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Selective electroless nickel plating was demonstrated at the micron scale on 3-D surface
microstructures using a two-step method. The 3-D patterned and functional surface
microstructures consisted of microparticles, polyelectrolyte multilayers, and self-assembled
monolayers, which were built by microcontact printing and directed self-assemblies of
polyelectrolytes and particles. Selectively nickel-plated surfaces were characterized with
optical microscopy, X-ray photoelectron spectroscopy, scanning electron microscopy, and
energy-dispersive X-ray spectroscopy. Charged Pd catalyst complexes were first deposited
on oppositely charged functional surfaces, and then were reduced to elemental nickel (0)
selectively where the Pd complex was deposited on the surface. In this work, it was
demonstrated that selective electroless nickel plating on complex 3-D microstructures with
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submicron resolution could be achieved using a two-step electroless plating method.

Introduction

Functional and topographical structured surfaces at
the micron or nano scale have attracted great attention
for their important applications in sensors, optoelec-
tronics, photonics, plastic electronics, and other de-
vices.12 It is therefore practically and fundamentally
interesting to create a wide variety of such structured
surfaces through the controlled and selective deposition
of polymers, colloids, and metals for those potential
applications.3~18 To improve the optoelectronic proper-
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ties of such patterned and functional surfaces, metal
nanoparticle embedded or coated metal—polymer hybrid
surfaces are suggested for the fabrication of micro/nano
devices and machines.”9:10.16.17.19-24 Electroless deposi-
tion is a well-known quick, low cost, and low energy
process for an alternative metallization technique, and
it can become a practical step for the fabrication of
optoelectronic devices.810-12.15.16,23-26 Racently, the depo-
sition of metal nanoparticles or quantum dots on col-
loidal particles, such as silica spheres or polymer beads,
has been reported.2’-2° These depositions have potential
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applications in optoelectronic materials. It is particu-
larly advantageous to direct the deposition of particles,
and to selectively plate these particle elements once
positioned on the substrate. In taking advantage of the
metal-coated particles, the controlled arrays of such
particles immobilized on a substrate are even more
desirable for a practical purpose in sensors and devices,
as they can exhibit optically, electronically, or magneti-
cally functionalized and patterned surfaces. In our
previous work,30-33 the systematic control of polystyrene
latex particles on surfaces using patterned polyelectro-
lyte multilayers was reported; here, using this colloidal
array technique, combined with a selective metal depo-
sition technique, 3-D metal-coated polystyrene bead
arrays on patterned polyelectrolyte multilayer templates
will be discussed.

In the metal-coating of functional polystyrene micro-
spheres, the electroless metal plating technique is
preferred for its ability to isotropically coat 3-D objects.
This chemistry is based on the chemical reduction of
metal ions using a reducing agent.3* Electroless plating
creates a uniform coating of metal on the surface. In
this process, the kinetics of the electron transfer should
be slow enough to prevent the reduction of the metal
ions from occurring in solution. In addition, it is desir-
able that the surface acts as a catalyst to ensure that
reduction of metal ions happens only on the surface. For
this reason, a catalyst is first deposited on the surfaces.
In this work, two Pd-based catalysts, tetraammonium-
palladium chloride ([Pd(NHs3)4]Cl,) and sodium tetra-
chloropalladium (Nay[PdCl4]) have been chosen for a
selective and a nonselective nickel deposition, respec-
tively, on negatively charged PS latex colloidal arrays
which are deposited on positively charged polyelectro-
lyte templates. The catalyst loading step directs metal
ion reduction selectively at the target surfaces.

