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1.0 ___ SUMMARY

A metallization scheme has been developed which allows selective plating
of silicon solar cell surfaces. The system is compri;ed of three layers.
Palladium, through the formation of palladium silicide at SOOOC in nitrogen,
makes ohmic contact to the silicon surface. Nickel, plated on top of the
palladium silicide layer, forms a solderable interface. Lead-tin solder on
the nickel provides conductivity and allows a convenient means for interconnection
of cells.

To apply this metallization, three chemical plating baths are employed.
Palladium is deposited with an immersion palladium solution and an electroless
palladium solution, and nickel is deposited with an electroless nickel
solution. Solder is applied with a moiten solder dip. Extensive development
work has been performed to achieve an effective immersion palladium solution
formulation, leading to reproducible formation of the palladium silicide contact
layer.

This metallization system has been repeatedly demonstrated to be extremely
effective. Current-voltage characteristic curve fiil factors of 78% are easily
achieved. This has been done while maintaining metal contact adhesion at such a
strenqth as to fail by fracturing silicon upon perpendicular pull testing rather
than by delaminating the metal system.

Demonstrations have been performed on a laboratory scale using beakers,
hot plates, and lots of 24 three inch diameter solar cells. On this basis,
process specifications and procedures have been prepared. The laboratory
process could be easily scaled to full production volume.

Although this metallization system has been shown to be cost effective

in its present state of readiness, specific areas have been identified which



would profit from additional development, leading to appreciable further cost
reductions which would make the metallization cost a minor factor in 50¢/watt

solar cell economics.

A document, "™Materia!, Supply, and Process Specifications and Procedures
for Metallization of Larqe Silicon Wafers with the Palladium-Nickel-Solder
Metallization System,”™ has been prepared and will be available from JPL

upon request.



2.0 INTRODUCTION

In pursuance of JPL Contract No. 954689, an advanced process for silicon
solar cell metallization has been developed and demonstrated to be capable of
permitting high reliability and large volume at low cost. The metallization,
which has been demonstrated on a developmental laboratory scale, is discussed
in this report.

This process is the forerunner of a production-ready process and requires
advanced development in order to be entirely suitable for the high throughput,
low cost technology required for long term goals. For example, chemical plating
solutions are now contained and used in small volume beakers rather than in
large volume, continuously replenished tanks, and heat treatments are performed
in quartz tube lined, resistance heated furnaces rather than by using more
appropriate belt furnaces. The fundamental process has, however been defined.

The metallization can b. selectively plated to exposed silicon surfaces
with no need to specially protect areas covered with a dielectric (such as an
antireflection coatingi. The metallization scheme is comprised of three layers.
Palladium, through the formation of palladium silicide at elevated temperatures,
forms the ohmic con*act to the silicon surface. Nickel, plated on top of the
palladium silicide/palladium layer, forms a solderable interface. Lead-tin
solder on the nickel provides hiqgh conductivity at low cost, allows a convenient
means for interconnection of cells, and yields some additional degree of
protection aqainst deleterious effects resulting from moisture ingression.

The process discussed here is relatively complex and is considered to
contain the maximum number of process steps required for assured metallization
of n-on-p solar cells with n+ front surfaces and p+ back surfaces. It is
probable that, in the future, this process may be altered, or steps be
el iminated. To date, attempts to shorten the process have met vith varying

deyrrees of success. Such attempts have been sufficiently successful to show



feasibility, but not successful enough to guarantee a favorable outcome each
and every time. This guarantee must be a prerequisite for a process sequence
recommendation.

The process sequence reported here may require minor modifications to
account for different types of solar cel!l substrates and to account for the
previous processing history of substrates prior to metallization. For
example, while an initial rinse in a dilute hydrofluoric acid solution is
sufficient cleaning for most types of samples, some samples prepared in
different fashion may require a more elaborate ciean to ensure adequate
plating to the silicon surface. This process does, however, assure a high
quality metallization and cel! performance on standard Motorola solar cells.

This report also discusses the technical details and background information
which assis* in understanding the principles and logic of a chemical plated,
pal ladium-nickel-solder metallization system. The advanced development of
palladium plating solutions is described, and process refinement are reviewed.
In addition, a detailed exercise of the JPL IPEG price analysis is presented.
This includes process equipment and throughput specifications.

Finally, conclusions are drawn and recommendations (including future

advancements of the plated metal system process sequence) are given.



3.0 TECHNICIAL DISCUSS ION

3.1 PLATED METAL CONTACT SYSTEMS

Plated contacts, particularly those incorporating electroiess nickel,
have been utilized in the past for solar cells as weli as in other semicondu. tor
metallization applications. While plated nicke! contacts still find broad
utilization in very deep junction devices, such as some silicon rectifier
products, lack of plating control and rapid soiid state diffusion of nickel
into silicor have caused problems requiring plated nickel contacts for solar
cells with shallow junctions to be largely supplanted by other metaliization
techniques. Experience in the solar cell industry has shown that it is
difficult to control consistency of both the electrotess nickel plating rate
and adherence of the e¢lectroless plated nickel to the solar cell surface. A
heat treating (sintering) cycle can be used to promote adherence of nickel
to silicon, but solar cell current-voltage characteristic degradation can
occur by diffusion of nickel into the p-n junction region, lowering cell
fill-factor and efficiency.

Provided that control and reliability are good, however, piated cortacts
offer distinct advantages over all other metallization techniques for solar
cells. The plated contact requires a relatively smali canital investment,
is amenable to both batch and continuous type processing, a.d is the most
tolerant with respect to varying surface structure. Future solar cells will
be tabricated on large area sheets of silicon which will be thin and may not
be flat and smooth. In fact, it is anticipated that such future silicon
substrates for solar cells will have varying degrees of curvature, taper,
warpage, surface ripple, and surface texturing. A plated contact scheme
which gives satisfactory performance today will be directly applicable to

such future cellis.



.If a solderable metal film such as nickel is formed as part of the plating
sequence, the copfacfs can be coated with a thick solder layer to provide
both an inexpensive conductor and an additional degree of environmental
protection.

To study and develop plated metat contact systems, the Motorola Solar
Energy R&D Department has evolved solar cell fabrication processes designed
to be compatible with plated metallization. Prior to metalli.ation, an anti-
reflection coating, which passivates the p-n junction perimeter and the
silicon surface, is formed on the solar cell. The desired metal con*act
areas can then be exposed through the dielectric antireflection coating by
patterning the coating with photolithographic, screen printing,
printed wax, or shadow-masked plasma etching techniques. When metal
plating reactions are selective, plating occurs only on the exposed silicon
surface where the antireflection coating is removed, and no plating occurs
on the remaining antireflection coating. Thus, the metal contacts are
formed only where desired.

A literature search was conducted early in the program, and continual

updating has been performed. 1t is included in this report as Section 7.0.

3.1.1 ELECTROLESS NICKEL PLATING

Nickel is a desirable contact because it is solderable and is capable

of making ohmic contact to silicon. However, two major problem areas have



limited the use of electroless nickel for solar cell contacts. The first

ma jor probiem area is uniformity control and repeatability of the plating
process itself; the second problem area is ensuring good contact adherence,
especially to shallow junction devices. Both of these problems contribute to
questionable reliability.

The most appropriate electroless nickel bath for silicon contact
application has bee: found to be th2 ammonia-type, basic (high gH) bath utilizing
sodium hypophosphite as a reducing agent. On a bare silicon surface, the
basic bath plates more readily, consistently, and uniformly than acid
(low pH) baths. |t has been observed, however, that the basic bath can
chemicaliy attack the silicon surface, forming a thin film between the
silicon surface and the nickel layer. This film has been analyzed and found
to be primarily SiOz. 1+ is postulated that, during plating of electroless
nickel onto a bare silicon surface, some amount of this thin oxide layer is
always formed and that its thickness and uniformity are the major variables
in the control of electroless nickel ptating on silicon. The formation
ot this film is dependent upon temperature, composition, degree of activation,
and pH of the plating bath. The interrelations of these bath parameters
arc complex and not always predictable.

The rate of plating from common electroless nickei baths is highly
dependent upon the type and (surface) concentration cf the silicon dopant.
Heavily boron doped surfaces, for example, plate at a much lower rate than
lightly doped surfaces under some bath conditions. Bath components can be
adjusted to essentially eliminate such plating rate difrerences, usually

at the expense of bath |ife or efficiency, however.



As plated on silicon, electroless nickel may exhibit |imited adherence
and poor contact resistance, probably due (at least in part) to the presence
of an oxide layer between the silicon and nickel. Normal procedure is to
heat treat the solar cell to allow nickel diffusion to penetrate through
any oxide layer and to form a nickel siticide layer. The silicide formation
requires interdiffusion of the nickel and silicon. |

Part of the difficulty in controlling nickel-silicon interdiffusion is
that formation and growth of the nickel silicide interface is primarily a
result of the movement of nickal atoms throuch the existing silicide and into
the silicon. On the order of 95% of the atomic mofion is contributed by
the nickel [15].* Moreover, the first silicide formed is Ni,Si, which will
transform at temperatures greater than 350°C into NiSi. The NiSi region is
initiated at the NiZSi-Si interface. This indicates that the binding energy
of NiZSi is not particutarly strong and that nickel diffusion may occur well
beyond the NiZSi-Si interface.

1f nickel penetrates to the region of a p-n junction, minoriiy carrier
lifetime near the junction decreases, juncticn characteristics deagrade, and
solar cell efficiency decreases. This phenomenon is seen primarily as an
excass forward current which decreases the solar cell fill-factor. Too Jdeep
a nickel penetration can severely degrade solar cell efficiency.

On the other hand, nickel contact strength is strongly dependent upon
adequate nickei silicide formation. In order to ensure this formation, a
minimum time at an elevated temperature is required. In the case of very

shallow junctions, formation of adequate nickel silicide for strength may

*
Reference numbers cited, such as [15], are to be found in the NPMS Annotated
Bibliography, Section 7.0 of this report.



automatically mean sufficient nickel diffusion in advance of the nickel
silicide layer to degrade the p-n junction. As a result, a fine line
exists between contact reliability and solar cell efficiency ‘or electroless

nickel plated contacts.

3.1.2 PALLADIUM SILICIDE FORMATION

Like nickel, palladium forms a silicide at temperatures as low as 220°C.
However, the kinetics and mechanism of formation of the low temperature compound,
PUZSi, are quite different from those of nickel silicides. First, marker
experiments have shown that the interdiffusion of palladium and silicon occurs
with nearly equal rates, silicon moving somewhat faster than paliadium[lS].
Second, once PdZSi is formed, it is stable. Ffurther time or increased temperarure,
at lecast up to SOOOC, icave the layer unchanged[?i]. This indicates a
reasonably strong binding energy for the intermetallic compound and a seli-
limiting depth cf patladium diffusion. Further, Pd23i grows a2pitaxially at
ail temperatures on <111> silicon surfaces, indicating minimal stress at
the silicide-silicon interface[12]. These differences between palladium and
nickel silicides give rise to the possibility that palladium contacts may
provide excel lent contact adherence while, at the same time, preserving p-n

junction characteristics.

3.1.3 PALLAD UM PLAT ING

Palladium may be selectively plated from at least two separate types of
plating baths: an electroless bath, similar in composition and action to

the basic nickel electroless bath, and a displacement type (immersion) bath.



Performance of an electroless palladium bath is quite similar to its
nickel counterpart, and it does present some difficulties when usad to plate
bare silicon surfaces. Just as for electroless nickel baths, the plating rate
depends dramaticaily on the type and conductivity of the silicon surface—
the pt* back of an n-on-D solar cell is much more difficult fo plate than the
nt* front. Good electroless palladium plating on both solar cell surfaces has
not yet been readily obtained without some surface preparatioa step, such

as sensitizing with a displacemsnt paliadium (irmersion) solution.

3.1.4  COMBINED Pd,Si-Ni CONTACTS

Since palladium is sore expensive than nickel, palladium mey be utilized

to form a PGZSi ohmic contact layer with a subsequent nickel layer providing

a solderable contact surface. Electroless nickel wil} plate readily to both

paliadium and PdZSi. Plating occurs at relatively equal rates on Pd2$i

formed on silicon with different doping concentrations and types, eliminating

the need to modify nickel baths in order to plate n+ and p+ regions simultaneously.
in addition to being relaﬂv.ely inexpensive, nickel provides a solder-

able surface which has very low rates of dissolution into lead-tin solders.

This characteristic allows for a wide control range cf solder time and

temperature, both in solder coating the solar cell metallization and in

any subsequent reflow (or other high temperature interconnection) operation.

10



3.2 INITIAL NICKEL PALLADIUM METALLIZATION SYSTEM (NPMS)

Drawing upon observations of the previous Section, a particular plating
system was proposed for applying metal contacts to all exposed silicon on
solar cell surfaces. The application is selective, in that metal is applied
in additive fashion, only to those areas of the cell where bare silicon is
exposed and a contact grid rattern is desired. There is no need to remove
any matsl later in the process sequence.

The proposed system is the "nickel-palliadium metallization system” (NPMS).
This system consist: of three "layers" upon the silicor substrate: a palladium
silicide/palladium first layer, a nicke! second layer, and a lead-tin solder

third laye:.
in developing a feasible NPMS process sequence, care must be exercised

at any step where a nickel layer undergoes a high (i.e., greater than approx-
imately 250°C) temperature cycle. If the palladium/palladium silicide layer
is not totally continuoys, nickel can penetrate the junction, the amount of
penetration depending on the time and temperature of sinter.

Experiments with solar cells have shown that extremely adherent contacts
can be made by forming a layer of PdZSi upon which nickel is plated and soldered
with no additional heat treatments after the Pd.lSi formation. Cells fabricated
with this technique have been subjected to metal layer pull tests which
resulted in failure due to silicon substrate fracture rather than lack of

metal layer adhesion.

Listed in Table 3.2-1 is an outline of process steps which constituted
the initial NPMS sequence. This sequence was shown to be feasible, and
provided a starting point for investigation of individual process steps and
process variables., In developing a production-worthy process, some steps in
the baseline NPMS sequence were changed or even eliminated. Times and

temperatures for chemical cleaning and plating steps and for thermal

1



TABLE 3.2-1

INITIAL _NPMS (NICKEL-PALLADIUM METALLIZATION SYSTEM)

STARTING POINT: a) Solar Cell with AR Coat,
b) Metal Pattern Etched Through Front Dielectric,

c¢) Back Dielectric Totally Etched Away.

STEP PROCESS
1 immersion Plate, Thin Pd Layer
2 Sinter 5 Minutes @ 600°C
3 Scrub Back to Remove Free Pd
4 Electroless Plate, Thin Pd Layer
5 Sinter 30 Minutes @ 600°C
6 Electroless Plate, Thick Ni Layer
7 Bake 30 Minutes @ 220°C
8 Soider Dip 60-5n/40-Pb Solder

All "Sinter" and bake steps to be in forming gas.

12



treatment cycles are certainly primary variables. Control limits for choaical-
plating solution operation and bath constituents are also important.

Immersion palladium, electroless palladium and electroless nickel plating
solutions which work with the baseline NPMS process of Table 3.2-1 are listed in
Tables 3.2-2, 3.2-3, and 3.2-4. The electroless formulations are taken from

Modern Electrop!ating {3}, which references the original studies in the literature

by Brenner and Riddel! [44] and by Pearistein and Weightman \56].

Success of the NPMS depends critically on performance of the immersion
palladium plating step, and considerable effort was devoted to its understanding
and control. The immersion palladium bath must consist essentially of Pd(:l2 in
a solution which permits effective plating of silicon surfaces while simultaneously

attacking any native silicon oxides present to enhance generalized plating.

13



TABLE 3.2-2
INITIAL IMMERSION PALLADIUM SOLUT ION*

BATH CONST I TUENTS

Water H20 500 mt
Fluoboric Acid }BF4 500 mt
Hydrochloric Acid HC! (38%) 2.5m
Paliadium Chioride Pd(tl2 0.050 g

OPERAT ING TEMPERATURE: ROOM TEMPERATURE

*
This table gives the initial, proposed formulation. For the final,
recommended formulation, see page 53.

14



TABLE 3.2-3

INITIAL_ ELECTROLESS PALLADIUM PLATING BATH*

Bath Constituents

Palladium Chloride PdCl, 2 g/t
Hydrochloric Acid HC: (38%) 4 mi/1
Ammon ium Hydroxide NH,OH (25% NH,) 160 mi/!
Ammonium Chloride NH4CI 27 g/l
Sodium Hypophosphite NaHZPOZ-HZO 10 g/|
MAX IMUM OPERAT ING TEMPERATURE : 55°C

]
REFERENCE NO. 3, Page 740.

This table gives the initial, proposed formulation. For the
final, recommended formulation, see page 56.

