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Method and Apparatus for Affixing Spheres to a Foil Matrix 

FIELD OF THE INVENTION 

This invention generally relat.es to the fabrication of semiconductor devices to 

produce a solar ce11 · and specifically to a method and apparatus for affixing 

semiconductor members to a foil matrix. 

BACKGROUND OF THE INVENTION 

A number Ot systems for converting snnlight to electricity are known. One such 

syst.em that has proven useful in efficiently producing electricity from the sun's 

radiation is described m 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 int.erior and 

an n-type skin. A plurality of the spheres are held in a matrix which includes a pair 

of aluminum foil members which form the cont.acts to the p-type and n-type regions. 

The foils are electrically insulat.ed 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 quanti.ties of reasonably priced arrays, it is 

necessary to utilize a process for their manufacture that is uncomplicat.ed, low cost 

and efficient. ·An uncomplicat.ed system would be one using currently available 

t.echnology in such a way that the applicable process st.eps can be conduct.ed in a 

highly repeatable manner. Moreover, the less Com.plicat.ed 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 

production of solar arrays. 
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A key process step in the making of silicon solar cells is affixing the silicon 

spheres to the foil matrix. A kn.own technique for bonding silicon spheres to an 

aluminum foil is to heat the foil to a t.emperature slightly below the eutectic point 

(approximately 570°C) and then press (or push or drive) the spheres into the foil by 

using a free fstmng weight. The free ramng weight generates sufficient shearing 

forces at the silicon and aluminum foil interface to form good adhering bonds. 

Drop weight bonding has numerous problems and disadvantages. First, the 

technique is inherently slow. Second,. the drop weight approach does not lend itself 

to SC'lling up for larger production volumes. Another problem with drop weight 

bonding is that dist.ortions in the impact surface of the weight result in undesirable C 
cent.er pressures. Finally, the technique results in t.oo many damaged spheres and 

shorted cells. 

Another method for affixing silicon spheres tD a foil matrix is described in U.S. 

Pat.ant No. 5,091,319. In that patent, the silicon spheres are pressed into undersized 

apertures formed through one £oil of the foil matzix using a hydraulic press. This 

method, hOwever, suffers from the deficiency that the spheres throughout the cell 

are not always uniformly ~ to the aperture walls, especially for larger sized 

cells. 

SUMMARY OF THE INVENTION 

. 
An improved method or 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 

affixed to the foil matrix by directing the cell sandwich through a roll press (or 

rolling mill) which compresses the cell sandwich thereby bonding the spheres to the 

foil matrix. 
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An advantage of the invention is that it provides a process flow which is more 

conducive t.o a continuous throughput. Unlike a vertical press, the foil matrix can be 

continuously run through the roll press regardless of the length of the cell being 

produced. This feature enhances manufacturability and therefore reduces costs. 

In addition, a roll press provides a more uniform pressure since the forces are 

applied to a significantly smaller surface area at any given time. Whereas a process 

using a vertical press applies pressure t.o the entire cell (or at least a select.ed portion 

of the cell) at the same time, a roll press allows the cell to be compressed by 

compressing a few rows of spher8s at a time. It is much easier to uniformly control 

the pressure along a few rows of spheres than throughout the entire cell. 

In addition, the rate of pressure application is import.ant. The faster the force is . 

applied, the better the bond strength will be. Rollers can generally provide faster 

rates of application compared to a hydraulic press. 
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BRIEF DESCRIPTION OF THE DRAWlNGS 

The above features of the.present invention will be more ·clearly understood from 

consideration of the following descriptions in connection with accompanying 

drawings in which: 

Figures la-lf are schematic diagrams of the solar cell after each of the processing 

steps in a general process flow; 

Figure 2a illustrates the configuration of solar members or spheres formed on a C 
foil matrix; 

Figures 2b-2c illustrate two of the solar cell shapes produced by the steps outlined 

in Figures la-lf; 

Figures 3a-3c illustrate variations of preferred embodiment cell sandwiches; 

Figures 4a and 4b illustrate the rolling 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; 

Figures 6a-6c illustrate three variations of a cell sandwich formed within a 

clamshell; 

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

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

Figure 9a illustrat.es a cell being processed using a clamshell as in Figures 8a-8c; 

-, 
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Figure 9b illustrates a force profile over distance for a clamshell with a stepped 

plate; 

Figures lOa and lOb illustrate the forces applied t.o the solar cell for prior art 
device as well as the device of the present invention; 

Figure lla-lld illustrates variations of a cell sandwich which can be utilized for 

the back bond process; and 

Figures 12a and 12b illustrat.e the preferred method for back bonding the solar 

cells. 

Corresponding numerals and symbols in the different figures refer to 

·corresponding parts unless otherwise indicated. 

