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Controlling factors affecting the stability and rate of electroless copper plating
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The main purpose of this article is to focus on the electroless copper deposition from EDTA bath which is used in printed
circuit boards (PCB) and very large scale integrated circuits (VLSI). The effect of the bath operating conditions and bath ad-
ditives on plating rate, bath stability and morphology of the coating has been studied. It has been found that the organic ad-
ditive does not stabilize the bath but enhances the plating rate. The additives were found to modify the structure of the de-
posits with the production of small grain size, dense and tightly adherent copper deposit.
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Introduction
In the middle of the twentieth century a revolutionary

method of coating technique was developed by Brenner and
Riddell1. This coating technique is popularly known as “Elec-
troless coating”. Electroless plating is an autocatalytic method
in which the reduction of metallic ions in the solution and the
film deposition can be carried out through the oxidation of
chemical compound present in the solution itself i.e. reduc-
ing agent which supplies an internal current. The autocata-
lytic or chemical reduction of aqueous metal ions coated to a
base substrate without passage of external current is referred
to as electroless plating2,3. Electroless coating process has
gained wide acceptance in the market due to the coatings’
excellent corrosion and wear resistance properties and it is
also good for soldering and brazing purposes4. The differ-
ence of electroless plating process5,6 from the immersion
plating7 is that the deposition of metal is autocatalytic reduc-
tion process and electroless plating does not use electrodes,
and is an autocatalytic reaction on the metal surface after
nucleation has begun. An immersion plating solution, on the
other hand, operates on the principle of displacement of the
surface skin of the substrate by a more noble metal that is in
solution.

Electroless plating has several advantages over electro-
plating technique, except the type of the bath. The advan-
tages include better coating rate, improved quality of the

deposit, namely physical and chemical properties, uniform
coating rate8 etc. The electroless plating bath contains a
source metal ion, reducing agent, complexing agent, accel-
erators, stabilizers, buffering agent and its parameters in-
clude controlled temperature and pH. Their role is briefly
summarized in Table 1.

Table 1. Components and parameters of bath and their functions
Sl. Components/ Function
no. Parameters
1. Metal ions Source of metal
2. Reducing agent Supplies  electrons to reduce the

metal ions
3. Complexing agent Prevent excess of free metal ion

concentration, improves adhesion
4. Accelerators Accelerate the reducing agent

and increase the deposition rate
5. Stabilizers Stabilizes the bath from decomposition

by shielding catalytically active site

Mechanism of electroless copper deposition:
Lukes9 found the following overall reaction for electro-

less copper solution and HCHO as the reductant

Cu2+ + 2HCHO + 4OH–  Cu + 2HCOO–  + 2H2O + H2

Rochelle salt (K-Na tartarate) was used as complexing
agent in the earliest baths which shows low plating rates and
low temperature applications10. For higher plating rates ap-
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plied at higher temperatures, the most commonly used
complexing agents are based on ethylenediamine tetra ace-
tic acid12. In the same way various common reducing agents
have been used in electroless baths namely formaldehyde,
dimethyl amine boron, borohydride, hypophosphite and hy-
drazine10–12. But in practice all commercial electroless cop-
per solution for deposition of high purity copper have utilized
formaldehyde as the reducing agent. Copper methane sul-
fonate has been used as a source of metal ion which has
excellent solubility, stability, conductivity and less toxicity than
other copper salts.

Additives are of two types viz. stabilizers and accelera-
tors. Additives which stabilize the bath against the formation
of cuprous oxide particles are referred to as stabilizers. Among
the materials reviewed as stabilizers are compounds such
as thiourea13, 2-mercapto benzothiazole14, 2,2-dipyridyl15–18

which contains like sulphur and nitrogen element with lone
pair of electrons. Accelerators are those substances which
enhance the plating rate. Among the materials reviewed as
accelerators are compounds such as oxalic acid, malonic
acid, succinic acid, acetic acid and citric acid containing oxy-
gen element with lone pair of electrons.

