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SECTION I

PROGRAM OBJECTIVE

The objective of this program was to investigate mu ltilayer coating

techniques to achieve 15% efficient silicon solar cells for potential

Air Force vehicle application. The investigation included determination

of the compatibility of the cells with electrostatic bonding of covers lips

and in demonstrating space environmental compatibility .

1. Overall Tasks

1) Theoretical and experimental evaluation of multilayer solar cell

antireflection coatings was conducted to determine optimum materials and

processing.

2) Cells fabricated according to the optimum design were optically

and environmentally tested .

3) Compatibility of electrostatically bonded cover glass and optimized

multilayer antireflection coatings was investigated.

4) Experimental and control cells were fabricated and delivered .

2. Technical Plan of Attack

The overall technical program can be suninarized as follows :

1) Good output , uncoated violet-type ce~1s were fabricated . Continuing

tests were completed to optimize the properties of these cells for highest

output with MLAR coatings , and also for best compatibility with the ESB

cover process.

1
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2) Various MLAR coating designs were generated and tested on the cells;
these coating s involved two or more layers , and their relative performance
and ease of manufacture was evaluated .

3) Regular deliveries of state-of-the-art cell s were made.

4) The environmental performance of the cells and coatings was tested ;

the most promi sing cells were tested for their performance after ESB

covers were applied .

5) A final shipment of the optimum cell-coating combination was made .

2
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SECTION I I

BACKGROUND TO CONTRACT

1. Recent Improved Solar Cel ls

In  recent years , significant improvements have been applied to

solar cells , in two main  areas, name l y :

1) The violet cell , (Reference 1). Here a shallow diffused l ayer of

higher sheet resistance was combined with a close spaced grid pattern ,

adequately reducing the series resistance of this l ayer and yet comprising

lines fine enough to maintain active areas in excess of 90% (i.e., 3.6cm 2

for 4cm2 cells). To ensure good output the front surface contact was

made of metal combinations which did not degrade the PN junction , and

lastly an improved antireflective coating , a single quarter-wave coating of

Ta205 was used , providing good transmission in the short wavelen gth region

where increased cell output was provided .

In most cases, the maximum power under AMO illumination of such

violet cells (4cm2 area) fell in the range 70 to 76mW when covered with

a quartz or glass cover .

2) The non-reflective form of the violet cell , (Reference 2). Here

the major improvement resulted from the formation (by orientation preferential

chemical etching) of a precisely textured surface , consisting of many small

pyramids of height around 5 to 10pm. The textured surface has very low

refl ectance (even more decreased by single l ayer AR coating). With suit-

able processing, these textured cells have had AMO power output in the range

of 78 to 85mW for 4cm2 cells.

3
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The present work was intended to bridge the gap b’tween cells

1) and 2)  above , to provide cells with a smooth surface , bu t w i t h U Ut ~~~A !

power between the best violet cells and textured cells.

2. Associated Technology

a. Improved AR Coating

The single l ayer quarter-wave coatings , (Ta205 or TiO~
) have been

improved , in increased transmission ; because of their higher refractive

i ndex , they allow increased cell output when the cel l is covered (increases

range from 1 to 4% depending on the properties of the AR coating).

However , the average reflectance for polished silicon with such coatings

is 6% over the part of the solar spectrum to which silicon cells respond

(0 .3 to 1.2 ~in1).

It  is possible to reduce overall reflectance by adding more layers .

Successful application of such multilayer antireflective (MLAR) coatings has

been achieved (References 3, 4, 5, and 6 and in-house work at OCLI). The

reflectance produced by a single layer can be reduced by 3-4% if two correctl~

applied l ayers are used , and even more if more than two layers are used .

For the two l ayer case (DLAR), this means that violet cell output can be

increased by up to 4%, raising the actual output to 73 to 79mW range .

The advantages of multilayers are less for non-reflective cells , because

surface texturing has already reduced the overall rcflectance markedly,

thus leaving less room for further reduction by the coating . Part of the

impetus for the present work was the promise of cells with multilayer

antireflective (MLAR) coatings, with output between the best violet cells

and the output range achieved for textured cells. Although the potential

4 
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improv ement was only up t.o b’~, there was considerabl e scope for t irefu l
S 

Iso lat ion of the corret. t combination of coating mater i ~i Is , and ‘u i  I a t)

control of the t-oa t ing properties and the l ayer thlikne ss . Thus it was

necessary to contro l the re f rac t ive  ind lies, the precise thi ck iiesses ,

S and the absorption in the solar spectrum .

b. Integra l Coatings

For Ai r  F o~ ci’ purposes , integra l coatings on so 1 ar c t ’ l l s  can have

potent ial advantages. A most promising method of app l icat ion is the t’ l i’& tm-

static bonding method ( Reference 7 )  . T o  da t& ’  , th I s method ht s  been ap~ lied t ii

a var iety of t -e 11 ont .n: Is dn(1 coat I ntjS • hut genera l iy for comp i ete bond i nq • I hc

cell surface had to be high ly polished , and the grid height above th i ’.

surface could not exceed “. ~~ iin~.

The requ i rement for high  surface finish has led to difficulti e s in

bonding to textured surfaces. Therefore the goa l of the present work is

to try and provide high output cells approachin g the 80mW reg Ion . (with

the aid of MLAR coatings) which are adaptable to electrostatic bond i ng

S of these covers. The other necessary property of the cells , namely a

low grid contact profile will be one of the secondary tasks undertaken

In this contract.

c. MLAR Coating Properties

The contract work defined suitable l ayer materials , and determined

the degree of control needed to ensure opt i mum propert it’s . The i~os’~ I hi 1 i t y

of improving su itable process contro l to maintain these optimum properi t e~

in monufac turing environment was invest I qa ted . In add I t ion , t hi’ env I roumen I a 1

stability of these various coating combinations was tested .

S
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SECTION 111

TIC H N ICA L PROGRAM

Tb.’ work iier I orme’d I s iii st us SCLI under separate headings as t o l l  ows

(‘ .‘ 11 I •ttw i t a t  ion

lo at’hi eve output In the range required in this con t ra ,. t ailed f~~
.

a elI w it h ye my good pert orma rice he I ore a pp 11 cation of the coat i nq . In

part it  ci lam t he’ t el 1 current had to he maximized , by use of a shallow

tI i i t usvd 1 ayi’r wh Icli prov i tied a wi LIt’ range of spectra l outpu t , by ctm t rol

of (hi’ grid pat tern to reduce’ series res I stance by effective covera c

of t he’ tt i I fused l ayer , and a lso to reduce the shadowed ( inac t ive)  are.~.

Al so the’ t i ’  I 1 vol 1 age must be high (by at tent ion to the meta l comb i nat ion

used with the s hii 11 ow surf ace layer ) and the curve f i l l  factor (CIF

mus t be, h I qb. aqa In from carefu l reduc t ion ot pa ra s I tic series and shunt

t i mcci it COI1l~)OflCfl t s . In add it ion th i s basic cc’ ii s ture must be ma tc he’d

t o the M( AR under study , arid mus t also remain stab le under the condit ions

by wh % t:h the NIAR . and later the cover, are ~ppl led .

the’ ~ e’ 11 des I gui involved using a ran ge’ of di ffuc ion cond it i uris , front

con tact met als arid grid line appl i ta t ion methoti c to produce the best

strut ture . Part I cul ar attention was paid to the qr lii parameters . First,

hc’oret i cal c’s t imates were made on the relative effectiveness of grids

of reduced profi le (of direc t use’ in  the eva 1 uat ion of the [SB method )

Next , pr actical net hods were used , inc 1 ud I rig both the cisc’ of shadow mask s

w i t Ii tine s l it  5 , and of various photon’s 1st mc t huds to form t liii’ — lint ’

~LII t tern c . Alon g with tiiest’ grid line methods, su i tabl e c o m b i n a t i o n s of

6

___  -



— - -- _
~~_a_ _ -.?a — ~~~~~~~~~~~ a-a’~n~~~:~ - ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

metals were evaluated , again with the goal of obtaining maximum cell

output after application of the MLAR coating.

This direct cell method led early in the contract to cells about

~~ l ower than the expected target , because both the CFF and the active

area were low. Later the gridline methods were improved to remedy these

deficiencies.

2. Antireflecting Coating

a. Theoretical Work

The actual design of an MLAR coating suited to use with high efficiency

cells must involve the choice of materials of suitably matched refractive

index (n) and computation of the optimum thicknesses of each ma terial

which will lead to reduced reflectance over the spectra l range of interest.

The theoretical design must take into consideration the spectra l response

of the cell to be coated, reasonable values of absorption for the layers ,

the detailed reflective properties of the doped semiconductor surface and

also the medium which will terminate the MLAR coating. For present space

applications , this outer layer is an adhesive layer (n “.~ 1.43); however ,

for electrostatically-bonded cells , the coating must be matched directl y

to a glass (typically 7070, with n “~ 1.5).  In the cell output range in

this program careful balance of these properties was required to extract

the most power.