DETAii.ED DESCRIPI'ION 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 brim overview of the process of forming a solar cell will first be 

described. A preferred embodiment of affixing a spherical member t.o a foil matrix 

will then be described. · 

Referring t.o Figures la-lf, a solar cell is illustrated after selected processing steps 

in an exemplary process flow. 
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· Initially, as shown in Figure la, a flexible conductive foil 2, or "front foil", 

preferably aluminum with from about 0.5% to 1.5% (preferably about 1.0%) silicon 

by weight, of about three mil thickness is provided (herein a mil is one thousandths 

of an inch). Foil 2 has a native oxide layer (typically about 50.A. in thickness) on its 

surface due to its exposure to oxygen-containing environments. While the 

description herein will be with respect to three Solar array members or spheres 4, it 

should be undersmod that a multiplicity of array members 4 is provided in the total 

array as is exemplified by :the prior art not.ed above. ·A· completed array of spheres 4 

within a matrix which includes foil 2 is referred tD as a cell. In other words, a cell 

comprises a plurality of spheres 4 each coupled tD two sheets 2, 28 (Figure 1f) of C 
conductive foil. 

The aluminum foil 2 may be hlitially embossed. The embossments may reside in 

a periodic hexagonal ·arrangement, on selected, centers as filustrated in Figure 2a. 

For example, the embossments may reside on 16 mil centss for spheres with 14.5 

mil diameters or 32 .mil centers for 80 mil diam.et.er spheres. The diamet.er of the 

embossed region is slightly smaller than the diam.et.er of doped silicon particles or 

spheres 4 to be held thereby. The embossmeQ.ts may be circular or any other 

convenient geometrical shape such as hexagonal . or octagonal. In the case of 

polygonal embossments, a line across the polygon through its cent.er is less than the 

diameters of the spheres 4 to be applied thereto. Altemati.vely, the foil 2 can also be 

stamped or punched to form the holes 6. 

The embossed foil 2 is next optionally cleaned ta remove organics and is then 

et.cited with heated sodium.or potassium hydroxide ta remove the region ~the foil 2 

where the thinned embossments reside to provide apertures 6 through foil 2. The 

etched foil 2 ~eluding the plurality of apertures 6 is referred ta as a foil matrix. 

At this point, the foil 2 can optionally be 1iextured by etdting with a fifty percent 

solution of 39A etchant, which is thirteen percent hydrofluoric acid, thirty-eight 
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percent nitric acid, twenty-one percent acetic acid an<i twenty-eight percent water, to 
.·; 

provide a matrix surface that minimizes back. reO.ections. 

An excess of doped silicon spheres 4 are deposited over the front.side 14 of the 

matrix or foil 2 and negative pressure may be applied to the backside 16 of the foil 2 

with a vacuum chuck (not shown) to partially draw the spheres 4 into, and to hold 

the spheres 4 in, the- apertures 6. Because an excess of spheres 4, relative to the 

number of apertures 6, is preferably initially utmr,ed on the foil 2 front.side 14, all of 

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 fo?egoing. 

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 t.o 34 mils in diameter. The 

apertures 6 as explained above, have diamet.ers 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·s with the spheres 4, the spheres 4 are then bonded to the walls 

of the apertUres 6, as shown in Figure lb. 

Referring to Figure lb, the sphere 4 may be disposed in the aperture 6 so that its 

cent.erline 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 3) 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 mitigat.e 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 



' i. 

.. .. .. . ... -~ .. 
. .. : .. ~-. .. .. .• . 

; :" '·· \ ' 
W096/03775 PCI'/GB9S/01710 

.8 

are discussed in greater detail below with respect tO Figures 2-6. But first, it would 

be useful to describe the remainder of the process flow. 

Figure lb illustrates the .foil 2 as being coincident or aligned with the centerline 

of sphere 4. It should be noted, however, that this is not necessm:y. In fact, it is 

desirable for the foil 2 to be suflici.ently ''below" the centerline to maxinri~ the 

surface area of the n-type skin layer 10 on which phot.on energy may impinge. The 

relationship of the foil 2 depends on the amount of p-type core region 12 which must 

be exposed "below" the backsjde 16 of the sheet 2 for bonding to seCond foil sheet 28 

(as in Figure li). It • 1Jeen practically det.ermined that affixing the foil sheet 2 

about 55'!1 of the way "below" the pole of the sphere 4 provides a reasonable tradeo1f. 

Referring now t.o Figure le_ the rear surface or backside 16 of the foil 2 and the 

portion of sphere 4 protruding therebelow are then etdied using any of planar (18$ 

acetic acid, 52% nitric acid. 26'!1 deinnimd wat.er, and 4% hydrofluoric acid), 

hydroiluoric acid/nitric acid mixtures CHF/BNO,), or 39A .etchant (approximately 

13% hydrofluoric acid, 38% nitric acid, 21% acetic acid and 28% water). As shown in 

Figure le_ 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 permittiilg only the portion of the 

layer 10 which is "below" the rear side 16 of the array to be removed. The n-type 

skin layer 10 "above" the front.side 14 may also be .partially •tched after (or 

simultaneously with) back etch to thin the p-n jun~on which increases current 
. . 

output of the cell. The array is then rinsed with water to remove etchant. As shown 

in Figure ld, an insulative layer 20, preferably a po1yimide coating such as Kapt.on® 

or P)ralin® (both available from DuPont), is applied to the backside 16 of foil 2 and 

to the exposed p-type region 12 of the sphere 4. 

