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Abstract 

Solution equilibrium characteristics of two electroless copper baths containing EDTA and 
tartrate as the complexing agents were studied as functions of pH, chelating agent and 
metal ion concentrations. Equilibrium diagrams were constructed for both Cu-tartrate and 
Cu-EDTA systems. It was determined that copper is chiefly complexed as Cu(OH)2b4 in 
the tartrate bath, and as CUA-~ in the EDTA bath, where L and A are the complexing 
tartrate and EDTA ligands, respectively. The operating ranges for electroless copper 
deposition were identified for both baths. Dependence of Cu(OH)2 precipitation on the pH 
and species concentrations was also studied for these systems. 

Introduction 

Electroless deposition of copper is being used for a variety of applications, one of 
them being the development of seed metallic layers on non-metals, which are widely used 
in electronic circuitry'. Thickness of the base or seed layer electrolessly plated is usually 
on the order of a micron; further copper thickness is consequently raised by 
electroplating. It is of practical importance to know the various parameters that affect the 
thickness and quality of an electroless copper deposit. There has been a lot of work done 
on electroless deposition in general, and electroless deposition on non-metals in 
particular24. However, the deposition parameters vary significantly with the solution 
composition and characteristics, operating conditions and the types of substrate used. This 
paper aims at describing the effect of solution composition on the copper electroless 
plating rate from a Cu-EDTA and Cu-tartrate bath. In order to provide an adequate 
description of the processes occurring during deposition, it is necessary to determine the 
nature and composition of different components in the solution present at equilibrium. It 
is known that the equilibrium concentrations of the electroless bath constituents depend 
on the relative strength of the formation constants. The amount of various components 
present in solution is also a strong function of certain variables such as the pH, nature and 
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strength of the complexing agent, ratio of the concentrations of metal to the complexing 
ion, and operating temperature. It is hence necessary to identify the various complexes 
that can be formed in the specific system considered. It is also essential that the limits up 
to which the bath can function efficiently be determined, thereby aiding the development 
of an efficient deposition process. 

Equilibrium Calculations 

Two widely used electroless copper deposition solutions were considered for the 
equilibrium computations. The first one consists of CuSO4, HCHO and di-sodium tartrate 
as the complexing agent, and the other bath contains CuSO4 and HCHO with EDTA as 
the complexing agent. Both EDTA and tartrate complexing agents are being used for the 
electroless copper plating systems. It is assumed that HCHO does not undergo any 
complexation reaction with EDTA (or tartrate) and also is not oxidized in the conditions 
given above. Aqueous formaldehyde does not decompose up to temperatures of 300°C' 
The decomposition of formaldehyde to methanol and formic acid in the presence of water 
occurs only at elevated temperatures, e.g. > 300°C '. Since HCHO is a strong reducing 
agent, most of the reactions are possible in the presence of catalysts only. In the presence 
of EDTA, HCHO does not undergo any reactions' (HCHO is used to commercially 
produce EDTA in the presence of CN-). Hence in our electroless deposition solution at 
equilibrium, formaldehyde is assumed to be present in an unreacted form. 

Copper-Tartrate Svstem 

Determination of Initial (mixing) pH.- The initial pH can be determined by solving a set 
' of simultaneous equations consisting of the equilibrium expressions for the various 
equilibrium reactions and the material balance equations along with the electroneutrality 
constraint. The data for the equilibrium constituents and constants are obtained from the 
literature. However, caution must be exercised in adopting the data from the literature due 
to the high sensitivity of the equilibrium results to these data. The formation constants of 
the reactions forming different compounds and complexes are also temperature 
dependent. However, there is no sufficient data for the formation constants and other 
thermodynamic properties of such reactions. For the copper-tartrate system, the following 
equilibrium reactions are possible6: 

[CuU]+ [OH-] @ bu(OH>+] 

I+ 2[OH- e [Cu(OH), ] 4 

r . 1 1 7  

This precipitation reaction has a solubility product value of 2.2 x (movliter)2. Since 
a prepared solution with 0.06 M C U + ~  and 0.25 M tartrate does not produce any 
precipitate, we assume that this reaction doesn't occur at this pH and therefore: 

[Cu (OH), ] = 0 E31. 



