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ABSTRACT
The electroless copper plating using sodium hypophosphite as 
the reductant and sodium citrate as the chelating agent was 
studied by gravimetric and electrochemical measurements. The 
effects of temperature, pH, boric acid, citrate, hypophosphite, 
and cobalt catalyst concentration were evaluated.
The kinetics of the electroless copper deposition was interpreted 
on the basis of the dehydrogenation of the reductant, mixed 
potential theory, and in the ionic speciation of the bath.
Scanning electron microscopy, X-ray microanalysis by energy 
dispersive spectroscopy and X-ray diffraction applied on 
surfaces show that the deposits are composed by binary (Cu-Co) 
and ternary alloys (Cu-Co-P), and that their morphology  and 
crystallinity depends on cobalt and phosphorus content.

Keywords: Electroless, Copper Pla�ng, Sodium Hypophosphite, Ionic 
Specia�on, Copper-Cobalt Alloys

DEPOSIÇÃO DE COBRE NÃO 
ELECTROLÍTICO NA PRESENÇA DE 
IÕES DE COBALTO UTILIZANDO O 
HIPOFOSFITO COMO REDUTOR

RESUMO
O revestimento de cobre não electrolítico usando hipofosfito de 
sódio como redutor e o citrato de sódio como agente complexan-
te foi estudado através de medições gravimétricas e electroquí-
micas. Avaliaram-se os efeitos da temperatura, pH, ácido bórico, 
citrato, hipofosfito e concentração do catalisador de cobalto.
A cinética de deposição de cobre não electrolítico foi interpre-
tada na base da desidrogenação do redutor, teoria do potencial 
misto e na especiação iónica do banho.
A microscopia electrónica de varrimento, microanálise de raios 
X por espectroscopia de dispersão de energia e a difracção de 
raios-X aplicada nas superfícies mostram que os depósitos são 
constituídos por ligas binárias (Cu-Co) e ternárias (Cu-Co-P), e 
que a sua morfologia e cristalinidade depende do teor de cobalto 
e fósforo.

Palavras-chave: Reves�mento não Electrolí�co, Deposição de Cobre, 
Hipofosfito de Sódio, Especiação Iónica, Ligas de Cobre-cobalto
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cathodic and anodic areas impose opposite signal overpotentials 

(h). In the absence of an ohmic drop in steady state, the surface is 

practically equipotential, i.e., works under the mixed potential (E ).MP

Anodic overpotential:      = E  – E                                                  (3)  R MP R

Cathodic overpotential:  ��  = E  – E                                                (4)M MP M

According to the Wagner-Traud postulate [25], the plating rate 

i  is given by,p

                 (5)

where i  and i  are the anodic and cathodic partial currents of the Rj Mj

reactions in plating system.

The cathodic and anodic phenomena, in the absence of 

convection, will be interpreted as exclusively being controlled by 

diffusion or activation.

In diffusional control the current is independent of potential 

and takes the form [26]:

                 (6)

where D is the diffusion coefficient,    the diffusion layer thickness, 

A the area of the sample, n the number of electrons, F the Faraday 
b sconstant, and C  and C  the concentrations of the electroactive 

species, respectively, in the bulk solution and on the surface. 

If the concentration of the electroactive species on the metal 

interface is null, the expression (6) takes the form of so-called 

limiting current:

                 (7)

When the electrochemical phenomena are controlled by 

activation under strong field, the current is related exponentially to 

the overpotential by Tafel equation:

                 (8)

owhere i  and �  are the Tafel  parameters.

The mixed potential on the solid surface therefore depends on 

the type of control established in the system. Thus, in a system 

where cathodic and anodic reactions are under diffusion and 

activation control, respectively, the surface potential is:

                   (9)

In the case in which the cathodic reaction is controlled by 

activation and anodic reaction by diffusion, the surface potential is 

then:

                 (10)

The goal of this work is to study the kinetics, morphology and 

crystallinity of copper-cobalt alloys from electroless process with 

hypophosphite as reductant.

 

2. EXPERIMENTAL

2.1. Chemicals and solutions

The standard bath solution consists of 0.024 M copper sulphate 
.(CuSO .5H O), 0.27 M sodium hypophosphite (NaH PO H O), 0.052 M 4 2 2 2 2

1. INTRODUCTION

Copper electroless plating has been an important field in 

industry to produce articles for decorative and functional purposes, 

such as dielectrics [1], printed circuit boards [2], insulating 

substrates [3, 4] and patterns of complex geometry [5]. 