15



TABLE 3.2-4

#
ELECTROLESS NICKEL PLATING BATH

Bath Const - - ts

Nickel Chloride NiCl2'6H20 30 g/
Sodium Hypophosphite NaHZPOZ-HZO 10 g/|
Sodium Citrate Na;C HZ0,-2H,0 84 g/i
Ammonium Chloride NH,CI 50 g/|

ENOUGH M-i40H IS ADDED TO MAINTAIN BATH pH BETWEEN

8 AND 10

MAXIMUM OPERAT ING TEMPERATURE: 95°C

*
REFERENCE NO. 3, page 713
This is both the intial and final formulation,

16



3.3 PRE-PLATING SURCACE PREPARATION AND CLEANING EXPERIMENTS

Pio=plating cleans, of wilicon wafer surfaces have been deemed to bn of
special impor tance for insuring repeatable and consistent selactive plating
depositions. In particular, in forming the initial NPMS palladium layer
with an immersion palladium plating, the silicon must be clean to guarantee
an adherent and uniform palladium deposition.

Over the course of the NPMS process sequence development, several inves-
tigations have been performed to assess the effectiveness of various cleaning
and surface preparation techniques. These experiments were conducted by first
preparing solar cells by using the particular cleaning technique under consider-
ation, and then attempting to deposit a palladium layer on the silicon surface
using one of several formulations of immersion palladium solutions. The nut-
come of each experiment was evaluated by SEM (scanning electron microscope)
examination of the plated surface. Some plated layers were abraded with cellu-
lose swabs to test metal adhesion,

The first group of experiments utilized the fluoboric acid immersion
palladium solution (HBFalde) to study the benefits of various pretreatments
which attack silicon, silicon dioxide, or miscellaneous organic contaminants.
These pretreatments may be used alone or in sequential combinations. Five
sequences studied are diaqrammed in Tables 3.3-1 and 3.3-2.

1f the silicon surface as-received for plating is already reascnably clean,

then si'icon dioxide etches using dilute hydrofluoric acid (HF) solutions, such

17



TABLE 3.3-%
PRECLEANS BASED ON THE ACID ETCHING OF OXIDES

CLEAN A 10:1 HZO:HF etch
+
DlHZO rinse
+
l-iBF4 ImPd
+

CLEAN B 10:1 HZO:HF etch
+
50:1 HZO:HF rinse
+
HBF4 imPd
+

SEM

18



TABLE 3.3-2

PRECLEANS BASED ON SHALLOW ETCHING
OF THE SILICON SURFACE

CLEAN C CLEAN D

CF, Plasma etch 5:i:1 HNO,:HF:Acetic

4
6ﬁ 1 3 etcn 20 sec
HBF4 imPd 50:1 HZO:HF (MO Fi
‘ rinSe D s rinse
SEM HBF4 ‘de 50:1 HZO:HF etch
SEM HBf; ImPd
SEM
CLEAN E 5:1:1 HNOS:HF:Acefic etch 30 sec.
DIH20 rinse

Hot H2504 clean 5 min.

DIHZO Rinse

O:HF etch

N

-

50:t H

H8r4 imPd

SEM



as outlined in cleans A and B of Table 3.3-1, are reasonably effective. However,
mor- positive overall results were obtained with cleans C, D, and E which were
capable of lightly etching the silicon surface in the solar cell ohmic contact
areas. Clean C used a dry plasma etch (CF4) technique while cleans D and F

used wet nitric-hydrofluoric~acetic acid etch solutions. In addition, clean E
incorpdfafed a hot sutfuric acid clean, expected to attack organic contaminants.

Clean E, in particular, sﬁowed some promise of improved plating performance,
and so a second group of experiments was performed to further investigate
variations of this clean by using differen, silicon etch compositions and to
establ ish whether a hot sulfuric acid clean would be sufficient without using
the silicon etch. Cileans F and G in Table 3.3-3 use different ratios of nitric
acid, hydrofluoric acid, and acetic acid in the silicon etch solution. |If
the silicon etch step is deleted, the clean H of Table 3.3-4'is obtained. Clean |
of Table 3,3-4 is a simplification of clean H.

Cleans F, G, H, and | were evaluated with the immersion palladium solution
which contains fluoboric acid (HBF4Ide) ard also with a solution in which the
fiuoboric acid was eliminated and the HCl content was increased. This particular
solution (HCI imPd) closely resembles the well known solution of palladium
chloride, hydrochloric acid, and water used to "sensitize" various metals and
non-mefals.for subsequent eiectroless plating.

This second group of experiments (Tables 3.3-3 and 3.3-4) indicated that
sul furic acid treatment is of some advantage in promoting impr .3 piating.

It also showed that a silicon etch greatly improves the im<rsion palladium
layer plating uniformity.

Unfortunately, there are some major drawbacks to using a silicon etch.

When working with shallow solar cel!l junctions, there is not much room for error

while etching the silicon surface. The silicon etch rate must be preciseiy

20



TABLE 3.3-3

ADDITIONAL SILICON ETCH CLEANING PROCEDURES

CLEAN F 10:1:10 HN03:HF:Acefic Etch (30 sec)

.
DIH20 finse
Hot HZSO4 Clean
DIHZO Rinse

10:1 HZO:HF Etch

50:1 HZO:HF Rinse

r

lede HBF4 imPd

[sem ] SEM

HC

21



TABLE 3.2-3 (continued)

CLEMAN G 10:3:1 MS:HF:Aceﬁc Etch

0|H20 Rinse
Hot H. ;O‘ Clean
r's

DIH20 Rinse

'

10:1 HZO:HF Etch

50:1 HZO:HF Rinse

l

HCl ImPd

HBF4 ImPd



TAJLE 3.3-4
PRECLEANS DESIGNED TO REMOVE ORGANIC CONTAMINANTS

CLEAN H Hot HZSO‘ Clean
DIHZO Rinse
10:1 HZO:HF ttch

'

50:1 HZO:HF Rinse

1

HCI lmPd HBF , ImPd

CLEAN | Hot HZSO4 Ciean

OIHZO Rinse

50:1 HZO:HF Rinse
]

HC! 1mPd HBF4 tmPd

SEM

23



controlled or the junction is quickly penetrated and the device ruined; in fact,
this effect was experienced. However, since plating occurred more evenly when
the surface was lightly etched, there probably are contaminantc

present, during normal semiconductor processing, which tend to interfere with
uni form plating initiation.

One type of impurity which might interfere with good plating behavior
is a metallic impurity. Since test solar cell substrates are prepared for
metallization by photolithographic patterning of the silicon nitride anti-
reflection coating, and since photoresist is notorious for metallic contaminants,
it is not unreasonable that metalliic impurities may be left behind. For this
reason, a cleaning approach which includes a metal etchant has been considered
to be useful.

in particular, an approach has been studied whereby solar cells to be
plated are first given a plasma "ash™ which oxidizes the silicon surface with
an oxygen plasma. Any organic contamirnants present during this step will be
oxidized and volatilized. After chemically etching the silicon dioxide formed
during the plasma clean, the cells are immersed in a metal erchant such as a
hydrochloric acid solution or an aqua regia solution (HCI and HNOB). Immediately
before the immersion palladium bath step, tue cells are rinsed in a dilute HF
solution to guarantee an oxide-free surface. An example of this sequence is
diagrammed in Table 3.3-5.

This type of pre-clean procedure has given consistent initiation of
immersion palladium deposits with various solar cell test samples which have
been fabricated. In the future, when photolithographic etching of metal
contact patterns is replaced by more economical techniques, a

less involved cleaning procedure may suffice.
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TABLE 3.7-5

PRECLEAN SEQUENCE INCORPORAT ING S0TH
PLASMA REMOVAL OF ORGANICS AND
CHEMICAL ETCHING OF METAL IMPURITIES

O2 Plasma Clean
50:1 HZO:HF Etch

DIHZO Rinse

l

Aqua Regia Etch (3:1 HCI :moj)

e

D(HZO Rinse
|

50:1 HZO:HF Rinse

imPd Plate
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%A ___ SLLLCTIVE METAL PLATING REVIEW

A number of the advantages of the NPMS process sequence are derived
from the fact that the metal plating processes used are selective. That is,
metal is plated only onto exposed areas of silicon where metal contact is
desired. Areas protected by dielectrics or other masks are not plated.
This results in an additive metallization system which minimizes materials
waste. In addition to being selective, the plating processes chosen for the
NPMS are non-electrolytic. Being self-initiating, they require no electrical
connections to the solar cell and do not require external potentials or
electric currents to initiate and maintain the plating reactions. Three
types of non-electrolytic plating solutions are employed for the NPMS process.
They are an immersion palladium solution, an electroless palladium solution, and
an electroless nickel solution. A brief review of the fundamentals of the

chemistry and behavior of these solutions is presented below.

34.1 ELECTROLESS PLATING REACT IONS

In electrolytic plating processes, electrons are suppliied from a D.C,
power source to convert metal ions in a plating solution to metallic form at the
~urface of the part being plated. However, with electroless plating processes,
metal deposition occurs by immersion of the part in solution with no electrical
connections or D.C. power supply attached. Necessary electrons are supplied by
a chemical reducing agent dissoived in the solution. Simultaneous with the

reduction of a metal salt to the metal, the reducing agent is oxidized. To
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prevehf spontaneous decomposition of the plating solution, electroless plating
baths are formulated to have concentrations of the metal salt and the reducing
agent, and the solution pH, such that metal reduction occurs only in the
presence of a catalyst.

in fact, electroless deposition is defined as the autocatalytic chemical
reduction of metal from solution. Hence, the metal being deposited serves as
its own catalyst for the continuation of the reaction. In this manner, deposits
may be built up as thick as desired. All that is necessary is that the initial
surface to be plated be catalytic as well.

One characteristic of the electroless reaction is that elements of the
reducing agent are incorporated into the metallic deposit. Thus, the metal
layer built up by the electroless solution is not pure but contains a smali
percentage (3% to 15%8) of other elements. This may or may not be of advantage

to the characteristics of the metal layer.

5.4.1.1  ELECTROLESS NICKEL

Electroless nickel piating was discovered by Brenner and Riddell in 1944
and first reported in 1946 (48). Since then it has becom: the most familiar and
widely used elecirofess plating process in industry. Numerous electroless nickei
solution formulations are available in both acid and atkaline form, employing
several different reducing agents and at least two different nickel salts. These
nickel salts are nickel chioride (NiCIz) and nickel sul fate (NiSOa), and a

very common reducing agent is sodium hypophosphite (NaHzPOz).
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The: most probable reactions which occur in electroless nickel plating when

sodium hypophosphite is the reducing agent are given in the following equations [48] :

[Hzpozl' + “20 catalyst (gjip

Wte [HPOL1 ™ + 2 Heatatyst H
NitT 42 Heatalyst ™ Ni© + 20" 2
(HPOL1™ + H i ver * HO + OH + P 3

cataiyst Ni®)

- + -—
[H2P02] + H20 H + [HPO3] + HZ ¢+ (4

in the presence of water, hypophosphite anions are dehydrogenated by the nickel
catalytic surface, shown in equation {(1). The active hydrogen atoms are
adsorbed or loosely bonded on the nickel surface, as indicated by the symbol
Hcafalysf in equations (1), (2) and (3). The nickel ions in solution are
reduced to metallic nickel by these active hydrogen atoms, shown in equation (2).
In equation (3), a smalil proportion of the hypophosite anions are reduced by
the active hydrogen to vield elemental phosphorous. |t is this phosphorous
which is incorporated into the deposited nickel layer, amounting to between
3% and 15§ of the deposit. Finally, equation (4) indicates that additional
hypophosphite anions are catalytically oxidized to acid orthophosphite anions
which results in the evolution of gaseous hydrogen.

As shown by eguations (2) and (4), as the reactions proceed, hydrogen ion
concentration increases, thus reducing soiution pH. Since the plating rate

will decrease as pH decreases, periodic additions of alkali may be necessary
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during operation. in addition, chemical additives may be used in the
plating solution formylation to serve both as buffers which help stabilize
pH, and as complexing agents which promote bath stability.

An electroless nickel solution is inherenily unstable, requiring only the
presence of a catalyst to initiate a reaction. Complexing agents are used to
prevent the formation of insoluble nickel phosphite precipitates. Should such
precipitates form, they may act as catalysts, causing spontaneous reduction of
the remaining nickel ions throughout the solution. However, with the proper
chemical additives, nicke! ion complexes are formed which are readily soluble
and remain in solution, eliminating precipitates. Examplies of chemicals which
serve both as buffering agents and complexing agents are sodium citrate (Na306H507),

ammonium chloride (NH4CI), and ammonium hydroxide (NH4OH).

34.1.2 ELECTROLESS PALLADIUM

Electroless paltadium solutions have been formulated using either hydrazine
or sodium hypophosphite as the reducing agent. For the case of sodium hypophosphite,
the behavior of the plating solution is very similar to that discussed in
Section 3.4.1.1 for electroless nickel. Palladium is entered into solution in
the form of a palladium salt such as palladium chioride (PdClz). Obtaining
a solution of palladium chloride in water usually requires the presence of
small amounts of hydrochloric acid (HCl) to promote solubility. Once again,
chemical additives are used to help buffer pH and to act as complexing agents
to promote solution stability. Both ammonium chloride and ammonium hydroxide
are used. Unfortunately, electroless palladium solutions tend to be even more
unstable than zlectroless nickel solutions. This limits their working temperature

to a maximum of 70°C {?6} whereas nickel plating baths may be operated to 95OC.
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3.4.2 IMMERSION PLATING REACT IONS

In the electroless plating techniques discussed above, elecirons are
supplied by a reducing agent to convert metal ions to metatlic deposits.
1f, instead, electrons are supplied by another element going into solution,
then immersion (displacement) plating occurs. In immersion deposition,
the reaction depends upon the relative electrode potentials of the substrate
and deposited metal. When the metal is more noble than the substrate, the
immersion process replaces the surface of the substrate with a thin coating of
essentially pure metal. This occurs as the substrate surface is dissolved
and goes into solution as anions, yielding electrons which can reduce the
metal ions aiready in solution. Therefore, the immersion plating reaction
wiil continue as long as new reaction sites on the substrate are available.
in this manner, the deposit thickness is self limiting. When the substrate

is completely covered, the reaction must cease.

How well the displiacement deposition occurs depends upon the ability
of the solution to dissolve the substrate. However, :f the substrate is
attacked too vigorously this can lead to undercutting and pitting of the
immersion deposit, limiting adhesion. It is also possible for a displacement
coating not to form continuously, and therefore nofstcp further reaction; in

this case, a much thicker, porous deposit can be obtained.



3.5 DEVELOPMENT OF AN ADVANCED IMMERSION PALLADIUM CHEMISTRY
3.5.1 ____INITIAL IMMERSION PALLADIUM STUDIES: FLUOBORIC ACID BATH

The baseline NPMS process outlined in Table 3.2-1 provides for the use of
three chemical plating solutions. The first solution deposits a layer of
elemental palladium (or a palladium compound) by means of a chemical dis-
placement reaction at the silicon surface. The chemical bath used to achieve
this reaction is a solution containing paliadium chloride (PdCIz) and is
called an immersion bath since the displacement reaction is initiated merely
by immersing the silicon substrate into the bath.

A primary purpose of the immersion palladium layer is preparation of
the silicon surface for subsequent deposition of the electroless palladium
layer. Without such preparation, the silicon surfaces of solar cells have
prover, very difficult to plate in electroless palladium plating solutions.
This difficulty is compounded by the high impurity concentrations and
opposite conductivity types of the front and back cell surfaces, in order
to provide a more catalytic surface, and to minimize electroless plating
rate difference between n-type and p-type surfaces, a thin immersion palladium
layer is deposited first.

Several types of palladium chlioride solutions were initially considered
for use as the immersion palladium bath. Differences between the solutions

mani fest themselves as differences in plating rates on silicon surfaces of

various conductivities and conductivity types. One thing various baths
considered initially have in common is the fundamental structure of the
palladium deposits. Scanning electron microscope photographs show

that the paliadium is deposited in somewhat hemispherical clumps (grains)

of metal (or metal compounds) scattered across the surface of the silicon.
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In one experiment, for exampie, fluorinated solutions of palladium
chloride (PdClz) were prepared with different PdCI2 concentrations: 0.5
standard, standard, 2 standard and 5 standard. The standard solution is
thar given earlier in Table 3.2-2. Silicon wafers were immersed for 75
seconds and 150 seconds into each of these solutions. The results are
shown in the SEM photographs of Figures 3.5-1, 3.5-2, 3.5-3, and 3.5-4.

Observed grain sizes of the deposits from these baths vary from much
less than 0.1 micron diameter to as large as 0.5 micron diameter. Grain size,
as well as the spacing between grains, is strongly dependent on the
concentration of PdC|2 in solution as well as the length of fime for ahich
the silicon is plated. As seen in Figures 3.5-1 through 3.5-4, as PdCl2
concentration was increased, the size of the largest grains deposited became
greater As plating time was increased there seeried to be a tendency to obtain
greater coverage of the silicon surface by depositina small grains in the spaces
between the large grains.

