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1. Introduction

The LSA Aﬁtoméﬁed\@rraylﬁssembly Task has as its goal

= M&?.‘?j:j‘m DI i St

the manufacture of photovoltaic modulés’ at a capacity of

400 MY per year at a cost of $0.50 per peak watt. Divided

between ten solar cell manufacturers, each installation should

-

produce 50 MW per yéar. This implies that automated machinery
would continuously produce 120 solar cells per minute. The

purpose of this report is to detail the processes and taech-—

!

!

niques which we believe to have great promise of accomplish- %g
ing this task. §
The initial stages of the vrogram were involved in g$tudy- :

ing the possibility of automated assembly. Phase i reviewed ﬁ
‘a large cross section of processes, conceptual designs, and L

innovative technologies in preparation for 1986, Through ' o

this documentation, a large amount of comprehensive data has -
been collected. It is these reports upon which the next phase 5;
of the program is based. }%

The purpose of Phase 2 is t0 propose an automated sequence, s;
verify it and present future cost projections. Utilizing the

large amount of information available from Phase 1 and drawing

from its own experience Solarex has proposed a process sequence

which we believe has great potential of achieving the LSA goals.

,E ' This report will describe the processes, detail the verifica- fol
tion tests performed, and estimate the cost of such an automated

array assembly.
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In order to stay within the boundaries of the prégram.
a variety of innovetive teChnofogiesvwere developed. Tech-
nlques such as non-vacuum' app11Caelon of alumlnum hacks,
negative screen;nuntlng, and the ;nterconnectlon scheme are
exanples of such 1nnovatlons. By spraylng the pgSlt ive
contact of the wafer, the use of large and sophisticated

machlnery has been ellmlnated. Sereen printing dis a well known

technique for applylng front metal contacts to solar cells.
'The appllcatlon of a negatlve Aﬁace on the cell, hCWeverL
represents a large cost savings over the moxe cpnventional,
method. Likewise, the:inte:connectiﬁﬁmscheme of erc—spfaying
'tabs directly on glass and reflowing the cells onto it, is an
efficient way of replaciﬁg thevhuman operation of tabbing. In
general, the entire‘cperation has been designed éo operate at
room atmosphere on a continuous flow basis avoiding batchvpro~
cessing wherever possible. |

The results of’the program demonstrate that the feasibi-

lity of an automated pxdduction facility is very high, The

processes, as described in this report, have yielded 9.5%

efficient solar cells. In an automated environment it is
expected that the process can be optimized to produce even

higher efficiencies at a rate of about 2 pansls per minute.
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In additicn, the overall cost estimates of the process (49.75¢/

wafer) represents a tremendous savings over current module
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production prices. Therefore, it is ﬁﬁv conclusion that

automatic fabrication of efficient low cost photovoltaic

7

modules can be.effected,iﬁ}ASBZ[ rathex” than 1986'as pre;
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lity of making these low

costs modules available‘rést§ beth on the government and

private industry.
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2. surface Prenaratlon

The surfage of the fresh cut wafers contains damage
from the sawing operation, which hasda detrimg&?al effect
upon the future electronic performance of the é\lxe\ﬁgggzw
order to remove this work damage\and.grepare/the wafer f@%
efficient solar cell operation, the wafers.are chemically
etched in sodium hydroxide solution. In order to[igpture
a large percentage of the incident 1nsolatlon the wafers
are textured to form a pyramid surface. Thls is accompllsh—
ed by a chemical etch w1th a notass;um hydroxmde solutlon.%
BoLh of these etching processes are well known at Soiarex‘
and require little or no verification work. In addition.
chemical etching is cost effective and readily automatable
with existing product handling’machinery such as moving belts
and baskets. |

The proposed scheme of surface preparation begins with
a NaOH etch to correct the sawing damage. The etch rate of
silicon is shown for varying temperatures in Figure 2.1 at
25% concentration of NaOH. It can he seen that as~tﬁe temp-
erature of the bath is increased the etch rateA (pm/min) in-
creases almost ekponehtially. Mostkof the surface can be
etched quickly in a hot etch. Agitation in the beth is
assured by the etch reaction itself which results in sub-~
stantial effervesence. The critical parametefs of the etch-
ing process in hot NaOH are ' the temperature of the bath, the
concentration of the solution, aod the orientation of the

silicon crystal,
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Figure 2.1 Etch Rate of NaOH at Varying Temperatures : S
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The l-OmOubrggntation is the one which is most commonly used
for nofmal production because the degree of texturing can
be varied. The surface of the wafér can be varied from a
smooth surface to a highly textured surface. “5 textured
surface has increased light absorptivity which augments the
overall efficiency.

Solarex has elected to subject the wafers to a second
etch bath consisting of KOH to produce a pyramid éurface.

The effect of a textured surface on the optical reflection is

shown in Figure 2.2. The graph compares four uncoated surface

conditions which range from a smooth polished surface to a

pyramid surface created by KOH. A 100% reflection curve is

drawn as a reference as well as an evaporated Ta205 anti-

reflective (AR) coatingtcurve for com?arison. The graph shows
that the pyramided, KOH 2% sample has a very low reflection
coefficient. The etch variables that produced these wafers,
and three dthers, are presented in Table 2.1. This table
clearly demdnstrates the high absorption properties of the
KOH etching process.

The economic evaluation of the etch prdcess for both
sides of the wafer is based on a throughput rate of 120 wafers
per minute and a‘process duratién of lSAminutes. It is esti-
matea that the overall cost of surface preparation will be
1.48¢ per wafer, including materials, eguipment, overhead and

labor.
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, Alpha*
Surface Crystal Surface Texture Etch ~ Temperature And Surface
Orientation Before Etch Solution And Time Texture

1~0-0 Mirror Polish NaOH 2%, '85%, 50 min. 0.76
- 2-Propancl 35% ' Texty: od
1-0-0 Fine Grit NaOH 2%, 85°C, 50 min. 0.72
Smooth Finish 2-Propancl 35% Textured
1-0=0 As Cut NaOH 2%, 85°c, 50 min. 0.73
‘ 2-Propanol 35% ' Textured
1-0-0 Fine Grit KOH 2% 75°C, 15 min. - 0.77
Smooth Finish : - ' Pyramided
1-0-0 Fine Grit ¥ naom 25% 105°%c, 10 min. { 0.56
Smooth Finish ' o Pillowed
1-0-0 As Cut Y XoH 2% 85°¢, 20 min, 0.81
Pyramided
*Alpha is the average surface absorption Weiérhted over the AM2 spectrum.
v Shown in Fig. 2-2
Table 2.1 SILICON PREPARATION ~ SURFACE TEXTURE
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Based on the large amount of experience obtained at

Solarex, surface preparation can be considered a fully developed

ikt e s

»
and readily automatable process sequence. Surface texturing iz
a good method of reducing the cell reflectivity, and has the l
advantage that elaborate and expensive vacuum processes for |
AR coating can be avoided.
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3. Junction Formation‘\

The‘process of jﬁnétion formatién converts the silicon
waier in£0>a‘solar ceLIQ Dopént”matériaIVis applied and
dlffused into the s1llcon creatlng“the P-N junctlo; of the
cell,” The negatlve 51de or face of the wafer LS doned with-

SX-101 and diffused, The back 13 formed by alloyang metal

o the opposite side of the cell. Junction formation re-
. . [t}

§ii

qﬁires careful cqntrol of time; temperature apd dopant con--
centrations to produce high efficiency solar cellg.‘ An

extensive amount of experimental work hés been carrieg/out,g
in order to determine thase parameters for a low cbst,’high
thrﬁughpﬁtgaﬁtématéd proauctidnﬂlihe; ‘We are ﬁbw cohfidenﬁ

that this junction formation technigue is well suited to an

automated environment, which yields cells with good electrical

characteristics,

The process consists, firstly( of applying the‘dopant
Sx-101 (phosphoric.acid and ethyl alcohol) on thé‘Wafér and
spinning it at 10,000 rpm to reguiate the dopant quantity.
Then the wafers are passed through a low temperature furnace
(150°C) for drying and preheating. This is followed by ex—
posure té a high temperature furnace (950°C) fbf 6 minutes .

to complete the diffusion process. During this\pfbdess,k

oxides form on the surface which are removed with a buffered

HF solution. A back contact is formed by alloyiﬁg aluminum

into the bulk silicon. Thelﬁack side of the wafer is sprayed

with aluminum powder suspended in an organic fluld. The

‘process is complehed by alloylng the wafers at 650°C for

6 minutes,

51
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“The détermmraﬁ*on of the five parameter system includ-

ing dopant typ } dopant quantity, spin speed, diffusion temp-~

exature,_and‘waferﬂéurﬁace texture, was accomplished by a

large amount of experimentation. The choices were narrgwed

to %hree’dopants, Emulsitone's N-250, Allied Chemical‘

"PX—lOp and Solarex's SX-10l. The SX~101 dopant was chosen

not only because of the favorable results obtained, but main-

Cly due to the smgnlflcant cost savmngs achieved in ccmparlson

to the other commercmal productq. SQlarex s SX-101 costs
about 2¢ per wafer whlch yields a cost of less than SV per
wafer for the overall junction fowmatlon process. Durmng

the experiments mentmoned above, the diffusion time was heL\

constant at 9 minutes, which is longer than our present Aif-

fusion time. Therefore, any interpretations made from these
resuits shouid‘take this into account.

