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Met hod andqénp aratus for Affixing Spheres to a Foil Matrix FIELD OF THE
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sem conductor devices to produce a solarqcell and specifically to a nethod
and apparatus for affixing sem conductor nenbers to a foil matrix. :
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A number of systems for converting sunlight to electricity are known. One such
system that has proven useful in efficiently producing electricity from the sun's
radiation is described in U.S. Patent No. 4,691,076. In that system, an array is
formed of semiconductor particles or spheres. Each sphere has a p-type interior and

- ann-type skin. A plurality of the spheres are held in a matrix which includes a pair
of aluminum foil members which form the contacts to the p-type and n-type regions.

The foils are electrically insulated from one another and are flexible. Multiple
flexible and conformable arrays can be electrically interconnected to form a module
of solar cell elements for converting sunlight or other forms of photon energy into
electricity.

In order to produce sufficient quantities of reasonably priced arrays, it is
necessary to utilize a process for their manufacture that is uncomplicated, low cost
and efficient. An uncomplicated system would be one using currently available
technology in such a way that the applicable process steps can be conducted in a
highly repeatable manner. Moreover, the less complicated the process steps,
generally, the more cost effective will the entire process be carried out. Finally, the
more repeatable the process, the more efficiently the operation and the higher the
productlon of solar arrays.
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Drop weight bonding has numerous problems and disadvantages. First, the
technique is inherently slow. Second, the drop weight approach does not lend itself
to scaling up for larger production volumes. Another problem with drop weight
bonding is that distortions in the impact surface of the weight result in undesirable
center pressures. Finally, the technique results in too many damaged spheres and
shorted cells.

Another method for affixing silicon spheres to a foil matrix is described in U.S.
Patent No. 5,091,319. In that patent, the silicon spheres are pressed into undersized
aperturésformedthmughonefoilofthefoilmahixusingahydrau]icpress. This
method, however, suffers from the deficiency that the spheres throughout the cell

are not always uniformly bonded to the aperture walls, especially for larger sized
cells. |

SUMMARY OF THE INVENTION

An improved method of affixing spheres to a foil matrix is described herein. First,
a cell sandwich is prepared. This cell sandwich includes spheres mounted in
apertures on a foil matrix which are disposed between upper and lower pressure
pads. The cell sandwich is then heated (e.g., to about 530°C). The spheres are then
afﬁxedtothefoilma&ixbydirecﬁngthecellsandwichi_:hrougharoll press (or
rolling mill) which compresses the cell sandwich thereby bonding the spheres to the
foil matrix.



“Anbt her- net hod for affi xi ng silicon sheres to a foil matrix is described in
U S. Patent No. 5,091,319. In that patent, the silicon spheres are pressed
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using a vertical press applies pressure to the entire cell (or at least a selected portion
oftheoell)atthesameﬁme,arollptes.allowstheeelltobeeompressedby
compressing a few rows of spheres at a time. It is much easier to uniformly control
thepressurealongafewrowsofspheresfhantbroughouttheenﬁreoell._
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In addition, the rate of pressure application is important. The faster the force is
applied, the better the bond strength will be. Rollerseangenerallypmdefaster
rates of application eompmd to ahydrauhcpress



continuously run through the roll press regardless of the Iength of the Ly
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Figures 5a-5d illustrate variations of the roll press which is used in the rolling
process of the present invention;

Figures 6a-6¢ illustrate three variations of a uﬂlsahdmﬁdhibnmed within a
clamshell; '

Figures 7a-7e illustrate a first embodiment clamshell;

Figures 8a-8c illustrate a second embodiment clamshell;

Figure 9a illustrates a cell being processed using a clamshell as in Figures 8a-8c;



sol ar nenbers or spheres forned igures 2b-2c illustrate

’stbps lsn a general process flow, Eﬂiiﬂéa 'lua tes the configuration of
stwo of t OIS cell shapes pr( ‘g psllout | i ne $Cr/GBos/eiM e S

la-1f; Figures 3a-3c illustrate varratrqps of preferred enbodi nent cel
sandwi ches; Figures 4a and 4b illustrate the rolllng :process of the present
invention; Figures 5a-5d illustrate variations of“the roll press which is

used in the rolling process of the present invention; Flgures 6a- 6¢

illustrate three iati s f a ce sandwi ch f rned wi thin a_.cl anshel
Fi gur es 7al£}§“¥? pﬁéﬁ aforce Igﬂﬁ%ﬁ"f%' or-n clamshgl} %ﬂB&- ped

iIIustragﬁa&,second enbodi nent clanshell; Figure 9a illustrates a cel
bei ng prdcesded using a clanshell as in Figures 8a-8c; PC/ GB95/ 01710 WO
96/ 03775 5 Figure 9b illustrates a force profile over distance for a

| hel | Lt h d
ol amhel ! Yrires 10a ‘and 10b illustrate the forces applied to the solar cell for prior art
device as well as the device of the present invention;

Figure 11a-11d illustrates variations of a cell sandwich which can be utilized for
the back bond process; and

- Figures 12a and 12b illustrate the preferred method for back bonding the solar
cells.

Corresponding numerals and symbols in the different ﬁgunm; refer to
-unumpmmhngpaﬂsunkmsoﬂmwwmeunhauai

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

The making and use of the various embodiments are discussed below in detail.
However, it should be appreciated that the present invention provides many
applicable inventive concepts which can be embodied in a wide variety of specific
contexts. The specific embodiments’ discussed are merely illustrative of specific
ways to make and use the invention, and do not delimit the scope of the invention.

The following is a description of the apparatus and method of the present
‘invention. A brief overview of the process of forming a solar cell will first be
described. JAJnnﬁmmed(nnhodnnentofaﬂhnng:asphemwalnmunberboznﬂmltnahnx
will then be described.
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plate; Figures 10a and 10b illustrate the forces applled to the solar cell .
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I n an exe ary process flow
gﬁo beunderstoodthatamulﬁphatyofarraymembers4mprov1dedmthemtal

an'ayas:sexemphﬁed by the prior art noted above. ‘A completed array of spheres 4
within a matrix which includes foil 2 is referred to as a cell. In other words, a cell
comprises & plurality of spheres 4 each coupled to two sheets 2, 28(F‘1gurelt)of |
conduchvefml

The aluminum foil 2 may be initially embossed. The embossments may reside in
a periodic hexagonal arrangement, on selected. centers as illustrated in Figure 2a.
For example, the embossments may reside on 16 mil centers for spherés with 14.5
mil diameters or 32 mil centers for 80 mil diameter spheres. The diameter of the
embossed region is slightly smaller than the diameter of doped silicon particles or
spheres 4 to be held thereby. The embossments may be circular or any other
convenient geometrical shape such as hexagonaloroctagonal In the case of
polygonal embossments, a line across the polygon through its center is less than the
d1ametersofthespheres4tobeapphedtherefo Alternahvely,thefmwcanalsobe
stamped or punched to form the holes 6.

Theembossedfoilzisnextopﬁonaﬂycleanedtoremovemganiesandisthen
etchied with heated sodium or potassium hydroxide to remove the region of the foil 2
where the thinned embossments reside to provide apertures 6 through foil 2. The
etched foil 2 including the plurality of apertures 6 is referred to as a foil matrix.

At this point, the foil 2 can optionally be textured by etching with a fifty percent
solution of 39A etchant, which is thirteen percent hydrofluoric acid, thirty-eight
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the apertures 6 will be filled with the spheres 4 and the excess spheres 4 are then
removed. Doctoring techniques may be utilized to achieve the foregoing.

Although there is no limit to the size or shape of the members 4 which can be
used with the present invention, the members 4 which have been utilized are
substantially spherical particles which are about 14 to 34 mils in diameter. The
apertures 6 as explained above, have diameters of something less than that of the
‘spheres 4. The spheres 4 preferably include p-doped cores 12 surrounded by an n-
doped layer or skin 10. These conductivities may, however, be reversed. Following
loading of apertures 6 with the spheres 4, thespheres4arethenbondedtothewalls
of the apertures 6, as shown in Figure 1b.

- Referring to Figure 1b, the sphere 4 may be disposed in the aperture 6 so that its
centerline is at or slightly above or forward of the frontside 14 of aluminum foil 2.
This disposition of the spheres 4 may be effected by the use of pressure pads 34, 36
(as described herein with respect to Figure 8) which are disposed above and below
the aluminum foil 2 and may be pressed against the foil-sphere 2-4 combination.
The pressure pads 34, 36 may be formed of aluminum foil from about 1 mil to about
8 mils thick and coated with a release agent. The pressure pads 34, 36 act as a

* cushion to mitigate damage to spheres 4 during package deformation. The pressure
" pads also allow the spheres 4 to move against something compliant. Preferred
methods of performing this “front bond" process according to the present invention



conveni ent geonetrical shape such. as hexagonal or octagonal. In the case of .
pol ygonal enbossnments, a |ine across. the” polygon through-its center is 1ess
t han t he Wicosmserss of the spheres 4 to be ‘appli‘'ed thereto. piticHEsRBITE! V.
the foil 2 can al'so be stanped .or - punched to formthe holes 6. The enbossed
foil 2 is next optionally cleaned to remove organics and is then etched
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2. The etched foil 2 including the plurality of apertures 6 is referred to
as a foi | beruseflk to describeshe semaindercof the procesaflowpt i onal Iy be textured by
etching with a fifty percent solution of 39A etchant, which is thirteen
percent hydrofluoric acid, thirty-eight WO 96/03775

PCT/ GB95/ O1Fighractrilltstidites t.h‘e foil 2 astbiiig roiadident of aligned Witls the tehtdfline
twent y- ei ght percent wat er_, rovi de a natrlx surface that m nim zes back

reflectloﬁﬁsphm‘e dchﬁas howewes; that this4snot necessery.c dndfagt, it ie

o1t g aﬂﬁtfﬂﬁ?ﬂ’ M s, 6 o CiotBaes i e the

partial | ygvfas artd oitherReype skih Jayer 10 bR wikich phistor nées indy ifipirige® The

apertures 6. Because an exCess of spheres 4, relative to the nunber of

aper t ur esrejationshipaf ¢he il 2 idepends on the anionnd of p-tyhe coreinegionf 12 whidhogust;
all 0f " be exposed "below" the backside 16 of the sheet 2 for bonding to secand foil sheet 28
(as in Figure 1f). It has been practically determined that affixing the foil sheet 2
about 55% of the way "below" the pole of the sphere 4 provides a reasonable tradeoff.