The deposits observed in Figure 3.5-1 through 3.5-4 are nowhere near
optimum. However, once heat treated (sintered), thesc deposits provide
nucleation sites for the catalytic formation of electroless palladium
films. It is believed that electroless palladium wi!l adhere only to the grains
deposited in the immersion s*ep. Thus, a major requirement on the initial
immersion palladium layer is that it provide an adherent formation of grains.

A shortcoming of the particular deposits shown in Figures 3.5-1 through 3.5-4
is that, even after sintering, a substantial portion of the grains can be
removed by mechanical abrasion or scrubbing, indicating that adherence is
probably not adequate. This is illustrated in Figure 3.5~5 which shows an SEM
shot of a solar cell surface after the first three steps of Table 3.2-1,

Scrubbing (in this case with a cellulose tissue) has removed a:considerable

amount of the grains, and shows some smearing of metal.
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The initial NPMS process sequence (Table 3.2-1) incorporated
Step #3 for removal of any nonadherent palladium after the initial immersion
deposit and sinter. This scrubbing step appears to promote adherence of
subsequently deposited metal on the back surface. However, the inability
of etfectively scrubbing the patterned front surface metal, particularly
with texture etched wafers, and the expense of scrubbing, make
elimination of this step highly desirable.

Several difficulties with the behavior of the fiuoboric acid
immersion palladium bath suggested removing it from consideration for further
development even though some improvements had been achieved by using reduced
PdCl2 concentrations. For example, the growth of palladium nodules (Sez Fiaqure 3.5-6)
does not really agree with the assumption of a displacement reaction mechanism,
even though this growth is to be'expecfed with this bath since literature
references allude to plating activation sites instead of depositing a
continuous palladium film. Since a potential mechanical failure mode Is
separaticn at the silicon-paliladium interface, this plating mechanism is especially
subject to adhesion control problems. Examination of a silicon surface after
a palladium f{ayer has been separated gives the appearance of "pits" where the
nodules were plated. The problem is not simply one of mechanical fracture,
however, because these areas resemoic 2tched (or chemically attacked) regions
rather than mechanically fractured spots. This is illustrated in Figure %.2-7.
Another troublesome observation has been a heavy buildup of a dark residue,
analyzed as silicon, around the end of the metal sintering furnace quartz tube.
This is especially prevalent at the higher sintering temperatures of 600°C and

700°C.
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second immersion for 30 sec.
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from the above observations, it may be concluded that plating is
initiated at existing surface sites or at only localized displacement sites.
At these sites the nodules grow rapidly by a closed system electrolytic
mechanism or by the formation of palladium salt complexes (palladium chiorides)
which coplate with palladium. A coplating of palladium salts may explain the
formation of the pitted surface after sintering and noor as-plated strength.
Etching of silicon by chlorine freed at 600°C during sintering may form a volatile
silicon compound which would redeposit silicon when cooled. This would account
for the silicon deposit on the quartz liner in our sintering furnace. These
observations, combined with the continual probiem of obtaining constant metal
plating rates for the front (n-type) and back (p~ type) surfaces, have forced

a re-evaluation of the immersion bath chemistry.

3.9.2 AQUEOUS BATH WITH HYDROFLUORIC ACID

Assuming that a high HCl concentration may complex palfadium chloride ions
in*o more stable ions (which couid also be deposited), HCl was el iminated from
the immersion bath. Since palladium chloride is slightly soluble in water, a
very dilute aqueous solution was made with approximately 0.01 g/liter of PdCIz.
Since we had experienced a stability problem with fluoboric acid and had
do..bts concerning the activity of the bath, hydrofluoric acid was substituted
for the flucboric.

The solution evaiuatad was

CONSTITUENT AMOUNT
Water HZO 3%
Palladium Chloride PdCi, 0.02g
Hydrcfluoric Acid Hf 30 mh
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The palladium chloride was dissoived at 70°C for 30 minutes, then allowed
to cool to 30°C. Any undissolived residue was filtered, and the HF was added.
Waters were then piated for 10 to 15 minutes at 30°%C.

The results were very encouraging; a thin palladium layer was plated,
although patladium clusters were still present, (See Figure 3.5-8 for a scanning
electron micrograph.} A great improvement in adherence was produced, with an
undetectable amount of material being removed by vigorous swabbing. The PdCI2
concentration was varied within the solubility timits with no apparent change
in deposition rate. This should be expected with a true displacement reaction {50].
However, slight variations in HF concentration did affect the plating rate.

The generalized observations are illustrated in Figure 3.5-9.

Even though this bath did give the desired displacement {ayer, the bath
was not acceptable. I+ had a slow deposition rate, and the low ccnstitutent
concentrations made reproducibility difficult. An even more sericus problem
was the tendency to form anodic "oxide" films. This tendency could be reduced
at higher temperatures (40°C), buf at this temperature HF etching of the anti-

reflection layer was accelerated.

3.5.3 AQUEOUS BATH WITH HYDROCHLORIC AND HYDROFLUORIC AC1DS

In an attempt to reduce bath sensitivity to variations in palladium
chloride concentration, a small amount of hydrochloric acid was added. |t
was found that a molar concentration of HCI no greater than that of PdCI2 w3as
necessary to reduce the probability of forming complex ions. The bath has the
same constituents of those listed in the 3iferafure{26] but at quite different

concentrations. A typical bath used in these experiments consisted of:
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CONST1 TUENT AMOUNT

Water H20 312
Palladium Chloride PdCI2 0.06g
Hydrochioric Acid HC! (38%) 3mt,
Hydrofluoric Acid HF 10me

With addition of the stlight amount of HC!, the bath could be used
at room temperature. Plating rate was increased, but the displacement layer
had some loose nodules that could be swabbed cff. The remaining layer was as
qood as the one produced from the bath with no HCI. The faster plating seemed to
control oxide formation noted in Section 3.5.2. DBy plating the wafers, swabbing
of{ the loose material, and plating again, a thick continuous layer could be
deposited. The bath, however, still etched the AR dietectric layer at an

unacceptabie rate,

3.5.4 AMMON IUM FLUGRIDE IMMERSICON BATH

when experimentation with hydrofluoric baths had reached the point of
diminishing return, a concentrated bath consisting of PdCl2 dissclved in a
strong HCl sclution similar to that preferred for metal (copper) substrates
was fried. This was done to evaluate the role of HF in plating silicon. A
reference for SnClz/PdCI2 immersion plating of semiconductor maferial[57J
suggested use of a fluorine acid predip to remove any oxides. This was
evaluated to determine if a predip would be sufficient without producing

etching of the antireflection layer. The immersion palladium bath consisted

of the following:
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CONST! TUENT AMIUNT

Water HZO 800 mt
Palladium Chloride PdC|2 0.25 g
Hydrochloric Acid HCl (38%) 100 mi

A concentrated hydrofluoric acid predip was attempted with no success;
plating did not initiate well, and the antireflection layer etched too quickly.
However, an ammonium fluoride predip did initiate plating at a few spots,
although the plated material was not very adherent. Addition of ammonium
fluoride to the bath gave the desired immersion plating, but it also produced
simultaneous plating of a thick nodular layer. This layer couid be easily
swabbed off leaving behind the adherent, thin immersion layer. By repeating
this plating procedure, the immersion layer could be built up, but only after
plating a considerable amount of extra material. This led to a series of
experiments where the palladium and HCl concentrations were reduced by factors
of two. The generalized relation which was determined for deposition rate
versus Pd concentration is illustrated in Figure 3.5-1G. The result of these
experiments was a solution which gave an acherent, uniform immersion plated
layer with reduced nodule formation (see Figure 3.5-11) with little or no visible
residue removed by mechanical swabbing (see Figure 3.5-12). However, an cffective
layer for consistent initiation of electroless paltadium was best obtained by
using two plating steps and by swabbing before the second step. This ammonium
fluoride bath did not etch the si'iccn nitride antireflection coating, but the
plating time was rather long for an efficient process. To minimize plating time,
the ammonium fluoride concentration was increased; this resulted in a corresponding
increase in plating rate. A slight temperature dependence has been noted but

has not yet heen evaluated. The current bath formulation is:
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CONST I TUENT AMOUNT

Water H20 3¢

Palladium Chloride PdCl2 0.08 g
Hydrochloric Acid HCI 10 me
Amronium Fluoride NH,F 200 mt

This bath plates a thin metallic immersion layer with little o; no loose

nodule formation. The plated layer will withstand a vigorous mechanical swab

with a2 O-tip and will consister:ly initiate electroless plating.

3.5.5 IMMERSION_PLAT ING MODEL

Ohservations from all of the experiments performed can be summarized by
a generalized model of the mechanisms invoived in immersion plating with the
paliadium chloride bath. This model is graphically represented in Figure 3.5-13.
for the very ailute aqueous bath (Region A}, a true dis, .acement reaction occurs
from the Pd+ ions in solution. The rate in this reqion is strongly affected
by temperature and somewhat less by HF concenfrafioﬁ. In Region C, ;he
"loose nodule" mechanism is predominant. Although not entirely understood,
this mechanism mav be due to colliodal ionic complex radicals plating along
with the metal. Several studies of the 5n-Pd solutinns for activating
dielectrics have shown that large compiexes, deCly and SndeyCIz molecules,
exist in a colloidal[?5. 54, 57]. These colloidal compieres can also
become ionic and participate in a cathodic plating mechanism. Reducing the
HCl concentration should reduce this complexing, and, as expected, deposition

rate was observe” to decrease with lowered HC! concentration.



PdCl2 CONCENTRAT ION

FIGURE 3.5-13: GENERALIZED DEPOSITION MOGtL

Region A: Aqueous Solution Disglacement
Mechanism

Region B: Simultaneous Nodule and
Displacement Mechanism
(Current Process Solution)

Region C: Nodule Plating Mechanism

with Little to No Displacement
Plating.
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1ne simultaneous formation of both a displacement layer and nodules over
a wide range of concentrations occurs in Region B, Figure 3.5-13. Beyond some point,
the displacement plating rate which is usually independent of concentration,
begins to decrease with increasing PdCI2 concentration. This is denoted by
the lower dashed curve. In this region, nodule formation seems to proceed at
a faster rate, and so the displacement reac.ion is reduced by some mechanism
such as a surface masking effect or localized depletion of the reaction species.
Some additional detailed research would be required to fully understand the
process, but the proposed model can be used as a guide for the development of

an optimized immersion palladium solution.



5. PLATING PROCESS PEFINEMENTS

3.6.1 _ AMBIENT LIGHT LEVEL

It was found, in the plating of solar cells, that ambient light level is
important. The open circuit voltage generated by a cell, even while immersed
in a plating s.lution, may be sufficient to initiate an electrolytic plating
reaction, even in an elect:oless plating bath.

For example, an n-on-p solar cell may generzte from 0.3 to 0.6 volt in
ambient light conditions. This negative potential at the n-typa front surface
wil' cause the front to act as a cathode in the electroless solution and piate
more rapidly than expected. (!n some situations this may be desirable, but
ordinarily it is not.) Electroless nickel and electroless palladium solutions
tend inherently to plate n-type regions faster than p-type regions. A high
ambient light level would accentuate this effect and cause an n-type solar cell
front ‘o plate much more heavily than a p-type back. This is undesirable since
the front metal! thickness must be carefully limited to be able to control metal
penetration at the front junction and prevent junction punch-through; if the
back plates much more siowly, its palladium thickness could be unacceptably thin.
Conscquently, the clectroless palladium plating of solar cells should be done
in a very low ambient {iqght level.

To the contrary, the ammonium fluoride type immersion palladium bath
developed in Section 3.5.4 has beer found to benefit from a high ambient
light tevel. Table 3.6-1 details the formula for the recommended immersion
palladium solution. Vith this sclution, the btest uniformity between solar
cel: front n+ surface and back p+ surface plating rates has been obtained
when a high intensity quartz-halogen lamp (type ENH) was positioned about

two feet above the immersion paliadium bath container. The resulting high
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CONSTITUENT
Water
Ammonium Fluoride
Hydrochloric Acid

Palladium Chloride

TABLE 3.6-1

IMMERS ION PALLADIUM SOLUT!ON

H,O
NH, F
HC1 (38%)
PdCl

54

AHOUNT
1000 mi
67 mL
3t

0.027 g



light intensity promotes equal front and back plating. This effect would be
consistent with the supposition that negatively charged palladium chloride

complexes are the primary bearers cf palladium in the immersion solution.

5.6.2 ___SOLUTION TEMFERATURE

tt was previousiy noted that the eiectroless nickel solution could be
operated at temperatures as high as 95°C and that the electroless paltadium
scliution might possibly work as high as 70°b. However, theses temperatures
are not necessarily optimum for use with the NPMS process sequence.

While the electroless nickel sclution can be maintained at 95°b, reducing
the temperature will improve baih stability and siow the evaporation of
ammonia from solution. This provides for more consistent operation of the
bath, at least on a laborztsry scale. The penalty for reducing the temperature
i< a simultaneous reduction in plating rate. However, since the desired
nickel layer is relatively thia (say, 5000 R), a plating rate reduction will
not impact the process unduly. As a result of numerous trials, i+ has been found
that 80°C is a reasonable temperature compromise for electroless nicke! bath
operation.

Although in theory tne electroless palliadium solution might work at 70°C,
in practice this bath is too unstatle for reasonable operation at this temperature.
It nas been determined that operation at SOOC proviges a good compromise be.ween

plating rate and bath stability.

3.6.5 ELECTROLESS PALLADIUM BATH CCMPCSITION

Taole 3.6-2 details the recommended formula for the electroless paliadium
solution. The preferred electroless palladium solution differs from the
solution originally given in Table 3.2-3 by an 86% reduction in sodius
hypophosphite concentration. This reduction has resulted in a more stable

and controliable deposition of electroless palladium.
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TABLE 3.6-2

ELECTROLESS PALLADIUM SOLUTION

CONST | TUENT AMOUNT
Hydrochloric Acid HCl (38%) 4 me/t
Palladium Chioride PdC!2 2 g/t
Ammonium Chloride NH4C! 27 g/t
Sodium Hypophosphite NaHZPOZ-ZHZO 3.75 g/t
Ammon ium Hydroxide NH40H (58%) 160 me/s,



The operating stability of the electrotess paliadium solution is very
much dependent on the manner in which the solution is prepared. To
guarantee a stable solution which will not spontaneousiy decompose, it is
best to mix the solution constituents in the order recommended in the process
necification found in the document "Material, Supply, and Process Specifications
and Procedures for Metallization of Large Silicon Wafers with the Palladium-Nickel-
Solder Metallization System". This document is available from the Jet
Propulsion Laboratory LSA Project upon request. When these instructions
for etectroless palladium solution preparation are followed, there should

be no difficulty with palladium bath instability.
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3.7 HEAT TREATMENT SEQUENCES FOR SILICIDE FORMAT ION

The initial NPMS process sequence discussed in Section 3.2
and cutlined in Table 3.2-1 required two heat treatment cycles for
the reliable formation of an adherent paltadium silicide (PdZSi) contact
layer. These heat treatments have been routinely performed in a resistarce
heated furnace using tubular quartz sleeves, although it is expected that, in
the long term, belt furraces may be more appropriate. The original NPMS process
sequence stipuiated that heat treatment cycles be performed at 600°C in forming
gas -- a mixture of 96% nitrogen and 4% hydrogen. Over the course of work on

this contract, both the heat treatment temperature and ambient have been altered.

2 3.7.1 HEAT TREATMENT AMBIENT

Forming gas was originally chosen for the heat treatment ambient to
prevent oxidation of the palladium layers during the silticide formation ~teps.
However, the fact that hydrogen is known to quickly diffuse through palladium
has presented some questions about potential palladium-hydrogen interactions.
Any penetration and absorption of hydrogen into the palladium layer may effect
palladium silicide formation at the palladium/silicon interface. - |f oxidation
of the palladium surface weira not a major problem, nitrogen alone may be a
suitable annealing ambient. Hutchins and Shepeia'[ZC] have reported that a
thin film of PdO was detected on PdZSi films grown in the temperature range
of 550°C to 700°C. The thin Pd0 fiims that were formed could be etcned in a
dilute HF solution. However, Pd,Si films grown at 350°C did not show the PdO

surface film.
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To determine the suitability of a nitrogen anneal, studies were performed
to compare nitrogen (N2) and forming gas (N2 + Hz) ambients at three different
anneal ing tempcratures. The temperatures considered wers SOOOC. 600°C. and
700°C. Test solar cells were plated in an immersion palladium bath using the
fluoboric acid (HBFd) type solution. (This plating deposits a thin,
granular layer of palladium on the exposed silicon surfaces.) Scanning
electron microscope photos were obtained for the plated palladium films before
and after heat treatment. Six different anneals were tested, combininn *he
three temperatures and two ambients.
In general, no problem was encountered in those tests where hydrogen was
eliminated and only nitrogen was used. Where forming gas was used, there
scemed to be a tendency for palladium grains to deform or to flow and "bead-
up™ rather than to be converfeé to adherent paliadium silicide. Mechanically
abrading the plated surfaces after heat treatment by using cellulose swabs
indicated that, qualitatively, annealing in N2 gave better adhesion than annealing
in N2 + HZ'
In otner experiments, no difficulty was encountered during subsequent
processing of samples annealed only in nitrogen. Prefreatments in dilute HF
solutions (such as 10:1 HZO!HF and 50:1 HZO:HF) were sufficient to prepare the
palladium silicide surface of the samplies for additional plating. Therefore,

a forming gas ambient has been eliminated in favor of using a nitrogen ambient

for the metallization heat treatment steps where palladium silicide is formed.