Dopant quantity has also been a topic of experimentation
for two spin speeds 3000 and 10,000 fpm. Table 3.1 indicates
the maximum amount of dopant material required to completely
cover the wafer. The xesultsiindicate that textured wafers

seem to require slightly more dopant material than the pil-

lowed one, (0.7 cc as compared to 0.4 or 0.6 cc), for both

spin speéds. The wafers were diffused and classified accord-

-~ ing to Lhelr resulting sheet resistance. Those wafers which

__»resulted in sheet. resmstance between 50 Q/3 and 150 Qﬁn ware

made into solar_calls using the conventional cell making

pioceés, The electrical characteristics of these cells can also be seen in

mrio s 7 G

L IR

\

e st i




Ly
faeg

|-

a N > ) /4

»  Dopant: Solarex SX-101 ) o \ i

Diffusion: 950°C, 9 minutes . . LI
il . It

Surface: Pillowed, 1-0-0 K
i = ‘l

v X Ige ™A Power .. TW L

oc_mV - (2 x 2cm) (amy) T

R
s

Amount " RPM

Y Telo] 10K 580 98 ﬁil 42 + 1

.6cc 3K 585 ; 99 = 44 + .5
— ,y’i
l"/ / ’\l

Dopant s Solarexasx-lbl

Diffusion: 950°C, Bkminuﬁes ‘ | ’ 3 , i

Surface: Textured, 1-0-0

i [ |
- I 3 L\ ;
v SC owe rma X %

Amownt  RPM ‘oo (2 x 2cm) (2041)

. Tce 108 - 580 125 + 2. 54 + 1

.7ce 3K 73 2 56 + 2
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Table 3.1l. Peak power from these cells compare very favorably
with other cells which utilize a more commonly used doping
method. It can be deduced, therefore, that dopant quantity

is not critical as long as the entire wyafer is coated.

Another measurement performed was the quantum yield of

4" diameter cells. The quantum yield measurement is the ratio.

of charg%:carrieré generated in the ekxternal circuit to the
number ©f photons absorbed. It is méasuredaby illuminating
the cell with speétrally naxrrow light. ~By knowing the wave-
length and the intensity, the number of incident photons per
second can be derived. This valué is compared to the nuitber
of generated charge carriers pef second, whiéh is directly
proportional to the short circuit current. The ratio of inF
coming photons to short circult current generated must be
corrected for reflection losses. The curve, presénted in
Figure 3.1, takes this correction into account.

The spactral response of textured cells with junctibns
formed by spin-on dopants compares well with textured cells
whose junctions are are formed by gaseous diffusion.

In summary, our technique for junction formation has
provided good results which are comparable to the moxre commqh-
1y used diffusion processes. In addition, this technique pre-
sents no compatibility problems between process steps, and

has a high rate of reproducibility. In other words, it lends

itself well to an automated sequence.
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4. Cleaning - Post Diffusion Etch

In preparation for the metallization step the surface of
the wafers must be etched to remove oxides and residual dopant
material. As the wafers leave thq;jhnéfiqn formation stages
they have uneven surfaces, surplus alu%inum powder, and othér

contaminates which must be removed. This is accomplished by

exposing the wafers to a dilute bath of hyérofluoric acid in

which the critical péraﬁeter~is bath duration.

The process ‘sequence consists of‘loading’thé wafers into
a fluoroplastic holder and iﬁmersing them in 10:1 Hf solution
at réom’tempgrature for 1 minute. Due to the effervescent
reaction between aluminum and HF no mechanical scrubbing is
required.

Some of the preliminary woxk done with this.process was

directed towards finding the right combination of parameters

tp\clean the wafers until they became .nydrophobic. As a result,

a large number of experiments were performed in which diffu—
sion temperatures, HF bath concentrations, and bath duration
were varied. The findings are summarized in Table 4.1 for the
SX-~101 dopant only. It .has since been determined that there

is no need for the wafers to be hydrophobic. Efficient cells

can be made with only a moderate cleaning.

This process step can be readily carried out in an effi-
cient automated manner. As.in surface preparation, machinery

is available which passes loaded wafers through liquid etch
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DIFFUSION SOURCE REMOVAL i

Pillowed Surface A

Diffusion  Diffusion , Time in- Time in Scrubbing ?
Source Temperature °C  20:1 HF 10:1 HF Required? Y §

SX-101 850 20 min. 0 Yes
SX-101 /800 : 30 min. 0 Yes
SX-101 950 30 min.| 5 min Yes
. SX-101 1000 30 min. 0 Yes
$X-101 1050 40 min.| 0 Yes N

Textured Surface

e e e

Diffusion Diffusion Time in  Time in Scrubbing f
Source Temperature °C 20:1 "HF 10:1 HF Required?

SX~101 850 ' 30 min. Yes
SX-101 900
SX~101 950
SX-101 1000

S$X-101 ' 1050

o atn
TRt T

IR

30 min. Yes
30 min. Yes
30 min. Yes iﬁy

o O O O ©O

. ; 30 min. | Yes

TABLE 4.1
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stations, rinées, dries and places the wafers on belts. Oné
crucial parameter of the belt transport system is to assure
that all wafers leaving the etch station are facing upward
in preparation for the metallization step. The belt wiil
include, at the end of the process, a simple base s&ste%’to
optically identify the front or back of the cell and correct
its position if necessary. This process is also very cosf
effective, where the total cost for this step is estimated

to be about 0.26¢ per wafer; the major cost being the acid.
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5. Metallization

After formation of the junction of a solar cell, both'/
the active surface and the back surface of the cell rquires
a cdhductiVe material to collect and transport the celi’cur~
rent to the external load. This is cuétgmarily acéoﬁpliéhed
by metallizing the surface of the cell~withﬁthin metallic
fingers so that they do not cover or shade too much of the
cell. Usually a separate operation is required for the back
metallization. Various schemes exist within the industry to
accomplish this. |

To follow the project philosophy, an innovative tech-
nology is required to produce front contacts in a cost effec~
tive and automatéd fashion. All forms]af metallization through
the use of vacuum deposition do not seem suitable for large
scale production, This technique, though excellent for produc-
ing fine line patterns, is a batch type and time consuming
process that regquires larg& capital investmeﬁt. Solarex's
metallization technigue is inherently low in cost and can be

eagily adapted to an automated sequence. It consists basically

of three process steps: 1) negative silk screening, 2) electro-

less nickel plating, and 3) solder dipping., An added benefit
of this process. is that the back is metallized simultaneously
with no added effort. |

A descriptibn of the entire process will be reviewed in
this section followed by a description of the verification

work that h;ﬁ been done to prove the suitability of the process.
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I
Metallization begins by employing the screen pﬁﬁ(ting
technique with a slight modification. Screen printi%g

-
4 I

W is a
”vefy attiaéﬁive method of masking prior to metallizigégﬁolar
cells in a high productien environment. Thefe\is no ﬁeed for
vacuum Systems or i=laArge capital investﬁent. The propased
prbceseiinvolves printing”a’%ﬁgﬂﬁxe“of the metallizatior.
patterﬂjdirectly onhﬁﬁhesurface of the wafer. In this

way, the use of‘expensive netal based inks can be avoided.
Polyurethane, a very inexpensive resist, is used to‘cover
all those areas of the ‘wafer which are not to be metalllzed.
The grid lines of bare silicon are then left equ;edvto o
be nickel plated. It is expected that this.process can

be easily adapted to an automated line. A screen print machine
can accommo&éée nine 4" cells each cycle. . A cycle can be
accomplished inkggnf/seConds wﬁich includes one second fer
orinting and three seconds ﬁor loading and unloading.

The wafers are then ekposed to an electroless plating

solution which establishes the metal to silicon inter-

‘face. A nickel sclution, composed of nickel chloride and

sodium hypophosphite 1s ‘kept agitated and at a temperature
of 90°C. The cells are dipped in this solutlon for 6
minutes. The nickel will adhere to. the exposed bare o
silicon and form an ohmic contagt. The cells emerge ffom ;

thlS bath w1th thln coatlng of nlckel in the desired fingerx
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pattern. Once dry, the polymer applied during silk
screening is dissolved in an erganic washing agent
leaving only the nickel line pattern.

This electroless nickel system has a few advan-
tages over other plating techniques, the most noteworthy
of these being that it does not use electrodes. Contact
plating replaces the outside source of current with an
internal galvanic couple, which provides the required
flow of electrons. In electroless plating a chemical
reducing ageﬁt is uséd to deposit the metal rather than
an electric current. In addition, electroless nickel
deposits are harder and more abrasion-resistant than
electrolytically dapoéited.nickel. Deposit uniformity
is also very good especially into recesses, such as
a textured surface. A graph of the effect gf temperature
on plating rate is presented in Figure 5.1 At our plating
temperature of 90°C (+ 5°C, - 0°C) the rate of plating is
increasing exponentially.