Referring now to Figure 1c, the rear surface or backside 16 of the foil 2 and the
 portion of sphere 4 protruding therebelow are then etched using any of planar (18%
acetic acid, 52% nitric acid, 26% deionized water, and 4% hydroflucric acid),
hydrofluoric acid/nitric acid mixtures (HF/HNO,), or 39A etchant (approximately
13% hydrofiuoric acid, 38% nitric acid, 21% acetic acid and 28% water). As shown in
Figure 1c, the n-type layer 10 on the surface of sphere 4 which is adjacent to rear
surface 16 of foil 2 is removed, thereby exposing the p-type region 12. The
aluminum foil 2 acts as a mask to the etchant permitting only the portion of the
layer 10 which is "below” the rear side 16 of the array to be removed. The n-type
gkin layer 10 "above" the frontside 14 may also be partially etched after (or
simultancously with) back etch to thin the p-n junction which increases current
ouﬂputofﬂhecéﬂ.11mnn1ayis£hen:hmmdvﬁﬂlvnnertonmnowaeuhant‘Asshuwn
in Figure 1d, an insulative layer 20, preferably a polyimide coating such as Kapton®
: orP&nﬂhﬂDﬂxﬁhawaﬂabkaﬁmmnthﬂﬁnmlisappﬁedtofhebadnﬁde160fﬁﬁl2amd
hotheempomaip4wperegkn112cfthespheme4.
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be performed by selective abrasion, such as by passing the cell under a rotating
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utilized are substantially spherical particles which are about 14 to 34
mls in diameter. The apertures 6 as expl ai ned above, have di aneters of
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apertures 6, as shovvn In Figure %b Referrlng to lgl gur e sphere 4

may be di sposed in the aperture 6 so that its centerline is at or slightly
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about 1 mJ| to about 8 s, thick and coated with a rel ease agent The
pressure Jage gl 61(%1&“40@1‘% ﬂﬁt(‘é’atgh s%tb@@%)%'rhe
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"front ' borinsulativescoatimgd(aot! showhp o the exposed: p-typecire 42 of a shorbed sphere 4.
' Th:_smslﬂahvecoatngzsolatesthe sphere 4 from a back foil 28 (see Figure 1f).

- After the anodization process, a titanium dioxide coating (not shown) is formed on
the n-type skin 10 of spheres 4. The titanium dioxide coating serves as an anti-
reflection coating. Other materials can also be used as anti-reflection coatings.

In Figure If, a thin aluminum foil 28, or "back foil", of about 0.3 to 1.0 mil

thickness is then positioned under each of the spheres 4. The aluminum and cell

- package 2-4-28 is heated to a temperature in the range of about 350° to 450°C,

preferably about 420°C. The heated foil 28 is then pressed against the contact 26 or
the exposed p-type core 12 to bond them together.

In one embodiment of the present invention, the foil 28 is bonded directly to the
sphere 4. In other words, the electrical contact 26 is integral with the foil 28. This
process replaces the two step sequence of bonding the electrical contact 26 to sphere
4 and then bonding the foil 28 to the electrical contact 26 as described in U.S. Patent
No. 5,028,546. This so-called back bond process will be described in further detail
below with respect to Figures 11 and 12.

A preferred embodiment front bond process of the present invention is now
described with reference to Figures 2 through 10. As previously discussed with
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are discussed in greater det alf beI owvvlth respect to Figures 2-6. But

first, itWRAe03735e useful to' descri-be the renmi nder of themmmﬁbow

Figure 1b illustrates the foil 2 as being coincident or aligned with the
centerline of sphere 4. It should be noted, however, that this is not

" necessary. In fact, it is desirable for the foil 2 to be sufficiently
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m xt ures thidéehityeof dpheres 4 sfAhefeib8nt (approxi mately 13% hydrofl uor| c
acid, 38%nitric aci 21% acetic acid and 28% water). As shown in Figure
lc, the n-type |ayer 10 on the surface of sphere 4 which is adjacent to
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pattern have been successfully built and tested. The planar aperture areas have
ranged in size from 0.1 cm® to 300 cm®. Figure 2b shows an example of a single cell
design. In a typical application, a cell such as the one in Figure 2b may have
dimensions of 3.16 cm x 3.16 cm (10 em®) or 10 cm x 10 cm (100 em?). Figure 2¢
illustrates a second variation that contains three 10 cm x 10 cm (300 cm?) cells

contiguously arranged on a single foil matrix 2.

Each sphere 4 is preferably affixed to the foil 2 so that its perimeter is bonded to
the foil 2. To do this, each sphere 4 is physically pushed into an undersized aperture
6 in the foil 2, preferably by subjecting the foil-sphere 2-4 combination to

To facilitate utilization of the compression process, a cell sandwich 32 is formed as
illustrated in Figure 3a. The cell sandwich 32 comprises an upper pressure pad 34,
alowerpress::repadSGandthefoﬂ.Z(containingspheresﬁnthe apertures 6). The
pressure pads 34 and 36 allow the spheres to move sgainst something compliant

- during the compression process. The pressure pads will also help prevent damage to
both the sphere 4 and the foil 2. '

Referring to Figure 3b, the upperpressurepad34mayoompﬁse first and second
thin, robust, compliant sheets 39 and 41 which may be a metal such as aluminum.
Both compliant sheets 39 and 41 also preferably include release coat layers 40 and



aluminumfoil 2 acts as a nmask to. etcharr—pgrmtting only the portion
of the layer 10 which is "bel u" kN 16 of the array to be
.renoved. P37 Bpe skin | aye ' " bnt si de 14 PCHGRYSI7IeE
partially etched after (or siultasecus “back etch to thin the p-n
junction which increases current output of the cell. The array is then
rinsed with water to renove etchant. As shown in Flgmr)e 1d, an insulative

| ayer 20, 48 véspeglivelya m.;’dﬂmcaatdaye!glsmc‘hlaw r@bout 018" on lessrip
ggot Eea\éil!j SI %Bsf){cgﬁ .DuP S Eﬁ?ffgfhl ed ;to @1hfibbaCkS| de 1 t}gpltggéllpﬁpﬁ?sd

regi on of ww&ﬂm&wﬂ%a& MBrgnd @itheF Adbering & BA 305 hie? ma

p-type material 12 of sphere”4 through an opening 22. Thl's step nmay i
- perf or ned payticwlasiy other pprtssif dhe cell sandwidh/39 auch ag theﬁnbmamxrﬂjandmhcon

rotating

V\D 96/ Q3775
bt caos) SPbEs E. Ao Pechanically, sbrading #0(os shemieallietghing the prespure pads |
I
gxg%) ?ncﬁgmmﬁfdeburrl ng mcwm%% es Is a{)/(g‘:|Hﬁa§)(§lqﬂe?ln

from At ot svikh the releasecoat lgyeey assist inrpreventing the adhérense ofgthen deatgrials. an

anodi zi ng process to isolate shorted nenbers or spheres. In the process,
the array is imersed in a diluted hydrofluoric acid (HF) bath with a

potential differdeas ebat Ry 40Psd Mo may Bhhprilé pikker (5., talcium sulfate
B CaSO,j. The lower pressure pad 36 may include a compliant sheet 44, preferably
~ aluminum, which includes a release coat layer 43, typically plaster. Although not
illustrated, it should be noted that both sides of compliant sheets 39, 41 and 44 can

be coated with release coat layers. |

One or all of the aluminum sheets 39, 41 and 44 may have an oxide layer (not
shown)'formed thereon. If present, the oxide layer (not shown) may typically be
about 20 to 120 micro-inches thick.

'The cell sandwich 32 also includes upper and lower axidized stainless steel sheets
38 and 45. The steel sheets 38 and 45 are provided to prevent the aluminum sheets
39 and 44 from bonding to a sandwich holder called a "damshell” (abeled 54 in
Figure 6a). If a clamshell is not used, the steel sheets 38 and 45 may be omitted. A
- satisfactory oxide thickness can be grown on the stainless steel sheets 38 and 45 by
heating the sheets in air in a furnace or oven controlled to about 500°C for about
twenty minutes.

Thed:mensmnsoftheelementsofthepressurepads34and36ﬂ1ustratedm
Figure 3b are tabulated in Table 1. It should be noted that these dimensions are

exemplary only. In this example., the compliant sheets 39 and 44 comprise oxidized
aluminum sheets.



type region 10 and the p-type region .12 (i.e., the anode and cathode).
anodi zati on process takes approxtmately. 30, to 120 seconds to provide a
suf fi ci erlVOiI9M817&t i ve coating (not shown) . .an’ t he, exposed peCymBosoIRe 12 of

The

‘a shorted sphere 4. This insulative coatfeng i sol ates the sphere 4 froma

back foil 28 (see Figure 1f).

Af ter the anodi zation process, a titanium
di oxi de coating- (not shown)

Is formed on the n-type skin 10 of spheres 4.

The titanium d| oxi de coati ng serves agable Bnti - reflection coating. O her

mat eri al
thin al ufi

_ ~tj

faYa) nnaflngc | n Fi guLE;1f A

or " bag¥a it
each of

of
the spheres

cell .

bout OD?mTeﬁsi ; hi ckn
. The al um néﬂ?z(an eé)
0

©2-4-28 i ure 1n e ran U 0 ert] C
pr ef er abl b . Iﬁeﬁ@&ed f 0i | ggxi BME W% sed against] the
contact 46 or the_eprgﬁ pe core 12 tg bond themtogether. In on
enbodi nerft of the pregp Tnvention, the fagil 28 is bonded directly tofthe
sphere 4§ In other wo tneee rL.ca Cl_Zb Ts.tntegrar wrn the
foil 28. fThis process 3& é’xl‘i%e‘i)t éﬁ g@&@%dl ng the
el ectricgl. contact 26pe—sp herc 4—aRe—then bcndT Ag—t-he—f-ort—28—to—the
electricd contact26 10ﬂdsonwﬂaﬂnnnm393 Hat+-@.00008thitk 028, 546. This
so-cal | ed back bond ptacess will be describjed in further detail belowlvith
respect tjo Figures 11 A preferred gnj 5%%*@@3@5% ocesp of
the presgqnt invention|is now described with erence to Figures t hrpugh
10. As prieviously di spygeed, il 4y 4,875 x 13.25 x 0.001

Plaster 42 4.375 x 12.625 x 0.0015 + 0.0005
Lower Pad 86 | Plaster 43 4.875 x 13.25 x 0.003 = 0.0005

Aluminum 44 (oxidized) | 6.0 x 14.375 x 0.008

Oxide on Aluminum 44 ~0.00003 thick

Stainless steel (oxidized) 6.0 x 14.375 x 0.002

In one embodiment, the upper pressure pad 34 includes two aluminum sheets 39
and 41 and the lower pressure pad 36 includes a single aluminum sheet 44. It
should be noted, however, that the present invention anticipates that other numbers
of layers be used. For example, an alternate embodiment cell sandwich 32 is
illustrated in Figure 8c. In this embodiment, the upper pressure pad 34 includes an
oxidized aluminum sheet 39 (e.g, 6.0 x 14.375" x 0.008" in dimension) with a
plaster release coat 40 (e.g., 4.875" x 13.250" x 0.008" £ 0.0005" in dimension). The
lower pressure pad 36 includes an oxidized aluminum sheet 44 (e.g., 6.00" x 14.375"
x 0.008" in dimension) with a plaster release coat 43 (e.g., 4.875" x 13.250" x 0.005" +

