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ABSTRACT

This report covers initial studies on the Metallization of Large
Silicon Wafers for the period of 26 August 1977 through 31 December 1977.
A proposed metallization system for large silicon solar cells is

outlined and discussed. A baseline process seauence is del ineated.
Initial studies of the chemical platinyg solutions used for metal
deposition are reported. An annotated bibliography of related work is

presented.
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1.0 SUMMARY

A proposed mefalliiafion system for Iafge area silicon solar cells with
shallow junctions is outlined; and its desirable féaTures-are discussed.
A basel ine process sequence for the nickel palladium mefalliiafion s?sfem
(NPMS) is delineated. This baseline pfécess sequence is serving as the
starting point from which process variations are being performed. The eventual
goal is opfihizafion nf‘fhe NPMS process and determination of the control
ranges for NPMS process variables.

initial studies of palIadium:displacemenw'uuu electroless chemical

plating solutions used in the baseline NPMS have begun and progress is reported.

‘1. support of this work, an annotated bibliography dealing primaritly with

palladium plating and palladium-silicon contact formation has been prepared

(and will be subject to updating in future reports).




2.0 ‘INTRODUCT ION

The Automated Array Assemply Task, LSSA Project, is concerned with a
compfehensive assessment of the improvements in existing technology that may
be needed to develop an industrial capability for low cost, mass production
of very durable silicon solar phoTovoITaic modules and arrays.

This portion of the projeéT involves investigation, advanced develop-
ment, and characferizaffon of a method, adaptable to large volume production,
for the metallization of large silicon substrates which are suitable for
use as terrestrial solar cells. The proposed metallization system is one
which can be selectively plated to exposed silicon surfaces with no need to
specialfy protect areas covered with a dielectric (such as an antireflection
coating).

The metallization scheme is comprised of three layers. Palladium,
Through the formation of palladium silicide at elevated temperatures, forms
the ohmic contact 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 high conductivity at low cost, allows a
convenient means for interconnection of cells, and yields some additional
degree of protection against deleterious effects resulting from moisture
ingression.

It is expected that this nickel-palladium metallization system (NPMS)

will .be cost effective and exhibit superior reliability.

'.-S;S




3.0 TECHNICIAL DISCUSSION

3.1 PLATED METAL CONTACT SYSTEMS

Plated contacts, particularly those incorporating electroless nickel,
have been utilized in the past for solar cells as well as in other semiconductor
metallization applications. While plated nickel contacts still find broad
utilization in very deep junction devices, such as some silicon rectifier
products, lack of plating control and rapid solid state diffusion of nickel
into siiicon have caused problems requiring plated nickel contacts for solar
cells wi+h shal low junctions to be largely supplanted by other metallization
techniques. Experience in the solar cell industry has shown that it is
difficult to control coﬁsis+ency of both the electroless nickel plating réte
and adherence of the resulting plated nickel to the solar cell surface. A
heat treating (sintering) cycle can be used to promote adherence of nickel
to siiicon, but solar cell current-voltage characteristic degradation can
occur by diffusion of nickel into the p-n junction region, lowering cell
filt-factor and efficiency. .

Provided that control and reliability are good, however, plated contacts
offer qisfincf advantages over all other metallization techniques for solar
cells. The plated contact requires a relatively small capital investment,
is amenable to both batch and continuous type processing, and is the most
tolerant with respect to varying surface structure. Future solar cells will
be fabricated 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 cells.




If a solderable metal film such as nickel is formed as part of the plating
sequence, the contacts 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 metal contact systems, the Motorola Solar
Energy R&D Department has evolved solar cell fabrication processes designed
to be compatible with plated metallization. Prior to metallization, an anti-
reflecfjon coating, which passivates the p-n junction perimeter and the
silicon surface, is formed‘on the solar cell. The desired metal contact
areas can then be exposed photolithographically, patterning the antirefiection
coating (utilizing collimated light with either projection or proximity
alignment methods, both of which are relatively inséensitive to surface
topology). If the 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.

Iin plating metal contacts to exposed silicon, autocatalytic (electroless)
plating reactions and displacement (immersion) plating reactions have
advantages over electrolytic plating techniques, which require external
electrical éonfacfs to the solar cell while plating and which are inherentiy
nonuniform in the presence of internal p-n junction structures (giving
variable current densities) and wherever the contact geometry incorporates long

lines.