Oncé plated, the wafefs are éintered, as will be dis-
cussed later, then thé circumferences of the wafers are
ground to eliminate any short circuit between the positive
and negative terminals. During metalliéation, the metal
on the back contact will overlap onto thé front portioh of

the cell and causes an electrical short between front and

back., This is illustrated in Figure 5.2 where the circled
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EFFECT OF TEMPERATURE ON PLATING RATE,

ELECTROLESS NICKEL

i
100

Témperature °C
FIGURE 5.1
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The ellmlnatlon of

the short is adyompllshed by grinding down the metal

*

and silicon to the dotted line in the figure which corres-

ponds to about tyo thousanths of an inch.

SHORT

rimmn, aredn Sasanms | deentnun w——— ——— (f—n Sty ettt | aniransnos. cummse e msits bty

FRONT CONTACT ————-»q -

N - TYPE s

¥

rigure 5.2

{Not to scale)

Edge removal can be carried out by means of an etch-

ing process.

We propose to use automa‘md equipment to

lecad wafers on a vacuum chuck and spin while an - -abrasive

tool grinds off the necessary cell material.

The opera-

tion can be done at a rate of about one wafer per second,

Verification work is not required due to previous experience

with this process

‘at Solarex.

Adaptation to an automated

environment is considered very high without foreseeabie

barriers.

material, making it highly cost effective,

The~procésé uses a negligible amount of abrasive
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: )
The final step in the metallization process is

soclder coating of the cells. Solder is used to increase

line thicknesa and thereby improving conduction of current.

i

gfhe process C%nsists of moving the solar cell through a

standing wi7é/of solder in é wave solder machine. ?he
solder wii//only adhere to the nickel plated fingers
ﬂégntact, leaving the bare silicon expéééﬁzi
The{procedﬁre for correct solder dipping consists of

and back“

first pagéing the wafer through a flux solution and drying
it. The meited solder is held apprbximatelj 262°C which is
38°C above liquidus. The wafers are slowly dipped into the-
fiowing éoidér bath ana ieméved quickiy to évoidrexcessive
nickei sintering. The solder composition found to be most
effective consisted of 63% tin and 37% lead at 262°C * 4.5°C.,
The cells have domonstrated acute line definition with con-
sistently even surfaces on the front and back contacts.

In order to produce evenly coated surfaces and pro-
vide good electrical conductivity, various parametefs'
should be controlled. The temperature at which the solder
is held or its wetness property is imporﬁanﬁ to proper
coating dfkthe cell. In addition, the solder must be
constgntly circulated in 6rder to inhibit oxide formation
on thé suiface of the solder bath.  A<davé solder maéhine
will cifculatg the solder feom the bottom to the, top
througpyg central‘tube.\ I£ is into this tube that the

cells are dipped assuring a clean coating process.

v/2,3~,
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Verification of Metallization

A large amount of work has been performed on the
verification of the proposed mé%all%gation technique.
The critical parameters of each substephave been care- )
fully reviewed and a series of verificatimn experiments

has béen designed for each. The result of this work is

presented in this section:

e
\

8ilk Printing

8ilk printing bechnoloéy is well kﬁown thiaughouﬁ
thé semiconductor industry and therefore has required
little adaptation for éoaﬁiﬁg éoiér cells. Polyurethane
varnish combined with titanium dioxide powder has been
'iﬁeﬁtified as a good ink for negati%e silk printing,
it‘is‘the only substance tried which yielded good Line
definition and adquate resistance to the nickel bath.
The thixotropic nature of the resist works well with

large screen sizes in the order of IOO‘Squares per inch.

'In addition, polyurethane holds up to the nickel plating

solution yet is easiiy removed with organic solwvents.
Work with different mask designs has shown that simplex
patterns and thicker lines yield a much greater percentage )

of reproducibility. Either polyester or stainless steel

screens are adequate to produce the line resolution necessary.

Tt has been found that the stainless steel screens are more
durable for automation, but the polyester is more readily

availableforuexperimentation.
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5.1.2 Blechroless Nickel Plating

When the wafers emerge from the electroless nickel plating solutien,
thoy must be sintered to assure permanent contact adhesion.

Ewperiment° have been conduched in which the solid state

.

ﬁmifuslon of niekel Lnto sillicon has been neasured to

determine that point: at which adnesmon4ls assured. Nickel
creates electronic stqtes deep within the bandgap that

+  enhance recombinaticﬁg/ If such electronic states become
prevalent within the junction”ragion, cell performance is
degraded. On the other hand, it is advantageous to create

such state“ in the silicon 1mmedlatel} aaj

.

cent to the

y

metal convactv to prevent a Suhottk barrier that lowers

- the photcvaltage,
The typical chemical reaction of eleactroless nickel
plating is: ‘ ;
2H, PO, +2Ha 04N TN by 2 2R, PO,
The mamn reaction caused by the reducing agent is a hyﬁrxde
1on;£ormeﬁ by catalytic decomposition of the hypophosphmte'
~deni Additional chemicals are added to enhancm nmckﬁl
ndheslon, and to increase platlng speeds gTh@ mcstmgﬁﬁ%ﬂﬁne;

platmng solutmon found is producad by J. E, Halna cqmpany;@

(%139w500ll~7l) in which the temperatura.add PR are selfy
i rggulating. A pH ol 8.0 - 8.2 'is reached thwough the
i a&ﬁitidn of ammonium hydroxide and a proper tempexraturs

A of about 90°C must be maintained so as to minimize evaporation
; ‘
3 _

¢f the ammonia.
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In view of the advantagesjof nickel sintering;
1) elimination of' the Schottky b;rrier, and 2) adhesion’
enhancement, the parameters that ngern successfnlbv
plating must be determined. Diffusion can bekeffeétively
regulated by temperature and\exposure'time, The objective
is to determine the sintering time and temperature at
which the nickel will firmly adﬂere~ﬁo the silicon ;
but not diffuseAto the junction depth. -

A series of experiments have been’ performed-to

quantify the diffusion rate of nickel into silicon. The

reverse le%&age”current at 300 mV on an unilluminated

2cm x 2cm c¢ell was used as a measure of nickel's effect

on the junction. The wafers were coated entirely in 2a

electroless nickel bath and then were altermately sintered B

and measured using several sintering temperatures. This

technique can measure effects that would barely be noticed

with light measurements..

.The results of the sintering experiments performed

at Solarex are summarized in Fi;gur’e 5.1.2.1. Nickel diffusion

becomes moderately paced around 350°C. At this temperature

the forward leakage current increases by a factor of

about three affer three minutes indicating that ceil pef-

formance has'been degraded by about 30%. It can also
be seen that &t lower temperatures (200°C - 300°C) the

forward leakage current reaches what seems to be a plateau

acy
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NICKEL SINTERING
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| — 300°C

250°C

200°C

| , 2 34 5 6 7
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Figure 5.1.2.1




where no further damage to the Junctlon is done, . This
1s most apparent when we. sintered close to the solder .
dipping temperature of 250°C w1th little observable

deleterious effect even after twe hours of exposure.

This seems to be the higheet temperature that will not
significantly affect the cell. At 250°C the leakage
. current is about 1 mA/cm3 which corresponds to a 3 to 5% T

degradation. Figure 5.1.2.2 displays a semi~log plot of the

activation energy of the leakage current taken after two

minutes. The actlvatmon energy of 1. 3eV indicates that o i3

i at high temperatures the forward leakage current will
increase very rapidly, whereas,at the lower temperatures
‘ﬁhe graph rends to level out.

The eilicon/nickel interface has also been studied

opﬁically.‘ This was done in onder Lo derermine what method

of diffusion occurs such as spiking or motion along dis-~

locations, for example. Small sections of solar cells were

T L A T L

embedded in plastic and sectioned at 3° from the surface
plane. SIﬂ this waﬁ} shallow features can be stretqhed e}

that a deﬁth of one micrometer appears on the surface with

a width of 19 micrometers. Pictures were takean of the

s Y
. [

samples at three magnifications shown in Figures 5.1.2.3, i

-

g,,ﬂ..-

5.1,2.4, and 5,1.2.5. Due to the low magnifications of these

pictures (118X) we were not expecting to see the nickel !

diffusing  through the Junction. The pictures did
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SEMI-LOG PLOT OF ACTIVATION ENERGY
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Nickel Contact Sintered at 350°C, 1 minute, 59X
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Figure 5.1.2.5

Nickel Sintered at 350°C, 1 minute, 118X

in pictures

Plastic used for imbedding sample

Silicon surface exposed through torn plastic.
("pillowed" byalkaline etch)

Nickel surface
Angle lapped nickel’
Angle lapped silicon
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reveal that there was no spiking although the exact

Q

method of diffusion is not readi}y apparent.
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; 5.1.3 Contact Adhesion ’ . _ .

Even though the process of metalliéing solar cells | A
i ! in an éutomated fashion has beeﬁ.guccessfully develdped

it is necessary to study the contéct strength o% the

‘metal o silidon interface. A solar panel experiences

stresses caused by teﬂﬁerature variation and mechanlcal

@

PR RE s

loadlng dye to wind forces. It is essential, therefore,

that the metallized contacts have enouqh stre +H-

W1thstand thesefforces. For this reason pull strength

~'“““ff“:““*”"““f“%S”ta;f“”i;:i:ZE%ﬁ Vo

tests have been developed to accurately measure and
study the adhesion properties of the contacts. This
section yill present the results of tests performed at
Solarex and their significance to panel 1i£etime.