' 0.0005" in dimension). The axide layers formed on both aluminum sheets 39 and 44
are about 3mm (120 minches) thick. In this embodiment, no stainless steel sheets
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respect to Figure la, a front forI Zirs;provrded Referring to Figure 2a,
sthe foil %752 includes a plurality eof undersized aper t BCE6B5/01710/Ni Ch
the spheres 4 will be affixed. The apet® ures may be formed in rows as
denoted by reference nunerals 30 30" 30" and 30"" which illustrate four of
the different_ways in which a "row' can be defrned In the preferred

enbodi nBre usedk ’5%@ yer on the &Qﬁd39mnd1ﬁwﬂbwmmgsheetséi9rambééent

as illu Lgure 2a. . .This arrangenent maximzes the density of
spheresﬁ&nghgﬁﬁggﬁgﬁﬁg :

al “solar cell shapes having aperture areas
arranged -in a periodi c hexagonal pattern have been successfully built and
tested. The _plapar aperture areas have ranged in size fromO0.1 cnferr] to

300 cni er Althongh described hexgin as comprising sluminyim ghests 89 41ct4 with plaster

o mene DA & £6,47 455 the Biied ase#i#?ﬁe'ﬂ%fgh%“re o Vit )

Fi gure Anthkiblest 'Gérallys thNshat@iila! HRbuliN Bbesead s Bfrert‘.gmtla“fdilﬂgﬁnéo cm

(300 cnjerr]) ceIIs con | uously arranged oh a single il ach
sphere nhmcrmswsmm ¢:xbrbe ableite mbhstaﬁdthemeessarys

bonded his, each sphere 4 is, physicall shed |nto
an unde#gpgg %‘fqirgﬂgmpﬁ ‘%‘%@’q £ Bﬂ! QBT“F"!%?Y ¥ Pﬁj

fOi|'Spﬂﬁﬁﬂnﬁﬂuﬁpéﬁéfﬁﬂﬂdﬁﬁmbannpanﬂﬂe1n aluminum, 3)be:nnnkﬂﬂean;knvcmsh
4) prevent sticking to the spheres 4, foil matrix 2, other pressure pads, and
clamshell, for example, by allowing plaster or other release agents to adhere or
pennﬂdhnmahdnofumderekmmeemnumﬁ 5)wﬂhmwndemmpnumumihnndhummmn
required without structural failure, 6) exhibit no outgassing at the temperature of
innnnsuanmd?)pomumsﬁhennmlexpan@knxdhnaeunﬁmhsommpanﬂﬂetoahnnhnun.

h1anoﬂumaﬂﬂmzumeemﬂukﬁnmuﬁ;therekwmetmathnmmw)40,42!nnﬂbr43xnay
be constructed by mixing 20 ml printer's ink, 20 ml ethylene-glycol, 6 grams of boron
nitride and 6 grams of silica. Additional ethylene-glycol can be mixed in the
foregoing to achieve the desired consistency. Alternate materials for the release coat
layers include, but are not limited to, ceramic coatings such as aluminum oxide
(ALO,), magnesium oxide (MgO), and titanium diocxide (Ti0,). In addition, the
pressure pads 34, 36 can include a layer of compressed graphite (not shown). The
compressed graphite layer could comprise, for example, an off-the-shelf product such
as Grafoil® produced by Union Carbide.

" To'affix the spheres 4 to the foil 2, the cell sandwich 32 is first heated. In the
preferred embodiment the temperature is between about 500°C and about 540°C,
preferably about 530°C. The upper temperature is limited only by the temperature
- at which the aluminum mobility increases so that it spikes into the p-type core 12
thereby shorting the cell member. Once the cell sandwich 32 reaches the desired
temperature, the spheres 4 are affixed to the foil 2 by directing the cell sandwich 32



‘To facilitate utilization of tf Q% gﬁﬂAgrasamg‘ess a cell sandwich 32 is |

formed as illustrated in Figur AcED san ¢h 32 conprises an upper
pressure PARP6E3TISa | ower press “foil 2 (coureEysmyziopheres
4 in the apertures 6). The pressure pads134 and 36 all ow the spheres to
nove agai nst sonet hing conpliant during the conpression process. The
pressure pads will also help prevent damage to both the sphere 4 and the
foil 2. Rehesughh@a toll bress 48 s, illubtrated in Kigerssuds4badThe cold \satditich 32 is
first and second thin, robust, conpllan heets 39 and 41 which may be a

metal  sucleomprassed; hetweens topcolier a 24 1The sembinationaof the

beT] Cmos! %?%%%ﬁ?fﬁ%@f% ease g‘g@dltﬁ?’m tgrs of Hhe epRey 4

thin (abouncpfoﬂ@mmawﬂmspuefemabmbﬁdmwﬁmwpl ied or formed
on the base material of the pressure pads to prevent the pressure pad from
ei ther adhering or sticking to other materials, particularly other parts of

i) a1 B e pciind e R i o B, boBBB S e 7,

their surfrogm tamberatare. SThedeil matee20@luding sphdres @) caflatey KoRBaRE! PN
with the rel ease coat layers assist _in revent| ng the adherence of other
mat eri al s.commpletecthe: bonding proeges. s This ive:provides assignificent :adyantage

cal cium Suslxﬂgetﬁxewmpressimpmcesseanbepezfomedatmom-tempmmre.

In the preferred embodiment, the rollers 50 and 52 have the same diameter
which is typically about 10 inches. In general, the diameter of roller 50 (or 52) may
vary between about 3 and 18 inches depending on the amount of force required. The
process, however, is limited by the size of the rollers 50 and 52. A smaller diameter -
is typically preferred since when the diameter is small, only a point contact will exist
between roller 50 (or 52) and the cell sandwich 32. This feature provides an
advantage as will be described below. However, rollers that are too small may
impart an undesirable curl or deformation to the cell sandwich 32 as it exits roll
press 48, Alsothesizeofthemllersahouldbecommensuratewiththeforoereqnﬁred
as the force applied by larger rollers is oftentimes more diﬂipult to control.

It is important that the rollers 50 and 52 be parallel to one another so that each
sphere within the row is compressed with the same amount of pressure. In the
preferred embodiment, if the cell sandwich 32 (including clamshell 54 as in Figure
6a) is about 1.080 inches thick, the rollers 50 and 52 will typically be about 1.010
inches apart. This gap setting takes into account about 0.025 inch worth of play
that exists in the roller bearings. This configuration will cause about 24,000 pounds
of force to be applied to a portion of the sandwich 32 thereby compressing the
spheres 4 into the foil matrix 2. It is anticipated that a process not using a clamshell
54 would require much less force for compressing the spheres 4 into the foil matrix
9 . _ :



"Ca’Sq err]). The |l ower pressure pad 36 may include a conpliant sheet 44,
preferably alum num which includes a rel ease coat |ayer 43, typ| cally
plaster. Wa%m3gts not illustrated, it should be noted that gol8psddiss Of
conpliant sheets 39, 41 and:44 .can be cogt ed with rel ease coat Payers

or all of the alum num sheets 39, 41 and 44 may have an oxi de | ayer (not
shown) fornmed thereon. If present, the oxide layer (not shown) may
typically be about 20 to 120 mcro-inches thick. The cell sandw ch 32 al so
i ncl udes upper and | ower oxidi zed stainless steel sheets 38 and 45. The

st eel sheet Alg®ughdiliBtrated in FMigures 4z0apdatbeas indedinguworollers 56t and $2a61

44 from bondi Wi ch | der, |J ed a nshel | " (labeled 54 in
Fi gure Gafq"#'%éﬁ'é?' Hﬁﬂ % s'@gladlﬁ‘?ev%'?g@l"% N&n § OUE Ok fiesge
om tted. &aﬁahbﬁgmmwhmgﬂggman be grown on the stainless steel

sheets 38 and 45 by heating the Sheets 1n air in a furnace or oven
controlled to about 500[err]C for about tmenty m nutes. The di nensi ons of

t he el enent . the_pressu and l.ust r.at re 3b are
abutated | 0 PIgNES 5, 5 toh Soer S i Aumaller radhie. i thak of batfors woller B2
exenpl ar y Iy anbther Unthéli#ERt tnof {1fustRITBY), b raffifs! of biteddh $oltée 52%%%
oxi di zed al um num sheet s
smaller than that of top roller 50. It should be noted that the tangential velocities of
the two rollers 50 and 52 are substantially equal so the cell package 32 is guided by

the same speed at the top and bottom.

In the embodiment of Figure 5b, the cell sandwich 32 is placed on a belt-conveyor

or similar facility 562 and guided beneath top roller 50. This embodiment illustrates

 that only one roller may be used. Expanding upon that principle, Figure 5c

illustrates an embodlment where the cell package 32 is stationary and the roller 50

is moved over the cell package. In another variation, a heating element (not shown)

" can be included within the conveyor belt 52 (Figure 5b) or surface 52 (Flgure 5¢) for
mamtalmng the high temperature of the cell sandwich 32.

Finally, Figure 5d demonstrates that the roll press 48 can include more than one
top roller 50a-c and/or bottom roller 52a-c. Each of these rollers can have the same

'radmsorvarymgradn Thesetypeofrollpressesmayberefmedtoastandem
'rollmgmllls

The'présent invention provides a number of advantages over the prior art. In the

preferred embodiment, only a few rows 30-30™ (see Figure 2a) of spheres 4 are

| compressed at a time. Inthismanner,thepressureappliedtothe spheres 4 can be
better controlled since the effective surface area being compressed at any given time -

is relatively small. In fact, as the diameter of the rollers 50 (or 52) is decreased, the

surface area of contact will decrease further enhancing this characteristic. It is
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Table 1 Pad El enent ' Di mensi ons (i nhes) Upper " Pad
34 Stai nNQ%ASITe| 38 6.0 x 14.375 x 0.002 (oxidi zed)pccnosnifie39
(oxi di zed) 6.0 x 14.375 x 0.008 Oxide @ Al um num 39 ~0. 00008 t hick

- Plaster 40 4.875 x 13.25 x 0.003 0.0005 Al um num 41 o
4.875 x 13.25 x 0.001 Pl aster 42 . 4.375 x 12.625 x 0.0015
0. 0005 Lomhcihdecﬂ thowevier atttat rthd present invention codldSutilize #olle?d which Mve[£r 1 ]
0. 0005 Al um 4§ éom di zed 6.0 x 14.375 x 0.008 Oxide on Al um num 44
~0. 00003 ipchesor %l dized) 6.0 x 14.375 x 0.002 In one

enbodi ment, the upper pressure pad 34 includes two al um num sheets 39 and
41 and the | ower pressure pad 36 includes a single alum num sheet 44. |t

shﬁgl d bef nsAtsaﬂscdsgudmboge,tBégnrd Zsﬂﬂnms fmlmlpcs‘sibledaﬁn?ﬁnmatfeﬁmao (ot her
nunbers of J]ayers be or . e a nate enbo nt
sandwi ch §Q'I qréqulqu?&m gpheres £ Eﬁ%@é W‘L gpraeeﬁng&&y@hne
gf;?gfe Bﬁﬂﬁig;g |ﬁd’g| gt o O&%iél\%l flﬁ%tﬁ&%’h%%gﬁoﬁyﬂxdu@e&hﬁﬂeas

_ asmglesphere:fthepaructﬂarhnewhlchdeﬁnestherowcmssesonlythatone

. sphere.

