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Technical Article

Fully additive electroless copper plating technology has 
recently been employed to satisfy the need of increasing 
wire density in more advanced multilayer printed cir-
cuit boards (PCBs). Because the pH of the plating solu-
tion affects the rate of deposition and the properties of 
the deposit, maintaining a steady pH during plating is 
important. In the present study, borate or phosphate 
was added to the electroless copper plating solution to 
stabilize the pH of the solution. Studies of these buff-
ered solutions dealt with the mixed potential, plating 
rate, composition and some physical deposit properties. 
The pH of both the borate- and phosphate-buffered 
electroless copper plating solutions was more stable 
than without buffering. Furthermore, the deposition 
rate for the borate-buffered plating solution was much 
faster (13.74 µm/h), and no codeposition of borate was 
observed by the scanning Auger micrography. Addi-
tionally, the crystal structure and the resistivity of the 
deposit from the borate-buffered electroless copper 
plating solution were similar to those without buff-
ering. Although the deposit from the borate-buffered 
solution was rougher and the grain size was larger, the 
quality of the deposit could be improved with the addi-
tion of small amounts of additive. The use of borate 
buffer in electroless copper plating solutions should be 
useful for the future fabrication of advanced multilayer 
PCBs.

Electroless copper is important for many commercial appli-
cations including decorative plating-on-plastics, electro-
magnetic interference shielding, plating through-holes and 
vias, as well as full build electroless copper in the additive 
processes for printed circuit boards (PCBs) and some inter-
connecting devices. Increasing the wire density of printed 
circuit boards is the current trend as electronic products 
use highly integrated semiconductor devices. Thus, plating 
techniques that yield higher throwing power are required 
for the plating of small high-aspect-ratio holes and for-
mation of reliable fi ne line circuit patterns. Fully additive 
electroless copper plating, with plate distribution indepen-
dent of electric current fi elds, has been found to be a viable 
technology for such requirements. However, because of the 
relatively poor physical properties of electroless copper, 
fully additive electroless plating has been mostly limited 
to the manufacture of simple PCBs. With refi nements in 
technique, fully additive electroless copper plating tech-
nology has been recently employed for the fabrication of 
more advanced multilayer PCBs.
 Electroless copper deposition in alkaline media using 
formaldehyde as the reducing agent was fi rst reported in 
1957 by Cahill.1,2 Over the last 30 years, various reducing 
agents, such as sodium hypophosphite, borohydride or 
dimethylamine borane; and chelating agents, such as glyc-
erine, quadrol or triethanolamine, have been reported for 
use in electroless copper plating solutions.3-8 Electroless 

copper deposits and the stability of the plating 
solutions have been improved by introducing 
additives in the solutions.9-13 The kinetics and 
mechanism of electroless copper deposition 
have also been investigated in detail.14-19 The 
electroless copper deposition reaction is an 
oxidation-reduction reaction where the two 
reactions occur simultaneously at the cata-
lytic substrate, and the result of these reac-
tions is the establishment of a steady-state 
with a compromised potential called steady-
state mixed potential.14 This potential has 
been used as a diagnostic criterion for the 
feasibility of deposition.
  The desirable characteristics for full-build 
electroless copper deposition include high 
plating rate, high ductility, high tensile 
strength, low resistance and a uniform fi ne 
grain structure with over a thickness range 
of 18–25 µm. Furthermore, appropriate bath 
control is crucial in maintaining a steady high 
rate and a reliable deposit for long periods 
of plating. Since the thermodynamic driving 
force for copper deposition becomes greater 
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Fig. 1—EPR spectra of plating solutions (A: no buffer; B: acetate buffer; C: phosphate buffer; D: borate 
buffer).
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as the pH increases, electroless plating is usually performed 
at high pH. However, the pH of the solution changes after 
long periods of plating, thereby affecting the rate of deposi-
tion and the properties of the deposit. Hence, maintaining a 
steady pH of the plating solution during plating is important 
for the successful application of full-build electroless copper 
for manufacturing PCBs. Including buffers in the plating 
solution may maintain a steady pH and result in deposits 
with the desired properties. To test this hypothesis, we inves-
tigated plating solutions in the presence of acetate, borate 
or phosphate buffers, and the results are presented in this 
paper.
 Phosphoric and boric acids are weak oxyacids, each with 
three dissociable protons. The pKa values of the third disso-
ciation constant are 12.3 and 12.8 for phosphoric and boric 
acid, respectively. A solution containing phosphoric or boric 
acid in the alkaline region would be buffered, which can pro-
tect the solution against large fl uxes of hydroxide ions or 
protons. Acetic acid is a weak acid, and the buffering range 
is around 4.74. There is no buffering action with the addition 
of acetate in the alkaline region.
 In the present report, the phosphate or borate was added 
individually to the electroless copper plating solution to sta-
bilize the pH of the solution, while acetate was added as a 
control. The mixed potential, plating rate, composition and some 
physical properties of deposits obtained from the buffered solution 
were determined and compared with those obtained from solution 
with either the addition of acetate or without buffer.