For conventional metal deposition on the surface of
colloidal particles in solution, where colloidal particles
are well dispersed, a two-step metal plating process is
commonly used.?8 Catalyst ions are deposited on the
surfaces of colloidal particles from the solution, however,
several consecutive centrifugation/redispersion steps are
required to get rid of the excess catalyst ions before
immersing it into the final metal plating bath.2°:3536 |t
is complicated to process metal-plated colloids in solu-
tion for these reasons, and even more difficult to process
the particles and place them on surfaces for device
applications after plating is complete. A much easier
approach is the preparation of functional colloidal arrays
on surfaces followed by the deposition of metals on the
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surfaces of the patterned particles secured on the
substrate. Recently, we have developed a wide variety
of topographically and functionally structured metal-
plated surfaces based on polyelectrolyte multilayers
with um- to mm-scale control over surface features and
surface functionality.3”-38 We have also developed new
techniques that include the formation of point-to-point
single and clustered particle arrays on surfaces over
large areas.® Particle arrays on surfaces offer great
potential in optical, electrical, and magnetic sensors and
devices, and in photonic and bio-chip applications. In
this paper, with the help of a two-step metal plating
technique, we will discuss the preparation of these metal
particle arrays, and a means of selectively plating
different surface components of the arrays.

Experimental Section

A poly(dimethylsiloxane) (PDMS, Dow Corning, Midland,
MI) stamp containing various sizes of circle patterns was
prepared with a Cr photo mask (Advanced Reproductions,
Andover, MA) and a corresponding silicon master (Microsys-
tems Technology Lab, MIT). A microcontact printing («CP)
technique* with a PDMS stamp was used to prepare a surface
with adhesion-promoting and adhesion-resistant regions of
alkane thiols created from 16-mercaptohexadecanoic acid
(COOH SAM; Aldrich) and 11-mercaptoundecanonic triethyl-
ene glycol (EG SAM,; synthesized®), respectively, on test-grade
silicon wafers (Silicon Sense) coated with a thermally evapo-
rated 10-A thick chromium film and a 1000-A gold film. Poly-
(diallyldimethylammonium chloride) (PDAC, Aldrich, Mw
150 000) and sulfonated polystyrene (SPS, Aldrich, Mw 70 000)
were used for patterned layer-by-layer templates. A Carl Zeiss
slide stainer equipped with a custom-designed ultrasonic bath
(Advanced Sonic Processing) was connected to a computer to
perform layer-by-layer assembly. Carboxylated polystyrene
latex particles (Polysciences) were used for colloidal adsorption
on oppositely charged patterned polyelectrolyte templates.

Samples of colloidal arrays on patterned polyelectrolyte
templates were pretreated for 10 s with one of two Pd-based
catalysts, Pd(NH,4)4Cl, (catalyst 1, Strem Chemicals, New-
buryport, MA) and Nay[PdCl,] (catalyst 2, Aldrich), each
prepared at 5 mM concentration in deionized (DI) water (step
1). The pHs of catalyst 1 and 2 solutions were 6.5 and 2,
respectively. After the pretreated samples were washed with
DI water followed by N, drying, they were dipped into a Ni
bath (step 2) for about 10 min. The electroless nickel bath
contained nickel sulfate (Ni source, 4 g, Aldrich), sodium
citrate (complexant, 2 g, Aldrich), lactic acid (buffer, complex-
ant, 1 g, Aldrich), and dimethylamine borane (DMAB) (reduc-
tant, 0.2 g, Aldrich) in 100 mL of DI water. The pH of the Ni
bath was adjusted to 6.5 (£0.1) using ammonium hydroxide.
The selective Ni-plated samples were observed using an optical
microscope with a mounted digital camera, an X-ray photo-
electron microscope (XPS, Kratos Axis Ultra), and an electron
microscope (FEI XL30 FEG-ESEM). The EM was fitted with
an EDAX thin-window X-ray detector and an EDAX Phoenix
X-ray analyzer which were used for the chemical analysis (i.e.,
Energy Dispersive X-ray Spectroscopy, EDXS) of the selec-
tively nickel-plated surfaces. The XPS survey data were
acquired with a pass energy of 160 eV using a monochromatic
Al source operating at 150 W, and for the high-resolution data
aquisition was equipped with a pass energy of 10 eV. To
demonstrate the selective nickel plating of colloidal arrays on
polyelectrolyte multilayers, two Pd-based catalysts, [Pd(NH3)4]-
Cl; (catalyst 1) and Nay[PdCl,] (catalyst 2) were employed. The
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Scheme 1. Overall Scheme of the Micro-Process to Fabricate Selectively Nickel-Coated Colloidal Particle
Arrays on Patterned Polyelectrolyte Multilayers (a), and the Basic Scheme of Selective Nickel Plating on
the Negatively Charged Colloidal Particles, and Not on the Positively Charged Polyelectrolyte Surface
Using a Positive Pd-complex lon of [Pd(NH3)4]2" (b)
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[Pd(NH3)4]Cl, catalyst forms positive Pd-complex ions of [Pd-
(NH3)4]?" that selectively bind to the negatively charged colloid
surfaces, directing the redox reaction of Ni?* to Ni to the
particle surface. In contrast, no nickel deposition occurs on the
positively charged underlying multilayer platforms because of
charge repulsion between catalyst 1 and the surface. On the
other hand, Nay[PdCl,] forms negative complex ions of [PdCl,]?~
and can be used to selectively deposit nickel on positively
charged surfaces in solution using the repelling nature of
[PdCI,]?~ ions from the same negatively charged surfaces.3®
However, in this work, it was used as a nonselective catalyst,
toward the weak electrolytic functional group of —COOH,
without pH adjustment in a two-step selective electroless
plating process.

