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Abstract

In this study, ethylenediaminetetraacetic acid (EDTA), triethanolamine (TEA), and ethylenediamine (En) were adopted
herein as additives or chelating agents in electroless copper plating, with formaldehyde as the reduction agent. Linear sweep
voltammetry was successfully applied to analyze the potential shift of copper complexes and the adsorption capability of
chelating agents on a surface. Moreover, the grain size and surface roughness of copper were investigated using atomic force
microscopy (AFM). The experimental results for a dual-chelating-agent system indicated that EDTA plays an important role
in chelating, while the main effect of TEA is adsorption on copper surfaces to inhibit formaldehyde oxidation. Meanwhile,
ethylenediamene is a prominent refining agent owing to its markedly higher adsorption strength on copper surfaces than
formaldehyde and TEA. The analyses including linear sweep voltammetry, AFM, and XRD are effective to explore the effect
of chelating agents and additives on electroless copper plating and deposits. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electroless plating is a variety of chemical deposi-
tion technology, involving the deposition of metals
from solutions onto surfaces without applying an
external electric voltage [1,2]. This method is based
on the chemical reduction of metal ions in the solution
to metallic atoms on the surface through a reducing
agent in the solution, and is not constrained by the
shape, size, or conductivity of the supporting sub-
strate. Therefore, electroless plating is a highly effec-
tive means of plating metal onto non-conductive
substrates. Potential applications for electroless
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plating have recently emerged in IC fabrication and
EMI shielding because the electroless metal deposi-
tion technique for forming thin metal films does not
require vacuums or high temperatures. Extensively
used to fabricate printed circuit boards, electroless
copper plating is also favored for copper coatings on
various non-conductive substrates, such as plastics,
glass, and ceramics [3-8]. Al,03 and AIN can be
utilized as circuit boards for high performance com-
puters. Meanwhile, TiN is an excellent barrier layer
between silicon oxide and metal in ULSI. Finally, Cu/
Al,O5 is a catalyst in the dehydrogenation of alcohol.
Hence, electroless copper plating has received con-
siderable attention owing to the metallization of the
above materials [9-12].

Electroless copper plating can be generally
described by the following two half-cell reactions
[13-15]:
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Anodic reaction
2HCHO + 40H™ — 2HCOO™ + H, + 2H,0 + 2e™,

Cathodic reaction

CuL, 2™ 4+ 2¢~ — Cu + nL"™™

where L represents the chelating agent, such as ethy-
lenediaminetetraacetic acid (EDTA), triethanolamine
(TEA), or tartaric acid, and m denotes the charge of the
chelating agent.

The mechanism of electroless copper plating has
been extensively studied [13-19]. Reaction orders
have been experimentally measured and empirical
rate laws have been proposed [13,19,20]. According
to the mixed potential theory, it is now widely
accepted that electroless plating involves simulta-
neous cathodic and anodic reactions on the same
surface [13,16—18]. Despite the above investigations,
many aspects of the electroless plating process remain
unexplored. Electroless plating proceeding continu-
ously consumes copper ions, yet chelating agents
mostly remain in the bath. Therefore, chelating states
with copper ion will gradually change from their
initial status. Meanwhile, differing initial concentra-
tions of compositions in the electroless plating bath
affect the physical properties of deposits to varying
extents. If plating solutions contain only one chelating
agent of EDTA at pH 13.5, cupric hydroxide particles
precipitate at the bottom of the beaker because of an
insufficient concentration of EDTA [21]. Alterna-
tively, if only one chelating agent of TEA exists in
the solution, the plating bath is extremely unstable and
some autocatalytic reduction copper particles pro-
duced in the solutions during electroless copper plat-
ing proceeding. The electroless copper deposition
reaction would then not only occur on the original
surface but also in the solutions. Consequently, a dual-
chelating-agent system is employed to prevent the
above problems.