Table 5.1.3.1 presents the results of puli“strenqth tests
performed in accordance with the Air Force specifications
for space cells (MIL-C—8§443A). The specifications
stgtefthat at a 45° pull angle the minimum passing
requirement is 250 grams. It can be seen from the table
ﬂé that the mean strﬁpgtﬁ/obtained for our cells (1163 grams)

exceeds the Air Fdrce standards by about a factoxr of

five.
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o
Lo
PULL STRENGTH OF WAVE SOLDERED CELLS ;i
AT 45° E?
§1
SEMPLE # PULL STRENGTH (grams) |
1 1274 ]
2 1415 ;
3 1387 -]
4 1415
5 905
6 1415 =
7 1174 =
8 1104 é;
9 849 -
10 © 1330 §
11 . 849 f
12 1132 j
13 1302 -
14 1358 |
15 905 ?'ﬁ
16 ' 1188 =
17 o 1132 H
18 i 1358
19 | 1018 MEAN PULI, STRENGTH:
20 ‘ 933
21 1387 1163 grams
22 1245
| 23 679 \
; : | 24 1019 =
; 25 o 1302 ;
| TABLE 5.1.3.1
o
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Another set of pull strength tests (Table 5.1.3.2)was
performed in which the tabs were pulled at 90°. This

pull angle conforms to the JPL speqification for flat
plate panels; The mean pull strength of these cells,
285 grams,»easiiy satisfies the 225 gram JPL passing re-
guirement. | ’

The joint failure for both sets of tests was most
often the silicon itself and not the metal to metal
interface nor the metal to silicon interface.

In the
proposed three-step metallization process there are

two interfaces formed.the silicon/nickel and the nickel/

solder. The failure of tabs pulled occurrsed deep within

the silicon forming cratersyin the surface. This, once

again, demonstrates the excellent adhesion properties

achieved with this technique.

In addition to the pull strength tests, the cells

were subjected to humidity tests. The tests lasted one

month at 90% relative humidity and at 72°C. The cells
were tested every few days; no degradation‘was detected
over the entire duration of‘the test.

All of the tests performed on contact adhesion clearly

indicated that our proposed metallization technique can

withstand harsh environmental conditions.
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[&3
" PULL STRENGTH AT 90° I
‘ VACUUM (grams)
SAMPLE % WAVE SOLDERED (grams) SAMPLE # METALLIZATION(Ti-Ag)
12 799 1 317
8 , . 397 2 - 340
88 . 170 3 416
10 ﬂ ' 227 4 408
15 198 5 262
14 17 6 378
13 85 7 316
25 V ) 284 8 338
19 a 510 9 354
20 .. 255 10 370
24 198 11 374
MEAN PULL STRENGTH MEAN PULL STRENGI'H
285 352

TABLE 5.1.3.2
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5.1.4 Sheet Resistance and Shadowing

There are three major, unavoidable sources of power loss

that are influenced by the metallization geometxry. These are:

1) the voltage drop across the conducting lines of the
pattern,
2) the voltage drop across the thin di:ffused region, and

3) shadowing, since #the metal lines are opagque

These losses are inherent in any solar ceil configuration and
rohe can be eliminated without increasing the others.

Using a simple pattern, as shown in Figure 5.1.4.1 a
mathematical equation for power loss due to metal coveragé can
be derived. From the equations the ideal line width and
spacing between lines can be derived. This in turn indicates
the printing resolution requi&ed and the amount ofbpower loss
that is unavoidable.

The calculations are based on a 10.16 cm (4 inch! diameter
cell wiéh a central buss and a uniform set of lines perpen-
dicular to the central buss. The central bﬁss‘wﬁllfbe fixed
at a width of 2 mm., which gives 2% shﬁd@wim@\am@’ﬂ*megligible
series resistance. The variables will b@.ﬁhe,iimﬁ width, w,
and the distance between lines, z, (see figufe 5.1.4.25.

The voltage drop due to line resistance can b calculated

L

using the formula R = p 7 The resistance, R, is the

product of the solder resistivity, p, (15 x 10~6‘Q~cm) times

the length of the current path, L divided by the cross sectional

L
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area, A. If the line width is increased, the height will also
increase due to the solder meniscus formed during the dipping
process. To represent this phenomenon the cross-section is
apprcximated by a square. ’ o

The voltage drop in the line, is the resistance multiplied
by the current. The current, in turn, is fhe product of the
area surrounding the line, 5.08 x z, times the current genera~‘
tion density, about 0.032 A/cmz. The resisténcé depends on
the length of the current path.v Since currernt generated near
the central buss will flow a shorter distance through the line
than current generated near the cell edge, the len
current path is not a fixed number. To a good approximation,
however, the line length can #e taken as a final number, 2.54cm,
the distance from the centrél buss tovthe midpoint. From the
above considerations we can write the equation forxr voltage drop

in the line, calling it VL, as follows.
VL = (0.032 x 5.08 x 2.54 x z)/w>

The voltage drop due to sheet resistance will now be
derived. A sheet resistance of 100 ohms per squa:e will be
used since this is the center of the raﬁée of sheet resistance
that is correlated wi£h good junctions. The area from which
cﬁrrent flows into a line cén be. divided into parallel squares.

of area (z/2)2. The average current will actunally travel

. . i -
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.ﬁalf the length of the square so the rosistansae will be

f'%taken as 50 ohms. The voltage dxpp in the diffus ad sheet,

:‘ ‘ L} "
‘called VS, can be written as

= (R

,hae;/z) (0.032) (z/2)° ~ %

The fractional powexr loss due to both voltage dxopsfcan,
therafore be written as:

.

(VL + Vv§)/0.45

whexe 450 mVv is the uSual oparating wvoltage at the peak
powexr pelnt.

The cuxrent rgﬁuﬁtion resulting from Shadowiﬁg by the
parpendicular linas can be wx@tkan as w/z. This assunas
that the initial efficiency includes the central buss
shadowmnq.‘

Figure 5.1.4.3 is based on a sheet resistance of 100 ohns
per sguare, the center of the range of the sheet rasmutanca‘“ |
ﬁhat is ~correlatad‘with good juuations‘ It can b@ seen fxom
th;s gxaph tha_best passxbla final afficiency is 13.4%. mha
:mmea.ata qua&txon is whethar ¢thould be worth generating &
lowex haat resistance in oxder te Toduce tha numbexr of lmnvs oo
par c&ntmmeter. F&gure 5.1.4.4 based on 50 ohms pex squaxc,
lndmcates that a slight mmpxavamanh can be obtained. Anoth@z‘

trade~off octurs in;dﬁgiﬂing betwgen the line widbh and the
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desired cell efficiency by 0.5%, line width cén be increased
by 0.0lcm (3.9 mils). ‘Wider lines are desirablg for greater
contact adhesion and ease of silk screening. In any case,

the computer indicated that the ideal”line width, for 100 Q//7

sheet resistance, is about 0.6027" -~ 0.0035". For 50 Q/L7

‘sheet resistance lines should be as wide as 0.0094". to obtain

13% efficiency. In either situation the resolution indicated

is achievablé with screen printing,

Wl RN
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6. Testing K : f . - ) g
The completed .cells must be tested with respecE to front ‘

contact adhesion and electrical chéracteristics. An auvtomatic

cell testing machine can be envisioned which performs‘these

two tests at a rate of 120 wafers per minute. Mechanical

s e St

testing assures that the metal fingers of the cell adhere
firmly and make ohmic contact with the silicon. Electrical - =
testing determines the quality of the cell and also provides

important information on the individual process steps duringu

cell manufacture. The diode curve, for example, is a sum of

L

exponential factors that indicate the quality of the bulk

silicon, the defect density at the junction, and the recombina-
tion velocity of the charge carriers at the surface edge. o ;:;
These are all factors which directly relate to variations

in parameters in the process steps of cell production.

A I S PL

The testing procedure can be performed automatically with

the aid of a minicomputer. The front contact pattern can

T W R R

serve as a guide‘to a laser scanner or CCD optical matrix to

align the cell on a metallic plate for testing. Adhesion will ’
be checked by‘brushiﬁg with a camel hair brush on the front anacg . };E
of the cell. The remaining contact pattern can bé identified’

by means of optical character recognition technology, similar

to the one currently employed in supermarket checkouts using ‘ -3
the uniform product code (UPC). ‘Cells with a certain percentage
of front fingers missing will be ejected. Electrical testing can

;;3 : be performed by utilizing the metallic plate to contact the cell
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back and by lowering an electrode onto the fgﬂnt suxface

near the cell edge. The cell will be ulumfgated with’conu
trolled intensity and a computer driven variable power supply
will measure its electrical response on an IV curve. Con-
tinual calibration procedures can be made an integral”ﬁart
af the computer program. Depending upon the cell's perfor-
ﬁ%nce with respect to a preset value, it will be passed obr
remOVea Exrom the production line.

