Optimizing
Palladium  Plating

By JN. Keuler, L. Lorenzen,

Electroless palladium (Pd) plating on
alumina membranes was investigated

Palladium Conversion

in Electroless
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with the aim of obtaining very high Pd
conversions and pure Pd films. Interac-
tions among operating variables includ- o
ing Pd source, temperature, reducing €
agent concentration, stabilizer concen-g
tration and buffer pH, require proper g
choice of these variables to ensure plat«@
ing solution stability and to maximize g
the conversion of Pd salt to Pd metal. Ap
preliminary investigation of these vari-
ables readily enabled conversions ex-
ceeding 80 percent to be obtained after
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three hr of plating. Near optimal values
(>95%) were also achieved within a
three-hr reaction period for a very spe-
cific choice of variables. Surface uniformity and purity of

the deposited film were excellent. The operating concer

tration of the stabilizer (Na EDTA) appears to be the most
significant consideration in the plating process. Varying
Na EDTA concentration results in an optimal region of

Pd conversion. Conversions quickly decreased when th

system became unstable or if the system had too great
stability.

Inorganic membranes covered with a thin electroless Pd
are mainly used for hydrogenation/dehydrogenation r¢

tions. Palladium films for organic reactions and hydrogen

separation are currently an active area of reséarchthis
regard, electroless plating has several advantages over

methods for creating such thin metal films. The formation of

uniform deposits, either in the bore or on the shell sid
tubular surfaces, to obtain dense, nonporous metal filrm
minimal thickness are important for creating defect-f
catalytic membranes. Several other applications exist
electroless Pd thin films, especially in the electronics ing
try. These include fabrication of printed circuit boards, |
resistance ohmic contacts, chip-level interconfiectd se-
lective metal deposition on silicon substrates.

Several disadvantages of using electroless Pd plating
been mentioned in the literature; these include low depos
rates, using hydrazine as reducing adeliftjculty with film
thickness control, Pd losses because of bath compdsitidrn

Table 1
Solutons  Used for Surface  Activation
Sensitizing Activation
SnCl- 2HO 1g/L Pd(NH),(NO,),
1.5 mL, 10% solution/L
HCI (32%) 1 mL/L

HCI (32%) 1 mL/L

Time, hr
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usnversion.
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film impurities. A further unresolved aspect of this plating
process is the Pd conversion achieved. Of the few publica-
htwas in thisregard, Pearlstein achieved 90 percent Pd conver-
teion after 19 consecutive one-hr depositibis: careful
choice of operating conditions and plating chemicals, all of
the above-mentioned problems can be addressed, yielding
very pure Pd films at a relatively fast rate and with a high
percentage of Pd conversion.

Background

Electroless plating is the process of covering a substrate with
metal by means of the autocatalytic reduction of metal ions
with a reducing agent. It is similar to electroplating; the
difference is that a flow of electrons is not supplied by an
external source, but rather by the species in the aqueous
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Table 2 Table 3
Composiion  of Plating  Solutions Plating  Solutions  Used for Additional
(Valuesl) Experimentation
Solutions (Valuesl)
1 2 3 4
Pd(NH),(NO)), 25 mL 25 mL — — Pd(NH) (NO,), (10% solution) 275¢g
(10% solution)
NH,OH (28%) 200 mL
PdCl, — — 2749 2749
Disodium EDTA Varied from EDTA:Pd molar
NH,OH (28%) 200mL  200mL  390mL 390 mL ratio of 6 to 50
Disodium EDTA 20g 209 35¢g 359 Hydrazine (molar ratio to Pd) Varied from hydrazine:Pd
Hydrazine (molar 0.80 0.80 066  0.66 molar ratio of 0.4 to 0.88
ratio to Pd) pH buffer (varied from 8 to 12) 100 mL
pH 10 buffer 100 mL 100 mL = — Temp €C) Varied from 59 to 77C
Formaldehyde — 1.5mL — 1.5mL
(37%)
The catalysts for electroless plating not only act as plating
Temp (C) 64 64 64 64 initiators, but have a considerable effect on the smoothness,
coverage, adhesion and surface quality of the deposited metal
film.
Surface Cleaning Catalyzing the inactive surface is done using a combina-

Proper cleaning of the area to be plated prior to activation
plating is essential. Fingerprints, dirt and particles, suc
ceramic dust, that exist on the surface or in the pores,

diwh of tin and palladium. Two processes are commonly
huged:®
will

cause nonuniform plating, metal film irregularities or lead tb  The older, two-step immersion procedure, consisting of

loss in adhesion.