Experimental Procedure
The electroless copper plating solution used in this experiment 
contained 0.05M copper sulfate, 0.1M EDTA, and 0.22M form-
aldehyde. The concentration of phosphate, borate or acetate was 
0.3M. The pH of the plating solution was adjusted to 12.5 at 25°C 
(77°F). The solution temperature was kept at 60°C (140°F) during 
deposition. The four different electroless copper plating solutions 
studied in the present experiment are shown in Table 1.
 The mixed potential was measured in situ with a potentiostat.20 
The working electrode was a palladium-activated copper/epoxy 
laminate, and the reference electrode was a saturated calomel elec-
trode (SCE).
 The substrates used for this study were FR-4 epoxy plates. The 
electroless copper samples were prepared by treating the substrate 
with a series of pretreatment processes before electroless copper 
deposition. The pretreatment processes included cleaning, swell-
ing, microetching, neutralization, predip, activation and accelera-
tion. After the desired deposition time, the thickness of each sample 
was measured at least fi ve times by an X-ray fl uorescence coating 
thickness measurement instrument. The deposition rate was then 
calculated for all of the measurements, and the average value was 
reported.
 The surface morphology of each sample was examined by scan-
ning electron microscopy. The surface composition and the depth 
profi le of each sample were analyzed by scanning Auger microg-
raphy. The crystal structure of each sample was studied by X-ray 
diffractometry, scanning from 40° to 140° at a scan rate of 4°/min. 
The electrical resistance of each sample was measured by a four-
point probe.

Results & Discussion
Electroless Copper Plating Solution pH
In the highly alkaline electroless copper plating solution, the addi-
tion of phosphate and borate should stabilize the pH of the solu-

tion, because the buffer ranges of the phosphate or borate solutions 
are in the alkaline region (vide supra). Furthermore, there should 
be no buffering action of acetate in the alkaline plating solution 
because the buffer range of acetate is in the acidic region.
 Indeed, the electroless copper plating solution was stabilized 
by both phosphate- and borate-buffers, and there was no buffering 
action of acetate in the plating solution. The initial pH values of 
all the copper plating solutions were 12.5 at 25°C (77°F). After 
depositing the same 3.2-µm thickness on epoxy substrates of equal 
size, the pH of the plating solution with no buffer and with acetate 
were both around 12.0, while the pH of the phosphate- and borate-
buffered plating solutions were around 12.3. This demonstrated the 
utility of phosphate-and borate-buffers in stabilizing the pH of the 
plating solution.

Deposition Mixed Potential
The mixed potential of electroless deposition has been used as 
a diagnostic criterion for the feasibility of deposition. A mixed 
potential more negative than the reduction potential of the copper 
complex ion would be required but not suffi cient for deposition. 
However, if the mixed potential is less negative than the reduction 
potential of the copper complex ion, deposition will not occur.
 The steady-state mixed potentials were measured by the in situ 
measurement method (Table 1).20 They were all more negative at 
the beginning of deposition (approximately -0.85V vs. SCE) most 
likely because of the high catalytic activity of the initial palladium 
catalytic surface. As the deposition reaction proceeded, the mixed 
potentials became more positive because of the coverage of the 
palladium catalytic surface by the copper deposit. After approxi-
mately 15 minutes of deposition, the mixed potentials reached a 
steady-state value for all solutions.
 The steady-state mixed potentials of plating solutions with no 
buffer or with acetate were -0.68 V vs SCE, indicating no obvious 
effect of acetate on the mixed potential of the solution. By contrast, 
the steady-state mixed potential for the deposition of the electro-
less copper plating solution with phosphate and borate buffers was 
-0.80 V and -0.70 V vs. SCE, respectively. The steady-state mixed 
potentials for all four plating solutions were far more negative than 
the reduction potential of copper complex ion (-0.25 V vs SCE), 
consistent with the observed electroless deposition.