The automation of egg handling and mechanical watch
assenmbly are exampleé which demonstrate that there’aie no
physical limitations to testing delicate materials at a
rate of 120 wafers per minute. : -

In a similar manner, machines can be developed to handle

and test solar cells. Precise positioning and delicate appli-

cation of contacting force are important factors which can
bé adjusted to insure accurate testing with\a minimum of
breakage. ‘ |

Current vs. vol _age curves were plotted for a cross
section of solar cells produced under this contract. Over
fifty cells were selected ranging from the first batch to the
last batch of cﬁf?s produced. A sample cur?e from the last
batch is presented in Figure 6.1 which shows an 9.8 effi-

ciency cell (800 mW). The cells tested ranged from 570 mW

to 810 myW (7% to 10% efficient), and the short circuit current

and open circuit wpltage remained constant at about 2.1A and

550 mW respectively.
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3 , ~These favorable results indicdate that the potential
 > for 'realizing the LSA project goals is very high.° Cells
producing the stated efficiencies are an excellent. base

material for module fabrication.
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7. Interconnection and Encapsulation

The final phase of the automated assembly involves the
fabrication of solar modules in a cost effective manner. In
order to produce arrays which will withstand all environmental
conditions, careful selection of procéss sequences and mat-
erials is required. Over its expected 20 year lifetime the
panel will be subjected to varying temperature cycles, humid-
ity, and rain, as well as hail and wind forces. Throughout
all of these conditions the cells must be kept totally isolatszd
from moisture, yét remain flexible enough to allow for thermal
expansions. In addition, the system of interconhection and
encapsulation should readily interface with automated machinery.
This ssction will describe the process which we believe to have
great potential.

In ordér to0 meet its many requirements, the proper selec-
tion of superstrate must be an inexpensive material that endurcs
environmental conditions for. years while retaining high trans-
mission properties. We have chosen glass as the superstrate
because it is an abundant material which serves both as an en-
capsulant and as a structural support. In addition, it re--
mains clear and can be eagily cleaned.

The laminating materials were selected from a wide variety
of candidates. An acrylic resin is used to secure the cells
and allows solder reflow for interconnection purposes. A poly-
ester back sheet will seal off the panel efficiency due to its
reflective properties. These materials were selected bacause
they showed great’ promise of meeting these laminating require-

ments.
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The proposed panel building process begins by preparing
the superstrate, typically a 4' x 2'/ sheet of glass. The
glass is ultra cleaned by immersing it in a weak hydrofluorlc L

acid bath. As part of the 1nterconnectlon schenme, tabs are J

=

‘applied directly on the glass Qy means of ankarc—sprayer; The
ﬁechniqUe_involves spraying two metals conséEutively through
a mask‘onto the glass) Alﬁminum is‘sprayed first because of
its excellent adhesion propertles to glass. Then copper is
sprayed exactly over the alumlnum to, aid in the electrical _ B

condu?%lon of the tab, and to make it solderable. Flnally, the

tab is tlnned w1th solder in preparation for the sclder reflow

step. In the meantime, cells coming from the testing station
are tabbed with strips of tabbing material on the back at a

particular angle. This is done so that the cells which are

- positioned on the glass will all. be mechanically interconnected
as shown in Figure 7.1. Both the glass and‘tha}face of thel
cell are primed with an acrylic spréy to ensurelﬁdheSion. The
Macrylic,laminate is applied and sp;gad evenly over the surxface
of the glass. Before the panel can be assembled, however,

the solvents in the acrylic resin must be driven out. This is

.accomplished by a process we refer to as outgassing, whereby .

the acrylic coated glass is subjected to 170°C in an oven.

The cells are then positioned*%ace down on the glass, go that §
N 4

the main buss bar of the cell covers half of the arc-sprayed tab on the ; 33

glass. A white polyester sheet is laid over the back of the panel and the
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Arc Sprayed Contact Pattern On Glass, Enforced by Solder

‘ "fm\

. '. 5 .
- e \\ e \__/

Cells Positioned Face Down With Their Back Contact Tab
Overlapping the Front Contact Pattern of Adjacent Cell.

(Simplest conceptual arrangement)

Figure 7.1
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whole system is pressed togaether aﬁd heated simultaneously.
The solder on the cell andgarc-sprayed tab will reflow and
connect to one anothex as will the tassing material on the'
back of the cell and the arc-sprayed tab. In addition, any
excess acryllc under the cell will'flow towards the edge and
seal off any gaps focrmed between the polyester/cell/glass
interface. Therefore, by pressing and heating"the eomponents

together, the panel will be interconnected and sealed off

in one step.

7.1 Verification

Verification work on this process has been divided into
three major sections; 1) arc-~spraying, 2) lamination and
3) solder reflow. These will be discussedsaccetdipg to the

order in which they occur in the process.

7.1.1 Arc-Spraying
Arc-spraying tabs on glass was selected as part of the
1nterconnectlon scheme because of 1ts 51mpllc1ty and adapta-

0 ,

blllty to automatlon. By arc-spraylng tabs on glass one-

half of the hand operatlon of tabbing can be ellmlnated, Wthh .
results in large cost saV1ngs. The process also has a high“

”rate of reproduc1b111tv, yleldlng .consistent patterns from

one glass sheet to another.
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An arc~sprayer produceé an electric arc between two
~ electrodes ﬁhrough which metal wires are fed towards each
other. The molten metalvfrom the wires 1is sprayed forward
with a high velocity. The heal and férce'of the spray
depends on the distance between the nozzle and the receiving

material, as well as the air pressure and arc-current.

Table 7.1.1.i‘summarizes the results of spraying different

metals. ‘ o
»Matgfial . - Bolderable? Adheéion to Glass
Aluminum ‘ No Excellent
Low Carbon Steel No Excellent
‘Aluminutn/Bronze No Peels off with hard
pressure .
Nickel/Aluminum " No Peels off with hard
L Pressure
Copper Yes Peels off with moderate
‘ ) pressure
Phosphog /Bronze Yes

'Peels off with hard
pressure. )

TABLE 7.1.1.1

As mentioned earlier, the aluminum,K exhibited excellent adhesion

L , . . ‘ . .
- properties on glass. It is believed that a chemical reaction
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/ ,

oceurs between the glass, whose major constituent is silicon
dioxide, and the alumlnum which bonds readlly to oxygen.

Alkso, aluminum melts at the softening p01nt of qlass ( ~660°C)

Copper, on the other hand, did not adhere to glass yvet

“solder wets to it readily.” This three metal ‘tab was, therefore,

/)

developed to satisfy allféf our parameters. In sum, alumlnum
adheres to glass} coppexr aﬁheres to alﬁminum, and solder wets
copper. This¢provides excellent adhesion and conductivity
properties.

The adhesmon of the tab was pull- tesfed by soldering
tabblng maferlal to it and then pulling at a. 45° angle. All of
the tabs were pulled away from the glass at about 200 grams
force or higher, leaving conchoidal fraetures in thenglass as

can be seen in Figuré77.l.l,1 and 7.1.1.2. Care must be taken,

however, in the spraying process, to ensure a strong interface.

The copper must be sprayed lightly on the aluminum so that.
the difference in thermal expansion between the two metals
will not cause warping of the tab off the glass. By adjustlng
the wire feed valve of the spray lead to a minimun setting,

and spraylng for only 2 to 3 seconds the arc-sprayed tab will

‘exhibit good adhe51on properties.

= In summary, arc-spraying has been demonstrated as a quick

and reliable method of adhering tabs'onto glass. fhis allows

the 1nterconnectlon step to be 1ntegrated w1th the encapsulatlon

step,w1th con51derable sav1ngs in tlme and &ii assurance of uni-

formity.
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7.1.2 Laminating

R i s S et SR

A layer of clear plastic is applied between the cell ana e

glass in order to assure good optical ¢oupling and good ad-

o \\\ .
hesion, yet allow enough flexipility to absorb stress generated
7 :

H
H
3

by different temperaturxe expénsion fates between the cell and
the glass. The choice of materials depends upoh three para-
meters; 1) clarity and elasticity for the life of the panel,

2) ease of application and ability to withstand high laminating

temperatures, and..3) environmental isolation. A diverse group

of plastics have bean tried with a variety of curing procedures

and application methods. A combination of two materials are

being used to provide maximum protection and cost effectiveness.

A summary of the work done on encapsulation materials and ;

methods is presented in Table 7.1.2.1. The first layer refers

to that material which is between the cell and the glass, and

the second layer is considered the backing of the panel. Most
of the laminating systems were cured in a similar manner; that
is, the materials applied to the superstrate and cell, and
pressed to appraéimately 5 psi;‘ They were tﬁen baked between

140°C and 170°C foxr 1 to 2 hours. The only exception to this

waé¥the layer of silicone on which the laminate was applied

first, then put under 10 lbs. of pressure and_alﬁbwe& to cure
overnight. The combination bf acrylic spray, acrylic resin

and polyester sheets seems to have the greatest promise of

satisfying our laminating requirements.