Autocatalytic metal plating on polymer substrates is particularly 

interesting on flexible and transparent device applications. The 

physicochemical properties of autocatalytic deposits of copper and 

nickel are closely dependent on the composition of the baths and 

respective operating conditions [6, 7]. Hence, the interest of 

researchers about the kinetic phenomena involved at the 

metal/solution interface in electroless plating systems [8-10].  

Common electroless copper baths use i) formaldehyde [11], as 

the reducing (ii) sodium potassium tartrate (called as "Rochelle 

salt"), sodium malate, sodium citrate, triethanolamine (TEA), 

ethylenediamine (En), or ethylenediamine tetraacetic acid (EDTA), 

as complexing agents, (iii) boric acid, or succinic acid as a buffer, (iv) 

sulfur-containing compounds (sulfite, thiosulfates, sulfates), 

nitrogen-containing compounds (tetracyanoethylene, cyanides, 

pyridines, 2,2'-pyridil), or sulfur- and nitrogen-containing com-

pounds (cysteines, cystines, diethylditiocarbamates, thiosemicar-

bazide, thiourea) as stabilizers, and (V) cyanide or proprionitrile, as 

additives for accelerating the reaction.

Formaldehyde baths produces high quality copper with 

excellent electrical and mechanical properties at low-cost and 

widely available. However, formaldehyde has been listed recently 

as a hazardous material. Therefore, many researchers have sought 

other electroless copper solutions using nonformaldehyde 

reducing agents such as sodium hypophosphite [12, 13], 

dimethylamine borane (DMBA) [14, 15], hydrazine [16], glyoxylic 

acid [17], Co(II) [18], Fe(II) [19], sodium bisulphite and sodium 

thiosulfate [20]. Among them, the coating process based on 

hypophosphite has been the subject of enough research because of 

its safety, low price, good bath stability, and relatively easy to 

control plating conditions. However, the hypophosphite-based 

electroless copper plating process is difficult since copper does not 

catalyze the oxidation of hypophosphite. One approach to perform 

the oxidation of the reducing agent is to add cobalt [21] or nickel 

[22] ions to the bath, since cobalt and nickel catalyze the oxidation 

of hypophosphite.

The use of complexing agents in the baths aims to control the 

effective availability of copper ion in the desired cathodic reaction. 

The stability of the bath, grain size and the composition of the binary 

Cu-Co or ternary Cu-Co-P alloys depend on the ionic speciation of 

the solution, i.e., the resulting complexes of copper ion and the 

ligand. The coordination numbers of copper complexes are six or 

four, and their geometric forms are octahedral and tetrahedral or 

square planar, respectively. However, on the structural 

perspective, it is difficult to distinguish between these three 

structures [23, 24]. 

A chemical displacement process requires that the solid side of 

the interface is not equipotential. Thus, there may be the 

occurrence of a redox couple associated with the oxidation of a 

reductant (R) on the anodic areas and the reduction of metallic ions  
n+(M ) on the cathodic areas.

n+Anodic reaction:      R → R  + ne,                                                         (1) 
n+Cathodic reaction:  M  + ne → M                                                         (2)

After soaking the solid surface in the electroless bath closes the 

electrochemical circuit, and the phenomena of polarization in the 
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.sodium citrate (Na C H O 2H O), 0.50 M boric acid (H BO ), and 3 6 5 7 2 3 3

.0.004 M cobalt sulphate (CoSO 6H O), pH was adjusted to 10.0 with 4 2-

sodium hydroxide or sulphuric acid, and temperature 65 ºC. All 

chemicals were reagent grade, and deionized water was used to 

prepare the solutions.

2.2. Plating procedure

A volume of 80 mL plating bath was placed in a four-neck Pyrex 

Quickfit vessel 120 mL capacity with a heating jacket. The 

temperature was controlled with accuracy ± 0.5 °C, and a spiral 

condenser was placed to maintain the atmospheric pressure and 

eliminate the water losses. The volume of the bath was considered 

to be enough to guarantee a system in steady state during 30 

minutes of deposition. The alkalinity of the solutions was evaluated 

with accuracy ± 0.02 pH units using a Cryson 2002 apparatus. 
3Aluminium (99 %) sheets (1.5 x 1.0 x 0.3 cm ) placed in a glass 

support were used as a substrate for deposits of Cu-Co alloys. The 

samples prior to be suspended into the plating solution were pre-

treated according to the following operative sequence: clean-up 

with acetone; -1 -1alkaline degreasing (30 g L  Na CO , 8 g L  Na SiO ,     2 3 2 3

T = 80 ºC, t = 2-4 min); acid pickling (HNO  50 % v/v, T = 40 ºC, t = 2 3

min); and washing with deionized water.