a sensitizing step (SnCI/HCI), followed by an activation

Many cleaning procedures for ceramics exist in the litera- step with PdCI/HCI.

ture®° Four cleaning steps usually precede surface ac
tion (alkaline clean, rinse, etch and rinse again). Etchin
optional and depends on the surface roughness of the s

iva- The “exchange process,” requiring a catalyzation step
g is with PdCI/SnCI/HCI/HCI (colloids), then acceleration
peci-with NaOH or HCI.

men. When glass, plastic or non-porous ceramic is plated,

etching is required. For good metal adhesion, plastics
etched with strongly oxidizing chromic acid solution
chromic acid-sulfuric acid solutiofiThe etchant chemicall

arén recent years, methods have been developed using or-
oganic solvents and ligands instead oftiifor stabilizing the
Pd colloids. These processes involve fewer steps and display

modifies the surface, making it hydrophilic and physicallguperior selectivity compared to the conventional Pd/Sn

roughening it to ensure mechanical locking and chem
bonding of metal to plastic. Etching of ceramic and glag
done with sodium hydroxidé or fluorides®* Etching is
usually not needed when cleaning porous materials.

Surface  Activation

Plating on most metals does not require catalytic activati
Exceptions are stainless steels and titanium, which need
etched first, and materials (such as lead) that poison
electroless reaction. These exceptions, as well as nonco

icdtalyzing processes. Moreover, there are fewer adhesion

spsoblems compared to those encountered with a Pd/Sn cata-
lyst on Si-OH-containing surfaces (silicon, silica and glass).

Several mixed PdCI/SnClI catalyst solutions are listed in

the literature®® Pd-Sn catalysts are colloids with the core
made from Pd and Sn, surrounded by Sn(ll) asu@l OH

przomplexes. Accelerators are used to expose the catalytic Pd

tobke by removing the Sn. A method for evaluating catalysts
foeelectroless plating was proposed by Horkdns.

hdud-he two-step procedure deposits more Pd on the surface

tors (ceramics, plastics) must be pretreated to create ftien does the exchange process, ensuring a very even metal

catalytic surface required for controlled electroless plat
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nim over a large surface area after plating. The two-step
process also deposits less*fimhich is important in obtain-
ing the very high-purity Pd film necessary for catalytic
membranes.

Choice of Chemicals

A limited choice of reductants is available for electroless
plating (dialkylamine boran®porohydride, hypophosphite,
formaldehyde and hydrazitte Very little has been pub-
lished on the use of borohydride and boranes for the electro-
less plating of Pd. This option was not considered for this
study, because boron is codepsoited with Pd. Formaldehyde
is not a good reducing agéttecause of the small potential

aExamples include Vycétglass, Corning, Inc., Corning, NY, porous stainless $teel,

Fig. 3—Effect of EDTA concentration on Pd conversion.
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and Membralox? U.S. Filter Corp, Warrendale, PA.
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Table 4

Pd Conversions for pH9 & 11 Buffers

(EDTA:Pd molar rato =6)
Hydrazine
Buffer pH Temp (°C)  (molar ratio) Conversion %
9 59 0.4 19.5
11 59 0.4 19.0
9 59 0.72 38.7
11 59 0.72 35.7
9 71 0.4 43.0
11 71 0.4 45.5
Table 5
Eoyopq fOr various EDTA:Pd
Molar Ratios at 25 °C
EDTA:Pd Molar Ratio 0 6 20 40
Epgpa(V) 0.83  0.2601 0.2446  0.2357

difference between the oxidation and reduction reactiong

acts as the driving force. Hypophosphite is commonly u
but deposits usually contain in excess of 1.5 percent phog
rus? thereby reducing film quality. Problems with surfa
adhesion of Pd, using hypophosphite, can be encounter
films exceeding 5 mr# Hydrazine was judged the mo
suitable and was chosen as our reducing agent.

Disodium EDTA was used as a stabilizer because it fo
a highly stabile palladium complex. Ammonium chloride ¢
also act as a stabilizer when using PdCI for the metal s

Experimental ~ Procedure
Ceramic membranes used in this study were supplie

Potchefstroom University. The membranes consisted d

Al, O, (70%) and ZrQ (29%) stabilized with YO, (1%),

leading to excellent mechanical properties and chem

stability. The tubular membranes had a 12-mm outer d
eter, wall thickness of about 0.8 mm and nominally

following properties: 210-nm pore size, 48.5 percent po
ity and 4.0 mYg surface area.

(ores oW P V103

Fig. 4—EDTA:Pd molar ratio required for plating solution stability.

