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Abstract This study elucidates the application of Pd
nanoparticles as catalysts of electroless copper deposition
and their catalytic effect on the deposition kinetics and
microstructure in an electroless copper bath. Quartz crystal
microgravimetry (QCM) and high-resolution field emission
scanning electron microscopy (FE-SEM) with energy
dispersive X-ray spectroscopy (EDX) demonstrated that
the kinetic changes associated with electroless copper
deposition (ECD) comprised two stages—the incubation
period and the acceleration period. In the incubation period,
small copper particles were deposited. In the acceleration
period, the ECD rate increased rapidly and continuously
conducting films with large grains were formed. Leaner
sweep voltammetry (LSV) and mixed potential theory
(MPT) were applied to examine the catalytic powers of
the prepared Pd nanoparticles and the related electrochem-
ical kinetics in the ECD bath.

Keywords Nanoparticle - Palladium - Electroless copper
deposition - Kinetics - Electroless nickel deposition -
Surface modification - Activator

Introduction

Electroless copper deposition (ECD) is an important tech-
nology in advanced nanocircuit industries, and is used for
printing circuit board (PCB) [1, 2] and manufacturing semi-
conductors [3-5]. In PCB manufacturing, ECD is common-
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ly performed to deposit conductive copper on the inside wall
of'the insulating hole of the substrate to connect the electronic
components [2]. Similarly, ECD is also an attractive
procedure for depositing copper to form interconnections
that are smaller than 45 nm in ultralarge-scale integration
(ULSI) [6], because it can replace the electrodeposition
process, which depends on a preplated copper seed layer
formed by an expensive vapor-phase method. Although var-
ious factors, such as the composition of the deposition
solution [7-9] and the choice of ligands [10, 11], affect
the performance of an electroless process, the activation is a
key determinant of the rate and mechanism of electroless
deposition [12]. Activation, which is a catalytic reaction, is
triggered with active colloids on the surface of the substrates
dipped in an electroless deposition bath. Meanwhile, the
active catalyst is a role as an electron carrier that supports
the transfer of electrons from the reducer to the metal ions.
Therefore, colloids can be regarded as means of controlling
the width and thickness of the lines and the time required for
the advanced fabrication of nanocircuits.

ECD is an electrochemical reaction, comprising simul-
taneous anodic and cathodic reactions, at a particular
interface between the electrolyte and the plated substrate.
Mixed potential theory (MPT), which yields two Tafel
curves of the anodic and cathodic reactions, is frequently
adopted to analyze the kinetics of electroless deposition
[13, 14]. The points of intersection between the anodic and
cathodic Tafel curves yield the deposition current and the
mixed potential associated with a deposition reaction in the
steady state. Furthermore, quartz crystal microgravimetry
(QCM) is a novel method for analyzing in situ the observed
electrochemical kinetics based on the change in frequency
of the vibration at the electrode [15].

Recently, we synthesized Pd nanoparticles by self-
regulated reduction and tested their activities toward an
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Table 1 The composition of
electroless copper deposition

Composition of electroless copper bath

for analyses of linear sweep

LSV and MPT

Oxidation reaction Reduction reaction

voltammetry (LSV), mixed po- QCM

tential theory (MPT), and

quartz crystal microbalance

QcM CuSO,4 0.05 mol/dm’
HCOH 0.27 mol/dm®
EDTA 0.1 mol/dm’

pH (adjustment  12.3
with NaOH)

HCOH 0.27 mol/dm®>  CuSO, 0.05 mol/dm?
EDTA 0.1 mol/dm*  EDTA 0.27 mol/dm’>
pH (adjustment ~ 12.3 pH (adjustment  12.3

with NaOH) with NaOH)

electroless copper and nickel bath [15]. This study further
explores the electrochemical effectiveness of the activated
Pd nanoparticles in catalyzing ECD. MPT and QCM are
applied in cases of various quantities of Pd nanoparticles to
compare theoretical and actual ECD kinetics. The ECD
deposition rates of these Pd nanoparticles can thus be fairly
compared. Furthermore, the microstructure deposited over
different deposition times is measured for comparison with
the results of high-resolution field emission scanning
electron microscopy (FE-SEM). The elemental copper and
Pd contents in the deposition layer are analyzed.

