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When an iron substrate is immersed in a solution of copper sulfate or silver 
nitrate, the iron dissolves while the copper or silver is plated out onto the surface 
of the substrate. This is called immersion plating. The process can be explained 
scientifically in terms of the electrochemical series, part of which has been 
reproduced in Table 12.1. The electrochemical series predicts the course of a 
reaction when two redox systems with different values for E', thestandard redox 
potential, are brought into contact. The most electropositive redox system will 
be reduced (deposition), while the most electronegative will undergo oxidation 
(dissolution). Table 12.1 indicates that the standard redox potential for silver (E" 
= +0.799 V vs. SHE) or for copper (E" = +0.337 V vs. SHE) is more electropositive 
than that for iron (E" = -0.44V vs. SHE). Therefore, the reactionsoccurring on the 
surface of the iron substrate are as follows: 

Anodic 
Fe" - Fe" + 2e 

Cathodic 
cu" + 2e - Cu" 

or 
2Ag' + 2e- 0 - 2Ag" (31 

The surface of the metallic substrate consists of a mosaic of anodic and 
cathodic sites and the process will continue until almost the entire substrate is 
covered with copper. At this point, anodic oxidation virtually ceases; hence, 
plating is stopped. This imposes a limit on film thickness obtained by this 
technique, with average values of only 1 pm being observed. Other limitations of 
this method are that the coatings so produced usually lack adhesion and are 
porous in nature. The solution quickly becomes contaminated with ions of the 
base metal, and the process is only applicable to obtaining deposits of noble 
metals. 

In order to overcome these limitations and to achieve thicker deposits, an 
alternative oxidation reaction is essential. This reaction must occur initially on a 
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Table 12.1 
Standard Redox Potential at 25" C 

Potential 
(V vs. SHE) 

+ 0.799 
+ 0.158 
+ 0.340 
+ 0.056 
+ 0.230 
- 0.440 
- 0.500 
- 1.070 
- 1.650 

metallic substrate (activated substrate if the substrate is non-conducting) and 
subsequently on the deposit itself. From Table 12.1, it is clear that the redox 
potential for the reducing agent must be more negative than that for the metal 
being plated. The selection of the reducing agent is further limited in that the 
electrochemical reactions must only occur on the substrate, and not cause 
homogeneous reduction (decomposition) of the solution. An example of 
solution decomposition is the addition of formaldehyde (EK = +0.056 V vs. SHE at 
pH = 0) to silver nitrite solution, which causes spontaneous precipitation of 
metallic silver. A summary of common reducing agents that may be employed 
for electroless copper plating is given in Table 12.2. Theoretical conditions for 
the electroless plating of a metal may be determined from the Pourbaix ( 1 )  
diagrams for the metal and the principal element in the reducing agent. Pourbaix 
diagrams show the ranges of potential and pH over which various ions, oxides, 
pure metals, etc., are thermodynamically stable. Potential-pH diagrams for the 
copper-water system and the carbon-water system are shown in Figs. 12.1 and 
12.2, respectively. At potentials greater than +0.337 V vs. SHE, in acid solution, 
thecopper ion is thermodynamically stable. For deposition of the metal to occur, 
the potential of the substrate must be lowered below this value, into the region 
where metallic copper is stable. In the carbon-water system, oxidation of 
formaldehyde to formic acid or formate anion occurs at potentials below +0.377 
V vs. SHE over the entire range of pH. Thus the electrochemical processes that 
could theoretically occur on the metal surface in acid solutions are: 

Cathodic 
Cu" + 2e- - Cu" E" = +0.340 [41 
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Table 12.2 
Components of Electroless Copper Plating Baths 

Reducing 
agent Complexant Stabilizer Exaltant 
Formaldehyde Sodium potassium Oxygen Cyanide 

tartrate (Rochelle 
salt) 

Dimethylamine Ethylenediamine Thiourea Proprionitrile 
borane (DMAB) tetraacetic acid 

Sodium Glycolic acid 2-rnercaptobenzo- 0-phenanthroline 
hypophosphite thiazole 

(EDTA) 

Triethanol amine Diethyldithio- 
carbamate 
Vanadium pentoxide 

Anodic 
HCHO + H.0 - HCOOH + 2H' + 2e- E" = +0.0564 

When the two diagrams are superimposed, as shown in Fig. 12.3, the region of 
potential and pH over which plating is theoretically possible is indicated by the 
shaded region. 

COMPOSITION OF ELECTROLESS COPPER 
PLATING SOLUTIONS 

Thermodynamic conditions for electroless copper plating are described in Fig. 
12.3, but successful electroless plating cannot be guaranteed by simply adding a 
solution of the reducing agent to one containing metal ions. In actuality, local 
changes in pH can lead to precipitation of the metal in bulk solution. To 
overcome this difficulty, complexants are added to the plating bath to maintain 
the metal ion in solution. The complexants depress the free metal ion 
concentration to a value determined by the dissociation constant of the metal 
complex. In addition to preventing precipitation within the solution, the 
complexant also allows the bath to be operated at higher pH values. Figure 12.3 
indicates that the thermodynamic driving force for copper deposition becomes 
greater as the pH increases. 
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Fig. 12.1-Potential-pH equilibrium diagram for copper-water ryrtem at 25" C. The area Inside the 
dotted liner indicater the range of valuer within which variour copper ions are thermodynamically 
rtabie. 

Table 12.1 shows that the redox potential for formaldehyde, ER, at pH = 0 and 
pH = 14 differs by more than 1.0 V. Therefore, copper deposition is 
thermodynamically more favorable in alkaline solutions. However, copper 
precipitates at elevated pH values, and to prevent this from happening, a 
complexant such as sodium potassium tartrate is added to the plating 
formulation. Some common complexants used in commercial electroless 
copper processes are also listed in Table 12.2. 

The selection and concentration of the complexant must be considered very 
carefully, because if the metal is too strongly complexed, insufficient free metal 
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Fig. 12.2-Potential-pH equilibrium diagram lor carbon-water system at 25" C, showing the relative 
predominance of carbon in the form of methanol and carbonates. 

ions will be available for deposition. For instance, ethylenediarninetetraacetic 
acid (EDTA), which has a high stability constant, requires very careful control i f  
plating is to occur. 

