination of the loop would increase the Y stiffness to 
2090 lb/in. The stiffness of the system in L direction 
obtained by the simple beam theory is 149 lb/in. 

c) Parallel Type Design (~~. Due to symmetry, a quarter of a 
unit of a parallel type interconnector was modelled and shown 
in Figure 3.2-9 (thick line). One loading case was considered. 
A I-mil displacement was applied to the symmetrical section C-C 
in the Y direction. The deformation mesh is shown in Figure 
3.2-9 (thin 1 ine). The required force to cause the I-mil Y 
displacement is 0.284 pound. Henc~, the stiffness of the 
system in Y direction is 284 lb/in. From the beam analysis the 
value of the stiffness is bounded by 234 lb/in and 369 lb/in. 

The results obtained by the execution of SAP4 finite element 
computer program are in good agreement with equations based on 
the simple beam theory. However, in applying the beam theory 
equations, the thickened sections adjacent to the weld must be 
treated as being infinitely stiff. 

3.2.2.3 fatigue Life Analysis 

The fatigue life of the welded joint between the interconnector and 
ce 11 is affected by the forces app 1 i ed to the weld by the i nterconnector. 
To decrease the force it is necessary either to reduce the gap displacement 
~U or the stiffness of the interconnector. The lowest ~U of the Proposed 
Design I of the solar cell assembly was of interest. From Table 3.2-1, aU 
is 1.01 x lO-G in/OF. Hence, for a service temperature range ~T = 3600C 
(180 to -1800 C) (64SoF), the total 'displacement amplitude between the cell 
is 

1.01 x 10-6 x 648 = 6.54 x 10-4 (in.) 

Over the same temperature range the thermal change in length of the Invar 
interconnector is 

~TaL 
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Thus, the changes in interconnector length for three designs are: 

ANS 0.163 0.90 x 10-4 (i n. ) 

BNS 648 x 0.85 x 10-6 x 0.234 = 1.29 x 10-4 (i n. ) 

CNP 0.320 1.76 x 10-4 (in.) 

Neglecting the flexibilities of the cell and substrate combination, 
the interconnectors have to accomnodate displacement of (for each design) 

ANS 0.90 x 10-4 5.64 x 10-4 (in.) 

BNS 6.54 x 10-4 1.29 x 10-4 = 5.25 x 10-4 (in.) 

1. 76 x 10-4 -4 4.78 x 10 (in.) 

The values of axial loads of interconnectors are obtained from the 
products of the stiffnesses of each interconnector design and the relative" 
thermal displacement between welded joints of adjacent cells. Thus: 

F = K~U 

ANS 275 x 5.64 x 10-4 = 0.155 (1 b) 0.690 (N) 

BNS 115 x 5.25 x 10-4 = 0.060 (1 b) 0.269 (N) 

CNP 284 x 4.78 x 10-4 = 0.36 (lb) 0.604 (N) 

It was assumed that there were two weld spots at each end of the 
interconnector; hence, each welding spot was subjected to one half of axial 
force in the interconnector 

ANS 0.345 (N) 

BNS 0.134 {N) 

CNP 0.302 (N) 

Similar calculations were perfonned for a service temperature range 

~T = 280°C (-180 to 100°C) (504°F) 

The total gap displacements between the cells are 

-6 -4 1.01 x 10 x 504 = 5.09 x 10 (in.) 
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The interconnector thermal elongations are 

ANS 0.163 0.698 x 10-4 (in.) 

BNS 504 x 0.85 x 10-6 x 0.234 = 1. 002 x 10-4 (i n. ) 

GNP 0.320 1.371 x 10 -4 (i n. ) 

Thus"the net displacements are 

ANS 

BNS 5.09 x 10 -4 

GNP 

and the axi al forces are 

ANS 

BNS 

GNP 

For each welding spot 

ANS 

BNS 

CNP 

0.698 x 10-4 
4.39 x 10 -4 (i n. ) 

1.002 x 10-4 = -4 (' ) 4.09 x 10 In. 

1. 371 x 10-4 -4 3.72 x 10 (in.) 

-4 275 x 4.39 x 10 = 0.121 (lb) 

115 x 4.09 x 10-4 = 0.047 (lb) 

284 x 3.72 x 10-4 = 0.106.(lb) 

0.0605 0.269 (N) 

0.0235 (lb) = 0.105 (N) 

0.0503 0.224 (N) 

The fatigue life of welded joints subjected to different interconnec­
tor forces and over different temperature ranges had been studied in Refer­
ence 4. In Reference 4, the interconnector is constructed of 15-~m-thick 
Invar with two 5-~m layers of silver plating while the silicon cell thick­
ness is assumed to be 254 ~m with 3-~m silver-plating. The analyses used 
the SAAS III computer program. The total effective strains ~£-t in the 
silver were obtained as a function of the temperature ranges for various 
axial loads. These data were shown in Figure 3.2-10 and extrapoiated to 
the temperature rang~ Qf 4QOoC. The total effective strain of silver at 
the weld joint over temperature ranges of ~T = 280°C and aT = 3690C was 
computed for each interconnector design configuration from Figure 3.2-7. 
These values of the effective strain ranges were then plotted on Manson's 
empirical curve for the fatigue life of silver. 

6£-t = 0.00903 N
f
-0•12 + 0.770N

f
-o•6 
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to obtain the fatigue life Nf (cycles to failure) in Figure 3.2-11. Figure 
3.2-11 also shows the fatigue lives of the weld joint without the inter­
connector (zero axial force). The results are tabulated in the following: 

Fatigue Life Nf (Cycles to Fail ure) 

t:.T = 2S00C t:.T = 3600 C 

Weld Alone 3000 1600 

ANS 1700 900 

BNS 2400 1300 

CNP 2000 1250 

For both temperature ranges the life of the single loop configuratior 
is 56 percent of the life of the weld joint without the interconnector, 
while the life of the double loop configuration is SO percent and the life 
of the parallel loop is about 63 percent. 

3.2.2.4 Discussion of the Results 

The fatigue lives of the weld joint obtained in the previous section 
were based on the curves shown in Reference 4. It should be noted that the 
present solar cell assemblies 'design have dimensions which are somewhat 
different from those of Reference 4. In Reference 4, the Invar inter­
connector silver plating thickness was 5 ~m, and the solar cell silver­
plating thickness was 3 urn; while in the present investigation, the Invar 
interconnector silver plating thickness is 10 urn (0.4 mil), and the solar 
cell silver-plating thickness is 7.6 urn (0.3 mil). 

Reference 5 studied the effects of silver-plating thickness on the 
fatigue life of the weld joints alone without the interconnector. It 
concluded that reducing the silver-plating thickness on a Kovar intercon­
nector from 5 urn to 3 urn reduced the maximum strain in the weld area and 
therefore incY'eased the fatigue life by 31 percent (for an Invar inter­
connector this value would be larger); while increasing the solar cell 
silver-plating thickness from 3 urn to 10 urn increased the fatigue life by 
SO percent. Thus, it is advantageous with respect to the weld joint 
fatigue life to decrease the interconnector silver-plating thickness and to 
increase the solar cell plating thickness. 
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Using the r'esults of Refer'ence 5 (which were made fat' Koval" not lnvar') 
the fatigue life for weld joint alone obtained in the previous section wou'ld 
be reduced 78 percent due to the increase in the interconnector silver 
plat i n9 thickness from 5 p.mto 10 p.m and i "creased 53 pet~cent due to the 
increase in the solar cell silver-plating thickness from 3 p'm to 7.6 p.m. 

TllltS, the effects tend to cunce 1 alit. 

No deta i1 fact anal ys i ~ has been made of the influence of the plating 
thickness on the reduction of the fatigue life due to the inter'col1l1ector' 
force. However, it is expected that increasing the thickness would tend to 
incr'ease the fatigue life since it would increase the ttuml1al coefficient 
of expansion to more closely apPt'oach that of the substrate and therefore 
reduce the i nterconnector' force. 

The conlRuted fatigue lives are LUH'ealistically low compared to result~ 
obta i tied f)'om expe)"; menta 1 Ill(H\Stn'ement (Refer'ence 4). As disc ussed in 
Refel~ence 4, ther'a at~e several pr'obable reasons for this variation, the 
most importnnt of which involves the definition of failu)'e. For the 
mechanically loaded specimens upon which Manson's empirical curve is based, 
failure ocelH'red soon after a cr'ack developed. This resulted fl"om the 
t'tlpid increase in the local stt'ess level once the cruck develop~d. 
However', fot' the weld considel'ed hel'e, thel'e is initially a built-in 
IIcftlcku at the edge of the ,veld. TIlliS, faillwe in this case is measure of 
the time l'oqui red fo.' the weld cl'ack to start gt'owi n9 and not the time at 
which th~ cl'uck ~WO\"S completely through the weld. Thet'afore. the useable 
life of the weld is undel'estimated. This factor, as well as the silver­
plating thickness effects, apply to all tlll'ee inter'connectot' design COI1-

figlH'utions. !-Ioweve.', it is expected that although the pt'edided lives are 
too consey'vat; ve, the guantitati ve vari uti on among these proposed desi gns 

!ill be accurate. 

3.2-21 
R5-002-79 

:.,_ ..... ' ...... IiIIIIIIIII ••.. l111l1l1l111tllll? liP' III' _a' ; I ........... 



r .. 
t;,. 

3.3 EXPLORATORY PARALLEL/GAP - WELDING 

Although in the actual assembly of these test coupons other factors 
had greater impact on yield, a great deal of preliminary work had to be 
done in order to develop a technique for employing parallel-gap resistance 
\'Jelding as the interconnecting method. 

3.3.1 ,Equipment Description 

The welding equipment used in this effort consisted of a Model MeW-550 
constant voltage power supply and a Model VTA-66 variable tip weld head, 
both manufactured by Hughes Ai rcraft Company. A constant voltage is mai n­
tained at the weld electrodes by varying the current during the weld cycle 
to compensate for variations in resistance occurring in or across the weld. 
Voltage is regulated to within 25 mV for any dial adjustment over the 
typical weld voltage range from 0.5 volt to 1.0 volt. The power supply 
compensates for load changes in less than 100 microseconds during the weld 
duration. Equipment repeatability was excellent. 

Although the weld voltage is held constant, weld current varies from 
one weld to the next. This variation results from differences in cell and 
interconnect silver-plating thickness and is also a function of weld elec­
trode tip cleanliness. TRW has previously developed nondestructive test 
(NOT) equipment which monitors the time integrated weld current. Time 
integrated weld current values are displayed on a digital voltmeter. 
Readings below a previously specified limit trigger a red light directing 
the operator to clean the electrodes using an aluminum oxide chip. 

The weld electrodes are made of molybdenum. Two electrode sizes are 
used; 0.38 by 0.64 rom (0.015 by 0.025 inch) for the cell front contact and 
0.64 and 1.14 rom (0.025 by 0.045 inch) for the cell rear contact. 

A specially modified Unitek Model 6-092-03 pull tester was used to 
measure the shear strength of weld joints rather than performing a conven­
tional pull test at a 45° angle, because the fragile thin cell would have 
failed prior to the weld joint failure at that angle. The modification 
decreased the pull rate from 6 sec/cm (15 see/inch) to 12 sec/cm (30 sec/ 
inch) and allowed weld joint shear strengths to be measured without having 
to bond each cell to a rigid substrate. 
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The objective was to demonstrate that acceptable welds could be made 
to thin solar cells. It was arbitrarily decided to classify a weld as 
acceptable if the weld strength measured in shear was equal to or greater 
than 300 grams. 