These theoretical problems become more severe as the number of

possible layers is increased ; as more candidate materials become available ,

more uncertainty is introduced as to the correct values of refractive

Index and absorption to be used .

7
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In practice , an iteration program was used . In this , . MIAR was

designed , experimental work applied the l ayers to the specified thickness ,

and then the cell behavior and the reflective and transm issive properties

of the MLAR were checked to see how close the theoretically assumed

values were to the practical values. After analysis , the amended layer

properties measured in practice were either fed back into the theoretical

program , or else further experiments were designed and clone, to attempt

to produce properties closer to the theoretical values.

The approach in  the present wor k emp hasi zed the properties of the coated

cells; i.e., the cell output and response were the main criteria of the

quality of the MLAR .

A measure of the coating effectiveness was the ratio of ‘sc measured

in the OCL I solar simulator befere and after coating . A ratio of 1.48-1.49

would indicate good agreement wi th the theoretical calculations. In fact

ratios between 1.45 and 1.47 were obtained initially, but later higher

ratios were obta ined. In Section III-d below some correlation between

theory and experiment is shown .

(1) Spectral Response of Uncoated Cel l s

Initially the computer program used the spectral response of a conven-

tional uncoated cel l characteristically wi th diffusion depth “.. O.3ijm , and with

fairly high donor doping levels in the diffused layer, both these factors

reducing short wavelength response. Later in the contract work , spectra l

response data typical of the shallow junction <O.2pm and reduced donor concen-

tration were used in the computer program ; use of these data shifted

the product curve of cell response times input photons (from the AMO

8
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spectrum) towards shorter wavelengths , and therefore altered the optimum

properties of the MLAR layer. In practice , however , these l ayer corrections

were overshadowed by the problem of obtaining the required properties

in all dielectric layers in the MLAR . Even for two l ayer coatings

(DLAR) the slight variation in refractive i ndex thickness and particularly

in absorption caused greater changes than predicted theoretically from

using more realistic spectra l response data .

Figure 1 shows the absolute spectra l response (mA/mW ) of a conventionall y

- diffused uncoated solar cell; Figure 2 shows a similar plot for a violet -

type diffused cell. When these two response curves are multiplied with

the AMO spectrum (Figure 3), the product curves Figures 4 and 5 are produced.

The usual approach for designing AR coatings is to attempt to minimize

reflectance over the spectral region of most interest for the cell; for

example to obtain minimum reflectance over the wavelength range shown in

the product curve Figure 5, a quarter-wave AR coating with a reflectance

minimum at the maximum of the product curve (‘ti 570nm) is selected. Figure 6(a~
shows the reflectance curve of a QWAR coating of Ta205 on a violet cell;

it can be seen that although the reflectance is reduced for the shorter

wavelengths , there is still appreciable reflectance at the longer wavelengths

(above 800nm); although application of a dielectric layer (an adhesive

layer or a cover) will change the reflectance slightly (see Figure 6(b))

the same conclusions apply. S

If a OLAR coating is applied , the reflectance is shown in Figure 7(a);

here the reflectance is low at both short wavelengths and longer wavelengths

The application of a dielectric layer reduces the overall reflectance

as shown in Figure 7(b).

9 
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(2) Effects of Varying Layer Thicknesses

The usual sequence for DLAR coating uses a high (H ) refract ive index

layer (n -. 2. 1) appl ied to the s i l i con , followed by a lower (L) refractive

index layer (n ‘
~~ 1.6-1. 7 ) applied to the H-layer.

The baseline design assumes a QW thickness of each l ayer , arid for this

design the computed reflectance curve is as shown in Figure 7(a).

Figures 8(b) and 8(c) show the effect on reflectance of an intentional

30% inc rease or decrease in the H-refractive i ndex l ayer. In Figures 9(b)

and 9(c) similar curves are shown for 3O~- variations in the 1-layer ,

with 9(a) again showing the baseline design . These curves show that

variations in the 1-layer are more serious .

These conclusions differ when the L-layer is covered by a l ayer with

n even l ower than that of the L-layer (e.g., n=1.45 corresponding to

the cover adhesives or testing oils used).

Figure 10(a) shows the baseline design (for correct l ayer thicknesses)

for the dielectric -L-H-Si sequence; Figures 10(b) and 10(c) show the result

of ±30% variation in the H-layer. Similarly Figures 11 (b) and 11 (c) show

the effect of ±30% variation in the 1-layer compared to the baseline in

Figure 11(a). For these latter two cases , the two layers behave opposite

from the air-terminated case, namely that variations in the 1-layer are

less serious.

These curves give an i dea of how subtle variations in one controlled

parameter , the layer thicknesses , can affect the reflectance , and thereby

the solar cell output. In addition to thickness variations caused by

17
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slight monitoring differences , in most vacuum chambers , there will be

additional thickness variations caused by “run-off” , a combination of

geometrical factors during evaporation combined with actual variations

in l ayer properties caused by differences in deposition conditions at

different locations on the substrate holder (including variations in tempera-

ture and/or background pressure). Similarly, the n=l.45 covered case

corresponds to a covered cell , so that variations in covered cell output

resulting from coating conditions can be expected . As mentioned above ,

there are several other properties of the coating layers which have to be

controlled simultaneously (such as refractive index , absorption ) and

there is interaction between slight variations in the coating properties ,

and the behavior of the cells both as coated , and later with a cover

applied .

b. Transfer of Coating Technology

it was convenient to transfer the technology for applying multilayers

from OCLI/Technical Products Division to the OCLI/Photoelectronics Division

facility , to reduce turnaround time for some of the coating combinations

and tests, and also to provide a useful baseline throughout the work.

The technology transfer involved careful control of the coating chamber

parameters (particularly the mon i toring of the layer thicknesses) and

associated optical tests to confirm the success of the monitoring, and to

evaluate the refractive indices and absorption of the layers. Repeatability

of refractive index was very important , of course. The main criterion

was the performance of the coated solar cells.

22
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These chamber conditions which influence coating properties include

variables such as the degree of vacuum obtained (i.e., the lowest

pressure required), the type and pressure of the background gas introduc~-d

into the chamber , and the temperature mainta i ned at the cells while they

are coated. There are also other possible variables , inc l uding the possi-

bility of outgassing from the chamber components (especially the source

used for the layer materials) and the rate of deposition of the l ayers.

The goal of this contract was to determine repeatabl e processes wherein

these variables were controlled to yield the required l ayer properties.

The combination of experimental coating evaporators , and a manufacturing

level coater at PED provided good estimates of possibl e difficulties

in scaling-up the MLAR coating processes. A most important factor in

coating application , is the “run-off” or maximum variation of coating

properties obtained for samples of various locations in the chamber.

Knowledge of the run-off can lead to possible reduction in variations ,

and can serve as a good guide for potential use of processes in a manu-

facturing environment.

These expectations were realized , and for much of the contract the

MLAR coatings which achieved the goals of the contract were applied

under conditions similar to those expected for manufacturing larger

numbers of cells.

In order to provide 2x2cm cells with output higher than 76mW (14~),

several stringent simultaneous restrictions are placed on the photovolta ic

paramete rs:

23
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(1)

The current density of the uncovered cell must be “- 42.5 mA/cm2, and

the active area must exceed 3.76cm2 (94%).

( 2) V
oc

Values above 600niV are required .

(3) CFF

Values above 0.78 are required .

These parameters were interrelated ; for example , if the N+ diffusion

cycle was adjusted to reduce the depth of the diffused layer , the increased

sheet resistance reduced the CFF. If the gridline coverage (or grid

conductivity) was increased to raise CFF, there was chance of reduced

In practice , with careful control of the grid pattern coverage,

bare cells were made wi th > 50mW output; when a MLAR coating was applied ,

the cell output increased to > 76mW. In shipping lot #3, eleven (11) of

the twenty-two (22) MLAR cells shipped had outpu t (uncovered) above 76mW

(14.6%). The general level of output continued to improve (see discussion

on cell shipments in Section IV). Also , as described in Section 111-3

the cell fabrication process was varied in some tests, in attempts to

provide increased compatibility wi th the ESB process.

c. AR Coating Tes ts

The sequence of tests used to optimi ze the coatings was as follows :

24
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1) The separate coating materials were selected on the basis of

their theoretical or earlier-known properties. Possible candidate

materials for the H-layer were Ta205 or for the 1-layer , A1 203,

SiO ,, Zr02 were among the possible materials.

2) Quarter-wave coatings were deposited on quartz and silicon ;

reflectance curves were run , and from these curves , the refractive indices ,

and optical thicknesses could be measured . In some cases the absorotance

could be deduced from the reflectance curves . The coating chamber vari-

ables were varied systematically to approach the theoretical properties ,

the layers were combined and reflectance curves run with both air - and

oil terminated conditions.