In Figure le, a small. region of polyimide coating 20 may be removed to expose a 

portion of the p-type material 12 of sphere 4 through an opening 22. This st.ep may 

be performed by selective abrasion, such as by passing the cell under a rotating 
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brush with silicon carbide coat.eel (320 grit) bristles. For example, the bristles may 

be made from nylon,' 0.018 inches in diameter and 0.875 inches long. A deburring 

machine with these bristles is available from Atotech (e.g., Model 604). 

· In the next step, the array undergoes an anodizing process to isolat.e short.ed 

members or spheres. In the proceSs, the array is immersed in a dilut.ed hydrofluoric 

acid (HF) bath with a pot.en1ial difference of approrimatay 0.5 volts between the n­

type region 10 and the p-type region 12 (i.e., the anode and cathode). The 

·anocmati.on process takes apprarimately 30 to 120 seconds to provide a suflici.ent 

· insulati.ve coating (not shown) ·on the ex.posed p-type core 12 of a short.ed ~ere 4. 

This insulati.ve coating isolat.es the sphere 4 from a back foil 28 (see Figure li). 

. After the anodizati.on 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 mat.erials can also be used as anti-reflection coatings. 

In Figure ].( a thin aluminUm. foil 28, or "back foil", of about 0.8 to 1.0 mil 

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

package 2-4-28 is heat.ed to a t.emperature in the range of about 350° to 450°C, 

preferably about 420°C. The heat.ed 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 8nd then bonding the foil 28 to the electrical contact 26 as described in U.S. Pat.ent 

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 t.o Figures 2 through 10. As previously discussed with 
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respect to Figure la, a front foil 2 is pr<>vided. Referring to Figure 2a, the foil matrix 

2 includes. a plurality of.undersized apertures 6 in which the spheres 4 will be 

affixed. The apertures may be formed in rows as denot.ed by reference numerals 30, 

30', 30" and SO"' which illustrate four of the different ways in which a "row" can be 

defined. In the prefened embodiment, the apertures 6 are formed in ·a periodic 

hexagonal amuigement as illustrated in Figure 2a. This arrangement maximims 

the density of sphere& 4 on the foil 2. 

Several solar cell shapes having aperture areas arranged in a periodic hexagonal 

patt.ern have been successfully built .and t.est.ed. The planar aperture areas have 

ranged in size from 0.1 cm' to 300 cm'. Figure 2b shows an example of a single cell f 
design. In a typical application, a cell such as the one in Figure 2b may have 

dimensions of 3.16 cm x S.16 cm (10 cm') or 10 cm x 10 cm (100 cm'). Figure 2c 

illustrates a second variation that contains three 10 cm x 10 cm (800 cm') cells 

contiguously arranged on a single foil matrix 2. 

Each sphere 4 is preferably affixed to the foil 2 so that its perimet.er is bonded to 

the foil 2. To do this, each sphere 4 is p~caJly pushed into an undersized aperture 

6 in the foil 2, preferably by subjecting the. foil-sphere 2-4 combination t.o 

compression. 

To facilitate utilization of the compression process, a cell sandwich 32 is formed as 

illustrated in Figure Sa. The.cell sandwich S2 ~ an upper pressure pad 84, 

a lower pressure pad 86 and the foil 2 (containing spheres 4 in the apertures 6). The 

pressure pads 84 and 36 allow the spheres to move against 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 Sb, the upper pressure pad 84 may comprise first and second 

thin, robust, c:Ompuant sheets S9 and 41 which may be a met.al such as aluminum. 

Both compliant sheets 39 and 41 also preferably include release coat layers 40 and 
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42, respectively. The release coat layer is a relatively thin (about 0.010" or less in 

thickness) coating eith~ applied or formed on the base mat.erial of the pressure pads 

to prevent the pressure pad from either adhering or sticking to other materials, 

particularly other parts of the cell sandwich 82 such as the foil matrix 2 and silicon 

spheres 4. Also mechanically abrading and/or chemically etching the pressure pads 

to modify their surface finish or surface topography may by itself or in combination 

with the release coat layers assist in preventing the adherence of other mat.erials. 

The release coat layers 40 and 42 may com.prise plast.er (e.g., calcium sulfate 
. . 

CaS04). The lower pressure pad 86 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 89, 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 82 also includes upper and lower oxidized stainless steel sheets 
88 and 45. The steel sheets 38 and 45 are provided to prevent the aluminum sheets 

39 and 44 from bonding t.o a sandwich holder called a "clamshell" Oabeled 54 in 

Figure 6a). If a clmnshell is not used, the s-1 sheets 38 and 45 may be omitted. A 

satisfact.ory oxide thickness can be grown on the stainless st.eel sheets 88 and 45 by 

heating the sheets in air in a furnace or oven controlled to about 500°C for about 

twenty minutes. 

The dimensions of the elements of the pressure pads 34 and 36 illustrated in 

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

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

aluminum sheets. 
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Table 1 
" 

Pad · Element Dimensions (inches) 
.. 