The other possible reactions are: 

[cU+, J+ Z[OH- I+ ZL-, e c~(oH),L; ~41 

where L-' is the free tartrate ligand. The water equilibrium reaction has to be accounted 
for: 

and, when sulfates are added into the solution, the following equilibrium is necessary: 

[H' ]+ e [HSO; ] [GI - 
The formation constants and solubility products are presented in Table-I. A material 
balance equation for each of the components present in the solution needs to be 
evaluated. The material balance equation for copper is: 

[CUSO,]~~ = [Cu',]+ ~U(OH)']+ [CU(OH)~]- [Cu(OH,)L:] 

Tartrate balance gives: 

[Na,Llad = b-2 I+ Z[Cu(OH),L: 1 
Sulfate is distributed as: 

[CUSO,]~~ = [HSO; I+ 1 
Oxygen balance yields: 

[H2Oid + ~ [ C U S O ~ ] ~ ,  = [Cu(OH)c I+ 2[Cu(OH),]+ 2[Cu(OH),L;] 
+ [OH-]+ 4[HSO;]+ 4bOi2]+ [H,O],Y 

and iastly sodium balance gives: 

Z[Na,Llad = [Na+] 

where [iLd is the concentration of species added to the bulk solution and [H2OIav is the 
concentration of water unionized in the solution. The electroneutrality equation to be 
combined with the above equations is: 



A 

&Ci = o  

The concentrations of the unknown variables above can be obtained by simultaneously 
solving these set of algebraic equations (Eqs. [l], [3]-[12]) using MAPLE, a 
commercially available symbolic solver package. 

Determination of p H  of Cu(0H)z Precipitation- In the case of precipitation reactions, 
only one of the two equations Eq. [Z] or Eq. [3] holds good at any given pH. So, in order 
to determine the pH at which the precipitation should occur as given by the set of 
equations, a trial and error procedure was assumed wherein Eq. [Z] or [3] was used 
coupled with the other equations mentioned above. NaOH was added to the set of 
equations as a variable, thereby setting the pH as an independent variable. In the system 
of equations presented above, the only changes with the inclusion of NaOH would occur 
in Eqs. [lo] and [l 11 which would be: 

[Hz0lad + ~ [ C U S O , ] ~ ~  + [NaOHL = bu(OH)'I+ 2[Cu(OH),]+ 2[Cu(OH),L;'] 
~131  + [OH-]+ 4[HSO;]+ 4kO;']+ [H,O],, 

and 

Solving Eqs [l], [3], [4]-[9] and [12]-[14] up to the lowest pH at which a solution is 
obtained, one can determine the pH at which Cu(OH)* is expected to precipitate. 
Subsequently, Eq. [2] or [3] is used in the corresponding region for the complete 
equilibrium diagram computation. 

Copper-EDTA Svstem 

Unlike tartrate, EDTA is freely ionized to its tetravalent form (A4) in solution. The 
EDTA complexes that are assumed for the purpose of this study are:' 

and 

The values for the equilibrium constants are given in Table. I. Using these equations, one 
can constitute a set of independent algebraic equations for the EDTA system and solve it 
to obtain the equilibrium diagram. 

Results and Discussion 



Cu-Tartrate System 

A solution containing 0.06 M CuSO4 and 0.25 M NazL was calculated to have a pH of 
1.67. The experimentally measured pH of such a system was 1.8. Fig. 1 shows the 
equilibrium diagram for a system containing the aforementioned concentration of CuSO4 
and Na2L. It can be seen that free copper is present only under acidic conditions and its 
presence decreases significantly under alkaline conditions. It can also be seen that the 
copper is in a complexed form throughout the pH range 7.0-14.0. The copper complex 
with tartrate is strong enough that the free copper available is less than the amount 
required to cause precipitation. Hence, for such a system, in which the tartrate 
concentration is in excess, the copper deposition does not need to have an upper limit for 
the deposition pH. The overall reaction of copper deposition from an electroless tartrate 
bath goes through the following steps: ' 

CUX + 2HCHO + 40H- -+ Cu + 2HC00' + H, + H,O + X-2 1171 

where X is a bivalent complexing molecule, which might be the complexing agent or its 
hydrated form. This reaction suggests that the rate can be increased by raising bath pH. 
Hence, an operation under highly alkaline conditions is desirable. 