3) Next these combined coatings were applied to uncoated cells ,

and comparison of cell output before and after coating showed the effect-

i veness of the coating. As mentioned earlier , evaluation of cell performance

was given prime importance .

4) On analysis of the separate coating l ayers , and of the cell

behavior , i terative tests were run to improve the coating properties .

5) Different coating properties were tried ; e.g., for Ta205,

different evaporation conditions (source materials, background oxygen

pressure etc.) can give a range of refractive index (2.1 to 2.3) and

also varying absorptance. Similar variations could be made in the L-layer

properties.

A special case tested was the variation in substrate (silicon )

temperature during the evaporation of Ti0
~
. Section d below discusses

the results of some of these coating variat ions.
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6) Later in the contract when possible moisture effects were found ,

some additional variations were made of the addition of an intentional

optically thick l ayer of a low-n l ayer such as S102 or MgF2 (see Section V-5) .

d. Results of Some Coating Variations

Severa l different combinations were used to illustrate the methods

used to select the best MLAR coating conditions.

1) For DLAR with the H-layer Ta205 of n ~ 2.2+, and L-layer

Al 203, the thickness of the Ta205 l ayer was varied systematically from

570A to 670A and cell reflectance and I-V measurements made. Afterwards

a l ayer of A1 203 was appl ied , and the same cel l parameters measured .

Cells with three different Ta205 thicknesses (570A, 620A and 670A) are shown

in Figure 12. The reflectance versus wavelength curves are shown for

Ta 205 and Ta205 plus A1 203, Also Table 1 shows the AMO ‘Sc values

(including long wavelength and short wavelength contributions) before

and after the addition of the L-layer. The results show that the thinner

l ayers of Ta205 (nearer to the theoretical values) were slightly better. 4

2) A test similar to 1) wherein S iO  (n ‘~ 1.9 , thickness ~ 750A)

was applied over Ta205. In this case the DLAR reduced the cell ‘sc
below its QWAR value (Table 2); despite some increase in long wavelength

response (caused by reduced reflectance) the predominant effect was severe

reduction in short wavelength response, probably from absorption in the

SiO l ayer.

26
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TABLE 1

AMO VALUES FOR THREE CELLS , WITH QWAR

COATiNG OF Ta205, AND LATER WITH DLAR COATING

Cell * AR Thickness Isc Change Long \ Change Short )~ Change
_________ 

(A~________ 
(mA ) (%) (mA ) (%) (mA) 

— 
(%)

_______  

Ta205 A1203 
_____ _______  _______  ______ ________  ________

14 570 — — —  307 172.4 135
570 860 323.1 +5.2 189.6 +9.9 133.1 —1.5

9 620 — — —  311.6 177 135.1
620 860 322.1 +3.3 188 +6.2 134.6 -0.4

11 670 ——— 309.5 178.5 131.3
670 860 316.8 +2.3 184.6 +3~4 134.1 +2.1
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TABLE 2

AMO ‘Sc VALUES FOR CELLS WITH Ta 205 COVERED BY SiO

Cell.  * AR Thickness Isc Change Long , Change Shor t ).. Change
__________ U __________ 

(mA ) (%) (mA) _________ 
( m i )  (%)

_____ 

Ta 205 
- 

SiO 
_____ _______ _______ ______ ________ ________

1 600 — — —  311 173.5  137.1
600 750 305 —2 187.6 +8 117.5 —14.5

6 600 -—- 308.6 176.6 132.6
600 750 295.2 —4.5 183.2 +3.8 112.8 —15

18 600 --— 314.2 184.2 130.4

600 750 300.6 — 4 . 5  186.6 +1.3 114.5 -12 .2

I
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3) in another series of tests, various A1 203 l ayer thicknesses

between 760 and 1O25A were applied over Ta2O5-coated cells. These

A1 203 l ayers were deposited without substrate heating , or high background

pressure of oxygen , and although they had adequately reduced reflectance ,

their absorpiton reduced ‘sc Figure 13 shows the variation in ‘Sc as

a function of A1 203 thicknesses , with corresponding curves for the changes

in long and short wavelengths . Al so shown underneath are the reflectance

values and wavelength positions of the two minima in the R-A plot for air

termi nation .

4) Another test was run to deposit Ti0~ at higher substrate

temperatures (250, 300, 350 and 400°C) in attempts to increase the refractive

index of TiO,~ used as the H-layer . A high n-value was obtained but these

tests were discontinued because the combination of these high temperatures

and the relatively high background pressure of oxygen during evaporation

caused degradation in the coated cell characteristic s , apparently from

contact deterioration . As the substrate temperature was increased ,

the four cell groups showed serious CIF losses (0/4 at 250°C, 1/4 at 300°C,

2/4 at 350°C and 4/4 at 400°C). Thus this did not appear a promising

approach to attempt to improve the normal H-L coating stack because the

potential cell losses from CFF reduction were much larger then the sought-

for gain.

e. Cover Tests

Section 1II-2a discussed the theoretical model wherein the MLAR

layers were designed wi th the assumption that the coating stack was ter-

minated in a dielectric of refractive index around 1.45-1.55 (corresponding

30
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to the usual practical cases for an adhesively-bonded cover). Thus ,

the evaluation of the MLAR coated cells included sample readings of

the changes in cell output after a cover was applied . In these tests

either fused silica covers with a 35Onm cut-on filter , were used , with

amy l alcohol used as the analog for the adhesive layer; or 7070 slides

were tested with an oil with n ~ 1.52 , simulating the ES bonding process.

As a check on the validity of these “wet tests” , some cells had a cover

applied by this wet test, and later the cover was bonded with a cured

adhesive l ayer. The output after covering gave good agreement for the

two methods.

When designed for an interface with adhesive or oil (n ‘
~~

. 1.45) a

successfu l MLAR coating would give the maximum cell output when covered .

As shown in Figures 7(a) and 7(b) there are relatively large reflectance

differences between the air- and oil-terminated cases in the theoretical

curves.

In addition to the close control of l ayer properties required during

MLAR deposition , the main variations were in the absorption in the various

l ayers. Often a practical tradeoff involved reduction of absorption

even if the cover gain was not close to zero.

Therefore because the cell output was the determining criterion ,

estimates of cover gains were made , to ensure that realistic power outputs

could be estimated for cells covered by ES bonded covers. The results

given in the various shipments show that for good MLAR coated cells , the

increase in power output after covering was generally between 1 and 2%

although values as low as zero, and as high as 4% were obtained . Of

32
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most practical use was the ac tual power output after covering , because

this output included gains follow ing application of the coating, and

the cover.

Heat Treatments

For all high efficiency silicon cells a heat treatment is usuall y

required for severa l reasons , including reduction of contact resistance ,

improved adhesion of contacts to silicon , and improved adhesion and optical

properties of the AR coating. In the present program , despite careful

contro l of deposition conditions It was generally fouri advantageous to

add a heat treatment after the MIAR was appli ed ; th is heating, ira addition

to Improving coating adhesion and resistance to moisture attack also

reduced the absorption in the mult ilayers . The coating deposition itself

included a modest heat-cycle (up to 250°C) but often combined with a

relatively high background oxygen pressure (‘~ 10~~ Torr). This latter

heat cycle had adverse effects on some of the contact structures used.

Therefore the best procedure Involved .

1) A moderate heat treatment (500°C - 5 mInutes in H2 ) of the

contacts before AR coatin g; this  HI was usefu l both for improving contact

adhesion , and also for reducing contact resistance sufficiently to allow

uncoated cells to be selected above a minimum electrical output (typically

50mw ) . Also this HI of the bare cell gave a reliable baseline output

from which true coating gains could be measured .

2) MaintainIng the HI (250°C - 45 mInutes) during coating .

3) An additional HT like (1).
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Some of the optical measurements made on the separate coating

layers showed that post-evaporation heat treatment had opposi te effects

on the mult ilayers. For example, HI of the H-layer (first applied )

often increased the absorption , whereas HT of the L-layer could reduce

absorption -in this layer. These opposed effects led to some confusion

in eva luating tests of HI schedules . Typical results obtained in I-lI

tests are shown in Tables 3 and 4. In Table 3 the opposed changes in

short and l ong wavelengths can be seen. In Table 4 HI effects on

various MLAR coated cells are shown ; the results showed more dependence

on contact variations than AR coating differences. Also the direction

of change after HT did not favor breaking the evaporation sequence between

layers and performing separate HT on each layer , because the H-layer

is always present when the L-layer is heated . Therefore the compromise

HI shown in 3) above was selected , and the results obtained towards the

contract end showed that residual absorption could be reduced to a

satisfactory level.