3.7.2 HEAT TREATMENT TEMPERATURE

Experience with the HBF4 immersion paliadium bath had indicated that heat
treatment temperatures between 500°C and 700°C were most satisfactory for

obtaining adhesion of the immersion palladium and electroless palladium layers,
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At lower femperafdres, silicide formation did not seem to be adequately strong.
These observations, however, are not supported by-observafions from the
technical literature.

Hutchins and Shepela [20] have studied the rate of
formation of PdZSi layers as a function of temperature and time. From their
empirical data, they developed an analytical expression for the thickness (X)
of the PdZSi formation for any given temperature (T) and time (+). The

relation is

X" = KM- + (1)
where
-2 29,200 cal/mol | cm
K(T) = 7 x 10 © exp (- ==& ) (2)
RT sec
R is the gas constant, 1.987 cal mol-] oK“. Solvi ng these equations for X,

substituting the value of R, and converting the dimensions from centimeters to

microns,

(3)

172
14,694 /
T(OK)

X(w) = 17 x IO6 t(sec) exp [-—

Equation (3) gives the thickness of the PdZSi layer formed after annealing a film
of palladium on a silicon surface. 1t is assumed that the palladium fiim is
sufficiently thick to act as a Pd source for the duration of the annealing time.
Computations made by using equation (3) are presented in Figure 3.7-1. This
figure can be used to estimate the various combinations of time and temperature
which should be sufficieni to form a PdZSi layer of a given thickness. For
example, if a PdZSi layer which is 0.5 p thick is desired, an anneal of 10
minutes at 350°C should be sufficient. However, an equivalient anneal cycle
would be 82 minutes at 300° C. Of course, such a 0.5 p layer of PdZSi can be
obtained only if enough paliadium (approximately 0.3 u or 3000R) is present.

in forming that layer, less than 0.2 u of the silicon surface will be consumed,
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layer thickness 7. a function of
temperature.
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The curves of Figure 3.7-1 imply that there:should be adequate palladium
silicide formation rates at temperatures as low as 250 - 300°C. The discrepancy
between the implication of these curves and the difficulty experienced in obtaining
adhesion with a low temperature anneal may be due to the nature of the plated paliadium
layer. |f, as hypothesized in previous sections, the immersion pailadium layer
formed in a HBF4 type bath contains a significant amount of paliadium salt as
well as palladium, this may account for slower silicide formation. The small
percentage of phosphorus present in an electroless palladium layer may also
impede rapid silicide formation, especially if the prior immersion layer has not
been reacted sufficiently.

These discrepancies have been reconciled substantially by using the newly
developed NH4F immersion palladium solution rather than the HBF4 solution. In
fact, it has been confirmed that when using the NH4F solution, annealing
temperatures cs low as 300°C are sufficient both for the anneal after immersion
paltadium and for the anneal after electroless palfadium. Excellant adhesion
is obtained. These results are -apparently due to the improved nature of the
palladium iayer obtained with the new immersion solution. As ; lated, the
thin film of palladium is very adherent and probably forms an intimate contact
with the silicon surface in true displacement fashion. Furthermore, inclusion
of palladium salts in the immersion Pd layer is minimized, if not eliminated.

Since the palladium layers in the nickel-palladium metallization system
are limited to thin films intentionally, satisfactory heat treatments could
be performed at almost any temperature between 300°C and 700°C. This is
because the source of Pd on the silicon surface is limited, and therefore the
thickness of the PdZSi layer (and its penetration into the silicon surface) will
be limited. However, there are numerous benefits to be obtained by using the

lowest practical arnealing temperature. A lower temperature means that there
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will be less oxidation of the palladium surface should some oxygen be present
in the furnace atmosphere during the anneal; thus, subsequent plated layers
may be appliad with more control. At lower anneal temperatures, there will be
substantially less possibility of palladium punch-through to the junction at
silicon surface defecfs or areas of excessively thick pailadium deposits.
Furthermore, a lowar temperature annealing furnace will consume less power

and provide lower cost operation.
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3.8 RECOMMENDED PALLADIUM-NICKEL~-SOLDER METALLIZATION PROCESS

3.8.1 PROCESS SEQUENCE OUTLINE

The metallization process sequence developed through work on this
contract is outlined in Table 3.8-1. The sequence consists of six basic
steps, four of which are for metal application and two of which are for
heat treatmen®s. As will be demonstrated in fcllowing sections, this sequence
has met the objectives of the contract. It is capable of being impiemeated
in high volume production, it provides a reliable ohmic contact which does
not degrade solar cel! 2lectrical performance, it has consistently great
mechanical strength, and it is capable of low cost application.

The individual process sequence steps will be discussed in more detail

in .he next section.

3.8.2 PLATED SURFACE CHARACTERISTICS

In the first tep of the process sequence a thin paltladium layer is
establisned on the bare siiicon surface. This is accomplished by placing the
patterned solar cells into an immersion palladium solution. The purpose of
this step and the following heat treatment (step number 2) is to prepare an
adherent foundation for the subsequent build-up of a *hickar palladium silicide
layer. Figure 3.8-1 shows SEM photographe. of the immersion palladium layer

resulting from step I. Borh a smooth, chemically etched back surface of

approximately <109> silicon orientation and a texture etched front surface
with <111> silicon facets are shown. 1In both cases, a very fine-grained,

thin pal‘adium layer is interspersed »'th somewhat larger grains or nodules

of paliadium. These nodules are a consequence of 1.z nlating reaction. It

is the fine qgrain, very thin layer that ic desired. This layer is probably no

more than 50 to 1OOR thick.
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TARLE %5.43-1

PROCESS SEQUENCE OUTLINE

PALLAD 1 UM-NICKEL-SOLDER METALLIZATION SYSTEM

Starting Point: a) Solar cet! with dielectric AR coat
b) Pattern of desired matal contact etched into
dielectric

(Back surface may be totally bare or may be patterned.)

STEP PROCESS
1 Irmersion palladium coat (dispiacement

reaction), room temperature solution.

2 Heat treatment (silicide formation), 300°C
in nitrogen.
3 Electroiess palladium plate tautocatalytic

reaction), hoated solution.

4 Heat treatment (additional silicide formation)},
300°C in nitrogen.

5 Electroless nickel plated (autocatalytic

reaction), hzated solutio..

6 Solder coat, lead-tin soider.



a) Lmooth, chemically efched back surface, b) Texture etched front surface,
12,000 X 12,000%

FIGURE 3.8~1: PLATED SURFACE RESULTING FROM STEP 1 OF THE PROCESS SLOUENCE,
A VERY FINE GRAINED SURFACE FILM OF PALLADIUM IS INTERSPERSED
WITH LARGE GRANULAR PALLADIUM FORMATIONS,



in step 3 of the process sequence a moderately thick layer (approximately
1000%) of palladium is plated from an electroless palladium solution. This
plated layer is shown in Figures 3.8-2 and 3.8-3. The electroless plating
process gives a continuous paliadium layer with rather large palladium
grain size. Incorporated into this layer is a small percentage of phosphorus
because of the sodium hypophosphite reducing agent used in the electroless bath.

In step 4 the palladium layer is reacted at 300°C in nitrogen ambient
to form palladium silicide, PdZSi. Photos of the surface after this step are
shown in Fiqgure 3.8-4 at moderate magnification and in Figure 3.8-5 at high
magnification. PdZSi is known to form epitaxially on (111) silicon. Indeed,
Figures 3.8-4 b) and 3.3-5 b) show a smoothing of the palladium film on the
surface of the textured silicon facets compared to the as-deposited palladium
films of Figures 3.8-2 and 3.5-3. The back surface palladium silicide layer
can be seen tc be substantially rcugher than the as-deposited layer of
palladium. It is probably not apparent in the reproduced photograph of Figure
53.8-5 a), but there is a tendancy to produce some fine, verticil whiskers during
the palladium silicide growth.

in step 5, an electroless nickel plating solution is used to plate a
moderately thick (approximately 50008) layer of nickel over the palladium
silicide/palladium layer previously formed. This nickel layer also contains
a small percentage of phosphorus because of the sodium hypophosphite reducing
agert. SEM photographs of the nicke! surface are shown in Figure 3.8-6.
Considerabie rounding of the textured surface contours can be observed because
of the +vhick nickei deposit.

Figure 3.8-7 shows a pintograph of the front of a completed cell. Although

difficult to see, the nickel layer has been solder coated vy a dip solder

procecs with 60/40 Sn/Pb solder.
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Smooth, chemieally etched back b} Texture etched front surface,
surtace, 12,000 X 12,000 %

FIGURE 3.8-2: 12,000X MAGNIFICATION OF ELECTROLESS PLATED PALLADIUM
LAYERS RESULTING FROM PROCESS SEQUENCE STEP 3,




Smooth, chemically etched back b} Texture etched front surface,
suyrface, 30,000x 30,000X%

FIGURE 3.8~3: 30,000X MAGNIFICATION OF ELECTROLESS PLATED PALLADIUM
LAYERS RESULTING FROM PROCESS SEQUENCE STEP 3,




a) GSmooth, chemically etched back b) Texture etched front surtace,
surface, 12,000 15,000¢

FIGURE 3.8-4: PALLADIUM SILICIDE LAYER FORMED DURING 300°C HEAT
TREATMENT OF PROCESS SEQUENCE STEP 4.




a) Smooth, chemlically etched back b} Texture etched front surface,
surface, 30,000X 50,000X

FICURE 3.8~5: 30,000X MAGNIFICATION OF PALLADIUM SILICIDE LAYER FORMED
DURING PROCESS SEQUENCE CTEP 4,




8l  Smooth chemically etched back Texture etched front surface,
surtace, 12,000% 12,000x

FIGURE 3.8~6: ELECTROLESS FLATED NICKEL LAYER JLTIHG FROM PROCESS
SEQUENCE STEP 5.
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3.8.3 TYPICAL ELECTRICAL AND MECHANICAL PERFORMANCE

During the development of the palladium-nickel-solder metallization
system process, solar ¢alls were batch processed in lots of at most 24 cells.
Alil the cells of a given lot were plated simultaneously, but cells were
scldered one at a time. Electrical and mechanical data are given bejow for
a lot which is typical of solar cells processed according to the process
sequence outline of Table 3.8-1.

Electrical data were taken for a lot of 22 metaliized solar cells by
using an x~y recorder to plot the current-voltage characteristic curve of
each cell under one-sun illumination at room temperature (24°C). The
illumination was from quartz-halogen lamps and was calibrated with a JPL-
calibrated reference cell. The [-V curve for cell numcer 21 is shown in
figure 3.8-8. Cell 21 is typical of the average performance of all the cells
of the lot.

From each piotted 1-V curve, short circuit curic..: (ISC), open circuit
voltage (V

oc

(VM), and current at a bias cf 460 mV are determined. Then cell efficiency

(based on the total silicon substrate area) and curve fill factor (CFF) are

), maximum power point current (IM), maximum power point voltage

calculated. These data are tabulated for each of the 22 cells in Table 3.8-2.
The lot mcan value and standard deviation have been calculated for each
parameter. The mean values and the 20 (twice standard standard deviation
or 95% confidence leve!) values are given at the bottom of Table 3.8-2.

0f course, the data in this tabie depend primarily on the process and
materials used to prepare the solar cells before the metaliization process.
Ail that can be expected of the meta! system is that it dues not degrade the
inherent solar cell quality. In this respect, curve fill factor is probably

the most significant parameter with which to monitor metal system quality.
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TAGLE 3.8-2: DATA FOR A LOT OF 22 SOLAR CELLS METALLIZED
WITH THE PALLADIUM-MICKEL-SOLDER METALL | ZAT ICN
SYSTEM.
oy ‘(139 o ol QZV) %) cFF Ty
1 1398 605 1289 514 1a.61  .783 1353
2 1400 593 1261 498 13.85  .756 1325
3 1400 602 1270 507 14.20  .764 1341
A 1401 607 1291 514 14.65 .18 1260
5 1380 601 1266 507 14,15 .744 1331
6 1402 603 1295 513 14.65  .786 1765
7 1393 607 1200 515 14.65  .786 1356
8 1381 598 1274 507 14.24 782 1340
9 1385 592 1273 498 13.98  .773 1332
10 1400 605 1246 506 13.90  .744 1310
" 1392 607 1283 513 14.51  .779 1350
12 1382 595 1280 508 14.34  .791 1342
13 1401 602 1293 515 14,68 .790 1360
14 1393 603 1288 513 14.57  .787 1352
15 1400 602 1294 513 14.64  .788 1763
16 1395 606 1282 514 14,53 .779 1751
17 1398 606 1285 519 1471 .787 1352
18 1379 587 1263 494 13.76 771 1319
19 1400 505 1292 519 14,79 .792 1270
20 1385 604 1275 515 14.48  .785 1741
21 1388 599 1273 510 14.32 .78 1739
22 1380 601 1247 509 14.00  .765 1311
mean 1392mA 601V 1278mA  510mv 14.37  .778 1344mA
25 17mA 1imy 29mA 13mV 63 .024 34mA
20% 1.2% 1.8% 2.3% 2.6% 4.4 %  3.1% 2.59
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An average value near 78% as obtained in Table 3.3-. ‘s very rospecfablg and
indicates little or no mevallization problems. Me". taining a good fill factor
requires no junction degradation by metal impurity diffusior .nd requires low
metal contact resistance and low serias resistance. Experiicntal measurements
using both illuminated |-V curves such as Figure 3,8-8 and |-V curves taken

in the dark indicate that resistive losses are only on the order of 10 millivolts
at the 1400 mA curreni level. (These are 3 inch diameter cells.)

In addition to providing a low resistance contact which does not degrade
p-n junction characteristics, the metallization must also evhibit good adhesion.
The assumption thioughout the term of this contract has been that a sufficient
condition for metal adhesion is that pull test failures occur not only be
delamination but rather by silicon fracture beneath the rontact area. This
condition has been achieved with the p~.ladium-nickel-soider metallization
system.

The same solar cells described by the electrical test data of Table 3.8-2
were subjected to pull strength tests. Tin coated nickel tabs were soldered to
each of the six front surface contact pads on seven of the cells and soldered
to the center of the back surface metal on seven other cr''s, These tabs were
then pulled in a direction perpendicular to the solar ceii substrate. The
results arc tabulated in Table 3.8-3, The pull strength gauge was calibrated
in pounds and ounces, and readings were converted to grams. Four of the biack
surface tests exceeded the usable limit of férce gauge (4540 g).

The pull test results demonstrate that the palladium-nickel-solder
metallization system is able to maintain top quality electrical performance
without sacrificing very strong mechanical adhesion, The data of Tables 3.8-2
and 3.8-3 are typical of the performance obtained when using this metallization

system,
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TABLE 3.8-3: PULL STRENGTH IN GRAMS FOR THE SAME CELLS LISTED
IN TABLE 3.8-2. PULL TESTS WERE PERFORMED
PERPENDICULAR TO THE CELL SURFACE.

-—— ————

CeELL FRONT ‘URFACE CONTACT NUMBER BACK
NO. 1 2 3 4 5 6 CENTER
1 731q 2155 2438 1077 765 1758
2 3175
X 1134 644 1162 1332 1389 1304
4 1389
5 1247 2098 1219 850 822 1531
6 >4542
7 1474 2495 7013 1559 1361 1162
8 3799
9 510 964 1247 510 907 567
12 >4540
1i 1729 1247 1049 510 1077 1276
12 >4540
13 1332 1474 875 992 737 1124
14 >4540
MEAN 1259¢g >3787¢

MINIMUM 510 1389

Pul! tests were rerformed with 0.006" nickel straps, bent at richt
argles to f .m tabs approximateiy 4 mm long by 2 mr wide. Tabs
were tinned and soldared by hand to +he ceill metallization.



3.9 NPMS 0OST ESTIMATES

To determine the economic feasibility of incorporating some forw of the
nickel-pal ladium metallization system into a solar cell manufacturing process
for the 1986 timeframe, the preliminary process sequence outlined in Table 3.9-1
was analyzed with respect to costs early in the program. This analysis is not
the final one, but it does serve to indicate the ultimate price potential
for the pa‘:adium-nickci—-scider metallization systm. In addition, those
process steps which account for a disproportionate share of the total cost have
been determined from this initial analysis.