Metal deposition rate was determined by weight change of 

initial aluminium boards to the end plating process, after 

appropriate rinsing, immersion in ketone, and drying. The 

aluminum content in the end of the tests was determined by atomic 

absorption spectroscopy (AAS) using a Perkin Elmer Model 5100PC 

for possible correction of these measures.

2.3. Electrochemical procedures

The electrochemical experiments were performed in one-

compartment cell with three electrodes connected to Autolab 

model PGSTAT20 potentiost/galvanostat with pilot integration 

controlled by GPES 4.4 software. The working electrode rod (1 cm 

diameter) was aluminium, copper or cobalt 99 %. The electrodes 

were mechanically polished with abrasive paper (1200-grade) and 

rinsed with water before each electrochemical experiment. 

Platinum was used as auxiliary electrode, and potentials were 

measured versus an Ag/AgCl (1.0 M KCl) or SCE reference 

electrode.

 

2.4. Microscopy, spectroscopy and X-ray diffraction analysis

The scanning electron microscopy (SEM) images and the 

analysis by energy dispersive X-ray spectroscopy (EDS) were made 

with a FEI Quanta 400FEG, fitted with an EDAX Genesis X4M micro 

analysis probe, in CEMUP. 

The X-ray diffraction patterns were acquired on ABS samples 
2+ 2+ 2+with copper deposits obtained at different [Co ]  / [(Co  + Cu )]  total total

mole ratio in the solutions, and also at different temperatures for 

the standard bath composition.

ABS (polybutadiene block grafted by styrene acrylonitrile 

copolymer) samples were subjected to a pretreatment before the 

metallization process, according to the following procedure: 1) 
-1 -1degreasing in alkaline solution - 20 g L  Na CO  + 10 g L  sodium 2 3

-1 -1gluconate + 30 g L  Na PO  + 1.5 g L  sodium dodecyl (ester) sulfate, 3 4

at 65 ºC with stirring for 10 min; 2) washing in water at 65 °C with 

stirring for 5 min; 3) etching with chromic solution to provide 
-1hydrophilic and micro-roughened surface - 375-425 g L  H CrO  + 2 4

-1180-220 ml L  H SO  (98 %), at 65-70 °C with stirring for 12-15 min; 2 4

4) washing with water at 25 °C with stirring for 6 min; 5) conversion 
-1of Cr (VI) to Cr (III) in 30 g L  NaHSO  solution, at 25°C with stirring 3

for 2-3 min; 6) washing in water at 25º C with stirring for 4 min; 7) 

pre-activation in HCl (30 %) solution with stirring at 25 °C for 4 min; 
-1 -18) sensitization in 10 g L  SnCl  + 60 ml L   HCl (37 %), at 30-32 ºC 2

with moderate stirring for 5 min; 9) washing with water at 25 ºC with 

moderate stirring for 1-2 min; 10) activation to produce catalytic 

sites that will enable chemical deposition of nickel or copper in     
-1 -10.5 g L  PdCl  + 20 mL L  HCl (37 %) at 40 ºC for 5 min;  11) washing 2

with water at 25 ºC with moderate agitation for 4 min; 12) post 
-1activation or acceleration in a 50 g L  H SO  (98 %) at 25 °C with 2 4

moderate stirring for 2-4 min; 13) washing in water at 25 ºC with 

moderate stirring for 4 min.

The X-ray diffraction (XRD) spectra was carried out in a 

PANalytical X'Pert Pro MPD equipped with a X'Celerator detector 

and secondary monochromator (Cu K�  = 0.154 nm, 40 kV, 30 mA; 

data recorded with 0.017 step size, 100 s/step). The species 

identification was performed trough the HighScore Plus software 

with the ICDD database. Rietveld refinement with PowderCell 

software (CCP14, Federal Institute for Materials Research and 

Testing) was used to calculate lattice parameters and crystallite 

size from the XRD diffraction patterns.

The content of copper, cobalt and phosphorus inside the deposit 

was determined directly on the coating by SEM/EDS, and also by AA 

after dissolving the same in nitric acid solution.