As mentioned earlier, there are a large number of complex species and 
corresponding rate constants available in the literature for the Cu-tartrate system. It is 
necessary to choose the species that are more relevant to the type of solution considered. 
For the Cu-tartrate system, the formation constant for the reaction 

[cu" ]+ [L-~ J [c~L] K, =3.10 1181 

aku"J+ Zlr;"] e [CU2L,] K, =8.58 1191. 

The equilibrium constants for these two reactions are comparably small which suggests 
that copper forms a relatively weak symmetric complex with tartrate. Calculating the 
equilibrium concentrations after assuming these to be the only complexed species 
existing in the system, it can be shown that copper precipitates as its hydroxide at a pH of 
6.2. Experimentally, copper precipitation doesn't occur up to pH values of 13.0 from a 
tartrate bath, which suggests the existence of a stronger species which complexes copper 
from its bivalent form. The inclusion of Cu(0H)2b4 gives a reasonable explanation of 
the experimentally oberved phenomena. 

Figure 2. shows the equilibrium diagram for the Cu-tartrate system under 
conditions where the copper concentration is higher than the concentration of tartrate 
required for complete complexation. In such a case it can be seen that most of the copper 
precipitates at pH values 7.0 and higher. Cu(OH)2 takes predominance over the tartrate 
complex because of the increased availability of C U + ~  ions. However, there is still a 
significant quantity of copper in the complexed form, which depends on the relative 
strength of the solubility product and the rate constant for the complexation reaction. 



Figure 3. shows the effect of tartrate concentration on the formation of 
Cu(OH)2b4 complex for a specified concentration of CuSO4 (0.06 M). As it can be 
expected, the precipitation of Cu(OH)2 is predominant when the concentration of tartrate 
is lower than the stoichiometric amount necessary. The stoichiometric amount necessary 
being 0.12 M in this case, concentrations of 0.05 and 0.1 M produce a partially 
complexed mixture. On the other hand, at higher concentrations of tartrate, it is seen that 
the complex formation occurs at a lower pH as compared to those at lower 
concentrations, and all the copper is complexed by tartrate. Fig. 4 shows the effect of 
copper concentration on the formation of the copper complex Cu(0H)2b4 for a constant 
concentration of Na2L (0.12 M). In order to facilitate easier interpretation of the graph, a 
stoichiometric factor for the formation of - -  Cu(OH)2k4 can be defined as: 

This factor 5 is greater that 1 if the tartrate ion is in excess when compared to the copper 
ions in the system, and less than unity when tartrate is the limiting reactant. Under 
conditions where is greater than or equal to unity, it can be seen that copper completely 
forms the complex. For values of <<l the system undergoes partial precipitation. It is 
interesting to note that, for values of <<l, the amount of copper present in a complexed 
form does not depend on the copper concentration any further. One would expect that, for 
@l, the fraction of copper complexed would depend on the stoichiometric fraction c. 
The observation of identical amounts of CU(O€I)&Q~ at pB7 .0  for various values of <<I 
shows that it is independent of the copper concentration. It can also be seen from Fig. 3 
that this precipitation fraction depends on L-2 concentration when eel. This is due to the 
following reason. Under precipitating conditions, the amount of free copper available is 
dictated by the solubility product of the Cui2 ion. Hence, [CU+~]X[OH-~ is a constant. 
Therefore, the equilibrium equation for the formation of copper complex, i.e. Eq. [SI, 
reduces to: 

K,,K, b-2 p w Cu(OH),L, 

where, Ksp is the solubility product of copper ions, and & is the equilibrium constant for 
the above complexation reaction. It can be seen from the above equations that the amount 
of complex formed is independent of the free copper and dependant on the free tartrate 
available under precipitating conditions. 