Oxidation of the reducing agents employed in electroless copper plating 
invariably involves the formation of either hydrogen (H') or hydroxyl (OH-) ions. 
Consequently, the pH of the plating solution changes during plating and thus 
affects the rate of deposition and the properties of the deposit. Therefore, 
buffers are added to stabilize the pH of the solution. These include carboxylic 
acids in acid media (which also act as cornplexants) and organic amines in 
alkaline solutions. 
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Flg. 12.3-Combined potential-pH dlagram lor copper-water and carbon-water systems, lndlcatlng 
the range of values wlthln whlch metal deposltlon Is possible. 

I 

Electroless plating formulations are inherently unstable and the presence of 
active nuclei such as dust or metallic particles can lead, over time, to 
homogeneous decomposition of the plating bath. The presence of the 
complexant in the correct concentration does not prevent this from occurring. 
To circumvent this problem, stabilizers such as 2-mercaptobenzothiazole are 
added to the bath in small concentrations. The stabilizers competitively adsorb 
on the active nuclei and shield them from the reducing agent in the plating 
solution. I f ,  however, the stabilizers are used in excess, metal deposition may be 
completely prevented, even on the substrate itself. 
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The plating rate is sometimes inordinately lowered by the addition of 
complexants to the bath. Additives that increase the rate to an acceptable level 
without causing bath instability are termed exaltants or accelerators. These are 
generally anions, such as CN , which are thought to function by making the 
anodic oxidation process easier. 

In summary, typical electroless plating formulations contain (a) a source of 
metal ions, (b) a reducing agent, (c) a complexant, (d) a buffer, (e) exaltants. and 
(f) stabilizers. 

THE MIXED POTENTIAL THEORY 

The Wagner and Traud (2) theory of mixed potentials has been verified for 
several corrosion systems (3,4). According to this theory, the rate of a faradaic 
process is independent of other faradaic processes occurring at the electrode 
and depends only on the electrode potential. Hence, the polarization curves for 
independent anodic and cathodic processes may be added to predict the overall 
rates and potentials that exist when more than one reaction occurs 
simultaneously at an electrode. Wagner and Traud (2) demonstrated the 
dissolution of zinc amalgam to be dependent on the amalgam potential but 
independent of simultaneous hydrogen evolution processes. 

The concept of mixed potentials can be explained by first considering a redox 
reaction of the type: 

k, 
Ox + ne Red 

k,, 

on an inert electrode. In Eq. 6, k, and k., are the rates for the cathodic and the 
anodic reactions, respectively. When equilibrium is established, the two 
opposing reactions occur at the same rate and no net current flows through the 
system. This condition may be expressed by the equation: 

where i" is the exchange current density and il and i., are the cathodic and anodic 
current densities, respectively. The potential at which this equilibrium occurs is 
described as the equilibrium potential, E", and may be determined in the 
thermodynamic sense by the Nernst equation. 

We next consider the case where two or more reactions occur simultaneously 
at the electrode surface (5,6). A copper/formaldehyde electroless plating 
process is a perfect example of such a case. The anodic reaction is the oxidation 
of the reducing agent (formaldehyde, methylene glycol, or hydrated 
formaldehyde in alkaline media): 
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2H&(OH)2 + 20H- - 2HCOOH + H2 + 2H20 + 2e- [81 

(R" - R" + Ze-) 

and the cathodic reaction is the reduction of the metal (copper) complex: 

[CUL~]'~"-*'- + Cuz' + 6L"- 

j, 2e- [91 

CU" 

(M" + Ze- - M") 

R and M denote the reductant and the metal, respectively. 
The current potential curves for the anodic and the cathodic partial reactions 

in an electroless plating process are shown schematically in Fig. 12.4. It is clear 
from Fig. 12.4 that a necessary condition for electroless plating to occur is that 

Flg. 12.4-Current-polenUal curver for the parllal procerrr Involved In eleclrolerr plallng. Dolte 
llne Indlcalor the curront-potentlal curvo lor the two rlmultaneour procerrr. E: and E$ ai 
equlllbrlum potonUalr. 
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the equilibrium potential for the reducing agent ER is more cathodic than the 
corresponding potential EM for the metal deposition reaction. At equilibrium, the 
Wagner-Traud postulate applies and the plating rate, iplating, is given by: 

i,la,,,, = in = iM 

where in and iM are the anodic and cathodic partial currents (with Opposite 
signs). The potential associated with this dynamic equilibrium condition is 
referred to as the mixed potential EMp. The value of the mixed potential lies 
between Et? and Ed and depends on parameters such as exchange current 
densities i," and id, Tafel slopes bR and bM, temperature, and others. The mixed 
potential corresponds to two different overpotentials: 

V R  = EMP - ERO 

and 

If the anodic and cathodic half cells are coupled (short-circuited), the measured 
current-potential curve is the algebraic sum of the partial current-potential 
curves for each electrode reaction, as shown in Fig. 12.4 by the dotted curve. 

APPLICATION OF THE MIXED POTENTIAL THEORY 

In practice, the concept of mixed potentials is studied by constructing Evan's 
diagrams. In Fig. 12.5, a schematic Evan's diagram is constructed for the partial 
polarization curves shown in Fig. 12.4. The coordinates of intersection of the 
anodic and cathodic Evs. log i relationshipsgivethevalue of the mixed potential 
EMp and the plating rate in terms of a current density idcp. This suggests that the 
dynamic relationship between the mixed potential and the copper plating rate 
can be obtained from the individual electrode processes if  their current- 
potential relationships are known. Such polarization curves have been obtained 
by one or more of the following methods: (a) by applying the steady state 
galvanostatic or potentiostatic pulse method to each partial reaction separately; 
(b) by applying potential scanning techniques to a rotating disk electrode; or (c) 
by measuring the plating rate from the substrate weight-gain as a function of the 
concentration of the reductant or the oxidant (8,9). The plating rate is then 
plotted against the mixed potential to obtain the Tafel parameter (7,8).  These 
methods suffer from the usual limitations associated with the theory of mixed 
potentials. For example, extrapolation of the polarization curve for the catalytic 
decomposition of the reducing agent to the plating potential is not valid if the 
catalytic properties of the surface change with potential over the range of 
interest. It is also not valid if the rate determining step, and hence the Tafel slope, 
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Fig. 12.5-A rchematlc Evan’s diagram showing the two partial processes of the additive copper 
bath. 

for any process changes in the potential range through which the polarization 
curve is extrapolated. Further, at least one of the two partial reactions involved in 
electroless metal plating is invariably diffusion-controlled. Therefore, the 
weight-gain method cannot be used to ascertain the plating mechanism unless 
the electrochemically-controlled partial reaction is first identified. 