Five different variables were investigated for their effect
on palladium conversion: Tetra-ammine palladium chloride
ortetra-ammine palladium nitrate, solution temperature, buffer
pH and the concentrations of hydrazine and EBTA.
Plating temperature was controlled 6.5 °C from the
tpatdetermined temperature of the water bath. The volume of
sédde plating solution (22 mL per experiment) and the surface
phi@a to be plated, were kept constant. Plating was performed
cin glass vials precleaned with 6-percent HNThe palla-
ediim solution was allowed to stabilize for at least 8 hr prior
sto plating. Both hydrazine and palladium solutions were
preheated to the predetermined temperature amd mixed, then

rie membrane (ends sealed with Teflon™) was added to the
asolution.

alt.

Surface Cleaning

A simple cleaning procedure for the membranes, similar to
dthat used by Collin§, was performed. Membranes were

fsectioned into 5-cm lengths, using a diamond saw. Cleaning
comprised

ical

amtreatment for 1 min in a 0.1 wt% NaOH ultrasonic bath
the (room temperature)

rosultrasonic treatment for 2 min in deionized water

* rinsing in isopropanol for 10 min

* rinsing in deionized water for a further 10 min

100

 drying at 110°C for 8 hr.
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T=71°C; EDTA-sdlt:Pd-salt molar ratio = 20:1; hydrazine: Pd-salt molar ratio = 0.721:1

Surface  Activation

The two-step procedure (although now not much in
use) was chosen for reasons mentioned in the back-
ground section.

The solutions used for surface activation are listed
in Table 1. They are similar to those used by BhAu.
fresh sensitizing solution was prepared for each
catalyzation. The activation solutions generally have
an indefinite shelf lifé® All solutions were, how-
ever, used within two weeks. In both cases, metal
salts were dissolved in deionized water prior to
adding HCI, resulting in a colloidal solution (which
favors high tin surface concentrations). Apparently,
lower tin surface concentrations can be obtained by
changing the mixing order of the sensitizing solu-

10
Buffer pH
Fig. 2—Effect of buffer pH on Pd conversion.

8 9 11 12

36

tion.?® Dissolving the tin salt in concentrated HCI,
then diluting, results in a true solution and a lower tin
surface concentration.
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Fig. 5—Effect of temperature on Pd conversion.
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Fig. 7—Effect of EDTA on Pd conversion at various temperatures.

Membrane pieces, 5 cminlength, were sealed with Teflg

at the ends and only the outer surface was treated.

the entire surface:

August 1997

40

50

e 2 min in sensitizing solution
30 sec in deionized water

* 2 min in activation solution
30 sec in deionized water

The membranes were then dried at 1COcut
into 8-mm lengths, scrubbed and washed again
in deionized water to remove ceramic dust.
Further drying was done at 1@ before
beginning electroless plating.

Choice of Palladium Salt

For Maximum Conversion

For the experiments described in Fig. 1a, plat-
ing was carried out for 2 hr, using solutions 1 to
4, as described in Table 2. The membrane was
then removed, washed with deionized water
and dried at 110C between one and two hr.
The plating and drying processes were repeated
several times. Palladium is reduced in the
following manner:

Pd(ammine comple®d+ 2e -~ P& (1)
Solution 3 was prepared in the same manner as
Collins® The addition of one to two mL/L
formaldehyde are claimed to produce higher
guality films®In this study, a white gelatinous
precipitate was formed in the solution.

After establishing tetra-ammine palladium
nitrate without additional formaldehyde as the
best option for high Pd conversion, further
experimentation employed the solution de-
scribed in Table 3. Plating was carried outin 22
mL of solution for three hr. The solution was
slightly shaken every 10 min to improve homo-
geneity. Inductively coupled plasma (ICP) dis-
charge analysis showed that a time of three hr
was sufficient for a nearly complete plating
reaction. The membranes were then removed
from the glass vial, washed with deionized
water and dried for two hr at 20€. Conver-
sion was determined by the mass ratio of the Pd
plated on the membrane to the Pd initially
present in the solution; the mass of the latter
had also been recorded, ensuring high accu-
racy.

Ammonium hydroxide is used to provide
stability and OH for oxidation. The volume
(mL/L) was kept constant, because Athavale
reported that volumes above 100 mL/L had
little effect on Pd deposition (conversidn).

