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ABSTRACT

A method for the synthesis of submicron copper coated polystyrene particles
by electroless deposition has been developed. In this technique, the carboxylated and
sulfated polystyrene latex particles of 0.1 /xm and 0.24 Mm diameter, are first
activated by conditioning in a solution of tetraammine palladium (II) chloride
monohydrate and then plated in an electroless bath containing cupric sulfate, EDTAdisodium salt, some stabilizers and basic formaldehyde at 72 ± 1 ° C. The interaction
between carboxylic acid groups and Pd(NH3)4Cl2.H20 has been studied using uv
spectroscopy. Copper coated carboxylated polystyrene particles with a mean diameter
of 0.4 Mm and a standard deviation of 9% of the mean diameter have been
synthesized. The size, shape and purity of these particles have been determined by
SEM, EDX, and ESCA analysis. The microciystallinity of the particles has been
determined by XRD technique.
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CHAPTER 1
INTRODUCTION

Uniform submicron metal particles are useful as standards for calibration in
scientific modeling studies and in the evaluation of metallic particulate contamination
of electronic structures. Colloidal dispersion of gold and silver particles are only
commercially available, but the diameter of these particles ranges from 5 to 30 nm,
which is too small to be detected by laser surface scanners routinely used by the
semiconductor industry. The smallest particle detectable by today's laser scanners is,
at best, 0.1 fim. Additionally, colloidal gold or silver dispersions contain surfactants,
which may act as another source of contamination on wafers. Thus, these particles
have limited use as standard particles for calibrating defect detection equipment and
as well as, for microcontamination studies. Although monodispersed spherical
polystyrene latex particles of different sizes are available to the electronics industry,
they do not truly represent the wide spectrum of particulate impurities that are
known to cause problems during semiconductor processing.
Minimizing particulate contamination of silicon wafers during processing is an
ongoing challenge for manufacturers1. This challenge will become even more severe
as 16- and 64-Mb DRAM chips move into production. For the latter, based on a
0.25-fim design technology, yields of 70% to 80% will require the reduction of
particulate contamination to fewer than 0.001 killer particles/cm2 during each
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processing step. Killer particles can vary in size from 2.5 nm in gate oxides to 80-100
nm in other films and in surface lithography2. This level of particle control is at least
an order of magnitude beyond the state-of-the-art.
To achieve the low defect densities, a comprehensive strategy for
contamination minimization needs to be adopted for cleanrooms, silicon, gases, liquid
chemicals, Dl-water, and process equipment3. Integral to this strategy is the selection
and implementation of metrology tools for defect detection and analysis using
standard particles. The main sources of metallic contamination onto electronic
devices are process chemicals, Dl-water, and equipment. Metallic particles can be
generated due to the flaking of wall deposits of CVD chamber, plasma chamber etc.
The explicit purpose for which this study was undertaken was to develop a
stable dispersion of copper coated polystyrene particles which can be subsequently
deposited onto wafers. This system can be used to model the effects that metallic
particles of different sizes have on the electrical functionality of the integrated
circuits. Many methods for the preparation of metal powder particles in the dry state
by gas or water atomization have been reported4,5; however, these particles exhibit
polydispersity and tend to agglomerate in air. Hence, it would be advisable to
develop a technique for a stable dispersion of metal particles in a non-aqueous and
high vapor pressure solvent. Our approach to the synthesis of monodispersed metal
particles is to start with ultrafine, spherical, monodispersed polystyrene latex particles
and coat them with copper by electroless deposition such that the metal layer

thickness is larger than the polymer core.
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CHAPTER 2
BACKGROUND

2.1 Some Conventional Methods for the Synthesis of Metal Powders:
The only commercial process for producing metal powders (micron size
particles) is by gas atomization or water atomization. Cheney et al4 developed a
method of producing metal powders by feeding agglomerates through a high
temperature plasma reactor to cause at least partial melting of the particles and
collecting the particles in a cooling chamber containing a protective gaseous
atmosphere where the particles are solidified.
Kemp et al5 invented a method of producing spherical copper based powder
particles. The process involves mechanically reducing the size of the starting material
to produce a finer powder (<1000 nm particle diameter). This powder is then
entrained in a carrier gas (Ar) and passed through a high temperature zone (plasma)
at a temperature above the melting point of the finer powder (temperature in the
plasma reactor varies from about 5500° C to about 17,000° C) to melt at least about
50% by weight of the powder. The melted portion is then cooled and rapidly
solidified to form 100% spherical particles of particle diameter less than 20 nm.
But these particles are not uniform in diameter and also not of submicron
sizes. Moreover, the size distribution of these particles is not mentioned in that
patent. Therefore, a process for efficiently producing submicron spherical metal
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particles would be an advancement in the art.
A method has been reported6 to synthesize nickel coated ceramic particles.
The procedure consists of pickling of alumina (60 grit) or silicon carbide (150 grit)
particles with alkaline silicate to improve metal-ceramic adhesion, followed by
sensitizing with SnCl2/HCl solution, activating with PdCl2/HCl solution and finally
nickel plating. The thickness of nickel plating varies from 0.1 to 0.6 nm consisting of
different sizes of cermet particles between 50 to 300 /xm.
The synthesis of copper coated polystyrene particles was attempted by
electroless deposition which is a well-known chemical process for preparing metallic
coatings, particularly of nickel and copper. Electroless metallization is generally
performed with thermodynamically unstable but kinetically stable solutions in which
the electrons for the reduction of metal ions can only be supplied by a catalytic
reaction at the metal surface7. This heterogeneous catalytic aspect was clearly
demonstrated by Brenner8.