Results and Discussion

Scheme 1 shows the overall fabrication scheme of
particle arrays via adsorption to patterned multilayer
platforms (a), and the selective nickel deposition on the
negatively charged colloidal particles, using positive Pd-
complex ions of [Pd(NH3)4]?" (b). The details of system-
atic control of the colloidal arrays, even single particle
arrays, on the polyelectrolyte multilayers are reported
in a previous paper.3® The selective nickel deposition of
the particle arrays on the polyelectrolyte templates are

the primary focus and will be discussed in the following
three cases: (1) selective nickel deposition of particles
randomly deposited on underlying multilayers, (2) selec-
tive nickel deposition at the interface between the
adhesion-promoting polyelectrolyte template and the
adhesion-resisting neutral EG-SAM surface area for
charged colloidal deposition, and finally, (3) selective 3-D
nickel deposition of particles arrayed on patterned
polyelectrolyte multilayers, for which the size of the
particles is almost the same as the patterned features
of the polyelectrolyte multilayers. To confirm the selec-
tive nickel deposition on samples at the micron scale,
X-ray photo electron microscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDXS) were used, which
will be discussed later.

Figure 1 shows the selective nickel-plating of a
monolayer of particles randomly adsorbed on polyelec-
trolyte multilayers, where the oppositely charged col-
loidal surface (—) and polyelectrolyte surface (+) are the
two distinct functional surfaces. Catalyst 1, PA(NH4)s-
Cly, (pH ~6.5) was employed in panels a, b, and c, and
catalyst 2, Nay[PdCl,], (pH ~2) was employed in d.
Because of the activity change over time and the
difficulty of loading exactly the same amount of the
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Figure 1. Selective nickel plating on functional polystyrene spheres deposited at random because the carboxylated polystyrene
beads are much smaller than the polyelectrolyte multilayer templates. The PS particle is 4.3 um in diameter and has a negative
charge in solution due to the carboxylic acid group. There are 10.5 bilayers of (PDAC/SPS) that are topped with a positively
charged layer. The multilayer thickness is 31 nm. In a (few), b (partial), and c (complete), the catalyst 1 ([Pd(NH3)4]Cl,) was used
in step 1, and in d (nonselective plating), the catalyst 2 (Naz[PdCl4]) was used instead. The overall deposition kinetics showed
some variations depending on the catalyst activity and loading between 5 and 15 min as discussed in the paper, so the same
10-min plating time gave different plating results as shown in a, b, and c.