UpperPad34 Stainless steel 38 6.0 x 14.375 x 0.002 

(oxidized) 

Alllminum 39 (oxidized) 6.0 x 14.375 x 0.008 

Oxide on Aluminum 39 -0.00008 thick 

Plast.er40 4.875 x 13.25 x 0.003 :t 0.0005 

Aluminum41 4.875 x 13.25 x 0.001 

Plaster42 4.375 x 12.625 x 0.0015 :t 0.0005 

LowerPad36 Plaster43 4.875 x 13.25 x 0.008 :t 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 Sc. In this embodiment, the upperpresiure pad 84 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 0.00311 
:t 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 13.25011 x 0.005" :t 

0.0005" in dimension). The oxide layers formed on both aluminum sheets 39 and 44 

are about Smm (120 Jn.inches) thick. In this embodiment, no stainless steel sheets 
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are used. The oxide layer on the sheets 39 and 44 will prevent the sheets 39 and 44 

from bonding t.o the clamihen. 

Although described herein as comprising aluminum sheets 39, 41, 44 with plast.er 

release coats 40, 42, 43, the pressure pads 34 and 36 may consist of a wide variety of 

materials. Generally, the materials should possess as many of the following 

· cbaracteristics as possible: 1) be able t.o withstand the necessary temperatures (e.g., 

550"0 or above) without decoinposing or losing structural integrity, 2) possess 

deformation charact.eristics comparable t.o aluminum, 3) be available at low cost, 

4) prevent sticking . t.o the spheres 4, foil matrix 2, other pressure pads, and 
damshell, for example, by allowing plast.er or other release agents t.o adhere or 

permit formation Of mdde release coatings, 5) withstand compressive forces/pressure 

required without structural failure, 6) exhibit no out.gassing ·at the temperature of 

interest, and 7) possess thermal expansion characteristics comparable t.o aluminum. 

In another alternate embodimmlt, the release -coat layer(s) 40, 42 ·and/or 43 may 

be constructed by mixing 20 ml printer's ink, 20 ml ethylene-glycol, 6 grams of boron 

nitride and 6 grams or silica. Additional ethylene-glycol can be mixed in the 
foregoing t.o achieve the desired consist.ency. Altsmate materials for the release coat 

layers include, but are· not limited tD, ceramic coatings such as aluminum mdde 

<AitO~, magnesium oxide (Mg()), and titanium dioxide (TiOJ. In addition, the 

pressure pads.34, 36 can include a layer of compressed graphite·(not shown). The 

compressed graphite layer could comprise, for examj>le, an oft'..the-shelf product such 

as Grafoil0 produced by Union Carbide. 

To -affix the spheres 4 tD the foil 2, the cell sandwich 32 is first heated. In the 

pmferred embodiment the temperature is between about 500"C and about 540-C, 
preferably about 530"0. The upper temperature is limited only by the temperature 

at which the aluminum mobility increases so that it spikes int.a the p-type core 12 

thereby shorting the cell member. Once the cell sandwich 32 reaches the desired 

t.emperature, the spheres 4 are affixed to the foil 2 by directing the cell sandwich S2 
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through a roll press 48 as illustrated in Figures 4a-4b. The cell sandwich 32 is 

compressed between a top roller 50 and a botmm roller 52. The cmmnnati.on of the 

pressure applied by the roll press 48 and the elevated temperature of the spheres 4 

and foil 2 will cause the sphere 4 to become bonded to the foil 2. 

In an alt.ernate embodiment, the cell sandwich 82 is com.pressed while still at 

room temperature. The foil matrix 2 (in.eluding spheres 4) can later be heat.ed. to 

complete the bonding.process. This alterriative provides a significant advantage 

since the compression process can be performed at room temperature. 

In the preferred ellibodiment, the rollers 50 and 52. have the same diameter C 
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 cont.act 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. Also the size of the rollers should be commensurate with the force required 

as the force applied by larger rollers· is oftentimes more diflicult to control. 

It is import.ant that the rollers 50 and 52 be parallel t.o one another so that each 

sphere within the row is compressed with the ~ amount of pressure. In the 

preferred embodiment, if the cell sandwich. 32 (in.eluding 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 int.a account about 0.025 inch worth of play 

that exist.a 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 compressiilg the 

spheres 4 into the foil matrix 2. It is anticipated that a process not using a c1amsbell 

54 would require i:nuch less force for compressing the spheres 4 inm the foil matrix 

2. 
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Although illustrat.ed in Figures 4a and 4b as including two rollers 50 and 52 of 

equal radius, the roll press 48 may include a variety of configurations. Four of these 

variations are illustrat.ed in Figures 5a;.sd. 

In Figure 5a,· the top roller 50 has- a smaller radius than that-of bott.om roller 52. 

In an another embodiment (not illustrated), the radius of bott.om roller 52 may be 

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 t.op and bott.om. 

In the -embodiment of Figure 5b, the cell sa!idwich 32 is placed on a beltrconveyor 

or shnilar facility 52 and guided beneath t.op roller 50. This embodiment illustrates 

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

illustrat.es an embodimmit 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 (Figure 5c) for 

maintaining the high t.emperature of the cell sandwich 32. 

Finally, Figure 5d demonstrat.es that the roll press 48 can include more than one 

t.op roller 50a-c and/or bott.om roller 52a-c. Each of these rollers can have the same 

radius or varying radii. These type of roll presses may be referred to as tandem 

rolling mills. 