This investigation examines how various chelating
agents or additives affects deposition, such as adsorp-
tion effects of additives on the substrate and copper
ion interactions with chelating agents in the plating
bath, using linear sweep voltammetric method. Addi-
tionally, plating rate, resistivity, roughness, grain size,
and crystallographic orientation are obtained from the
electroless copper plating experiments, thus providing
the basis for some predictions and tendencies. Results

in this study provide a valuable reference for tuning
the ingredients of electroless copper plating recipe for
specific applications such as copper metallization of
ULSI and EMI shielding.

2. Experimental

Electroless plating of non-conducting materials
must catalytically activate the substrate surfaces
before metals deposit onto themselves. Copper che-
mical deposition occurs initially on the activated
catalytic surfaces and, then, the reduction of copper
ions proceeds autocatalytically on the fresh copper
surfaces. Hence, the substrates or activators no longer
influence electroless copper plating after several
atomic layers of copper deposition. Herein, copper
sheets were used as substrates for electrochemical
measurements.

As indicated previously in Section 1, to avoid cupric
hydroxide precipitated and prevent a bath from being
unstable as electroless plating was proceeding, the
dual-chelating-agent system of EDTA and TEA was
adopted to examine our experiments. Consequently, a
solution containing 6 g/l of CuSQO4-5H,0, 14 g/l of
EDTA, 28 g/l of TEA, and 10 ml/1 of 37% HCHO for
electroless copper plating was used as a reference
bath. The concentration of only one species would be
changed in the reference bath for each experiment.
The pH of the system was adjusted to 13.5 by KOH.
Table 1 lists the various experimental amounts of

Table 1
Experimental array for electroless copper plating (concentration in
g/

Bath EDTA TEA En

1 7 28 0

2% 14 28 0

3 21 28 0

4 28 28 0

5 14 14 0

6 14 42 0

7 14 56 0

8 14 28 0.15

9 14 28 0.30
10 14 28 0.60

#Bath 2 with HCHO (10 ml/1) and CuSO,4-5H,0 (6 g/1) is the
reference bath.
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compositions in the plating bath, and bath 2 is the
reference bath. The plating compositions are based on
the reference bath except where other is mentioned.
The solutions were prepared using analytical grade
reagents and double-distilled water. Experiments were
performed in a glass beaker placed in a constant
temperature bath regulated at 45°C (£0.1). All copper
sheets were degreased, oxide-removed, and dried with
nitrogen.

To measure the resistivity of the copper deposits,
electroless copper plating was performed on non-
conductive plastic substrates which were catalytically
activated in advance. Resistance of the electroless
plating layer was measured using a four-point probe
driven by a source-measure unit of Keithley 236. The
smallest distance between two probes was 1016 um
(40 mils) and the probe pressure was 45 g/cm?.

For linear sweep voltammetry, an 8 cm” copper
sheet was used as the working electrode. A Pt/Ti
screen and a commercial electrode of Ag/AgCl satu-
rated with KCI were used as the counter and reference
electrodes, respectively. Experiments were conducted
in a custom-designed glass cell, which prevented
chloride of the reference electrode from diffusing
and, then, interacting with copper. The temperature
was controlled by circulating thermostatted water
(45 £0.1°C) through the double wall of the above
cell. Next, the anodic polarization curves were mea-
sured from the formaldehyde-reduced electroless cop-
per bath in the absence of copper ions. Finally, the
cathodic polarization curves were measured from the
same composition bath without formaldehyde. Linear
sweep voltammetry was performed using a potentio-
stat/galvanostat (EG&G model 273), and the scan rate
was 20 mV/s for all measurements.

For gravimetric experiments of electroless copper
plating, approximately 250 ml of electroless copper
bath was used with a 30 cm? copper sheet. The plating
time was 20 min except where other was mentioned.
Additionally, the thickness of copper deposition layer
and the rates of electroless copper deposition were
estimated by the weight gain. Eventually, the resis-
tivity of a deposition layer was obtained.