A further limitation to the extrapolation of polarization curves and to the 
application of the mixed potential concept to electroless plating, which is often 
not realized ( lo) ,  is that the two partial processes are not independent of each 
other. For corrosion processes, such a limitation was first discovered by 
Andersen et al. ( 1 1 ) .  Bindra et al. (12) have found that same limitation to the 
application of the mixed potential theory to apply to electroless plating systems 
as well. These authors havedeveloped a technique based on the mixed potential 
theory by which electroless plating processes may be classified according to 
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their overall mechanisms. For example, electroless plating of metals can involvt 
a reaction that proceeds at a rate limited by diffusion. Donahue (13) has showr 
!hat the plating rate of copper (in a certain concentration range) in a copper- 
formaldehyde bath is determined by the rate of diffusion of copper ions to the 
plating surface. The technique described by Bindra et al. (12) allows a Clear 
distinction between those reactions whose rate is controlled by the rate of 
diffusion of reactants to the plating surface, and those reactions whose rate is 
limited by some slow electrochemical step. The theory of this technique is 
described below. 

In order to achieve conditions of controlled mass transfer, a rotating disk 
electrode (RDE) may be employed. The current resulting from the diffusion of 
metal ions to such a geometrical surface is expressed in Eq. 13 (14): 

I iM I = Bd (C4 - Cd) & ~ 3 1  

where C4 is the bulk concentration of the reducing agent; Cd the surface 
concentration, and Bd is a diffusion parameter (14,15). 

BG = 0.62 nkl F D,,' ' v-' A t141 

The symbols are defined in the appendix. For diffusion-controlled cathodic 
partial reactions, Cd = 0, and the limiting current i:; is independent of potential 
and takes the form: 

Similarly, the diffusion-limited current for the anodic partial reaction is: 

1151 

The concentration of metal ions at the surface may be expressed by the 
Nernst equation: 

which, by substituting Eqs. 13 and 15, becomes: 

The corresponding equation for the reducing agent can also be worked out in 
a similar manner. 
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When the anodic partial reaction is under electrochemical control, the 
polarization curve is described by the equation: 

E = ER" - bR In i," + bR In i R  

The anodic Tafel slope bR is given by: 

Similarly, when the metal deposition reaction is activation controlled, the 
kinetics are described by the cathodic Tafel equation: 

where: 

Since each partial reaction is either under electrochemical control or under 
mass transfer control, the overall reaction scheme consists of four possible 
combinations. These will be considered next, and the dependence of EMP on 
experimental parameters such as rotation rate W ,  and Cg and C," determined. 

CASE 1: Cathodic partial reaction diffusion controlled-anodic partial reaction 
electrochemically controlled. 

The diffusion-limited cathodic partial current depends on C,", DM, and W ,  

and its magnitude is given by Eq. 15. Then, combining Eq. 15 with Eq. 19, 
which describes the anodic partial reaction, by means of Eq. 10, gives: 

Equation 23 shows that the mixed potential is a linear function of In w and In 
C," and that the Tafel slope for the anodic partial reaction may be obtained by 
plotting EMP against either of these experimental parameters. Similar functions 
have been obtained by Makrides (16) for corrosion processes. Case 1 is 
represented graphically in the symbolic diagram of Fig. 12.6. 

Oxygen or air is frequently bubbled through electroless copper baths to 
oxidize any Cu(l) species formed, and thus avoid bath decomposition via Cu(l) 
disproportionation. Under these circumstances, there is another cathodic 
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Fig. 12.6-Symbolic representation of the overall reaction scheme for electroless metal deposition in 
which the cathodic partial reaction is diffusion-controlled and the anodlc partial reaction Is 
kinetically-controlled. 

current resulting from oxygen reduction, and the total cathodic current is the 
sum: 

id = i M  + ioz 1241 

where io, is the current for oxygen reduction. At the plating potential, io, is 
diffusion limited, that is, it is independent of the electrode potential, and 
therefore, is equivalent to a cathodic current applied externally. 

Under these circumstances, Eq. 15 becomes: 

lik'l = (Bd C," + Bo; G) 6 [251 

and Eq. 23 becomes: 

[261 
bR 

2 
EMP = ER" - bR In iR" + bR In (Ed C," + Bo;C&) + - In w 

Therefore, the diagnostic criteria for Case 1 remains unchanged in the presence 
of oxygen in the plating bath. 
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CASE 2: Cathodic partial reaction electrochemically controlled-anodic partial 
reaction diffusion controlled. 

This is the converse of Case 1, so that the anodic and cathodic partial 
reactions are described by Eq. 16 and Eq. 21, respectively. Combining them with 
the help of Eq. 10 yields: 

2 

Once again, EMP is linearly dependent on In w and In CE. 
The slope of EMP vs. In plot is negative, thus making it easily distinguishable 

from Case 1. It can easily be shown that in the presenceof oxygen in the plating 
solution, the form of Eq. 27 does not change. 

CASE 3: Both partial reactions electrochemically controlled. 

CASE 4: Both partial reactions diffusion controlled. 

Such cases are ,rarely encountered in electroless plating baths. Therefore, 
detailed relationships between the mixed potential and other parameters are not 
worked out. Suffice it to say that in both cases, the mixed potential is 
independent of rotation rate. 