Table 1
Composition of the Electroless Copper Solution 
& Steady-state Mixed Potential of Deposition

 Bath Composition of plating solution Steady-state mixed potential
 A Copper sulfate + EDTA -0.68 V 
 B Copper sulfate + EDTA + acetate -0.68 V 
 C Copper sulfate + EDTA + phosphate -0.80 V 
 D Copper sulfate + EDTA + borate -0.70 V 

Table 2
Average Deposition Rate 

 Bath A B C D 
 Deposition rate  22.2 µm/h 21.9 µm/h 7.5 µm/h 22.2 µm/h 
 during fi rst 10 min
 Deposition rate  9.84 µm/h 9.82 µm/h 5.44 µm/h 13.74 µm/h
 over full plating time

 A: no buffer; B: acetate buffer; C: phosphate buffer; D: borate buffer
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Deposition Rate
When the palladium catalyzed substrate was immersed in any of 
the electroless copper plating solutions, hydrogen gas evolved after 
an induction period. The induction period of deposition was very 
short (< 2 s) for all plating solutions except the phosphate-buffered 
solution, which exhibited an induction period of four min. This 
may be because of complexation between copper ions and phos-
phate, since the ligand type and concentration that complexes the 
copper ion determine the duration of this induction period.21

 After the induction period, the rates of deposition were rela-
tively fast for the fi rst ten minutes for all plating solutions (Table 
2). The rates of copper deposition were higher at the beginning of 
the deposition for all four solutions, consistent with the extremely 
negative initial mixed potentials mentioned earlier. Furthermore, 
the rates of deposition decreased as the mixed potentials became 
more positive. This can be attributed to the high catalytic activity 
of the initial palladium catalytic surface, which was eventually 

covered by the copper deposit.
 The deposition rates for the plating solutions with acetate and 
without buffer were approximately the same (~9.82 µm/h), indi-
cating that there was no obvious effect of acetate on deposition 
rate. Strikingly, the rate of deposition was the lowest for the plat-
ing solution containing phosphate buffer (5.44 µm/h), and was 
the highest for the plating solution with the borate buffer (13.74 
µm/h).
 There is an unpaired electron in the Cu(II) complex ion. This 
complex ion can be detected by electron paramagnetic resonance 
spectroscopy (EPR). From the position of the line, one may calcu-
late the “g” value, which is characteristic of the paramagnetic spe-
cies, and may be used as a fi ngerprint. According to the solution 
EPR spectroscopy, the signal of the copper hydroxide complex ion 
(g = 2.0930) appeared only when the pH of copper EDTA ion solu-
tion was higher than 11. 
 Interestingly, the relative signal intensity of the copper hydrox-
ide complex ion to the other copper complex ions was the smallest 
for the phosphate-buffered plating solution (Fig. 1). This suggests 
that the deposition rate may correlate with the concentration of 
copper hydroxide complex ion, which would explain the low depo-
sition rate for the phosphate-buffered plating solution. However, 
the concentration of copper hydroxide complex ion alone does not 
account for the high deposition rate for the borate-buffered plating 
solutions. Further studies are necessary to reveal the other factors 
that determine the deposition rate.

Deposit Surface Morphology
The surface morphology of the epoxy substrate after microetching 
and the copper deposits from four electroless copper plating 
solution were studied by scanning electron microscopy (Fig. 2). 
After microetching, the surface morphology of the epoxy sub-
strate showed concave porous structures, which were susceptible 
to adsorption of palladium colloid. The diameters of the concave 
structures and their associated pores were 10 µm and 2 µm, respec-
tively. The deposit surfaces from the solutions with acetate and 
without buffer were expected to be similar, because deposition 
rates in these two plating solutions were similar. Indeed, the sur-
faces of the copper deposits from both solutions were rough, and 
showed loose grains of polycrystalline copper with an average 
grain size of 5 µm. 
 In contrast, the copper deposit from phosphate-buffered plating 
solution was more compact, and the average grain size of the poly-
crystalline copper was smaller (~3 µm), and the concave substrate 
underneath was apparent. The small polycrystalline grain size for 
the copper deposit from the phosphate-buffered plating solution 
may be related to the low deposition rate. The copper deposit from 
borate-buffered solution was rougher, with a larger average poly-
crystalline grain size of ~8 µm, and was most likely related to the 
high deposition rate. Nevertheless, we did fi nd that the quality of 
the deposit can be improved with addition of small amounts of 
additives.22 

Deposit Composition
The compositions of all four samples were studied by energy dis-
persion analysis by X-ray (EDAX) and scanning Auger microgra-
phy. Only the copper signal was observed on the EDAX spectra 
for all four samples. However, at the surface of all four samples, in 
addition to the copper signal, there was an oxygen signal observed 
by scanning Auger micrography from the exposure of the sample 
to the air. At a depth of 5000 nm, however, no oxygen signal was 
observed. Only the copper signal was present, indicating that there 
was no codeposition of phosphate, borate, or acetate.