For orientation and morphology experiments, the
structure of the copper deposition film was character-
ized using an X-ray diffractometer (XRD) (Mac
Science MO3XHF). The power of the X-ray generator
was 3 kW, while the scanning range for XRD

was from 30 to 80°. Meanwhile, the sampling width
and scanning speed were 0.020° and 8.000°/min,
respectively. An atomic force microscope (Digital
Instruments, Nanoscope IIla) was employed for sur-
face characterization and roughness measurements,
and a NSCI15 conical tip with a silicon cantilever
(Silicon-MDT Ltd.) was used as the scanning probe.
All images were collected in the air using the non-
contact tapping mode (scan size: 20 um, amplitude:
1.2V, scan rate: 1.0 Hz).

3. Results and discussion
3.1. Linear sweep voltammetry

Fig. 1 displays the linear sweep voltammetry for
formaldehyde oxidation in a KOH solution at pH 13.5.
The first anodic peak at —0.4 V in the absence of
formaldehyde (background curve) is attributed to the
formation of Cu(I). The subsequent anodic peak
around 0.0 V results from not only the conversion
of Cu(I) but also some underlying copper metal to the
Cu(I) formed. These above results coincide with
those in [22-24]. According to this figure, in the
presence of formaldehyde, the first anodic peak occurs
at —0.55 V mainly owing to the oxidation of formal-
dehyde. Meanwhile, a lot of hydrogen bubbles were
evolved on surfaces of the substrate at the onset of this
peak until this peak was over. The anodic peak current
density increases with the concentration of formalde-
hyde, but its increase is limited by the total number of
available active sites on the copper surface. At around
—0.15V, a small prepeak is caused by the oxidation
Cu(I) to Cu(Il). The following anodic peaks for var-
ious formaldehyde concentrations evidently indicate
that formaldehyde effectively suppresses the forma-
tion of Cu(Il) around 0.0 V [25]. Formaldehyde oxi-
dation proceeds on active sites of the substrate so that
formaldehyde must have been previously absorbed on
a copper substrate. Consequently, the surface state,
e.g. the number of available active sites, will signifi-
cantly affect the formaldehyde oxidation. The reaction
in the first anodic peak is complicated because of
involving formaldehyde oxidation, Cu(I) formation,
and their interactions [22,23,25]. After peaking, the
passivation of the formaldehyde oxidation com-
mences and undergoes the interaction with the
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Fig. 1. Linear sweep voltammetric curves for HCHO oxidation in KOH at pH 13.5. Initial potential: —1.0 V; HCHO: 0, 5, 10, and 20 ml/I.

Cu(I) formation. Thus, a shoulder in the anodic scan is
appeared.

Fig. 2 presents the linear sweep voltammetry for
formaldehyde oxidation without copper ion and Cu(II)
reduction without formaldehyde, respectively, in the

bath containing TEA and EDTA at pH 13.5. For
anodic scans, the oxidation peak current density of
formaldehyde is enhanced around —0.5V due to
formaldehyde concentration increase. Meanwhile,
its anodic peak current density continues to increase
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Fig. 2. Linear sweep voltammetry in the reference bath of 14 g/l EDTA and 28 g/l TEA for HCHO oxidation and Cu(Il) reduction,
respectively. Anodic scan — HCHO: 5, 10, and 20 ml/l; cathodic scan — CuSOy4-5H,0: 3, 6, and 12 g/I.
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for 20 ml/l formaldehyde, unlike that in Fig. 1, due to
the presence of additives like TEA or EDTA. Further-
more, the anodic peaks of Cu(Il) formation around
0.0 V are independent of formaldehyde concentration,
unlike those in Fig. 1, where the Cu(II) formation is
suppressed by formaldehyde. In addition, the additives
of TEA and EDTA restore the Cu(Il) formation at
more negative potentials. Fig. 2 also illustrates the
effects of cupric ion in the reference bath (28 g/l TEA,
14 g/l EDTA, and pH 13.5) without formaldehyde for
cathodic scans of Cu(Il) reduction. The plating bath
contains two main species, TEA and EDTA, which are
able to chelate cupric ions. The chelating capability of
EDTA is much stronger than that of TEA. The chelat-
ing effect of each species will be discussed further in
subsequent sections. In the case of 12g/l
CuS0,4-5H,0 in Fig. 2, the fraction of cupric ions
chelated by EDTA is decreased, thereby making its
cathodic peak at —0.65 V significantly higher than
those for 3 and 6 g/1 CuSO,4-5H,0.