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

preferred embodiment, on1y a few rows ·30-3om (see Figure 2a) of spheres 4 are 

compressed at a time. In this manner, the pressure applied to the spheres' 4 can be 

better controlled since the effective surface area being compressed at any given time -­

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

surface area of cont.act will decrease further enhancing this cbaract.eristic. It is 
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anticipat.ed, however, that the present invention could utilize rollers which have a 

diamet.er of 15 inches or great.er. 

As discussed above, Figure 2a illustrates four poSS11>le definitions of a row 30 (or 

30' or 30" or 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 might only include as little as 

a single sphere if the particular line which defines the row crosses only that one 

sphere. 

Referring now to Figure 6a, in the preferred ~t, the cell sandwich 32 is 

disposed within a "clamshell" 54 before being directed through the roll press 48." In . C 
. th.is context, a "clamshell" refers to any fixture which includes a top plate 54t and a 

bott.mn plat.e 54b and encloses the cell sandwich 82 during the compression st.ep. As 

illustrated in Figures 7a~7c, the.clamshell 54 can include a binged fitting connecting 

the top and bott.mn plates 80 and 82 (thus the name "clamshell''). However, as 

illustrated in Figures 8a-8c, clamshells which do not include the hinge have also 

been designed. Using a clamshell-like fixture in connection with a roll press may be 

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 compHant sheet 39 and ~ease CQat 40. In the preferred embodiment, the. 

compliant sheet 39 is aluminum and the release coat.40 is plaster. Lower pressure 

pad 36 includes compliant sheet 44 and release coat 43. Once again, the compliant 

sheet 44 may comprise aluminum and the release coat 43 may comprise plast.er. As 

diseussed above, other materials may be used. 

The portion of clamshell top plate 54t and bottom plate 54b which cont.acts 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 cfamsbell 54 can be coated with a ceramic-
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like or similar coating, 'such as aluminum nitride (AlN),, h9ron nitride (BN), titanium . . . ·. ~· .-~--:· 

nitride (TiN), or chro~Uili carbide (CrC), as examples .. These coatings may impede 

an aluminum sheet (e.g., 39 or 44) from sticking to a steel clamshell. 

Likewise the surface finjsh or surface topography· of the clamshell may also be 

modified by, for example, mechanical abrasion and/or chemical etddng to prevent 

the cell sandwich 32 from sticking to the clamshell 54. ~ surface modification 

may be used singly or in combination with .a variety of release coatings to prevent 

the sticking. 

An alteniat.e embodiment is filustrat.ed in Figure 6c which is similar to the 

embodiment of Figure 6b except that the aluminum sheets 39 and 44 have been 

oxidized and the plast.er coatings 40 and 43 have been eliminat.ed. A ceramic 

coating (not shown) can be forlned on the clamshell 54 as described above. 

The clamshell 54 typically comprises a hard, thermally conductive material such 

·as steel. St.eel· alloys such as D2, M2 and H13 have been tried successfully. Other 

materials, such as stainless steel, inconel, titanium and tungst.en, may also be good· 

candidates. In the one embodiment, the damshell 54 comprises a top plat.e and a 

bottom plats 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. A more detailed drawing of two . alt.ernat.e clamshells 54 is shown in 

Figures 7a-7e and 8a-8c. 

Referring now to Figures 7a-7e, a first embodiment·clamshell 54 is illustrat.ed. 
This ''binged" clamshell 54 may be used for bonding 10 rm.2 cells as in .Figure 2b. 

The- clamshell 54 comprises two hardened (e.g., !\, = 65 where !\, is &ckwell C 

hardness) st.eel plates 80 ·and 82 connected at the back by a steel hinge 84. The cell 

sandwich 32 may be placed between the top plat.e 80 and the bottmn plat.e 82. The 

clamshell 54 may be opened by inserting a rod (not shown) into hole 86 and raising 

top plat.e 80 away from bottom plat.e 82. Transportation of clamshell ~ between a 

heating source and roll press (and vice versa) can be. facilitated by inserQng a 
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t.ongued fork 88 (illustrated in Figures 7d-7e) underneath overhang 90 of bottom 

plate 82. 

A second embodiment clamshell 54 is illustrated in Figures Sa, Sb and Be. This 

clamshell may be. used for bonding 300 cm.1 arrays (e.g., ·as in Figure 2c), for 

example. Top plate 54t includes four pins (two of which are illustrated in Figure 8a 

and denot.ed as 70a and 70b) and bott.om plat.e 54b includes recesses 72a-d (as 

illustrated in Figure Sb). The pins 70 are aligned so that they will fit within 

recesses 72 when the clamshell plates 54t and 54b are fit together as illustrat.ed in 

Figure 8c. In an alternate embodiment, only two pins which fit in corresponding 

recesses (e.g., 72a and 72c) may be used. 

As illustrated in Figure 6a, the cell sandwich 32 will fit between top plate 54t and 

bottmn plat.e 54b during the compression process. 

Returning t.o Figure· Sa, the clamshell 54 includes. a number of features which 

enhance the performance of the bonding process using the roll mill 48 (Figures 4a-b 

and 5a-d). For inst.ance, top plate 54t includes. a st.ep 74t on the outside of the plate. 

Similarly, bott.oin plat.e 54b includes a st.ep 74b on the outside of the plate. 

However, the bottom plat.e 54b may not· need a· step 74b as t.ests have shown 

acceptable bonding with a stepless bott.om plate 54b. 