Results and Discussion

The Effect  of Pd Salt

OnPercent Pd Conversion

As seen from Fig. 1b, in the presence of form-

aldehyde, the conversion was very low and decreased to zero

ndfter two plating sessions, making formaldehyde unsuitable

Ba reducing agentin the absence of an osmotic driving force.
following four procedural steps were repeated 10 timeBhe precipitate is probably a polymerized form of tetraformal
resulting in a brown, evenly distributed catalytic layer o

verisazine?* The intermediate is formed according to the

following reaction®
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at high hydrazine concentrations. This phenomenon
can be clearly seen in Fig. 2. Experiments done
outside the pH buffer range of 9 to 11 caused a
sudden decrease in Pd conversion. Pd is then no
longer deposited on the membrane alone, but also on
the surface of the glass vial and onto Pd nuclei
formed in the solution itself. The solution turns black
and no Pd ions are available for plating. Figure 3
shows the comparison between the Pd conversions,
in buffer pH 9 and 11, at various EDTA concentra-
tions. Slightly better conversion results are obtained
with a pH 9 buffer. Below an EDTA to Pd molar ratio

t =20

It = 40

11

+ + + + + t
05 0.55 0.6 0.65 0.7 0.75 08

Molar ratio of hydrazine to Pd-salt

Fig. 8—Effect of hydrazine concentration on Pd conversion at d
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of 20, decomposition took place. Optimum conver-
sion is obtained with pH buffer values of 9 to 11.

_ It was previously found that the pH does have a
ifferent EDTfyrge influence on the stability of the Pd compex.
The pH determines the degree of ionization of EDTA.
The fully ionized chelate anion (EDTH\forms the
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strongest metal chelate (Pd-EDTA) complex. Chelat-
ing agents require high alkalinity to be very effec-
tive ® In the pH range of 9-11, EDTRand EDTA
4dominate and are capable of strong metal bonding.

System Stabiity

A response surface, using a smooth spline to plot it,
was compiled indicating system stability (Fig. 4).
The molar ratio of EDTA to Pd, on the z-axis,
represents the value at which stability can be guaran-
teed for a specific temperature and hydrazine con-
centration. Values on and above the curve indicate
stability, while those below the curve show probable

10 14
Molar ratio of EDTA-salt to Pd-salt

20 30

Fig. 9—Effect of EDTA on Pd conversion at various hydrazine c
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Both the tetra-ammine complexes of palladium chloride
palladium nitrate produce films that grow fairly linearly
thickness with time if fresh solution is used every two hr (
Fig. 1a). This linear time dependence is very favorable

4 HCHO + 3H,NNH, O +4H,0

z—2

)

controlling film thickness. The chloride salt gives low,

conversions; the nitrate form was preferred.

Effect of pHon Conversion

Plating was done in an alkaline solution, because hydral
is a better reducing agent in an alkaline rather than ag

medium:

instability. Increases in temperature and hydrazine
concentration require a sharp increase in EDTA
concentration to guarantee stability. An unstable
oncentratiosystem is highly unfavorable and will always lead to
low conversions.

40

Combined Effect of Temperature

& EDTAConcentration on Pd Conversion

Plating solution temperature and EDTA concentration are
interactive parameters. From Fig. 5 it can be seen that the
temperature and EDTA concentrations must be chosen con-
aedrrently to achieve maximum conversion. Figure 5 also
rshows that low EDTA:Pd molar ratios (6 and 14) cause bath
Sekepletion at high temperatures (abové®pand a decline in

fed conversion. Pd conversion from stable solutions increases
eas expected with increasing temperafiifer example, the
case where the EDTA to Pd molar ratio is 30. The figure also
clearly shows the generally higher conversion at a higher
EDTA concentration.

zineAccording to Fig. 6, the EDTA:Pd salt molar ratio has one
idicthree effects. These are best illustrated by the T€&hd
T=77 °C curves. First, at low EDTA to Pd molar ratios
(concentrations), conversion is low because of bath decom-

N,H,+40H - N,+4HO +4e E=+1.16V (3) | position. Second, an increase in concentration increases
stability and conversion. Third, when the EDTA concentra-
N,H,* - N, + 5H + 4e E=+0.23V (4) tion is too high, there is a decline in conversion, presumably

Operating in the pH buffer range of 9 to 11 had little effect
the conversion of the metal ion (see Table 4), butis neceg
to maintain the correct potential difference for the oxidat
and reduction reactions.

The use of higher or lower pH buffers resulted in decq
position of the plating solution either at high temperature

38

because of too great a stability. EDTA to Pd molar ratios
dsetween 20:1 and 40:1 and=T65 °C result in conversion
dafels greater than 80 percent (at the given hydrazine and
apuffer pH values).