22 Initiation of Electroless Metal Deposition (Catalytic Aspects):
Although electroless processes are based on autocatalytic reactions, the
initiation of the metallization on the noncatalytic9 surface generally involves a
catalytic reaction on palladium nuclei. The conventional method of surface
catalyzation involves immersion of the surface in a sensitizing solution containing
SnClj/HCl solution followed by immersion in activating solution containing
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PdCl2/HG solution. This induces a redox reaction whereby Sn+2 is oxidized to Sn+4
and Pd+2 is reduced to Pd°. This Pd° is an active catalyst for electroless deposition
of metals.
Another more practical method of surface catalyzation is immersion of the
noncatalytic substrate into a colloidal suspension of palladium particles10. The
suspension is prepared by mixing acidic aqueous solutions of SnCl2 and PdCl2,
inducing the same redox reaction as mentioned earlier. The particle size of the
palladium colloid thus formed is around 1-2 nm. Growth beyond that point is limited
by the spontaneous formation of a tin chloride shell around each Pd particle, which
must be removed as this shell inhibits growth of metal deposit. The shell is removed
by an acceleration step, where the catalyzed substrate is rinsed in aqueous acid or
base. This step must be carried out just after the substrate is coated with palladium
colloid in order to prevent the oxidation of the shell to less soluble tin(IV) oxides,
which are more difficult to remove. The acceleration step is accompanied by
agglomeration of the palladium particles.
Jackson11 recently reported a different catalytic formulation for electroless
deposition of copper. His method involves dip-coating of the noncatalytic substrate
in aqueous poly(acrylic acid) to deposit a 50-300 nm thick film of the polymer on the
surface. The coated substrate is then immersed in aqueous PdS04. No acceleration
step is required. H+/Pd+2 ion exchange occurs in the poly(acrylic acid) film upon the
treatment with PdS04, yielding poly(palladium(II) acrylate). Immersion of this
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polymer into an electroless copper deposition bath spontaneously reduces the Pd+2
to Pd°. This mechanism was investigated using high resolution X-ray photoelectron
spectroscopy (XPS). It was performed on the C(ls) and Pd(3d) peaks of samples
before and after plating for 1 minute in the copper electroless deposition bath to
determine differences in the Pd oxidation state. The Pd(3d) peak in the sample that
was immersed for 1 minute in the electroless copper deposition bath was at lower
energy state (335.3 eV) than the Pd(3d) peak in the sample that was not immersed
in the electroless bath (335.8). These energies are consistent with the presence of
predominantly Pd° on the surface of the sample that had been immersed in the
electroless bath, and predominantly Pd+2 on the surface of the sample that had not
been immersed in the bath.

23 Stabilization of the Electroless Bath:
Various additives are used as stabilizers in the electroless solutions. To
prevent metal formation in the solution by disproportionation, different complexing
agents are added to the electroless copper solutions in low concentrations. The
stability of an electroless solution7 is controlled by the following factors:
1. A very low rate for homogeneous nucleation in the solution which is
related to the amount of catalytic species. Low metal ion activity and
a small difference between metal and redox potential are important for the
nucleation rate with inorganic redox systems12.
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2. A low activity of metal ions in the solution due to the use of complexing
agents.
3. Presence of dissolved oxygen in the solution which, when present in high
concentration, tends to inhibit the plating process13.
4. Stabilizers in the electroless solution. Sodium cyanide is used as an
inhibiting agent in the electroless deposition of copper. The inhibiting
effect can be explained in terms of blocking of the catalytic surface which
results in the decrease of the available surface area.
Specific combination of metal and reductant is necessary for electroless
plating to take place. A limited variety of hydrogen-containing reductants is used in
electroless process, e.g., hypophosphite, formaldehyde, borohydride, dialkylamine
borane, and hydrazine. For electroless deposition of copper, formaldehyde (redox
potential = -1.01 V vs SCE) is commonly used as the reducing agent.

2.4 The Mixed Potential theoiy14:
Autocatalytic deposition is based on two redox reactions: metal ions are
reduced to metal atoms, and electrons are supplied by oxidation of a reducing agent,
catalyzed by the metal surface. The two partial reactions are very often, not
completely, independent of each other.
Paunovic15 and Saito16 have used the mixed potential theory of corrosion
processes, developed by Wagner and Traud17, to interpret the electroless deposition
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of metals. According to this theory14, there are two partial reactions. One is the
cathodic partial reaction which is the reduction reaction as shown in the equation [1]
+

•"?*

>

[1]

surface

and the other is the anodic partial reaction which is the oxidation reaction as shown
in equation [2].
RecU,^

-y

, Ox^ + ne-

[2]

surface

where Ox is the oxidation product of the reducing agent Red and M2* is the metal
ions in the solution. The overall reaction of electroless metal deposition, which is the
combination of the two partial reactions, is as shown in equation [3].