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

The most appropriate electroless nickel bath for silicon contact
application was found to be the ammonia-type, basic (high pH) bath utilizing
sodium hypophosphite as a reduc{ng agent. On a bare silicon surface, the
basic bath plates more readily, consistently, and uniformly than acidic
(low pH) baths. It has been observed, however, that the basic bath can
chemically attack the silicon surface, forming a thin film between The.
silicon surface and the nickei laygr. 'Thié film has been analyzed and found
to be primarily Sioz. It 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 plating on silicon. The formation
of this film is dependent upon temperature, composition, degree of activation,
and pH of the plating bath. The interrelations of these bath parameters
are complex and not always predictable.

The rate of plating from common elecfroleés nickel baths is highly
dependent upon the type and (surface) concentration of the silicon dopant.
Heavily boron doped surfaces, for esxample, plate at a much lower rate than
Iighf}y doped surfaces under some bath conditions. Bath components can be
adjusted to essentially eliminate such plating rate dffferences, usuaily

at the expense of bath tife or efficiency, however.




As plated on silicon, electroless nickel may exhibit limited 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 silicide layer. The silicide formation
requires interdiffusion of the nickel and silicon.

Part of the difficulty in coéfrolling nickel-silicon intferdiffusion is
that formation and growth of the nickel sflicide interface is primarily a
result of the movement of nickel atoms through the existing silicide and ‘into
the silicon. On the order of 95% of the atomic motion is contributed by

*
the nickel. ,B10

Moreover, the first silicide formed is NiZSi, which will
transform at temperatures greater than 350°C into NiSi. The NiSi region is
initiated at the Ni28i—Si interface. This indicates that the binding energy
of NiZSi is not particularly strong and that nickel diffusion may occur well
beyond the NiZSi-Si interface.

If nickel penetrates to the region of a p-n junction, minority carrier
lifetime near the junction decreases, junction characteristics degrade, and
solar cell efficiency decreases. This phenomenon is seen primarily as an
excess forward current which decreases the solar cell fill-facfor.- Too deep
a nickel penetration can severely degrade solar cell efficiency.

On the other hand, nickel contact strength is strongly dependent upon
adequate nickel 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 Bi0, are to be found in the NPMS Annotated
Bibliography, Section 7.0 of this report.




automatical ly mean sufficient nickel diffusion in advance of the nickel
silicide layer to degrade the p—h Junction. As a result, a fine line
exists between contact reliability and solar cell efficiency for electroless

nickel plated contacts.

3.1.2 PALLADIUM SILICIDE FORMATION

Like.nickel, pallédium férms a silicide at temperatures as low as.ZOOoC.
However, the kinetics and mechanism of formafibn‘of'fhe low” temperature compound,
PdZSi, 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 palladium B]O.
Second, once PdZSi is formed, it is stable. Further time or increased temperature,

at least up to SOOOC, leave the layer unchanged BI8

This inaicafes a
reasonably strong binding energy for the intermetallic éompound and 3 sel f-
limiting dep*h'of paliadidm diffusion. Further, PdZSi grows epitaxially at
all temperatures on <111> silicon surfaces, indicating hinimal stress at
the silicide-silicon interface 87. These differencesiﬁefween pal ladium 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 PALLADIUM PLATING

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.

Experiments are being performed with both types of palladium plating baths.



Performance of an electroless palladium bath is quite similar to its
nickel counterpart, and it does present some difficulties when used to plate
bare silicon surfaces. Just as for electroless nickel baths, the plating rate
depends dramatically on the type and conductivity of the silicon surface--
the pt+ back of an n-on-p solar cell is much more difficult to plate than the
n+ front. In fact, good electroless plating on both solar cell surfaces has
not yet been readily obtained without some surface preparation step, such

as sensitizing with a displacement palladium (immersion) solution.