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

one embodiment, the shims 76t for 1x>p 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 

illuStrated in Figure Sa). In this example, the bottom plats shims 76b may be 7 .80" 

x 2.1" x 0.062" and may be placed on the inside surfaee of the leading and traiiing 

ends of bottom plate Mb as illustrat.ed in Figure Sa. 

Referring to Figure 9a, tests were made using a clamshell 54 which did not 

include steps 74a and 74b or sMms 76t and 76b. In this case, the roll press 48 
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contacted the clamshell 54 at it.s leading edge 92. This action, along with the effects 

from the thickness of tile cell sandwich 32, caused the upper and lower plates 54t 

and 54b to separate at the tramng end 94 thereby damaging the first few rows 96 of 

spheres 4 due to excessive pressure on these rows. Attempts at decreasing the force 

to avoid this damage resulted in incomplete bonds of the spheres 4 reaching the 

rollers 50 and 52 lat.er in time. 

The addition of the step 74 and shims 76 t.o the clamshell 54 has helped t.o 

. eliminate this problem. In one embodiment, the edge of the st.ep 74 is directly 

overhead of the first row of spheres 4. This approach delays-application of pressure 

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 minimi?.e 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·typicaI force profile al0ng the 

leilgth of the cell package for a clamshell comparable to the one in Figures Sa-Be is 

illustrated in Figure 9b. 

The benefits derived by the trailing end 94 ·from the inclusion of the st.ep 74 and 

shims 76 to the chnnshell 54 also applies equally well to the leamng edge 92. 

When performing the affixing process, the clamshell 54 is typically preheated to 

avoid the relatively long time it would take t.o heat a structure with a high thermal 

mass. In the preferred embodiment, the clamshell 54 is held at about 450°0 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 t.emperature 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., t.o 20Q°C to 55Q°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 

54. 
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In an alternate embodlliient, the rollers 50 and 52 may be heat.eel. Heating the 

rollers 60 and 62, to abQut 50Q°C for example, may greatly facilitate bonding without 

a clamshell 54. The heated rollers would help to keep the cell sandwich hot. 

hi another alternate embodiment, rel~ coat layen may be applied or formed on 

the rollers 50 and 52 to prevent either the Cell package 32 (when not using a 

clamshell) or the clamshell 54 from sticking or clinging to the rollers. As mentioned 

previously, the surface t.exture of.,tlJ.e rollers can also be modified by, for example, 

mechanical abrasion and/or chemical erebing t.o further aid in preventing this 

sticking. 

The rollers 50 and 52 described above are-typically cylindrical in appearance. Yet 

in alternate embodiment, these cylin4er-like rollers can be shaped t.o include a wide 

variety of configurations. For example, a step can be machined int.o the top and/or 

bottmn roller(s) 50/52, much like the st.ep 74t (74b) included on the clamshell 54. 

This roller configuration may allow the use of flat, non-~ 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 select.ed to 

mat.ch, for example, the width of the cell in the case of no clamshell bonding or the 

width of the step in clamshell bonding .. 

At this point in time, the cell sandwich 32 can be directed t.o the roll press 48 for 

the compression process. 

Reference should now be made to Figures lOa and lOb. In prior art processes 

which utilize a vertical press t.o compress ~ spheres 4 into the foil 2 (as in U.S. 

Patent No. 5,091,319), the force F applied t.o the sphere (as denoted by reference 

numeral 56 in Figure lOa) 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 F1 in the direction 

c 
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parallel t.o the plane of foil 2. . These forces are den~~~ ~Y reference numerals 56 

and 58 ·in Figure lOb~ : Although it would appear that the tangential component 58 

would harm the process, it has been experiment.ally shown that these forces can be 

rrrinhnized with the use of a carefully designed clamshell 54. A process which does 

not make use of a clamshell may have to Change, for example, the composition of the 

cell package 32 and/or the design of the roll press 48 in order to overcome the 

detrimental effects of the t.angen1ial component 58. While it would appear at 6.rst 
glance that a· process utiJizing a roll press would be unacceptable, we have 

discovered that the process can be made to work with the use of a clamshell. In fact, 

experimental evidence has shown that the roll press outperforms the vertical press. 

The following discussion provides the highHghts of this experimentation. 

In the past, the therm8l bonding of the aluminum matrix 2 to the silicon spheres 

4 of the spherical solar cells was made using a vertical press with heated plat.ens. 

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 bonds of both 10 cm.1 and 100 cm.1 

cells (i.e., cells with a surface area of 10 cm.1 and 100 cm.1, respectively) can be made 

with four-poster presses having maximum pressing forces of 30 tons and 200 t.ons, 

respectively, and t.em.peratu.re control to 600°C. This me~ of forming front bonds 

is described in U.S. Pat.entNo. 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 

aluininum foils ·which has been described in U.S. Patent No. 4,992,138. 

A cell sandwich (e.g, a 10 cm.1 cell sandwich 32 as in Figure 6a) was loaded and 

insert.ed 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 t.o within +/-
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0.0005 inch to ensure flat ~ parallel surfaces. Before actual bonding took place, 

the clamshell containing a dummy cell package was run through the rolling mill to 

adjust the bit.e or gap of the rollers. 