catalysts, the plating kinetics showed some variation
between 5 and 15 min. This resulted in a variation in
the extent of plating with a plating time of 10 min in
all cases. It must be noted that because of the weak
electrolytic nature of particle surface with —COOH
group (pKa ~4.5),4041 the negative particle charge is a
variable depending on the solution pH. At a pH lower
than pK, value, the particle surface loses its negative
charge, resulting in poor charge repulsion against
catalyst 2's complex ion of [PdCl4)?~. Before nickel-
plating, the colloidal particles were randomly deposited
on oppositely charged homogeneous polyelectrolyte mul-
tilayer templates through electrostatic interactions,30
and remained strongly bound through the entire plating
process due to the adhesive nature of the underlying
polyelectrolyte multilayers. In the case of using catalyst
1, the nickel ions were preferentially reduced to nickel
atoms on the negatively charged colloidal surfaces (a,
b, and c), not on the bottom surface of PDAC, which is
a strong positive polyelectrolyte independent of pH
change (which appears yellow due to the Au substrate).
This is due to the affinity of the positive Pd-complex
ion, [Pd(NHS3)4]%", toward the negatively charged col-
loidal surfaces (step 1), where the pH was higher (6.5)
than the pKj, value of —COOH (4.5). Depending on the
loaded amount of the [Pd(NH3)4]2" ions on the surface
of the colloidal particles, and the time in the nickel
plating bath, the amount of nickel coated on the colloidal
surfaces changed from a transparent layer on the
polystyrene bead into an absorbing gray color,and
finally to a reflective metallic silver color. The yellow

(40) Yoo, D.; Shratori, S. S.; Rubner, M. F. Macromolecules 1998,
31, 4309—4318.
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4219.

color of the multilayer remained the same, as shown in
a, b, and c. In stark contrast, when catalyst 2 was used
in the preloading Pd catalyst step, nickel was deposited
everywhere, including the colloidal particles and the top
PDAC surface of the multilayer film as shown in d. This
is explained later with the pH dependency of weak
polyelectrolytes having —COOH functional group. In the
Pd-complex preloading steps using either catalyst 1 or
2 (step 1), the catalyst preloading time was limited to
10 s, and the nickel-deposition time (step 2) was up to
15 min for both catalyst cases. This suggests that the
preloaded Pd catalytic complex on the surfaces played
a key role in the selective nickel-plating of the samples
during step 2.38 In the first step of cases a, b, and c, the
[Pd(NHS3)4]%" in solution first deposits on the negatively
charged colloidal surfaces and then, during the second
step, the Pd-complex aids the nickel ions (+2) to reduce
to metallic nickel (0). On the other hand, at a pH of <4.5
the [PdCI4]?~ from catalyst 2 is supposed to bind to the
positive PDAC bottom platform instead of the negative
colloidal surfaces. However, in this work, using catalyst
2 did not lead to selective nickel plating only on the
positive surface, but it led to a nonselective plating that
coated both PDAC and the PS particles. This is because
the low pH of the catalyst 2 solution (pH ~2) removed
the negative charge of the particle surface by changing
—COO~ groups to —COOH at a pH ~2 in the catalyst
loading step, resulting in surfaces that are poorly
resistant to the negative Pd complex. At a pH lower than
4.5, the carboxylic acid groups on the colloidal surfaces
are not strongly charged enough to fully repel [PdCl4]%~;
therefore binding occurs on the particle surfaces during
the catalyst loading step. This poor resistance of Pd
catalyst complex by the particle surface resulted in the
entire nickel plating as shown in Figure 1d. However,
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Figure 2. Selective nickel plating at the interface of colloidal adhesion-promoting polyelectrolyte multilayer region (left) and
EG-SAM adhesive resisting area (right). Before nickel-plating, negatively charged particles were selectively adsorbed on the
positively charged polyelectrolyte multilayer template region (left) (a). In (b) catalyst 1, [Pd(NHz3)4]Cl2, was preloaded before nickel
plating; selective nickel plating was selectively made on the carboxylated polystyene beads (D = 4.3 um) and the EG-SAM area,
not on the polyelectrolyte multilayers, (PDAC/SPS)105s. In (c) catalyst 2 (Naz[PdCl4]) was used to show nonselective nickel plating.
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Figure 3. Demonstration of various two-step selective nickel-platings of carboxylated polystyrene bead (D = 4.3 um) arrays
deposited on patterned polyelectrolyte multilayer templates, (PDAC/SPS)105. Catalyst 1 ([Pd(NHj3)4]Cl2) was used in (b), (c), and
(9), and catalyst 2 (Na[PdCl4]) was used in (d) and (e). (a) A patterned PS bead array on patterned polyelectrolyte templates
before nickel plating. (b) Nickel plating on both the carboxylated PS beads and the EG-SAM area (outside circle) was partially
made. (c) Nickel plating was completed, and incomplete particle array shows the uncoated multilayer template (yellow). (d) After
several dehydration steps of the EG-SAM area before step 1 (dipping samples into 0.5 M NaOH solution followed by air-drying),
the EG-SAM area became inert toward the nickel deposition due to the dehydration of EG functional groups. The incomplete
particle array was chosen to show that nickel was also plated on the multilayer platform (blue). (e) Nonselective nickel-plating
was made using catalyst 2. (f) Dark-field image of uncoated particle array of sample (a). (g) shows the dark-field image of a nickel
coated array which reflects the incident light.