Fig. 2—Surface morphology examined by SEM: (a) epoxy substrate; electroless 
copper deposit of (b) A, (c) B, (d) C, (e) D. (A: no buffer; B: acetate buffer; C: 
phosphate buffer; D: borate buffer).
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Deposit Crystal Structure
The preferred orientation of the deposit can be expressed in terms 
of a texture coeffi cient, TC,23 defi ned as follows:

where I(hkl) is the relative intensity of the (hkl) refl ections mea-
sured for various electroless copper deposits, I0(hkl) is the stan-
dard intensity for randomly-oriented copper powder and n is the 
number of refl ection planes. In this experiment, three refl ection 
planes were used to calculate TC: (111), (200) and (220). When 
the TC value of all refl ection planes is equal to unity, the crystal is 
randomly-oriented. When the TC value of any plane is greater than 
unity, a preferred orientation exists. The larger the value of TC, the 
greater is the degree of the preferred orientation.
 The texture coeffi cients for all deposits were determined and are 
given in Table 3. There was a minor preferred orientation in the 
(111) plane for all deposits. Furthermore, the deposit from borate-
buffered plating solution also showed a minor preferred orientation 
in the (220) plane. However, the texture coeffi cient of all deposits 
and all the refl ection planes studied were close to unity, indicating 
that all deposits were nearly randomly-oriented.
 The mean crystallite diameters were calculated from the half 
line width by the Scherrer equation24 (Table 3). The mean crystal-
lite diameters were similar for all samples, indicating that there 
was no obvious effect on crystal structure by adding acetate, phos-
phate or borate to the plating solution.

Deposit Resistivity
Many factors can infl uence the resistivity of the deposit such as 
purity, crystal structure and surface morphology of the deposit. 
In general, less contaminated, less porous and smoother surfaces 
would result in a lower resistivity. The composition and crystal 
structure of all four deposits were similar as discussed earlier. 
Although the surface of the deposit from the phosphate-buffered 
plating solution was more compact, and the surface of the deposit 
from the borate-buffered plating solution was rougher, these were 
minor differences. Therefore, the resistivity would be expected to 
be similar for all four deposits.
 The resistivities of the four different deposits were measured 
and are given in Table 4. The resistivity of the deposit from the 
plating solution with acetate was slightly higher than the others, 
and the resistivity the deposit from the plating solution with phos-
phate was slightly lower than the others. However, the four depos-
its should be considered the same in terms of resistivity, because 
the values were all of the same order of magnitude and the varia-
tions were well within experimental error.

Conclusions
The pH of the electroless copper plating solution was stabilized 
with the addition of phosphate or borate in the plating solution, 
and there was no obvious effect of acetate on the pH of the plat-
ing solution. As expected, the deposition rates were similar for 
plating solutions with no buffer and with acetate (~9.82 µm/h), 
while the deposition rate in the borate-buffered plating solution 
was much higher (13.74 µm/h). However, the deposition rate in the 
phosphate-buffered plating solution was the lowest (5.44 µm/h), 
which may be related to complexation between copper ions and 
phosphate. Regardless, no codeposition of acetate, phosphate or 

Table 4
Average Deposit Electrical Resistivity, µΩ-cm

 Bath A B C D 
 Resistivity 4.60 6.29 3.80 4.49 

 A: no buffer; B: acetate buffer; C: phosphate buffer; D: borate buffer

Table 3
Deposit Crystal Structure

    Mean crystallite 
 Bath Refl ection plane Texture coeffi cient  diameter 
 A (111) 1.11 3.44Å 
  (200) 0.91 
  (220) 0.98  
 B (111) 1.06 3.41Å 
  (200) 0.90  
  (220) 1.04  
 C (111) 1.08 3.34Å 
  (200) 0.89  
  (220) 1.03  
 D (111) 1.06 3.22Å 
  (200) 0.83  
  (220) 1.11  

 A: no buffer; B: acetate buffer; C: phosphate buffer; D: borate buffer

borate was observed. Furthermore, the crystal structure and the 
resistivity of all four deposits were similar. While the deposit from 
the plating solution with phosphate buffer was more compact and 
the grain size was smaller than with no buffer or with acetate, 
the deposit from the borate-buffered solution was rougher and the 
grain size was greater than the others. Nevertheless, the quality 
of the deposit from the borate-buffered solution can be improved 
with addition of small amounts of additive. This demonstrates the 
potential of the borate-buffered electroless copper plating solution 
in fully additive electroless copper deposition technology for the 
fabrication of advanced multilayer PCBs.
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