The HI scheduled used to make the cel l also have impact on the ESB

compatibi lity . The ideal cell HI would maximize output for the coated

cell and would provide a built-in capability to withstand the full ESB

conditions. A less favorable HT would maximize cell output , and would

still remain below the threshold for failure when subjected to ES bonding.

Preliminary ESB tests showed that cells with high output did not with-

stand the additional HT required for ES bonding . At present , it appears

that this failure mechanism was mostly from contact interaction , and it

seems reasonable that improvements in the contact choice and structures

will allow the severa l heat treatments needed to ES bond a cover to the

-
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TABLE 3

HI (500°C - 5 MINUTES - H2 ) TEST ON DIAR CELLS
(Ta205 - WITH VARYING THICKNESS OF A1 203)

Ta205 A1203 Before (B)  Isc % Long ).. % 3hort
Thickness Th ickness or Af te r  (A ) (mA ) (mA ) (mA )

( A )  ( A ) _ HT 
_ _ _- _ _ _  _ _ _ _  _ _ _  _ _ _ _  - _ _ _ _

600 750 B 319.4 188.4 131.4
A 311.2 —2.5 184.4 —2.2 127.2 3.2

600 900 B 315.8 183.7 132.5
A 318.1 +0.7 185.6 +1 133 +0.4

600 900 B 319 186.5 133
A 316.4 — 1 187.4 +C.4 129.3 2.8

600 930 B 301.3 177.2 124.6
A 297.8 —1.2 177.7 +0.3 120 -3.7

600 950 B 311.5 182.3 129.4
A 312.4 +0.3 184.6 +1.2 127.8 -1.2

600 1000 B 311.3 182 129.7
A 311.2 —0— 183.3 +0.7 128.3 -1.0

600 1025 B 315.5 184.6 131.6
A 315 -0.2 186 +0.8 128 -2.7
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ce ll . This contact problem (as mentioned in Sections V I and V II below)

was identified as the most urgent area for future study .

g. ConElents on AR Coatings

The situation with the AR coating studies performed can be

suninarized as follows :

1) Successful deposition techniques were identified and developed

to apply HLAR coatings with good coating gain (> 1.48) to bare cells

of good output; this coating could be performed under production-type

conditions.

2) The deposition and post-deposition heat treatments maintained

good cell output.

3) The AR coatings appeared to have good environmenta l performance

(sometimes with slight attack by moisture) and 7070 covers could be

ES bonded directly to the coating .

4) The cell output still increased “~ 1-2% when a cover was applied .

5) In addition to decreased reflectance over most of the spectral

range of interest (see Figure 7(a)), the reflectance at shorter wave-

lengths (below 450nm) was also decreased , and additional cel l output in

this spectral range leads to increased resistance of cell output to charged

particle radiation damage .

3. Electrostatic Bonding (ESB) Compatibility Tests

In addition to providing potentially space-worthy cells of high

output with MLAR coating , the cont ract was directed towards Including
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the capability of providing a stress-free integral cover by ES bonding .

For successful combination with the ESB process, severa l guidelines were

availabl e at the beginning of the contract. These guidelines were:

1) The grid structure should have fairly low projection above

the cell surface (< 2pm) to allow conforming of the cover with the grid-

line after bonding .

2) There should be minimum stray metal between gridlines again to

ensure good area coverage.

3) The cel l must retain high active area , and good CFF , thus

restricting the range of tradeoffs available from altering the grid pattern .

4) The cell should maintain high output after the heating cycle

requ i red for ES bonding . These requirements will be discussed in turn .

a. Low Grid Contact Profile

The limit quoted above (“..‘ 2pm) was altered during the contract

period , because SPIRE improved their ESB technology . These improvements

increased the pressure applied to the cover during bonding, and thus aided

deformation of the cover over surface protrusions such as the contacts.

This addition reduced the need to try and place grooves in the covers to

allow the cover to be placed over the contacts , and yet provide close

approach of the cell and cover surfaces for good ES bonding . In addition

the lower deformation possibility reduced the harmful effects arising f rom

stray metal between the required pattern .

39
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However , although the added pressure helped to deform the cover ,

the temperature-time cycle needed was still severe; thus if the grid height

was too high , even with pressure and high voltage applied to the cover ,

a fairly severe heating schedule was required to complete a satisfactory

bond . Thus high grid profiles still posed probelms . Several methods for

reducing the profile were tried during the contract , as follows :

1) One way to reduce grid profiles is to decrease the grid spacing

(i.e., more lines/cm) while maintaining narrower lines , to help achieve

adequate active area. Some cells of this type were delivered in shipping

lot #3, but already they showed that there was difficulty in main taining

both the active area and curve fill factor necessary to meet the contract

goals.

Analysis of the grid pattern resistance shows the difficul ty in trade-

offs involved .