Throughout the course of contract efforts, the baseline nickel-pa'iadium
metailization system has been revised and updated. A major advantage of the
ammonium fluoride type immersion palladium soiution described earlier in this
report fs that its incorporation into the NPMS porcess sequence has allowed the
scrubbing step, which was included as step 5 in the preliminary process
sequence of Tabie 3.9-1, to be eliminated. This surface scrubbing is no lonner
required to yuarantee consistent and repeatable performance of the plates
palladium layers. In addition, the heat t-eatment temperatures have been lowerea
to ino°c, making beit furnaces even more desirable. Therefore, the preliminary
process sequence used for the initial price analysis has been revised as shown in
Table 3.9-2. This revised process sequence, together with some updated cost data
on price-driving materials such as paliadium chloride and lead-tin solder, has
led to a correction in the initial IPEG price data. The correction is a favor-
able one, and yields a reduction of the IPEG add-on price from ihat obtzined in
the initial price analysis.

in the sections that follow, the initial IPEG price analysis is detailed
and the resui.s are tabulated. Then the process sequence corrections and
materials cost co~ ‘' 15 are discussed, and the numerical data are changed
accordingly. The to*al acd-on prices for *he nickel-paliadium metallization

system are . mmarized for hoth the initial and revisec price analyses.
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TABLE 3.5~}

PREL IMINARY NPMS _(NICKEL-PALLADIUM

METALLIZATION SYSTEM) PROCESS SEQUENCE

Starting Point: a) Solar cell with front dielectric AR coat,
b) Pattern of desired metal contact etched into
front dielectric,

¢c) Patterned or totally bare sotar ccll back surface.

STEP PROCESS

1 Immersion palfladium coat (dispiacement
reaction), room temperature solution.

2 Heat treatment (silicide formation), 600°C
in nitrogen.

3 Scrub (remove unwanted pailadium salts).

4 Electroless paliadium plate (autocatalytic
reaction), heated SOluﬁo;l.

9 Heat treatment (additional silicide formation),
600°C in nitrogen.

6 Electroless nickel plated {autocatalytic
reaction), heatea solution.

7 Solder coat, lead-tin solder.
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TABLE 3.9-2

REVISED NPMS (NICKEL-PALLADIUM

METALLIZATION SYSTEM) PROCESS SEQUENCE

Starting Point: a) Solar cell with dielectric AR oonat
b) Pattern of desired metal contact etched into
dielectric

(Back surface may be fotally bare or may be patterned.)

STEP PROCESS
1 lmmersion palladium coat (displacement
reaction), - room temperature solution.
2 Heat treatment (silicide formation). 300°C
in nitrogen.

Electroless patladium plate (autocaialytic

W

reaction), heated solution.

4 Heat treatment (additional silicide formation),
300°C in nitrogen.

5 Electroliess nickel plated (autocatalytic
reaction), heated solution.

Solder coat, lead-tin solder.

[
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3.9.1 INITIAL IPEG PRICE ANALYSIS

The method selected for performing the initial NPMS cost estimates is to
follow the JPL Interim Price Estimation Gu.delines (IPEG) as detailed in JPL
Document 5101-33. This technique requires only the estimation of direct
expense items. Included are initial capital equipment expenses (EQPT), floor
space required for sx_nch equipment (SQFT), yearly direct labor wages (DLAB). yearly
costs of materials and supplies (MATS), and yearly costs of urilities (UTIL)
such as electricity and water. These five variables are weighted by the IPEG
equation to account for all other indirect expenses, including profit.

Thus, an equation for price is formulated as shown in Figure 3.9-1.

This IPEG equation will yield a price estimate in dollars per watt. Since
only the metallization process is being considered in this report (and not the
total solar cell fabrication sequence), the estimates result in adé-on prices.
Unfortunately, such an analysis can be misleading because it does not allow
for the synergisffc interaction of the metallization step within the totality
of the solar cell array fabrication process. Thus, additional benefits of

the NPMS process such as cell reliability and longevity are not factored

into this cost analysis, but such benefits must, in reality, be considered.

All direct expenses presented in this analysis are deflated to 1975 dollars
before they are entered into the IPEG equation. To do this, the infilation rates
defined in the JPL Cost Account Catalog prepared by TBAA have been used. These
are presented in Table 3.9-3. Wherever possible, labor rates, materials expenses
and utilities expenses listed in the Cost Account Catalog are used in the NPMS
analysis, even though some of these numbers may differ from those used at
Motorcola. For items used in the NPMS process which are not lis*ed in the Cost

Account Catalog, reasonable cost assumptions have been made and stated.
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INTERIM PRICE ESTIMATION GUIDELINES
JPL IPEG PRICE EQUATION

- 0.489 EQPT _+ 96.9 SOFT + 2.133 DLAB + 1.255 MATS + 1.255 UTIL

PRICE

QUAN
WHERE
EQPT = Direct Equipment Capital Cost
DLAB = Annual Direct Labor Salaries
MATS = Cost of Direct Materials and Supplies
UTIL = Cost Of Direct Process Utilities
SQFT = Direct Manufacturing Floor Space
QUAN = Annnal Production Quantity

34



TABLE 3.9-3

INFLATION RATES FROM JPL
COST ACCOUNT CATALOG

o5
LS

CODE CLASS RATE (2)
A Raw Materials "
B Labor 8
C Chemicals 13
D Conmodities 8
13 Energy 12
F Resources 15
G Land 4
H Facilities 9
| Construction 8
J Equiprent 7
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3.9.2 ASSUMPTIONS FOR INITIAL COST ESTIMATES

Along with the IPEG price equation, the following assumptions form the
framework for the initial NPMS cost estimates.
. (1) tquipment and labor are not integerized. This is the standard
assumption applied to both IPEG and SAMICS cost analyses and is a fundamental

weak point. Most price sensitivity to production volume is removed by this

assumption. The assumption is valid only in the extreme of very large
production volumes.

(2) Prices are 1n 1975 dollars. Ac stated before, inflation rates are
taken from the JPL cost account catalog. In all cases, costs are adjusted to
1975 dollars before the IPEG equation is applied.

(3) Process yie'J is 100%. This is clearly a false assumption, but any
overall yield factor can be appiied at the completion of the analysis by
appropriately changing the value of QUAN, the quantity of power produced.

(4) The work year is 8280 hours (8 hours per shift times 3 shifts per
day times 345 days per year), as defined by JPL.

(5) Cells are fabricated on either 7.6 cm or 12 cm diameter circular
substrates (ingot technology). This assumption allows evaluation of equipment,
labor, and throughput requiremerts in terms of known, present-day technology.

(6) Cell throughput is 18G ca!ls per hour for 7.6 cm diameter wafers
and 76 cells per hour for 12 cm diameter wafers. At these throughputs, with
encapsulated cell efficiencies of 14%, the annual production for either size is
very close to one megawatt peak power. As a consequence of assumption number
one, the direct expense figures developed in thic report may simply be multipiied
by the desired yearly power production (in megawatts) to obtain the direct
expenses for that rate of production.

Other values of efficiency may be assumed. Figui . 2.9-2 shows annual
power outut versus cell efficiency for 76 celis/hour throughput of 12 cm

diameter cells. At an encapsu'ated efficiency of 14%, QUAN = 996,378 watts.
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Tho ~aome fiqure i% almost oqually valid for 7.6 cm diameter cells produced
at 190 cellu/hour axcept that the actual power quantity at 14% efficiency is

QUAN = 999,146 watts.

3.9.3 DETAILED EXPENSE CALCULATIONS

The baseline NPMS process sequence discussed in Sections 3.9.1 and 39.2
is listed in Table 3.9.4. In this list, sach major process step is further
divided into substeps. Thus, step | has been subdivided into substeps a, b,
and c. Similar divisions are made for steps 4 and 6. Each of the step sub-
divisions shown is treated as an operation to be costed. There are fourteen
separate operations for which costing details are required. With respect to
caiculation of direct expenses for the IPEG price cquation, several of the
operations are identical, leaving only nine independent operations. In fact,
three of these nine differ only in the direct materials (MATS) requirement.

Details of the expense calculations and assumptions for the nine
independent operations are presented in the following sections. The step

designations in the section tities refer to Table 3.9-4,

3.9.3.1 STEPS la, 4a, and 6a: ACID ETCH AND WATER RINSE

TQUIPMENT This step assumec a six foot laminar flow exhaust hood  (cuch
as IAS type LV6-30X) at a 1977 cost of $4,500. The hood is assumed to have
six etch tanks, rinse tanks or sinks, each 7 inches wide by 6 inches deep by
20 inches long. in this application there will be three efch tanks and three
rinse tanks.

Expenses for this step (and all other steps as well) depend on cell
throughput. Cells are assumed to be handied in carriers cf 50 wafers. The
cycie time for efching and rinsing one carrier of wafers is 15 minutes. Each
tank can hold four 7.6 cm cell carriers or three 12 cm cell carriers. Therefore,
for 7.6 cm cells tne maximum throughput is:

50 wafers . 4 carriers X 3 tanks | 4 cycles _ 2400 wafers
carrier tank hood hour wod=-hr.
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TABLE 3.9-4

NICKEL-PALLADIUM METALLIZATION SYSTEM
IPEG ANALYSIS BASELINE PROCESS

10 Sec 10:1 HZO:HF dip D|H20 rinse

2 min, immersion pailadium coat DQHZO rinse
Spin dry

30 minute reaction at 600°C in N,
Hydraulic, high pressure scrub (both sides)
DIHZO dip

5 sec 10:1 H,0:HF dip

2
DIH,0 rinse

2
15 sec immersion palladium dip
DIH0
95 sec. electroless palladium plate
DIH20 rinse
Spin dry
30 min. reaction at 600°C in N,

DIH,0 dip

2

5 se. 10:1 HZO:HF dip

D!HZO rinse

5 min electroless nickel
D!H20 rinse

Spin dry

Solder



.For 12 cm cells the maximum throughput is:'

50 wafars _ 3 carriers X 3 tanks X 4 cycles - 1800 wafers
carrier tank hood hour hood~hr

By the assumptions of Section 3.9.2, the desired 7.6 cm cell throughput
is 190 cells/hour and the 12 cm cell throughput is 76 cells/hour. These
throughputs must be ratioed to the maximum throughputs in order to determine

the direct equipment expenses., Therefore, for 7.6 cm cells,

190 waf/hr. $4500

EQPT = 5400 waf/hr. X (l.op2 = 3311.16.
For 12 cm cells,
EQPT = Lo maf/hr. , 34500 , _ g65 g5,

1800 waf/hr. (1.07)
These calculations assume a 7% inflation rate from Table 39-3,
FLOOR SPACE A total of 45 square feet is required for the hood discussed

above with a reasonable work area for operators. Therefore for 7.6 cm cells,

_ _190 wat/hr. 2 _ 2
ST = e X 45 17 = 3.5625 f1
and for 12 cm cells,
SQFT = Lo Wat/Nr. y 45 (42 - 4 g 142,

1800 waf/hr.

DIRECT LABOR A cycle time of 15 minutes per wafer carrier implies 4
cycles per hour which implies 0.5 operator per hood. At a 1976 labor rate
of $8100 per year (from the cost account catalog), an 8% inflation rate, and a

three shift operation, production of 7.6 cells requires

_ 190 waf/hr. ., 0.5 op. . $8100/yr. _
OLAB = 5750 waf/hr X ShTFt X 3 shifts X 708 = $890.61/year

while production of 12 cm cells requires

_ 76 waf/hr. , 0.5 op. \ $8100/yr. _
DLAB = T800 waf/hr. X Y X 3 shifts X .08 = $474.99/year.
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MATERIALS The materials required for this step are those for the 10:1
HZO:HI acld rinse: HI and DIHZO. From the cost account catalog, HF costs
$1430/275. 1b. in 1977 dollars at a 138 inflation rate. (HF weighs 9.75 Ib/gal),

and DIH20 costs $.037 per cubic foor in 1977 dollars at a 13% infiation rate.

Therefore, a 10:1 HZO:HF solution costs $364.48 per 1000 gal in 1975 doliars.

It is assumed that the dilute HF solution will be changed each shift. Therefore,

3 tanks X 3 changes X 345 days _ 3105 tank changes

hood day yr. " hood-yr.

It is assumed that solution volume per tank is enough to adequately cover the
tops of the wafers in the carriers. This requires 2.106 gal/tank for 7.6 cm
wafers and 3.226 gal/tank for 12 cm wafers.

Hence, for 7.6 cm cells,

MATS = 190 waf/hr X 3105 tank changes X 2.106 gal X $364.48
2400 waf/hood-hr hood-year tank change = 1000 gal
= $188.68/year.

For 12 cm cells,

MATS = 76 wat/hr 3105 tank changes 3.226 gal X $364.48
1800 waf/hood=~hr hood-year tank change " 1000 gal
= $154.15/year.

UTILITIES The utilities requirements for one hood as described above are
electricity 1.1 KW
exhaust 450 CFM
DIHZO 3 GPM.
The electrical power stated is the facilitization requirement. It is assumed
throughout this cost analysis that steady-state operation requires only 50%
of this "name-plate" power. It is assumed that the hood requires exhaust and

electricity continuousliy, even during holidays. Therefore, electrical and
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exhaust expenses are compuied for 8766 hours/year. The exhaust requirement
is converted to an electrical requirement by the ratio 0.46KW/1000 CFM. Thus,

the electrical requirement per hood per year is:

0.46 KH)] X 3766 hr
1000 CFM yr

{0.5 (1.1 Kw) + 450 CFM ( = 6635.862 KWH/hood-yr.

From the cost account catalog, the electrical rate (in 1977 dollars at
124 inflation) is $9.56/300 KWH. Hence the etectricity cost for 7.6 cm cells

is

190 waf/hr 6635.862 KwH X $9.56 1

7400 waf/hood-hr X hood-yr 300 KWH X (1_12)2 = $13.35/year

and for 12 cm cells is

76 waf/hr X 6635.862 KWH $3.56 _ i
1800 waf/hood-hr hood-yr 300 KWH ~ (1.12)

2 = $7.12/year.

Dl water usage per hood per year is computed to be

3 gal 60 min ., 8280 hr ., 0.1337 cu ft _ _
hoodemin X R X yr X Tgar = 199,266.48 cu ft/hood-yr,

where DIH,0 is used only during working hours. At 1977 costs (13% inflation)
of $.037/cu. ft., the expense for 7.6 cm cells is

190 waf/hr 100266.48 cu ft X $.037 X 1
2400 waf/hood-hr hood-yr cu ft 7 (1.13)

2 = %4%7.11/year.

The expense for 12 cm cells is

76 waf/hr 100266.48 cu ft . $.037 , _ 1 . _
1800 waf/hood-hr hood-yr cu ft X (T2 © $243.79/year.

Adding together the costs of electricity and water gives, for 7.6 cm
cells,

UTIL = $13.3%/yr + $457.11/yr = $470.46/year
and for 12 cm cells,

UTIL = $7.12/yr + $243.79/yr = $250.91/year.

The calcuiations for this first step have been explained in some detail

to exhibit the techniques used to arrive at the inputs for the IPEG price



equation. In the presentation of subsequent steps, much of this detail

will be omitted where it does not differ from this first exampie.

3.9.3.2 STEP 1b: IMMERSION PA. ADIUM COAT AND WATER RINSE

EQUIPMENT This step assuiv 3 . w same six foot laminar flow exhaust hood
and set-up as in the previous 33<- Section 3.9.3.1) with the addition of a
chemical recirculating system (such as Fluorocarbon Model 5000). The chemical
recirculating system is used to agitate the immersion palladium plating bath
and to pump plating solution from the working tanks through a reservoir
where the condition of the solution can be monitored and the solution can be
replenished. The addition of the recirculating system adds a cost of $7500 for
a total 1977 cost of $12,000.

Agair wafers are handled in 50 wafer cassettes and a cycle time of 15
minutes is assumed. Thus, there are 4 cycles/hr, This gives maximum throughputs

per hood identical to Section 3.9.3.1. Therefore, for 7.6 cm cells,

190 waf/hr _ $12,000 _

EQPT = 5400 wat/nr.X (1,012 - $829-77
and for 12 cm cells,
_ 76 watf/hr $12,000 _
EPT = 1500 wat/nr - * $442.54.

(1.07)4 ~

FLOOR SPACE This is the same as Section 3.92.3.1.

DIRECT LABOR This is the same as Section 33 .3.:

MATERIALS This category introduces an additional complexity since the
amount of material used here depends on the percentage of *+he wafer suriace to be
covered with metal. Two contingencies are presented in this section and in the

followinu sections which deal with metal application. |In the first case, the
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m:tal pattern covors 7% of the area of the solar cell front surface and 100% of
the area of the cell back surface, for a total metal coverage of 107% of the
wafer area. In the second case, the metal pattern covers 7§ of the area of
the cell front surface and has a patterned back contact which covers 14% of
the area of the cell back surfaée, for a total metal coverage of 2i% of the
wafer area. Because of the cost of palladium and solder, these two
contingencies will iead to significantly different total prices.