The effects of chelating agents EDTA and TEA are
shown in Figs. 3 and 4, respectively. In Fig. 3 the peak
current densities of formaldehyde oxidation at
—0.52 V for various EDTA concentrations are nearly
the same, while the peak currents for Cu(Il) formation
around —0.08 V are enhanced by rising EDTA concen-
trations. Although not affecting the electrochemical

oxidation of formaldehyde, EDTA chelates Cu(Il) so
strongly that it increases the peak current densities for
Cu(II) formation. For cathodic scans with increasing
EDTA amounts, cupric ion reduction is suppressed
more at around —0.6 V due to the large formation
constant of the Cu(II)-EDTA complex. For the case of
7 g/l EDTA in Fig. 3, the first cathodic scan peak is
shifted to about —0.64 V, this phenomenon is also
illustrated in Fig. 2. In Fig. 4, although the formalde-
hyde oxidation peaks at —0.52 V are decreased with
increasing TEA concentrations, the heights of the
Cu(I) formation peaks at —0.08 V are almost
identical. These results indicate that TEA impedes
formaldehyde adsorption, and that the chelating cap-
ability of TEA is weaker than that of EDTA. The
results of cathodic scans shown in Fig. 4 do not clearly
differ among these cathodic curves, because most
cupric ions are chelated by EDTA. From Figs. 3
and 4, the first cathodic scan peaks are caused by
Cu(Il) reduction of TEA chelating, while the peaks
result from that of EDTA chelating appear around
—1.1 V. The potential shifts reflect that Cu(Il)-EDTA
requires more energy than Cu(Il)-TEA to accomplish
Cu(II) reduction, which is the result of the chelating
capability of TEA to EDTA. In other words, the Cu(II)
reduction rate of using TEA as a chelating agent will
be higher than that of using EDTA. To summarize, in
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Fig. 3. Effects of EDTA on HCHO oxidation and Cu(Il) reduction, respectively. EDTA: 7, 14, 28 g/l.
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Fig. 4. Effects of TEA on HCHO oxidation and Cu(Il) reduction, respectively. TEA: 14, 28, and 56 g/I.

the dual-chelating-agent system, EDTA plays an
important role in chelating, while the main effect of
TEA is adsorption on copper surfaces, if the solution
contains sufficient EDTA. Meanwhile, TEA adsorp-
tion inhibits the formaldehyde oxidation on copper

surfaces. Otherwise, TEA will take part in chelating
obviously.

Fig. 5 displays the effects of ethylenediamine (En)
on formaldehyde oxidation and Cu(Il) reduction,
respectively. According to the results of anodic scans,
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Fig. 5. Effects of ethylenediamine on HCHO oxidation and Cu(II) reduction, respectively. Ethylenediamine: 0.15, 0.3, and 0.6 g/I.
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the adsorption capability of ethylenediamine on
copper substrates is stronger than that of TEA and
formaldehyde. When a small quantity of ethylenedia-
mine is added in solutions, its adsorption on the copper
surface clearly inhibits the electrochemical oxidation
of formaldehyde. Thus, the adsorption of ethylene-
diamine is an obvious negative influence on formal-
dehyde oxidation. The anodic peaks of 0.15 and 0.3 g/l
ethylenediamine are similar around —0.1 V, but 0.6 g/l

ethylenediamine enhances Cu(Il) formation so that its
anodic peak shifts more negatively in potential and has
a higher value in current density. The cathodic scans in
Fig. 5 illustrate that the peak potentials for Cu(ll)
reduction with the addition of ethylenediamine are
virtually identical to those with the addition of TEA
presented in Fig. 4, but the higher cathodic peak
current values indicate that ethylenediamine promotes
Cu(II) reduction.