The reaction mechanism has not been clarified. It is be-
lieved as follows: formaldehyde tends to be more suscep-
tible to oxidation as the pH is raised and accordingly, when a
carboxylic acid is added to the plating bath it prevents the
pH of the plating bath decreasing in the vicinity of the inter-
face between copper and HCHO with the result that the
HCHO becomes more susceptible to the catalytic action of
copper, thus emitting electrons more easily. Thus accelera-
tor accelerates the oxidation reaction of reducing agents and
in turn enabling electron release with ease and reduction of
copper ion takes place quickly, increasing the rate of deposi-
tion. It accelerates the oxidation reaction in the mechanism
as shown in eq. (1),

 CH2OHO–
ad ——— CHOHO–

(ad) + H(ad) (1)

Experimental
The solutions were prepared with analytical grade re-

agents and deionised water. A bath for electroless copper
deposition over PCB was made using copper methane sul-
fonate as a source of metal ion. The optimized19 bath con-
sists of 3 g/L of copper methane sulfonate, 20 g/L of diso-
dium salt of EDTA, 10 g/L of formaldehyde and NaOH to
alter the pH is used in this current study.

The gravimetric experiments of electroless copper plat-
ing is carried out in 100 ml plating bath with 2.5×2.5×0.1 cm3

copper sheets. The thickness and the rate of electroless cop-
per deposition were estimated by weight gain method. The
rate of deposition was calculated using the following formula

W×60×104
Rate of deposition (/h) = ——————

DAt

where, W = weight of the deposit (g), D = density of the de-
posit (g/cm3), t = plating duration (h) and A = surface area of
the specimen (cm2).

Pretreatment of the coating surface:
Copper specimens of 99.99% purity of area 2.5×2.5×0.1

cm3 were polished with grit paper, degreased and activated
in a solution of 0.1 g/L acidic PdCl2 for 30 s. The panel is
washed and rinsed with double distilled water and then
weighed and immersed in 100 ml of electroless plating bath
for one hour. The experiment was carried out at room tem-
perature at 28ºC (±0.5ºC) .The Effect of accelerators on depo-
sition rate was studied by gravimetric experiments.

Cyclic voltammetry:
The oxidation currents and potentials of formaldehyde

oxidation and reduction current and potentials of CuII were
investigated using cyclic voltammetry. The CV was recorded
for a fixed potential range of –1 V to +1 V with a scan rate of
100 mV/s.

XRD:
The crystal structure of the copper deposits were investi-

gated using X-ray diffractometer X’pert pro XRD, (make - P
analytical, USA) Cu K radiation and graphite filter at 40 KV
and 30 mA. A continuous scan mode in the range 30 < 2 <
80º with a scan rate of 1º/2 per min–1 was used.

SEM:
The surface morphology was observed with 1 cm2 size

of plated panel using scanning electron microscope (SEM).
The SEM photographs were taken using S-3400N model with
an acceleration voltage range of 20,000 V and with the mag-
nification range of 10000.

Results and discussion
Additives which enhance the plating rate are called as

accelerators. The deposition rate is generally very low for
electroless copper depositions (1.6–2.5 /h)20,21 in the pres-
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ence of stabilizer. To improve the rate of deposition, dicar-
boxylic acids like oxalic acid and succinic acid is added to
electroless copper plating bath.

In the present study the effects of dicarboxylic acids
namely oxalic acid and succinic acid are studied. In Table 2
the deposition rate of accelerators at different concentration
viz. 0.001 M, 0.01 M and 0.05 M are shown in the presence
of small amount of stabilizer. In the accelerators it is observed
that as the concentration increases, rate of deposition in-
creases and the bath is quiet stable. It was observed that the
rate of deposition is high for the bath containing accelerators
when compared to the plain bath.

voltammogram of electroless copper bath in presence and
absence of accelerators.