PARTIAL REACTIONS 

A limitation to theapplication of the mixed potential theory to electroless plating 
is that the two partial reactions are not independent of each other. Such a 
limitation was alluded to as earlyas 1972 by Donahue (lo), but measurements to 
clearly demonstrate the effect were not performed until much later (13). In an 
effort to demonstrate the interdependence of the partial reactions, Bindra et al. 
(12) performed kinetic and mechanistic measurements in the catholyte and the 
anolyte, as well as in the complete electroless copper bath separately. These 
measurements are discussed next. 

Cathodic Partial Reaction 
The copper deposition reaction was studied with the help of a rotating disk 
electrode. Some typical results for the copper deposition partial reactions in the 
catholyte are shown in Figs. 12.7 through 12.9. The polarization curves obtained 
by applying the potential scanning technique at various rotation rates are 
displayed in Fig. 12.7. I f  the kinetics are first order with respect to copper ions in 
solutions, then the experimental disk currents are related to the rotation rate by 
the Levich equation, where all quantities are considered as positive (15): 
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Flg. 12.7-Rotating dlsk data for copper deposltlon In the catholyte at 70' C. Electrode area = 0.458 
cm*. 

1 1 1 1 1 

iM ih i{ ih B ~ J W  
[281 -=-=-=-+- 

It is clear from Eq. 28 and Eq. 15 that BM = B'M C,". 
Figure 12.8 depicts plots of i/iM vs. i/&for the data shown in Fig. 12.7. These 

plots are linear and parallel, indicating that the copper deposition reaction is first 
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Fig. 12.8-Plots of I/~M VI. l/&for the rotating dlsk data from Fig. 12.7. (a) -0.8 v; (b) -0.95 V. 

order in copper ion concentration. Figure 12.9 shows a mass transfer corrected 
Tafel plot at 70" C. There is a large linear region that yields a Tafel slope of -165 
mV/decade. The value of the transfer coefficient, a,,,, calculated from this slope, 
comes close to 0.42. The polarization curve for copper deposition in the 
complete bath was also obtained and is shown in Fig. 12.10. This plot was 
obtained by the galvanostatic step method and yields a Tafel slope of -30 
mV/decade. 

A multistep, n-electron transfer metal deposition reaction may be written in 
the following form (17): 
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~~ - - - - - - - - - - I  

Fig. 12.9-Tafel plot for copper depoeltlon In the catholyte at 400 rpm, 70' C. electrode area of 0.458 
Cd. 

(E-E<ll = a - bll In (iAll t291 

where bAl is given by Eq. 22 and ( Y \ ~  is expressed as: 

ab1 = (y/v + n\l p\l) [301 

In Eq. 30, y is the number of preceding steps prior to the rate determining step 
(rds), v the stoichiometric number, and PI, is the symmetry factor. The various 
pathways by which copper deposition in the catholyte may occur are as follows: 

[CuEDTAI-'. + 2e- -- Cu" + EDTA'- [I1 
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Fig. 12.10-Polarization curves for copper deposition ( 0 ) and formaldehyde oxidation ( U ) 
obtained in the complete bath by the galvanostatic pulse method at 70" C and pH 11.7. 

[CuEDTA]'- + e' E [CuEDTA]'. + e' = Cu" + EDTA'- 

[CuEDTA]'- + e- = [CuEDTA]'- e- 2 Cu" + EDTA'. 

[ I l l  

[ I l l 1  

One need only identify the values of r, v, nM, and DM in order to determine the 
mechanism of copper deposition. Mechanism I is rejected on the grounds that a 
two electron transfer would require a very high activation energy. Besides, a p~ 
value of 0.21 obtained from Eq. 30 for mechanism I is also unlikely. For 
mechanism I l l ,  Eq. 30 gives a pk, value that is negative and therefore does not 
have a physical meaning. Hence, copper deposition in the catholyte occurs via 
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mechanism II, i.e., in two steps with the cupric-cuprous step as the rds. In the 
presence of cyanide ions in the catholyte, it is possible that the cuprous ion is 
stabilized by complexation with the cyanide. Such a mechanism was not 
investigated in this study. It is, however, interesting to note that the mechanism 
of copper deposition in the catholyte is similar to the mechanism postulated for 
copper deposition from CuS04 solutions. 

Anodic Partial Reaction 
The oxidation of formaldehyde in the anolyte was investigated by the 
galvanostatic and the potentiostatic step methods (Figs. 12.10 and 12.1 1). 
Logarithmic analysis of the data gives linear plots of log i as a function of 
potential with Tafel slopes, which are considerably lower than those obtained in 
the complete electroless copper bath (Table 12.3). Such low Tafel slopes can 
only be interpreted in terms of a complex mechanism involving chemical and 
electrochemical steps. The proposed mechanism is shown in Reaction Scheme 
A. 

Scheme A 

HCHO + H:O H?C(OH). [A1 1 

H2C(OH)? + OIL ,  t H:C(OH)O,id, + H.0 [A21 

HG(OH)O,L = HCOOH + %H2 + e' 

HCOOH + OH- = HCOO- + H.O 

The observed Tafel slopes have a value around 110 mV/decade at 70" C (Table 
12.3). Several reaction mechanisms could account for the experimentally 
observed kinetic parameters; three such mechanisms are described below: 

Mechanism i 
Step A3 is rate-controlling, and the electron uptake is an inner sphere electron 
transfer, Le., (1 - m)nIt = 1. The Tafel slope expected (under conditions of 
Langmuir adsorption) i f  steps A2 and A4 are in quasi-equilibrium is then 70 
mV/decade at 70" C. 

Mechanism ii 
Step A2 is the rds, but the electron transfer is outer sphere. In such a case, the 
Tafel slope expected under conditions of Langmuir adsorption has a value of 
140 mvldecade at 70" C. 

Mechanism iii 
Step A2 is rate determining and A3 is in quasi-equilibrium. This isquite possible, 
since the formation of methylene glycolate anion, which is the electroactive 
species, is base catalyzed and therefore depends on pH value. A Tafel slope of 70 



308 ELECTROLESS PLATING 

Fig. 12.11-Polarkation curve for fmeldehyde oxldatlon and reduction obtalned In the anolyte by 
the potenllortatlc method a4 70" C and pH 11.7. 

mV/decade at 70" C is expected in this case. However, the Tafel slope, and 
therefore the mechanism of formaldehyde oxidation would then be a function of 
formaldehyde concentration and pH. At pH equal to the pK value for step A2, this 
step is in quasi-equilibrium and mechanisms i or ii outlined above become 
operative. 