With the clamshell 54 heated to 500°0 by means of heated ·p1atens of a vertical 

press, the cell sandwich 32 was inserted inside the clamshell followed by immediate 

light pressure on the· cJamshell 54 to prevent the package from bowing due to 

thermal expansion misma:tches. If the package bows there is a chance the spheres 

might shift out of place. The light pressure was also applied to ensure good thermal · 

contact between the clamshell and heated plat.ens. 

After one minut.e of preheat at about 500°C, the cl 

amshell 54 containing the cell package 32 was removed by means of a tongued fork 

(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 sufticient t.o bond the spheres (4 in Figmes 4a and 4b). After front roller 

bonding, the cell was processed. according to· operating procedures as described in 

the '819 patent. 

A clarifjing note on the importance of the clamshell is provided at this point. 

Previous to the above front roller bonding· t.ests, a series of tests were conductsd 

which tried unsuccessfu]]y to affix a ....0.0005 inch thick aluminum foil to the 

backSides of the spheres by using the same rolling mill as· above. This process st.ep 

is called back bond (and is discussed with re~ to Figure 1f as well as 

·hereinafter). The ~ bond st.ep complet.es the electrical circuit of the solar cell 

since the front foil is connect.ed to the n;.type doped ]ayer and the back foil is 

connected to the p-type core. We believe these tsst.s failed in part because the 

process lacked a functional clamshell design. 

An accept.able clamshell design consists of two thick met.al plat.es (e.g., 0.300 inch 

·thick per plat.e for the front roller bond clamshell illustrated in Figure 7a) hinged on 

one side. Alternatively, pins as illustrated in Figures Sa-Be can be used. The hinge 

•· 
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prevent.ed the plat.es of the.clamshell from sliding and -~ting excessive tangential 

shear forces on the cell i§andwich. In other words, th~·. hinge performed the same 

function as pins 70a-b in Figure 8a. It was discovered in the unsuccessful t.ests that 

excessive tangential shear forces (i.e., force F 1 in Figure lOb) for roller bonding 

ll:Jjpede the bonding process. 

If the mass of the clamshell is much larger than the cell sandwich, it is quit.e · 

possible that maintaining the set point t.emperature of about 50Q°C during the time 

the clamshell leaves the preheat furnace and ent.ers the rolling mill can be 
accomplished without the assistance of additional heat.era. The heaters would 

increase the cost of the clamshell as well as complicat.e its movement if electrical 

wires were attached. 

The clamshell plates must also be thick enough and stroilg enough to resist 

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

evenly ~buted across the cell. A bow in the plat.es 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 t.est did not have a 

hinge (or other means for preventing excessive latsal movements such as pins) nor 

was the thickness and hardness of the plat.es suflicient to prevent bowing of the 

plates. The clamshell used in the front roller bonding' t.ests iD.corporated all of the 

aboVe attributes and, thus, was a much improved design. 

Although the clamshell has played an import.ant 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 
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eJirrrinate the cl8mshell, the force exert.ed by the roll press will have to be engineered 

so that the bond can occur without damaging the cells. 

To demonstrate the success of the process, both the open-circuit voltage output 

and shortrcircuit current output of the cells were measured. 'lltese results were 

better than cells made with the hydraulic press method. These improved cell 

paramet.ers can be .possibly ex.plained if the roller . bond Dl8thod induces less 

m.ecbanical damage cOmpaTed to the press method. Besides the reduced mechanical 
~ 

damage, the roller bond method is also more adaptable to mass production with its 

continuous, Jinear JDOtion allowing for smooth ma~ flow without the need for 

any vertical bonding motion as in the press method. ( 

The method of the preiaent invention can also be utilized with the back bond 

process as described above with respect to Figure lf. As with the front bond process, 

a cell sandwich is formed as illustrated in Figures lla-lld. 

Referring first to Figure lla, the cell sandwich 32 includes upper pressure pad 

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.2 as shown in Figure 2c. As before, the pressure pads .34 and 36 act as a 

cushion so that the spheres 4 ~not damaged during compression. 

Figure llb illustrates a first of the many pressure pad configurations which can 
. . . . . . . . 

be utilized for the back . bond process. The layers filustrat.ed in Figure llb are 

summarized in Table 2. 

• 
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Table2 
.:·.·;:(:.· .......... ·. .. ., . 

Element Mat.erial Dimensions (inches) 

Upper Pad 84 . Stainless steel 60 6.0 x 14.375 x 0.002 

(oxidized) 

Plaster62 6.0 x 14.375 x 0.001 :I: 0.0005 

BackFoil28 Aluminum 6.00 x 12.125 x 0.0005 

LowerPad36 Aluminum 64 (oxidized) 6.0 x 14.375 x 0.002 

Oxide OD Aluminum. 64 -0.000060" thick 

Aluminum 66 (oxidized) 6.0 x 14.375 x 0.008 

Oxide OD Aluminum 66 -0.000020" thick 

Stainless steel 68 6.0 x 14.375 x 0.002 

(oxidized) 

An alternate embodiment cell sandwich is illustmted in Figure llc. In this 

embodiment, a plaster layer 63 (e.g., with dimensions of 6.00" x 14.375" x 0.001" :1: 
.· . 