Consider cell and grid pattern of dimensions shown in Figure 14. The

combined grid pattern losses can be expressed as a fraction of the load

resistance for maximum power output of the cell. This load resistance
V

= 0.9 
~~~~~~ 

= 0 .9Z . R0, r0 are used to designate the sheet resistances of the

surface l ayer and grid metals, respectively. The fractional additive loss

terms for the grid pattern are :

R0d2 r0 Bd W
8BL ( O. 9Z) + 2WL(O . 9Z) + (1)

1~
SHEET

RES I STANCE
TE RM t

GRIDLINE
RESI STANCE

TER M
SHADOWING

TER M
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Explanation of Symbols

W = Gridline width
d = Grid to grid spacing
L ,B = Length , width of cell
n No. of grids =~-

Figure 14: Cell and Grid Dimensions
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We assumed d the grid spacing was chosen small enough to reduce the sheet

resistance term to a low value , in practice requiring d < 0.15cm . The

rema in ing two terms can be written as:

K~~~~B d ~~~~W
t L W d+W

where K = 
l.8Z

and p = resistivity of the gridl i ne metals.

t = height of the gridline .

For a satisfactorily low d-value , W must also be reduced to keep the shadow

losses low , i.e., ~- must be reduced . In the first term in (2), a l ow

ratio will increase the gridline resistance losses , as will a low value

of t (low profile lines).

2) Another way to reduce t is by alteration of the cell shape , in

particular by increase of i.e., using a longer , narrower slice. At

present , however, the contract goal of 2x2cm cells was retained and thus

geometrical cell shape cannot be used to reduce grid height.

3) Another way to reduce grid height -is to decrease p, the resistivity

of the grid metals. Some attempts were made to design a means of applying a

lateral electric field to the cell while depositing gridlines , but this

was difficult and not pursued. An alternate method not fully explored

either , involves replacing the electro-plated silver used mostly during

this contract wi th evaporated silver , which could have reduced p. This

would have meant developing a different method for applying the gridlines ,

and was not pursued , particularly since mid contract Indications were that

the deformation possibility had reduced the emphasis on low grid profile .,
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later in the contract it was realized that the higher profile increased

the heating conditions required , with additional chance of degradation from

contact interactions ( see Section III-3c).

4) Another method to reduce the grid profile is to form

grooves in the cell , and to l ocate the grids in these grooves . This

approach was successfully demonstrated (some cells made this way were

delivered with the final shipment) but it introduced several complications

in cel l processing. The groove patterns were readily made using photomasks

similar to those used to form the grid contact pattern . However, it proved

very difficult to realign the grid mask over the groove pattern . Small

differences in the masks used led to some parts of the contact area not

being fully placed in the grooves. Attempts to make extra large grooves

led to a larger fraction of the area being non flat and therefore offset

one of the main advantages of the cells made in the contract, namely over

90% flat area for bonding.

In addition slight variations in the alignment of the slice (particularly

small rotations) gave lack of registration of all the fine gridlines. This

difficu lty in registration led to long times spent trying to register

th~ --ds in the grooves, and did not appear suited to a pilot production

proce~- . Some work was spent on modifications to the grooved contact

ap proac h , one where self-registration of the grids was attempted (this

was difficult); another in which deeper diffused N+ regions were formed

In the grooves, to provide dual resistance to degradation during ES bonding,

name ly both zero projection of lines above the surface, an d reduced

chance of adverse contact interaction with the shallow diffused layer
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needed for the main PN junction . The grooved cells shipped in shipping

lot #5 were of this type.

Note: As mentioned above , some of the impetus to develop all four

low profile approaches further was removed by improvements in the ESB

techniques.

b. Removal of Stray Metal - 

-

When stray metal was ident ified as a major problem in earlier ESB

tests , severa l changes were made in cel l processing . The stray metal

arose m a i n l y  from photomask imperfections , w h i c h  led to meta l depos i t i on

in  these “unwanted” areas . Often the stray metal deposits were not

easily visible until after the electroplating step used to increase the

gridl ine conductivity . Also the fixturing used in this plating step

could lead to enhanced stray metal areas. Two main approaches were used ,

namely careful selection and handling of photomasks to minimize the leakage ,

sometimes suppliemented by the use of a coarser line mask closely spaced

to the main mask , thus reducing leakage by the statistical reduction of the

chance of co inc iden t  leakage areas on the two mas ks, and by pro tec t ion  of

the fine line mask. Another method tested was the use of a coarser line

shadow mask which blocked out much of the inter-grid area during evaporation

of the contact metals.

Also some of the grooved contact schemes showed promise in reducing

the stray metal. As was the case for the low profile tests , the later ESB

technology with its deformation possibilities reduced the need to avoid

t h i s  leakage, however , to ensure highest active area, and for schemes
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where various protective layers were deposited under the gridlines it

was advisable to minimize this leakage , and c e l l s  ma de la ter i n the cont rac t

generally showed reduced leakage.

c. Increased High Temperature Contacts

W ith both the earlier and later ESB technology it ‘.~ppeared that [SB

compatibil ity would be good if the cell contact structure could comfortab l y

survive heating to -‘-- 600°C for 5 to 15 minutes. Early ESB tests showed

that an additional factor in cell degradation was the atmosphere (laryely

N2 ) used in the ESB process while this NT was performed. Later [SB tests

were performed in vacuo , or in an improved inert atmosphere ; nevertheless ,

the typical cells shipped in shipping lot #4 degraded in ES bonding tests.

Two main approaches were tried to increase high temperature capabi l i ty .  - .5

I) The use of various buffer layers under the grid contacts.

Buffer layers tried were the phosphorosi l icate glass remaining after

diffusion , a thin layer of Ta205 or SW , or a deeper N+ l ayer under the

grids. The cells made wi th the dielectric l ayers had good high temperature

capability , but i t  proved very difficult to find an adequate FIT which cou -~

lead to the high CFF (> 0.77) needed to meet the contract goals. Also

the use of the deep N+ l ayer involved an additional higher temperature

diffusion step, and in some cases reduced the active area which had only

the shallow P1+ laye” the ‘Sc falls rapidly as the N+ l ayer depth is

~ncreased). Desp te these difficulties , if future work is performeo Dn

‘niproved high temperatur~ contacts , the?e buffer l ayers are st~~ worthy

“ consideration .

_________ .5 
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2) Use of different meta l combinations . These tests mainly varied

the met als  used , to attempt to minimize degradat ion after HI. These high

output ce l ls  generally require at least two meta ls , one to p rov ide  good

adhesion and low contact resistance to the si licon , the other to provide

high line conductivity . In addition , Pd is often added to provide improved

moisture resistance. Although most of the meta ls used in t~.ese tests were

of high purity , no systematic tests was made of the effect of varying purity

on the degradat ion .

Choice of diffe rent bonding metals often combined attempts to provide

a bu f f e r  l ayer to m i n i m ize solid s tate in t e r d i f f u s i o n  of the con tact me ta l s

and sil icon . For the grid contacts , the bond ing  meta ls most used were

t i t a n i u m, tanta lum or chromium ; in some cases tanta lum was used in addition

to the other two . A lso palladium was sometimes included while the conducting

metal used was mostly si lver , although a few cell s used gold in a d d i t i o n  to

silver . Thus front contact combinations test ed included Ta-Ti-Pd-Ag ,

Ia-Cr--Au-Ag , Ti-Pd- Ag, Cr-Pd-Ag , Cr-Ag , Ti- Ag and Ta-Ag ; these combinations

were a lso  eva luated in te rms of the ir overa ll effect iveness at prov id ing

a fine line grid struct ure with good processing properties. Examination

of the cell s shipped show s that severa l of these combina t ions  were submitted .

The HI tests d id  not show that any clearly super ior com b i n a t i o n  had been

found . It must also be realised that wi th these metal layers , many cross-

interactions are possible , and the literature abounds with descriptions

of these phenomena . Also the deposition conditions can cause variations

in behavior under HI, and clearly with the many combinations possible ,

many chances for variations exist.
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The back contacts used were mainl y T i-Pd-Ag or Cr-Pd-Ag and at prI~’~en t

the back contact is not considered the prime cause of cel l degra lation .

However , in future work the effects occurlnq at both front and back surt ate s

of the cel ls must be separately identified .

Again as discussed above , the achievement of l ower grid profi les proved

to be beneficial to good [SB compatibi lity mainly because the HI cych’

needed for good bonding was less severe . The suggestions for future

work on [SB compatibility and the associate chance of increased hardness

to laser irradation include additional work on studying various metal

com binations and deposition methods , in addition to tests on lower pro f i les

and buffer layers.

d. ES Bonding to the MLAR Layers

SPIRE ’s work has shown good bonding to AR coatings of SiO and la .,01

(formed In severa l different ways) but not to CeO2. Therefore it is

necessary to test new AR coating methods to ensure that a good ES bond i s

poss ible. Most of the MLAR coatings involved A l 203 as the outer surface

layer and early reports from both the Air Force and SPIRL Indic ated ‘w

problem in bonding 7070 glass to this layer. Some of the mois ture res i s tanc e

tests on the MLAR coatings (see Section V) involved additional outer

coatings of S102 or Mgi 2 ; If such layers are used in future ce l ls ,  or if

different outer layers are used (such as Zr0 2 ) a preliminary test of 1S

bonding shou ld be run to ensure that the bonding mechanism is st i l l

effective .
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SECT I OtI  IV

CELLS SHIPPED

During the contract severa l shipments of cells (~ 100 cel ls ) were

made to demonstrate the various tests performed . At the end of the

contract 100 cells were delivered . Details of the various shipments

are given in the following tables; some notes on the shipments are also

i n c l u d e d .

1. First Shi pment (See Table 5)

Twenty (20) 2x2cm cells were delivered to demonstrate the state-

of-the-art. Twel ve (12) of these cells had conventional diffusion and

gridding , six (6) being coated with Ta205, the other six (6) with MIAR

coating. The other eight (8) cells had violet cell diffusion and

gridding; four (4) had Ta205 coating, the other four (4) had MLAR coating.

The MLAR-coated cells were around 3% higher in short circuit current density

than the corresponding Ta 205-coated cells. However , t h i s  advan tage  w ou ld

F , be decreased on cover ing , because the Ta205 cell increase by 2-3%, whereas

the output of cel ls with MLAR coating shows only small changes on covering.

The V0~ values were satisfactory . Overall the output of the best cells

was about 7.5% below the contract goal. About one-third of the deficit

(2-5% ) could be traced to low CFF , possibly from inadequate grid formation.

The remaining losses (
~ 5%) were mainly in ‘Sc ’ and of this perhaps 2.5~

resulted from less active area than optimum , and the remaining 2 5~ was

lost in the MLAR coating.
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TABLE 5

FIRST CELL SHIPMENT

TEST CONDITIONS: AMC , set with Bi violet cell #104 ,
cells at 24°C, cells 2x2cm

Voc Isc P500 CFF
Cell No. 

(my) (mA) (mW ) 
_____  

Comments

988 - 1. 598 144.3 67.6 .78 Conventional Diffusion
2 595 143.9 63.1 .73 Ta205 AR
3 597 145.5 62.3 .71
4 605 146.1 67.3 .76
5 600 140.5 66.7 .79
6 600 143.2 67.9 .79 

________________________

7 602 149.1 70.4 .78 Conventiona l Diffusion
8 602 149.8 70.8 .78 MIA R
9 600 148.8 70.6 .78
10 598 147.2 69.6 .79
11 599 144.1 68.5 .79
12 599 145.0 66.9 .77 __________________________

13 601 150.4 71.4 .78 Violet Cell Ta205 AR
14 601 150.0 71.6 .79
15 597 148.6 68.4 .77
16 603 148~~~ 68.3 ~.76 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

17 604 156.8 73.9 .78 Violet Cell M1.AR
18 605 156.2 72.8 .77
19 604 156.8 73.2 .77
20 603 156.0 72.3 .77 _________________________

49

.5 
-,

~~~~~~ 
c~~ . -~ 

- - -



2 . Second Shipment (See Table 6)

Around twenty (2 0 ) cells were shipped . They included a few control

cells wi th Ta205 coating, some conventional cells with MLAR coating , and the

rest were v iolet c e l l s  w i t h  MLAR coating variations .

There were four different coating combinations (high index Ta205,

medium index Ta205 plus Al 203, high index Ta205 plus A1 203, and high index

IiO~ plus A1203. The best power output achieved was “. 74mW , and with the

cover ga in  measured , this should increase to ~ 76mW.

These shipped samples were not visually good , because of some contact

def ic i enc ies , and a lso because the cell  processing used gave partial

attack of some of the MLAR coatings.

3. Third Shipment (See Tables 7 and 8)

Twenty-six (26) cells were shipped . Three different coatings were

used (T iO x _Al 2O3i Ta 205-Al 203, and for control Ta 205). Also three different

front contact metal combinations were used , with two different back contact

stacks.