3.3.2 Preliminary Welding Study 

During the preliminary experimental work with the thin cell it soon 
became clear that the weld parameters previously used for thicker solar 
cells were not appropriate for thin cells. 

For this reason the maximum weld parameters were defined experimen­
tally and some ground rules were established early in the program. For 
example, cell electrical degradation due to front contact welding was not 
to exceed 1 percent. (Electrical degradation generally occurs when the top 
or junction contact is welded. Because of the proximity of the junction, 
partial electrical shorting results.) Cell fracturing was encountered when 
the weld electrode pressure exceeded 2 kg; thus, 2 kg of pressure was 
identified as the upper limit during the systematic weld parameter evalua­
tion that followed the preliminary study. 

Excessive cell cracking was experienced with standard size 0.38 by 
0.64 mn (0.015 x 0.025 inch) weld electrodes when welding to rear cell 
contacts of thin glassed solar cells. This cracking, or puncturing. 
resulted because the thin cell was supported only by a comparatively soft 
adhesive layer underneath the thin cell. This problem was overcome by 
increasing the electrode imprint size by a factor of three to 0.64 by 
1.14 nlln (0.025 by 0.045 inch). 

3.3.3 Optimizing Weld Parameters 

The preliminary study was followed by a systematic investigation of 
all weld parameters, such as the weld voltage; duration; pressure; and the 
related nondestructive test (NOT) data; consisting of the time integrated 
weld current, J idt. 

3.3.3.1 Cell Front Contact 

The results are shown in Figures 3.3-1 through 3.3-4 with each data 
point representing the average of three weld joints made and pull tested. 
Figure 3.3-1 shows the jOint pull strength measured as a function of 
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electrode pressure for four weld voltages. Figure 3.3-2 shows the joint 
pull strength as a function of weld duration for the same weld voltages 
using a different group of solar cells. 

It is suspected that the upper limit in joint pull strength for the 
various weld voltages may be caused by silicon fracturing due to a combi­
nation of excessive voltage (heat) and pressure impinging upon the silicon 
below t~e weld joint area. 

Figures 3.3-3 and 3.3-4 were generated from the optimum joint pull 
strength data (as identified [+J in Figures 3.3-1 and 3.3-2), in order to 
show the weld voltage as a function of weld electrode pressure and weld 
duration, respectively. 

The region slightly below the solid line in these figures represents 
acceptable weld joints with pull strengths of ~750 g. The region above the 
dotted line represents the area where cell electrical degradation will be 
)1 percent. The weld strength of the front contact appears to be limited 
by the yield strength of the thin silicon since all welds ultimately failed 
due to cell breakage (with weld still intact) somewhere between 0.7 and 
0.8 kg. This failure mode could also result from excessive heat and 
pressure developed in the silicon pad area. 

Eight solar cell samples were submitted to the Materials and Processes 
Department for microsectioning. Fifty percent of the cells had intercon­
nectars welded to the front side, and the remaining had interconnectors 
welded to the rear cell side. All weld joints were made with different 
weld schedules. Unfortunately, most of these samples were damaged during 
sample mounting, and could not serve for microsectioning. Improved mount­
ing methods were developed and then employed on the second group of thin 
cells. The weld parameters were picked from the data summarized in Figures 
3.3-1 through 3.3-4, selecting weld schedules above and below the threshold 
level where cell fracturing is expected to occur. All weld joint cross­
sectioning is made approximately at the center of the weld joint depicting 
the imprint of the two weld electrodes and the 0.006-inch gap between them; 
thus, only a two-dimensional cross-section is presented. Additional lap­
ping of the specimens weld joints No. 45 and No. 50 indicate some shifting 
of the bonded or welded area showing silver-to-silver bonds in the range of 
U to 80 percent, depending on the location of the cross-section. A good 
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weld joint, bonding a silver-plated Invar interconnector to a thin solar 
cell is shown in Figure 3.3-10 (joint No. 52). Some of the silver rear 
cell contact has separated from this and other cells as well, due to poor 
adhesion to the silicon. The evaluation of front contact weld joint micro­
sectioning is summarized in Table 3.3-1. Cell fracturing was expected 
earlier and was partially confirmed in joints No. 44, 48, and 49; although 
joints No. 51 and 52 were an exception and remained intact. On the other 
hand joints No. 42 and 46 should not have fractured. Cell fracturing is 
predominantly seen below the weld Joints, which has become the weakest link 
alony the cell's edge after welding. It is difficult to assess the true 
cause of the fracture because the cells are subjected to handling after 
welding which includes cutting of the interconnector tab, (the part that 
overhangs the cell), cell potting, silicon carbide grinding (320, 400 and 
600 grid) and polishing on nylon cloth using I-micron alumina paste. 

As one examines weld joints No. 41, and 52 in Figures 3.5-5, and 
3.3-10, respectively, a certain waviness can be seen in the silicon, par­
ticularly when a clear straight edge is placed along the 200X magnification 
view. It is evident that the high spots, (up to 0.0002 inch) show better 
weld jointing than the low spots. In most of the low spot areas either 
some or no evidence of welding is found. 

This waviness, or cratering, in the silicon is more clearly illus­
trated in Figure 3.3-11 where three views of the same cell contact and 
surrounding cell area are shown. View A shows the cell contact area after 
a welded interconnector is peeled off. The light circles show the peeled 
silver contact area. Only the upper-crater ridges were contacted and no 
welding is seen in the crater valleys. Views Band C show the same cell 
contact in more inclined angles to illustrate the cratering effect which is 
most likely caused by the chemical P9lishing of the silicon prior to cell 
diffusion. 

3.3.3.2 Cell Rear Contact 

A similar systematic investigation was made for the rear cell contact 
of glassed thin solar cells. The larger electrode used for the rear welds 
consistently yielded higher pull strength values from 0.8 to 1.2 kg as 
shown in Figures 3.3-12 and 3.3-13. The weld strength of the rear contact 
again appears to be limited by the yield strength of the thin silicon. 
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Table 3. 3-1 . Evaluation of Front leld Joint icrosectioning 

WELD ELD JOINT SEPARATED OR 
BO 0 AREA( %) LIFTED SILVER WELD SCHEDULE 

JOINT OUNT FIGURE rCROSS SECTION] CELL PLATING P T E 
O. O. O. FR CTURE ( g) ( s) (V) 

Lef Right Front Rea 

41 5 5 28 20 ~ l I X 1.0 100 .57 

42 5 6 30 40 r-----\ I X 1.0 100 .60 

43 6 7 10 45 ! l ) 1.0 100 .63 

*44 6 8 80 90 be=] X 1.0 100 .66 

45 7 9 0 0 ~ ~ ) 1.0 150 .57 

45a 7 10 80 70 ( i 1.0 150 .60 

46 7 11 60 65 L_:::LJ 1.0 150 .60 

47 8 12 40 15 t J 1.5 100 .53 

*48 8 13 0 30 (..,;;; r - ] 1.5 100 .5 

* 9 9 14 0 0 i~ Z) X X .5 100 .59 

50 9 15 0 0 l I } X 1.5 150 .50 

50a 9 16 10 35 ~ \ 1.5 150 .50 

*51 10 17 10 45 ~ I X 1.5 150 .53 

52 10 18 20 85 ~ ~ X 1.5 150 .56 

* Cell crac ing or fracturing is expected 
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All welds ultimately failed due to silicon fracturing (with the weld still 
intact). The shaded areas of Figures 3.3-14 and 3.3-15 represent the 
regions where cell to cover adhesive delaminations occurred. Photographs 
of microsectioned rear cell weld joints show similar cell fracturing as 
seen on the frol1t contact joints. The results are summarized in 
Table 3.3-2. 

The microphotographs, presented in Figure 3.3-16 through 3.3-21, show 
this more clearly. The silver plated interconnector is shown on the top 
side of the cell. The grid lines can be seen below the cell in the form of 
small clusters of silver. Joints No. 21, and 27 are made to poor cell 
silver-plating surfaces having granular characteristics, which are further 
illustrated on a nonwelded cell in Figure 3.3-20a. Other plating problems, 
discussed in earlier reports, consist of silver-plating blistering (shown 
in Figure 3.3-20b). 

It was expected for some time that the silicon fracturing was caused 
either during the welding or the microsectioning process. The cell micro­
sectioning was refined to the point that it was ruled out as a source of 
silicon fracture. A surface roughness measurement of the weld fixture 
revealed that the fixture surface is sufficiently smooth and will not cause 
cell fracture. Finally, some bare cell edges of typical 2-mil-thick non­
welded cells were viewed under an infrared microscope using 200X magnifica­
tion. Some cells showed'minor cracks, others more severe cracks, and still 
others none at all. Those cells that showed severe cracking, namely 
Nos. 400, 412 and 414, are shown in Figure 3.3-21. Interconnectors were 
welded to cells with and without cracks using different weld electrode 
pressure. No further cell damage was observed up to about 2 kg of weld 
pressure; thereafter it was noted that fractured cells did show fracture 
propagation at normal weld time and voltage settings. The fractured cell 
number No. 414, along with other fractured cells, was used in the assembly 
of test coupons. 

The majority of what appeared to be edge microcracks may be merely the 
cosmetic residue of silicon saw chips clinging tp the cell by the 
metallization. 
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Table 3.3-2. Evaluation of Rear Weld Joint Microsectioning 

WELD JOINT REAR CEll CONTACT WELD SCHEDULE 
WELD BOND AREA(X) SILVER PLATING 

JOINT MOUNT [CROSS SECTION] 
NO. NO. CELL FRACTURE . INSUFF. P T E 

LEFT RIGHT VOIDS 
~g THICK' (Kg) (ms) (V) 

21 15 40 50 I - 5 X 1.0 100 .62 
22 15 60 60 ~3 X 1.0 100 .64 
23 16 60 70 \ I -; C 1.0 100 .66 
24 16 0 40 \ a ===---3 1.0 150 .60 
25 17 45 90 I ~ t 1.0 150 .62 

*26 17 90 25 ~ . t ; S 1.0 150 .64 
27 18 0 0 ~ \ X 1.5 100 .57 
28 18 25 10 S ~ X 1.5 100 .59 
29 -- - -- ..... 1.5 100 .61 -- -- -- ;, .. -"--- .. ~.,-~.-

*30 -- -- ; . ,,- -~.- _.. . . 
1.5 150 .54 -- .... - .. -' .--

31 19 15 30 ~ ---;- ~ X 1.5 150 .56 
*32 19 '50 60 ~ I X 1.5 150 .58 
*33 20 S. 10 { J 1.5 ,150 .60 
*34 I 20 

20 15 \ \ 1.5 . 150 .62 

*Ce11 crackinq or fracturing is expecterl 
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GRANUlAR SILVER PLATED CELL CONTACT 
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Figure 3. 3-20. Si lver Plating prob l ems on Rear-Cell Surface of Non-Welded 
Thin Cells 
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l.Jeld Electrode 

Size (inch) 

Spacing (inch) 

Held Schedule 

Voltage (v) 

Ti:ne (ms) 

Pressure (kg) 

Table 3.3-3. Weld Schedule 

FIRST GROUP OF 
TEST COTJPONS (5) 

Front Cell Rear Cell 
Contact Contact 

.015 x .025 .030 x .050 

.006 .008 -. 