The accelerating power is high for dicarboxylic acid due
to the presence of two COO– ions enabling oxidation of p-
formaldehyde. The CV of plain bath is shown in Fig. 1. The
CV of oxalic acid (Fig. 2) and succinic acid (Fig. 3) shows
that oxalic acid acceleration is higher than succinic acid. Suc-

Table 3. Cyclic voltammogram of electroless copper bath with
formaldehyde in presence and absence of accelerators (1 ppm)

Sl. Accelerator Peak current Peak potential
no. (HCHO oxidation) (HCHO oxidation)

(mA/cm2) (mV)
1. Plain bath 8.5 –0.26
2. Oxalic acid 13.5 –0.27
3. Succinic acid 12.7 –0.26

Table 2. Effect of  accelerators on rate of deposition at room
temperature 28±2ºC

Sl. Accelerators Concentration Stability
no. 0.001 0.01 0.05
1. Plain bath 3.3 Stable
2. Oxalic acid 5.0 5.3 5.5 Stable
3. Succinic acid 4.4 4.7 5.1 Stable

Bath is stable with small amount of stabilizer up to 0.05
M of acid. Oxalic acid being smaller in size22 could easily
adsorb on catalytic site and accelerate the oxidation of form-
aldehyde easily. Succinic acid is bigger in size compared to
oxalic acid, the adsorption is weak at the catalytic site hence
accelerates to a lesser extent than oxalic acid. The result
obtained by this method is in good agreement with the re-
sults obtained by glyoxylic acid as reducing agent19.

Cyclic voltammetry:
Potential sweep cyclic voltammetry is one of the most

power electrochemical techniques for obtaining electrochemi-
cal spectrum of a charge transfer system and also for estab-
lishing detailed examination of reaction mechanism. CV tech-
nique is carried out to understand the chemistry of electro-
less copper plating solutions23–25 and the role of the addi-
tives in electroless bath. Cyclic voltammetry are carried out
with three electrode assembly. The working electrode is 1
cm2 in area of copper electrode. The Pt foil is 1 cm2 in area
acts as counter and SCE as reference electrode. The poten-
tial range of –1 V to +1 V was kept constant for all experi-
ments with a scan rate of 100 mV/s. CV studies were carried
out for plain bath and accelerator bath at different concen-
tration at room temperature. Table 3 shows the cyclic

Fig. 1. Cyclic votammogram of electroless copper plain bath; scan
rate 100 mV/s, pH 12.5 to 13.0, temperature (28±2ºC).

Fig. 2. Cyclic votammogram of electroless copper plain bath; scan
rate 100 mV/s, pH 12.5 to 13.0, temperature (28±2ºC) with
oxalic acid 1 ppm.
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cinic acid being larger molecule adsorption at the active site
is weaker compared to oxalic acid.

X-Ray diffraction pattern:
The XRD pattern for copper film from different bath has a

preferred orientation of (111), (200), (220) plane26–28. It is
observed that in presence of any additive the copper plane
takes any one of the above said planes as preferred plane or
leads to a random orientation of all the planes. XRD patterns
were taken for copper deposition with formaldehyde as re-
ducing agent and shown in Fig. 4. In this pattern sharp peak
is observed confirming deposited copper is crystalline in na-
ture with a preferred orientation of 200 planes. Fig. 5 and
Fig. 6 shows the XRD pattern for oxalic acid and succinic
acid which also confirms the orientation of 200 planes.

Fig. 3. Cyclic votammogram of electroless copper plain bath; scan
rate 100 mV/s, pH 12.5 to 13.0 temperature (28±2ºC) with
succinic acid 1 ppm.

Fig. 4. XRD pattern of electrolessly deposited copper plain bath with
formaldehyde bath as reducing agent.

Fig. 5. XRD pattern of electrolessly deposited copper with succinic
acid (0.05 M).

Fig. 6. XRD pattern of electrolessly deposited copper with oxalic acid
(0.05 M).