3.1.4 COMBINED Pd,Si=Ni CONTACTS

Since palladium is more expensive than nickel, palladium may be utilized

23i ohmic contact layer with a subsequent nickel layer providing

a solderable contact surface. Electroless nickel will plate readily to both

to form a Pd

palladium and PdZSi. Plating occurs at relatively equal rates on PdZSi
formed on silicon with different doping concentrations and types, eliminating
the need to modify nickel baths to plate n+ and p+ regions simultaneously.

in addifion %o being relatively 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 of solder time and
temperature, both in solder coating the solar cell metallization and in

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

3.2 BASELINE NICKEL-PALLADIUM METALLIZATION SYSTEM (NPMS)

Drawing upon observations discussed in preceding sections, a plating
system is proposed to allow selective application of metal contacts to all

exposed solar cell surfaces. The application is selective, in that metal




is applied (in addifivé fashion) only fo those areas on which metal

is desired to form a contact grid pattern, wifhouf the need to remove any
metal. The proposed system is the "nickel-palladium méfallizafion system"
(NPMS). This system consists of three ”Iayers& upon the silicon substrate:

a palladium silicide/palliadium first layer, a nickel~second fayer, and a lead-
tin solder third layer.

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. |f the palladium/palladium silicide layer
is not totally continuous, 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 adherenf contacts
can be made.by forming a layer of PdZSi upon which nickel is plated and soldered
with no additional heat treatments after the PdZSi formation. Cells fabricated
with this technique have been subjected to metal layer pull tests which
resulted in failure due to silicon substrate fracrture rather than lack of
metal layer adhesion.

However, contacts to some test cells constructed in this mainner have
not proven that strong. Since the principal variable is not presently
recognized, the baseline NPMS process includes a low temperature '"bake"
cycle after nickel deposition and before solder.

Listed in Table 1 is an outline of process steps which constitute the
baseline NPMS sequence. This sequence has been shown to be feasible, and has
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 may be changed or even el iminated. Tihes

and temperatures for chemical cleaning and plating steps and for thermal



TABLE 1

BASEL INE NPMS (NICKEL-PALLAD!UM 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 : Soilder Dip 60-Sn/40-Pb Solder
All "Sinter" and bake steps fo'be'in forming gas.

10
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treatment cycles are certainly primary variables and have not yet been
optimized. Production control |imits for chemical plating solutions must be
established and bath constituents mus+ be optimized.

Electroless palladium and electroless nickel plating solutions which
work with the baseline NPMS process of Table 1 aré listed in

Tables 2 and 3. These formulations are taken from Modern Electropiating A3,

which references the original studies in the literature by Brenner and
RiddellC] and by Pearlstein and WeighfmanC5

Success of the NPMS depends critically on performance of the immersion
palladium plating step, and considerable effort must be devoted to its
understanding and control. The immersion palladium ba+h must consist
essentially of Pd012 in a solution which permits effective plating of
silicon surfaces while simultaneously affacking any native silicon oxides
present to enhance generalized plating.

As stated earlier, the baseline NPMS process may be subject to drastic
éhange to make it more production worthy. For example, studies are being
conducted to determine if the first three steps might be etiminated in favor
of a single step which appropriately sensitizes the silicon surface to obtain
a uniform, continuous electroless coating. (That is the sole reason for the
existing steps 1, 2, and 3.) In the present step 3, some palladium which
is not reacted to form~Pd25i is removed from the back contact surface of
the solar cell. This allows a more effective and intimately adherent

coating to be formed in step 4, but is undesirable for incorporation in

future low cost processes.

11



TABLE 2

*
ELECTROLESS NICKEL PLATING BATH

Bath Constituents

Nickel Chloride ~ NiCl,"6H,0 30 g/1
Sodium Hypophosphite NaH2P02°H20 10 g/|
Sodium Citrate Na306H507'2H20 84 g/1
Ammonium Chloride NH4C| 50 g/|

ENOUGH NH40H IS ADDED TO MAINTAIN BATH pH .BETWEEN

8 AND 10

. MAXIMUM OPERAT ING TEMPERATURE : 957°C

*
REFERENCE NO. A3, page 713

12




TABLE 3

*
ELECTROLESS PALLADIUM PLATING BATH

Bath Constituents

Palladium Chioride PdCl2 2 g/l
Hydrochloric Acid HCI (38%) 4 mi/l
Ammonium Hydroxide NH,OH (25% NHz) 160 ml/|
Ammonium Chloride NH4CI 27 g/l
Sodium Hypophosphite NaHZPOZ'HZO 10 g/
MAX IMUM OPERATING TEMPERATURE : 55°C

*
REFERENCE NO. -A3, Page 740.