M2 solution

Resolution

—
surface

>

^crystal lattice

^^lution

[3]

The oxidation-reduction reaction proceeds only on a catalytic surface. The catalytic
surface can be the substrate on which the metal is to be deposited or catalytic nuclei
of metal (e.g. palladium for electroless deposition of copper) dispersed on a
noncatalytic surface. Thus, this reaction is a heterogeneous catalytic electron-transfer
reaction in which electrons are transferred, across the interface, from a reducing
agent, Red, to metal ions Mz+. The reaction [3] must be conducted in such a way that
a homogeneous reaction between Mz+ and Red, in the bulk of the solution, is
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suppressed.
According to the mixed potential (mp) theory, the equilibrium potential of the
reducing agent, Ecqttli

of reaction [2], must be more negative than the equilibrium

potential of the metal electrode, E^

M

of reaction [1], so that Red can function as

an electron donor and M2* as an electron acceptor. In order to establish the steady
state, the potential of the redox couple [2] is raised anodically from its reversible
value Eeqmi Red, and the potential of the metal electrode [1] is depressed cathodically
from its reversible value

M,

until the steady state mixed potential Emp is reached.

Since a net current cannot flow in the isolated system, at the steady state,

^electroless M deposition ~ 0m) E
~ ORed) E
mp
mp

[4]

where iM is the cathodic current density and iRed is the anodic current density.
Also, at the steady state the system is not at equilibrium since a net overall reaction
occurs, and therefore, the change in free energy is not zero, which is the requirement
of the thermodynamic equilibrium.
The overall and partial current-potential curves describe the mixed potential
of the electroless system quantitatively. Figure 1 represents the general electroless
metal deposition process in terms of current-potential curves. The dashed curve
represents the current-potential curve for the overall reaction. The potential where
current density is zero, is designated as the mixed potential, Emp. The solid curves
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Figure 1: Current-potential characteristics of the overall reaction
of electroless metal deposition.
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represent the current potential curve for the partial reactions.
Another method of presentation of electroless deposition of copper is shown
in Figure 2 where the sign of current density has been neglected. In this figure, ia and
ic intersect and the coordinate of intersection of polarization curve represents the
deposition current density, idcp, i.e. the rate of electroless deposition in terms of
mA/cm2, and the mixed potential Emp.
The experimental verification of the mixed potential theory for the case of
electroless deposition of copper from the cupric sulfate solution containing
ethylenediaminetetraacetic acid (EDTA) as a complexing agent and formaldehyde
(HCHO) as a reducing agent, has been performed by Paunovic14.
The significance of the mixed potential theory is that one can use kinetic
parameters for the partial anodic and cathodic reactions to deduce a variety
predictions and characteristics of the overall reaction of electroless metal deposition.

2.5 Reaction Mechanism of electroless copper deposition:
The reduction of copper-EDTA complex to metallic copper using HCHO as
the reducing agent usually involves a sequence of reactions14. The cathodic reaction
occurs via the following two steps:
i) Formation of the electroactive Cu2+ by dissociation of the Cu-EDTA
complex:
Cu(EDTA)2-

Cu2+ + EDTA4"

[5]

O.A
REDUCTION OF Cu
•q

2+

-5

O.7

3.-4x1 O
2+

O.S

OXIDRTIQN OF HCHO

O.9
HCHO

HCHO

-5

-3

-A

Iog

i

CI

in R/cm

- 2

e

D

Figure 2: Evans diagram for electroless copper deposition.
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ii) The charge transfer from the catalytic surface to the electroactive Cu2+
Cu2+ + 2e"

• Cu

[6]

with the first charge transfer (one e" transfer) as the rate determining step (RDS)
RDS

Cu

+ e"

• Cu+

[7]

A comparison of the properties of complexes of Cu(II) with various ligands
shows that there is a definite correlation between the rate of dissociation of the
complex and the rate of metal deposition. The rate of cathodic reaction depends on
the concentration of metal ions and ligands, pH, and the type and concentration
of additives.
The anodic reaction which provides electrons for the reduction of copper
complex is considered to proceed by the initial formation of the electroactive species
[HC(0H)0"]ads followed by the charge transfer from electroactive species according
to the following reactions:
HCHO + OH"

[HC(0H)0-]ads + Hads

[HC(0H)0"]ads + OH"
Hads

+

Hads

• HCOO- + H20 + e"

• H2

[8]
[9]
[10]

The overall reaction for the reduction of EDTA complex of Cu+2 to Cu° is
shown in the following reaction:
Cu(EDTA)"2 + 2 HCHO + 4 OH"
Cu + 2 HCOO" + 2 H20 + H2 + EDTA"4

[11]
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2.6 Manufacturing process of Monodispersed Polystyrene Latex Beads:
Monodispersed polystyrene latex beads are commercially prepared18,19 by
emulsion polymerization. The monomer (styrene) is dispersed as droplets in water
with the use of suspension stabilizers such as poly(vinyl alcohol) or fatty acid soap.
The seed sol is prepared with the emulsifier concentration well above the critical
micelle concentration; then, with the emulsifier concentration below the critical
micelle concentration, subsequent growth of the seed particles is achieved without
the formation of further new particles. In the presence of an initiator such as
potassium persulfate or peroxide, which is soluble in the monomer, polymerization
takes place within the droplets.
The carboxylated polystyrene latex particles are generally manufactured by
copolymerization of styrene and acrylic acid. The structures of different polystyrene
particles are shown below:
Material
Polystyrene

Carboxylated polystyrene

Sulfated polystyrene

Structure
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CHAPTER 3
MATERIALS

Polystyrene latex particles (10% solid by weight) of 0.09 Aim and 0.261 Mm
particle diameters were obtained from Seradyn Incorporation. Carboxylated
polystyrene latex particles (2.5% solid by weight) of particle diameter of 0.1 Aim and
sulfated polystyrene latex particles (2.5% solid by weight) of particle diameter of 0.24
Aim were

obtained from Polysciences Incorporation. Poly(acrylic acid) of Mw 750,000;

250,000 and 2,000 and tetraammine palladium(II) chloride monohydrate (98%)
were obtained from Aldrich Chemical company, Incorporation and were used as
received. Cupric sulphate, disodium salt of(ethylenedinitrilo) tetraacetic acid
(Na2EDTA.2H20), sodium

sulphate, sodium cyanide,

sodium

hydroxide,

formaldehyde were of reagent grade and were used as received. Gafac RE-610
surfactant (a phosphate acid-ester surfactant) was obtained from GAF Chemicals.
Isopropanol, used as a solvent, obtained from J.T. Baker Incorporation, was of
electronic grade.