T
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SECOND LAYER

SUMMARY OF LAMINATION SYSTEMS

RESULTS

COMMENTS

FIRST LAYER

Acrylic Sprair
Kleer Xote 6004

Polyester Sheet
7.5 mils thick

Good Lamination

Adhesion to peolyester is poor
Adhesion to acrylie¢ to glass is
Excellent b

Outgassing of acrylic

No drifting Problem

Acrylic Spray
Xleer Xote 6004

3M FEXK 244
Reflective Film

Poor Lamination

Adhesion is good on all surfaces
Mirrored surface was discolored
FEX shrunk :

Oitgassing of acrylic is
required :

Acrylic Spray/
Kleer Kote 65004

Polyester Sheet
Imloow

Poor Lamination

Adhesion is5 excellent on all surfaces

Made panel using a cell with
exceptionally uneven back

Acrylic Spray/
. Acrylic Resin

Polyester Sheet
Lmloow

Good Lamination
‘Adhesion is excellent on all surfaces

¥post promising combinaticn

“Outgassing of acrylic-is

Acryloid B-7 : required
Polyvinyl Polyester Sheet " Good Lamination " The cells mist be secured
Butyral - LmlOOW Adhesion to polyester is poor +o avoid drifting due to
. o PVB adhesion to glass is good - flowing of PVB

" Polyvinyl Polyester Sheet - Good Lamination The cells mist be secured
Butyral 7.5 mils thick Adhesion *o polyester is poor to avoid drifting due to

flowing of PVB

Thin Layer of
" 8ilicon

Polyester Sheet

7.5 mils thick

PVB adhesion to glass is good
Good Lamination X ,
Adhesion tc polyester isj poor

Iﬁdefinite curing time

TASLE 7.1.2.1
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This has been confirmed by a‘variety of verificakiom
experiments including corrosion studies, temperature cycling,
humidity tests, and ultra-violet tests: A glass sheet with
an arc-sprayed tab and thé écrylic spréy/resin combination

was immersed in water with a heavy concéntration of salt

and rust for two months. After the elapsed time, the tinned

arc-sprayed tab showed no signs of corrosion. It is impor-—

tant to note that this corrosion test was done with only

the acrylic .protecting the tab. It is believed that with an

additional polyester backing the tab would be totally isolated
from moisture, and thus the possibility of a corrosive reacticn
taking plaéé would be very much reduced.

Some sample panels ﬁere also temperature cycled between
-15°C and 1600°C with practically no warm up or cool down time.
Each panel was cycled 15 times wiih the time between {lcmpera—
ture extremes ﬁarying from 1/2 minute to 2 hours. Minimum
time ac‘extreme‘temperatures was 2 hours, while the maximum
was 3 davs. None of the panels with this particular combi-

nation of encapsulants showed signs of thermal shock or dis-—

coloration. In addition, the adhesion between the glass,

acrylic and polyester remained excellent. A destructive test
was performed on one‘of the panels so that an upper bound
could be determined. At 120°C small bubbles were visible

between the glass and cell, and at-180°C the acrylic exhibited

signs of yellowing.,

I -
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The panels were humidity éycled to determine their

resistance to moisture. They were kept in the humidity

- chamber at 90% relative humidity and 70°C for one week.

Once again, no adverse effects were observed.

Finally, the pahels were exposed to acgelerated ﬁltra~
violet light tests. The Y.V. accelerator, shown below,
consists'of placing a sample of glass with encapsulant 2 1/4
inches from a mercury vapor 200 watt lamp and air cooled

from the back.

Glass ) " ' Cooling Fan
. (Low Iron) .

The samples survived 200 hours of constant U.V. light with
little change in light transmission ox appearance of the
encapsulant material.

In general, the sample panels showed little or no change
after being exposed tb U.V. radiation, humidity, temperature
cycling, and corrosion tests. We feel that this lamination
sequence has great promise of effectively protecting the solar

panel.
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7.1.3 8Solder Reflow

The last important phase of interconnection and

encapsulation occurs when the modules are assembled, heated,

and pressed together.

-

The solder from the arc-sprayed tab
and the solder from the main buss bar of the cell will re-

flow and interconnect with one another. In addition, the °

tabbing material on the back of the cell will connect with

. the reflowing soldexr from the othexr half of the arc~sprayed

tab. Ih this way, the entire panel will be interconnected

and sealed in one step. The key to this operation is in

the proper selection of solder and its corresponding melting
temperature. The solder should reflow at, or just above the

softening temperature of the encapsulant. Since 63/37 solder

is used the reflow temperature is about 185°C. If the panel

is heated much above this temperature, solder from the fingers

of the cell will reflow off. Another important factor is the

force with which the module is pressed. A pressure of 5 psi

applied incrementally has been sufficient to achieve solder

raflow and interconnection between the glass and the cell.

i
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8. Economic Analysis . |

The principle concern of this automation contract is to

produce efficient solar modules in a low cost manner. It has
already been shown that thé cells produced, using this process,
have é great potential of efficiently cbnverting suﬁlight to
electricity. This section will present a cost analysis‘which
concludes that solar modules can be produced cost efficiently
for 49.75¢ per wafer. This analysis is intended to show the
main dost drives ip the process and not to be a rigorous ac-
counting of every cost detail,

The cost of each process will be detailed according to

material, equipment and labor estimates, The bulk silicon

is assumed to cost 22¢ per wafer, the rest of material costs
is based upon large volume purchase prices from respective
manufadturers} The equipment cost has been estimated by two
factors; first, by the cost of existing equipment and second,
by the cost of fully automating that equipment: Since the

process 1is fully automated, labor will be at a minimum.

The labor estimates are based upon the expected time of.super—
vision and maintenance for each machine. The costs also
reflect three shifts of operators per day covering twenty
working hours. ' o

All of the steps are designéd to process 120 wafers per
minute, which is consistent 'with the 50MW, a year ‘production
goal. The number and size‘of maéhines has been designed to
operate at this throughput rate. It is, therefore, very

important that there be a constant flow of cells through each
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step.”’ A delay in anytone. section can adversely affeet the

entire production line. . g
Flnally, the cost analysis is based upon a prlce per

wafef. At the conclusion of this sectlon there w1ll be.

a summary which will translate this cost into dollars per

watt.

8.1 Surface Preparation

The economic evaluation of sdfface preparation is based
upon a well known and verified technlque presently used at
Solarex; The cost presented for materlals, represents the
prlces that are currently paid or are expected to be pald B
based on large volume.

Tﬁe materials selecteé for this process have been
epeeifically chesen because,of their cost effectiveness and
>édaptability.ﬁo an automated sequenee. Sodium hYd;oxide is
being‘used over an acid etch because of substantial cost
savings and the ellmlnatlon of careful handllng procedures.
NaOH is estimated to cost 35¢/lb~ in large volume and 0. 015 1b.
per wafer is reqplred. This implies a cost of 0;53¢ rer
wafer. LikewiSe, potassium hydrexide etch is an excellent
method of produc1ng a non-reflective surface as discussed in
Sectlon 2. The cost savings over the comparable AR coating
‘is considerable when the coet of vacuum systemsbalong with
the additional handling requiremenes are taken into account.

"KOH is expected te c’ost‘ 50¢/1b and 0.0l5 lb/wafer is needed,j
therefore, the materials cost can be estimated at 0.75¢ per

wafer.
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Automatic handling equipment for solar cell casset?es is

~already available. The work damage removal requires a 10

minute resident time and texturing can be accompiished in a
15 minute etch. Machinery can easily ge envisioned which
passes cassettes (holding 25 Qafers each) throégh an etch
bath at a rate of 120 wafers per minute. ‘This equipment
including belt transport systems, etéh baths, and rinsing
stations is estim;ted to cost $200,000 and expectéd to opérafe
for Slyeérs; This results in a éost of Q;08¢ pef wéfef for
all equipmen“.' . ‘ | | |

It is .expected that only one operatox neeas to be present
to supervise the continuous flow of cassettes. Each operator
will cost $20,000 a year in laboy and overhead which(éuggests
a cost of 0.12¢ per wafer. The process will be run continuous~
ly between three work shifts to fully utilize the capitol eqguip-—
ment. . | .

A summary of these costs is presented in Table 8.1.1.
Energy usage is covered by the labor overhead.

8.2 Junction Formétioﬁ

Junction formation can be divided into six major sub-

steps for the purpose of economic evaluation:
I. Spin-on dopants

2. Diffuse in belt furnace
3. Etch

4. Spray aluminum on baék
5. Alloy

6. Post diffusion cleaning

R
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ECONOMIC ANALYSIS OF SURFACE PREPARATION

MATERIALS

NaoH

KOH A
Material Total

EQUIPMENT

Etch Tanks and
Rinsing Stations

LAHOR AND OVERIEAD

One Opsrator Required

- Process Total;

-

0,53¢/wafer

0.73¢/wafexr

1.28¢/vwafer

0,08¢/wafexr

0,12¢/wafer

»

1.48¢/wafer

TABLE 8.1.%}
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The post diffusion cleaning step has been included in this
section because its overall cost is minimal in comparison
to other processes. The materials, equipment and labor will

-

be identified for each sub-step. yﬁag

1. Machinery can easily be envisioned which will’
immerse an ehtire basket of wafers in dopant
solution and spun for'a-momént to centrifugally
remove the excess liquié: In this way a very
high §61ume of wafers can be processed so the
equipment cost is neglible. Anothe:fmgqu cost:
savings can beyieéiiééﬁiby'utilizing the Solarex
SX-101 dopant coéting about 2¢ per wafer. One

maintenance operator is also required.

2. Diffusion can be accomplished in a belt furnacé
with two heat zones. The cells are put indivi-
dually on the belt and passed th;ough an initial
hot zone of 150°C and then through a 950°C zone
for six minutes. Based upon the belt furnace at
Solarex, which holds 12 wafers in a 48" hot zone

dt one time, 100 units would be reguired to be

consistent with the required 120 wafers per minute.

throughput rate. The cast_fo; all of these units
would be $660,000,fcalcula£ed over a five year life
time, resulting in a cost of .25¢ pér wafer. It is
estimated that one operatb? could supervise the

entire diffusion station alohg with suppoxrting

-

maintenance pexrsonnel.