13



3.3 IMMERSION PALLADIUM STUDIES

The baseline NPMS process outlined in Table 1 provides for the use of
three chemical plating solﬁfions. The first solution deposits a layer of
elemental palladiﬁm (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 paliladium chioride (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 palliadium layer is preparation of
the silicon surface for subsequent deposition of the electroless palladium
layer. Without such preparation, the silicon surfaqes of solar cells have
proven very difficult to plate in electroless palladium plating solutions.
This difficulty is compounded by the higﬁ 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 deposifeg first.

Exact requirements of the immersion palladium layer are as yet unknown.
Optimum layer composition, thickness, grain size, and grain structure have

yet to be determined. Studies have been initiated to define these unknowns.

Additional studies are being conducted on the chemistry of palladium soltutions.

The goal is to not only pick the most effective bath composition, but also
to determine bath requirements and usage as they affect process control
limits.

Several tfypes of palladium chloride solutions are under consideration
for use as Thé immersion palliadium bath. Différences between the solutions

manifest themselves as differences in plating rates on silicon surfaces of
!
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various conductivities and conductivity types. One thing various baths
considered to date have in common is the fundamental structure of the
palladium deposits. Scanning electron microscope (SEM) photographs show
that the palladium is deposited in somewhat hemispherical clumps (grains)
of metal (or metal compounds) scattered across the surface of the silicon.

In one experiment, for example, fluorinated solutions of pal ladium
chloride (PdCI2) were prepared with different PdCl2 concentrations: 0.5
standard, standard, 2 standard and 5 standard. Silicon wafers were immersed
for 75 seconds and 150 seconds into each of these solutions. The resulfs
are shown in the SEM photographs of Figures 1, 2, 3, and 4.

Observed grain size of the deposits from these baths varies 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 PdCl2 in solution as well as fthe length of time for which
the silicon is plated. As seen in Figures 1 through 4, as PdCl, concentration
was increased the size of the largest grains deposited became greater. As
plating time was increased there seemed to be a tendency to obtain greater
coverage of the silicon surface by depositing small grains in the spaces
between the l|arge grains.

Whether any one of the deposits observed in Figures 1 through 4 is any-
where near optimum is not yet known. Once heat treated (sintered), fhose
deposits provide nucleation sites for the catalytic formation of electroless
palladium films. It is believed that the electroless palladium will adhere
only to the grains deposited in the Immersion step. Thus, a major require-
ment on the initial immersion palladium layer is that it provide an adherent
formation (of grains) for the electroless palladium. A shortcoming of the

particular deposits shown in Figures 1 through 4 is that, even after sintering,

15
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(a)

75 sec. immersion

FIGURE 1:

Immersion palladium plating at one
pelladium chloride concentration.

(b) 150 sec.

hal f standard

immersion
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immersion
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immersion

75 sec.

(a)

Immersion palladium plating at standard palladium

chloride concentration.

FIGURE 2:
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(a)
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sec. immersion

FIGURE 33

Imme-sicn pa ladium plating
chlo-ide conczantration.

(b) 150 sec. immersion

at twice standard palladium
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(a)

75 sec. immersion

FIGURE 4:

(b) 150 sec. immersion

Immersion palladium plating at five times standard
pal ladium chloride concentration.



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 5 which shows an SEM shot of a solar cell surface
after the first three steps of Table 1. Scrubbing (in this case with a
cellulose tissue) has removed a considerable amount of the grains, and shows
some smearing of metal.

Currently, the baseline NPMS process sequence (Table 1) incorporates
Step #3 for removal of any nonadherent palladium after the initial immersion
deposit and sinfer. This scrubbing step appears to promote adherence of
subsequently deposited metal on the back surface. However, the inability
of effectively scrubbing the patterned front surface metal, particularly
with texture efched wafers, and the expense of scrubbing, make effective
elimination of tThis step a major program requirement.

Aside from the effects of solution concentration and plating times,
it has been determined that the quality of plating depends very strongly
on cleanliness of the silicon surface. Studies have been initiated to find
a sufficient, yet simple, reproducible silicon cleaning procedure prior to
the first (immersion) palladium deposition.

Both wet chemistry and plasma cleaning processes are being pursued.
Experiments are being performed with organic contaminant removal solutions
such as hot sulfuric acid, with oxide eftching solutions such as various
dilutions of hydrofluoric acid, and with weak silicon etching solutions
such as those containing combinations of nitric acid and hydrofluoric acid.
Plasma experiments are being conducted with both oxidizing plasmas (02) and

etching plasmas (CF4).