All solutions were filtered prior to use through a 0.1 nm

polypropylene filter membrane, obtained from Gelman Sciences.

CHAPTER 4
EXPERIMENTAL METHODS

All glassware and teflon vessels were ultrasonically cleaned with liquid
laboratory cleaner, rinsed with tap water followed by rinsing with deionized water
and then air dried prior to use.
A schematic flowsheet of the procedure used for electroless plating of the
polystyrene particles is presented in Figure 3. Electroless copper deposition onto
polystyrene latex particles was performed in all experiments using the bath
composition given in Table 1. The bath formulation used was identical to that of
Jackson's experiment11. A stock solution was prepared containing all components
listed in Table 1, except formaldehyde, in a 500 ml volumetric flask. The prepared
solution was then filtered through a 0.1 nm polypropylene filter membrane. For each
experiment, 25 ml of the stock solution was taken in a covered teflon vessel. The pH
was adjusted to 11.7 - 12 at 25*C using prefiltered 1(N) NaOH solution. After the
addition of 1 ml of 37% (by weight) formaldehyde to the solution, the vessel was
placed in a constant temperature water bath set at 73 ± l'C.
The procedure for the activation of polystyrene latex beads was as follows:
To 100 ml deionized water taken in a glass beaker, 25 til of polystyrene latex
particles was added and the mixture was stirred continuously using a magnetic stirrer
for 10 mins. Two ml of 0.1% (by weight) poly(aciylic acid) of a given molecular

PoIys ty rana latex
part i cIes

RetIvat Ion

coppsr
pI at i ng

EIectroI

F i Itrat i on

Wash Ing w i th
deionized water

washi ng wi th
i eopropanoI

D i spe rsi an i n
i EopropanoI

Figure 3 : A schematic diagram of electroless plating procedure.

Table 1

Formulation of tbe electroless copper deposition bath

Component

Concentration (gm/liter)

CuS04

20.0

Na2EDTA.2H20

100.0

NaCN

1.0

Gafac RE-610

0.01

NajSC^

20.0

Na(HCOO)

20.0

HCHO

40.0
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weight was then added and the solution was stirred for another 45-60 minutes. The
pH was then adjusted to 11 using NaOH. After that, 0.4 ml of 0.01 M
Pd(NH3)4Cl2.H20 was added and stirring was continued for another 30 minutes. The
pH of this mixture was again adjusted to 11.7 -12 using NaOH. For carboxylated and
sulfated polystyrene latex particles, the poly(acrylic acid) addition step was skipped.
After the electroless deposition bath reached the temperature of the hot water
bath, the teflon vessel was uncovered and the solution containing the catalytically
activated polystyrene particles was poured into the electroless bath and the vessel was
covered and replaced in the hot water bath. During copper deposition, the electroless
bath was agitated occasionally using a wrist-action shaker.
The copper coated particles were filtered through 0.1 /im polypropylene filter
membrane, washed several times with deionized water until free from NaOH (tested
by using aqueous phenolphthalein solution), then washed with isopropanol and
finally ultrasonically dispersed in isopropanol.
The rate of deposition of copper onto carboxylated polystyrene latex particles
was analyzed by photon correlation spectroscopy using a Coulter Model N4
submicron particle size analyzer. Samples were withdrawn from the electroless
deposition bath utilizing a disposable glass pipette at intervals of 5 minutes. The
average particle diameter and the standard deviation were determined using the
particle size analyzer. The particle size analyzer measures the time dependent
fluctuations in laser light (5 mW helium-neon laser) scattered at 90* from a sample
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suspension to determine the sample particle diffusion coefficient. A stationary
photomultiplier detects fluctuations in the intensity of the diffraction pattern as the
particles undergo Brovraian motion which are characteristic of particles in solution.
The calculated data are autocorrelated to a Gaussian distribution. The average
particle diameter is computed by using the Stokes-Einstein equation as follows:

where d is the diameter of the particle, D is the diffusion coefficient, k is the
Boltzmann constant, T is the absolute temperature, and 77 is the viscosity of the
solvent. The accuracy of the analyzer was checked by utilizing standard spherical
polystyrene latex particles.
The morphology of the particles was examined with a JEOL-840A scanning
electron microscope (SEM). Samples for SEM were prepared by filtering them
through a 0.1 j^m polypropylene filter membrane and mounting a section of the
membrane on an aluminum sample holder. The samples were then sputter-coated
with 100 A of gold-palladium. For copper coated sulfated polystyrene particles, a
clean piece of silicon wafer was dipped into the dispersion of particles in isopropanol
and then air-dried. The sample was then sputter-coated with 100 A of gold-palladium
and SEM analysis was performed.
Energy dispersive X-ray spectrum (EDX) of the particles was also obtained
using the EDX attachment of the SEM.