PR

L T A bt i A 118

1




RS

‘Oxides are formed on the wafers during

the diffusion process Vhich must be

;emoved in an acid etch. Th%s‘can be
accoﬁplished by immersing wafer f£illed
cassettes in a buffered hydrdfluoric acid

bath as in surface preparaﬁion. .Only a

five minute rasident time:islrequixed, however,
‘as compared Eé:a.ﬁifteen'minute,;esidentl

time for surface preparation. The hydrofluoric
acid costs 80¢ per pound and 0.0022 pounds per
wafer are requi;ed. This results in a material
cost of 0.176¢ per wafer. The equipment cost
is estimated at $50,000 for a five year operating
life or 0.02¢ per wafer.  One person dedicating
half of their time to supervising the process

would be sufficiént.

The positive side of £he wafers'are.spraQed with
aluminum and a bonding agent in preparation for
the back junction alloy. The process consists

;f passing the wafers under a spray nozzle on a
belt transpbft §ystem. The equipment cost for
the whole process can be estimated at $50,Q00.
This implies a cost of 0.02¢ per wafexr over a-
five year lifetime. The'materials consist of
aluminum powder at aéproximately 0.2gm/wafer and
a bonding agent at approximately 4gm/w%fer. Alu-

minum costs about $17/kg and results in .34¢.per
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wafer. A greater proportion of bonding agent is

used yet thgycoét per wafer amounts to dhly 0.2¢.

A
\

On a large scale production basis it is estimated |
that one o: two machines could accommodate 120 - 11%
wafers per,minufe and would;fequire one operatoxr |
~%  to monitor the process along with maintenance

personnel.

5. The alloying process completes the junction

formation step by making an ohmic contact on the
back of the cell. As in the diffusion step (#2),

a belt furnace with multiple hot zones will be

q
IR

utilized. One hundred furnaces would be required
to process 120 wafers per minute at a cost of , ;
about $660,000a3{With a five year lifetime fox %5

each machine the cost results in .25¢ per wafer. -
There are no material requirements for this step '
and in an automated environment one operator and

maintenance support wonld be sufficient.

6. After, completion of junction formation the wafers

have residual oxides which ﬁust be cleaned for the

metallization step.. As in the previous etching

baths, a diluted hydrofluoric acid solution is used. !

o Approximately lcc of fresh solution is required

s s G

‘per wafer at a cost of 80¢ per pound. ‘This seluﬁicn,
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along with subsequent rinsing will cost 0.18¢ par
wafer. The equipment necessary for wafer trans-

portation between stations and handling equipmgnt

at these station will cost about $50,000.  Amortized

over a five year lifetime this results in 0.02¢

per wafer. One operator supervising the process for

~only half of the time will be adequate.

~ Table 8.2.1 summarizes the cost of the junction

formation process..

3 8.3 Metallization

low.

1.

At the onset of this contractual work the cost of

'é metallization had the potential of being prohibitive.

| Through careful selection of matarials and metallization
technigques the proposed sequence is well within the budget
of 50¢/wafer. Processes such as negative’screen printing and

solder dipping have been instrumental in maintaining the cost

Our proposed metallization technique can be divided into

four substeps for the purpose of economic evaluation.

Negative Screen Printing
Electroless Nickel Plating
Edge Removal

Wave Soldering

BT
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ECONOMIC ANALYSIS OF JUNCTION FORMATION

Substep : .

Materials
. SX~101

. Hydrofluoric Acid

Aluminum Powder .

Bonding Agent /

Hydrofluoric Acid

e _
‘Materials Total

Eggggmeﬁt

aAll Wafer Transport

2 Belt Furnace
Etch Bath
Spray Gun
Belt Furnace
Etch Bath

Equipment Total

Labor and Overhead

All Maintenahce'

2 Operator
1/2 Operator
Operator.
Opefétor
1/2 Operator

i ,
_ Labor and Overhead Total

Process Total: 4.12¢/wa£er

TABLE 8.2.1

R by &
Sy
i

LU
L‘Qrﬁﬁmq.

2¢/wafer
0.&7§¢/wafer
0.34¢/wafer

'0.2¢/wafer

0.18¢/wafexr

2.9¢/wafer

L E
0.03¢/wafe;ﬂ/
0.25¢/wafer .
0.02¢/wafer
0.02¢/wafer
0.25¢/wafer
0.02¢/wafer

0.06¢/wafer

0.59¢/water

0.15¢/wafer

0.12¢/wafer
0.06¢/ﬁafer

,0.12¢/wafgr

0.12¢/wafer

0.63¢/wafer -
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This section will summarize the materials, equipment

and labor requirements of the metallization process.

1.

By applying a negative image of the fingef pattern
on the wafer great cost savings have been achieved.
The resist ink, composed of urethane and titanium
dioxide, constitutes the major expense in the
process. Four liters of resisé can print 1,000
wafers at a cost of about 2¢ per wafer. A stainless
steel screen and stencil will cost about $50 each
and,lést for at least 1,000 print cycles yielding

a cost of 0.8¢ per wafer. A screen printing machine
capable of printing 60 wafers per minute costs
about $5,000. Over a three year lifetime the cost
of two machines would bha $10,000 or 0.01¢ pexr wafer.
One operator would be required at all times to
replace screens and to maintain close tolerances

in printing.

Electroless nickel plating can be carried out in a
similar fashion to the etching steps. The nickel
plating solution is the principle ingredient and
costs about $1.20/litexr. One liter will plate 250

4 inch wafers yielding.w§8¢ per wafer. Once plating
is accomplished, the resist ink is removed by

immersing the wafer in an organic solvent. One

[T
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gallon of resist remover can clean 2,000
wafers which implies a cost of .35¢/wafer. The

= i

plating equipment could)be a {grge tank wi?h several 3
" hundred slots to accommodate the wafers vertically.
This relatively simple mechanism ié estimated- to
cost $50,000 and last over five years. This yields

a .cost of .02¢ per wafer. The sintering step will

S

assure a good nickel/silicon interface. There are
various schemes which could be utilized.includipg
heat lamps or small belthovens. The cost. is small, . ..
 in comparison to the other processes. One oﬁérafgrw;.
would be required to mix chemicals and monitor the

plating tank.

3. The removal of one or two mils of silicon axound the
circumference of the wafer can be aécomplished by
mechanical grinding. A silicon or tungsten carbide
bit can grind‘about 2,000 wafers before needing
replacement. At $3 pei bit the materials amounts
to .15¢ per wafer. An automatic grinding machine
can be compared’in cost to an edge leveling machine
used on lenses which typically costs $10,000. Three ,
machines would be réquireé'to maintain a 120 wafer per
minute rate. This'would-include cell placement,

‘spinning, and removal aipng with bit changes and
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I
maintenace. At $30,000 over a three year operating
life, the cost of equipment would be .02¢ per wafer.

While the machine can step tﬁrough the grinding

operation automatically, an operator Would be required

to maintain the machine and judge when grinding points
need replacemenp.”

4. The use of solder to metallize solar cells, as oppo-
sed to precious metals, has allowed file process to
remain'within the project goals. Yéé‘SQldar constitu-
tes the largesﬁ expense in.the metallization process.
Solder costs about 10.3¢/cc for 63-37 composition.
Each 4 inch solartcell requifes 0.48cc to coat both
front and back assuming 20% front coverage. There-
fore, the materials cost is 4.94¢ perxr wafer. Wave
soldering equipment presently exists that has the
capability of coating 120 wafers per minute. This
machine is estimated to cost $40,000 and expected
to operate over three years. This yields a cost of
.03¢ per wafer for wave soldering equipment. One
operator would be required to monitor the process.

The costs for the four metallization ‘substeps are =~

summarized in Table 8.3;1.
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Substep

1.

1.

2.
2.
3.
4.

l.
2.

3.
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ECONOMIC ANALYSIS OF METALLIZATION

Materials

Resist Ink

Screen and Stengil
Plating Solutiéh
Resist Remover
Grinding Bit

Solder

2

Materials Total

Equipment
Silk Screening
Nickel Plater
Edge Grindeﬁ

Wave Soldering

Eguipment Total

Labor and Overhead

Operatox

Operator 2
Operator

Operaﬁor

‘Labor and Overhead Total

Process Total:

Table 8.3.1

2¢/wafer

’0.8¢{wFfer

0.48¢/wafer
0.35¢/wafer
0.15¢/wafer
4.94¢/wafer

o

=

8.72¢/wafer

0.0L¢/wafer
0.02¢/wafer
0.02¢/wafer

0.03¢/wafer

0.08¢/wafer

0.12¢/waferx
0.12¢/wafer

0.12¢/waferx

0.12¢/wafer

0.48¢/wafer

9.28¢/wafer
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8.4 Testing

Automatic testing of both mechanical and electrical
characteristics can be accomplished by utilizing a mini-
computer and other handling equipment; A cell is posi~
tioned in a giveq spot and a series of prushes will test
for contact adhesion. The computer then drives a variable
power Uupply to obtain the cell I-V curve.