Using the formula for immersion patladium solution given
Table 3.9-5, the solution costs, excluding the cost of palladium chloride,
is $1.847/gal. in 1975 dcllars. It is assumed that the palladium content
is replenished as needed and that ithe solution itself is replaced once a day.

Thus, solution costs are, for 7.6 cm cells,

1035 tank changes 2.106 qal $1.847 190 waf/hr - ,
hood-yr X tank change X gal 2400 waf/hood-hr $318.72/year
and for 12 cm cells,
1035 tank changes 3.226 gqal ., $1.847 76 wat/hr _
hood-yr X Fank change X gal X 1800 waf/hood-hr . 3260-38/year.

Palladium costs are computed independent of the solution costs. Palladium
is introduced in the bath as palliadium chloride (PdCIz) which has a 1976 cost

of $1250 per 259 qgrams. The 13% chemical inflation rate will be applied.
for the purpose of this analysis, it is assumed *hat an

effective layer of 50R of palladium is appliad. For a density of 12.16 g/cm’,
this requires a weight of 6.08 x 10—6 g per cm2 of metallized surface area.

Therefore, for 7.6 c™ cells with 107% metal coverage, the palliadium cost

is
o7 x ° (7.6)2 2 . 6:08 x 10-61qx177.3Ag,PdCl9 . 31250
: s cm? 106.4 g Pd 250 g PdCl.,

“

1_ x 190 waf 8289 hr . ¢3473 32/year.
1.13 hr yr
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TABLE 3.9-5

IMMERSION PALLADIUM SCLLTION

CONST I TUENT AMOWNT
Water HZO 500 me
Fluoboric Acid H;‘F4 500 mt
Hydrochloric Acid HCl (38%) 2.5 m
Paltadium Chioride PdCI2 0.025 g



For 7.6 cm cells with 21% metal coverage this becomes $671.87/year. For 12
cm cells with 107% metal coverage the cost is $3413.84/year and with 21% metal
coverage the cost is $670.01/year. (Remember that the 12 cm throughput is
76 wafers/hour.)

The total material cost is the sum of solution and palladium costs. Thus,
for 7.6 cm cells with 107% metal,

MATS = $318.72/yr + $3423.32/yr = $3742.04/year
and with 21% metal,

MATS = $318.72/yr + $671.87/yr = $990.59/year
For 12 cm cells with 107% metal,

MATS = $260.38/yr + $3413.84/yr = $3674.22/year
and with 21% metal,

MATS = $260.38/yr + $670.01/yr = $930.39/year.

UTILITIES Since the same exhaust hood is assumed in this step as in
Section 3.9.3.1 the utilities requirement differs oniy in the additional
electricity and exhaust required for the chemical recirculating system. The

total requirements for this step are

electricity 1.6 Kw
exhaust 500 CFM
DIHZO 3 GPM.

Applying the same assumptions and techniques used in Section 3.9.3.1, the
total electrical requirement is 9028.98 KwWH/hood-yr. This results in a 1975
cost of $18.16/year for 7.6 cm cells and $9.68/year for 12 cm cells. Adding

this to the same DleO costs as Section 3.9.3.1 yields, for 7.5 cm cells,

UTIL = $18.16/yr + $457.11/yr = $475.27/yr
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and for 12 cm cells,

UTIL = $9.68/yr + $243.79/yr = $253.47/year.

3.9.3.3  STEPS 1c, 4d, and 6¢: SPIN DRY

EQUIPMENT This step assumes a centrifugal rinser-dryer such as the Fluoroware
K-100 with #1150 frame and #1231 cradie (for 7.6 cm wafers). The 1977 cost of
this equipment is $2500. The spin dryer wiill hold six 2. wafer carriers of
7.6 cm -afers or (with a different cradle) four 25 wafer carriers of 12 cm
wafers. Including loading and unloading, a 15 minute cycle time is assumed.
Maximum machine throughput is, for 7.6 cm wafers,

25 waf _ 6 carriers _ 4 cycles - 600 waf
carrier machine hour mach-hr

and for 12 cm wafers,

25 wat 4 carriers _ 4 cycles _ 400 waf
carrier machine hour mach~h

Therefore, for 7.6 cm cells,

_ 190 waf/hr $2500/mach _
EOPT = 600 waf/machohr X (1.omZ - $691.47
and for 12 cm cells,
_ 76 waf/hr _ $2500/mach _
EQPT = 200 waf/mach-hr * (1.0102 = 3414.88.

FLOOR SPACE A total of 30 ffz is required for the machine above, plus

work space. Therefore, for 7.6 cm cells,

_ 190 waf/hr 2 _ 2
SQFT 366—;5?7FF X 30 ft 9.5 ft

and for 12 cm cells,

2

_16 waf/hr 45 (42 - 5.7 ¢42,

SQFT = 400 waf/hr
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DIRECT LABOR 1t is assumed that one operator can handle four machines.

At the same labor rates as used in Section 3.9.3.1, for 7.6 cm cells,

_ 190 wat/hr . 0.25 op X $8100/yr _
DLAB 600 waf/hr X shift X 3 shifts X 1.08 = $1781.25/year

and for 12 cm cells,

_ _16 wat/hr  0.25 op . $8100/yr _
DLAB = oo e X orifr X 3 shifts X ——77551— = $1068.75/year.

MATERIALS The only material requirement is the nitrogen gas used during
the operation of the spin dryer. Assuming that liquid nitrogen (from the JPL
Cost Account Catalog) s vaporized as the source of nitrogen gas, the 1977 cost
is $.00934/cu ft (13% inflation rate). The use per machine is 13.2 &/min.

Therefore,

13.2 £ , 60 min , 8280 hr , 03332 cu IV _ 534 20.0832 cu ft/yr per machine.

min hr yr L

o 7.6 cm cells,

_ 190 waf/hr  231620.0832 cu ft $.00834/cuy ft _
MATS = =50 waf/hr X yr X .17 ° $479.06/year.
For 12 cm cells,
MATS = 76 waf/hr ., 231620.0832 cu ft X $.00334/cy tt = $287.43/year-.

400 waf/hr yr (1.13)4

UTILITIES The utilities requirement for the rinser-dryer is a 1 KW
facititization with no exhaust or water. Assuming power is required only
during working hours, and, as in Section 3.9.3.1, 50% of the "nameplate"

power is actually needed, the annual requirement is

mach -

0.5 (l KW) X 8280 hr _ 4140 KwH
yr mach-yr

Hence, 7.6 cm cells require $33.30/year and 12 cm cells require $19.93/year.
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S0 %04 LIEE 2 A S BRAT TREATMENT AND PALLALIUN S1LICIDEL FORMAT ION
EQUIPMENT This step assumed the use of a belt furnace at a 1977 cost of

$35,000. It is assumed that two carriers of 50 wafers each (either 7.6 or

12 cm) are placed on the belt simultaneously and that the throughput time is

the same as the heat treatment time: 30 minutes. |f two new carriers are [oaded

into the furnace every 30 seconds then the maximum furnace throughput is

100 waf _ 60 sec X 60 min
30 sec min hr

= 12,000 waf/hr.
Thus, for 7.6 cm cells,

_ 190 waf/hr ., $35,000
EQPT = 72000 waf/hr * (1.07}

2= $484.03
and for 12 cm cells,

76 waf/hr _ $35000

EQPT = 12000 waf/hr X (1.07)2- $193-61-
FLOOR SPACE The required floor space is assumed to be 132 2. Therefore
2 2

SQFT = 2.09 1~ for 7.6 cm cells and SQFT = 0.836 ft for 12 cm celis.

DIRECT LABOR One operator is required to run one furnace. At the same
labor rates as used in Section 3.9.3.1, DLAB = $356.25/year for 7.6 cm cells
and DLAB = $142.50/year for 12 cm cells.

MATERIALS It is assumed that a nitrogen purge in each furnace is required
at a rate of 40 2/min (19,872,000 L/year). With the same nitrogen costs as
Section 3.9.3.3, then, after adjusting for the proper throughput, the 7.6 cm
cell expense is MATS = $72.58/year and for 12 cm cells, MATS = $29.03/year.

UTILITIES The utilities requirement for such a belt furnace is assumed
to be an electrical facilitization of 15 kW with 100 CFM exhaust. The same

assumption as used for utilities calculations in Section 3.9.3.1 apply here.
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Therefore, the annual electrical requirement per furnace is

. 0.46 KW 8766 hr _ ]
[0.5 (15Kw) + 100 CFM (looo CFM)] X yr = 66148.236 KWH/year.
Thus, for 7.6 cm cells,
_ 190 waf/hr 66148.236 KWH $9.56 1 S
UTIL = 12000 wat/hr yr X 300 ki X (T.12)Z = $26.61/year.

For 12 cm cells,

76 waf/hr X 66148.236 KWH X $9.56 X 1
12000 waf/hr yr 300 KWH © (1.12)4

UTIL = = $10.64/ye3r.

3.9.3.5 STEP 3: HIGH PRESSURE SCRUB

EQUIPMENT This step assumes the use or a hydraulic (DIH,0) high pressure

2
wafer scrubber such as the Macronetics HPC-1000 at a 1977 cost of $12,925 per
track. A four track unit with a cabinet and laminar flow hood cculd have a
total 1977 cost of $56,495. Such a four track unit has a throughput of 1000
wafers/hour for either size wafer. Since this step assumes that both sides of

a wafer are scrubbed, the effective maximum throughput is 500 wafers/hour.

Thus, for 7.6 cm cells,

_ 190 waf/hr _ $56495 _

EQPT = 500 waf/hr X (1.on2" $18,751.07
and for 12 cm cells,
EQPT = 76 waf/hr  $56495 _ $7,500.43.

500 waf/hr = (1.07)%
FLOOR SPACE The required fioor space is assumed to be 45 ffz per four

2 for 7.6 cm celis and SQFT = 6.84 ffz

track unit. Therefore, SQFT = 17.1 £+t
for 12 cm cells.
DIRECT LABOR One operator is required to run a four track unit. Therefore,

as in Section 3.9.3.1, for 7.6 cm wafers,
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_ 190 wat/hr { op . ea $8100/0p-vr. _
DLAB = 253 vaf/hr X it X 3 shifis X $1.08 = $8550/year.

For 12 cm wafers,

1

_ 76 waf/hr 1 op . $8100/op-yr. _
DLAB = 550 waf/nr  shitt X > Shifts X ==¢=70g $3420/year.

MATERIALS No materials are consumed.

UTILITIES The facilities requirements are

electrical 2.1 KW
exhaust 320 CFM
DleO 3.2 GPM.

The same assumptions used for utilities calculations in Section 3.9.3.1
apply here, except that the electrical requirement applies only during working

hours. Therefore

0.46 kW _, 8766 hr
1000 CFM" yr

For 7.6 cm cells, electricity costs are $96.38/year and for 12 cm ceils,

0.5 (2.1 KW) X 8280 hr/yr + 320 CFM ( = 9984.355 KWH/year.

electricity costs are $38.55/year.
Water consumption is

3.2 gal

29 60 min , 8280 hr , 0.1337 cu ft _ 515550 9 cy f1/year.

hr yr gal

X

This adds a cost of $2340.41/year for 7.6 cm wafers and $936.16/year for 12
cm wafers. Therefore, for 7.6 cm cells,

UTIL = $2436.79/year
and for 12 cm cells,

UTIL = $974.71/year.
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3.9.3.6 STEP 4b: IMMERSION PALLADIUM DIP AND WATER RINSE

With the exception of the expended materials costs, the assumptions
and calculated expenses of this step are identical to those of Section 3.9.3.2
(Step 1b).

MATER!ALS The cost of immersion paliadium solution reptacement is
assumed to be identical to that calculated in Section 3.9.3.2. The plating
time for this step is 15 sec while the plating time for step 1b is 120 sec.
Therefore the palladium cost is assumed to be 15 sec/120 sec = 1/8 the cost
calculated in Section 3.9.3.1. Hence, for 7.6 cm cells with 107% metal,
adding solution and palladium costs,

MATS = $318.72/hr + $427.91/yr = $746.63/year
and with 21% metal,

MATS = $318.72/year + $83.98/yr = $402.70/year.

For 12 cm cells with 1073 meta!l,

MATS = $260.38/yr + $426.73/yr = $687.11/year

and with 21% metal,

MATS = $260.38/yr + $83.75/yr = $344.13/year.

3.9.3.7  STEP 4c: ELECTROLESS PALLADIUM PLATE AND WATER RINSE

With the exception of the expended materials costs, the assumptions
and calculiated expenses of this step are identical to those of Section 3.3.3.2
(step 1b).

MATERIALS Once again, as in Section 3.2.3.1, four examples are being
considered: 107% and 21% metal coverage for both 7.6 and 12 cm wafers.

Using the formula for etectroless palladium solution given previously

in Table 3.9-6, the solution cost, including the cost of palladium chloride,
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TABLE 3.9-6

ELECTROLESS PALLADIUM SOLUTION

CONST I TUENT AMOUNT
Water H20 830 me
Hydrochloric Acid HC1 (38%) 4 m
Pal tadium Chloride PdCI2 2gq
Ammonium Chloride NH4CI 27 g
Sodium Hypophosphite NaH2P02-2H20 6 g
Ammonium Hydroxide NH,0H (58%) 160 mt
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o bBLMBLY per Liter in 1979 dollars. 1t io assumed that the paltadium
content of the solution is used with 95% efticiency.

Materials costs are calculated for a pslladium layer thickness of 800R
and an effective density of 11.98 g/cm3; This density is slightly less than
the density of elemental palladium. This assumption is made because the
electroless paliadium layer actually contains a small percentage of phosphorous.

The amount of paliadium available per liter is

2 q PdCI, 106 g Pd 1.140 g Pd
Z X 377306 g Pac12‘°'95 R

for 7.6 cm cells with 107% metal coverage, the materials cost is

2 2
_ 1(7.6)° cm -6 11.98 g 190 waf 3280 hr
HATS = 1.07 X - ;g?-X 88X 10 " ecmX pay X X hr
12 . $8.94865
X =
X 7,140 g . $57,449.24/year.

For 7.6 cm cells with 21% metal coverage, this becomes MATS = $11,275.08/
year. For 12 cm cells with 107% metal coverage, the cost is MATS = $57,290.10/

year and with 21% metal coverage the cost is MATS = $11,243.85/year.

5.9.5.83  STCP 6b: ELECTROLESS NICKEL PLATE AND WATER RINSE

EQUIPMENT This step assumes the same equipment (laminar fiow exhaust
hood and chemical recirculating system) used in Section 3.9.3.2 but the cell
throughput will be different. The wafers are handled in 50 wafer carriers
and a cycle time of 20 minutes is assumed. Thus there are 3 cycles/hour. This

gives a maximum 7.6 cm cell throughput of

50 waf _ 4 carriers ., 3 sinks 3 cyclss _ 1800 wafer
carrier sink hood hr hood=hr
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and a maximum 12 cm cell throughput of

50 waf , 3 carriers , 3 sinks . 3 cycles _ waf
carrier sink X hood X Thr = 1330 food-hr

Therefore, for 7.6 cm cells,

190 waf/hr , $12000 $1106.36

EQPT = 7800 wat/hr X (1.07)2"
and for 12 cm cells,
_ 16 wat/hr , $12000 . _
EQPT = 1350 wat/hr * (1.0D°" $290-06.

FLOOR SPACE The required floor space is 45 ffz per hood. Therefore,
50FT = 4,75 ffz for 7.6 cm cells and SQFT = 2.533 ffz for 12 cm cells.

DIRECT LABOR Three plating cycles per hour will require 1/2 operator
per hood. Assuming 3 shift operation and weighting according to wafer
throughput gives DLAB = $1187.49/year for 7.6 cm celis and DLAB = $633.33/year
for 12 cm cells.

MATERIALS Once again, as in Section 3.9.3.2, four examples are being
considerad: 107% and 21% metal coverage for both 7.6 cm and 12 cm wafers.

Using the formula for electroless nickel solution given
in Table 3.9~ ] the solution cost is $0.37723 per liter in 1975 dollars. |t
is assumed that by continuous replenishment techniques the nickel content of
the solution is effectively used with 95% efficiency.

Materials costs are calculated for a nickel layer thickness of 50008
and an effective density of 7.77 g/cm3. The amount of nickel available per

liter is

30 g Ni Chloride X 56.71 g Ni X 0.95 = 7.039 g Ni
£ 237.71 g Ni Chloride ‘ L

For 7.6 cm cells with 107% metal coverage, the materials cost is



TABLE 3.9-7

ELECTROLESS NICKEL SOLUTION

CONST I TUENT
Water
Nickel Chloride
Ammonium Chloride
Sodium Citrate
Sodium Hypophosphi te

Ameonium Hydroxide

H20

NiClz'Gﬁzo
NH4CI

N33C6H507-2H20

.2
NaH2P02 ‘HZO

NH40H (58%)

10€

AMOUNT

875 mi

125 m



2 2
~ 2(7.6) " om -4 1.71 waf
MATS = 1.07 X S22 SLoX 0.5 X 107 om X —C;;-ﬂ X 190 2==

8280 hr 1 $0.37723
X yr X 37539 3 X 1 = $1589.90/year.