0.58 0.65 

100 100 

1.0 1.0 

MODULE SOLAR BLANKETS (3) 
AND SECOND GROUP OF TEST 
COUPONS (1O) 

Front Cell Rear Cell 
Contact Contact 

.015 x .025 .025 x .045 

.006 .008 

0.58 0.68 

100 100 

1.0 1.0 



The optimum weld schedule for front and rear cell contact welding is 
sUnlllarized in Table ::3.3-3. This table also includes the preliminary weld 

schedule used for the assembly of the first five test coupons. 

3.3.4 Cell Contact Surface Roughness 

Previous data (Ref. 6) from welds made to conventional thick cells of 

varying contact smoothness show that better weld strengths are associated 
with sn~other surfaces (Figure 3.3-22). Front and back contact surface 
roughness of five randomly selected thin cells are shown in Table 3.3-4. 
The measurements ~~ere made with a Bendix Corporation Profilometer, Type 
RLJ, Modell using a O.OOl3-clll (0.0005-inch) radius stylus. The actual 
roughness plots are shown in Figures 3.3-23 and 3.3-24; vertical scale on 
these plots is in micro-inch, called "mk" on the graph paper. The arith­
metic average is obtained by dividing the peak-to-valley actual distance by 

3.3. 

The TRW specification for weldable solar cells specifies a surface 
toughness of i500 nm. Referring to Figure 3.3-22, a pull strength of 
~1.5 ky can thus be obtained for conventional 200 lllll thick solar cells. 
As the weld electrode pressure is lowered to 1 kg (dotted line), the weld 
joint pull strength is reduced to about 1 kg for cells having a surface 
roughness of 500 nm. Since the weld electrode pressure of 1 kg was chosen 
for a safe limit for thin cells it can be seen from the data presented that 
dn improvement in joint pull strength can be achieved only by providing 

smoother cell contact surfaces. 

RS-002-79 

ELECTRODE 
CURVE FORCE (Kg) 

2.8 
2.1 
l4 
O. 7 

D~--~--~~~~--L-~L-L-LJ 

10 2 of 6 II 102 2 4 6 
, SOlAR CEll SURFACE ROUGHNESS, (nm RMSI 

Figure 3.3-22. Conventional Thick Cell Pull Strength 
Versus Contact Surface Roughness 
(Ref. 6) 
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Table 3.3-4. Surface Smoothness of 50 ~m 
Thick Solar Cells 

CeU SURFACE ROUG~~ESS RHS 
No. FRO}" SIDE REAR SIDE 

" inch l1li 
A B A B u inch rim 

01 40 25 1030 640 
02 50 45 1240 1160 
03 23 590 
04 70 1790 
05 20 520 

3.3.5 Data Correlation, NOT Versus Pull-Strength 

. 

The nondestructive test (NDT) equipment was employed throughout the 
exploratory parallel-gap we1cting and all welding during the test coupon and 
module solar blanket assembly in order to monitor the amount of current 
injected into each weld joint made. The magnitude of this reading is a 
function of the weld electrode cleanliness, the tip pressure and tip length 
and also takes into account the cell and interconnector contact cleanli­
ness. The time-integrated weld current, Jidt, is displayed on a digital 
voltmeter after each weld joint. The displayed readings are recorded by 
the weld operator. 

Based on past experience the electrode cleaning operation is repeated 
after every twel fth weld joi nt or sooner, should the NOT monitor indicate a 
reading below 400 for front cell contact welding and below 450 for rear 
ce 11 contact we 1 di ng. It was found that the weld energy is reduced from 
we1d-to-we'\d for the first twelve weld joints made without electrode clean­
i 119 by about 1 percent per weld for the front contact welds and about 
3 pet'cent per weld for the rear contact welds, as shown in Fi gures 3.3-25 
and -26. 

Figure 3.3-27 shows that a definite relationship exists between the 
NOT reading and the resulting weld joint pull strength. The data presented 
is based on more than 30 weld joints made without electrode cleaning 
between welds. Based on the data shown, the 15th weld joint made would 
produce a reject NOT reading of about 450, resulting in a joint pull 
strength of 0.3 kg. 
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3.4 PROCESS DEVELOPMENT 

During the process development work it was found that conventional 
manufacturing methods were not always suitable for the assembly of solar 
blankets utilizing thin as well as bowed cell assemblies. Different assem­
bly methods \'vere eval uated throughout the program. The various process 
prob 1 ems encountered and the fi na 1 process developed for the assembly of 
the test coupons and module solar blankets will be discussed in the follow­
ing sections. A flow dia~ram is given in Figure 3.4-1. As shown in this 
diagram the front contact iSdttached prior to cell glassing, a deviation 
froln the conventional assembly method which has several distinct advan­
tages: (1) the cell contact is not contaminated with cover glass adhesive 
prior to welding, thus assuring a good metallic bond between interconnector 
and the cell ohmic contact; and (2) optimum cell protection from charged 
particle proton irradiation is guaranteed due t~ a four-sided cover glass 
overhang. I 
3.4.1 Front Contact Attachment 

About halfway through the program a minor modification was made to the 
weld electrode pressure system assuring an automatic upper pressure limit, 
whi ch ~Jas formerly control 1 ed by the operator. Other than that, no 
additional modifications were made to the weld equipment described in 
Section 3.3.1. 

All front contact welding was done on an aluminum fixture having six 
cavities, one for each thin 2- by 2-clll cell, which are separated by 250- m 
(O.OlO-inch) wide shims. Two locating pins near the outside cells (the 
first and the sixth cell) maintain interconnector strip positioning during 
cell front contact welding. When all 12 weld joints (2 per cell) have been 
completed, the two interconnector positioning loops, at the ends of the 
strip, are cut and removed from the pins. Cells with interconnectors are 
stored in styrofoam containers, awaiting cover glass bonding. Front cell 
contacts are attached with the conventional size electrodes, each 0.38 by 
0.64 1m! (0.015 by 0.025 inch) in size. Electrode tip cleaning is initiated 
by the operator prior to fixture reloading (after 12 weld joints), or 
sooner, should the nondestructive test (NOT) readout fall below a preset 
fidt val ue. A ceramic material is employed for the electrode contact 
cleaning operation. 
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Figure 3.4-1. Flow Diagram for Solar Blanket Assembly 
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~.4.2 Cover-to-Cell Bonding 

Most assembly difficulties were experienced in glassing the 50~m thin, 
bowed solar cells using 75~m thin microsheet covers. The initial cell 
bowing problem was overcome when a weight was applied on top' tlf the 
assemblies. Cells having a bow radius up to r = 40 mm will straighten out 
with a wei ght of 12 grams. However, only a few cell s had a radius small er 
than r = 40 nIn; more recent cell shipments were considerably larger than 
r = 40 Illn. 80wing of thin cells is caused by one-sided silver-plating at 
high temperature, causing shrinkage of the silver at room temperature. 
Even though later cell shipments revealed less of a bowing problem the 
12-gram weights were used throughout the program, thus reducing the 
OC93-500 adhesive bondline thickness to between'12 to 30 ~m. These thin 
bondlines did not inhibit adhesive curing, and bowed cells maintained their 
flatness after the cover glass application. 

The second problem encountered in thin cel~ glassing was the partial 
bonding of cells to the glassing fixture, leading to cell and cover glass 
or cover glass breakage during the subsequent thin cell removal from the 
glassing fixture. A number of experiments were conducted with thin 
Tungsten wires, thin spatulas, and a mold release called FREKOTE, all 
without major improvements. In a separate experiment a total of five 
different mold release agents were evaluated by actually bonding cells to 
substrates about 30 minutes after treatment with the var'ious mold releases. 
The test results are summarized in Table 3.4-1, identifying the CENCO 
WETTING AGENT as the best mold release for the DC93-500 adhesive. For the 
purpose of our investigation the mold release was applied to the fixtures 
with a small artist brush, although for actual production runs a spray 
techni que is recon111ended. 

The glassing fixture design is a flat plate concept with three slanted 
pins against which two sides.of the cover glass and the cell rest as the 
fixture is tilted 30 degrees, thus having gravitational force aid in the 
cell to cover alignment and cover glass overhang. 

3.4-3 
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Table 3.4-1. Results of Mold Release Evaluation Using Cover Glass 
Adhesive DC 93-500 

Mold Release 

Name Manufacturer Evaluation 

GARALEASE Ram Chemicals Company Fair 

PLASTI LEASE Ram Chemical s Company Fair 

RAM Ram Chemicals Company Poor 

CENCO Wetting Agent Central Scientific Co. Good 

FREKOTE Frekote Company Very Poor 

3.4.3 Rear Contact Attachment 

Prior to the rear contact welding operation each glas';ed cell under­
went a performance test at a 1 sun intensity (135.3 mW/cml) and a test 
temperature of 28°C. Matching of parallel cell combinations by electrical 
perfonnance was accompli shed by fi rst determi ni ng the average cell current 
of all cells at hand at the predetermined optimum cell voltage (Vop), of 
0.46 volt and then selecting those four parallel cells that will provide 
four times the average cell current at Vop for any particular parallel 
module combination. 

As discussed in Section 3.3.2, the weld electrode size was increased 
by a factor of 3 to 0.64 by 1.14 Ifrll (0.025 by 0.045 inch) for all rear cell 
contact welding. 

An al uminum fixture with 80 cell cavities provided for series parallel 
cell spacing for the module solar blanket, consisting of 0.5 nrn (0.020 
inch) in the series direction and 0.25 mm (0.010 inch) for the parallel 
cell spacing. The module was assembled by adding four matched parallel 
cells at a time, welding their front contacts to the rear cell side of the 
next group already in position. A separate interconnector ribbon weld~d to 
the rear side of all cells completed the parallel connection. After weld­
ing completion the module's front and rear side were inspected. The module 
remained in the assembly fixture for the next operation. 
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3.4.4 Cell-to-Substrate Bonding 

The initial adhesive choices were DC93-500 for cell-to-cover and 
RTV-566 for the cell-to-substrate bonding. However, it was difficult to 
obtain thin bondlines using the RTV-566 adhesive. This difficulty was 
overcome by emp loyi n9 DC93-500 for both, the ce ll-to-cover and ce ll-to­
substrate adhes~ve. 

Prior to cell-to-substrato bonding the back surface~ of all cells and 
the Kapton substrate are primed using 92-023 primer. One drop, or about 
12 mg of DC93-500 adhesive is dispensed on the center rear side of each 
cell, as the interconnected cells rest in the welding fixture. The 
50-~m-thick pre-cut Kapton substrate is positioned and bonded to the cells, 
applying light pressure through a thin foam ~heet for about 30 minutes. 
Thereafter the completed unit is removed from the fixture and placed on a 
flat surface where it remains for a minimum of 24 hours. Only minor 
adhesive cleanup is required thereafter. 

The final electrical performance of each unit is determined .,.ith the 
Large Area Pulsed Solar Simulator (LAPSS) following the assembly and prior 
to and after environmental testing. 

3.4.5 Discussion of Critical Areas 

A great deal of practical information concerning the assembly and 
handling of these rather fragile cells and covers was obtained throughout 
the test coupon and module assembly. The major assembly difficulty was in 
the area of cell and module handling. The solution was personnel train­
ing. Everyone expressed fear in handling the thin device at the start. 
Sonle people adapted readily, others were somewhat slower. 