20



lZ

(a)

150 sec. immersion, after sinter, (b) after sinter, after scrubbing

before scrubbing.
FIGURE 5:

Immersion palladium plating at five times standard pglladium
chloride concentration after sintering 15 min. at 700°C.



Immersion plating deposits on the facets of a texture-etched surface
look similar to those shown in Figures 1 - 4. The different crystal lographic
orientation (<111> for the textured facets vs <100> for the solar cell back
surface) also may play a role (in addition to that of conductivity type).
Figure 6 shows grains of various sizes immersion plated on <111> facets of

an nt ftextured surface.

3.4 ELECTROLESS PALLADIUM STUDIES

After the n-type and p-type silicon surfaces of the solar cell have been
suitably prepared (Steps 1 - 3 of Table 1), a thicker and more continuous
layer of palladium is applied with an electroless palladium bath. Since
the electroless plating reaction is auto-catalytic, a reasonably thick layer
of palladium can be applied without the need for several repeated immersions.

The electroless palladium layer serves as the primary contact adhesion layer,
being at least partially reacted by sintering at an elevated temperature to
form palladium silicide (szSi).

Requirements of the palladium silicide/palladium layer are excellent
adhesion and low contact resistance. From a process control standpoint, the
layer must be of uniform thickness across the solar cell, especially on the
front surface where the junction is very shal low.

Several formulations of electroless palladium solutions utilizing sodium
hypophosphite as a reducing agent are being investigated, although most experience
to date has been with the formulation given in Table 3. Altfernate solutions
with different concentrations of sodium hypophosphite are under consideration.
Experiments so far have not resulted in a preference for one particular solution

formula.

22
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FIGURE 6: Immersion palladium plating on
<111> facets of nt+ textured front
surface.
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Aside from the composition, temperature, and age of the electroless
pal ladium bath, other factors influence the formation of the plated palladium
layer. According to the basel ine process sequence, prior to electroless
palladium plating the solar cell has received an immersion palladium layer
and has been sintered at temperatures near 600°C. Any oxides formed during this
sinfer would act to inhibit the electroless plating. Therefore, some sort
of pre-plating clean is necessary to insure adequate plating action. To date,
sufficient preparation seems to be a short rinse in dilute hydrofluoric acid

solution, although this may not be optimum.

In addition to pre-plating cleans, ambient illumination has proven to
have an influence on solar cell electroless plating rates. Increased
illumination intensity will enhance n-type surface plating with respect to

p-type surface plating. This appears to be a direct result of the photo-
voltage generated by the solar cell.
Figure 7 shows electroless palladium deposits on back (flat, p+) and

front (textured, n+) surfaces of a solar cell.

5189 LITERATURE SURVEY

An annotated NPMS bibliography has been compiled and is appended to
this report. This bibliography |ists references to articles in the fechnical
literature and tfo U. S. and foreign patent disclosures which are related fo
the "nickel-palladium metallization system". The bibliography is divided
into three sections. Thereare three listings in Section A, General Reference.
There are fthirty-two listings in Section B, Metal-Silicide Contacts and Contact
Formation. There are ten listings in Section C, Chemical Plating Solutions.
As pertinent new references are found throughout the duration of this contract,

tThe bibliography will be updated.
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Additional detailed references to nickel plating solutions and techniques
are ecasily found in one of the general references cited in Section A. Since
electroless nickel plating is well established in the |iterature (and has been
for sometime) most of the references given in the bibliography deal with
pal ladium plating and the characterization of palladium contacts to silicon.

Each entry in the bibliography is accompanied by a short description

of the contents of the reference.
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4.0 CONCLUS IONS

This contract efforf is in the early stages and no firm conclusions
can be drawn as yet. However, several pertinent observations can be summarized.

The technical and patent !iterature discussing palladium silicide
formation and palladium-silicon contacts is strongly supportive of the use
of palladium for solar cell metallization systems.

The application of metal contacts by chemical plating techniques,
parTicu]arly using immersion and electroless pltating solufions, provides
a very desirable means for metallizing both regutar and irregular silicon
solar cell surfaces.

The success of the plated "nickel palladium metallization system" as
judged by adherence, rel%abilify, and uniformity during processing depends
very strongly on mainfaining a microscopically clean silicon surface

immediately prior to the first plating (Pd) application.