RefmngnowtohgureGa,mtheprefmedembodment,theceﬂsandmch&ls
disposed within a “clamshell” 54 before being directed through the roll press 48 In
this context, a clamshell"referstoanyﬁxmrewhchmdudesatopplate&tanda
botbomplate54bandenclosestheceﬂsandmch32dunngthecompresmonsbep As
ﬂlusu'atedmhgures7a-7c,thedamshen54canmdudeahngedﬁmngwnnechng.
the top and bottom plates 80 and 82 (thus the name "damshell). However, as
illustrated in Figures 8a-8c, clamshells which do not include the hinge have also
beendesxgned. Usmgaclamshethkeﬁxh:remconnechonmthamllpressmayhe'

 referred to as "book rolling”.

- Returning to Figures 6b and 6c, two of the many possible cell sandwich 32
configurations are illustrated. Referring first to Figure 6b, upper pressure pad 34
includes compliant sheet 39 and release coat 40. Intheprefen'edembodxment,the.
compliant sheet 39 is aluminum and the release coat40 is plasbet Lower pressure
pad 86 includes compliant sheet 44 and release coat 43. Once again, the compliant
sheet 44 may comprise aluminum and the release coat 43 may comprise plaster. As
discussed above, other materials may be used, |

The portion of clamshell top plate 54t and bottom plate 54b which contacts the
cell sandwich 32 may be covered with a release coating (not shown) which will
prevent the cell sandwich 32 from sticking to the clamshell 54 during the heating
and compression steps. For example, the clamshell 54 can be coated with a ceramic-



‘bl aster: rel ease coat 40 (e. g" TﬁlsggﬁEE‘I*H BE X 0.003" [err] 0.0005" in
di mensi on‘;v9 The | ower pressulfle pa IREPLAO n oxidi zed al um num sheet

A4 (e.g 9608773 14. 375" x with a pl aecBISRIAdSE

coat 43 (e.g.,4.875" x 13.250" x 0.005" 470. 0005" in di nension). The oxide
| ayers forrred on both al um num sheets 39 and 44 are about 3nm (120 m nches) .
~thick. I'n this enbodi nent, no stainless steel sheets WO 96/ 03775

PCT/ GB95/ 1ikd o sintilar epatimarsudthas alummdmmndu(mm, Lover nttrite (BN, titaniuoh
prevent the he 39 E nd . 44 fro ond| ng to the clamshel | . Although

descr i be (o), Ascsaanples., These cgatings|may ampede

o) ease zeefé%u@%h%@mwﬁﬁﬁw«ﬁéés IR ERaRDS ot of 2 v e
e esonr v iy 55 operr C or above am\;\nt?ﬁz)ut deﬁ%ﬁgﬂgﬁgﬁ
oai ng o! PORER by, o cgmi, 5 hommpal ahing fcprevent,

| o
he sphor 2 GEIF st o2 iﬁ@ﬁﬁ%ﬁpress‘aﬁé%%ma@@%m%ﬁ

exanpl e, imaydbé ased gingly ok ¢n combihiiien witle aseariety uf release ¢hstivgs to PRévENL
formati on _of oxide rel ease coati ngs 5) wi thstand conpressive '
forces/ pr . :

An alternate embodiment is illustrated in Figure 6¢ which is similar to the
embodi.mentofFigureb'bexceptthatthealunﬁnumsheets39and44hevebeen
oxidized and the plaster coatings 40 and 43 have been eliminated. A ceramic
coating (not shown) can be formed on the clamshell 54 as described above.

The clamshell 54 typically comprises a hard, thermally conductive material such
‘as steel. Steel alloys such as D2, M2 and H13 have been tried successfully. Other
materials, such as stainless steel, inconel, titanium and tungsten, may also be good
candidates. In the one embodiment, the clamshell 54 comprises a top plate and a
bottom plate each of which are about twenty inches long by eight inches wide by one
half inch thick. However, these dimensions may be varied according to the size of
the foil 2. Amoredetaﬂeddramngoftwoaltemateclamshells&mshownm
Figures 7a-7e and 8a-8c.

Referring now to Figures 7a-7e,aﬁrstembod1mentclamshe11541sﬂlustrated.
This "hinged" clamshell 54 may be used for bonding 10 em® cells as in .Figure 2b.
The clamshell 54 comprises two hardened (e.g., R, = 65 where R, is Rockwell C
hardness) steel plates 80 and 82 connected at the back by a steel hinge 84. The cell
sandwich 32 may be placed between the top plate 80 and the bottom plate 82. The
clamshell 54 may be opened by inserting a rod (not shown) into hole 86 and raising
top plate 80 away from bottom plate 82. Transportation of clamshell 54 between a
heating source and roll press (and vice versa) can be facilitated by inserting a
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tenmperature of interest, and 7): posseERLACED nal

conpar abl
| ayer ('s)

Wi t hout structural fa_VﬂMSSHEEﬂHdS$EE§§& out gassing at the

WO o5/g3h8M num | n anot# . :
40, 42 and/ or 43 may be construc ed by m xing 20 m™ pri

20'm ethylene-glycol, 6 grans of boron Nitride and 6 granms of silica.
Addi tional ethyl ene- egcoI can be mxed in the fore90|ng to achi eve the
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addition, the pressure pads 34, 36 can include a layer of conpressed
graphite (not shown). The conpressed graphite layer could conprise, for
exanpl e, f U
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Figure 8c. In an alternate embodiment, only two pins which fit in corresponding
nxzmxm(&g”72aand72@:nqybeus¥1

Asﬂ&mﬂnﬂbﬂrnFﬂ;neGaJhecdlmnﬁhwdh32vnuﬁmbemw*mdnpphne54tand
boﬂnn1pkwe54bdnnngﬁheommpnmmnnpnmau

Returning to Figure 8a, the clamshell 54 includes a number of features which
enhanoéthejmaihnmanoeOfthelxnuﬁnglnnux$1nﬁngﬁherduxnﬂl48(Fﬁguns4ﬁﬁb
and 5a-d). For instance, top plate 54t includes a step 74t on the outside of the plate.
Similarly, bottom plate 54b includes a step 74b on the outside of the plate.
However, the bottom plate 54b may not need a step 74b as tests have shown
acceptable bonding with a stepless bottom plate 54b.

Each plate 54b and 54t also includes a steel shim 76b and 76, respectively. In

 one embodiment, the shims 76t for top plate 54t may be 14.2" x 0.5" x 0.048" and are

positioned longitudinally on the underside of both sides (only one shim 76t is

' jllustrated in Figure 8a). In this example, the bottom plate shims 76b may be 7.80"

x 2.1" x 0.062" and may be placed on the inside surface of the leading and trailing
ends of bottom plate 54b as illustrated in Figure 8a.

Referring to Fﬁnne.Qa,taﬁs were made using a clamshell 54 which did not

include steps 74a and 74b or shims 76t and 76b. In this case, the roll press 48



“14 through

a roll press 48 as |Ilustrated I n Figures 4a-4b. The cell

sandwi ch 32 is conpressed between-a top roller 50 and a bottomroller 52.
. The conbWQ26/3775f the pressure applied by the roll press MEI/GBIS/GIND

el evated t

enperature of the spheres 4 gnd foil 2 will cause the sphere 4

to become bonded to the foil 2. In an alternate enbodi nment, the cell

sandwi ch .32

is conpressed while still at roomtenperature. The foil matrix

2 (incl uwﬂ@csqﬂﬂﬂreedamhhehmmuzslehédgeed@;ﬂzdrhmr%weneahhg vhmhdhe%ﬁ‘ects
rocess. .This, alfetnative..proyjdes.a i fi capt, advant age si nce the
gorrpressif'&%n 85&@8%@@%&&* ‘:itggo‘@r“s rFB%r‘M@%ﬁllﬁwieﬁé’lﬁeﬁf@ftr ed

I's inpor
each sph

In the

enbodi e q;ﬁﬂ(fﬁbﬂ Qﬁ!‘ﬁgg ﬂ?‘ﬁfer?ﬁfﬁﬁya?% mg 1y
about 10%nc es gel%er(a%Fl er o ﬂ{e %hmay var&ta
bet ween aphetesdt dﬂdwexnesahemdnrmewe ﬂemamhgfﬂhbrfeﬁbe The
process, howe limted by {he size of th |l lers, 50 and 52.
Sl | or 4P FEid thi m*qsi eneamplgm%nam ﬂ@pbmae%épamngrﬂq
only a pq.ég&m%ﬂm&? ' between roller 50 (or 52) and the cell
sandwi ch 'S eature pr ovides an advantage as will be described bel ow.
However, rollers that are too small may inpart an undesirable curl or
def or mati on_t o e.cel andwich 32 ag it exits roll press_48. A so the
_size of th&‘h%PhEMHgﬁﬁﬂ -0 hims. 76, torthen damshell 54 depsé tohe
force ap

M@ﬁgﬁbéﬁugéﬁkam%% ongde?no?ﬁggﬁ%%cwyh .

dverhiéddof thie first dow iof spheiises STHis/dpproadiedelay® apphettionéf Preamsre €.

to the clamshell 54 and together with the shims 76 compensates for the thickness of
the cell sandwich 32. The cell sandwich 32 resides inside the boundary formed by
shims 76t and 76b. With both the step 74 and shims 76 functioning to minimize the
amount of plate separation at the trailing end 94, the magnitude of the forces
applied to the first spheres are lowered to a level where no damage occurs, but yet
bonding of the spheres 4 to the front foil 2 occurs. A typical force profile along the

| 'lengthoftheoellpackageforaclamshelleomparabletntheoneml“igmesSa-Bcls

illustrated in Figure 9b.

The benefits derived by the trailing end 94 from the inclusion of the step 74 and
shims 76 to the clamshell 54 also applies equally well to the leading edge 92.