It is clear that the observed Tafel slope of 110 mV/decade at 70" C cannot be 
accounted for by only one of the mechanisms outlined above. It is possible that 
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~~~~~ ~~ 

Table 12.3 
Analysis of Formaldehyde Oxidation Data: 

Current Density vs. Potential 

Method 
dEur/dlog w 

dEuv/dlOg [HCHO] 
dEuiJdlog (CUSOI] 
dEur/dlog iK 
(galvanostatic) 
dE.ddlog iH 
(galvanostatic) 
dEdd log  iR 
(potentiostatic) 
dEdd log  iM 
(galvanostatic) 
dE/log iM 
(potential scanning] 

Electrolyte 
Complete bath 
Complete bath 
Complete bath 

Complete bath 

Anolyte 

Anolyte 

Complete bath 

Catholyte 

Slope, 
mV 
104 
210 
188 

185 

110 

115 

-30 +5 

-165 

Transfer 
coefficient 

0.34 
0.33 
0.37 

0.38 

0.64 

0.61 

0.43 

0.42 

the components of the plating bath present in the anolyte (e.g., excess EDTA) 
affect formaldehyde decomposition and that the overall mechanism for this 
reaction is a combination of two or more mechanisms described above. In any 
case, it is clear that the mechanism of formaldehyde oxidation is more complex 
in the anolyte than in the complete plating bath, where it has been shown to be a 
catalytic process. 

Measurements in the Complete Copper Bath 
The overall mechanism of copper plating was also determined by the application 
of the mixed potential theory to a rotating disk electrode. The mixed potential 
was observed as a function of rotation rate, W ,  of the RDE and the bulk 
concentrations CG of metal ions. The data obtained is shown in Figs. 12.12 and 
12.13. It is clear that each one of these plots is a straight line. Using the criteria 
developed earlier, it is relatively simple to assign a mechanism to the electroless 
plating process. We first note that the mixed potential increases with both 
rotation rate w and the concentration, CG, of metal ions in the plating bath; that 
is, the slopes for the plots in Figs. 12.12 and 12.13 are positive. This behavior is 
indicative of diffusion-controlled copper deposition partial reactions and 
activation-controlled formaldehyde decomposition reactions. The same 
mechanism with respect to the copper deposition partial reaction has been 
noted previously by Donahue (13). 

Verification of the theory developed for this technique is obtained by 
comparing the measured slope of the rotation rate dependence, dEMp/dln W ,  with 
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Fig. 12.12-Plot of the mixed potential of the plating solution as a function of rotation rate. 
Temperature = 70" C, pH = 11.7. 

the concentration dependence dEMp/dlnCG. These slopes are reported in Table 
12.3, which shows that: 

dEMp - dEMp 

dlnCG dlnw 

This result is predicted by Eq. 23. Clearly, this simple technique is capable of 
measuring in situ the Tafel slope for either the anodic partial reaction or the 

[311 ___ - 2 x ~ = b, 
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Fig. 12.13-Plot of the mixed potential of the plating solution VI. the logarithm of the CuSO, 
concentration. Temperature = 70" C, pH = 11.7. 

cathodic partial reaction, depending on the overall mechanism of the plating 
process. In the electroless copper bath under study in this investigation, b, is the 
Tafel slope for formaldehyde oxidation and has the value -+210 mV/decade at 
70" C. In order to further substantiate the validity of this approach, galvanostatic 
step measurements were also performed in the electroless copper bath. The 
Tafel plot obtained isshown in Fig. 12.14. TheTafel slopeobtained has thevalue 
of +185 mV/decade at 70" C, which is in reasonable agreement with the value 
obtained by the technique based on observation of the behavior of the mixed 
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Mixed potential, V vs. SCE 
FIQ. 12.14-Polarization curve lor formaldehyde oxldation obtained in the complete bath by the 
galvanortatic pulse method at 70" C and pH 11.7. 

potential. This latter technique is therefore important, not only from the point of 
view of ascertaining the overall mechanism of electroless metal plating, but also 
as a convenient method of determining the Tafel slope for the partial reaction 
under electrochemical control. 

Tafel slopes in the range of 185 to 21 0 mV/decade correspond to values of the 
anodic transfer coefficient, (1 - cwR)nH, which are substantially lower than 0.5 
(Table 12.3, column 4). The observed value of the transfer coefficient is known to 
deviate from 0.5 when the actual electron transfer occurs across only a fraction 
of the Helmholtz double layer, Le., when the reacting species are specifically 
adsorbed and the electron transfer occurs in the inner Helmholtz plane. Such 
behavior is characteristic of catalytic reactions. The large value of the Tafel slope 
implies control by the first electron transfer under Temkin adsorption conditions. 
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Under the circumstances, the oxidation of formaldehyde in electroless copper 
plating may be described by scheme A. 

Formaldehyde in aqueous solutions exists predominantly in the electro- 
inactive hydrated form. Reaction A1 above represents the quasi-equilibrium Of 
the hydration reaction at high pH values. The anion of the hydrated form, which 
is the electroactive species, can then be created either in the bulk solution by a 
general base catalysis (18) or be generated on the substrate surface by 
interaction with adsorbed OH , as shown in Reaction A2. The high value of the 
Tafel slope indicates a catalytic reaction, and therefore supports the participation 
of the substrate surface, either as an antecedent step to the electron uptake or as 
a proceeding step to stabilize reaction intermediates (19,20). Measurements 
performed here do not allow a distinction as to whether the hydrogen 
abstraction in Reaction A4 precedes the electron uptake or follows it. 
Nonetheless, Reaction A3 is the rds in the overall mechanism. The overall 
stoichiometry of the reaction is in agreement with that proposed by Lukes (21). 