5.0 RECOMMENDAT 10NS

There are no specific recommendations at this time.

6.0 NEW TECHNOLOGY

No new technology has been developed to completion during the course

of this reporting period.
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7.0 NPMS ANNOTATED BIBLIOGRAPHY

A. GENERAL REFERENCES

1. Feldstein, N., "Electroless Plating in the Semiconductor Industry,"
Solid State Technology, 16, 87 (Dec. 1973). ‘
Review of the use of electroless metal plating, including
nickel, on semiconductors.

2. Graham, A.K., ed., Electroplating Engineering Handbook, Third
Edition, Van Nostrand Reinhold Company, New York, 1971,
General reference work for plating techniques. Part |,
Chapter 15 discusses electroless plating solutions.

3. Lowenheim, F.A., ed., Modern Electroplating, Third Edition,
John Wiley & Sons, Inc., New York, 1974,
Excel lent general reference for chemical plating techniques
and solutions, including electroless nickel and paliadium.
In particular, see chapters 12, 14, and 31.

B. METAL-SILICIDE CONTACTS AND CONTACT FORMATION

1. Anand, Y., "Zero-Bias Schottky Barrier Detector Diodes,"
U.S. 3,968,272 (cl. 427-84; B05D5/12), July 6, 1976. Appl. 436,431,
Jan. 25, 1974.
A Schottky diode using metal (Pd, P+, Hf) silicide-silicon
barrier.

2. Austen, H.E., and R.D. Fisher, "Internal Stress of Electroless Metal
Films on Single Crystal Silicon," J. Electrochem. Soc. 116, 185
(1969).

Stress measurements for electroless Ni and Co films as a
function of thickness.

3. Bower, R.W., and J.W. Mayer, "Growth Kinetics Observed in the
Formation ot Metal Silicides on Sitlicon," Appl. Phys. Lett., 20
(9), 359 - 361, (1972).

Brief discussion of silicide growth ftpm evaporated metal
films.

4. 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, (1673).

Rates of palladium silicide formation from evaporated Pd
layers on different Si crystal orientations.

5. Bower, R.W., et. al., "Analysis ot Semiconductor Structures by
Nuclear and Electrical Techniques: Silicide Formation," Air Force
Cambridge Research Laboratories Report No. AFCRL-TR-74-0247,

Aprit 30, 1974.
Metal silicide formation studies including NiZSi, NiSi, and
NiSi,.
2
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10.

12.

13.

Buckley, W.D., "Electrodes for Amorphous Semiconductor Switch
Devices," U.S. 3,877,049 (Cl. 357-2; HO1L), Apr. 8, 1975. Appl.
419,633, Nov. 28, 1973.

Palladium silicide used as a switch contact.

Buckley, W. D., and S.C. Moss, "Structure and Electrical Characteristics
of Epitaxial Palladium Silicide Contacts on Single Crystal Silicon
and Diffused P-N Diodes," Solid-State Electron., 15 (12), 1331,
(1972).
Analysis of Pd,Si formed at several different temperatures,
with atfention™to preservation of Si crystal structure.

Calandrelio, N.A., J. Hill, and J. Ryan, "Forming Semiconductor
Contacts," Brit. 1,010,398 (Cl. HOlL, 17/46), Nov. 17, 1965.
U.S. Appl. Feb. 6, 1963.
Contact to silicon is made by plating Au or Pd on silicon,
then plating Ni, then heating fo alloy the layers. Ni is
applied again to thicken the top metal layer. The metal
layers are then solder dipped.

Castrucci, P.P., and R.P. Pecoraro, "Palladium Ohmic Contact to
Silicon Semiconductor,™ U.S. 3,431,472 (Cl. 317-324; HOIL),
Mar. 4, 1969. Appl. Oct. 17, 1967.
Contact formation by Pd deposition fo!lowed by sintering
to form PdZSi.

Chu, W.K., S.S. Lau, J-W. Mayer, and M-A, Nicolet, "Analysis of
Semiconductor Structures by Nucliear and Electrical Techniques:
Silicide Formation." Air Force Cambridge Research Laboratories
Report No. AFCRL-TR-75-0092, Jan. 31, 1975.

Metal silicide formation studies including NiZSi and PdZSi.