3. CHEMICAL MODEL TO COPPER PLATING SYSTEM

The chemical model [22] proposed for the determination of the 

composition of the copper plating solutions, twenty five species, 

includes nineteen correlations, equations (11) to (29) listed in Table 

1, and the following material and charge balances:

Citrate: C  = X  + X  + X  + X  + X  + X  + X  + X                     1 1 5 6 7 12 13 14 15  (30)

Boric acid: C  = X  + X  + X  + X                                              (31)2 8 9 10 11

Hypophosphite: C  = X  + X                                                (32)3 24 25 

Copper: C  = X  + X  + X  + X  + X + X + X                           (33)4 3 12 14 20 21 22 23 

Cobalt: C  = X  + X + X + X  + X  + X                                   (34)5 4 13 15 17 18 19    

Charge balance:  3C  + C  + X  + 2X  + 2 X  + X  + X  = 3X  +2X  + 1 3 2 3 4 17 20 1 5

X6 + 3X  + 2X  + X  + X + X + X  + X  + 2X  + X + 2C  + 2C     (35)8 9 10 14 15 16 19 23 22 4 5                                            

When adjusting the pH with NaOH, the concentration of sodium 

ion is taken into account in equation (35).

The activity coefficients of the ionic species necessary for to 

know the factors G, Table 1, were calculated from the modified i

Debye-Hückel equation utilizing the modifications proposed by 

Robinson and Guggenheim and Bates [27]:

                 (36)

where z  is the charge of the ion, and I the ionic strength calculated i

by the following equation:

(37)
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Table 1 - Chemical equilibrium in copper plating solutions.

The numerical solution of the equations proposed for the 

chemical model has been obtained by the Newton-Raphson method 

[31]. In this model the cobalt and copper are distributed among 

ionic free form, citrate complexes and hydroxide complexes. 

Assuming that at the solution/metal interface the cathodic reaction  

related to metal deposition is a function of  the respective positive 
2+ + 2+ +ionic species in the bath, [Cu ], [CuOH ], [Co ] and [CoOH ], we will  

considerer the sum of all these  concentrations to interpret the 

kinetics data.

                            (38)

�����������            (39)

4. RESULTS AND DISCUSSION

4.1. Morphology and crystallinity

The morphology varies significantly with operating conditions, 
2+ 2+ 2+particularly with the   [Co ]  / [(Co  + Cu )]  mole ratio in the total total

solutions, i.e., the metallic ratio of catalyst (MRC). Fig. 1(a) and 1(b) 

for MRC = 0.111 (Co1) shows a uniform cubic crystalline structure, 

as well as for MRC equal to 0.238 (Co2) with a grain size between  

0.4 �m and 1 �m. Increasing MRC to 0.500 (Co3) and 0.750 (Co4) the 

structure changes completely and appears a uniform globular 

structure (Fig. 1(c)), such as a cauliflower-like of particles with an 

average size of 10-30 nm (Fig. 1(d) and 1(e)) to form larger clusters 

of about 0.7-1.0 �m, Fig. 1(f)), which seems a loss in the crystallinity. 

Samples Co1, Co2, Co3 and Co4 showed phosphorus weight 

percentage, respectively, 0.32, 0.43, 1.37 and 2.23 % and the cobalt 

content 4.42, 5.93. 12.11 and 17.66 %. The deposits with the highest 

phosphorus (Fig.1(d) and 1(e)) content display some holes related 

to hydrogen evolution.

Fig. 1 – SEM micrographs of copper deposits from standard solution with the 

following alterations: a), b) [CoSO ] = 0.005 M and   [CuSO ] = 0.040 M, MRC = 0.111; c), 4 4

d) [CoSO ] = 0.020 M and   [CuSO ] = 0.020 M, MRC = 0.500; e), f) [CoSO ] = 0.030 M and   4 4 4

[CuSO ] = 0.010 M, MRC = 0.750.4

The XRD patterns of the copper films obtained for different MRC 

in the bath, Fig. 2, show peaks at 2� = 29.8° (110), 36.6° (111), 42.3° 

(200), 61.4 (220), and 73.5° (311), which according to the standard 

powder diffraction card of JCPDS [32] have been attributed to 

cuprous oxide (lattice parameter � =4.288±0.001Å), and at 2���= 43.5° 

(111), 50.6° (200), 74.2º (220), 90.0° (311) and 95.3° (222) attributed 

to copper (lattice parameter �=3.621±0.001Å). The characteristic 

reflections of the hexagonal cobalt structure could not be found. 