When performing the affixing process, the clamshell 54 is typically preheated to
avoid the relatively long time it would take to heat a structure with a high thermal
mass. In the preferred embodiment, the clamshell 54 is held at about 450°C to
510°C. The temperature should be held as close to the bond temperature as possible.

" The cell sandwich 32 is then loaded in at room temperature and the combination is

then heated to the desired process temperature, e.g., 530°C. In an alternate
embodiment, the cell sandwich 32 is preheated (e.g., to 200°C to 550°C) before

* insertion into clamshell 54. This step has proven useful in minimizing sphere

movement because pads move (or shift) less when closer in temperature to clamshell



preferred enbodinment, if the cell sandwi ch 32 (including clanshell 54 as in;
Figure 6a) is about 1.080 inches thick, the rollers 50 and 52 w ||

typi cal | yYWOP6MBTSt 1. 010 i nches apart. This gap setting talpez/gsysoiascount
about 0.025 inch worth of play that exig2s in the roller bearings. This
configuration will cause about 24,000 pounds of force to be applied to a
portion of the sandw ch 32 thereby conpressing the spheres 4 into the foil
matrix 2. It is anticipated that a process not u5|ng a clanmshel | 54 woul d

reqwre rru h Ies fort%eemg .CO rﬁaeS'Eﬂ gﬁmﬁpg rfltotedqeﬂfohngn&trlx
pC) GB95/r9ﬁ&%(sd§nd\b e ol 500°C £l efrig thew#&}ess il Ty

two rollers 50 and 52’ of equal radius, I nclTude a

vari ety afdamshe}jlﬁéafﬂhnheatﬁdmﬂmwmﬂdhdmhhepdbsceueandmdthﬂt ed in

. Fi gures 5a-5d Figur e SW r,ol | er has a smal | er han
Thot' ot boTRginathed ﬁﬂpammegfam e sied G

radi us o %Fﬁ %@&ﬁf I "?ﬁ’g

shoul d be not egﬂt hathﬁ%e tangentlati9 velocities t Ne ?%vo%r I%?’rs and 52

ar e substclamishelDyordhealamshdlhf4 fean stickingpr dinging tptheadlless. t As nsemtionedeed
at the t %preeiggs@?ttﬁgr&rface texture of -the rollers ean also be modified by, for example,
mechanical abrasion and/or chemical etching to further aid in preventing this
- sticking.

- 'The rollers 50 and 52 described above are typically cylindrical in appearance. Yet
in alternate embodiment, these cylinder-like rollers can be shaped to include a wide
vanetyofeonﬁgurahons Fofexample,astep-eanbemachﬁnedinto the top and/or
bottom roller(s) 50/52, much like the step 74t (74b) included on the clamshell 54.
This roller configuration may allow the use of flat, non-stepped clamshells.
Different roller shapes may also prove useful when bonding without a clamshell 54.

As another enhancement, the width of the rollers 50 and 52 can be selected to
match, for example, the width of the cell in the case of no dlamshell bonding or the
width of the step in clamshell bonding.

At this point in time, the cell sandwich 82 can be directed to the roll press 48 for
the compression process.

Reference'shouldndwbemadeto Figures 10a and 10b. In prior art processes
whichuﬁ]izeaverﬁeali)resstoeompressthespheres4intothefoi12_(asinU.S.
Patent No. 5,091,319), the force F applied to the sphere (as denoted by reference
numeral 56 in Figure 10a) includes primarily a radially inward component in the
direction normal to the plane of the foil 2. In the method using the roll press 48,
however, the force may include both a radially inward component F, in the direction
normal to the plane of the foil 2 and a tangential component F, in the direction



In‘the enbodi ment of Figure 5b,. the. cell “saridwi ch 32 is placed on a

bel t - conveyor or_sinlar facHlty 52:"and gw ded beneath top roller 50. This
.embodi ment’ @ 90315, at es t hat only-oneroller ray be used. BEXRCRIGBIP1IUION
that principle, Figure 5c illustrates amtenbodi nent where the cell package
32 is stationary and the roller 50 is noved over the cell package. In

anot her variation, a heating el enent (not shown) can be i ncl uded within the
conveyor parallalto( @lﬂ@e%%mbrz sﬂu‘hﬁ%&:@l‘!ﬂs are denated by reference muanerals)56he
hi gh t enper at el an \Nl. Final ure bd,denonstr S
that the PB éﬂ;)’r‘}eg’sg“ﬁ%@&n @F&E ?%?ﬁe&%"é %g
bot t om r olgopild hagnrth ﬁﬁﬁﬁeézp&ﬁéﬁnéﬁfhﬂ}%ﬁﬂ‘&méw i be
varying radii. These type of roll resses be referred to as tan

rol l'ing mse; of clamsheldH. oAmDmstvhmhdnesr
the prior n.th on afe ws  30- 3

Fi gure Zaf%%%#@wgﬁ rrgg @Mﬁkféﬂﬁﬁlﬁf erFBFHP&F‘

pressure gélblpaRitage 32 andRkahesdésign bf Ahebfdll PredsOls i brdér To

the
effective surface area bei ng conpressed at any given tinme is relatively

smal | . | ndetrimental effestsiofithe tangentiah compohents580 While $#yoild appearaatefirstt he
f f t act | furth ng this
iﬁ;rzg?e?r a o ci_'n act_ wi %ﬁc.rease ﬁjr er en%n%eg table, we have
PCT/ GB95/Qis&@mdthattheprocesseanbemadetoworkmththeuseofaclamshell. In fact,
experimental evidence has shown that the roll press outperforms the vertical press.
The following discussion provides the highlights of this experimentation.

In the past, the thermal bonding of the aluminum matrix 2 to the silicon spheres
4 of the spherical solar cells was made using a vertical press with heated platens.
This bonding step of the cell assembly process can be called the "front bond” and is
one of the major steps in that process. The front bands of both 10 em® and 100 cm®
cells (i.e., cells with a surface area of 10 cm’® and 100 cm’, respectively) can be made
with four-poster presses having maximum pressing forces of 30 tons and 200 tons,
respectively, and temperature control to 600°C. This method of forming front bonds
is described in U.S. Patent No. 5,091,319 ('319)..

An improved means of affixing the silicon spheres to the aluminum foil has been
successfully completed by using a two high rolling mill (e.g., roll press 48 in Figures
4a and 4b) in place of the vertical hydraulic press. The roll press (48) used for these

~ initial tests is the same as the rolling mill used for the book roller embossing of the
ahuiminum foils which has been described in U.S. Patent No. 4,992,138,

A cell sandwich (e.g, a 10 cm® cell sandwich 32 as in Figure 6a) was loaded and
inserted into a clamshell (e.g, clamshell 54 in Figure 7a). The clamshell was made
from steel which was hardened after machining to a Rockwell C hardness of about
65. All surfaces of the hardened clamshell were then ground flat to within +/-



16 antici pated, however, that hé'Hfﬂ'Sls{ent,.r\g\éeE
whi ch have a di aneter of 15 i nglhes ofcgrLReEp' - di scussed above, Figure
2a il | ust rWO®6/0336r possi bl e defi 30 (or 80pcoiGBISI01726

30"') of spheres 4. It should be noted that a row can be defined by a line
crossing the foil 2 at any angle. In other words, a row m ght only include
as little as a single sphereif the particular line which defines the row

crosses Ordatg M ifenfiie Mt ded pardil suehick® Befitoh &mm&ﬁg

enbodi ment e cell sandwich 32 is di sposed wi thin a "cl anshel 54 be ore
bei ng di reiheeulamahd!rgnnwwngcndupmx Package was sundhrengh the rojlinganil to'

refers to a xt,ure which des a top plate 54t. andabottomplate 54b
and encl os%‘ﬁxffh%' o"s%%‘ geﬁnrl ng the conpression step. As

illustrated in Figures 7a-7c¢, the clanshell 54 can include a h| nged fitti ng
connecting the top and bottom pI at es 80 and 82 (thus the nane "clanshel|l").
However, as Wlithrﬂnealambhell ted ®500°C bymmfsheﬂhed:platenmofalvmhmdb

tcgﬁnglc?igg have | so beeB d&hgned US|!ng aeggﬁl | -!I g%ﬁﬁge i n i te
R Eéﬂ'sﬁ?? ﬁﬁﬂgéﬁ ﬁg@ bﬁ@‘%"‘
cg;?rghpgtlrsonsbare R ust r at ed Ref er r| ng f| rst to" Figdre upp

pressure rﬂxérmllenpandennnmﬂtchem m‘l'hetpackagmbowaltheteasca)dlam fhlerspﬂwes

preferred e | i;ant, sheet 39 is alu and the rel ease
Coat 40" | SORPHAHER oult o Sy s fight pressire ampgimw good theftaal

contact between the clamshell and heated platens.
Aﬁeronennnuteofpreheatataboutﬁﬂﬂ%,thecl

ainshell54wntéining'theoeﬂpackage32§vasremovedbymeansofafonguedfork
(as in Figures 7d-7e) and placed near the roll press 48 (as in Figure 4a). The
clamshell 54 was then guided through the roll press 48. One pass through the
rollers was sufficient to bond the spheres (4 in Figures 4a and 4b). After front roller
bondmg, thecellwasproeessedaccordmgtooperahngpmwduresasdesmbedm
the ‘819 patent.

n could utilize rollers

A clarifying note on the importance of the clamshell is provided at this point.
Previous to the above front roller bonding tests, a series of tests were conducted
which tried unsuccessfully to affix a ~0.0005 inch thick aluminum foil to the
backsides of the spheres by using the same rolling mill as shove. This process step
is called back bond (and is discussed with respect to Figure If as well as
‘hereinafter). The back bond step completes the electrical circuit of the solar cell
since the front foil is connected to the n-type doped layer and the back foil is
connected to the p-type core. We believe these tests failed in part because the
process lacked a functional clamshell design.