32

Surface scanning analysis was performed using a TENCOR SURFSCAN 364
in which a helium-neon laser (2 mW power, 6328 A wavelength) scans the wafer for
particles and contamination. The sample for this analysis was prepared by spincoating the dispersion of particles in isopropanol (ultrasonicated prior to use). The
Surfscan analyzes light scattered from particles illuminated with a spot laser of
calibrated size and intensity. The intensity of light scattered from a particle is not
directly translated into particle size: it depends not only on the size of the particle,
but also on the shape, the reflectivity of the substrate, and the optical properties of
the particle (especially the dielectric constant). It calculates the scattering cross sectional area which is the ratio of the power scattered by the particle (watts) to the
power density (watts/cm2) incident on it.
X-ray photoelectron spectroscopy (XPS or ESCA) using AlKa X-rays was used
to determine the oxidation state of copper particles. This analysis was performed on
a VG ESCALAB II instrument.
The transmission high energy electron diffraction (THEED) pattern of the
particles was obtained using a high resolution Phillips 420 transmission electron
microscope. The sample was prepared by immersing a holey carbon grid in a dilute
sluny of the particles in isopropanol and then air-dried.
The microcrystallinity and Miller indices of copper particles using CuKc^ Xrays were determined using XDS 2000 SCINTAC X-ray diffractometer.
The interaction between poly(acrylic acid) and tetraammmine palladium
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chloride monohydrate was studied using a Spectronic 1201 spectrophotometer.
The characterizations of PSL» CPSL, and SPSL particles were performed by
zeta potential measurements using microelectrophoresis technique with a zetameter.
For each case, 0.5 ml of particles were added to 50 ml of deionized water and pH
was adjusted to 8.8 and 11.
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CHAPTERS
RESULTS AND DISCUSSION

5.1 Electroless Copper Deposition and SEM Studies:
Several catalytic formulations were used to optimize the conditions that would
yield uniform submicron copper coated polystyrene particles. The matrix of
experiments performed using "virgin" polystyrene latex beads (PSL) with or without
using poly(acrylic acid) (PAA), carboxylated polystyrene latex beads (CPSL) and
sulfated polystyrene latex beads (SPSL) without using PAA, is summarized in Table
2.

In initial experiments, 0.09 fim "virgin" PSL beads obtained from Seradyn
Incorporation were used. According to manufacturer's specifications, these particles
were stabilized with a sulfonated surfactant and also contained a small amount of
carboxylic groups on the surface. Figure 4 shows a scanning electron micrograph of
PSL beads. The PSL beads were conditioned in PAA at a pH of 11.7 and
Pd(NH3)4Cl2.H20 was then added to the solution. Copper coating on the PSL
particles conditioned with PAA and Pd(NH3)4Cl2.H20, occurred at approximately 30
minutes after pouring the activated PSL beads into the electroless solution.
Examination of these particles with SEM (Figure 5 and Figure 6) showed that the
particulate assembly consisted of separate as well as highly agglomerated copper
coated particles. A close examination of the coated particles showed that small
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Table 2
Summary of experiments

Type of
Latex beads

Poly(aciylic
acid)

Pd(NH3)4Cl2H20

comments

PSL (0.09 /xm),
Seradyn, Inc.

Yes

Yes

Deposition,
partly free Cu
microparticles.

PSL (0.09 Mm),
Seradyn, Inc.

No

Yes

Deposition,
mostly free Cu
microparticles.

PSL (0.09Mm),
Seradyn, Inc.

Yes

No

No deposition.

No

No

No

No deposition.

No

No

Yes

No deposition.

No

Yes

Yes

Deposition,
mostly free Cu
Microparticles

No

Yes

No

No deposition.

CPSL (0.1 Mm),
Polysciences, Inc.

No

Yes

Deposition,
fairly uniform
quasi-spherical
particles.

SPSL (0.24 Mm),
Polysciences, Inc.

No

Yes

Deposition,
fairly uniform, nearly
spherical particles.

Figure 4: Scanning electron micrograph of 0.09 fim dia.
polystyrene latex particles (Seradyn, Inc.).
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Figure 5: SEM micrograph of copper coated polystyrene (0.09 nm, Seradyn, Inc.)
particles and free Cu microparticles obtained with the
use of PAA, particle dia. = 380 to 440 nm.
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Figure 6: SEM micrograph of a single copper coated polystyrene (0.09 /xm,
Seradyn Inc.) particle, obtained with the use of PAA, particle dia. = 440 nm.
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copper nuclei of 60 - 80 nm formed an approximately two-layer coating on the PSL
beads. The diameter of unagglomerated copper coated polystyrene particles varied
from 380 to 440 nm.
There was also some bulk deposition of copper nuclei (microparticles) in the
solution in these experiments. A possible reason behind the deposition of these free
copper microparticles could be that there was some residual Pd(NH3)4Cl2.H20 in the
reaction vessel. This excess Pd+2 perhaps formed palladium nuclei in the bulk
promoting bulk deposition. Attempts to activate PSL beads at reduced palladium
concentration did not prove to be successful. Addition of less than 0.4 ml of 0.01 M
Pd(NH3)4Cl2.H20 to the electroless solution resulted in very long induction time.
The molecular weight of poly(acrylic acid) used in this case was 750,000. To
investigate whether there was any effect of the molecular weight of PAA on the
particle diameter of copper coated polystyrene particles or on the size of copper
microparticles, the PAA samples of molecular weight 250,000 and 2,000 were used
under similar experimental conditions. It was found that the molecular weight of
PAA had no effect on the size of either the copper microparticles or the copper
coated particles.
Since the sizes of the copper microparticles (60 to 80 nm) and the polystyrene
latex beads (90 nm) were almost the same, to verify the existence of copper
microparticles, 0.261 nm PSL beads were used as the core material for electroless
copper deposition. Figure 7 shows the SEM photo of a copper coated (on 0.261 Mm