The magnification of the copper peak (111), Fig. 3, presents a 

deviation of its position from the Co1 sample to the Co4 sample with 

a slight increase in the lattice parameter (3.620 to 3.622 Å). The 

crystallite sizes, determined by the Williamson-Hall plot, are in the 

range of 25±5 nm for samples Co1 and Co2, 14±3 nm for sample Co3 

and 10±2 nm for sample Co4. According to constitutional phase 

diagram [33] copper-cobalt alloys constitute mixtures of virtually 

pure components, but the mutual solubility of the components in 

solid state is only 1 % w/w. We consider that the cobalt substitutes 

the copper in the face-centered cubic lattice, thus pointing 

substitutional solid solutions, as has been already claimed by 

Povetkin and Devyatkova [34]. The broad peak at around 20 deg is 

P09

(a)  (b)
 

(c)

 

(d)

 

(e) (f)
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Reaction                               Notation                                  Equilibrium Constant 

equation (11)

equation (12)

equation (13)

equation (14)

equation (15)

equation (16)

equation (17)

equation (18)

equation (19)

equation (20)

equation (21)

equation (22)

equation (23)

equation (24)

equation (25)

equation (26)

equation (27)

equation (28)

equation (29)

K  = G X X /X1 1 1 2 5

K  = G X X /X2 2 5 2 6

K  = G X X /X3 3 6 2 7

K  = G X X /X4 4 24 2 25

K  = G X X /X5 5 8 2 9

K  = G X X /X6 6 9 2 10

K  = G X X /X7 7 10 2 11

K  = G X /X X8 8 12 3 5

K  = G X /X X9 9 14 1 3

K = G X /X X10 10 13 4 5

K  = G X /X X11 11 15 1 4

K = G X X12 12 2 16

K = G X /X X13 13 20 3 16

K  = G X /X X14 14 21 16 20

K  = G X /X X15 15 22 16 21

K = G X /X X16 16 23 16 22

K  = G X /X X17 17 17 4 16

K  = G X /X X18 18 18 16 17

K = G X /X X19 19 19 16 18

 

pK  = 6.40 [27]1

pK  = 4.76 [27]2

pK  = 3.13 [27]3

pK  = 1.10 [27]4

pK  = 13.80 [27]5

pK = 12.74 [27]6 

pK  = 9.24 [27]7

logK  = 9.80 [28]8

log K  = 5.90 [28]9

logK  = 10.44 [29]10

logK  = 6.19 [29]11

pK  = 14.00 [27] 12

logK  = 7.00 [27]13

logK  = 6.68 [27]14

logK  = 3.32 [27]15

log K  = 1.50 [27]16

logK  = 4.30 [30]17

logK  = 4.10 [30]14

logK = 1.30 [30]19 

 Symbols: X = molar fraction of species i; G  = factor relating the activity coefficient of the ionic species.i i



Fig. 4 – SEM micrograph of the cross section of copper film deposited in the ABS for 

the sample Co3.

4.2. Effect of electroless plating time

The thermodynamic and kinetic feasibility of the electroless 

process requires the adsorption of hypophosphite on the substrate 

surface and the breaking of P-H bond, in order to promote its 

oxidation. The materials able to do this interaction are the so-called 

catalytic materials, such as nickel, cobalt, gold, and palladium [37]. 

In the case of aluminum substrate, the cobalt deposition is initiated 

by galvanic displacement giving rise to the catalytic surface on 

which, thereafter, the Cu-Co electroless deposit develops. It is 

obvious that in this early stage of the process there is also a 

chemical shift of copper.

The tests with the standard composition of the bath shows that 

the thickness of the deposits increases linearly with time over 60 

minutes. This means that the solution composition is not 

significantly affected during this time interval, i.e., there is no 

interference of composition on the phenomena of charge transfer 

at the solution-metal interface for anodic and cathodic areas. The 

average cobalt content in deposits is around 4.5 % and the 

phosphorus 0.2-0.3 % for time interval between 20 and 60 minutes. 

Therefore, all the trials have been performed during 30 minutes.