This group included mostly cells with 10 gridlines per centimeter ,

but cells with 20 and 40 lines per centimeter were included to show the

tradeoffs involved in the low profile tests.

Table 8 gives the electrical resul ts  obtained on the cells. Severa l

combinat ions  of ‘Sc’ V0~ and CFF can be seen ; for example , the highest

‘Sc va lues are often assoc iated w ith s li ghtly reduced CEF values . Sever al

of these cells approached the contract goal of 81mW (15%).

50
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TABLE 6
SECOND CELL SH IPMENT

TEST COND IT iONS: AMO, set wi th BF v iolet cell # 104 ,
cells at 25°C , cel ls 2x2cm.

Cell No. Front Contact AR Layer * AR Voc Isc CFF Pm Cover
Configuration #1 Layer (my ) (mA ) (mW ) Gain

_ _ _ _ _ _  _ _ _ _ _  _ _ _ _  _ _#2 _ _ _ _  _ _ _  _ _ _  
(%)

988 - 21 20 Lines Ta205 (H )  --- 601 144.1 .78 68.4
22 + Bar Contact “ --- 600 151.5 .78 70.8 3.4
23 “ — —— 597 146.2 .77~ 67.7
24 “ --- 601 149.8 .78 70.5 4.8

25 8 Wide Lines Ta205 (M )  Al203 596 148.9 .735 6 5 . 3
26 + Wide Bar “ “ 599 148.6 .76~ 68.2 1.0
27 “ “ 598 147.0 .775 68.3 0.6
28 “ 592 146.1 .79 68.2

29 20 Lines Ta2 05 ( H )  A 1203 602 154.9 .785 73.4 1.9
30 + Bar Contact “ “ 606 156.1 .78~ 74.3 1.5
31 “ 606 152.8 .79 73.2 2 . 0
32 “ “ 604 156.8 .77 73.1
33 “ 606 154.4 .78~ 73.7 1.7
34 ~

‘ 604 152. 7 .78 7 2 . 3
35 “ “ 603 155.3 .78 73.4  1 .9
36 ‘. “ 608 151.7 .77~ 71.7 1 .8
37 ‘ 602 152.8 .78 71.8

38 20 Lines TiOx (H )  A1 203 604 1 6 2 . 3  .72 5 7 1 . 1  1 . 7
39 + Pads “ “ 603 160.9 .76~ 74. 2 2 . 2

40 20 Lines TiOx (H) A120~ 600 150.7 .79 71.6 3 . 1
41 + Bar Contact ‘ “ 602 147.6 .78~ 70. 0 2 . 9

~1!, M refer to high , mediu m refract ive index.
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TABLE 7

THIRD S H I P P I N G  LOT

CELL DETAILS

Cell * AR Coating Contact Metals Grid/cm
__________  ________________  Front Back 

____________

988 - 42 T1O~ 
- A1203 a c 10

43 “ a o 10
44 “ a c 10
45 a c 10
46 “ a c 10
47 “ a C 10
48 a c 10
49 “ a c 10
50 “ a c 10
51 “ a c 10
52 “ a c 10
53 “ a c 10
54 b Pd-Ag 10
55 ‘I a c 10
56 “ b c 10
57 Ta~05 - A1203 d d 10
58 “ d d 10
59 Ta205 d d 10
60 Ta205 - A1203 d d 10
61 Ta205 d d 10
62 Ta205 - A1203 d d 10
63 Ta205 - A1203 d d 10
64 Ta205 d d 10
65 Ta205 - A1203 d d 20
66 Ta205 d d 40
67 Ta205 - A1203 d d 40

Notes: (a) - Ta-Cr-Au-Ag
(b) - Ta-Ti-Pd-Ag
(c) - Cr-Pd-Ag
(d) - Cr-Au-Ag
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TABLE 8

T H I R D  S H I P P I N G  LOT

I-V MEASUREMENTS

TEST C O N D I T I O N S :  AMO , set with BF violet cell #104 ,
cells at 25°C , cells 2x2cm

* Voc Isc Tu Xe I 
00 

P Pm CFF
____ 

(my) (mA ) (mA ) Jmh) ~ 500 (mW ) 
_________

42 600 164 96 67 148 74 73.6 .76
43 605 166 93 72 153.5 76.7 76.5 .76
44 605 163 95 68 149 74.5 74.2 .753
45 602 160 92 69 152.5 76.2 76.5 .80
46 602 164 95 71 149 74.5 74.4 .75
47 605 160 91 69 151.5 75.7 74.4 .756
48 610 160 92 69 154 77 78 .80
49 615 165 94 72 158 79 78.8 •~~~650 610 164 93 69 154 77 77.8 .787
51 610 166 96 71 156 78 77.8 .77
52 610 160 92 69 151 75.5 75.2 .77
53 605 167 95 72 152 76 76.2 .75~
54 605 161 94 69 152 76 76.7 .788
55 607 161 92 70 152 76 75.2 .77
56 610 165 95 71 158 79 79.8 .79
57 610 160 98 63 155 77.5 78.5 .804
58 610 158 96 63 151 75.5 75.7 .785
59 605 153 88 65 143.5 71.7 72.4 .78
60 605 164 100 66 153 76.5 76.8 .769
61 602 155 88 68 142 71 70.8 .759
62 610 160 96 65 138 69 71.2 .73
63 610 163 99 63 148 74 73.8 •~~~264 607 154 90 64 140 70 69.8 .746
65 600 155 93 62 146 73 73.4 .79
66 600 147.5 84 64 136 68 67.9 .767
67 600 148.5 90 69 140 70 70 .786
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4. Fourth Shipment (See Table 9)

Twenty-seven (27) cells were delivered , twel ve (12) to SPIRE for

ESB tests, the other fifteen (15) to the Air Force. Because some cells

were sli ght li oversize , Pm values corrected to 4cm2 have been included .

All the cell s had TiO
~
_A l

2O3 AR coatings.

5. Fifth Shipment - Final Shipment (See Tables 10 and 11 )

This shipment included :

100 - 2x2cm2 cells

4 - 2x4cm~ to show the output for the large cells

4 - Grooved cells

A curve showing the Pmax distribution of the 100 cells is given in

Figure 15.

The average coating gain was 1.45 ± .01; with the measured cover gain , j
the overall covered ratio was 1.47 ± .01 .

6. Yield for Shipping Lots #4 and #5

These lots comprised 135 cells. They were selected as follows :

The starting slices were processed to give uncoated cells and I-V

measurements were used to screen out all cells wi th output below 50mW.

Those wi th output above 50mW were visually checked and then coated with

MIAR layers. The cells were then remeasured and cells > 74mW and with

good visual appearance were shipped .
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TABLE 9

FOUR TH SH IPP ING LOT

CE LL DETAILS

TES T CONDITIONS: AMO , measured with BF violet cell #104,
cell temperature 25°C, cells 2x2cm

Cell No. Voc Isc Pm Pm~ Cover Gain
_ _ _ _ _ _ _ _ _  

(my) (jnA ) (m W) (znW ) (%) 
—

988 - 68 610 164.5 77.9 76.5 +2
69 612 158.9 77.1 76.6 +0.6
70 610 162.5 78 76 +2.6
71 608 160.1 76.2 74
72 610 159.5 75.6 73.8
73 610 162.3 77.3 75.7
74 609 158.6 76.2 74.9
75 609 160.2 77.7 76.4
76 610 163.4 77.6 75.6
77 611 158.3 75.8 75
78 609 154.6 74.8 72.8
79 611 159.9 74.8 74.4 

_____________

80 611 158.9 76.1 75.8 0.6 - :
81 610 160.2 76.5 74.3
82 605 161.0 76.4 74.4
83 607 161.4 75.7 73.3
84 610 159.1 75.4 73.4 4 -
85 605 161 74.6 75.9
86 612 161.3 77.8 75.7 0.5
87 610 162.4 75.7 75.6
88 611 158.0 76.3 74.2
89 609 165.4 78.0 75.9
90 610 162.0 78.7 76.6
91 613 164.1 76.7 75.1
92 607 158.3 76.4 74.8
93 604 159.1 75 72.9 I;
94 608 161.7 77.3 74.8

*Corrected to 4cm2
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The approximate yield can be seen by the following numbers :

No. of starting sl ices 650 (100%)

Visual Rej ects 75 (11.5%)

Electrical Rejects 440 (67.5%)

Good Cells 135 (21%)

The highest losses are from the electrical yield of the uncoated 
.5

cells. The MLAR coating process itself had high yield.