Figure 7: SEM micrograph of a copper coated polystyrene (0.261 /zm,
Seradyn, Inc.) particle, particle dia. = 560 nm.
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dia.) polystyrene particle. Even here, the sizes of copper microparticles were 60 to
70 nm which confirmed the existence of copper microparticles.
Since PSL beads synthesized with peroxide initiator are known to contain
-COOH groups on the surface21, it was thought that PAA may not be necessary in
the catalytic formulation. So, it was decided to conduct experiments without the
addition of PAA. Figure 8A and 8B show the SEM photo of the deposited particles.
Interestingly, bulk deposition of copper microparticles also occurred in this
experiment. This may be due to the presence of sulfonated surfactants in the PSL
dispersions.
In order to avoid complication from bulk precipitation, surfactant free
carboxylated PSL beads (containing a higher level of carboxylate groups than "virgin"
PSL beads) of 0.1 /im particle diameter were purchased from Polysciences, Inc.
According to the manufacturer's specifications, the extent of carboxylation was
approximately 0.12 meq COO"/gm of polymer. Figure 9 shows the SEM photo of
carboxylated polystyrene latex particles (CPSL). It was found that the induction time
for copper deposition was approximately 1 hour. Copper coated CPSL particles were
comparatively uniform in size and bulk deposition of copper microparticles did not
occur to any significant extent. The copper coated CPSL particles are shown in
Figure 10A and 10B. It may be seen from these photographs that the sphericity of
the particles is not unity. The particles appeared to form necklaces. The necklace
formation could be an artifact of vacuum filtration step used in the sample

Figure 8A: SEM micrographs of copper coated polystyrene (0.09 nm,
Seradyn, Inc.) particles and free Cu microparticles without the use
of PAA, particle dia. = 472 nm, microparticle dia. = 6 0 - 8 0 nra.

Figure 8B: SEM micrographs of copper coated polystyrene (0.09 /xm,
Seradyn, Inc.) particles and free Cu microparticles without the use
of PAA, particle dia. = 472 nm, microparticle dia.= 60 - 80 nm.

Figure 9: SEM micrograph of carboxylated polystyrene (0.1 /xm,
Polysciences, Inc.) particles.
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Figure 10A: SEM micrographs of copper coated carboxylated <01 jan,
PoWsciences, Inc.) polystyrene parades, part.de dia. - 390
nm
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Figure 10B: SEM micrographs of copper coated carboxylated (0.1 pm,
Polysciences, Inc.) polystyrene particles, particle dia. = 390 to 450 nm.
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preparation for SEM.
In order to confirm the functionality of -COOH groups in copper deposition,
an attempt was made to plate surfactant free 80 /xm dia. PSL beads purchased from
Polysciences, Inc., without using PAA. In this case, there was no deposition of either
copper microparticles or copper coated polystyrene particles which concluded that
surface -COOH groups took an active part for copper deposition.
It was observed that direct addition of PAA, Pd(NH3)4Cl2.H20, and NaOH to
the electroless bath resulted in the formation of free copper microparticles in the
solution. This could have been caused by the presence of dust particles in water,
which could take the role of PSL beads, in spite of filtering all the solutions through
a 0.1 fim filter membrane. Figure 11A and 11B shows the SEM photos of these bulk
precipitates.
The experiment performed without using Pd(NH3)4Cl2.H20, did not initiate
copper deposition. This confirmed the catalytic activity of Pd+2 for electroless metal
deposition. In addition, using only PAA in the electroless bath, no copper deposition
occurred which also revealed that PAA had no catalytic activity for electroless
deposition.
Latter on, from the literature20, it was found that sulfonated polystyrene
substrate metallizes easily. Unfortunately sulfonated PSL beads were not
commercially available, but sulfated polystyrene beads (SPSL) were available. Hence,
experiments were performed using surfactant free SPSL beads of 0.24 /xm particle
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Figure 11A: SEM micrographs of copper particles with the use of PAA
in the absence of polystyrene latex particles,
microparticle dia. = 60-80 nm.
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Figure 11B: SEM micrographs of copper particles with the use of PAA
in the absence of polystyrene latex particles, particle
dia. = 420 - 470 nm, microparticle dia. = 60- 80 nm.
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diameter (Figure 12), obtained from Polysciences. The induction time for copper
deposition onto SPSL was approximately one hour. Figure 13A, 13B, 13C, and 13D
represent the copper coated SPSL particles deposited onto a wafer. The copper
coated SPSL particles showed a uniform and comparatively thicker copper layer than
copper coated CPSL particles. The thickness of copper on a single SPSL bead was
about 0.35

fim.

Moreover, these particles were almost spherical in shape and there

were relatively few agglomerated particles.