Experimental
Preparation of Pd nanoparticles

Palladium nanoparticles were prepared by the following
procedure [16]. First, 0.54 g Pd(OAc), (palladium acetate)
was slowly dissolved in 50 ml of 0.1 M neutral aqueous
solution of sodium n-dodecyl sulfate (SDS). The hydro-
phobic group of the SDS micelle then captured the Pd
(OAc), molecule. The solution was then heated slowly in
an oil bath (130 °C) with a reflux system. The initially
yellow solution slowly became dark brown and the pH
declined from 5~4 to 1, as the reaction proceeded over
approximately 7 h. The basic reaction involves the release
of alcohol by partial decomposition of the surfactant [16],
enabling the reduction of palladium ions. The size,
appearance, and crystallinity of the Pd nanoparticles were
determined by high-resolution transmission electron mi-
croscopy (HR-TEM; JEOL JEM-2000EX).

Analysis of deposition kinetics and microstructure
The synthesized Pd nanoparticles were used an activator to
activate ECD. Pd nanocolloids were precipitated by

ultrahigh speed centrifugation at 12,000 rpm and redis-
persed using deionized water, to reduce the influence of
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SDS on ECD. Table 1 presents the compositions of the
ECD bath used to measure the polarization curve and the
quartz crystal microbalance (QCM, SEIKO QCA922),
respectively. All electrochemical experiments of ECD were

o
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P
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Fig. 1 HR-TEM image of prepared Pd nanoparticles. a High-
resolution image; b calculated size distribution
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performed in the baths maintained at 30 °C, through which
was bubbled N, gas for 15 min before measurements were
made.

In linear sweep voltammetry (LSV) and polarization
curve analysis, the resulting aqueous solutions were
uniformly dropped onto a 0.07 cm? glassy carbon electrode
(GCE) and heated at 70 °C to evaporate off the water for
5 min. The glass carbon electrode was rinsed by 3 pl Swt%
Nafion solution and heated at 70 °C for 10 min to prevent
the catalyst from falling off the electrode. Polarization was
measured using a potentiostat (Autolab PGATAT30),

incorporating a rotation disk electrode (RDE). A three-
electrode cell, comprising a GCE working electrode, a Pt
counter electrode, and an Hg/Hg,Cl, reference electrode,
was used to make the measurement. The experiment was
conducted in anodic or cathodic reaction (Table 1) at a scan
rate of 5 mV/s and a rotation speed of the working electrode
of 3,600 rpm.

As in the QCM experiment, the working electrode used
in the measurement was prepared by applying 2, 3, 4, and
5 ul of Pd nanoparticle solution uniformly on a 0.159 cm?
Au surface of the QCM substrate. The QCM substrate

Fig. 2 LSV curves of electro- 3
less copper bath catalyzed by

increasing amount of Pd nano- -
particles in the absence of either
formaldehyde or Cu**. a Anodic 2 -
curve; b cathodic curve
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(SEIKO EG&G QA20-A9M-Au) was sputtered with gold
on a 100 A titanium film from both sides and was
connected to a home-build oscillator. The reference
electrode (Hg/Hg,Cl,) was separated from the main
solution compartment by a Luggin capillary, which was
filled with saturated KCl solution.

Various volumes of Pd nanoparticles are dropped into
the O ring with a confined area of 0.159 cm? and naturally
dried on the clear silicon substrate. The activated substrates
are dipped into the ECD bath. After the ECD reaction
proceeds, the deposited substrates are taken out. The
microstructural and elemental analyses are performed by
high-resolution field emission scanning electron microsco-
py (FE-SEM) and energy dispersive X-ray spectroscopy
(EDX) (Hitachi S-47001).

Results and discussion

Figure la clearly presents HR-TEM images of prepared Pd
nanoparticles used as catalysts of ECD. Pd nanoparticles
were synthesized with a narrow size distribution. The lattice
spacing was around 2.24 A, which value is regarded as the
lattice space between the [111] planes of metallic palladium
[17]. The image analysis by HR-TEM demonstrates that the
mean particle diameter was around 3.36 nm, as presented in
Fig. 1b.

The oxidative and reductive power of appropriate
amounts of Pd nanoparticles for ECD was analyzed by
linear sweep voltammetry (LSV). Figure 2 plots the
current—potential (I-E) curves for the oxidation of formal-
dehyde in the anodic bath and the reduction of copper ions
in the cathodic bath, whose compositions are presented in

-1500

-1000

-5004

E (mV)