4.3. Effect of cobalt catalyst

Figure 5 shows the effect of formal concentration of catalyst on 

the deposition rate and coating composition. There is an increase in 

overall rate with increasing cobalt content in deposit while the 

phosphorus remains practically constant. The ��  profile increases Co

with the catalyst concentration which justifies the increase in 

percentage of cobalt in the deposit, and therefore of the catalytic 

centers responsible for the oxidation of hypophosphite. The 

dependence of the reaction rate with the proportion of cobalt is less 
-1pronounced from 0.003 mol L , which is associated with the alloy 

composition. It is concluded that the reaction is controlled 

electrochemically. In terms of mechanism and designating the 

active centers by (Cu-Co), the controlling step of hypophosphite 

oxidation passes by dehydrogenation on the surface with the 

formation of a radical [9, 38],

                                                                                                        (40)

����������������������                                                                                        (41)

related to ABS substratum [35]. The difference in the intensity of 

the peaks is related to the thickness of the copper plating. The 

observation of the section of the sample Co3 cracked after being 

immersed in liquid nitrogen, shows a thickness of the order of 3 

microns, Fig. 4. This finding confirms the intensity of the peaks 

observed in samples Co1 and Co2 to 2      20º given the EDS depth of 

field. The detected cuprous oxide particularly on samples Co1 and 

Co2 comes from their surface oxidation [36] occurred in the time 

interval that has elapsed between their acquisition and analysis by 

X-ray diffraction. The X-ray diffraction results show that the Cu-Co-

P alloys retain their crystallinity for phosphorus until at least 2% 

(MRC = 0.75). In the case of Cu-Ni-P alloys for MRC = 0.75 the 

phosphorus content is about 3 times higher, and these alloys 

become amorphous for phosphorus content higher than 8.7 % [22].

 

Fig. 2 – XRD patterns of the Cu-Co-P alloys for different ratios between [CoSO ] and 4

([CuSO ] + [CoSO ]), MRC: a) Co1, MRC = 0.111; b) Co2, MRC = 0.238; c) Co3, MRC 4 4

=0.500; Co4, MRC = 0.750.

Fig. 3 – Magnification of the (111) copper peak showing the deviation of the peak 

position in sample Co1 to higher d space value (lower 2q), possible due to the 

formation of a solid solution with cobalt.
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converted immediately into phosphite according to the reaction:

                                                                                                           (42)

                                                 (43)

In line with Gutzeit [39] the hypophosphite dehydrogenation 

passes through the formation of metaphosphite anion,

                 (44)

followed by the formation of phosphite according to:

                 (45)

The atomic hydrogen may be recombined in molecular 

hydrogen or be oxidized to water.

                 (46)

(47)               

(48)

The cathodic reaction will be:

(49)

Fig. 5 - Influence of catalyst concentration on deposition rate, ionic speciation of 

copper and cobalt positive ions, and alloy composition, for standard bath composition.

4.4. Effect of pH

Table 2 shows that the reaction rate increases with pH, an effect 

of concentration on the step of hypophosphite oxidation, equations 

(42) or (45). The alkalinity decreases the concentration of solvated 
2+ +species Cu  and increase the Cu(OH)  concentration, an effect of 

ionic distribution in the bath composition. However, as the   Cu

concentration of the reaction rate increases with the pH range 

despite the little reduction in cobalt content in the alloy, it must be 

admitted that the deposition rate depends on all positive ions in 

solution. Thus, removal of the hydroxyl ion in the metallic 

complexes takes place simultaneously with the step of charge 

transfer. 

                 (50)

Table 2 - Influence of pH on deposition rate, ionic speciation of positive copper ions, 

and alloy composition, for standard bath composition.

4.5. Effect of hypophosphite

Figure 6 shows a linear dependence between the concentration 

of the reductant and the deposition rate. Nevertheless, for higher 

reducing agent concentrations of 0.6 M the global reaction rate 

tends to a plateau indicative of a diffusional control for cathodic 
-2 -1 -11 -14reaction: v = 8.3 mg cm  h ;���  = 2.1 x 10  M;���  = 3.1 x 10  M; and Cu Co

Cu-4.60Co-0.30P composition alloy. Considering the Faraday 

equation and alloy composition, the limiting current density for 
-2copper deposition is j (Cu) = 6.7 mA cm . The surplus negative L

charge in the substrate will be consumed in the hydrogen evolution.

                 (51)

The voltammograms obtained from cyclic voltammetry 

performed on cobalt electrode show that the oxidation of 

hypophosphite for the pH between 10.0 and 10.5 is in the range of     

-0.65 to -0.75 V vs. Ag/AgCl, which agree well with the results of 

Ohno et al [37].

 

 

Fig. 6 - Influence of hypophosphite concentration on deposition rate and alloy 

composition, for standard bath composition.