SEM photomicrographs:
SEM photographs at a magnification of X7500 and

X10000 for the electrolessly deposited copper specimens
with HCHO as reducing agent for accelerators are as shown
in Figs. 7 and 8. The deposit surface is very smooth and the
deposits show nodular growth as seen in the photograph.
Both oxalic acid and succinic acid shows fine grained de-
posits. The crystals are more regular. It is observed that de-
posits from methane sulphonic acid bath are fine grained
compared to commercial CuSO4-EDTA bath21. Porosity is
much less with this bath. The structure morphology, grain
size is in good agreement with the rate of deposition ob-
tained by weight gain method.



Jothilakshmi et al.: Controlling factors affecting the stability and rate of electroless copper plating

157

5. A. Brenner and G. Riddell, Proc. Am. Electropl. Soc., 1947, 34,
156.

6. A. Brenner and G. E. Riddell, J. Res. Nat. Bureau Std., 1947,
39, 385.

7. A. Wurtz, Ann. Chim. Phys., 1844, 11, 250.
8. P. Balaramesh et al., International Journal of Chem. Tech. Re-

search, 2015, 8, 304.
9. R. M. Lukes, Plating, 1964, 1066.

10. E. A. Lowenheim, "Modern Electroplating", 3rd ed., Wiley,
New York, 1974, 636.

11. N. V. Mandich and G. A.Krulik, Plating and Surface Finish-
ing, 1993, 80, 68.

12. C. A. Deckert, Plating and Surface Finishing, 1995, 82(2),
48; 1995, 82(3), 58.

13. S. Karthikeyan, S. Narayanan et al., International Journal
of Chem. Tech. Research, 2013,  264.

14. P. Balaramesh, P. Venkatesh and S. Rekha, Asian Journal
of Science and Technology, 2014, 276.

15. L. N. Schoenberg, J. Electrochem. Soc., 1972, 119, 1491.
16. F. J. Nuzzi, Plating and Surface Finishing, 1983, 70, 51.
17. M. Paunovic and R. Arndt, J. Electrochem. Soc., 1983,

130, 794.
18. A. Hung, J. Electrochem. Soc., 1985, 132, 1047.
19. S. Jothilakshmi, T. Manikanda Kumaran and S. Rekha, In-

ternational Journal of Innovative Research in Science &
Engineering, ISSN (Online) 2347-3207.

20. Yoshida, et al., US patent, 6,660,071, December 2003.
21. P. N. Namboodari, K. V. Prasad and P. B. Mathur, "Techni-

cal session on role of addition agent in metal deposition
and corrosion inhibition", SAEST, Karaikudi, 1971.

22. L. N. Schenberg, J. Electrochem. Soc., 1983, 130.
23. R. Z. Acosta and T. L. Romankin, Abstract 277, Vol. 77-2,

Atlanta, Georgia, 1997, 9-14, 736.
24. M. Saito, Met. Surf. Tech. Japan, 1965, 16, 300; 1965, 17,

15; 1965, 17, 260.
25. M. Paunovic and Russ Arndt, J. Electrorchem. Soc., 1983,

130(4), 794.
26. Jun Li, et al., Electrochemica Acta, 2004, 49, 1789.
27. Yi-Maolin and Shi Chern Yen, Applied Surface Science,

2001, 178, 116.
28. R. Junginger and G. Elsner, J. Electrochem. Soc., 1988,

135, 2304.

Fig. 7. SEM photograph of electrolessly deposited copper using ox-
alic acid with (a) X7500 and (b) X10000.

(a) (b)

Fig. 8. SEM photograph of electrolessly deposited copper using suc-
cinic acid with (a) X7500 and (b) X10000.

(a) (b)

Conclusion
Conductive pure copper can be deposited by electroless

technique from copper methane sulphonate bath with EDTA
as complexing agent after controlling the operative condi-
tions with carboxylic acid as accelerators. Oxalic acid and
succinic acid has been proved to be an excellent accelerator
for electroless copper deposition with good bath stability. This
has been proved by weight gain method and cyclic
voltammetry. Surface morphology shows fine deposits.
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