500

1000

log | (mA/cm?)
Fig. 3 Anodic and cathodic polarization curves of increasing amounts
of Pd nanoparticles as activators of electroless copper deposition
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Table 1. In the anodic bath, the oxidation reaction was
observed at a starting potential of ~—500 mV, as shown in
Fig. 2a. The oxidation current density increased slowly with
the potential, reaching a diffusion limited current of
~—40 mV. The oxidation current density of the reducer in
the ECD bath increases with the number of Pd nano-
particles, indicating that the oxidation power depends on
the amount of catalyst in the ECD bath. The reduction
reaction at the electrode surface, distributing Pd nano-
particles, occurs at ~—20 mV and the current increased
linearly with the potential from ~—20 to ~—1,200 mV, as
presented in Fig. 2b. The catalytic power of the reduction
current of the copper ions increased with the amount of
nanocatalyst. The result was similar to that of oxidation,
revealing that not only the oxidative power but also the
reductive power in the ECD bath depends on the amounts
of catalyst on the electrode surface. Theoretically, in
electroless metal deposition, the catalytic particles act as
carriers in the transfer of electrons from the reducing agent
to the metal ions. The solid catalysts thus importantly affect
the kinetics. MPT, which is described by the Tafel equation,
is commonly utilized to analyze the rate of electroless metal
deposition. According to MPT, the coordinates of the point
of intersection between the anodic and cathodic curves
yield the deposition current (/ypr) and the mixed potential
(Empr) at which the deposition reaction is in a steady state.
Figure 3 plots the electrochemical current—potential curves
of the Tafel equation of ECD, catalyzed by various amounts
of Pd nanoparticles. The deposition potential and deposition
current density, catalyzed by 2 pl of Pd nanoparticles, were
~—210 mV and ~0.112 mA/cm?, respectively. Notably, a
negative shift of Eypr from ~—210 to ~—280 mV occurred
as the amount of Pd nanoparticles increased, indicating that
an increase in the number of active colloids promote the
spontaneous deposition reaction. Then, a small increase in
the deposition current density from approximately 0.112 to
~0.796 mA/cm?* was followed by an increase in the amount
of Pd nanoparticles on the electrode surface. The ECD
deposition rate (Rypr) obtained by mixed potential theory
is given by Faraday’s law [18].

RMPT =1.18 x IMPT

Table 2 The summary for ECD kinetics measured by MPT and QCM

Deposition kinetics 2 ul 3ul 4 ul Sl

Enpr (mV) -210 =212 —242 -281
Ivpr (MA/cm?) 0.112 0.23 0.576 0.796
Deposition rate (jg/cm? s)

Ryipr 0.037 0.075 0.189 0.261
Rocm 0.189 0.282 0.294 0.480
Ratio of Rocm to Rypr 5.1 3.76 1.55 1.83
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Fig. 4 QCM analyses of the 35
deposition kinetics of electroless

copper deposition catalyzed 1
by various amounts of Pd

nanoparticles 30

Deposited mass change (ng)

Table 2 presents the calculated results. The deposition
rates of 2, 3, and 4 ul Pd nanoparticles were recalculated to
be around 0.037, ~0.075, and ~0.189 pg/cm? s, respec-
tively, the Ryipr of 5 pl Pd nanoparticles was ~0.261 g/
cm?® s. The Rypr increases rapidly from ~0.037 pg/cm? s
for 2 ul Pd nanoparticles to ~0.261 pg/cm?s for 5 ul Pd
nanoparticles. The ECD rates determined by theoretical
MPT increased rapidly with the amount of Pd nanoparticles.

QCM was conducted to detect in situ the effect of Pd
nanoparticles on the actual ECD deposition kinetics and
rates. Figure 4 presents the results. Notably, two stages of
the ECD deposition kinetics catalyzed by Pd nanoparticles
were observed. The typical curve was obtained using 3 pl
Pd nanoparticle solution. A short incubation period of
~200 s immediately followed the start of the reaction. The
frequency was greatly accelerated in the final deposition
stage. In addition, the more on the Pd nanoparticle amount,
the less frequency changes on the incubation period
proceeded. It was plausibly resulted from the interaction
of SDSs which were adsorbed on the particular surface. The
information obtained by FE-SEM and EDX further eluci-
dates the ECD mechanisms catalyzed by the prepared Pd
nanoparticles. Figures 5, 6, and 7 present FE-SEM images
of the surface microstructure formed by 100, 200, and 400 s
of ECD on the substrate after the substrate was in each case
activated with various amount Pd nanoparticles immersed
in an electroless bath. Table 3 presents the results of the