4.6. Effect of citrate

The observation of Fig.7 shows that the deposition rate 

decreases for citrate concentrations higher than 0.05 M in spite of 

the cobalt and phosphorus content remain practically constant, 

respectively, 4.6 % and 0.3 %. This behavior is explained by a 

speciation effect of citrate on the positive metallic ions in solution, 

i.e., in reducing  and  concentrations. Thus, in those situations     Cu     Co

the system is operating under cathodic diffusional control.
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Fig. 7- Influence of citrate concentration on deposition rate, ionic speciation of copper 

and cobalt positive ions, and alloy composition, for standard bath composition.

4.7. Effect of boric acid

The influence of boric acid on the deposition rate is synthesised in 

Fig. 8. The results allow saying that the buffering action is 

manifested in the ionic speciation of the bath. The deposition rate 

decreases with the concentration of boric acid due to decreasing 

concentrations of � �  and � � , which is consistent with the analysis Cu Co

made for the citrate. Eventually some specific action of the buffer 

on the substrate surface may also occur   [10, 40]. 

 

Fig. 8 - Influence of boric acid on deposition rate, ionic speciation of copper and cobalt 

positive ions, and alloy composition, for standard bath composition.

4.8. Effect of concentration ratio between [CoSO ] and ([CuSO ] + 4 4

[CoSO ])4

Figure 9 shows that increasing the mole fraction of cobalt in the 

bath decreases the overall deposition rate. This negative effect is in 

agreement with the information contained therein: decrease of �� , Cu

increase of �� , and increasing contents of Co and phosphorus in the Co

coating.

Experimentally, it has been found that increased cobalt content 

in the bath promotes the release of hydrogen and the co-deposition 

of phosphorus according to the following reaction:

                 (52)

This reaction indicates that alkalinity reduces the content of 

phosphorus in the deposit in agreement with the results already 

discussed for pH. 

The equilibrium phase diagrams of Co-P or Cu-P exhibit 

basically no solid solubility of phosphorus in cobalt or copper at 

ambient temperatures [33, 41]. The alloy is mainly pure copper, a-

(Cu-Co) phase, and the possible intermetallic Co P and Cu P [42-2 3

44]. The increase of phosphorus content until 2% with the increase 

of MRC is responsible by appearing of a microcrystallinity.

Despite the decrease in �� , but given that ��  increases as well Cu Co

as the cobalt content in the deposit with MRC value, the decrease in 

deposition rate may be explained with the reduction in the active 

centers on surface due the presence of phosphorus atoms or the 

activation energy to promote the oxidation of hypophosphite on 

cobalt catalyst.

Fig. 9 - Influence of ratio between the catalyst and the amount of the catalyst plus 

metal, on deposition rate, ionic speciation of copper and cobalt positive ions, and alloy 

composition, for standard bath composition. 

4.9. Effect of temperature

Table 3 shows the effect of temperature on the global 

deposition rate. The analyses of these results according to 
-1Arrhenius equation reveals activation energy of 51.4 kJ mol . This 

system is under electrochemical control, i.e., the anodic reaction is 

controlled by activation energy of the hypophosphite on the copper-

cobalt alloys, which matches with the analysis performed for the 

MRC effect.

2+ -3Table 3 - Effect of bath (standard composition with [Co ] = 2 x 10  M) temperature on 

the deposition rate, and on cobalt and phosphorus content in the films.  

4.10. Potential of electroless deposition

Monitoring the potential of aluminum substratum (Fig. 10), 

through the copper-cobalt alloy deposition from standard 

composition of the bath, proved the existence of three stages: 1) At 

first, the negative potential associated with the aluminum 

solubilization increases sharply to a maximum, which is associated 

with the deposition of copper and cobalt by chemical shift; 2) 

P12

Temperature (ºC)  >       40          55          60          65          70          75          80          85

v (mg 
-2 cm -1h )                    1.1         3.3        4.5          5.2         7.1        7.7          8.5         9.6

% Co                                   3.1        3.7         3.8         4.6         4.4        4.5           4.7        4.5

% P                                     0.5        0.3         0.4         0.3         0.3        0.5           0.4        0.5
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Second, there is again a potential return to more negative values 

but less steeply than in the first stage to a minimum value, i.e., 

polarization phenomena, and at this stage the metal deposition 

derives from the oxidation of hypophosphite; 3) In the third step the 

potential remains constant, around -1.028 V vs SCE, and 

corresponds to the mixed potential. Li and Kohl [45] have observed 

that the steady OCP for copper deposition from a similar bath 

composition using nickel as catalyst is between -0.981 and -1.064 V 

vs SCE, and Martins et al [22] -0.997 V vs Ag/AgCl (1.0 M KCl). It 

should be noted that for the sample without catalyst in the bath, 

MRC = 0, takes place solely the first stage of deposition, i.e., no 

growth of the deposit. According to the electrochemistry, the 

standard reduction potential of copper, cobalt, phosphite and 

hypophosphite are shown as follows [46]:

                (53)

(54)

(55)

                 (56)

                 (57)

To estimate the theoretical open circuit potential for the above 

reactions it has been considered that standard potential is a linear 

function of temperature.