Chuss, J.T., "Applying Metallic Coatings," Fr. 1,486,263

(Cl. HO1L), June 23, 1967. U.S. Appl. July 9, 1965.
Deposition of palladium on Si wafers by means of electroless
plating solutions followed by electroless nickel.

Dorendorf, H., H. Eger, H. Weidlich, and H. Glawischnig, "Silicon
Planar Transistor," Ger. Offen. 2,044,467 (Cl. HO1L), Mar. 23, 1972.
Appl. P 20 44 467.1, Sept. 8, 1970.
A device using Al over Pt+_Si or Pd,Si contacts. The contacts
are formed from 50 - 100Rof evaporated or sputfered metal.

Drobek, J., R. C. Sun, and T.C. Tisone, "Interdiffusion and Compound
Formation in Thin Films of Pd or Pt on Si Singie Crystals,”
Phys. Stat. Sol. (A), 8 (1), 243 - 248, (1971).

Silicide formation interpreted from electron microscope
observations.
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14.

15.

16.

17.

18.

20.

21.

22.

23,

Dudko, G.N., A.G. .Pilipenko, and V.I|. Tarakanov, "Structure of
Films and Phase Changes in the Pailadium-Silicon Contact Zone,"
Isv. Vyssh. Ucheb. Zaved., Fiz., 17 (5), 21 (1974).

" Improvements in Pd,Si contact conductance by altering the
silicide crystal sgrucfure by annealing.

Hutchins, G.A., and A. Shepela, '"The Growth and Transformation of
Pd,Si on (111), (110) and (100) Si," Thin Solid Films, 18 (2),
343 - 363, (1973).
Thorough discussion of Pd,Si formation at different temperatures
and on differently orientéd Si crystals.

lwasa, H., M. Yokozawa, and |. Teramoto, "Electroless Nickel Plating
on Siticon," J. Electrochem. Soc., 115 (5), 485 (1968).
Differences in plating rates for n- and p- type silicon on
wafers with p-n junctions.

Kahng, D., and M.P. lLepselter, "Barrier Diode with Metal Contact,"

U.S. 3,290,127 (Ct. 29-195), Dec. 6, 1966. Appl. March 30, 1964.
Device illustrates use of palladium silicide as an electrical
contact.

Kircher, C.J., "Metal furgical Properties and Electrical Characteristics
of Palladium Silicide-Silicon Contacts," Solid-State Electron., 14
(6), 507 - 513, 1971,

General characterization of PdZSi contacts.

Lau, S.S., and D. Sigurd, "An Investigation of the Structure of

PdESn Formed on Si," J. Electrochem. Soc., 121 (11), 1538 - 1540,

(1974).
Crystal size and formation kinetics of PdZSi formed from Pd
films on silicon.

tee, D.H., R.R. Hart, D.A. Kiewit, and 0.J. Marsh, "Alloying of
Thin Palladium Films with Single Crystal and Amorphous Silicon,"
Phys. Stat. Sol. (A), 15 (2), 645 - 651, (1973).

Conditions under which palltadium silicide will form.

Mayer, A., "Forming Ohmic Contacts on Metal-insulator-Semiconductor
Components," Ger. Offen. 2,128,360 (Cl. HOIL), Jan. 13, 1972,
U.S. Appl. 50,506, June 29, 1970.
Deposition of Pt or Pd from an acid solution onto Si substrate
and formation of a silicide by heating the substrate.

Mayer, J.W., and K.N. Tu, "Analysis of Thin-Fiim Structures with
Nuclear Backscattering and X-ray Diffraction," J. Vac. Sci. Technol.,
11 (1), 86 (1974).
Incliudes general review of contemporary studies of silicide
formation.

Michelet, P., "Electrical Contacts on the Surface of Semiconductors,"”

Fr. 1,197 979 Dec. 3, 1959.

Formafuon of a siiicide by heating the substrate durlng metal
deposition by evaporation.
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25.

26.

27.

28.

29.

30.

31.

32.

Nakamura, K., J.0. Olowolafe, S.S. Lau, M.A. Nicolet, J.W. Mayer,
and R. Shima, "Interaction of Metal Layers with Polycrystalline Si,"
J. Appl. Phys., 47 (4), 1278 - 1283, (1976).

Details of S|!|Cide formation on polycrysfalline substrates.