For 7.6 cm cetls with 21% metal coverage this becomes MATS = $312.04/year.
For 12 cm cells with 107% metal coverage the cost is MATS = $1585.50/year
and with 21% metal coverage the cost is MATS = $311.17/year.

UTILITIES The utilities requirement for this step is the same, per
hood, as given in Section 3.9.3.2. However, the throughput per hood is different.
(he net result is an electricity cost (calculated as in Section 3.9.3.1) of
$24.21/year for 7.6 cm cells and $12.91/year for 12 cm cells. Accounting

for the different throughput rates, the DIH O costs are $602.46/year for

2

7.6 cm cells and $325.06/year for 12 cm cells. Therefore, for 7.6 cm cells,

UTIL = $24.21/year + $609.48/year = $633.69/year
and for 12 cm cells,
UTIL = $12.91/year + $325.06/year = $337.97/year.
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CQUIPMENT This step assumes an automatic solder system with subsystems
for flux application, pre-heating, soldering, cleaning, and drying. This
system is assumed to have a 1377 purchase price ot $50,700 (7% inflation
rate}. Cell throughput calculations are made by assuming a transport speed
of 10 ft/min across a soider fountain i5 inches wide. Thus 7.6 cm ce!lis can
be transported four abreast while 12 cm ceils can be transporved three abreast.
The spacing betwean ce!! rows is assumed to be one celi aiameter. Henco, 7.6

cm zells bave a throughput of



20 rows 4 waf _ 80_uaf = 4800 waf
min row min hr

while 12 cm celtls have a tarocuchput of

12.7 rows , 3 wat _ 38.1 waf _ 4800 waf
min row min hr .

Therefore, for 7.6 cm cellis,

190 wat/hr, $50,000

EQFT = 2600 waf/hr * (1.07)2 - $1728.68
and for 12 cm cells,
_ ___16 waf/hr_ $50,000 _
EOPT = 5586 wat/hr X (1.07)2 -~ $1451.91.
FLOOR SPACE One automatic solder system is assumed to require 100 ffz of
floor space. Thus for 7.6 cm cells SQFT = 3,958 ffz and for 12 cm cells SQFT =

3.325 5?2.

DIRECT LABOR Three shift operation is assumed and one operator is allocated
to one automatic system. With the same labor rates as Secticn 3.3.3.1, DLAB =
$890.61/year for 7.6 cm cells and DLAB = $748.02/year for 12 cm cells.

MATERIALS The principal materials consumed in this operation are solder
and flux. A three inch diameter solar cell with a total area of metal coverage
equal to 48.52 cm2 requires i1.45 g of lead-tin soider (based on empirical
measurements;. This gives an effective solder weight per unit area (of metal
coverage) of $.02988 g/cmz. Hence, 1.4504 g of solder is required for one
7.6 cm cell with 107% metal coverage and 0.28465 g of soider is required for
21% metal coverage. For a 12 cm cell, 107% reauires 3.6159 a and 219 reauires
0.70966 g.

The cost is assumed to be (1977 dollars) $2.97667/1b for 60 Sn/40 &

solder. Therefore, for 7.6 cm cells with 107% metal coverage,



190 wat , 8280 hr , 1.4508 g , .1 1b , $2.97667 , 1 __, _ 7 g37.82/vear

hr yr waf 453.59 g b (1.0802

and with only 21% metal coverage the solder cost is $2519.50/year. For 12 cm
wzfers, the solder cost (s $12,802.07/year for 107% and $2512.55/year for 21%.

Flux is assumed to cost $6.75/gal in 53 gal drums at 1978 prices (chemical
infiation rate of 13%). One qgallon will coat 200 f12 of wafer surface or
185,806 cmz. Since wafers are completely covered with flux, flux usage is
independent of metal coverage. For 7.6 cm cells the flux cost witl be $3593.68/year
and for 12 cm cells the cost will be $3583.73/year.

Adding flux and solder costs gives, for 7.6 cm cells with 107% metal
coverage,

MATS = $12,837.82/yr + $3593.68/yr = $16,431.50/year
and for 21% metal coverage,

MATS

$2519.50/yr + $3593.68/yr = $6113._18/year.
For 12 cm cells with 107% motal coverage,
MATZ = $£12,802.07/yr + 5$3583.73/yr = $16,385.80/year
and for 21% metal coveraqe,
MATS = $2512.55/yr + $3583.73/yr = $6096.28/year.
UTILITIES The utilities requirements for the automatic solder system are

assumed to be

electrical 15 Kw
exhaust 4000 CFM™
aleo 10 GPM.

The exhaust is assumed to run continuously while the electricity and DIHZO
are 1equired only during working hours. In the same manner as the calculations

of Section 3.9.3.1., this gives a total electrical cost of $78.67/yr for 7.%
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cm cells and $66.07/yr for 12 cm cells. The DIH,0 costs are $761.85/yr for

2
7.6 cm cells and $639.88/yr for 12 cm cells. Hence,

UTIL = $78.67/ysr + $761.85/yr = $340.52/year
for 7.6 cm cells and

UTIL = $66.07/yr + $639.88/yr = $705.95/year
for 12 cm cells. -

39.4 INITIAL PRICE ANALYSIS RESULTS

In Section 3.9.3. each process substep from Table 3.9 - 4 has been analyzed
to determine the associated direct expenses for equipment, labor, materials,
and utilities and to determine the required floor space and number of operators.
This has been done for a nominal one megawatt annual production level for both
7.6 cm and 12 cm diameter circular solar cells. For each cell size. two
metallization styles are analyzed. One style incorporates a patterrned front
contact with a back contact which covers the rear surface completely ("107¢
metal”). The other siyle incorporates a patterned front contact as well
("215 metal™).

The expense data for the substeps of Tabie 3.9-4 have been tabulated for
each of the seven major process steps and for the total NPMS process sequence.
These results are presented in Tables 2.9-8 and 3.9-9 for 7.6 cm and 12 ¢m
diameter cells, respectively. In both tables, the materials expense column is
divided to show the differences between 21% total metal coverage and 117§ total
metal coverace. These differences occur only for the materials expenses.

When the weighting coefficients for the IPEG price equation are applied
to the direct expenses of Tables 3.9-8 and 3.9-9, the add-on contribution +to

solar cell price is obtained for each expense and process step. These prices
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TABLE 3.9.8

NPMS DIRECT EXPENSES
7.6 cm DIAMETER SUBSTRATES

PROCESS EQPT SQ%T DLAB MATS UTIL NO. OF
STEP (%) (f1+°) (F/yr) ($/yr) ($/yr) OPERATORS
21% 1074 (prsn-yrs)
METAL METAL
1 1832.40 16.625 3562.47 1658. 33 4409,78 979.03 .4752
2 484,03 2.09 356.25 72.58 72.58 26.61 .04749
3 18751.07 171 8550.00 0 0 2436,79 1.14
4 2662.17 20.1875 4453,08 12345,52 58863.61 1454, 30 .594
5 484,03 2.09 356.25 72.58 72.58 26.A2 .04749
6 2108.99 17.8125 3859, 35 979,78 2257.64 1137.45 .5148
7 1728.68 3.958 890.61 6113.18 16431,50 840.52 .1188
TOTAL 28051.37 79.863 22028.01 21241.,97 82107.69 6901, 31 2.93778

(a)

Expenses are for 190 cells/hr X 8280 hr/yr = 1,573,200 cells
(b) Dollars are expressed in 1975 values.




il

TABLE 3.9-9
NPMS DIRECT EXPENSES

12 cm DIAMETER SUBSTRATES
PROCESS EQPT SQET DLAB MATS uTiL NO. OF
STEP ($) (1<) ($/yr) ($/yr) ($/yr) OPERATORS
214 107%
METAL METAL
1 1023.37 9.5 2018.73 1371.97 4115,80 524,36 . 2691
2 193,51 .836 142,50 29.03 29.03 10,64 .01899
3 7500.43 6.84 3420.00 0 0 974,71 ,456
4 1465.91 11.4 2493,72 12029.56 58418.79 777.83 .3325
5 193.61 .836 142,50 29.03 29,03 10,64 .01899
6 1170.89 10.133 2177.07 752,75 2027.08 608,86 .2901
7 1451,91 3,325 748,02 6096.28 16385, 80 705,95 .0996
TOTAL 12999.73 42.87 11142.54 20308.62 81005.53 3602.35 1.48518

(a}
(b)

Expenses are for 76 celis/hr X 8280 hr/yr = 629,280 cells
Dollars are expressed in 1975 values.




are shown in Table 3.9-10 for 7.6 cm cells and Table 3.9-11 for 12 cm cells.
The values listed are prices for a nominal one megawatt annual production (which
assumes a3 14% encapsulated cell efficiency). Summations are given for the total
price of each process step for both cell metal coverage assumptions, for the
total price associated with each expense category for the entire process, and
for the grand total of the whoie NPMS process for both metal coverages.

With the assumption that encapsulated ce!l efficiency is 14%, the prices
given in 1975 dollars in Tables 3.9-10 and 3.9-11 can be converted to add-on
prices in cents per watt. These data are presented in Table 3.9-12 for 7.6 cm

cells and Table 3.9-13 for 12 cm cells.

Several observations can be made regardina the data of Tables 3.9-12
and 39-13. There is a large difference between total prices for 1077 metal
coverage (patterned front and solid back) and for 217 metal coveraae (patterned
front and patterned back). This is true for both 7.6 cm cells and 12 cm cells
and is primarily due to materials expenses for electroless palladium plating
(step 4) and solder coating (step 7). In fact, for the case of a solid back
metal contact, the materials expenses above for step 4 and step 7 account for
52% of the price of 7.6 cm cells and 67% of the price of 12 cm cells. Of
these percentages, 78% is due to the materials expense in step 4, electroless
paltladium plating

A third step which Tables 3.9-12 and 3.9-13 prove to be an expensive one
is step 3, high pressure scrubbing of the wafer surface. The dominant expense
item for this step is the direct labor cost. The reason for this is the low

throughput of present day scrubbing machines.
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TABLE 3.2-10

NPMS PRICES IN 1975 DOLLARS
7.6 cm DIAMETER SUBSTRATES

PROCESS 0.489 96.9 2.133 1.255 1.255 STEP TOTAL
STEP EQPT SQFT DLAB MATS uTiIL
214 107¢% 21% 107%
METAL METAL METAL METAL
= e

896.04 1610.96 7598.75 2081.20 5543,27 1778 A8 13415.63 16368.70
236.69 202.52 759.88 91,09 91.09 33.40 1323.58 1323.58
9169.27 1656.99 18237.15 0 0 3058.17 32121.58 32121.58

ﬁf 1301, 80 1956.17 9498.42 15493.63 73873.83 1825.15 30075.17 88455. 37
236.69 202.52 759.88 91.09 91.09 33.40 1323.58 1323.58
1031.30 1726,03 8231.99 1229.62 2833.34 1427.59 13646.44 15250. 16
845,32 383.53 1899.67 7672.,04 20621.53 1054.85 11855, 41 24804,90

TOTAL 1271712 7738,72 46985, 75 26658.67 103045.15 8661.14 102761.40 180147.88

Prices are for 190 cells/hr X 8280 hr/yr = 1,537,200 cells.



TABLE 3.9-11

NPMS PRICES IN 1975 DOLLARS
12 cm DIAMETER SUBSTRATES

PROCESS 0.489 96.9 2,133 1.255 1.255 STEP TOTAL
STEP EQPT SQFT DLAB MATS uriL
21% 107% 21% 107%
METAL METAL METAL METAL

1 500.43 920.55 4305.95 1721,82 5165.33 658.07 8106.92 11550.33
2 94.68 81.01 303.95 36.43 36.43 13.37 529.42 529.42
3 3667.71 662.80 7294.86 0 0 1223.26 12848.03 12848.€3

n 4 716.83 1104.66 5319.10 15097.10 73315,58 976.18 23213.87 81432.35
5 04.68 81.01 303,95 36.43 36.43 13,35 529.42 529.42
6 572.57 981.89 4643.69 944.79 2543,99 764,12 7905.97 9506.26
7 709.98 322.19 1595.53 7650.83 20564.18 885.97 11164.50 24077.85

TOTAL 6356.87 4154.10 23767.04 25487.32 101661.94 4520.95 64286.28 140460.90

Prices are for 76 cells/hr X 8280 hr/yr = 629,280 cells



NPMS PRICES IN CENTS/WATTS (1975)

TASLE 3.9-12

7.6 cm DVAVETER SUBSTRATES

PROCESS | 0.489 EQPT 96.9 SQFT 2.133 DLAB 1.225 MATS 1.225 UTIL STEP TOTAL
STEP QUAN QUAN OUAN QUAN QUAN
e 107% 21% 107%
METAL METAL METAL METAL
1 .09 .16 .76 .21 .55 2 1.34 1.67
2 .02 .02 .08 o)l ,01 .00 .13 13
3 .92 17 1.83 0 0 .31 3,21 3.21
> 4 13 .20 .95 .55 7.39 .18 3.01 8.85
5 .02 .02 ,08 .0 .01 .00 13 A3
6 .10 17 .82 12 .28 .14 1.37 1.53
7 .08 .04 .10 .77 2.06 .11 1.19 2.48
TOTAL 1.37 .77 4.70 .67 10.31 .87 10.39 18.03

Prices are for 999,146 watts of 14% efficient (encapsulated) cells.




TABLE 3.9-13

NPMS PRICES IN CENTS/WATT (1975)
12 cm DIAMETER SUBSTRATES

PROCESS 0.489 EQPT 96.9 SOFT 2.133 DLAB 1.255 MATS 1.255 UTIL STEP TOTAL
STEP QUAN QUAN QUAN QUAN QUAN
21% 107% 21¢ 107%
METAL METAL METAL YETAL
1 .05 .09 .43 17 .52 .07 .81 1.16
2 .01 .01 .03 .00 .00 .00 .05 .05
3 .37 .07 .73 0 0 .12 1.29 1.29
N
;5 4 .07 11 .53 1.52 7,36 .10 2.33 8.17
5 .01 .01 .03 .00 .00 .00 .05 .05
6 .06 .10 .47 .09 .26 .08 .79 .95
7 .07 .03 .16 77 2.06 .09 1.12 2.42
TOTAL .64 .42 2.39. 2.56 10.20 .45 6.45 14,10

Prices are for 996,378 watts of 14% efficient

(encapsulated) cells.




Lrom an overall view, costs of materials and direct labor prove to be the
drivine forces. The price contributions of capital equipment, floor space,
and utilities represent 17% to 29% of the price of 7.6 cm cells and only 11%

to 23% of the price of 12 cm cells.

3.9.5 __ REVISED IPEG PRICE ANALYSIS

A detailed excrcise of the JPL Interim Price Estimation Guidelines (IPEG)
analysis for the preliminary NPMS process sequence of Table 3.9-1 has heen
presented in the previous sections. As disc. 'ed in the introduction of
Section 3.9, elimination of the scrubbing step will impact the results of that
analysis. Moreover, it was determined that one of the prime cost drivers was
the cost of palladium chloride, the source of pa[ladium in the immersion and
electroiess palladium solutions. |t had been previously assumed that PdCI2 was
available at a cost of $5.00/gram (in 1976 dollars). Later investigations
have led to a source of PdCl, available at a cost of $1.66/gram (in 1978 dollars).
This will significantly impact the initial IPEG analysis. Accordingly, this
lower cost can be factored into the initial computations. On the other hand,
the cost of tin has been rapidly increasing on the open market and this has caused
the cnst of lcad-tin solder to rise rapidly. The original cost assumption of
$2.98/1b (1977 doltars) for the 60 Sn/40 Pb solder has been replaced by $4.33/1b,
(1978 dollars). This higher cost for solder has also been utilized in revising
the previous computations.