Lower hydrazine concentration (Fig. 7) shows a trend
mimilar to that shown in Fig. 6. The stability limit is achieved
5 &t lower EDTA concentrations (14 molar ratio or lower). In
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the stable region, higher temperatures always result in highez 10 confirms this. The curves in Fig. 10 have similar

conversions. Maximum conversion at this lower hydrazirshapes, but the higher hydrazine concentration causes a shift

concentration is lower than that shown in Fig. 6, proving thiat higher EDTA concentrations required for stability.

hydrazine concentration has a definite effect on palladiumExcess hydrazine is required for optimum conversion,

conversion. because hydrazine catalytically decomposes in solution. This
Both temperature and EDTA concentration have an effettbject is extensively covered in the literattf@ Thermal

on potential difference. An increase in temperature leadstecomposition increases with increasing temperature and the

anincreasein £ , according to the Nernst equation, whilpresence of the metal catalyst. Decomposition proceeds

increasing EDTA concentration reduces the potefftiedan mainly by the following reaction:

be concluded that large potential differences will cause

decomposition of the plating solution. This was observed at (6)

the lower EDTA:Pd molar ratio (value of 6) seen in Fig. 5, for

T > 65°C, where decomposition took place. EDTA is a ver$mall amounts of hydrogen are also formed according to:

good stabilizing agent for Pd, with a stability constant of log

Koseora €Qual to 18.32 EDTA effectively reduces the Pd (7)

potential (Table 5), stabilizes the Pd ion and results in a

slower reaction rate, high stability and high Pd conversiorhe latter reaction becomes more probable with increasing

This extra stability brought on by the higher EDTA concepH.2° To obtain maximum conversion and sufficiently high

tration shifts decomposition of the plating solution to highstability, 40 to 60 percent excess hydrazine is recommended.

temperatures (Fig. 5).

3N, H, - 4NH, + N,

N_H, - N,+2H,

Fim  Purity

High-purity films were obtained. Energy dispersive X-ray

analysis (EDAX) showed only Pd, and small amounts of Al
and Zr. The presence of aluminum and zirconium is not
surprising, because they form part of the underlying mem-
brane material.

Combined Effect of Hydrazine
& EDTAon Pd Conversion
The complete autocatalytic reaction is:

2Pd(NH),”+ N,H, + 40H - 2Pd + 8NH, + N, + 4HO (5)

Stoichiometry predicts that a 0.5 hydrazine to Pd molgindings

ratio is required for complete reaction. This was not foun
practice, however. Conversion increased with increas
hydrazine concentration (Fig. 8), beyond the expected
ichiometric value. This was not in agreement with res

din Tetra-ammine palladium nitrate was found to be the best
5ing Pd salt with which to achieve high Pd conversions. The
sto-use of hydrazine as the reducing agent produces the purest
ults Pd films.

obtained by Rhod&.He obtained the expected stoichiom
ric value. This is probably because of the higher oper

2. Plating is done in an alkaline solution with a pH buffer
ingbetween 9 and 11. The stabilizer (EDTA) and reducing

temperatures we used, resulting in increased hydrazine deagent perform best in this pH range, while higher and
composition. The exception in this figure, where convergion lower pH buffers tend to cause bath instability and rapid
declines, is because of bath decomposition. No instahility conversion decline.

was encountered with hydrazine to Pd molar ratios of (.86 Excess hydrazine (40-60 percent above stoichiometry) is
and 0.4. Higher molar ratio values did cause decompositionrequired to compensate for thermal decomposition of the
below an EDTA to Pd molar ratio of 14. Figure 9 clearly hydrazine and to ensure high conversions.

indicates an increase in conversion with an increase in hydta-Decomposition of the plating solution occurs more readily
zine concentration at EDTA:Pd molar ratios above 14. Fig- when the hydrazine concentration and temperature in-
crease; in this case, solutions re-
quire high EDTA concentrations to
remain stable.

5. The effect of EDTA concentra-
tion is non-linear—too high a
value resultsintoo stable a com-
plex, while too low a value shows
insufficient stability. Both cause

a reduction in conversion.

Pd conversions in excess of 95
percent were obtained, within
three hr, using tetra-ammine pal-
ladium nitrate as Pd salt under
the following conditions: T=77
°C, hydrazine to Pd molar ratio

= 0.72:1, EDTA to Pd molar
ratio = 30 to 40:1 and buffer pH
=11.

100
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Editor's Note: Manuscript re-
ceived, August 1996.

Fig. 10—Effect of EDTA and hydrazine concentrations on Pd conversions.
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