An eeoeptable' clamshell design consists of two thxckmetal plates (e.g., 0.300 inch
thick per plate for the front roller bond clamshell illustrated in Figure 7a) hinged on
one side. Alternatively, pins as illustrated in Figures 8a-8c can be used. The hinge



pad 36 includes conpliant sheet 44 and rel ease coat 43. Once again, the
conpl i antwﬁggﬁé 74514 may conprise alym num and the rel ease coat 43 may
sconprise p 5 As di scussed above, other materials nmay RENGRASIO1TIoC
portion of clanshell top plate 54t and lgttom pl ate 54b which contacts the
cell sandwi ch 32 may be covered with a rel ease coating (not shown) which
w Il prevent the cell sandwich 32 fromsticking to the clanmshell 54 during

t he heat i prgventedctheplates ofithetclamshelb fromx sliding andiereatingsixebdsivel tanzgentiial
coated w t,h a [ am Csz W0 96/ 03775 PCT/ GB95L01.71Q .17 |i kg or .sim | ar
coati ng, %‘t?@ﬁ‘ﬁgwi%#h%ﬁ?‘x\gﬂl T A 0%-% %P&H@g? ormed the sgme
nitride (fildion®ds A5 TORE I Fighird %a(%%wéﬁm@m urifRBodS R fe R CHARY
i npede an al um num sheet (e.g., 39 or 44 romstic |r?g to a stee

cl amshel | excessiveitengentiak ehéarc fortes (i, force (F,f ar Figumeot0b)pfor sillek Hsondin,

cl anshel I, r sq be,.modified by, for exanple, nechanical abrasion and/or
cheni cal mﬁ%@&nﬁﬂ%me cell sandwich 32 fromsticking to the

cl anshell 54. This surface nodification nay be used singly or in '

conmbination with a variety of release coatings to prevent the sticking.
If the mass of the clamshell is much larger than the cell sandwich, it is quite:
possible that maintaining the set point temperature of about 500°C during the time
the clamshell leaves the preheat furnace and enters the rolling mill can be
accomplished without the assistance of additional heaters. The heaters would
increase the cost of the clamshell as well as complicate its movement if electrical
wires were attached.

~ The clamshell plates must also be thick enough and strong enough to resist

plastic deformation which will ensure that the force exerted by the rollers is being

evenly distributed across the cell. A bow in the plates induced by the rollers could

" result in non-uniform forces. For example, if part or all of the available rolling

 forces are being diverted to flattening the clamshell, insufficient forces may be left to
bond the foil to the spheres. -

So the concept and design of the clamshell can be somewhat important to the
success of roller bonding. The clamshell used in the unsuccessful test did not have a
hinge (or other means for preventing excessive lateral movements such as pins) nor
was the thickness and hardness of the plates sufficient to prevent bowing of the
plates. The clamshell used in the front roller bonding tests incorporated all of the
above attributes and, thus, was a much improved design.

Although the clamshell has played an important role in the cells which have been
processed until now, we envision a process which can be performed without a
clamshell as was previously discussed with reference to Figures 4a and 4b. To



An alternate enbodinent is illustrated in Figure 6¢c which is simlar to the.
enbodi nent of Figure 6b except that the alum num sheets 39 and 44 have been
oxi di zed WA/ BAB pl aster coatings 40 and 43 have been el i MGEEBWOINOCer ani ¢
caating (not shown) can be fornmed on th®e4 clanshell 54 as described above.
The cl anshell 54 typically conprises a hard, thermally conductive materi al
such as steel. Steel  alloys such as D2, M2 _and H13 have been tried

successf eliminats the clamsbell he forceexerted by theirell pressssill havetorhe engineepedum
and tungst al so _be qgood.,candj dates. Jn the one enbodi ment, the

cl anshel Imﬁéﬁf%y wé‘?%ﬁ%‘%h“é@ﬁ%@ﬁ%ﬁ%‘at e each of which are

. about twenty inches long. by eight inches wide by one half inch thick.

- However, these dinmensions may be varied according to the size of the foil

2. A nore Qo demonstaate theysuccess\of the proness hnthr&eopeg-cs‘mﬁtvdMoutput

Fi gures 7a-,/6 and. 8a;8c. Referring ngw Fiqures 7a-7e, first enbodi ment
cl amshol PSRt Currele Slbged of (Y elle"wir Heasivad Thoep soulid ope
bondi ng Hatted! thianl cdltd biadis with 'theUhgdrahuli ’chﬁsﬁhﬁ@ﬁiﬁ_ | Thbeé
hardened (eg., R err] = 65 where err] is Rockwell C hardness)" steel
pl at es 8(pazametsrsceamdie @ossibly mﬁmm& if thesroller bondemethoditinduedd less
sandwi ch” 32.ma | aced bet n,ihe top phate $80.and, t he, bottom.pl ate 82.
The ol andieianlcal Ak GRA L) the SR AR, SeskdRtoe FRIRPL HEAMFS o
and ralSl&A@?ﬁé%W%&mma%W%m Hugtio® With its
cl anshel | 54 "between a heating source and rol[" press (and vice versa) can
be faci | icontindoty, limesy miotignaallowing for smooth material flow without the need for

any vertical bonding motion asin the press method. =~ ‘

The method of the present invention can also be utilized with the back bond
process as described above with respect to Figure 1f. As with the front bond process,
- a cell sandwich is formed as illustrated in Figures 11a-11d.

Referring first to Figure 11a, thecellsandwich?nzincludesupperpressur_epad
34, lower pressure pad 36 and the cell being manufactured which includes first
conductive sheet 2, solar members.4 and second conductive sheet 28. The cell may
be a 300 cm?® as shown in Figure 2¢c. As before, the pressure pads 34 and 36 act as a
cushion so that the spheres 4 are not damaged during compression. '

Figure llbﬂlusu'atesaﬁrstofthemanypressnrepadconﬁguraﬁdnswhichcan
be utilized for the back bond process. The layers illustrated in Figure 11b are
summarized in Table 2.

-
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illustrate
775A second e
Thi s cl anshe
as in Figure 2c),

for exanple. Top plate 54t includes four pins

of which are illustrated in Figure 8a and denoted as 70a and 70b) and
bottom plate 54b includes- recesses 725‘ablq2is i1 ust rat ed in Figure 8Db).
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I - or bonding 300 cnferr] arrays
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8c.

t he

ides
PSS

P 54t
e
bhm

cell san I pl ate 54b dpring
t he conprjessi on procep goxi ning to Figurle 8a the clanshell 54 incl
a nunber Jof features /\/m ch enhance the perflormance of the bondi ng proc
using thq roll mll 4B s 4a-b and 5 pl at
i ncl udes Ja step 74t op Mﬁ?si de of the 3@%’&@{’?#?‘?'@@80@@% m pl a
54b incl JUES . a_SLep 7fo_omn.the oursrde of e FHowever, —tiebott]
pl ate 541 Ragk R eell Ael“‘m-@ﬂ)me as tests B%lﬂ;mﬁxo-m%
Lower Pad 36 | Aluminum 64 (oxidized) | 6.0x 14.376x0.002

Oxide on Aluminum 64 = | ~0.000060" thick

Aluminum 66 (axidized) | 6.0 x 14.375 x 0.008

Ozxide on Aluminum 66 ~0.000020" thick

Stainless steel 68 6.0 x 14.375 x 0.002

(oxidized)

An alternate embodiment cell sandwich is illustrated in Figure 11c. In this
embodiment, a plaster layer 63 (e.g., with dimensions of 6.00" x 14.375" x 0.001" =
0.0005" is included on aluminum layer 64. In addition, the stainless steel layer 68
can be eliminated (as shown) if the oxide thickness on aluminum layer 66 is
increased to say 0.000120". |

Figure 11d illustrates a cell sandwich 32 which is disposed between top clamshell
plate 54t and bottom clamshell plate 54b. In this embodiment, the top clamshell
plate 54t is coated with a ceramic release coating. This coating will directly abut
back foil 28. The lower pressure pad 36 includes cxidized aluminum layer 64 and
raw aluminum layer 67. As with the top plate, bottom clamshell plate 54b is coated
with a ceramic-like coatlng ‘This embodiment does not require stainless steel

sheets.



accept abl e bonding with a stepl ess bottom plate 54b. Each plate 54b and 54t .,
al so includes a steel shim 76b and 76t respectlvel y. In one enbodi ment

t he shi ns wibddnareOp pl ate 54t nﬁybe 14; 2’ x:0.5"x 0.048" a%@(é tloned
| ongi tudi nal 'y on the underside of bot hsj des. (only one shi'm ?ﬁlﬁ%

Il l'ustrated in Figure 8a) In this exanpfe, the bottom plate shins 76b may
be 7.80" x 2.1" x 0.062" and nay be placed on the inside surface of the

:?g?ger?ngn?%ﬁ*é&gga tegill m’m@dgi@éng a W ﬁfpggc%?ghg %eﬁot

i ncl ude sidefined4n thedinsébating iﬁyersz(YGt’I‘hmd apfgrtures will exposeca portion of Ithe
press 48 WO 96/ 03775

P Coos epba asles denaiiad abaweo Thasrgusedposion oshespbersst ingoed t the: |

action, 5899 Wuﬁ:h a%estp; Elﬁﬁﬁejggnglgg he cell sandw ch 32,
caused the upper anéafower pl-ates an E’g@o separ ate at the trailing

end 94 thereby damaging the first.few rows 96 of spheres 4 due to excessive
8;3;;3&23%@ ro*g Attﬁgpts at decrea &%@3& fo%ﬁ:@ﬁ%%gathhf@ts
i?ﬁé‘ﬂﬁ?p&%ﬁ%s'ﬁ%gﬁ%g&%@wmwﬂm%% 5 cltheBlll 54 Bnd tie
: foil sheets 2 and 28. This intermediate pressure step can be performed using a
vertical press and is usually included when using heated platens of a vertical press
as the heating source. This step can perhaps be avoided if the furnace design
provides a good thermal environment for heating cell sandwich 32 and/or damshell
54. WhenadamsheﬂMnsheatadumnganmﬁ‘aredheahngsouroe,no |
mtermedlatepressuresbeplsneeded The weight of top plate 54t enhances good
heat transfer.

The compression step to form the back bonds can be performed by use of a vertical
press as described in the ‘319 patent (and as illustrated in Figure 12a) or more
prefemblybyaroﬂpressasdembedaboveandasﬂlush-atedml“:gzrelzb As
thhtheﬁ'ontbondpmeess,thecombmahonofthepressureandtheheatwmcause
the conductive sheet 28 to bond to the spheres 4. |

In the preferred embodiment, the electrical contact 26 and the second conductive
sheet 28 are formed from the same sheet of material. In an alternate (less preferred)
embodinient,thisprpeesseanbeperformedintwosheps. '

n the first step, the electrical contact 26 is formed by compressing a conductive
sheet (preferably aluminum) as discussed herein. That is, the conductive sheet may
be compressed by using elther a press (319 patent) or a rolling device (described
herein). The excess of the conductive sheet is then removed leavmg a conductive
pad 26 affixed to the core 12 of sphere 4.
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process, the clanshell 54 is typically preheated to avoid the relatively

Lne pref or r SRSy Bus {EvaRigtf *hod Bhi B, Ty el B, DBt

510[ err] Oemﬂodmtsethisdacdbﬁohdslmthteﬂdad to 'beseonistruied dntw HithitipgPeunabl 1 ©
as possi b&e The cel | sandvm 35 S then Ioaded in at roomtenperature and
the combi NSEioYs thejllustrative embasiments, as well as

(520([jer E CD%[W?S@%M e | n%@bh%ﬁ%w*ﬂgﬁ lﬁg@%tae#l S

step has pox deferende o the deseription.nlf isthereforenirtendéd tiestthe appetidedelstmisor

shift) less when closer .in tenperature to Iamshell
) encompass any such cahonsorembod(;ments



PCT/ GB95/ 01710 20 In a Jﬂ%ﬁ% %&ﬁ‘m nt, the rollers 50 and 52 may be
heated. HIH@PHEThe rolllers ¢ about 500[ err] C fpcT/éB9Sam  nay
greatly facilitate bonding wthout a-clagshel'l 54. The heated rolTers woul d
help to keep. the cell 'sandw ch hot. In anot her al te mﬂ

rel ease coat.layers*may.be applied or forned on the [m"wﬂ "HHM'HZ to
prevent eMIﬁATISF@LAMED)Is'kage 32 (when not using a*cl &nshelt) sor *t he

-clamshel |l 54 fromsticking or clinging to the rollers. As nentioned :
previ ously the surface t exture of the rollers can al so be nodified by for

S)r(g\r/rgln?l ng this st | (?EI ng. heﬁ{rigﬂa rs . a'ndug%qgjéscrl aegi&%ﬁ% are

typically cyfindrical in appear ance Yet in-alternate enbodi nent, these

: cyllnderllkerollersca bes o,.i nclude g.w de varj et f-‘ .