Some individual lots were better, giving an overall shippabl e yield

from starting slices of 42%, which corresponded to over 50% electrical

yield in these lots .
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TABLE 10

FINAL SH IPMENT —

( 100 CEL LS)

TEST CONDITIONS:  AMO , measured with BF violet cell #104 ,
cel ls at 25°C , cells 2x2cm

Cell No . Voc Isc Pm Pm* Pm~
_ _ _ _ _ _ _ _ _ _ _  (my) (mA ) (mW ) (mW) (mW )

988 -. 95 609 163 78 76.3 77.4
96 608 155.6 76 75.5 76.7
97 608 156.9 75.5 74.5 75.6
98 610 155 76.2 75.3 76.4
99 606 158.1 76.5 76.2 77.3

100 604 161.7 77.3 75.3 76.4
101 604 160.3 75.8 75.8 76.9
102 607 160 76.5 74.2 75.3
103 608 156.8 76 74.8 75.9
104 611 158.7 76.8 75.9 77
105 610 165.0 78.7 76.7 77.9
106 609 160.2 78.1 77.2 78.3
107 607 155.9 75.6 74.8 75.9
108 606 158.7 76.9 74.4 75.5
109 602 159 76.1 75.3 76.5
110 608 157.3 75.1 74.3 75.5
111 609 160.4 76.1 73.7 74.8
112 610 153.9 74.8 74 75.1
113 604 159.2 76 76.8 77.9
114 601 160 76.1 75.5 76.6
115 606 161 77.1 74.8 75.9
116 607 155.8 75.1 74.6 75.7
117 605 155.7 75.2 74.8 75.9
118 603 161.2 75.8 75.7 76.9
119 604 163.5 77.2 75.5 76.6

* Corrected to 4~~ 2 area .
0 Further corrected for 1.5% cover ga in.
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TABLE 10 (Continued )

F IN A L SHIPM ENT

(100 CELLS)

TEST CONDITIONS : AMO , measured with BF violet cell #104 ,
cel ls at 25°C , cells 2x2cm

Cell No . Voc Isc Pin ?m* Pm~
_ _ _ _ _ _ _ _ _ _  

(mV) (mA) (mW ) (mW ) (inW )

988 — 120 609 155.3 75.7 74.9 76
121 605 155.9 75.5 73.1 74.2
122 601 159 76.1 73.7 74.2
123 603 157.5 76 75.3 76.4
124 602 162.2 76.7 74.9 76
125 609 160 76.6 76.3 77.4
126 606 161 75.5 74.6 75.7
127 603 161.5 75.7 73.3 74.4
128 606 161.2 75 72.5 73.6
129 604 163.1 74.5
130 607 163.5 74.8 72.2 73.3
131 612 158.5 75 75 76.1
132 609 163.7 76.5 74.9 76
133 609 158.8 74.6 75.3 76.5
134 605 164.5 77.8 77.3 78.5
135 606 168.8 80.8 78.6 79.8
136 607 158 74.6 74.2 75.3
137 607 156.6 74.2 74.2 75.3
138 606 156.6 74.6 74.5 75.6
139 605 158.5 75.2 74 75.1
140 610 163.7 76.5 75.5 76.6
141 609 159.7 75.5 76.5 77.6
142 607 161.4 78 76.1 77.2
143 603 162.5 75.7 74.6 75.8
144 603 159.9 76 75.6 77.9

* Corrected to 4cm2 area .
0 Further corrected for 1.5% cover gain .
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TABLE 10 (Continued)

FINAL SHIPMENT
(100 CELLS)

TEST CONDITIONS : AMO , measured with BF violet cell #104 ,
c e l l s  at 25°C , c e l l s  2x2cm

Cell No. Voc Isc Pm Pm* Pm5”
_ _ _ _ _ _ _ _ _ _  

(my) (mA ) J~wj (mW ) (mW)

988 — 145 600 163.5 75 72.8 73.9
146 606 167.7 75.5 72.8 73.9
147 608 162.9 74.2 72 73.1
148 612 159.3 77.5 77.1 78.2
149 609 160.7 75.8 73.7 74.8
150 604 162.3 74.5 73 74.1
151 601 162.5 74.5 72.8 73.9
152 609 163 78.2 76.1 77.2
153 608 160.4 75.1 74.3 75.4
154 608 161.5 74.1 73.1 74.2
155 608 161.5 76.6 75.5 76.6
156 607 158.4 74.5 74 75.1
157 608 158.6 74.8 74.7 75.8
158 604 162.5 75 73.9 75
159 605 158.6 74.5 74.1 75.2
160 606 156.8 74.6 74.6 75.7
161 608 159.1 74.8 72.4 73.5
162 603 162 74.8 72.9 74
163 604 165.1 77.9 77.1 78.2
164 608 168.7 79.7 78.4 79.6
165 607 166.8 79.1 77 78.2
166 605 159.1 74.8 74 75.1
167 606 165.5 77 76.9 78
168 608 162 77.4 76.9 78.1
169 610 165 79.4 77.3 78.4

* Corrected to 4cm2 area.
0 Fur ther corrected for 1.5% cover gain.
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TABLE 10 (Continued )

FIN A L SHIP MENT

(100 CELLS)

TEST CONDITIONS: AMO , measured w ith BF violet cell #104 ,
cel ls at 25 °C , ce lls 2x2cm

Cell No. Voc Isc Pm Pm* Pm~
_ _ _ _ _ _ _ _ _ _  

(mV ) (mA) (iuW ) (mW ) (mW )

988 — 170 606 157.3 75.5 75 76.1
171 605 161.1 75.4 73.1 74.2
172 610 157.6 75.5 73.8 74.9
173 602 158.1 74.2 74.9 76

— 
174 602 160.7 74.7 73.5 74.6
175 607 158.6 75.2 74.1 75.2
176 608 162.8 75.1 73.7 74.8
177 602 158.6 74.9 74.4 75.5
178 607 159.2 76 74.8 75.9
179 606 157.4 74 73.7 74.8
180 608 159.4 74.5 72.3 73.4
181 610 156.5 74.5 72.3 73.4
182 613 164 77.6 75.2 76.3
183 606 160 75.7 75.3 76.4
184 607 159.8 76.5 74.4 75.5
185 611 162 76.1 74.1 75.1
186 613 164.1 77.8 75.6 76.7
187 606 159 76.9 74.8 75.9
188 609 156.7 75 75.8 76.9
189 607 158.7 77.3 75.1 76.3
190 605 160 74.8 73.6 74.7
191 610 163.4 79.4 77.6 78.9
192 607 160 77.3 77.1 78.3
193 609 154.9 75.2 74.8 75.9
194 607 163.9 78.6 — — — —

* Corrected to 4~~ 2 area .
0 Further corrected for 1.5% cover gain.
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TABLE 11

FINAL SHIPPING LOT

TES1 CONDITIONS : AMO , measured with BF viole t cell #104 ,
cell temperature 25°C

___________  
Vpc I sc Pm * Size (cm ) Comments

988 - 196 607 314.7 151.6 To illustrate Larqer
2 x 4 Area Perfo rmance

197 602 322.1 152.8

198 609 327.4 153.6

199 604 315.1 152.0

988 - 200 585 220.8 100.8
2 x 4

201 579 216.9 97.3 No AR

202 593 150.5 68.2 Grooved Contact C a l l s
2 x 2

203 595 160.3 69.5  + AR

* Not corrected for exact area .
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Figure 15: Power Output for Fina l Shipment
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SECT iON V

ENV IRONMENTAL TESTS

1. Contact Adhesion Tests

The contact adhesion was tested using a paralle l gap weldi ng test.

Most of the contact systems tested were weldable. For front surface

con tacts, the average pull strength at which contact failure occurred at

90° pul l anyle was aroun d 120gm. For bac k con tacts as used here the av erage

pull strength was 90gm. For chemically polished backs , the average pull

strength was 350gm. Even at the l owest pull strengths, silicon was removed

In craters. This may be adequate from the viewpoint of technically passing

a contact pull test, but indicates the high stresses which can exist in

these metal sandwiches. The pull strength was increased fivefold when

pulled at 0° to the cell surface.

2. Hea t Treatment Tests

In addition to the tests described in Section III-3f some of the cells

similar to those shipped towards the end of the contract were given various

heat treatments. The results are shown in Table 12.

V0~ 
- The HI in N2 showed severe loss in V0~. In all but one case,

HI in H2 even at 600°C did not degrade V0~.

‘Sc 
- In al l cases , ‘Sc was not affected greatly by the HI.

~5O0 
- The best results were 500°C - 10 minutes in H2, suggesting

that the 500°C - 5 minutes HI was not sufficient to reduce the contact

resistance fully. The HI at 600°C in H2 showed loss of ‘500 partly

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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TABLE 12

HEAT TREATMENT TESTS ON CELLS

UT Conditions Before or Isc Voc 1200 1500
___________________  

After — ______ _____ _____ ________

500°C—5 Min.-H2 B 158 605 158 166
A 160 595 160 139
B 157 600 156 128
A 162 600 162 147

500°C—1O Min.—H2 B 156.5 600 157 142
A 158 590 156 142
B 156 600 156 147
A 156 600 156 147

600°C-S Min .—H 2 B 156 600 156 138
A 158 600 156 128
B 156 600 156 143
A 158 500 146

600°C-lO Min .—H 2 B 156 600 155 142
A 156 340 116
B 158 600 157 145
A 157 590 152 104

600°C—S Mjn..—N2 B 158 605 158 149
A 158 535 149 30
B 157 600 156 143
A 158 540 149 35

600°C—b Min.—N2 B 156 600 156 145
A 156 385 125
B 157 595 156 135
A 156 525 137 20
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because V0~ was decreased , but some additional losses in CFF are seen . The

1500 losses in N 2 were a combination of decreased V0~ and CFF.