it is expected that there were different Kkinetics for the
nickel depositions on the strong positively charged
polyelectrolyte surface (PDAC) and on the weak nega-
tively charged particle surfaces. Actually, a selective
nickel plating with catalyst 2 on —COOH surface could
be achieved at a pH >4.5, as was demonstrated in the
other work.38 However, in this work, the main focus is
the selective nickel deposition on the negatively charged
colloidal surface, further work using the catalyst 1 is
explored in this paper. When using catalyst 1, all the
processes were performed at pH 6.5 (£0.1), where the
—COOH groups remained fully charged as —COO™, to
attract the positive Pd-complexes.

Figure 2 shows the clear selective nickel-plating of
colloidal arrays on the patterned polyelectrolyte tem-
plates. First 10.5 bilayers of (PDAC/SPS) multilayers
were deposited on the COOH—-SAM adhesion-promoting
regions (left) in which the top layer is a positive PDAC
area, and then the negatively charged carboxylated PS
particles were selectively deposited on the multilayers
(left), not on the EG-SAM resisting areas (right) (a).
When the positive Pd-complex (catalyst 1) was pre-
loaded on the samples (b), it bound on the negative
colloidal surfaces and to the EG-SAM area, because EG
is effectively a ligand for Me(+) ions, much like crown
ethers. This behavior is used in a separate work for
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Figure 4. XPS survey scans of samples shown in Figure 3 (a) after [Pd(NH3)4]Cl; loading, Figure 3 (b), and Figure 3 (c).
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Figure 5. EDXS analysis of selective nickel-plating of samples. Left top and bottom images inserted in the SEM picture are
made by an atomic force microscope in a tapping mode (before nickel plating) and by an optical microscope (after nickel plating).

patterned plated lines.3” Once again, when catalyst 2
was used during the first step, the nickel was deposited
everywhere due to the low pH of the catalytic solution
(©).

Figure 3 illustrates various cases of the two-step
selective nickel-plating results on colloidal arrays. Be-
fore the nickel-plating procedure the colloidal particles
were adsorbed on patterned polyelectrolyte multilayers
(a). As explained above, the negatively charged carboxy-
lated PS latex particles were electrostatically adsorbed
on the positively charged patterned polyelectrolyte
templates at a pH ~6.5; a detailed micro-processing of
the systematic control of the cluster size can be found
elsewhere.3? Regardless of the catalysts used during the
preloading step, it was observed that nickel atoms are

preferentially reduced on the EG-SAM surfaces. It is
believed that the electron lone pairs of the oxygen in
EG thiols attract the Pd-complex.3” Once again, as
observed in Figure 1, the amount of nickel coating on
the colloidal surface varies with the catalyst loading and
the plating time (b and c¢). On the other hand, when we
physically dehydrate the EG-functional groups by treat-
ment with a 0.05 M NaOH solution (several repetitions
of dipping samples into a NaOH solution followed by
drying),*? the EG-SAM area remained unplated, retain-
ing its initial green color (d). Instead, the colloidal
particles and the PDAC adhesive layers, as shown in