" configurations. For e‘ﬁ"-@’é‘ﬁn& dfﬂﬂ?ﬁqﬁztfgﬂn&ﬂd%ra
bottomroll 6%1 Ba@'ﬂ*q é\ﬁl?«#ei:ﬁ@dég@ - t.he

cl anshel | iﬂ té er conkl guration may allo e use o ﬁ?‘

non- st epped cl anshel brepdiiﬁéarantsandwxdi byiplaangrmd ﬁiﬂsmamﬁ\betwsad uppeRen

bondi ng wi t hout. a cl anshel | 54
- and lower pressure p

heatngsaldeellsandmch,and
compressmgeachrowmthmsmdpluraluyofmwsofsphems within said
heated cell sandwich.

54. WD 96/ 03775 r‘
|

'2.ThemethodofClaim 1, wherein each row is compressed sequentially.

3. The method of Claim 1 or Claim 2, including the step of directing said cell
-sandwich through a roll press thereby compressing said cell sandwich.

4. The method of any preceding claim, wherein said upper and lower pressure pads
each comprise a compliant sheet.

5. The method of Claim 4, wherein said complaint sheet is coated with a release
coat layer.

6. The method of any preceding claim, wherein said upper pressure pad comprises
a plui'ality of layers, said layers comprising:
- a stainless steel sheet; ' |
a first sheet of aluminum, said first sheet of aluminum having an
oxide layer formed thereon;
a first plaster layer;
a second sheet of aluminum; and
a second plaster layer;



"As another enhancement, the puis uﬂlllﬁu lﬂﬂn.i l! 2 can be sel ected
to match, for exanple, the dHIIBeﬁEETIBI of no cl anshel |
_bondi ng VOPGBSTIB dt h of t he St ep iRERtAGTShel | bondi ng. At tPETABISOIRI0| n
time, the cell sandw ch 32 cafmbe—drrectadro-the roll press 48 for the
conpressi on process. Reference should now be made to Figures 10a and 10b.
In prior art processes which utilize a vertical press to conpress the
spheres 4 |randt&niflowler2p('essure1 pads. comaprises Ro plaralidy , ofl dayersh comprising:
applied to the sphere .a sgeoqtl,q&g?% reference nuneral 56 in Figure 10a)
includes primarily & conmponent in the direction normal to

t he plane of the foj st%et '%gf‘%h uhfih oﬁﬂﬁ?ﬁﬁfa‘
the force may i ncl uge th a radi al ggﬁdjn%%dg%ponent F[errgi I n

di recti on ndormedthereenpénde of the foil 2 and a tangential conponent
Flerr] in the directiqgn WD 96/ 03775

PCT/ GB95/ 01710 21 p&ﬂ’iﬁt@?h@rt he plane of foil 2. These forces are denoted
by reference nunerals 56 and 58 in Figure 10b. Although it woul d appear
that the tangential conponent 58 would harmthe process, it has been

exper i nenffal Thye miethod of Glaitsck 5§ wherein @aid bpper pressurepad anxd ldwerpresmirea

careful ly deS| neg g:&pnggeelaxlx 54 glr 0Cess mee%h ogsbmmeasemt

8. The method of any preceding claim, wherein said step of heating said cell
sandwich comprises the step of heating said cell sandwich to between about 500
and 540°C.

9, %emethodofanypmcedingdaim,wha'ein'saidheaﬁngstepisperfomedpﬁor
to said compremary step.

10.Theinethodofanyof01aims 1 - 8, wherein said heating step is performed after
said compremary step.

11.The method of any preceding claim, andﬁ:rthereompﬁsingthestapofdisposing
said cell sandwich within a clamshell.

12.The method of Claim 11, and further comprising the step of heating said
clamshell prior to dlsposmg said cell sandwich within said clamshell.

13.The method of Claim 11 or Claim 12, wherein said clamshell includes a stepped
portion such that the thickness of said clamshell is not uniform.

14.The method of any of Claims 11 to 13, wherein a surface of said clamshell is
modified so as to prevent adherence to other materials in said cell sandwich.



not make use of a cl anpiTeld SABET Ras@:0 the l
conposi tion of the cel paclmA&EDandj Jmﬂngm‘lmmmmnfhe roll press 48

i n order WO9A33750e t =ef feCt ¢ ot the tangenpicidlEesiPryent
58. While it would appear at first g}ang@ that a process utilizing a roll
press woul d be unacceptabl e, we have di scovered that the process can be
made to work with the use of a clanshell. In fact, experinental evidence
has shownyst iRé rhéthododf amy preceditigh elaisy aﬁdtxhduumg thé sted 65 oolibigesdid! detivi Ng
di scussion provides the highlights of this experinentation. In the past,

t he ther mal sangwiichg of the aluninummatrix 2 to the silicon spheres 4 of
the spherical solar cells was made using a vertical press with heated

pI atens. Thi s bondi ng step of the cell assenbl y process can be called the
. "front bagdiha detifod aﬁgﬁ&e@EFO hefein (dd3d pcPERSS -aré forinedfn A0Nds
. of both 10 cnferr] _and 100 cnferr ceIIs (i.e., cells with a surface area
.. of 10 cn erhmmal fioh, respectively) can be nade ‘with four-poster
presses havi ng maxi mum pressing forces of 30 tons and 200 tons,
respectively, and terrperature control to 600[err]C. Thi s rret hod of form ng

front borﬁsThéxﬂ&hG&'o!’gﬂY Elﬂixﬁﬁhthﬁtxtﬁe?&ﬁdﬁ 3, Whereif? sg1ded

means of affixing the i con spheres to the alum numf0|l has been

successf ul | yolk presisetoenpriiges s fingt rollenovith ghdiavieter gndia second goller with paidss
48 in Fi gurﬁs 4%nd 4b) in place of the vertical hydraulic press. The roll
press (48) r these initial tests is the sane as the rolling mll

used for the book roller enbossing of the alum numfoils which has been
described in U.S. Patent No. 4,992, 138. A cell sandwich (e.g, a 10 cnferr]
cel | sandid. The 3aethodiof afiy gweeeding ciaim inthatit depends from Claim S, wherein said

step of directing said cell sandwich through a roll press comprises holding said
cell sandwich stationary and moving a roller over said cell sandwich.

19. An assembly of spheres formed by the method of any preceding claim.
20.The aésembly of Claim 19, wherein the spheres are semi-conductor material.

21.The assémblyofClaim 20 where in the spheres are silicon.
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inserted into a clanshell (e.g, clanshell 54 in Figure 7a). The cl anshell
was made fweyyspseRl Whi ch was hardened after machining to a Rockwell C

lhar dness of about 65. Al surfaces of the hardened cl anshel PCraEBdshiAE
ground flat to within +/- WO 96/ 03775

PCT/ GB95/ 01710 22 0.0005 inch to ensure flat-and parallel surfaces. Before
actual bondi ng took place, the clanshell containing a dunmy cell package
was run through the rolling mll to adjust the bite or gap of the rollers.
Wth the clanshell 54 heated to 500[err]C by nmeans of heated platens of a
.vertical press, the cell sandw ch S inserted inside the clanshell

foll owed by inmmedi ate |ight pressure on the clanshell 54 to prevent the
package from bowi ng due to thernmal expansion m smatches. |f the package
bows theré is a chance the spheres mght shift out of place. The |ight
~pressure was al so applied to ensure good thermal contact between the
clanshell| and heated.platens. After one m nute of preheat at about
500[err] C, the cl anshel It‘(64 containing the eell package 32 was enmoved by
means of a tongued fork (& n Figures 7d-7e d 8l aced near tHhe
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rollers was sufficient to bond the spheres (4 in Figures 4a and 4b). After
front rol lwoogasgsng, the cell was processed according to operating
procedures as described in the '319 patent. A clarifying noPETaBYs/bE10

i nportance of the clanshell is provided at this point. Previous to the
above front roller bonding tests, a series of tests were conducted which
tried unsuccessfully to affix a ~0.0005 inch thick alumnumfoil to the
backi des of the spheres by using the sanme rolling mll as above. This
process step is called back bond (and is discussed with respect to Figure
1f as well as hereinafter). The ba&M® ®hond step conpletes the electrical
circuit of the solar cell since the front foil is connected to the n-type
doped | ayer and the back foil is connected to the p-type core. W believe
these tests failed in part because the process | acked a functi onal

cl anshel | design. An accep#&ble clagpshel | desijgn consists of two thick
netal plates (e.g., 0.3dbf' ch thitk\per pldké for the front rob,er bond
clanmshel | illustrated|iniFigure 7a) hinged onrone side. Altern vely, pins

as illustrated in Fi glir ©@@HORCAOKD QLD OROID SO0~ 98 03775
P?JT} GBSE/OI?l_O I23 plrg ) @C%@éaé)cgbébo%@ CPCQ%&@S i di ng and
(e]e]e)e]e’ O00000

creating excessive tg
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shéar forces on the cell sandwich. In other words, the hinge perforned the
. same function as pins 70a-b in Figure 8a. It was discovered in the
unsucc.essﬁﬂ’@@ﬂg t hat excessive tangential shear forces (PCIPGBISAYRE
Flerr] in Figure 10b) for roller bonding inpede the bonding process. If the
mass of the clanshell, is nuch larger than the cell sandwich, it is quite
possi bl e that maintaining the set point tenperature of about 500[err]C
during the time the clanshell |eaves the preheat furnace and enters the
rolling mll can be acconplished wthout the assistance of additional
heaters. The heaters woul d increase_t{he cost of the clanshell as well as
conplicate its novenent if electri 1%ires were attached. The cl anshel
pl ates nust al so be thick enough and strong enough to resist plastic
deformation which will ensure that the force exerted by the rollers is
being evenly distributed across the cell. A bowin the plates induced by
the rollers could result in non-uniformforces. For3gxanple, if part or al
of the available rolling forces are b?rzggdigyrtedffo flattening the
clanshell, insufficient forces may be“l *t nd the foil to the spheres.
So the concept and design of phe—ctansirett—canr—be—somgwsat inportant to the
success of roller bonding. The_clanshell used in the dnsuccessful test did
not have a hinge (or other nmeans for preve ting excesgive |ateral novenents
such as pins) nor was the thickpess and hardness ef 4hg plates sufficient
to prevent bowi ng of the pl at E&3==¥fe BPre SetP R the front roller
bondi ng tests incorporated all of the O 6
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above attributes and, thus, was a nmuch inproved design. Al though the

cl anshel | h&ﬁuw axed an inportant role in the cells which have been

- processed unt now, we envi sion a process which can be. perf Qout a
cl anshell as was previously discussed with reference to Figures