5.2 Cessation of Copper Deposition:
Once the copper deposition occurs electrolessly, the copper nuclei formed can
then act as active sites for copper deposition. The termination of electroless copper
deposition on small spots that were initially autocatalytic, can be explained by
oxygen-diffusion-size effect22. Electroless deposition is started since the original metal
nuclei have a relatively large electrocatalytic activity. However, when the metal nuclei
are completely covered by the electroless deposit, the latter cannot continue the
autocatalytic growth due to the relatively increased contribution of the following
reaction:
2 Cu + 20H" -• G^O + H2O + 2e
These Cu20 surfaces have no catalytic activity for electroless metal deposition.

[13]

100 nm

Figure 12: SEM photo of sulfated polystyrene (0.24 Mm,
Polysciences, Inc.) latex beads.

Figure 13A: SEM photos of copper coated SPSL (0.24 /im,
Polysciences, Inc.) particles on a silicon wafer,
particle dia. = 0.9 to 1 /im.
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Figure 13B: SEM photos of copper coated SPSL (0.24 /xm,
Polysciences, Inc.) particles on a silicon wafer,
particle dia. = 0.9 to 1 nm.

Figure 13C: SEM photos of copper coated SPSL (0.24 /xm,
Polysciences, Inc.) particles on a silicon wafer,
particle dia. = 0.9 to 1 nm.
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Figure 13D: SEM photos of copper coated SPSL (0.24 nm,
Polysciences, Inc.) particles on a silicon wafer,
particle dia. = 0.9 to 1 (im.
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S3 Rate of Copper Deposition on CPSL beads:
The rate of copper deposition onto carboxylated latex particles was measured
by photon correlation spectroscopy. The mean particle diameter and the standard
deviation measured with the particle size analyzer are shown in Figure 14. Although
the initial particle diameter of the carboxylated polystyrene particles were measured
to be close to 100 nm by SEM, the particle analyzer indicated a lower value (~ 80
nm). This discrepancy may be due to the approximation of the viscosity and the index
of refraction of the medium. The actual medium was electroless bath solution diluted
with deionized water, whereas, the data inputed in the system were as those of
deionized water. From Figure 14, it can be seen that the copper deposition onto
polystyrene occurred after an induction period of 60 minutes. After about 40 minutes
of deposition, the reaction appeared to cease.

5.4 Mean Diameter and Standard Deviation of Copper coated CPSL Particles:
The mean and standard deviation of the particle diameter of copper coated
carboxylated polystyrene particles were determined from SEM micrographs. A total
of 31 particles were counted and the histogram is shown in Figure 15. The mean,
standard deviation (S.D.) and the coefficient of variation (C.V.) were found to be
0.41 /im, 0.04 /im and 9% respectively.
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Figure 14: The rate of copper deposition on CPSL beads.
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Figure 15: Histogram of copper coated CPSL beads.
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5.5 Surfscan analysis of copper coated SPSL particles:
The main objective of this research was to prepare particles which can be used
for electronic applications. Surface scan analysis was performed for 20 n\ and 50 /xl
copper coated SPSL particles deposited onto a 4" wafer and the results are shown in
Figure 16. The surfscan determines scattering cross-section (not particle size).
Unfortunately, the direct correlation between scattering cross-section and the metallic
particle size was not available. But from the plot, it can be seen that the majority of
the copper coated SPSL particles lie in the range of 0.7 to 1.4 /xm2 scattering crosssection. This leads to the conclusion that the deposited particles have a narrow
particle size distribution.

5.6 Chemical and Structural Analysis of Particles:
The EDX spectrum of copper coated polystyrene particles, shown in Figure
17, reveals that the metallic coating is copper and does not contain any impurities
like sodium, sulphur, or palladium.
To ascertain the oxidation state of copper, X-ray photoelectron spectroscopy
(XPS or ESCA) analysis was performed. The energy scale was set relative to the
energy measured for the C(ls) peak in each sample, which was taken to be 284.6 eV.
Figure 18 shows the survey ESCA spectrum of the particles which indicates the
presence of copper, carbon and oxygen. The source of carbon contamination could
be the isopropanol, organic additives of the bath or handling in the atmosphere. The

60

32000
30000

o
\

C 20 Ml sample

\

o 50 Ml sample

28000
26000
24000
v

22000

§ 20000
8 18000
® 16000
» 14000
o 12000
^ 10000
8000
6000
4000
2000

0

0

1

2

3

4

5

6

7

8

2

Scattering cross-section, /xm

Figure 16 : Surfscan analysis of copper coated SPSL particles.
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Figure 17: EDX spectrum of copper coated polystyrene particles.
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Figure 18: ESCA spectrum of copper coated polystyrene particles.
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64

presence of oxygen reveals that the surface of the copper coating may be partly
oxidized. The expanded Cu2p region shown in Figure 19 reveals the presence of Cu2p
peaks and two shake-up satellite peaks. Figure 20A and 20B show the standard
ESCA spectra of copper and/or cuprous oxide and cupric oxide respectively. The
spectrum for CuO contains strong shake-up satellite peaks. This is because of the fact
that Cu+2 is a paramagnetic ion. By comparing Figure 19 with Figure 20A and 20B,
it can be seen that the intensity of the peaks of shake-up satellites for the deposited
particles is less than that for standard CuO. Since the binding energy of Cu2p±
2