400

Deposition time (s)

elemental analysis by EDX. An ~10.4-13.3 wt% copper
and ~26.7-32.9 wt% copper on the plated substrate were
deposited in 100 and 200 s, respectively. Hence, the amount
of copper increases slowly over the first 200 s of deposition
time. It is interesting to note that, however, the sizes of the
copper grains whose deposition was catalyzed by Pd
nanoparticles in the four cases, were very similar and all
below 100 nm, as shown in Figs. 5 and 6. The micro-
structures formed after 400 s were continuous films with
large grains, as presented in Fig. 7. The deposited films
were detected to be ~100 wt% copper. Therefore, FE-SEM,
EDX, and QCM revealed that ECD growth kinetics can be
plausibly divided to two periods. One is the incubation
period up to 200 s and the other is the acceleration period
after 200 s. In the incubation period, the ECD bath is
catalyzed by some Pd nanoparticles and the small copper
grains are then slowly deposited. Before the acceleration
period, the Pd nanoparticles and small deposited copper
grains exhibit high activities on the reducer in the ECD
bath, forming continuously conducting films.

Figure 4 fairly compares the activities of the various
amounts of Pd nanoparticles, measured by QCM. The
deposition rates, Rocm, are calculated from the difference
between the electrode frequencies, using Sauerbrey’s
equation [19]. Table 2 summarizes the results. Notably,
the ECD deposition rates increase with the amount of
Pd nanoparticles solution, in the order 5>4>3>2 pul. The
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Fig. 5 FE-SEM images of ECD
surface microstructure activated
by various volumes of Pd
nanoparticle solution after a
deposition time of 100 s.
a2ul,b3ulc4ul and
d5pul

*'5. OkYes 20, 600/,

Rocewm values of 2, 3, 4, and 5 ul of Pd nanoparticles were
detected to be approximately ~0.189, ~0.283, ~0.295,
and ~0.48 pg/cm? s, respectively, revealing that changing
the amount of nanocatalyst markedly affects the deposition
rate. The trend is consistent with the results obtained using

Fig. 6 FE-SEM images of ECD
surface microstructure activated
by various volumes of Pd
nanoparticles solution after a
deposition time of 200 s. a 2 pl,
b3u,c4u,andd5 ul

@ Springer

(a)

MPT. For a given quantity of catalyst, the actual deposition
rate, Rocwm, substantially exceeds the MPT value, Ryipr, as
indicated in Table 2, perhaps because the difference arises
from the fact that the cathodic currents that produce
hydrogen, in mixed potential theory, are negligible, when

(b)
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Fig. 7 FE-SEM images of ECD
surface microstructure activated
by various volumes of Pd nano-
particles solution at a deposition
time of 400 s. 2 ul, b 3 ul,
c4pul,andd 5 pl

the equilibrium potential is reached. Accordingly, the
hydrogen-producing reaction strongly affects the ECD
kinetics. Notably, the ratio of rates Rocm to Rvpr declines
as the amount of nanoparticles increases, as presented in
Table 2. The theoretical rate determined by mixed potential
theory approaches stepwise the true value as the amount of
catalyst is used. Increasing the amount of nanocatalyst
plausibly increases greatly the intensity of the oxidative and
reductive LSV current peaks, corresponding to the deposi-
tion rates.

Conclusion
This study investigated the catalytic effect of Pd nano-

particles on the deposition kinetics and the microstructures
in (an/the) electroless copper bath. QCM, FE-SEM, and

EDX were utilized together to study changes in the ECD
kinetics, which occur in two stages—the incubation period
and the acceleration period. During the incubation period,
small copper particles are deposited. In the acceleration
period, the ECD rate increases rapidly and continuously
conducting films with large grains are formed. The currents
for both oxidation and reduction LSV peaks, corresponding
to increasing amounts of Pd nanoparticles, are enhanced.
The deposition rate determined by mixed potential theory
increased rapidly with the volume of the Pd nanoparticle
solution to 5 pl. This trend is consistent with the QCM data,
revealing that the quantity of Pd nanoparticles strongly
affects the ECD reaction. Based on the findings of this
work, the ECD kinetics and mechanism catalyzed by Pd
nanoparticles can be further understood in a manner that
supports practical applications, such as fabricating electron-
ic nanocircuits in PCB and ULSI.

Table 3 A summary for EDX

analysis of ECD layer cata- 100 s 200 s 400 s
lyzed by the Pd nanoparticle
solution of the various Cu (Wt%) Pd (wt%) Cu (Wt%) Pd (wt%) Cu (wt%) Pd (wt%)
quantities
2 ul 13.3 86.7 26.7 73.3 99.59 0.41
3ul 12.1 87.9 29.4 70.6 100 0
4 ul 11.2 88.8 27.6 73.4 100 0
5ul 104 89.6 329 67.1 100 0
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