(42) Clark, S. L.; Montague, M. F.; Hammond, P. T. Macromolecules
1997, 30, 7237—7244.
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Table 1. Overall Summary of Selective Nickel Plating on
the Model Surfaces at the Micron Scale Using Catalyst 1
and Catalyst 2

model surfaces catalyst 1 catalyst 2
PDAC no yes
PDAC after EG dehydration no yes
particle yes yes
particle after EG dehydration no yes
EG yes yes
dehydrated EG no no

(d), changed colors. When catalyst 2 was preloaded on
the samples, the nickel was deposited everywhere again
(e), as in Figure 1(d). The dark-field optical micrograph
of (&) is shown in (f). Also, the dark-field optical
micrograph of (a) after nickel-plating using catalyst 1
is shown in (g), where the particles are not transparent
anymore, and incident light is reflected off the particle
surfaces.

Figure 4 shows XPS survey scans of the samples
shown in Figure 3(a) after step 1 (using Pd catalyst 1),
in Figure 3(b), and in Figure 3(c). After loading catalyst
1, no significant Pd peak was detected, possibly due to
the very thin atomic layer of the catalyst which gives
rise to a very weak signal compared to the strong Au
peaks. However, after short nickel deposition time, the
Au peaks almost disappeared due to the thick nickel
deposition.

The selective nickel plating was confirmed by EDXS
analysis, as shown in Figure 5, where a single particle
(adsorbed on a circle featured polyelectrolyte template
topped with positively charged PDAC surface), was
selectively plated with nickel using catalyst 1. Before
Ni plating, the PEM region (inside the circle), was taller
than the EG SAM region (outside the circle). After Ni
plating, the outside region of the circle feature became
higher due to the selective nickel plating on the EG-
SAM area. The Kkinetics of the nickel plating on the EG-
SAM area controls the height of the nickel plated area.
The Kkinetics of selective nickel growth on various
functional surfaces will be discussed in a separate
work.*® In this work, Figure 5 qualitatively confirms
that nickel was selectively plated on the negatively
charged particle surfaces and the EG-SAM area, not on
the positively charged PDAC template surfaces, which
were clearly shown in Figures 2—4 by observation with

(43) Lee, l.; Rubner, M.; Hammond, P. T. To be submitted for
publication.

Chem. Mater., Vol. 15, No. 24, 2003 4589

an optical microscope. The overall findings of the
qualitative and selective nickel plating on the model
surfaces with submicron resolution are summarized in
Table 1.

Conclusion

Selective electroless nickel deposition on 3-D func-
tional and patterned surfaces was demonstrated at the
micron scale with submicron resolution. The micro-
structure arrays and particle aggregations of carboxy-
lated polystyrene beads on the surface of patterned and
homogeneous polyelectrolyte multilayers, respectively,
were selectively and nonselectively deposited with nickel
by two palladium based catalysts, [Pd(NH3)4]Cl, and
Na,[PdClg4], using a two-step selective electroless nickel
plating technique. Depending on the processing condi-
tions, the Pd-complex ions of the catalysts selectively
or nonselectively bind on the target functional groups
during the catalyst preloading step, and finally reduce
nickel ions to metallic nickel on the target functional
surfaces during the second step in a nickel bath.
Patterned polyelectroyte multilayers are used as un-
derlying adhesives to immobilize and pattern the col-
loidal arrays so they will stay on the surfaces during
the nickel-plating process. The selective nickel deposi-
tion at the micron scale was confirmed by XPS and
EDXS analysis. These metallized colloidal surface ar-
rays, due to the nickel deposits, have great potential in
many applications in optical, electronic, magnetic, and
photonic devices and sensors, as well as in biochips and
Sensors.
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