Comment - These tests indicate the sensitivity of the cell output

to both the HI temperature-time schedule , but equally important also to

the atmosphere in which the HI is performed . This conclusion has implications

in the ESB compatibility tests, showing the importance of the atmosphere

present while the cells are being bonded .

3. Temperat ure Cycling Tests

Cells subjected to twenty (20) cycles (liquid N2 to boiling water)

showed little or no degradation .

4. Humidity Tests

Ten (1 0) cells were run at 65°C , > 95% relative humidity for 30 days.

The elec tr ical resul ts before an d after the test are shown in Ta ble 13 .

Voc 
- There was no sign i f ican t chan ge in Voc observed except for

cell #70.

‘Sc - Only cel l #70 showed any loss in I~~.

1500 
- The increase in 

~~~ 
for cell #2 probably indicated inadequate

contact during testing before the humidity test. Seven (7) other cells

changed by ‘~~ 1%. Cel l #87 decreased by “.. 5.5%, and #70 as expected from the

V0~ loss had lost almost all output.

These results ind icate adequate humidity resistance.
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TABLE 13
.5 HUMIDITY TEST I-V READINGS

Cell * Before/~ fter Voc Isc 1500 1520

2 B 608 160.6 147.9 138.7
A 608 159.4 152.6 147.1

18 B 602 159.7 147.8 138.1
A 602 157.9 145 133.7

30 B 605 157.7 148.1 142.3
A 606 156.5 147.1 141.4

55 B 606 156.3 146.4 139.3
A 607 155.3 147.5 141.3

57 B 603 161.6 149.2 140.8
A 602 159.8 148.7 141.5

61 B 609 163.8 153.5 145.9
A 608 162.6 151.9 144

66 B 606 155.5 147.3 140.8
A 606 154 146.2 140.3

70 B 605 158.7 146.1 140.7 J

A 40 138.5

87 B 603 157.1 146.9 139.5
A 605 156.7 138.9 127

94 B 609 157 146.3 139.2
A 609 156.2 147.2 140.8

.5 ________________________ ________ ___________ ___________ _____________
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5. Moisture Tests

MLAR cells shipped early in the contract had visual deficiencies ,

caused by etch leakage (HNO3 and/or HF) while edge etching the cells.

The a t tack was confined to a picture frame around 2mm wide , and involved

removal of the A1203 outer l ayer. The effect on reflectance of this

gradual removal of Al 203 in the MLAR is shown in Figure 16.

Later some cells showed visual changes during moisture exposure

(immersed in boiling water for 10—30 minutes , or suspended in wet steam

for 10-30 minutes). Those changes were attributed to partial or near

complete removal of A1203, but it was only observed on ~ 10-20% of the cells

tested. This suggested that this moisture susceptibility depended on the

deposition conditions or the post coating heating.

In tests of MIAR coatings using more than two layers, additional

layers were added to the DLAR.

A fairly thin layer of MgF2 was tried . The I-V values for the MLAR

cell were not changed much by the additional MgF2 layer (perhaps increase

“~ 1%). The effect of the additional layer on reflectance is shown in

Figure 17.

Also a series of various thicknesses of Si02 was tested. The Si02
coatings appeared to improve the moisture resistance. Layers ~

. 2200 ,

4400, 6600, 8800, ll000A thick were added . The effects on the I-V parameters
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is shown in Table 14. The reflectance curves are given in Figure 18

and show that generally, a reasonably low reflectance is maintained .

Comments on Moisture Tests

The small fraction of cells showi ng small electrical and visual changes

after moisture exposure suggests the cause is in relatively small changes in

coating procedures. The M9F2 and Si02 tests suggest that additional coatings 
- 

-

of good moisture resistance could be used wi th careful control maintaining .5

good cel l output. However, at present the problem is not considered serious

enough to warrant additional coatings. The coating parameters controlling

moisture resistance would be useful to identify . These tests show that

when different outer l ayers are used in MLAR coatings , they should be tested

to check that they are not moisture sensitive .

6. Other Tests

1) Handling tests on the MLAR coatings showed they were mechanically

good.

2) Some independent electron irradation tests did not reveal any

adverse effects caused by the MLAR coatings. The radiation degradation

would be expected to be comparable to that observed for good single

QWAR coatings because the decreased short wavelength reflectance would

enhance the radiation resistanct cell output, whereas the reduced long

wavelength reflectance would Increase the ‘Sc changes resulting from long

wavelength response losses after irradatlon reduced the minority carrier

diffusion length by a given value . For electron fluences to around 1015

1 Mev electrons/cm2, it appeared that the short and long wavelength

differences about offset each other.

70
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TABLE 14

PERCENTAGE CHANGES IN I-V PROPERTIES FOR
MLAR COATED CELLS PLUS VARIOUS Si02 THIC KNESSES

Cell AR t~ Isc ~ Long ),. ~ Short X A I5pp

1 MLA R + 2200X Si02 —3 —4 -1.4 -1.8

2 MLA R + 440O~ Si0
2 -0.8 0 -1.4 +3

3 MLAR + 6600X Si02 — 2 . 3  —2 — 2 . 1  — 1 . 5

4 MI-AR + 8800~ Si02 -1.2 -0.5 -2.1 +0.8

5 MI-AR + 11000A Si02 —2.2 —2 —1.7 +1.4

6 MI-AR + 13200A Si02 —3 —2.3 —3.6 —2.5
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SECTION V I

COMMENTS AN D CONCLUSI ONS

1. Comments

The contract resulted in uncoated cells of high efficiency , obtained

by combining present-day methods , namely using good quality silicon , a

shallow PN junction of good qua lIty, and a grid pattern consisting of many

(~~ 10 per cm) narrow gridlines of good conductivity . These cells could

be coated by MLAR coatings which increased the bare cell output by factors

up to 1.46 to 1.48 . When covered trtese cells could have overall gain factors

1.46 to 1.50. In absolute  terms , the power output under AMO illumination of

4cm2 cells at 25°C could lie in the range 74-80mW. The various factors

controlling cell output before and after coating were described above , and

the key factors were identified. It was shown that these cells could be

processed in a production like facility . The surface finish of the completed

cells was suited to electrostatic bonding, and there appeared to be no

difficulty in bonding to MLAR coatings with A1 203 as the outer dielectric

layer.

Despite tests using several different contact meta l combinations ,

these cells did not appear capable (with good yield) of withstanding

the combined temperature-pressure-time sequence involved in current ES

bonding. The failure was apparently interaction of some of the metals used

with the PN junction . As described in Section 111-3 tests were made to

Improve the ESB compatibility , by reducing the grid profile , or trying

a lterna te meta ls. However , none of the methods tried showed promise of

meeting the high output requirements of the cells or of maintainin g a

reasona bly uncompl ica ted process sequence.
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The cells made in this contract appear satisfactory in most of the

environmental tests described in Section V (and for in-line process

capabi l i ty ) , but as explained , there were signs of some moisture degrada-

tion on some of the AR coating materials , especially those with moderate

refractive in dices.

2. Conclusions

This contract met the contract goals in power output from ~4LAR

coated cells , with fair yields (see Section IV-6). The cell processing

including the MLAR coating step were all capably performed in a production-

t~’e fashion .

There is  more work needed to extend the cell capability to the full

ESB process ing . At present it is considered that this can be achieved by

selection and control of suitable contact systems . Promising system are

those combining a refractory metal as the barrier layer , and silver as

conducting l ayer. If add it iona l  metals are included i t  wou ld be m a i n l y

to ensure good performance in moisture exposl!r~.
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SECTION V ii

RECOMMENDAT IONS

This work was initiated to Identify the highest power output non-

textured finis h cells which could be sat isfactor i ly combined with ES

bonded covers. The conclusions above show that there Is st i l l  need for

more work to develop suitable contact systems which can maintain high cell

output before and after ES bonding. In addition , such con tac t s  are

probably those with promise In providing resistance to degradation by high

intensity laser Irradiation .

There are a lso ~dd It lona l AF tests planned to apply ES bonding to

text ured surface cells. The contact systems applicable to polished cells

shoul d a l so  have corresponding advantages for the textured surfaces , and

this Is an additional reason for suggesting future work on suitable contact

systems. 
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