The following are areas identified as critical handling steps: 

1) Marking the cells for identification; only minimal pressure may 
be exerted; a flat hard surface below the cell is mandatory. 

2) Electrical test probe pressure must be carefully controlled and 
the heat sink surface must be flat. 

3) For front and rear welding absolutely flat clean surfaces with 
surface smoothness better than 500 nm (20 microinch) are neces­
sary; careful adherence to the weld parameters is essential. 

3.4-5 
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4) Good process control is essential for cell covering including 
critical monitoring of the amount of adhesive dispersed. (Most 
cell breakdge occurs in the glassing operation.) 

5) Increased module assembly time is necessary to allow for slower 
operation motion. Rushing the operator would increase cell 
breakage. 

It has been noticed that some of the thin 50-~m thick solar cells have 
been curl ed so that they requi re wei ght to f1 atten them when bondi ng the 
coverglass. The maximum rise at the center of the cell has been estimated 
as 0.06 inch, giving a curvature I/R = 0.75 in-I. Presumably this curva­
ture is due to the application of the one-sided silver plating at a high 
temperature and the subsequent shri nkage of the silver to room temperature. 

Thus the use of the ultrathin cells increases significantly both the 
curvature of the cell and the residual stresses in the sil icon. Careful 
ideal flattening of the cell by applying distributed bending moments to the 
edges of the cell would actually reduce the silicon stresses. 

Once the coverglass has been bonded on and the weight removed, the 
cell tends to return to its curled shape, but is restrained due to the 
bending resistance of the coverglass. This, in turn, causes tensile 
stresses to be developed in the top surface of the coverglass. For conven­
tional cells, any further curling is essentially eliminated by bonding the 
silver surface of the cell to a relatively stiff aluminum substrate. 
However, the lightweight 50-~m thick cells are bonded to a 50-~m thick 
Kapton substrate which is very flexible, compared to both the silver and 
the silicon. Thus it provides negligible resistance to further curling. 
Therefore, when the temperature is lowered to the operational limits, the 
silver/silicon/coverglass sandwich continues to curl and to cause addi­

tional tensile stresses in the outer surface of the coverglass. Thus there 
wi 11 be a strong tendency for the covergl ass to crack at 10\'1 temperatures. 
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3.5 HARDWARE FABRICATION 

3.5.1 Component Description 

All test coupons and module blankets were assembled with 2 ohm-cm, NIP 
2 by 2-cm solar cells ranging in thickness from 50 to 75 ~m (0.002 to 0.003 
inch). The cells had titanium-palladium-silver contacts and Ta205 AR 
coatings. The cells were manufactured by the Solarex Corporation, and were 
supplied to TRW by JPL. The cells were covered using 75 ~m microsheet 
glass; in all cases the cover was oversized in order to overhang the cell 
on all four sides. The interconnect material was 25 ~m silver-plated 
Invar, while the substrate was 50 ~m KaptonR• The cell to cover bonding 
adhesive was Dow Corning DC93-500 and the circuits were bonded to the 
substrate using DC93-500 primed with 93-023. 

3.5.2 Test Coupons 

A coupon consists of nine glassed thin solar cells, three cells in 
series and three cells connected in parallel, all bonded to the Kapton 
substrate, 4 by 6 inch in size. A typical test coupon is shown in Figure 
3.5-1. Two groups of test coupons were made. The first group of five 
were assembled using a weld schedule which was based o'n previous experience 
since the coupons were to be delivered 2 months after contract go-ahead; 
the weld schedule had not been optimized at that time. The second group of 
ten coupons were assembled using the optimum weld parameters as well as 
primer for the attachment of cells-to-substrate. Two-thirds of the cells 
received single loop interconnectors and one-third of the cells were fabri­
cated with the double loop interconnector. The assembly of these coupons 
was followed by thermal soak testing and thermal vacuum cycling testing and 
then the ten coupons were delivered to JPt for further evaluation. 

Electrical single cell performance was measured under the X~25 solar 
simulator, after cell receipt, after welding and once more after· glassing. 

The essential data pOints of the first coupon group such as Isc, Voc 
and lop at 0.46 volt have been recorded in Tables 3.5-1 through 3.5-3 for 
comparison. From these results it can be seen that the average cell per­
formance dropped 1.7 percent after welding and showed a performance gain of 
2.8 percent after glassing; due to the presence of a Ta205 coating on these 
Solarex cells. 
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Table 3.5-1. Cells Used in Coupon Assembly. Short Circuit Current (Isc) 
at 135.3 m~l/cm Intensity, 28°C Test Temperature, 

CELL IIm:TI/,L hFTER F?O!<T AF7::;r, 
110. !sc CO!;V.CT WELDniC GLAsswa 

======1======= =========== ======== 
103 122 122 126 

CELL mITrAL AFTER FRWT AFTER 
liD. !sc COHTACT HELDI:m GLASSING 

~~--== ======== ================= ==-======== 
201 U9 -- 122 

104 124 124 127 202 126 -- 129 

106 120 120 124 203 126 -- 129 

108 124 123 124 207 119 -- 122 

109 119 119 124 211 120 - 122 

110 118 119 122 214 120 ~- 123 

113 117 118 121 215 124 - 127 

lIS il7 117 122 216 12,4 --- 126 

116 116 117 121 217 121 - 124 

119 119 320 124 222 124 -- 127 

120 125 126 129 227 122 - 126 

122 123 125 128 228 126 - 129 

123 120 121 125 233 126 -- 129 

126 120 124 124 234 122 -- 124 

127 119 120 124 235 119 -- 123 . 
128 lIB 118 131 237 121 - 124 

130 119 125 131 238 122 - 122 

141 124 124 128 240 123 - 125 

142 123 122 126 

143 121 121 122 

153 124 125 128 .'-1 

154 115 116 119 AVG. 121 121 123 

155 119 119 124 

157 122 122 125 o 1.6% 

1
158 117 117 121 

159 127 128 130 
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Table 3.5-2. Cells Used in Coupon Assembly. Open Circuit Voltage (Voc) 
at 135.3 mH/cm2. Intensity, 28°C Test Temperature 

.-----~ 
CELL DHTIAL AFTER FRO!IT AFTER 

NO. voe cmlTACT WELDING GLASSJSG 
======= "''-~===== ===================-=====~=== 

103 545 543 545 

CELT. INITIAL AFTER FROtlT 
lIO. v()C CONTACT HELDING 

======- ========== ================== 
201 540 --

104 551 549 551 

106 550 550 550 

202 544 ---
203 I 553 ---

108 550 548 549 207 541 --
109 551 551 551 211 541 --
110 542 542 542 214 544 --
113 553 553 555 215 547 ---
115 557 556 558 216 545 ---
116 554 553 553 217 543 ---
119 551 543 548 222 545 ---
120 555 551 552 227 542 ---
122 547 547 550 228 545 ---
123 557 556 556 233 544 ---
126 555 555 553 234 546 ---
127 541 541 541 235 541 ---
128 552 552 543 237 545 ---
130 554 553 553 238 544 --
141 547 542 541 240 542 ---
142 556 555 556 

143 542 542 542 

153 555 553 553 

154 554 549 551 AVG. 548 549 

155 546 545 547 

157 551 550 547 

158 552 550 551 

159 i 551 550 551 

, 
AFTER 

GLASSIKG :l 
======::==== 

543 
'; 

543 

553 

541 

540 

544 

548 

542 

540 

538 

541 

553 

547 

545 

542 

544 

542 

544 

547 
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Table 3.5-3. Cell Used in Coupon Assembly. Current (MA) at 0.46 Volt, 
135.3 m~J/cm2 Intensity, 28°C Test Temperature 

---~---- -----.- ------]---
CELL IXJTIAL AFTEI{ FiWNT AF1'I'R 
~;O. I(.46V) CONTACT ~mLDfXG GLASSING 

=======--========= =================== ========= 

103 III 1]0 112 

104 114 109 114 

106 112 110 113 

108 112 111 109 

109 III 110 114 

110 108 107 111 

113 110 107 112 

115 III 111 116 

116 108 109 113 

119 112 109 113 

120 116 113 116 

122 114 114 116 

123 113 114 118 

126 III lUi 108 

127 110 110 113 

128 108 106 119 

130 119 116 120 

141 115 109 108 

142 114 114 117 

143 111 110 III 

153 118 114 117 

154 107 104 105 

CI:LL INITIAL 
no. I(.4IlV) 

======:. ========= 

201 105 

202 116 

203 117 

207 111 

211 111 

214 1 ::"2 

215 J 111 

216 114 

:17 112 

222 114 

227 112 

228 115 

233 115 

234 113 

235 109 

237 III 

238 113 

240 113 

AVG~ 112.2 

AFTER FRO:';T 
CONTACT HELOmG 

================== 

---

--
---
--
--
--
---
---
---
--
---
---
---
---
---
---
---
---

110.3 

.983 

'-1. 7% 

--
APTER 

GLASSING 
========== 

112 

116 

119 

112 

lID 

113 

116 

107 

114 

116 

112 

117 

119 

112 

III 

112 

112 

113 

113.4 

1.011 

+1.1% 
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The electrical performance variations, due to assembly of the second 
coupon group have been sunmarized in Tables 3.5-4 through 3.5-6. The 
results show a glassing gain in Isc and that of the current at 0.46 volt 
(I. 46V ) of 2.5 percent and 2.1 percent respectively. 

The weld schedule for the first and second group of test coupons is 
given 'in Table 3.3-3. Figures 3.5-2 through 3.5-4 show the solar cell dis­
tribution by electrical performance for each test coupon made. The indivi­
dual coupon groups were matched electrically based on the availability of 
cells at that time. The cell performance improved as more cell groups were 
received. The final electrical performance measurement was conducted under 
the Large Area Pulsed Solar Simulator (LAPSS). The current-voltage charac­
teristics of a typical test coupons is shown in Figures 3.5-5. The com­
parison of the test results with those computed from the single glassed 
cell performance is illustrated in Table 3.5-7. 

3.5.3 Module Solar Blanket 

The three, eighty cell module solar blankets were assembled with four 
cells connected in parallel and twenty cells connected in series. Only one 
of the solar module blankets was to undergo thermal vacuum cycle testing 
prior to shipment to JPL. The front and rear views of the completed module 
solar blankets are shown in Figures 3.5-6 through 3.5-8. 

The individual cells were matched into parallel configurations of four 
cell s to provide a minimum module current of 540 rnA at 0.46 volt for the 
first module and 524 rnA for the second and third module blankets. The 
resulting cell distribution for each of these modules is summarized in 
Figures 3.5-9 through 3.5-11. The modules current-voltage characteristic, 
as measured under the LAPSS is illustrated in Figures 3.5-12 through 
3.5-14. The inspection records of·the modules after fabrication is shown 
in Figures 3.5-15 through 3.5-17. 