Microcircuits are contacted through small, closely
spaced pads. Precise positioning and delicate application
of contacting force is very important. BAn automatic cell
testing machine will cost approximately $100,00Q. A three
year‘ﬁachine life implies a cost of .06¢ pér wafer. One
operator wiil be required to monitor the process. Table

8.4.1 presents a summary of testing costs.

8.5 Interconnection and Encapsulation

Panel fabrication has been designed to usé readily
available and inexpensive materials with a minimum of
larée eguipment. The principle materials include glass,
metals and plastics. The selection of glass is abgood
example of the philosophy with which this project was
undertaken. Glass as a superstrate material is one of
the most cost effective materials for the production of
solar panels. Not only does glass retain high transmission
properties for an indefinite amount of time but it serves

as a structural support for the entire panel. In the past,

ot
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ECONOMIC ANALYSIS OF CELL TESTING .

Materials

0.0 0.0 |

Eguigment’
Cell Tester 0.06¢/wafer

Labor andkng;hgadf

Operator o 0.12¢/wafer

Process Total: 0.18¢/wafer
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TABLE 8.4.1
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panels have been supplied with frames, then mounted on
additignal“supporting ﬁtrﬁcﬂures. This far exceeds the
5meimum reéﬁirements for safety and ;ppport of so}ar
“modules. Even more important, the additional cost of
providing frames ﬁaintains the dollar per watt figure high.
Future supporting structures should be designed to ﬁéet
only those requirement#ywhich assure proper stability.

Thg solar panels.will measure 2 feet by 4 'feet and
contain 55 cells per panel. In order to be coﬁsistent
with the 120 wafer per minute throughput rate, 2.18 panels

per minute must be assenbled.
| The interconnection and gncapsulation technique can
be divided into five sub-steps for the purpose of economic

analysis. These are as follows:

1. Arc-~spray tabs

2. Laminate and outgas

3. Solder tabs on cells

4. Position cells and polyéster sheet

5. Reflow

The materials, equipment, and labor will be identified for

each sub-step alcng with their estimated costs.

1. A glass sheet is positioned underneath the arc—
spray nozzle and a metal mask is lowered onto %
the glass. The mask contains 55 slots measu¥ing
-1.75" x 0.25" each. Aluminum is spréyed first

to form a solid glass/metal interface. Each tab

T . ¥
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contains about 4.8 x 10-4 lbs. of aluminum cost-

ing $2.40/1b., which amounts to 0.11l¢ per Watt. The

glass is then passed to the next arc-sprayer which )

utilizes the same mask and sprays 1.6l x 10—3 lbs.

of copper over the aluminum. At $2.88/lb. for
copper the cost results in 0.47¢ per wafer. The

tabs are then tinned with 8.64 x 10“4 1bs. of

. solder at $1.00/1lb. yielding 0.09¢ per wafex.

Each metal can be applied in approximately 20

seconds for the 55 tabs on each panel. Two arc—

sprayers will cost approximately $100,000 and will

operate 8 hours a day over a three year lifetime
which implies a cost of 0.12¢ per wafer. In
addition, it is expected that an operator will be

required to monitor the continuous flow of glass.

The propoéed lamination sequence is a three step
process consisﬁing of aéplication of two layers
of acrylic énd an outgassing step.' A thin layer
of acrylic (5 mils) is sprayed over the face of
the cells costing 0.23¢ per wafer. A layer of
acrylic resin is then applied measuring 25 mils
thick and costing'2.06¢ per wafer. In oxder to
§rive all the solvents from thé resin the panes of

of glass are passed through an oven.
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.In order to accommodate 2.18 panels per minute
the ovens should transéort the panels in a
vertical direction. In this way 65 panels could
be outgassed in each oven aé'any one timé.- Tﬁe
cost of two such ovens is estimated at $70,000
amoxrtized over three years results in 0.05¢ perxr

wafer. BAn operator will also be necessary to

oversee, this process step.

In order to facilitate the intérconnection,‘process
tabs are reguired on the back of each céil. The
tabbing process will be accomplished through the

use of automated solaering machinezry. The'only
material used 1s a strip of.tinned copper measuring
2 mils x 70 mils x 3 inches andweidghing l. x 107 1bs.

Since the material costs $22.62/lb; the price per

wafer is 0.23¢. A fully automated tabbing machine

capable of tabbing 120 wafers per minute is estimated

to cost $69,000. Calculated over a five year lifetime
this amounts to 0.02¢ ver wafer. One operator will

be necessary to monitor the process.

The tabbed cells must now be positioned properly such

that the central buss bar of the cells is directly

rabove the arc-sprayed tab on the glass. The tab on

the back of the cell must also be positioned so that

it cohﬁacts the adjacent tab. A polyester sheet
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covering the entire panel (8 sq..ft.) is layed over
the cells to serve as a backing for the panel.
Polyester costs $0.127/sq. ft. which yields a cost
of 1.85¢ per wafer. The cost of the equipment
required to carry out this process is seen as being
negligible as compared to other equipment costs in
this process. In addition, it is predicted that no

operators will be needed.

5. The combination of glass, acrylic, solar cells, and
polyester will be put into a lamination press. This
will accomplish two operations simultaneously,

1) interconnect and 2) laminate the entire panel.

By applying heat and pressure the solder will reflow

thus connecting the buss bar and tabAtogether, Lami-.
- nating presses are available that can reflow five

modules simultaneously at a réte of 20 per hour.

Seven machines will be requiredrto accommodate 2.18

panels per minﬁte at a cost of $30,000 each. This

vields 0.14¢ per wafer over an expected three year

lifetime. One operat&r will be required to load and

unload panels.

A summary of the cost projections for this process is
presented in Table 8.5.1. The overall cost of interconnection

and encapsulation has been calculated to be 12.69¢ per wafer.
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ECONOMIC ANALYSES OF INTERCONNECTION AND ENCAPSULATION

Substep
Materials
1. Glass 6.84¢/wafef
1. Spray Al ; 0.ll¢/wafer ;
1. Spray Cu - ‘ 0.47¢/wafer i
1. Solder 0.09¢/wafer 5
2. Acrylic Spray 0.23¢/wafer b
2. Acrylic Resin 2.06¢/wafer
3. Tabbing Material 0.23¢/wafer “
4. Polyester Sheet E 1.85¢/wafer \ﬂ
- 31
Materials Total  11.88¢/wafer |
|
Equipment % ?
1. Arc-Sprayer . 0.12¢/wafer ;él
2. oven 0.05¢/wafer i
3. Tabbing Machine 0.02¢/wafer ]i
5. Laminating Press 0.14¢/wafexr §~
. 1
Equipment Total 0.33¢/wafer %
15
Labor and Overhead : ﬁV
1. Operator 0.12¢/wafer g
2. Operator 0.12¢/wafer g
3. Operator 0.12¢/wafer f
5. Operator 0.12¢/wafer ﬁ
!:{ N . Labor and Overhead Total 0.48¢/wafer |

Process Total: 12.69¢/wafer

TABLE 8.5.1
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8.6 Summary

A summaxy of the cost projections for the entire sequence

is presented in Table 8.6.1, If the cost for the bulk silicon
is assumed to be 22¢ per wafer then the proposed process
amounts to 49.75¢ per wafer, Since the power output of these
modules was not known at the beginning of the project, one
watt per wafer was assumed, It has been determined that cells
can already be produced which achieve 794 mW peak power,

This is 82% of the expected power (1 watt), therefore,
the cost per watt is presently 62.67¢ per peak watt, Further-~
more, we firmly believe that. this process has the potential
of achieving 12% cells (i‘peak watt) with additional optimi-
zation and large volume production. At 12% efficiency the

overall cost would be approximately 50¢ per peak watt.
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SUMMARY CF THE COST ANALYSIS FOR THE ENTIRE PROCESS

v ’ . ,

*Bulk Silicon i ;2¢/wafer .
Surface Preparation 1.48¢/wafer
Junction Formation ‘4.12¢/wafer
Metallization 9.28¢/wafer
Testing = . a 0.18¢/wafex
Interconnection & : ‘
Encapsulation | 12.69¢/wafex

: QV§#all Total: 49, 75¢/wafexr
' " ox

62.67¢/peak Watt

TABIE 8. 6.1
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9. Conclusions

This report has described a series of process sequences >
which we believe have great potential for producing cost

affective solar modules, in an automated fashion. Fach of ‘

the process steps have been designed td readily intexface with v
J
automated machinery at minimal expense. By following the S

technigues described herein, we have produced 9.8% efficient ;
solar cells, Furthermore, the cost of automating this process
has been estimated at 49.75¢ per wafer.

The successful completion of the last phase of the program,

interconnection and encapsulation, clearly demonstrates that
our proposed seguence has the potential of meeting the project
cost goals. Module fabrication represents the largest expense

in the process scheme (12.69¢/wafer), yet it is within the 50¢

per wafer boundary. In addition, this process dan be made
even less expensive with additional developmental efforts.
Continued cooperation between private industry and the govern-~
ment can insure that £he LSA goal of 50¢ per peak watt can be
realized before 1986. Solarex looks forward to interfacing !

with JPL in Phase 3 of this contract.

10. Recommendations

There are no specific recommendations at this time. )

11. New Technology E

There is no new technology to be reported since the third

guarxter of this contract,
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