Fig. 6. AFM images of electroless copper plating (HCHO: 10 ml/l, CuSO,-5H,0: 6 g/, pH 13.5, and temperature: 45°C): (a) bath 1; (b) bath
2; (c) bath 4; (d) bath 5; (e) bath 7; (f) bath 8; (g) bath 9; (h) bath 10. Scan area: 20 um x 20 pm.
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The above studies found that chelating agents
and additives influenced the anodic oxidation of
formaldehyde and cathodic reduction of Cu(Il) dif-
ferently. For example, although the potential shift of
ethylenediamine complexes was conducive to Cu(Il)
reduction proceeding, the strong adsorption of ethy-
lenediamine on a substrate impeded formaldehyde
oxidation. In fact, Cu(Il) reduction and formaldehyde
oxidation, although occurring simultaneously by
themselves, were confirmed to be interdependent.
Therefore, the results of Figs. 2-5 provide further
insight into the mechanism and phenomena involved
in electroless copper plating.

3.2. AFM and XRD studies

Fig. 6 displays the AFM image collection of the
various compositions in electroless copper plating. The
RMS roughness of un-plated surfaces was estimated to
be around 21 nm. Fig. 6b presents the AFM image of
Cu deposits from the reference bath. Fig. 6a—c illus-
trate that grain size tends to become more uniform as
the concentration of EDTA increased. Their RMS
roughness ranges from ca. 166 nm for 7 g/l EDTA
(case a) down to ca. 91 nm for 28 g/l EDTA (case c).
Meanwhile, Fig. 6b, d, and e indicate that the number

of smaller grains increases with the concentration of
TEA, but that TEA has a lesser effect on the uniformity
of grain size than EDTA does. Their RMS roughness
ranges from ca. 108 nm for 14 g/l TEA (case d) down
to ca. 71 nm for 14 g/l TEA (case e). Meanwhile,
Fig. 6f—h show the AFM images of electroless copper
plating in the bath with added ethylenediamine. These
figures reveal that the grain size of copper deposits
decreases and their uniformity improves with an
increasing ethylenediamine concentration. Their
RMS roughness ranges from ca. 96 nm for no ethyle-
nediamine (case b) down to ca. 40 nm for 0.6 g/l
ethylenediamine (case h). Consequently, ethylenedia-
mine produces excellent results in grain refining owing
to its adsorption capability. Fig. 7 summarizes RMS
roughness for EDTA, TEA and En. Fig. 8 presents the
XRD patterns of electroless copper plating. In the
reference bath, the copper nucleation slightly prefers
(11 1) plane, especially with increased EDTA. How-
ever, the addition of ethylenediamine enhances the
crystallographic orientation in (2 2 0) plane.

3.3. Plating rate and resistivity

Fig. 9 summarizes the effects of EDTA, TEA, and
En on electroless plating rates. The electroless plating
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Fig. 7. Dependence of RMS roughness on various concentrations of EDTA, TEA and ethylenediamine (En) in the reference bath. Scan area:

20 pm x 20 pm.
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Fig. 8. XRD patterns of electroless copper plating (HCHO: 10 ml/l, CuSO,4-5H,0: 6 g/l, pH 13.5, and temperature: 45°C): (a) un-plated; (b)
bath 2; (c) bath 4; (d) bath 7; (e) bath 9.

rates decrease significantly when increasing the con- as a chelating agent was several times faster than that
centration of additives or chelating agents because of using EDTA, which was also reported by several
EDTA, TEA, and En can affect formaldehyde oxida- investigators [12,26-28]. Nevertheless, the adsorption
tion or Cu(Il) reduction. The plating rate of using TEA character of TEA on copper surface would be
10 T ¥ T ¥ T T T
g [ ] e
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Fig. 9. Dependence of plating rate on various concentrations of EDTA, TEA and ethylenediamine (En) in the reference bath; plating time:
30 min (‘+’ is the precipitation after 25 min).