Further support for the validity of the mixed potential technique can be found 
in the Tafel curve for the copper deposition partial reaction obtained in the 
complete bath (Fig. 12.10). The Tafel slope observed in this case has a value of 
-30 55 mV/decade. For pure diffusion control by metal ions in the plating bath, 
the Tafel equation may be expressed as (19): 

RT 

2F 
I E - E A ' I  =--.-In 

At potential values where iM << iG, Eq. 32 reduces to the usual form of the Tafel 
equation: 

RT 
= a' - __ In lib, I 

2F 
IE - 

where the term CY' is different from the term a in the Tafel equation (cf. Eq. 29). 
Equation 33 exhibits a Tafel slope of -37 mV/decade at 70" C, suggesting that the 
cathodic partial reaction in the electroless copper process is diffusion 
controlled. 

There are two possible mechanisms by which this could occur. These are (1) 
rate-controlling diffusion of [CuEDTA]-'- to the substrate, followed by 
dissociation of the complex prior to reduction; and (2) dissociation of the 
[CuEDTA]'. complex in the bulk solution, followed by rate-controlling diffusion 
of aqueous copper ions to the substrate for reduction. The techniques used in 
this investigation do not allow a distinction between these two mechanisms. In 
either case, the rate of reduction of copper ions is much faster than the rate at 
which electrons are released by the reducing agent. The fact that the cathodic 
partial reaction in electroless copper plating is diffusion-controlled is in total 
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agreement with the overall mechanism forelectroless copper plating ascertained 
by observing the behavior of the mixed potential as a function of 

Interdependence of the Partial Reaction 
To establish the interdependence or otherwise of the partial reactions in 
electroless copper plating, Tafel slopes for the partial reactions were obtained in 
the complete plating bath, as well as in the catholyte and anolyte separately. The 
Tafel slope for the copper deposition reaction (Table 12.3) in the catholyte 
indicates a stepwise reaction mechanism, with the cupric-cuprous step as the 
rds. In the electroless plating bath, the Tafel slope for the cathodic partial 
reaction has a value of -30 +5 mV/decade, indicating diffusion control for this 
reaction. The difference in mechanisms in the catholyteand in the plating bath is 
attributed to the presence of the reducing agent and the anodic partial reaction 
in the bath. Electroless plating processes occur via two consecutive reactions: 
Electrons are released during the partial anodic reaction and are consumed by 
the cathodic partial reaction, which also happens to be the metal deposition 
reaction. The overall rate of the electroless plating process is therefore governed 
by the slower of the two partial reactions. In the bath formulation studied in this 
investigation, the exchange current density for the formaldehyde oxidation at 
EMP is at least two orders of magnitude lower than the exchange current density 
for the copper deposition reaction. Therefore, whatever the mechanism of 
copper deposition in the catholyte, the electroless plating process is controlled 
by the kinetics of the formaldehyde oxidation reaction, Le., the rate of the copper 
deposition partial reaction is totally dependent on the kinetics of the anodic 
partial reaction. Hence the two partial reactions in electroless copper plating are 
not independent of each other. 

Further evidence in support of this theory is provided by the Tafel plots for 
formaldehyde oxidation in the plating bath and in theanolyte (Table 12.3). There 
is considerable difference in Tafel slopes in the two solutions, indicating a 
difference in the mechanism of the reaction in the two environments. Clearly, the 
anodic partial reaction in theelectroless plating bath is affected by the presence 
of copper ions in the bath. 

and C,". 

KINETICS OF ELECTROLESS COPPER DEPOSITION 

A number of studies have emerged regarding the kinetics of electroless copper 
deposition (6,8,22-24). Most have analyzed results in terms of classical kinetic 
theory and utilize the following rate equation: 

r = ~ [CU" ] '  [OH-Jh [HCHO]' [LIGAND]' 1341 

A summary of reaction orders, for various components, is shown in Table 12.4. 
The diversity of reaction orders, and in some cases negative reaction orders, is 
attributable to a number of factors. First, different substrates are employed that 
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cu 
0.47 
0.37 
0.78 
0.43 
1 .oo 
0.00 
0.00 

Table 12.4 
Summary of Reaction Orders 
For Electroless Copper Baths 

OH 
0.18 
0.25 

.:0.02 
-0.70 
0.37 
1 .oo 
0 00 

HCHO 
0.07 
0.08 
0.13 
0.16 
0.00 
0.68 
1 .oo 

Ligand 
- (tartrate) 

0.19 (tartrate) 
<0.02 (tartrate) 
-0.04 (EDTA) 

- (EDTA) 
- (EDTA) 
0 (EDTA) 

'Final deposition rate. 
"Initial deposition rate. 

Reference 
56 
6 
8 
22 
23 
23'' 
5 

have varying degrees of catalytic activity. In some cases metal substrates are 
used, while catalyzed dielectrics are used in others. Second, the time frame of 
the measurement is critical since the rate has been observed to decrease with 
time (6,23). The initial rate (at copper coverages less than 25 pg Cu/cm') is 
generally larger than the subsequent steady state rate. 

A third factor is associated with mass transfer effects. The importance of 
understanding how interfacial (surface) concentrations differ from bulk 
concentrations has been stressed (13). In general, the interfacial concentration 
of a species C is given by the following equation: 

C = C+, + 10' N 6/D WI 

where Ch is the bulk concentration, N is the flux of species C to the electrode 
surface, 6 is diffusion layer thickness, and D is the diffusion coefficient for C. 

For electroless plating baths, in the absence of forced convection, the primary 
means of mass transfer results from microconvection by hydrogen bubbles. 
Estimates for values of C, under this condition, have been given by Donahue 
(13). 

Finally, most practical systems contain additional components to enhance 
metallurgy or stabilize the bath. These components certainly impact the kinetics 
of the system but render the system too complex for study. Thus, more studies 
are based only on the four primary constituents of the plating bath. 

Avariety of measurement techniques have been utilized to obtain kinetic data. 
Most investigators utilize some form of the mixed potential theory described in 
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the previous section and correlate results to the weight gain observed at the 
cathode. A method based on a resistance probe has been described in which the 
cathode comprises one arm of a Wheatstone bridge (25). The plating rate may be 
monitored by observing changes in resistance with time. 