Nuziltat, G., and C. Arnodo, "Adjusting.the Threshold Voltage of
Field Effect Transistors," Ger. Offen. 2,533, 460 (Ci. HOiL),
Feb. 5, 1976.
Description of a device with a gate composed of palladium
silicide.

RCA Corp., "Semiconductor Ohmic Contact," Brit. 1,321, 034 (ci. HOIL),
June 20, 1973. U.S. Appl. 151,340, Apr. 5, 1971.
Contacts of platinum silicide are formed.

Shepela, A., "The Specific Contact Resistance of Pd,Si Contacts
on n- and p~- Si," Solid-State Electron., 16 (4), 477 (1973).
Effects of dopants and resistivity on contact resistance.

Sultivan, M.V., and J.H. Eigler, "Electroless Nickel Plating for
Making Ohmics Contacts," J. Electrochem. Soc., 104 (4), 226
(1957).
A technique for plating nickel to silicon plus measurements
of plating rate, contact adhesion, and contact resistance.

Tanaka, Y., and H. Hattori, "Semiconductor Devices," Fr. Demande
2,183,111 (Ci. HOIL), Jan. 18, 1974. Japan Appl. 72 44,141, May 2,
1972,
Contacts of platinum silicidewere produced using chemically
deposited platinum, heating to form the silicide, and over-

plating with etectroless nickel.

Teramoto, 1., H. Iwasa, and H. Tai, "Contact Resistance of Electro-

less Nickel on Silicon," J. Electrochem. Soc., 115 (9), 912 (1968).
Contact resistance as a function of 5|||con resusf:vnfy and
heat ftreatment. :

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

Tu, K.N., W.K. Chu, and J.W. Mayer, "Structure and Growth Kinetics
of Ni S| on Silicon," Thin Solid Films, 25, 403 (1975).
ormaT»on mechanisms and rates for low Temperafure (200°C -
325°C) nickel s:l|c1de

C. CHEMICAL PLATING SOLUTIONS

1.

Brenner, A., and G. Riddel!, J. Res. National Bur. Stan., 37,
32 (1946); Proc. Am. Electroplating Soc., 33, 23 (1946).
Original references for electroless nickel plating.
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10.

Honda, T., and Y. Usami, "Electroless Palladium Piating,"

Japan. 71 01,241 (Cl. C 23¢c), Jan. 13, 1971. Appl. Aug. 30, 1968.
An electroless paliadium solution containing hydrazine
sul fate.

Korovin, N.V., S.B. Kalmykova, and S. Yu. Vereschinskii, "Solution
for Chemical Palladium Plating," U.S.S.R. 291,991 (Cl|. C23c),
Jan. 6, 1971. Appl. Sept. 15, 1969,
A solution for the chemical Pd plating of metals containing
sodium hypophosphite.

Murski, K., "Practical Electroless Nickel Plating," Metal Finishing,
68, 38 (1970). :
Defines operational parameters and control techniques for
electroless nickel plating.

Pearistein, F., and R.F. Weightman, "Electroless Palladium Deposition,"”
Plating, 56, 1158 (1969).
Detailed discussion of electroless palladium solutions utiiizing
sodium hypophosphite.

Reinhardt, R.A., and K.J. Graham, "Equilibrium and Kinetics of Some
Simple Compiexes of Palladium (11)." U.S. NTIS, AD Rep., AD A030089,
1976.
Chemical data on complexes and reactions present in electro-
iess plating baths.

Rhoda, R.N., "Barrel Plating by Means of Electroless Palladium,"
J. Electrochem. Soc., 108, 707 (1961).
Discussion of plating metallic substrates with electroless
palladium sclution utilizing hydrazine.

Sergienko, A., "Bath for the Electroless Deposition of Palladium,”
U.S. 3,418, 143, Dec. 24, 1968. Appl. 660,588, Aug. 15, 1967.
A palladium solution utilizing hypophosphite ion.

Vereschinskii, S. Yu., S$.B. Kalmykova, and N.V. Korovin,
"Electroless Palladium Plating Process," Zashch. Metal, 9 (1),
227 (1973).
Depositing Pd on various metals, graphite, and glass using a
solution containing sodium hypophosphite.

Zayots, A.l., I.A. Stepanova, and A.V. Gorodyskii, "Chemical
Reduction of Palladium by Sodium Hypophosphite," Zashch. Metal.,
9, (1), 116 (1973).

Solution composition and conditions for depositing paliadium

on nickel.
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