peaks for Cu (932.4 eV) and Cu20 (932.2 eV) are extremely close to each other,
their distinctive existence can not be interpreted in this analysis, especially, in
presence of another oxide like CuO. Thus it can be concluded that the particle
surface contains a mixture of copper, cupric oxide or cuprous oxide. The formation
of CuO might be due to the surface oxidation of copper during sample preparation
in an air atmosphere. It may be recalled that the sampling depth in ESCA analysis
is approximately 50 - 70 A.
XRD analysis was performed to determine the microcrystallinity of deposited
copper particles. Figure 21 shows the measured XRD pattern of copper coated CPSL
particles, and published patterns of Cu, Cu20 and CuO powders. By comparing the
data obtained from the copper coated CPSL particles with that of standard samples,
it can be seen that the sample contains only Cu and Cu20. The absence of CuO,
which was detected by XPS analysis, indicates that if CuO was present in the sample,
it was too small to be detected by XRD analysis. The broadening of diffraction
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Figure 20A and 20B: Standard ESCA spectra of Cu, Cu20, and CuO.
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pattern is indicative of the presence of small crystallites in the particles. The smaller
the crystals, the broader will be the powder pattern reflections. The microcrystallinity
of copper particles was calculated as 14 nm using the Scherrer equation as follows:
r

—

0 »94 X
£(26) cos0

r- 41

1 1

In the above equation, L is the cube edge dimension of the crystals, B(20) is the full
width in radians subtended by the half maximum intensity width of the powder
pattern peak, and X is the wave length of X-rays. A single copper microparticle (60
to 80 nm) should then contain 4 to 5 copper crystallites.
The transmission high energy electron diffraction (THEED) pattern of the
particles using TEM also reveals the crystalline nature of these particles as shown in
Figure 22. The amorphous ring was obtained from the holey carbon grid.

5.7 Role of Pd(NH3)4Cl2.H20 and Carboxylic Group Interaction in the Activation
of PSL Beads:
Carboxylic acid groups, either in the form of surface groups or PAA, were
found to be necessary for the activation of PSL particles. Ultraviolet spectroscopy
was used to probe the interaction between poly(acrylic acid) (PAA) and
Pd(NH3)4Cl2.H20 in the wave length range from 190 to 400 nm. Spectra recorded for
0.1 % 250,000 MW PAA at a pH of 12.0, 0.01 M Pd(NH3)4Cl2.H20 at a pH of 11.8
and a mixture of PAA and Pd(NH3)4Cl2.H20 at the same weight ratio used in

Figure 22: THEED pattern of copper coated polystyrene particles.
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electroless copper deposition at a pH of 11.7 are shown in Figure 23. The spectrum
of PAA reveals that PAA is transparent to uv radiation. The spectrum of
Pd(NH3)4Cl2.H20 showed two peaks. The wavelength for the less intense peak was
254.5 nm with an absorbance of 0.601 and the wavelength for the more intense peak
was 305.9 nm with an absorbance of 1.809. The spectrum for the mixture of PAA and
Pd(NH3)4Cl2.H20 also showed two peaks. The less intense peak wavelength occurred
at 256.0 nm with an absorbance of 0.667 and the more intense peak wavelength
occurred at 299.3 nm with an absorbance of 1.905. Thus, upon treatment of
Pd(NH3)4Cl2.H20 with PAA. the wavelength at which highest absorbance of the
mixture occurred shifted to a slightly lower value. This implies that there is a
complex formation between Pd(NH3)4Cl2.H20 and PAA. Figure 24 represents the
superposition of these three spectra for comparison purposes.

5.8 Zeta Potentials of PSL, CPSL, and SPSL Beads:
Zeta potentials of PSL, CPSL, and SPSL beads were measured at pH values
of 8.8 and 11 to characterize the relative surface charges on these particles. Table 3
shows the results of these experiments. It can be seen that with the increase of pH,
the zeta potential values increase significantly especially for CPSL and SPSL beads.
The effect of pH is rather surprising since the pK, of surface carboxyl and sulfuric
acid groups are typically well below 4. At the pH of deposition, the zeta potentials
of CPSL and SPSL beads are approximately one and half times magnitude higher
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Table 3
Zeta Potentials of PSL, CPSL> and SPSL Beads

Type of PSL

Zeta Potential
at pH 8.8
(mV)

at pH 11.1
(mV)

PSL (Seradyn, Inc.)

- 28 ± 0

-39 ±5

CPSL (Polysciences, Inc.)

- 35 ± 5

- 62 ± 7

SPSL (Polysciences, Inc.)

-40 ±3

-64±0
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than that of "virgin" PSL beads. More uniform deposition of copper onto CPSL and
SPSL beads is perhaps related to a higher density of negatively charged sites on these
beads.
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Chapter 6
CONCLUSIONS

A technique was developed to plate copper onto polystyrene latex particles
after conditioning them in a solution of tetraammine palladium(II) chloride
monohydrate. The induction time for copper deposition onto PSL, CPSL, and SPSL
beads were 30,60, and 60 minutes respectively. Either the adsorbed Pd-PAA complex
or the complex between surface -COOH and Pd(NH3)4++ appeared to serve as the
specie required for cupric ion reduction.
The copper coated polystyrene particles were characterized by SEM, EDX,
XPS, and XRD techniques. The copper layer thickness on 0.1 /zm CPSL particles
and 0.24 nm SPSL particles were found to be 0.15 Mm and 0.35 /xm respectively. The
copper coating was found to consist of microparticles of 60 - 80 nm diameter. By
XPS and XRD analysis, the surface of copper coating was found to be in a mixed
oxidation state. The deposited particles did not contain sodium, sulfur or palladium
impurities. Surfscan analysis of copper coated SPSL particles deposited on a silicon
wafer, revealed that particles with a scattering cross-section between 0.7 and 1.4 Mm2
dominated the synthesized particulate assembly.
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