A prel irninary performance test of the modules revealed that module 
blanket SIN 2 had a shorted cell in the fourth parallel group after assem­
bly, requiring the exchange of 2 cells in that group. The shorted cell No. 
873 was exchanged with cell No. 896, and cracked cell No. 856 wets exchanged 
with cell No. 899. The cell replacement method was the same as that 
described in concept (A), the first of the three concepts discussed in 
Section 3.7 of this report. 
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Table 3.5-4. Electrical Performance Variation due to Assembly of 
Test COQPon. light Intensity: 135.3 mW/cm 2

; 

Temperatl1re: 28C>C; Cell Parameter: ISC 

lsc (n~\) Ise' (r.1A) Ise' m·\ ) 
CELL At lUI: CELL ACLer CELL '\rl~'I' 

NO. lid tial \~~'J rig.f. 
Headr.· Glassg. 

N~) • Initial \~eldg. & 
Rcnclg. Glllssg. ".---

NO. Initial \,'<>1 dg. & 
Readg. Glnssr,. 

, 
301 122.7 125.6 340 126.9 131.9 392 116.3 ]20.0 
302 127.2 128.8 341 131. 2 13/,.4 394 131.5 134.1 
303 126.4 127.3 31,4 123.9 128.0 395 129.3 129.2 
30~ 128.6 129.2 31,S 125.7 129.2 403 126.0 127.3 
30S 130.6 131.5 31,6 121.7 125.9 40/, 129.4 131.8 
307 126.S 126.8 347 124.4 127.3 406 129.2 131.4 
309 126.0 127.0 31,S 127.0 131.2 407 129.4 132.2 
311 127.5 127.9 350 131.7 135.8 408 121.7 125.2 
312 126.1 129.2 351 128.4 129.8 409 122.0 124.1 
313 12<\.3 128,,:) 352 108.2 113.2 414 130.6 133.0 
3M 126.6 131.0 356 129.7 133.3 415 119.6 122.8 
316 127.1 129.1 357 123.0 126.7 416 123.6 1?5.9 
317 135.B 137.5 359 115.5 118.4 417 130.0 132.8 
318 124.2 126.0 360 127.9 132.5 420 130.7 133.8 
319 129.2 133.8 361 111.6 116.1 422 125.2 129.5 
321 128.8 132.2 363 11/,.2 120.5 423 120.8 125.9 
322 128.5 132.1 364 120.0 125.1 424 124.9 128.5 
323 121.9 ] 26.2 365 125.3 128.2 425 125.4 129.6 
324 129.7 132.5 369 116.1 118.6 427 120.8 125.8 
325 125.5 128.8 370 116.9 120.2 430 121.7 125.2 
326 133.3 135.3 371 123.7 126.1 431 122.4 125.1 
327 134.6 135.8 372 115.9 120.1 436 120.4 124.1 
328 122.6 127.7 373 110.5 115.1 439 121.8 125.5 
329 124.6 130.2 375 . 108.6 112.6 440 119.8 122.7 
330 12/,.0 129.9 376 117.8 119.9 441 125.2 127.9 
331 123.8 129.2 380 124.9 128.4 442 121.7 125.2 
332 129.9 134.8 381 122.2 1~5.2 446 121.1 122.1 
334 122,8 128.9 382 120.4 123.5 448 123.3 126.9 
335 125.3 130.5 386 124.0 125.9 449 118.1 120.1 
339 122.9 ] 28. G 380 121.7 122.8 450 ] 25.8 127.8 

AVG 124.2 127.4 
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Table 3.5-5. Electrical Performance Variation due to Assembly of 
Test Coupon. Light Intensity: 135.3 m~/cm2; 
Temperature: 28°C; Cell Parameter: Voe 

Vue (v) Voe (v) Voe (v) 

CF.Lt After 
NO. In it in hfeldg. & 

Cr:LL Afte:t; 
NO. fllitin1 \~ddg. [, 

CELL After 
NO. nitiul lI'eldg. [, 

I{cndg. Glassg. Rendg. Glilssg. Renll!;. Glassg 

301 5/13.3 543.3 340 563.7 563.0 392 546.8 549.1 

302 543.7 541.7 341 563.7 564.9 394 550.2 551.8 

303 543.7 543.3 344 560.7 562.0 395 549.2 546.0 
30t, 543.2 540.3 345 568.0 561.5 403 544.4 547.6 

305 539.3 538.5 3':'6 568.9 568.9 404 555.0 554.4 

307 537.2 537.2 347 563.3 563.5 406 552.0 553.0 

309 536.8 537.3 348 564.3 565.1 407 547.6 549.4 

311 536.3 536.2 350 538.7 539.0 408 549.8 549.7 
312 570.2 569.9 351 543.1 544.9 409 546.1 547.2 
313 564.5 563.7 352 546.5 547.9 

I 
414 544.3 534.8 

314 56ft.7 564.7 356 561.3 561.1 415 538.8 538.3 

316 562.2 563.1 357 570.5 570.9 416 543.2 544.6 
317 575.5 575.3 359 535.4 542.3 417 550.4 549.8 
318 566.7 566.8 360 554.3 546.6 420 551.8 553.1 

319 563.3 56l! .2 361 552.0 552.1 422 543.0 545.0 
321 569.0 568.2 363 554.1 551.2 423 554.8 555.9 
322 562.7 560.4 364 545.1 543.4 424 548.0 549.0 
323 558.3 558.7 365 548.5 550.0 425 547.5 550.7 
324 561.7 561.2 369 544.2 542.2 427 544.0 544.9 
325 564.3 565.6 370 545.2 544.4 430 545.6 548.1 
326 56b.O 568.0 371 544.4 544.1 431 542.9 543.5' 
327 565.3 563.1 372 548.4 546.7 436 550.3 551.7 
328 565.2 563.7 373 546.0 544.2 439 550.5 550.3 
329 570.0 569.6 375 545.5 543.5 440 548.1 543.1 
330 563.7 564.6 376 543.3 540.2 441 546.2 545.2 
331 561.0 560.8 380 561.2 558.6 4/12 551.7 551.6 
332 556.4 556.l, 381 546.4 545.4 446 546.2 546.5 
334 565.2 565.8 382 550.8 549.8 448 551.6 552.2 
335 573./1 574.8 386 550.Q 549.1 449 546.2 548.7 
339 573.3 573.0 390 54('.9 548.J 450 5t17. (i 54('.2 

Ave 553.] 5511.7 
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Table 3.5-6. Electrical Performance Varilltion due to I\ssf'l1lbly of 
Test Coupon. Light Intensity: 135.3 m~lfcmz; 
Temperature: 28°C; Cell Parameter: 146V 

1.111;\,(11111) 

CELL After 
NO. lni tinl Ih'ldg. & 

Rendg, Glnssg. 

I.46V (rnA) 

CEl,L After 
NO. Inlt:iu1 I{ddg. & 

Readg. G1assg • 

I T.46V (111'\) 

CELL 

1='" 
Aftl'r 

NO. \'\'J.;(; •. r:. 
. Readg. Glas~~. 

.-
301 116.8 115.0 340 117.0 120.9 392 107.7 111.2 
302 114.3 114.4 3U 123.9 127.:- 394 120.9 1203.2 
303 113./1 113.S 34!1 115.3 1;10.7 395 120.3 119.2 
304 113.3 111.6 345 118.2 121.4 403 ]15.1 l1S.·4 
30.5 115.7 115.S 346 114.2 119.5 404 120.1 121.9 
307 111.4 110.9 347 115.2 119.4 406 l1S.5 120.5 
309 110.4 110.S 34S 120.3 123.5 407 118,8 120.0 
311 111.2 110.S 350 117.5 120.9 408 113.6 117.0 
312 119.6 121.9 351 ll7.1 119.3 409 112.S 115.2 
313 115.0 116.7 352 100.2 104.4 414 118.2 97.S 
314 l1S.2 122.0 356 121.3 124.4 415 10S.2 109.9 
316 115.5 116.9 357 117.6 120.S 416 110.S 112.8 
317 129.2 131.6 359 S4.1 100.9 417 119.7 120.9 
3J.8 117. :? 119.0 360 1.1S.1 100.3 420 121.6 125.2 
319 121.6 126.6 361 104./1 108.9 422 113.4 11S.2 
321 117.9 121.6 353 107.2 111.7 423 112.5 116.9 
322 126.8 122.2 36:1 109.0 lll.S 424 114.S 1UL·I 
323 113.9 11S.8 365 116.S 119.5 425 110.0 J20.3 
324 ]16.3 118.6 369 106.2 10S.7 427 110.9 lllt .0 
325 117.8 122.S 370 106.2 108.7 430 110.8 115.2 . 
326 125.7 127.2 371 100.7 102.5 431 109.3 111.8 
327 126.6 127.3 372 105.6 109.1 436 111.9 115.2 
328 113.8 119.6 373 101.7 103.5 439 113.3 110.4 
329 115.9 123.1 375 99.0 101.6 440 109.0 111.9 
330 116.3 12J .] 376 108.2 10S.2 441 113.9 110.8 
3'31 115.3 121.3 3S0 115.2 ]lS.4 442 112.2 115.3 

446 110.8 112.2 38] 111.7 113.9 332 114.9 118.0 

334 115,9 121.8 382 112.7 115.1 448 110.8 117.1 

449 10S.7 111.8 3S6 114.1 1.15.1 335 119.5 123.5 

450 114.8 116.1 390 112.9 113.5 339 116.3 120.2 

AVG. 113.9 116.3 

R5-002-79 3.5-9 
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#1 11103 fl104 11106 

ll2 rnA ll4 rnA 113 rnA 

fins fIno f/116 

ll6 rnA 111 rnA 112 rnA 

1I1l9 fll23 /1126 

ll3 rnA 118 rnA 108 mA 

f/1l8 11108 flll3 #4 f/201 11203 fl211 

120 rnA 109 rnA III rnA 111 rnA 119 rnA 110 rnA 

fll09 11120 fll28 /1202 11207 11214 

114 rnA 116 rnA ll9 rnA 116 rnA 111 rnA 113 rnA 

fl142 i/127 11157 f/2lS f/2l6 #233 

117 rnA 113 rnA 110 rnA 116 rnA 107 rnA 119 rnA 

11122 f/143 f/lSS flZ27 f/2l7 fl240 

116 rnA 111 rnA 112 rnA ll2rnA 114mA 113mA 

filS 3 11154 11159 11222 11234 11237 

116 rnA 105 rnA 119 mA 116mA ll2 mA 112mA 

11141 11130 f/lS8 11228 f/238 f/23S 

108 rnA 120 rnA III rnA 117mA 111 mA 111mA 

Figure 3.5-2. Solar Cell Distribution by Electrical Performance 
(Matched to provide coupon current of 339 rnA at 
1.38 volts) 
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. #3Q1 #302 #313 

li5.0 114.4 11fi.7 
#3')3 #307 #312 

11~.8 JIO.q 121.9 

#304 #311 #325 

111.6 110.8 122.8 

-17 #305 #309 #323 -#9 #392 fi394 #350 

115.8 110,8 118.8 111.2 123.2 120.9 
#314 #364 #364 #386 #390 #395 

122.0 111.7 l11.Q 115.1 11~.5 119.2 

#318 #365 #369 #361 #3~2 . #329 

Ilg.0 119.5 108.7 108,9 11r;,1 123,1 

- ,--. 