The summary of the revised IPEG analysis is presented in Tabies 3.9-14,
3.9-15, and 3.9-16. The process steps in these tables correspond to the
revised NPMS process sequence of Table 3.9-2Z. As in the original IPEG analysis,

four separate cell geometries were considered: 7.6 cm diameter and 12 cm diameter

DRIGINAL PAGE |
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TMS PRICES IN CENTS/WATTS (1975)

TASLE

3,9-14

7.6 cm DIAMETER SUBSTRATES

PROCESS | 0.485 FOPT | 96.9 SQF™ 2.133 DLA3 1,255 MATS 1.255 UTIL STEP TOTAL |
STEP QUAN QUAN QUAN | QUAN QUAN !
} 21% 107% 21% b o7
METAL METAL METAL | METAL i
SN I -~ . }
"
1 .09 .16 .76 15 .24 .12 1.28 1.37
. - — NI
2 .02 .02 .08 .01 ; .01 .00 .18 3
—— T
3 .13 .20 .95 .51 2.07 .18 1.97 3.33
— - —
3 4 .02 .02 .08 .01 ,01 .00 .13 .13 |
5 .10 17 .82 12 .28 .14 1.37 1.53
6 .08 .04 .19 .88 2.62 L 1.30 3.04
-4 . (
g oy : 1
TOTAL | .46 .61 2.88 1.67 5,23 .56 6.17 9.74 i
Prices are for 999,146 watts of 14% efficient (encapsulated) cells.
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TABLE 3,9-15
NPMS PRICES 1'i CENTS/WATT (1975)
12 em DIAMETER SUBSTRATES

e i s e e — e v o ——— — e — s
‘PRocess 0.48S EQPT | 96.9 SOFT 2.133 DLAB 1.255_MATS 1,255 UTIL STEP TOTAL
STEF QUAN QUAN A GUAN QUAN . QUAN
21% 107% 21% 107%
METAL METAL METAL METS .
1 .05 .09 .43 1 .20 .07 .75 .84
Y4 .01 .01 .03 .00 .00 .00 .05 .05
3 007 .11 '53 ‘ l47 2.04 -10 1.29 2085
4 o1 01 .03 .00 .00 .00 .05 N5
5 .06 10 .47 .09 +26 .08 79 25
6 .07 .03 16 .88 2,62 .09 1.23 2,93
TOTAL 27 .35 1.65 1.56 5.12 353 4,17 7.72

Prices are for 996,378 watts of 14% efficient (encapsulatedicells.



TABLE X.9-16

REVISED NPMS ADD-ON PRICLS (CENTS/WAWT)

(For comparison, prices in parentheses are results
of the initial anaiysis of Section 3.3-4).

JPL IPEG Analysis
teference: 1975 Dollars
14% Encapsulated Cell Efficiency
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TOTAL CELL METAL COVERAGE
gﬁ’ﬂ?’t‘f (AS § OF FRONT SURFACE AREA)
107% i 21%
7.6 cm 9.74 6.17
(18.0%) (16.39)
12 cm 7.73 4.17
(14.10) (6.45)



circular substrates each with either full metal coverage of the cell back or with
patterned back metal covering only 14% of the back surface area. Tables 3.9-14 and
3.9-15 qgive the add-on NPMS prices in 1975 cents/watt for each expense cateqory of
each process step as well as the totals for each category and each step. Table
3.9-14 is for the 7.6 cm solar cell and Tatie 3.9-15 is for the 12 cm solar cell.
Table 3.9-16 summarizes the total add-on price for each of the four examples cited.
For comparison, the results of the previous analysis are shown in parentheses.
As can be seen, the present modifications have resulted in aramatic cost reductions
for the NPMS system, enhancing its probability for meeting advanced cost goals.
¥With respect to the prices presented in the previous tables, it must be ermpha-
sized that the inputs to the IPEG analysis were prepared in a very conservative manner.
for example, the input with siqnificant influence on computed prices is the thrcugh-
put or cycle time for each process step. The prices reported above could te reduced
substantially by assuming shorter cycle times in several steps. for example, a
total cycle time cf 15 minutes was assumed for process step la (from Table 3.9-4),
while that step includes only 2 1) second etch and a water rinse. A !ess conserva-
tive approach might reduce that 15 minute cycie time by a factor of two cor three,
Such conservatism tends tc make the cost fiqures "worst case" numbers.
There are a number of examples of this conservatism throughout the IPE5 anal-
ysi3 which has been presented. It is believed, however, that this auproach is
more realistic than most. 1t should be recognizad that the IPEG nrocedure itself is
any thinqg but conservative. B8y careful use of input data, the IPESG optimism and
input conservatism should bzlance each other, and then output nrices may bear

some resembiance to reaility.
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4.0 CONCLUS 1ONS

The technica! and patent literature discussing palladium silicide formation
and paliadium-silicon contacts is strongiy supportive of the use of paliadium
tor solar cell metallization systems.

The application of metal contacts by chemical plating techniques,
particularily using immersion and electroless plating solutions, provides
a very desirable means for metallizing both regular and irregular silicon
solar cell surfaces.

The success of the pilated palladiun-nickel-solder metal contacts judged by
adherence, reliability, and uniformity during processing depends very stronjly
on maintaining a microscopically clean silicon surface immediately prior to the
first plating (Pd) application.

Various pre-plating cleaning and surface treatment techniques have been
evaluated, and several candidate processes appear to be accentable. The most
consistent cleaning praocess studied tn date has constituted a sequence of oxynen
pltasma ashing and aqua regia etching; this has minimized the effects of
variablie processing techniques prior to metallization. However, in most cases
a simpie etch in a dilute hydrofluoric acid solution is sufficient.

Numerous formulations for an immersion pailadium plating solution have
been examined. in the course of these studies, a mode! has been developed to

scribe the effects of immersion (displacement) palladium plating reactions
exhibited by these formulations. A much improved immersion palladium bath has
resulted from this work. |In fact, it is believed that a thin and very adherent
displacement pailadium layer can now be routinely formed on silicon solar cell
surfaces.

Nitrogen (N2) is an adequate ambient for heat .reatment of palladium fiims
to form paliadium silicide (PdZSi). Forming gas is not required and i3, in
fact, likely to introduce additional problems if used.

. 'ﬁg‘g .
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The new ammonium fluoride immersion patladium solution permits effective
use of low temperature ann~. ling cycles. Results of heat treating layers formed
with this solution seem to ayree with behavior cited in the literature for vacuum
deposited paliadium fiilms.

Electroless plating of solar cells in the dark permits simultaneous plating
of front and back metal layers of acceptable thicknesses.

Excel lent results have been obtained using the plated palladium-nickel-
solder metallization system for both textured front surface and non-textured
solar celis. This system can be used to give an adherent, low resistance
metallization for solar cells. No p-n junction degradation is apparent. Good
fill factors, inherent to the p-n junction device, have been maintained.

The results of the costing exercise, using the JPL IPEG price analysis,
are very encouraging. This analysis shows that the primary price drivers are the
materials costs for electroless palladium plating and solder coating, and the
labor costs for the chemical plating steps. In spite of this, the total
add-on price for the current process sequence is reasonable. For 12 c» diameter
cells with conventiona! metal patterns the price is about 8 cents per watt.

I f the back metal contact were patterned to reduce materials consumption, this

price would be loweraed to about 4 cents per watt.
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5.0 RECOMMENDAT | ONS

It is recommended that a plated metallization system be adopted for
solar cell production and be scaled to production levels by the solar cell
industry. On a laboratory scale, the palladium-nickel-solder metallization
system has proven to be capable of producing high quality ohmic contacts.

Low contact resistance and good metal conductivity are maintained. Strength
of adhesion is such that the typical failure mechanism upon perpendicular pull
testing is silicon fracture beneath the contact.

A document, ™Material, Supply, and Process Specifications and Procedures
for Metallization of Large Silicon Wafers with the Palladium-Nickel-Solder
Metallization System,” has been prepared and will be available from JPL upon
request. [t is recommended that this process specification serve as the starting
point for adaptation of the metaliization system to any particular manufacturer's
solar cell fabrication sequence.

It is recommended that several actions be pursued for future improvement
and development toward the goal of additional cost reduction. GSeveral possibilities
exist for either independent or simultaneous improvements. Pailadium layer thick-
ness may be reduced to lower material costs. The first palladium application and
heat treatment, or the second palladium and heat treatment, may be eliminated.

The metallization sequence may be reorganized to effect a single heat treatment
after all plating is completed. Lead-tin solder may be replaced with lower cost

conductors such as copper.
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NEW TECHNOLOGY

The following new technology item has been developed on this program:

Description: Improved, ammonium fluoride based, immersion palladium
solution.

Innovator: Terry G. Sparks

Progress Reports: Technical Progress Report No. 5, April 1978,

Pages: 19 - 24,
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Excel lent gencral reference for chemical plating techniques
and solutions, including electroless nickel and palladium.
ln particular, see chapters 12, 14, and 31.

Rhoda, R.N., "Electroless Plating with Precious Metals," Plating,
50, 307 (April 1963)

A review of general processes for displacement and electroless
plating of procious metals.

Saubestre, E.B., "Electroless Platind Today,™ Metal Finishing,
50, 67 (June 1962); 60, 49 (July 1962); 60, 45 (August ).

A series of articles reviewing techniques and deposited
properties of all electroless plating reported to that

date. Also includes discussion of pretreatments and plating
of semicondauctor material.
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Anand, Y., “"Zero-Bias Schottky Barrier Detector Diodes,"
U.S5. 3,968,272 (ci. 427-84; BO5D5/12), July 6, 1976. Appl. 436,431,
Jan. 25, 1974,
A Schottky diode using metal (Pd, Pt, Hf) silicide-silicon
barrier.
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Fiims on Single Crystal Silicon," J. Electrochem. Soc. 116, 185
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Bower, R.W., and J.W. Mayer, "Growth Kinetics Observed in the

Formation of Metal Silicides on Silicon," Appl. Phys. Lett., 20

(9), 359 - 361, (1972). -
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Bower, R.W., D. Sigurd, and R.E. Scott, "Formation Kinetics and

Structure of Pd,Si Films on Si," Solid-State Electron., 16 (12)

1461 - 1471, (1873). — = - 7
Rates of palladium silicide formation from evaporated Pd
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Bower, R.W., et. al., "Analysis of Semiconductor Structures by
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iSi
2
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Palladium silicide used as a switch contact.
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(1972).
Analysis of Pd,5i formed at several different temperatures,
with attention fo preservation of Si crystal structure.
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14,
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Castrucci, P.P., and R.P. Pecoraro, "Palladium Ohmic Contact to
Siticon Semiconductor,™ U.S. 3,431,472 (C). 317-324; HOIL),
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Chuss, J.T., "Applying Metallic Coatings," Fr. 1,486,263
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Planar Transistor,”" Ger. Offen. 2,044,467 (Ci. HOIL), Mar. 23, 1972.
Appl. P 20 44 467.1, Sept. 8, 1970.
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Hutchins, G.A., and A. Shepela, "The Growth and Transformation of
Pd,Si on (111), (110) and (100) Si,” Thin_Solid Fiims, 18 (2),
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Thorough discussion of Pd.,Si formation at different temperatures
and on differently oriented Si crystals.
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Mayer, A., "Forming Ohmic Contacts on Metal-lInsulator-Semiconductor
Components," Ger. Offen. 2,128,360 (C}. HOIL), Jan. 13, 1972.
u.S. Appl. 50,506, June 29, 1970.
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and formation of a silicide by heating the substrate.
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Nuclear Backscattering and X-ray Diffraction," J. Vac. Sci. Technol.,
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deposition by evaporation.
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June 20, 1973. U.S. Appl. 151,340, Apr. 5, 1971.
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Effects of dopants and resistivity on contact resistance.
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(1957).
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34. Tanaka, Y., and H. Hattori, "Semiconductor Devices," Fr. Demande
2,183,111 (Ci. HOIL), Jan. 13, 1974. Japai Appl. 72 44,141, May 2,
1972.
Contacts of platinum silicidewre produced using chemically
deposited platinum, heating to form the silicide, and over-
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Teramoto, V., H. lwasa, and H. Tai, "Contact Resistance of Electro-

lens Nickel on Silicon," J. Electrochem. Soc., 115 (9), 912 (1968).
Contact resistance as a function of silicon resistivity and
heat treatment.

36. Tu, K.N., "Selective Growth of Metal-Rich Silicide of Near-Noble
Metals," Appi. Phys. Lett., 27 (4), 221 (1975).
A discussion of metal diffusion in the formaticn of metal
silicides.

37. Tu, K.N., W.K. Chu, and J.W. Mayer, "Structure and Growth Kinetics
of Ni Sn on SlllCOn," ain Solid Films, 25, 403 (1975).
Eormafaon mechanisms and rates for low temperature (200°%C -
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The following articles are from the Proceeding of the Symposium of Thin
film Pheonomena -~ Interfaces and Interactions, ed: . Baglin and J. Poate, The
Electrochemical Society Proceddings, Vol. 78-2 (Princetone, N. J.).

28, Bene, R.W., and R. M. Walser, "A Membrane Mode! for Interphases", p. 21.

Thermodynamic discussion of interface region to justify the
phase formation of Si-Pd at less than 1/2 of the lowest eutectic
temperature.

39. Canali, C., G. Majni, and G. Ottaviani, "Near-nobel Metal Film/
Semiconductor Interactions: Compound Formation", P. 38.

Study of Si/Pt and Ge/Pd alloying showed that the first phase
is metal rich (Pt,5i) but as the metal is reacted a Si rich
phase is formed (ngi).

40. Finstad, T.G., "Diffusion Effects and Silicide Formation with Ni ond
Pt Thin Films Double Layers on Si", p. 44.

Study of alloying effects of Si/Ni/Pt and Si/Pt/Ni metallization
systems.

41. Ho, P.S., U. Koster, J. E. Lewis, and S. Libertini, "Material
Reactions in Al/PdZSi/Si Junctions", p. 66.

Study of thermal induced instability of AI/PdZSi/Si contacts.

42. Phillips, J. C. "Chemistry and Structure of Transition Meta! Silicide-
Silicon Interfaces", p 3.
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for Ni and Pd silicides.

43. Roth, J.A., "Intrinsic Properties of the Silicide/Silicon and Silicide/
Vacuum Interfaces,”" p. 29.

Study of bonding structure of Pd-Si interface showing presences
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44, Brenner, A., and G. Riddell, J. Res. National Bur. Stan., 37,
32 (1246); Proc. Am., Electroplating Soc., 33, 23 (1946).
Original references for electroless nickel plating.
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Paliadium-Tin Colloids, | & 11", Plating and Surface Finishing, 63,
22 (May 1976); 63, 47 (June 1976).

Discussion of Sn-Pd sensitization for electroless piating.

46. Feldstein, N., and T. S. Lancsek, "A New Technique for Investigating
the Electrochemical Behavior of Electroless Plating Baths and the
Mechanism of Electroless Nickel Plating," Journal of Electrochemical
Society, 118, 869 (June 1971).

Investigation of control for electroless nickel plating process.

47. Graham, A. H., R. W. Lindsay, and S. J. Read, "The Structure and
Mechanical Properties of Electroless Nickel", Journai of the Electro-
chemical Society, 112, 401 (April 1965).

Comprehensive study of Ni-P alloy structure and properties of
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cycles.

A6. Gutzeit, G., Plating, 46, 1158, 1275, 1377 (1959); Plating, 47, 63
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P-obable chemical reactions for electroless Ni plating.

49. Honda, T., and Y. Usami, "Electroless Palladium Plating,"
Japan. 71 01,241 (Cl. C 23c), Jan. 13, 1971. Appl. Aug. 30, 1968,
An electroless palladium solution containing hydrazine
sul fate.

50. Johnson, R. W., "lmmersicn Plating of the Platinum Group Metals"
Journal of the Electrochemical Society, 108, 632 (July 1961).

Discussion of palladium dispalcement plating on copper.

1. Korovin, N.V., 5.8. Kalmykova, and S. Yu. Vereschinskii, "Solution
for Chemical Palladium Plating," U.S.S.R. 291,991 (Ci. C23¢c),
Jan. 6, 1971, Appl. Sept. 15, 1969,
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sodium hypophosphite.

52. Matijevic, E., A. M, Poskanzer, and P, Zuman, "The Characterization
of the Stannous Chloride/Palladium Chloride Catalysts for Electroless
Plating", Plating and Surface Finishing, 62, 958 (October 1975).

Study of colloidal solution of SN/Pd catalyst plating for
electroless plating.

53. Marton, J.0., and M. Schlesinger, "The Nucleation, Growth, and Structure
of Thin Ni-P Films", Journal of the Eiectrochemical Society, 115, 16
(January 1968).

Study of nucleation mechanism of electroless nicke! on Sn/Pd
activation sites.
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4. deMinjer, C. H., and P. F. v.d. Boom, "The Nucleation with SnCl?-PdCl2
%lutions of Glass Before Electroless Plating", Journal of the ©
tlectrochemical Society, 119, 1644 (December 1972).

Study of the SNCIZ/PdCI2 chemical activation kinetics for electroless
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55. Murski, K., "Practical Electroless Nickel Plating," Metal Finishing,
68, 38 (1970).
Defines cperational parameters and control techniques fer
electroless nickel plating.

56. P cristein, F., and R.F. Weightman, "Electrcless Palladium Deposition,"
F.ating, 56, 1158 (1969).
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sodium hypophosphite.
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Use of SnCl, sensitization and PdCI2 activation method to
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U.S. 3,418, 143, Dec. 24, 1968. Appl. 660,588, Aug. 15, 1967.
A palladium solution utilizing hypophosphite ion.
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"Electroless Palladium Piating Process," Zashch. Metal, 9 (1),
227 (1973).
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g9, (1), 116 (1973).
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