Y.-M. Lin, S.-C. Yen/Applied Surface Science 178 (2001) 116-126 125

34 '] T I v I
26 - ° -
3
Q
G
2
> 18 -
2
»
‘»
@
10- * — TEA T
.\
\I
\ EDTA .
' T En
2 T ’ ] ' ) v )
EDTA 7 14 21 28
TEA 14 28 42 56 (g/l)
En 0 0.15 0.3 0.6

Fig. 10. Resistivity of electroless deposits versus various concentrations of EDTA, TEA and ethylenediamine (En) in the reference bath;

plating time: 30 min excepted 7 g/l of EDTA.

obviously appeared with existence of another rela-
tively stronger complexing agent of EDTA in the dual-
chelating-agent system. Fig. 9 also reveals that the
adsorption of additives is a major effect on reducing
the plating rate. This phenomenon is especially pro-
minent for ethylenediamine. The plating rate for the
reference bath ranges from 5.7 down to 3.3 um/h as
0.15 g/l ethylenediamine is added. In the case of 7 g/l
EDTA (bath 1), the plating solution converted to be
unstable and the copper reduction was greatly vigor-
ous after 25 min, and then the precipitations were
produced in solutions due to insufficient EDTA.
Hence, the experimental plating rate of bath 1 was
measured at 20 min. According to the voltammetric
results in the Section 3.1, the plating rate of 7 g/l
EDTA would be the fastest if this plating bath can be
kept stable. The resistivities of electroless copper
deposit films were also measured for various concen-
trations of EDTA, TEA, and ethylenediamine. Fig. 10
summarizes those results. This figure clearly indicates
that resistivity increases dramatically when the con-
centrations of EDTA and TEA are less than those in
the reference bath. This same figure reveals that
ethylenediamine significantly improves the conduc-
tivity of the electroless deposits even if its concentra-
tion is only 0.15 g/1. To summarize, the contribution of

ethylenediamine adsorption exceeds its chelating cap-
ability in a dual-chelating-agent system. Roughness,
grain size, and crystallographic orientation influence
resistivity. Generally, additive adsorption appears to
significantly reduce the resistivity of electroless
deposits.

4. Conclusion

This study investigated potential shift distributions
of Cu(Il) formation and the additive effects on for-
maldehyde oxidation using linear sweep voltammetry.
In anodic scans, the voltammograms provided adsorp-
tion effect of additives on formaldehyde oxidation.
Meanwhile, in cathodic scans, the voltammograms
revealed complexing capability of chelating agents
interacting with copper ions. These results provide a
good basis for making predictions regarding the tun-
ing composition of the electroless plating bath.
Adsorption capability strength on the copper substrate
increases for EDTA, formaldehyde, TEA, and ethy-
lenediamine, respectively. Consequently, the addition
of ethylenediamine and TEA should reduce formal-
dehyde adsorption, and also its oxidation on the sur-
face. Among these three chemical agents (EDTA,



126 Y.-M. Lin, S.-C. Yen/Applied Surface Science 178 (2001) 116-126

TEA, ethylenediamine), TEA and ethylenediamine
enhanced Cu(Il) reduction more than EDTA, but they
two also reduced formaldehyde oxidation. Owing to
ethylenediamine existing in the reference bath, the
crystallographic orientation preference clearly shifted
from (1 1 1) to (2 2 0) copper crystal plane. The lower
plating rate implies a smoother topography, and a
smaller or uniform grain size would make lower
resistivity easier to achieve. The effect of TEA on
electroless copper plating was to shrink the grain,
while grain size tended to become uniform as the
amount of EDTA increased. Ethylenediamine exhib-
ited strong adsorption on the copper surface, and
hence, would be an outstanding grain-refining agent.
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