#8 trB2 #352 #356 :#1 a #375 ~381 ,..317 

118.0 104.4 124,4 101.6 113.9 131.6 
#324 #326 #359 #371 . #316 #341 

118.6 127.2 100.9 102.5. , 116.9 127.5 
#327 #351 #36fJ #370 #380 f321 

127.3 119.3 100.3 108.7 11~.4 121.6 

Figure 3.5-3. Solar Cell Distribution by Electrical Performance 
(Matched to provide minimum coupon current of 345 mA 
at 1. 38 volts) 
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#11 ~373 #335 #346 

103.5 123.5 119.5 

#376 #339 #347 

IfJ8.2 120.2 119.4 
#372 #357 #344 

109.1 120.8 120.7 

#l:? #~.31 fi319 #3~8 #14 #422 #430 #445 

121.3 126.6 119.6 118.2 115.2 11?.2 

#322 #340 #345 ·#416 ~408 . 1.f450 

122.2 12fJ.9 121.4 112.8 117.0 116.1 

fi348 #330 l,i 334 #417 #415 #442 

123.5 121.1 121.8 120.9 109.9 115.3 

DOUBLE LOOP -#13 #409 

115.2 
#407 

12fJ.O 

#404 

121.9 

Figure 3.5-4. 

R5-002-79 

fi425 #439 #15 #423 #448 #449 

121).3 110.4 116.9 117.1 111.8 
#431 #43f) #41)6 #427 #441 

, 

111.8 115.~ 120.5· 114.0 110.8 

#41Lt #420 #403 #424 #441) 

97.8 125.3 118.4 118.4 111.9 

Solar Cell Distribution by Electrical Performance 
(Matched to provide minimum coupon current of 345 mA 
at 1.38 volts) 
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~ . ~- .. - . . 
PAt'iEL riPE ALL ~: "',' 1"- .1 VOL TS At'tPS. loJftTTS STn Af'lP 
PAf'iEL SEf;:IAL"<:T~:ING :~ s.-··-t-i-1:1 I i 1.665, 0.0002, 0.000:::: 0.1483_. 
SIll CELL S .... N 777-232 ".;.t'-+-+++++-+i++-++-++-+-+-+-+-+-+-r'++++- 1.490 0.2858··: 0.;4259', ~:0.1483 . .' 

ISC 0.1475 ANP ~ .. 1_ I- l.458', (I.31)90:·~· 0':4505-.·:0.1483·! 
TEMP 23.7C 1 I 1.423 o. 3267 ~ f 0.4649;,· 1~.O.1479 . 

500'~~ TEI'1P C9EF o. :::t:.t.o ~~/DEG c ~ 1 1.375 o. 342~ ~;., 0~4707., .:0.1480 
'''~''''''''''''''''''''-'-''-''''''''''''''''I r~Ic-tI-+'-T-"'--r- ~ -' -,I 1. 326 I). 352$ "~.). ·0~4674. 0.1479 

'.. ., -! . 1. 20a '. O.3626~"j, 0.4359 . - :0. 1480 .:. 
- . - Ii! '1 1.033' 0.3656:';';' O.3777· .. ·:"OL.1481 .:; 
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1

1 -j- t- +-1--f-+-' 0.8434 I) .. 36?O·,:i.: 0~3095 ' :.~O.1482 " 
j i - . _.. --1- -. -W: f.I?5! ... ?i·70~i':-' 0]0281 . ~'~9~ 1481 .. ii 
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I I, I , , 
0 .2 .4 .& .1 1.0 1.2 1.4 1.6 1.8 

VOLTAGE - VOLT 

Figure 3.5-5. Test Coupon Current-Voltage Characteristic 
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Table 3.5-7. Final Electrical Performance of Test Coupons 

COUPON Computed (C) Coupon Mear.ured (M) Coupon M 
NO. Performance Performance C 

I(1.38v) I(1.38v) 

1 339 346 1.021 

2 339 341 1.006 

3 339 341 1.006 

4 339 335 0.988 

5 339 331 0.976 

6 345 354 1.026 

7 345 351 1.0l7 

8 347 352 1.014 

9 347 352 1.014 

10 347 354 1.020 

11 347 356 1.026 

12 365 380 1.041 

13 345 340 0.986 

14 346 348 1.006 

15 345 350 1.014 

3.5-14 
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JPl COfiIlAACI Pi, ~~Sl" 

Figure 3. 5-6 . Module Sol ar Bl an ket, SI N 01 Front and Rear View 
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1 
~ o 
o 
H 
~ 
H 
~q 

r 

1/ 517 / 139 mA 

II 776 / 131 111A 

/I 737 / 128 lilA 

/I 759 / 133 lilA 

1/ 735 / 133 lilA 

tI 745 / 130 lilA 

/I 730 / 129 mA 

II 627 / 139 rnA 

II 655 / 127 rnA 

II 651 / 123 lilA 

if 634 I 129 mA 

II 625 1 135 rnA 

tI 587 1 127 mA 

II 546 / 133 lilA 
t----~~- ~ 

II 717 1 138 lilA 

/I 536 1 124 mA , , 

1/ 534 1 127 111A 

II 530 1 134111A 

1/ 506 / 136 mA 

II 505 / 136 rnA 

Figure 3.5-9. 

R5-002-79 

II 771 / 129 mA II 742 / 135 mA 1/ 747 / 139 mA 

/I 782 / 134 mA II 757 / 138 mA II 741 / 138 mA 
, .-

II 738 / 138 mA II 748 / 13?mA /I 749 / 136 mA 

/I 775 / 132 mA II 810 / 139 mA /I 831 / 136 rnA 

(I 753 / 137 rnA 1/ 812 / 135 mA 1/ 849 / 134 lilA 

II 746 / 129 rnA 11'777 / 143 rnA II 750 / 137 mA 

II 722 I 136 rnA It 706 / 138 mA 1/ 721 / 136 rnA 

1/ 664 / 133 lilA 1/ 707 / 133 rnA II 533 / 138 lilA 

/I 657 1 130 lllA II 630 / 140 lilA 115.28 / J.I-? lilA 
,,, 

II 515 1 142 ntA II 520 / 139 ntA II 656 1 136 mA 

If 651+ 1 129 rnA fI 532 1 144 lilA II 513 / 138 111A 

It 631 / 135 mA II 632 / 135 mA II 650 1 135 mA 

II 59'11 141 ntA /I 511 1 140 lilA 1/ 588 1 130 rnA 

/I 547 / 133 ntA 1/ 595 1 137 mA II 549 1 136 mA 

/I 545 1 133 mA II 550 I 141 rnA II 592 1 135 mA 

/I 538 1 141 mA II 540 I 14/1 rnA II 586 I 130 mA 

/I 535 1 137 mA /I 537 I 137 /lA II 544 1 138 11\A --
II 516 1 136 rnA tI 526 / 135 mA /I 529 1 135 lItA 

II 507 / 130 mA I II 508 1 140 mA If 527 1 134 mA 

/I 518 / 124 mA If 501 / 140 rnA 1/ 509 1 139 mA .. . 

Solar Cell Distribution by Electrical Performance (I. 46V ) 
Matched to Provide Minimum Module Current of 540 mA ~J 
9.2 Volts, Mo~ule SIN 1 
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jot 

~ If 781 / 139 rnA 
A.. 
0 
0 
H If 780 / 134 rnA 

~ 
H 
I:Q If 793 / 134 rnA 
:t:l 
0 
0 If 8i1 / 144 rnA 

II 855 / 130 rnA -
II 552 / 139 rnA 

If 554 / 132 rnA 

II 564 / 141 rnA 

II 566 / 135 rnA 

II 577 / 130 rnA 

II 603 / 135 rnA 

II 610 / 140 rnA 

111006 / 136 rnA 

/I 673 / 135 rnA 

II 676 / 134 rnA 

11611 / 141 rnA 

111058 / 135 rnA 

II 690 / 135 rnA 

11613 / 136 mA 

II 620 / 138 rnA -

Figure 3.5-10. 

R5-002-79 

If 784 / 138 t:lA If 821 / 111 rnA If 859 / 136 rnA 

II 574 / 139 rnA II 848 / 129 rnA f.! 867 / 125 rnA 

II 850 / 128 rnA If 868 / 136 IDA II 852 / 127 rnA 

II 896 / 137 rnA If 858 / 130 rnA II 899 / 116 rnA 

If 857 / 131 rnA II 861 / 131 rnA If 872 / 138 rnA 

II 559 / 129 rnA II 602 / 128 rnA If 576 / 128 rnA 

If 558 / 139 rnA II 561 / 129 rnA 111046 / 124 rnA 

II 565 / 132 rnA II 621 / 133 rnA II 687 / 118 rnA 

II 569 / 130 rnA II 575 / 131 rnA 111064 / 128 rnA 

II 579 / 132 rnA II 580 / l30rnA 111034 / 132 rnA 

II 605 / 134 rnA II 616 / 131 rnA 111068 / 125 rnA 

II 674 / 130 rnA II 698 / 131 rnA 111067 / 123 rnA 

II 612 / 137 rnA 111033 / 126 rnA 111059 / 125 rnA 

il 675 / 134 rnA II 700 / 130 rnA 111052 / 126 rnA 

II 686 / 134 rnA 111037 / 127 rnA n032 / 129 rnA 

II 701 / 131 rnA 111035 / 127 rnA 111074 / 125 rnA 

If 695 / 134 rnA 111011 / 130 rnA 111012 / 130 rnA 

If 694 / 135 rnA 111071 / 129 rnA 111044 / 130 rnA 

111015 / 130 rnA 111010 / 130 rnA 111026 / 131 rnA 

111077 / 128 rnA 111031 / 146 rnA 111008 / 131 rnA 

Solilr Cell Distribution by Electrical Performance (I·46V) 
Matched to Provide Minimum Module Current of 524 rnA at 
9.2 Volts, Module SIN 2 
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I 
~, 

P-I 
0 
0 
H 

~ 
H 
~ 
z 
H 
f'J 

-

/I 808 / 135 rnA 

/I 798 / 133 mA 

/I 824 / 140 rnA 

II 813 / 130 mA 

II 854 / 130 rnA 

111004 / 138 mA 

If 670 / 132 rnA 

111016 / 137 mA 

111062 / 133 rnA 

111017 / 135 rnA 

111013 / 134 rnA 

111019 / 139 rnA 

/I 697 / 129 rnA 

/I 726 / 129 rnA 

II 617 / 132 rnA 

II 705 / 133 mA 

II 599 / 138 mA 

111078 / 136 mA 

111056 / 138 rnA 

111020 I 137 mA 

Figure 3.5-11. 
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II 789 / 131 rnA II 795 / 126 rnA /I 800 / 132 mA 

/I 804 / 132 UlA 1/ 779 / 136 rnA I.E 842 / 123 mA 
-~ 

II 835 / 125 mA /I 838 / 126 rnA II 829 / 133 rnA 

II 817 / 131 rnA /I 834 / 131 rnA It 864 / 132 rnA 

1/ 860 / 135 rnA /I 875 / 128 rnA II 843 / 131 rnA 

111009 / 135 mA /11057 / 132 rnA 1/ 714 / 123 rnA 

111014 / 134 mA /11038 / 132 rnA 111029 / 145 rnA 

111045 / 131mA 111063 / 132 rnA 111047 / 130 rnA 

111065 / 133 rnA 111028 / 142 rnA /11030 / 141 mA 

tfl075 ! 134 mA 1/1055 / 135 rnA II 679 / 134 rnA 

111040 / 134 rnA 111036 / 134 rnA 111054 / 135 rnA 

111041 / 137 mA 111070 / 136 rnA II 582 / 124 rnA 

II 637 I 126 mA II 623 / 128 mA /11048 / 142 rnA 

111076 / 128 mA II 624 I 137 rnA II 638 / 131 rnA 

II 635 / 133 rnA II 661 / 132 rnA II 646 / 132 rnA 

111023 / 141 rnA /I 659 / 134 rnA Itl021 / 143 rnA 

II 593 / 111073 I 134 rnA 111066 / 
! 