0.0005") is included on aluminum layer 64. In addition, the stainless st.eel layer 68 

can be eHminated (as shown) if the oxide thickness on ·aluminum· layer 66 is 

increased m sayo.000120". 

Figure lld illustnt.es a cell sandwich 32 which is disposed between top clamshell 

plate 54t and bottom clamshell Plate 54b. In this embodiment, the mp clamshell 

plate 54t is coated with a ceramic release coating. This coating will directly abut 

back foil 28. 'lbe lower pressure pad 36 includes oxidized aluminum_ layer 64 and 

raw aluminum layer 67. As with the top plate, bott.om clamshell plate 54b is coated 

with a ceramic-like coatiiig. This embodiment does not· require stainless steel 

sheets. 
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As discussed above with respect- to Figure le, a plurality of apertures have been 

defined in the insulating layer 20. These apertures will expose a portion of the 

sphere as also described above. The exposed portion of the sphere 4 is affixed to the 

second conductive sheet 28 by compressing the cell sandwich. 

Prior to performing the· Compression st.ep, the cell sandwich 32 may have light 

pressure applied to ensure good thermal contact betw~ the clamshell 54 and the 

foil ·sheets 2 and 28. This int.ermediate pressure stsp can be performed using a 

vertical press and is usually included when using heat.ed platens of· a· vertical press 

as the heating source. . This step can perhaps be avoided if the tUrnace design 

provides a good thermal environment for heating cell sandwich 32 and/or clamshell ( 

54. When a clamshell. 54 is heai;ed using an infrared heating source, no 

intermediate piessure st.ep ·is needed. The weight of top plate Mt 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 pa1ient (and as illustrated in Figure 12a) or more 

preferably by a roll press as described above and as illustrat.ed in Figure 12b. As 

with the front bond process, the combination of the pressure and the heat will cause 

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 ,ormed from the same sheet of material. Jn an alternate aess preferred) 

embodiment, this process can be performed in two steps. 

in 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 either a press ('319 patent) or a rolling device (descri~ 
• 

herein). The eXc:ess of the conductive sheet is then removed leaving a conductive 

pad 26 affixed to the core 12 of sphere 4. 
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A second conductive. sheet 28 (preferably aluminw:n) is then· pom · · 

electrical cont.act 26. The aluminum sheet 28 and ~ sandwich 32 are then heated 

to a temperature between about 400°C and 450°C (preferably about 420°C). The 

heated. sheet 28 is then compressed against the array as described herein. 

While this invention has been described with reference to illustrative 

embodiments, this description is not intended to be construed in a limiting sense. 

Various modifications and romhinations of the illustra1ive embodiments, as well .as 

other embodiments of .the invention, will be apparent to persons skilled in the art 

upon reference to the description. It is therefore intended that the appended claims 

encompass ~such modifications or embodiments. 
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1. A method of affixing a plurality of spheres to a foil matrix comprising the steps 

of: 

providing a foil including a plurality of apertures formed in a 

plurality of rows, each of said apertures having a sphere disposed therein; 

preparing a cell sandwich by placing said toil matrix between upper 

and lower pressure pads; 

heating said cell sandwich; and 

compressing each row wit.bin said plurality of rows of spheres wit.bin said 

heat.ed cell sandwich. 

2. The method of Claim 1, wherein each row is compressed sequentially. 

3. The method of Claim 1 or Claim 2, including the st.ep 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 plurality of layers, said layers cnmprising: 

a stainless st.eel 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; 
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and said lower pressure pad comprises a plurality of layers comprisiilg: 

a stainless st.eel sheet; 

·a sheet of aluminum, said sheet of aluminum having an oxide layer 

formed thereon; and 

a plaster layer. 

7. The method of Claims 1- 5, wherein said upper pressure pad and lower pressure 

· pad each comprise an oxidized aluminum sheet with a plaster release coat. 

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 

and540°C. 

9. The method of any preceding claim, wherein· said heating st.ep is performed prior 

to said compremary step. 

10. The method of any of Claims 1 - 8, wherein said heating step is performed after 

said compremary st.ep. 

11. The method of any prec:ecUng cJa;m, and further comprising the step of disposing 

said cell sandwich within a clamshell. 

12. The method of Claim 11, and further comprising the step of heating said 

clamshell prior to disposing said cell sandwich within said clamshell. 

13. The method of Claim 1~ or Claim 12, wherein said clamshell includes a st.epped 

portion such that the thickness of said clamshell is not uniform. 

14. The •thod of any of Claims 11 to 13, wherein a surface of said clamshell is 

modified so as t.o prevent adherence t.o other mat.erials in said cell sandwich. 
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15. The method. of any preceding claim and including the step of cooling said cell 

sandwich. 

16. The method of any preceding claim wherein said paertures are formed in a 

hexagonal configurati.oa 

17. The method of any preceding claim in that it depends from Claim 3, wherein said 

roll press comprises a first roller with a diamet.er and a second roller with said 

diamet.er. 

18. The method of any pncecting claim in that it depends from Claim 3, wherein said I 
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 assembly of Claim 19, wherein the spheres are semi-conduct.or material. 

21. The assembly of Claim 20 where in the spheres are silicon. 

.. 