Dumesic et al. described an optical technique based on the absorption of 
monochromatic light at a sensitized transparent rotating cylinder (23). With this 
method they were able to clearly distinguish between changes in the initial rate 
and the final rate region. For example, the reaction order for formaldehyde 
changed from 0.68 during the initial stages of deposition to 0 during the final 
stage. 

A method based on weight gain has been reported that utilizes a quartz 
microbalance (24). The advantage of this technique, compared to macroscopic 
weight measurements, is that the microbalance is an in situ technique. 

The effect of cupric ion on the kinetics varies with concentration and is 
attributable to mass transfer effects (13). At low bulk cupric ion concentrations 
(Le., less than O.OlM), the interfacial Concentration (Eq. 35) is low and mass 
transfer plays a decisive role. For intermediate values of Cut' (i.e., 0.01 M < Cut' 
< 0.2M), the interfacial concentration falls in an intermediate range between 20 
and 80 percent of the bulk concentration. Thus, the system is under mixed 
kinetic and mass transfer control. At higher concentrations theeffect is primarily 
kinetic. Dumesic pointsout that during the initial stage of the reaction, the rate is 
independent of cupric ion concentration, assuming no mass transfer limitation 

The influence of formaldehyde concentration is generally small during steady 
state (final) deposition, i.e., reaction orders less than 0.1 have been reported. 
However, during initial stages the reaction was found to be first order with 
respect to formaldehyde. 

The effect of hydroxide ion concentration is similar to that reported for 
formaldehyde. During steady state deposition the influence is minimal, but 
during initial stages the influence is greater. A maxima in the plating rate, as a 
function of pH, was reported by Schoenberg (26). This is attributable to 
competition between hydroxide ion and methylene glycolate for copper 
coordination. 

Donahue examined a large number of plating bath compositions, based on 
mixed potential analysis, and obtained the following empirical rate equation 

(23). 

(22): 

[Cu2*]0.42 [HCHO]u.\h T-313 
r = 2.81 exp. 11.5 ___ 

[OH-](','" [ EDTA]".u4 T 

The correlation coefficients for formaldehyde and EDTA were low, although 90 
percent of the measured plating rates were within 20 percent of the predicted 
values. 

A more recent study is based on the following Arrhenius equation (24): 
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r = A exp [-AE * /RT]CW- 

The experimental conditions were such that the reaction was first order with 
respect to formaldehyde (actually methylene glycolate MG-) and zero order for 
all other components. An activation energy of 60.9 kJ/mole was obtained. The 
proposed rds is the cleavage of the carbon hydrogen bond of methylene 
glycolate. Isotopic substitution of CD20 for CH:O resulted in a primary isotope 
effect of kH/kD = 5. 

CATALYSTS FOR ELECTROLESS COPPER PLATING 

The rate determining step for the electroless copper bath is most frequently 
associated with the anodic process, which is generally under kinetic control. In 
order to evaluate the catalytic activity of various metals, the oxidation of 
common reductants may be studied by electrochemical techniques. Ohnoet al. 
have investigated the polarization behavior of a number of reductants on a 
variety of solid electrodes and determined that copper is most catalytically 
active for formaldehyde oxidation, as compared to other common reductants 
(27). Their results are shown in Fig. 12.15.' The potentials for each metal 
substrate are those observed when the electrodes were subject to a constant 
current of 10 ' A/cm'. E, is the standard reduction potential for each reductant. 
To achieve relatively thick electroless copper deposits, the plating reaction must 
be autocatalytic with respect to copper, and therefore, most commercially 
available electroless copper baths are formaldehyde-based. 

The electrolcatalytic activity of various metals for formaldehyde oxidation has 
been evaluated by a number of workers, primarily by cyclic voltammetry (Fig. 
12.16). Bindra et al. determined that palladium and platinum were among the 
best catalysts in alkaline media (28). Results were expressed in terms of a 
volcano plot (Fig. 12.17), which compares the normalized peak current for 
formaldehyde oxidation to the enthalpy of formation of the metal formate. The 
metal formate is a proposed intermediate in the formaldehyde oxidation 
pathway. Enyo evaluated several metals at more negative potentials (Le., closer 
to the onset of the electrocatalytic oxidation) and concluded that Au was a better 
catalyst than Pd or Pt in alkaline media (Fig. 12.18) (29). 

In acid media, Au has very low catalytic activity compared to Pt and Pd. This is 
attributed to the importance of the surface oxide structure in catalyzing the 
electrooxidation reaction. For Pt and Pd, the onset of formaldehyde oxidation 
occurs near the onset of surface oxide formation (Fig. 12.16). Since oxide 
formation occurs at more positive potentials on Au, compared to Pd or Pt, 

'Reprinted by permission of the publisher, The Electrochemical Society, Inc. 
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Fig. 12.15-Catalytic activities of metals (the potentials at 10 ' Ncm') for anodic oxidation of 
different reductants. EN = oxidatlon-reduction potentials of reductants. H2 = reversible hydrogen 
potentials. Conditions: (a) 0.2M NaH2P02 + 0.2M Na-citrate + 0.5M HIBQt, pH 9.0, 343 K; (b) 0.1M 
HCHO +0.175M EDTA.2Na, pH 12.5,298 K; (c) 0.03M NaBH, +0.175M EDTA.2Na, pH 12.5,298 K (d) 
2.0 g/dm' DMAB + 0.2M Na-citrate = 0.5M HIBO1, pH 7.0,298 K (e) 1.OM N?H, + 0.175M EDTA,2Na, 
pH 12.0, 298 K. 

formaldehyde oxidation is correspondingly shifted to more positive potentials. 
However, in alkaline media the role of the surface oxides is less predominant 
since oxygen atoms for the reaction may be supplied by solution species, e.g., 
OH-. Therefore, Au is a far better catalyst in alkaline media than in acid media. 