13"' mA 137 mA 

1/ 681 / 137 mA 111022 / 141 rnA II 601 / 139 mA 

1/1049 I 139 mA 111069 I 136 mA I 111072 139 mA I I 

136 rnA I Itl027 i 135 mA /11042 I 137 mA /11053 / 

Solar Cell Distribution by Electrical Performance (I°46V) 
Matched to Provide Minimum Module Current of 524 rnA at 
9.2 Volt~, Module SIN 3 
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t 
I, 
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VOLTS AMPS 
11.24 0.0006 
10.1(1 0.4194 
9.97" 0."544 
9.601 0.4848 
9.267 0.~095 
9.923 0.5251 
8.113 o. 53~3 
6.980 O.54~1 
~ '"-I:': .... '. t:1 (",,\ (1.5484 
0.5546 0.5519 

-- - -- -- -. - ~.-'----

WATTS 
0.0067' 
4.S!36 
..... 67 
4.6~5 
4.7'22 
".6B5 

3.805 
3.112 

. 

PANEL TVPE ALL 
PANEL SERIAL/ST~ING r. JF'L 
STD CELL $/N 777-232 

ISC 0.1475 AMF' 
TEMF' S!C:. E,C 
TEMP COEF O. 3660 ~VDEG C 
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The weight of each completed module solar blanket was determined: 
(a) for their overall weights, and (b) for the module blanket area covered 
by solar cells only. For this 4.02 grams were subtracted from the module 
weight for the excess Kapton substrate surrounding the cell-occupied area. 
The weight data is summarized in Table 3.5-8. From this data and the 
electrical performance of the first module assembled, a power-to-mass ratio 
of 250 W/kg has been determined (for 1 Sun, AM = 0, 280e conditions). The 
average bare single cell performance of the cells used in the first module 
was 62.47 mW. The optimum module performance at 9.4 volts is 4.75 watt 
(Figure 3.5-12). 

Table 3.5-8. Module Solar 'Blanket Weight Surrvnary 

Wei ght of 
Overall Cell Occupied 
Wei ght Area 

Module No. (g) (g) Pmax (W) W/Kg 

1 23.04 19.02 4.75 250 

2 23.27 19.25 4.66 242 

3 23.46 19.44 4.70 242 

Average 23.257 19.237 4.703 245 
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3.6 DEVELOPMENT TESTING 

Development tests were performed to verify the compliance of the solar 
cell test coupons with the requirements establi~hed in the contract and to 
gain the understanding of the test coupon1s electrical and mechanical 
behavi or under typical envi ronmental stresses, such a~; thermal soaks, and 
thermal vacuum cycling-testing. 

Ten test coupons were subjected to four thermal soak tests, with a 
duration of 24 hours for each test. The test temperatures were 120°C, 
170°C and -120°C, -IBO°C for the temperature soaks. This test was fonowed 
by 100 thermal vacuum cycles between 120°C to -IBO°C with 30-minute soaks 
at the temperature extremes employing the facilities shown in Figure 3.6-1. 
The ten test coupons, each 4- by 6-inch in size, were suspende~ in a fiber­
glass frame using wires (Figure 3.6-2). The fiberglass frame was mounted 
in the vertical position onto the rotatable inner chamber assembly which in 
turn is able to rotate about its central axis by 90 degrees and back. In 
one 1 ocat i on the test coupons were facing tungsten filament heaters and in 
the other location a liquid nitrogen cooled wall. Cold wall and heater 
were maintained at constant temperature. Temperature cycling of the 
coupons is achieved by rotating the inner chamber assembly into alternate 
positions. Two thermocouples were attached to two additional control 
modules. The temperature profile is shown in Figure 3.6-3. The chamber 

-6 vacuum was held at 2 x 10 torr. 

The ten test coupons were inspected and their electrical performance 

tested prior to and following each environmental exposure. Nine of the ten 
test coupons showed no electrical degradation, one coupon showed a 3.4 
percent reduction in power after the first temperature soak at 1200C and an 
additional 3 percent reduction in power after the 100 thermal vacuum cycles. 
The failure is believed to be caused by a broken cell in the module (SIN B), 

which could not be confirmed during the original inspection. The module 
performance data is summarized in Table 3.6-1. 

No weld-joint facilities were formed after testing. The major 
discrepancies recorded, prior to and after the various thermal soak and 
temperature cycling tests were in the area of cover glass cracking. The 
distribution of the cover glass cracks is summarized in Table 3.6-2, 
showing 37 cracks occurring after coupon fabrication, and additional cracks 
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ft r the arious thermal-soak and - cycling ests bringing the total 
numb r of cracks to 71, and thus affecti ng a total of 49 covers . 

Additional thermal cycling as performed on the second (Sf 02) of 3 
mod ule solar blankets . The module was subjected to 24 thermal vacuum 
cycl es between +70° and -110°C with 30 minute soaks at the temperature 
extremes . The electri cal module performance following t his test showed 
t hat t he module solar blanket has not degraded electri ally; however, about 
50% more coverglass cracks were formed after the test. 
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Table 3. 6- 1. Elect ical Per ormance of Test Coupons 

COUPO[ CURRENT AT 1.38 VOLTS (rnA) 

Initial Post 24 Hr. Post 24 hr. Pos 24 hr . 
Measurement Soak at 120°C Soak at 170°C Soak at -120 °C 

354 352 351 352 

351 350 351 351 

352 340 342 3 2 

352 351 352 352 

354 355 357 357 

356 360 359 360 

380 1Sl0 381 381 

340 40 33P. 336 

348 43 349 347 

350 46 347 350 

.. 

Post 2 hr. Pos Therm. 
Soa~ at -180°C Vacuum CYcl 

352 357 

350 35 

342 330 

360 3 

359 3 0 

360 362 

381 38 

340 3 4 

345 350 

348 350 
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Table 3.6-2. Count of Cracked Cover Slides 

AFTER 
24 HR - THERMAL SOAK TEST AT 

COUPON INITIAL 
NO. INSPECTION 120°C 170°C -120°C -lBO°C 

6 5 1 1 1 0 

7 3 1 2 0 1 

B 3 1 1 1 1 

9 2 1 0 0 0 

10 2 1 a 0 1 

11 2 0 0 0 0 

12 2 1 0 0 0 

13 5 1 1 ? 0 

14 4 0 3 1 2 

15 9 3 2 0 0 

TOTAL 37 10 10 5 5 

AFTER 
100 Vacuum 
Thermal Cycles 
FROM 120 U C 
TO -lBO°C 
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3.7 REPAIR STUDY 

Several thin cells were removed from a typical 9-cell module assembly. 
A 75 m (O.003-inch) thick sharpened spatula was developed for the separa­
tion of the cell from the substrate. The weld joints was separated using a 
fork-type tool. None of the surrounding cells was damaged during the cell 
removal. 

For the cell replacement, three options were evaluated which are best 
illustrated in Figure 3.7-1. Concepts A and B show the welded approach, 
employing conventional welding; i.e., the weld electrodes are in the verti­
cal position requiring a firm flat horizontal substrate. In concept A both 
interconnector contacts are bent over the cells to which they remain 
attached after the faulty cell is removed. The new bare thin cell is 
pushed below the left interconnector, face down, where it is positioned 
properly on top of the neighboring cell. The interconnector is welded to 
the rear side of the new cell. Thereafter the new cell is rotated 180 
degrees using a flat support. The interconnectors on the right side are 
bent over the new cell contacts and welded to the new cell in the same 
manner. This process is followed by the bondings of cover-to-cell and 
cell-to-substrate. This method works quite well and is the recommended 
technique. 

An alternate approach of cell replacement is shown in Figure 3.7-1b. 
An interconnector ribbon is welded separately, first to the rear cell side, 
using a conventional welding fixture. From there the cell with the tab is 
transferred to the module where the tab is welded to the existing inter­
connector, thus completing the rear cell contact connection. Front side 
welding is performed in the same manner as described for Figure 3.7-1a. 

The third cell replacement method is applied only in those areas where 
weld equipment cannot be handled, such as super large array blankets or 
areas where a firm flat substrate below the cell to be replaced may not be 
available. In this case cell replacement is achieved by means of reflow 
soldering, utilizing a 250-watt floodlight (about 2 to 3 inches above the 
replacement cell). High temperature solder-preforms, held in place with 
flux~ will provide the means to join the cell contact with the interconnec­
tor. During this operation the surrounding cells are protected by a heat 
shield, consisting of five layers of aluminum foil separated by four layers 
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of paper. The replacement cell is exposed through the center opening of 
the heat shield, 2.3 by 2.3 cm in size. 

For all cell replacement approaches, with the exception of the reflow 
soldered method, the interconnector bar connecting the replacement cell in 
parallel with the other cells has been omitted thus far. This shortcoming 
will nut alter the module performance. 

3.7.1 Detailed Solar Cell Replacement 

The following section describes the detailed procedure employed for 
the replacement of solar cells in solar module blankets. 

3.7.1.1 Cell Removal 

The filter glass, covering the interconnector on the front .side of the 
faulty cell, is chipped away until both interconnector tabs are exposed. 
The interconnectors tabs are separated from the cell and bent over the cell 
to which they remain attached. A thin sharpened spatula is carefully 
in.serted from three different sides below the faulty cell in order for the 
cell to be separated from the substrate and from the interconnector welded 
to the rear side of the cell. Periodic wetting of the spatula with alcohol 
helps in the separation of the faulty cell. 

3.7.1.2 Preparation of Interconnectors and Substrate 

Once the faulty cell is freed, the adhesive ;s removed from the inter­
connectors (formerly below the cell) and the interconnector is bent over 
the cell to which it is attached. The back side of the interconnector is 
cleaned in this position, as it is resting on the cover glass. Afterwards 
the adhesiv~ is removed from the substrate. Next, the silicon particles 
from the faulty cell left on the interconnector tabs need to be removed. 
An X-acto knife will serve best for this operation, as a thin metallic shim 
is placed below the interconnecto~ for the protection of the filter glass 
below. In some cases it will be difficult to completely remove all silicon 
particles fran the interconnector tabs; for this reason the weldable 
interconnector area will be insufficient for a good weld joint. In these 
instances the interconnector tabs facing the front cell contacts are 
tinned. 
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3.7.1.3 Installation of New Cells 

The new bare solar cell is placed face down, below the interconnector 
loop on top of the neighboring cell, as shown in Figure 3.7-1a. The 
replacement cell is aligned with the edge of the interconnector; the cell 
sides are aligned with the cellon which the replacement cell rests. After 
the ioterconnector is walded to the rear side of the replacement cell, the 
same cell is then rotated 180 degrees using the flat shim to support the 
thin ~ell during this operation. Once good cell positioning is assured the 
new cell is gently lifted, a drop of adhesive is placed below the cell and 
then brought back to its normal position. A weight on top of the cell 
assures proper cell-to-substrat~ bonding. Approximately 30 m.~utes later 
the i nterconnector tabs, connect i ng the front cell contacts, are. rotated 
onto the replacement cell and soldered using the weld electrodes to gen­
erate the required heat. The active cell area cleaning operation is 
followed by the application of glassing adhesive and the cover slide. 
Again, a weight is placed on top of the assembly, which will remain in 
position for a 12-hour adhesive cure at room temperature. 