To WD 96/ 03775 _

PCT/ (3B95/ 01710 24 elimnate the clanshell, the force exerted by the rol
press will have to be engineered so that the bond can occur without
damagi ng the cells. To denonstrate the success of the process, both the
open-circuit voltage output and short-circuit current output of the cells
were neasured. These results were béyier than cells nmade with-the hydraulic
press nmethod. These inproved cell paraneters can be possibly explained if
the roller bond method i nduces | ess nmechani cal damage conpared to the press
met hod. Besides the ﬁgdﬁ% bchani cal damage, the rolq ¢

al so nore adapt abl e tb;nass' roduction W theR{p 5 conti |
al l owi ng for snpg 3 | ow wi t hout the heed fon
motion as in thefpress he net hgd ofthe presd
be utilized with bgq:tprocess =Ndedcti bed atlove W th respect to
Figure 1f. As witl! (»Joond process, &
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a cell sandwich is forned as illustrated in Figures 1la-11d. Referring
first to Figure 1la, the cell sandw ch 32 includes upper pressure pad 34,

J ower pre 80319 36 and the cell being manifactured whi acTEBdswie first
conductive sheet 2, solar nenbers 4 and second conductive sheet 28. The
cell may be a 300 cnferr] as shown in Figure 2c. As before, the pressure
pads 34 and 36 act as a cushion so that the spheres 4 are not danaged

during conpression. Figure 11b illustrates a first of the nmany pressure pad
configuration which can be utilized for the back bond process. The |ayers
illustrated in Figure 11b are summari zed Tabl e 2. WD 96/ 03775
PCT/ GB95/ 01710 Tabl e 2 El enent 5/10 Material . Di nensi ons
(inches) Upper Pad 34 Stainless steel 60 6.0 x 14.375 x 0.002
(oxi di zed) Plaster 62 6.0 x 14.375 x 0.001 0.0005 Back Foi
28 Al um ni um 6.00 x 12.125 x 0.0005 Lower Pad 36
Al um num 64 (OX|d|zed) 6.0 x 14LF?5 x 0.002 Oxide on AIunnTo§ﬂ64
~0. 000060" t hick
b
34
FIG. 64
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Al Gm num 66 (oxi di zed) 6.0 x 14.375 x 0.008 Oxide on Al um num 66

~0. 000020" n%g St ai nl ess steel 68 6.0 x 14.375 x 0.002 (oxidized) An
.alternate e nt cell sandwich is illustrated in Fi gur PCIIGBISIN7I0ni S
enbodi nent, a plaster layer 63 (e.g., with dinensions of 6.00" x 14.375" X
0.001" 0.0005") is included on alum num|ayer 64. In addition, the
stainless steel layer 68 can be elimnated (as shown) if the oxide

t hi ckness on al um num |l ayer 66 is increased to say 0.000120". Figure 11d
illustrates a cell sandwi ch 32 which is disposed between top cl anshel |

pl ate 54t and bottom cl anshell plate 54b. In this enbodi nent, the top
clanmshel|l plate 54t is coated with a cerami c rel ease coating.” This coating
will directly abut back foil 28. Tge1dower pressure pad 36 includes

oxi di zed al um num | ayer 64 and raw aI um num | ayer 67. As with the top

pl ate, bottom clanshel |l pl ata§4 54b is coated with a ceranmic-like coating.

Thi s enbodi nent does nOt—f-ogui+e—sta-nl-055—si-008 l—sheet s. WO 96/ 03775
PCT/ G3B95/ 01710 26 54\ o pa
[
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As*di scussed above with respect to Figure l1le, a plurality of apertures have
been defigﬁg Q&g%ﬂe i nsul ating |layer 20. These apertures will expose a
jportion of R ere as al so descri bed above. The exposed por/GBeswioio t he
sphere 4 is affixed to the second conductive sheet 28 by conpressing the
cell sandwich. Prior to performng the conpression 'step, the cell sandw ch
32 may have light pressure applied to ensure good thermal contact between
the clanshell 54 and the foil sheets 2 and 28. This internediate pressure
step can be performed using a vertical press and is usually included when
usi ng heated platens of a vertical'@&¥§s as the heating source. This step
can perhaps be avoided if the furnace design provides a good-thermal
environnment for heating cell sandwi ch 32 and/or clanshell 54. "~Wen a
clanshell 54 is heated using an infrared heating source, no internediate
pressure step i s ne . pe~\vei ght of top plate 54t enhances good heat
transfer. The conpr{ESsi on @p Lo forfrrng—mmﬂrﬂﬂﬂﬂtr1nnr1nr1nn+1wve%hby
use of a verticalBpfeps as|idalstRi bed i{n the ' 319 patent (and as ill ustifated

in Figure 12a) or ably by @ rolg press as gescribed abgve ghd as
illustrated i'n Figu w th thf ogt bond process, the cgrbingtion

of the pressurewand ; il cguRg he- conductive sheet 28 to %orfl to
t he: spheres 4. In ellptefgrriled em@jnment the electrical contact 26 gphd
the second conductiljefisheet] 48 are fofjned fromthe same sheet of materllal
In an alternate (|efs|lprefdrred) embol]i®ent, this process can be per®yfmed
in two steps. . ' y S !
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L)

In the first step, the electrical contact 26 is forned by conpressing a
conduct i vewtdfa74sPr ef erably al um num) as discussed herein. That is, the
conductive sheet may be conpressed by using either a press (pcidBdai ?] £gt) or
a rolling device (described herein). The excess of the conductive sheet is
then renoved | eaving a conductive pad 26 affixed to the core 12 of sphere
4. WD 96/ 03775 PCT/ GB95/ 01710
A second conductive sheet 28 (preferably alum nun) is then positioned over
"the electrical contact 26. The al um num sheet 28 and cell sandw ch 32 are
then heated to a tenperature betwe8plabout 400[err]C and 450[err]C '
(preferably about 420[err]C). The heated sheet 28 is then conpressed

agai nst the array as described herein. Wiile this invention has been
described with reference to illustrative enbodi ments, this description is
not intended to be cortgtrued inalimting sense. Various nodifications and
conbi nati ons of the | rative enbodi nents, as well as other enbodi nents
of the invention, wifHj pparent to persons skilled in the art upon
reference to the gesicr ig It is therefore intended that the appended

cl ai ms enconpass anyff's 1h pdi fi cations or enbodi nents.
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WO 96/ 103775 PCT/ GB95/ 01710 28 WHAT
IS CLAleQNbgbmkvsA met hod of affixing a plurality of spheres to a foi

ratri x-conprising the steps of: providing a foil including pchlcHosbity Of
apertures fornmed in a plurality of rows, each of said apertures having a
sphere di sposed therein; preparing a cell sandw ch by placing said foi

- matrix between upper and | ower pressure pads; heating said cell sandw ch;
and conpressing each rowwithin said plurality of rows of spheres within
said heated cell sandwi ch. 2. The nethod of Claim1l, wherein each rowis
conpressed sequentially. 3. The nethod of. laiml1 or Caim2, including the
step of directing said cell sandwi ch®4kough a roll press thereby
conpressing said cell sandwi ch. 4. The nethod of any preceding claim
wherein said upper and | ower pressure pads each conprise a conpliant sheet.
5. The method of Caim4, wherein said conplaint sheet is coated with a -
rel ease coat |ayer. 6. The nethod of any preceding claim wherein said
upper pressure pad conprises -

56~y F 56~ F
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FIG. 104 " FIGC. 10B
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FIG. 124
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3 pluratity of layers, said |layers conprising: a stainless steel sheet; a
first she%oggmﬁl,ym num said first sheet of alum num having an oxide | ayer

formed thereon;, 'a first plaster layer, a second sheet of al BEV/GBMOIZHY a
second pl aster |ayer; WO 96/ 03775

PCT/ GB95/ 01710 and said | ower pressure pad conprises a plurality of |ayers
conprising: a stainless steel sheet; a sheet of alum num said sheet of
al um num havi ng an oxide |ayer forned thereon; and a plaster layer. 7. The

method of Clainms 1 - 5, wherein said upper pressure pad and | ower pressure
pad each conprise an oxidi zed al um num sheet with a plaster rel ease coat.

8. The nethod of any preceding claim wherein said step of heating said

cell sandwi ch conprises the step of heating said cell sandw ch to between
about 500 and 540[err]C. 1e/10 |
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The nethpd of any precedlng claim wherein said heating steg
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(§7) Abstract

An improved method of affixing spheres (4) to a foil
matrix (2) is described herein. First, a cell sandwich (32) is
prepared. This cell sandwich (32) includes spheres (4) mounted
on a foil matrix (2) which are disposed between upper and lower
pressure pads (34 and 36). The cell sandwich (32) is then heated
(e.g., to about 530 °C). The spheres (4) are then affixed to the
foil matrix (2) by directing the cell sandwich (32) through a roll
press (48) which compresses the heated cell sandwich (32).
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hexagonal c

depends from Claim3, wherein said rol

a di aneter

precedi ng c
directing s
cell

onfi guration.

and a second roller with said dianmeter.

laimin that
aid cell

17. The method of any preceding claimin that
press conprises a first
"18. The nethod of any
it depends from daim3, wherein said step of

sandwi ch through a roll press conprises hol ding said

sandwi ch stationary and noving a roller over said cel

sandwi ch.

it
roller with

19.

1

An assenbly of spheres fornmed by the nethod of any preceding claim 20. The

assenbly of Claim 19, wherein the .spheres are sem -conduct or

21. The assenbly of C aim 20 where in the spheres are silicon.

mat eri al .
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