Cu-EDTA System: 

For a solution containing 0.06 M CuSO4,O.Ol M EDTA and 0.045 M HCHO, the pH at 
which the solution stabilizes was calculated to be 1.83. It is to be noted here that HCHO 
is assumed to remain in an unionized form and does not contribute towards the pH. An 
experimental solution prepared in the laboratory showed a pH of 2.0. However, in such a 
solution, EDTA dissolution takes around 72 hrs. The pH for Cu(OH)2 precipitation was 
found to be 11.34 according to the calculations. Figure 5. shows the composition of 



various components as a function of pH. It can be seen from the plot that at a pH of 2.5 
up to a pH of 11.34, copper ions are present in the complex form with EDTA. Most of the 
copper is in a complex of the form CUA-~, and a significant amount is in the form CuHA- 
at low pH values. As the pH increases from 2.5 to 11.34, the composition of the 
monovalent complex decreases, as expected. This is due to the lesser availability of rr' 
ions in the solution thereby causing the equilibrium in Eq. [16] to shift to the left. The 
remaining EDTA is available as a tetravalent (A4) ion. Cu(OH)2 starts precipitating at a 
pH of 11.34. Thus,.in a pH range between 11.34 and 12.12, the solution is in a transition 
stage with most of the copper ions in the form of Cu(0H)z while some are in the other 
forms of copper considered including the CUA-~ form. 

Figure 6. shows the equilibrium diagram for a system in which EDTA is the 
limiting component. It can be seen from this plot that, unlike Fig. [3], the complex 
CU(EDTA)-~ is formed to a stoichiometric amount (the EDTA concentration in this case), 
and remains stable even after Cu(OH)2 starts to precipitate. This suggests that a stronger 
complex is formed for the EDTA system when compared to the tartrate system. Up to a 
pH of 6.6, there is some amount of free copper, which causes Cu(OH)2 to precipitate. 
CUA-~ is still present up to a pH of 10.5 where the precipitation starts to occur. It is also 
worth noting that an increase in the copper concentratiori to a value higher than the 
stoichiometric coefficient < (which in this case is defined as the ratio of the A4 ion to the 
CU'~ ion) does not change the precipitation pH. This can be explained by a similar 
argument as for the Cu-tartrate system. Figure 7. gives the effect of EDTA concentration 
on the formation of CUA-~ complex at constant copper concentrations. A higher 
concentration of EDTA causes the complex formation to occur at more acidic value and 
the precipitation to occur at a more alkaline value of the pH. 

ConcIusion 

The solution equilibrium characteristics of two widely used electroless copper baths, 
namely Cu-EDTA and Cu-tartrate baths, were studied for identification and quantification 
of the various components present in them. The systems were studied as functions of pH, 
chelating agent and metal ion concentrations. Equilibrium diagrams were constructed for 
both Cu-tartrate and Cu-EDTA systems. It was determined that copper is chiefly 
complexed as Cu(0H)2b4 in the tartrate bath, and as CUA-~ in the EDTA bath. For the 
tartrate bath under alkaline conditions, as long as the concentration of tartrate is 
stoichiometrically in excess of the amount for complete copper complexation, pH has no 
further effect. On the other hand, under alkaline conditions and conditions where tartrate 
is the limiting reactant, an increase in copper concentration does not affect the amount of 
Cu(0H),L4 formed. Cu(OH)2 precipitates from an Cu-EDTA bath around a pH of 11.5 
for a bath containing 0.06 M CuSO4,O.l M EDTA and 0.04 M HCHO. The pH at which 
the bath starts precipitating depends on the EDTA concentration. A higher EDTA 
concentration causes the precipitation to occur at a more alkaline pH. An increase in the 
copper concentration to values higher than the stoichiometric requirement for complete 
complexation, does not affect the pH of precipitation any further. The effect of increasing 
bath temperature can be incorporated into the system if reliable data for the equilibrium 
constants are available as a function of temperature. 
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TABLE -I 

Equilibrium Constants and Solubility Products 

Equation ti] Constant Reference 
-~ 

1 1.00 x io-' (liter/mol> J.Ja%e (6) 
4 5.01 x lo2' (liter/m01)~ IUPAC (7) 
5 1.0 x 1014 (liter/mol)2 CRC (8) 

15 5.01 x 10" (liter/mol) IUPAC (7) 
16 1.0 x io3 (liter/mol) IUE'AC (7) 

Equation ti] Solubility Product Reference 

6 97.0 (literlmol) k g e ( 6 )  

2 2.2 x (moMiter>2 Lange (6) 
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Fig. 1 Equilibrium Diagram for the Cu-Tartrate System 
CuSO,=O.O6 M, Ra2L=O.25 M 
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