3.7.1.4 Discussion 

The cell y\'moval operation is tedious and must be performed very 

carefully, prefe\~bly under the magnification of a 10-power microscope, so 
that the cells next to the faulty cell are not cracked or chipped in the 
process. 

The removal of the adhesive from interconnector tabs and substrate is 
the most time-consuming operation because of the primer used in the origi­
nal bonding operation. Again, care must be exercised not to deform inter­
connectors. A thin metallic shim between interconnector and cell has been 
shown to be very helpful during the cleaning operation. 

If silicon particles should remain on the interconnector tab prior to 
welding it to the replacement cell, cell cracking can almost be assured. 
It is important, therefore, to remove all particles carefully without 
disturbing the silver plating surrounding the silicon nugget. Should the 
silver-plated area be too small for welding, then solder coating is 
recommended. Solder reflow occurs on the replacement cell when the weld 
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pulse heats the interconnector tab on top of the replacement cell. Consid­
erably more area is available on the rear contact interconnectors, so that 
welding should always be possible here. 

Good results have been obtained when welding the replacement cell 
right on top of the neighboring cell without cracking either cell. How­
ever, 'care must be exercised when rotating the thin bare replacement cell 
and interconnector 180 degrees. 
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3.8 USABLE DEVICE YIELD 

The cell damage experienced during test coupon and module solar 
blanket fabrication was carefully monitored throughout the various assembly 
steps. Cell breakage occurred in almost all assembly phases, mainly in the 
cell glassing operation. A reduction in cell and cover glass breakage was 
seen after the modification of the glassing fixtures and the use of the 
proper mold release. The most damage incurred next to the glassing pro­
cess, was in the area of the interconnect to bare cell welding operation. 
It was the second highest factor determining yield. A considerable amount 
of time was spent in modifying the weld electrode pt·essure system, in the 
hope of reducing the cell breakage which was incurred as operators were 
interchanged. Throughout t.he development program a total of three 
operators were employed (operators A, Band C as shown in Table 3.8-1). 
The years of experience these operators had was: A = 3 years, B = 4 years, 
and C = 15 years. All operators have been known to be competent workers 
for the assembly of conventional solar array assemblies, where cell thick­
nesses of 200 m (0.008 inch) and thicker have been involved. Each opera­
tor received the same instructions, generally in writing. 

It is felt that handling of the thin cells induced the largest damage 
rate. Consistently good coordination of each move is required as a cell is 
transferred, from one location to another (using tweezers). Future auto­
mated assembly techniques will reduce cell and cover breakage as well as 
assembly time. 
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0 Table 3.8-1. Cell Damage Experienced During Coupon Fabrication 
C 
N 
I 

'" 1.0 
, 

DAMAGED CELLS (%) 

.. OPEKATION FIRST GROUP SECOND GROUP MODULE SOLAR MODULE SOLAR 
(5) TEST (10) TEST BLANKET BLANKET 

COUPONS COUPONS SIN 01 SiN 02 & 03-. 
~ 

Operators A B ,.. B v 

l 
~ 

i w i t 
. 
():) 

t 
I 

N 

~. 

~. 
I 

l. Interconnector 5 8 31 11 
Welding 

2. Cell Glassing 

., Adhesive Voids 4 1 13 2 
Cover slippage 

G Cell Removal 9 7 9 2 
from Fixture 

• Adhesive 3 3 6 1 
Clean-up 

, I 

, 
3. Module Welding 0 0 0 1 

TOTAL 21% 19% 59% 22% 
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3.9 QUALITY ASSURANCE PROCEDURES 

a) The following is a Quality Assurance outline for the 
verification of integrity of the components employed for the 
hiCh temperature-low mass solar blanket. 

b) The Quality Assurance Procedure outline for the verification of 
integrity of solar cell welded joints, bonded coverglass, 
assembled and bonded to Kapton substrate. 

3.9.1 Solar Cell 

Quality verification of the integrity of solar cells will be performed 
at supplier by TRW Source Inspection. Conformance to specifications and 
process requi rements will be verified at source by TRW qual ity assurance 
representatives. The electrical cell integrity will be verified and 
witnessed by TRW Quality Representatives at supplier facility. 

The solar cell specification covers the following requirements for 
space flight applications: 

1. Design and Construction 

1.1 Uniformity of product 

1.2 Cell material 

1.3 Anti-reflective coating 

1.4 Cell contacts and gridlines 

1.5 Solar cell junction area 

2. Performance 

2.1 Electrical output 

2.2 Electrical output (after cover installed) 

2.3 Electrical output (after charged particle radiation) 

2.5 Cell contact integrity, (contact pull testing before and 
after humidity and temperature exposure) 

3. Dimensions and Weight 

3.9-1 
R5-002-79 

1 

1 
J 

i 

. ,-A 



4. Color and Finish 

4.1 Color and appearance 

4.2 Mechanical imperfections 

5. Identification and Packaging 

3.9.2 Coverglass 

Qua 1 i ty veri fi cat i on of the i ntegri ty of covergl ass wi 11 be performed 
at supplier by Source Inspection. Conformance to specifications and pro­
cess requirements will be verified at source by TRW quality assurance 
representatives. All items will be fabricated, cleaned, and packaged in 
accord with cont ract requi rements and approved procedures. 

The coverglass specification outlines the following require'ments for 
space flight applications: 

1. Design and Construction 

1.1 Substrate material 

1.2 Anti-reflective coating (if appropriate) 

1.3 Blue-reflective coating (if appropriate) 

1.4 Uniformity of product 

2. Performance 

2.1 Cut-off wavelength 

2.2 Transmission 

2 3 Ultraviolet rejection 

2.4 Radiation resistance 

2.5 Storage 

2.6 Temperature cycling 

2.7 Radi ometri c pro pert i es 

3. Chemical and Physical Properties 

R5-002-79 

3.1 Chemical and physical compatibility 

3.2 Coating orientation marking 
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3.3 Surface quality 

3.4 Edge and corner chips 

3.5 Abrasion resistance 

4. Dimensions and Weight 

5. Color and Finish 

5.1 Appearance 

5.2 Coating imperfections 

3.9.3 Component and Assembly 

The following section discusses the verification of integrity of solar 
cell weld joints, cover glass bonding and cell-to-substrate bonding. 

3.9.3.1 Weld Joint Integritt (Front Cell Contact Welding of 
Interconnect to Cel ) 

a) Verification of weld machine settings 

b) Sample pull testing (1 cell per pull test, two weld joints 
minimum). This operation to be performed at the start of 
operations in the morning and again in the afternoon. Two 
entries in data log sheets per day. 

c) Visually inspect for weld imprint. 

3.9.3.2 Coverglass to Cell Bond Integrity 

a) Prior to cell glassing operation: 

1) Verification of adhesive type and mix ratio 

2) Adhesive cure sample inspection 

3) Recording of data into log sheets. 

b) After cell glassing: 

I} Cell s: 

• Inspect for broken or cracked cells (none allowed) 

• Edge chips: not larger than 0.040 by 0.200 inch 

• Cot"ner chips: D.080-inch hypotenuse maximum 
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2) Interconnect 

• No damaged or deformed interconnect 

3) C overgl ass: 

• Corner chips, edge nicks and broken covers are 
acceptable as long as the active cell area is not 
exposed. 

• Adhesive is not permitted on top side of covers and 
below cell (cell P-contact). 

• Adhesive voids shall not be larger than 0.050 inch in 
diameter. 

3.9.3.3 Interconnect Integrity (BACK Side Cell Contact-­
for Module or String Assembly) 

a) Verification of weld machine settings. 

b) Sample pull tests (1 cell per pull test, two weld joints mini­
mum). This operation to be performed at the start of opera­
tions in the morning and again in the afternoon. Two entries 
in data log sheets per day. 

c) Visually inspect for weld imprint (cell P-contacts). 

3.9.3.4 Substrate to Cell Integrity 

a) Prior to bonding: 

1) Verify adhesive type and application 

b) After module bonding: 

R5-002-79 

1) Verify cure time. 

2) Inspect for adhesive bond area coverage, 70 percent 
minimum. 

3) Inspect for coverglass spacing. 

• Series spacing: 0.016 inch minimum. 

• Parallel spacing: 0.006 inch minimum 

• Inspect for broken covers (record on discrepancy road 
map) • 
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c) Prior to module electrical test: 

1) Verify equipment calibration and proper standard cell 
selection. 

d) After module electrical test: 

1) Plot I-V Characteristic (at AMO, 28°C conditions). 
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4. CONCLUSIONS 

The results of the work accomplished to date have been encouraging. 
Modified standard assembly processes can be used to assemble very thin 
silicon solar cells into module solar blankets that can survive exposure to 
the typi ca 1 env i ronments encountered in space without si gnifi cant degrada­
tion. The major conclusions of the study are summarized below. 

o Improved interconnectors geometrics have been developed for 
optimizing low electrical resistance and stress relief trade­
off. The interconnector design lends itself to automation and 
may be used for either soldering or welding. 

o Weld schedules for front and rear cell welding have been opti­
mized; weld joint pull strength between 0.3 and 0.7 .kg have 
been obtained for front cell contact welding and joint pull 
strength between 0.6 and 1.0 kg for rear cell contact welding. 
Smoother cell surfaces are desired. 

o Cell fracturing during rear cell contact welding has been 
overcome by employing larger weld electrodes. 

o Glassing fixtures have been developed and a mold release agent 
was found that will permit glassing of bowed thin cells without 
solar cell and cover glass breakage. 

o It was found that limited thermal soak and thermal cycling 
testing do not degrade bonded cell assemblies, interconnected 
by means of welded Invar interconnectors. 

o Module solar blanket repair and rework techniques have been 
established and proven. 

o A module solar blanket power-to-mass ratio of 250 W/kg can be 
demonstrated without difficulty. 

o Increased assembly time is generally required when dealing w.ith 
solar cell and cover glass assemblies. 

o Presently employed automated equipment requires modification to 
handle thin cell assemblies. 

Future automated assembly techniques will reduce solar cell and cover 
glass breakage and assembly time as well. 
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5. RECOMMENDATIONS 

It is recommended that laser welding be evaluated in order to reduce 
the pressure exerted mainly onto the rear cell contact during intercon­
nector attachment. 

Several solar cell improvements will improve array reliability and 
production yield: cell edge cracking should be eliminated and the cell 
bowing minimized. Smoother solar cell contact surfaces are recommended 
«500 nm rms), which in turn will improve the weld joint pull strength. 

Additional work is required to positively identify the cause of cover 
glass breakage after cover glass installation, as well as finding a cure 
for the problem. Controlled glassing experiments are suggested using thin 
cells with different cell-bow-radii, followed by a series of inspections in 
order to determine the cover glass breakage as a function of time. 

Automated module assembly methods should be studied for all subassem­
bly stages in order to reduce component breakage and improve yield and 
productivity. 
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6. NEW TECHNOLOGY 

This report does not contain items of new technology developed by TRW 
Defense and Space Systems Group under this contract. 
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