                 (58)

According to the results of the effect of time on plating rate for 

the standard bath composition we can say that the system is under 

steady-state, i.e., both bath and alloy composition  are practically 

constant. Then, taking into account the ionic speciation of the 
2+ -14 2+ -15 

standard bath composition ([Cu ] = 5.6 x 10 M; [Co ] = 7.4 x 10 M; 
-[H PO ] = 0.27 M; pH = 10) and supposing a concentration of 2 2

-20 phosphide ion around 10 M, it was obtained the following open 

circuit potentials for the above described reactions:

 

 

Fig. 10 – Evolution of potential along the electrodeposition of the copper-cobalt alloy: 

Co4, MRC = 0.75; Co3, MRC = 0.50; Co2, MRC = 0.238; Co0, MRC = 0.

Assuming the validity of the mixed potential theory for 

electroless copper deposition, it is sketched in Fig.11 the respective 

Evans diagram. Clearly, the deposition of phosphorus cannot be 

explained by the electrode reaction (56), since its open circuit 

potential is lower than the deposition potential at which the system 

operates. Thus, reaction (52) is more consistent, i.e., the formation 

of phosphorus from a radical reaction: the hydrogen radical in the 

active centers of the Cu-Co interacts with hypophosphite and 

promotes the alloying of P into Cu-Co. 

Fig. 11 - Sketch of Evans diagram for the electrode reactions in the electroless copper 

plating system according to the theory of mixed potential.

5. CONCLUSIONS

A chemical model based on reversible reactions has been 

established to determine ionic speciation into electroless copper 

plating baths. The values of  and , associated with the alloy   Cu   Co

composition and microstructure allow understanding the influence 

of the plating factors on the kinetics of copper deposition.

The effect of pH on the deposition rate shows that the cathodic 

reaction has to be extended to the cationic complexes of copper 

with the hydroxyl ions. Increasing the pH decreases slightly the 

cobalt and phosphorus contents.

The action of the hypophosphite shows for higher concen-

trations that the cathodic reaction is controlled by diffusion, and 
-2 -1that the maximum deposition rate is  8.3 mg cm  h  for the 

.following conditions: 0.024 M CuSO .5H O, 0.60 M NaH PO H O, 4 2 2 2 2

. .0.052 M Na C H O 2H O, 0.50 M H BO , 0.004 M CoSO 6H O, pH = 3 6 5 7 2 3 3 4 2

10.0 and temperature 65 ºC.
-1 The calculated activation energy of 51.4 kJ mol shows that the 

system is under electrochemical control. Increasing the [CoSO ] / 4

([CoSO  + CuSO ]) ratio above 0.25, despite the increase of� � � �  and 4 4 Co

cobalt content in the alloy, the deposition rate is successively lower. 

This is due to the increase of phosphorus content in the alloy that 

may poison the active centers and/or the change of activation 

energy of hypophosphite oxidation with the alloy composition.   The 

morphology of the alloys is changed, of a uniform cubic crystalline 

structure to a globular structure, with the increase of MRC value of 

0.111 to 0.750, but the structure remains crystalline in spite of 

phosphorus content 2 %.

The operating potential of the system for the standard 

composition of the bath is – 1.028 V vs SCE, but the open circuit 

potential for the deposition of phosphorus from phosphite, 

according to ionic speciation of the plating bath is – 1.486 V vs NHE. 

This confirms the electrocatalytic oxidation of hypophosphite by 

dehydrogenation. Thus, the deposition of phosphorus in the Cu-Co-
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P alloy can be explained by the interaction of an H atom removed 

from P-H bond with a new molecule of hypophosphite.

The use of cobalt ions instead of nickel ions allows obtaining 

copper-cobalt deposits with levels of phosphorus in the order of 

0.2-0.3 %, and consequently doesn't change significantly the 

properties of these metallic coatings. 
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