Alloys have been examined for their catalytic activity for formaldehyde 
oxidation and in many cases show enhanced activity when compared to 
constituent metals. Enyo showed that Pd and Au alloys were more active 
catalytically than Pd (Fig. 12.18) (29). The activity increased montonically with 
increasing Au content. Similarly, Au and Pt alloys were determined to be more 
active than Pt (30). It has also been demonstrated that Cu and Ni alloys are more 
active for formaldehyde oxidation than Cu (31). The composition CuxsNil I had 
the highest activity and decreased with increasing Ni content. This observation 
has a further consequence, since the inclusion of small quantities of Ni-" in a 
copper plating bath results in alteration of the physical properties of the deposit, 
attributable to inclusion of nickel in the deposit. Therefore, it is possible to 
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Fig. 12.16-Cyclic vollammetry curves for PI in 1M HCiO, (dashed curve, scale on right) and 1M 
HCIO, + 0.1M HCHO (solid curve). Ar salurated, electrode area = 0.458 cm', scan rate = 0.1 V/SeC, 
temperature = 25" C. 

enhance both deposit metallurgy and catalytic activity by judicious inclusion of 
foreign metals in the bath. 

The mechanism for formaldehyde oxidation is dependent on the nature of the 
catalytic substrate. In some cases (e.g., group V l l l  metals), the reaction is not 
accompanied by hydrogen generation and proceeds as follows (28): 

HG(0H)O- + 20H - -  2HCOI + 2H.0 + 2e- [381 

However, for group 1B metals, the reaction is accompanied by hydrogen 
production, as shown in Eq. 39: 

2H2C(OH)O- + 20H- - 2HCOi + 2HI0 + H? 1 + 2e- 1391 
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Fig. 12.17-plot of HCHO oxidation currents in 1M NaOH vs. enthalpy offormation 01 metal formate. 

This may be explained by the disposition of the intermediate metal hydride 
(adsorbed hydrogen radical). The hydrogen radical, when adsorbed on Pt, is 
oxidized at potentials where formaldehyde oxidation occurs. Therefore, radical 
recombination to form hydrogen gas is unfavorable. In contrast, on copper, 
recombination of hydrogen radicals does occur and hydrogen gas evolution is 
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Flg. 12.18-Time dependence of the currents of electrooridation of 0.2M HCHO in 1M NaOH 
solution at 30' C. Curve for Au Is shown in 'A times reduced scale. 

observed. Oxidation of the hydrogen radical is kinetically unfavorable at the 
potentials where formaldehyde oxidation is observed. 

In practice, the most commonly utilized catalysts are comprised of Pd and Sn. 
A two step catalysis (seeding) process has been described where a non-catalytic 
surface is first treated by immersion in an acidic solution of SnCI?, followed by 
immersion in an acidic solution of PdCI, (32). Stannous is thermodynamically 
capable of reducing Pd. The resultant reduced Pd is an active catalyst for 
formaldehyde oxidation. 

Single step Pd and Sn catalysts have also been described whereby a colloid 
consisting of Pd and Sn is formed by digestion of an acidic PdCI: and SnCh 
mixture (33-35). Such catalysts are the most widely used in practice. In the early 
stages of digestion, a complex is formed with a Pd:Sn ratio of 1:3 (3637). As 
digestion proceeds, a colloid is formed and is comprised of a reduced Pd metal 
nucleus. The reaction proceeds according to Eq. 3, where (Pd-Sn), denotes the 
complex. 

(Pd-Sn),. - Pd" + Sn" + 2Sn-" [401 

The colloid is stabilized by a shroud of SnCI'. ions imparting a negative charge to 
the particle. At least three species of tin have been identified by Mossbauer 
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SpeCtrOSCOpy and include stannic and two stannous components (36,37). The 
two stannous components are identified as part of the Pd-rich core and the 
protective shroud. 

Colloid particle sizes are generally in the range of 10 to 20 angstroms, 
depending on the method of measurement (38). The Pd:Sn ratio is in the range of 
0.5 to 1.0, depending on the particle size. When a dielectric surface is immersed 
in a solution of colloidal catalyst, the colloid is adsorbed on the surface. The 
coveragesof PdandSn,asafunctionofexposuretime,areshown in Fig. 12.19a 
(38).' Maximum coverage is usually obtained within several minutes. 

It is usually necessary to treat the catalyzed dielectric surface with an 
accelerator whose function is to selectively remove the stabilizing stannous 
ions, thus exposing the catalytically active Pd nucleus. Typical accelerating 
agentsare HCI, NaOH, and HBF, (39). Pd and Sn coverage as afunction of time 
in an accelerating solution are shown in Fig. 12.19b (38).* The selectivity for tin 
removal is apparent. 

The catalytic activity of the colloid is dependent on the method of preparation 
and may be verified by electrochemical measurements. Osaka et al. examined 
several colloidal catalyst preparations by dipping a gold electrode into the 
various catalyst mixtures and observing the electrochemical anodic stripping 
peaks in 1.OM HCI (40). The catalyst activity was proportional to the charge 
passed for the Pd stripping peak, although the results wereonly qualitative. This 
behavior was later quantified by employing a glassy carbon electrode, which has 
significantly lower background currents in this potential region (41). Coulometry 
data obtained from stripping curves correlated well to data obtained by 
microprobe. 

Alternate electrochemical methods include observation of the hydrogen 
adsorption/desorption region on catalyzed gold electrodes and comparing 
them to the response obtained at bulk Pd (42). This region has been well 
characterized by Pd by cyclic voltammetry. The response for active catalysts 
resembles bulk Pd, while less active catalysts show little or no structure in the 
hydrogen region. 

Electrochemical measurements have also demonstrated that colloidal Pd/Sn 
catalysts are intrinsically more active for formaldehyde oxidation than either 
bulk Pd or Au (42,43). This is attributable to Pd/Sn alloy formation and is in 
agreement with the previous discussion regarding the enhanced activity of 
certain alloys. 

PROPERTIES OF ELECTROLESS COPPER DEPOSITS 

The properties and grain structure of electroless copper deposits are dependent 
on the substrate upon which deposition occurs. The grain structure associated 
with a conducting catalytic substrate differs markedly from that obtained on an 

'Reprinted by permission of the publisher, The Electrochemical Society. Inc. 
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activated or catalyzed nonconductor (44). As an example of the former, 
electroless deposits on large-grained copper sheets show well defined epitaxial 
growth. This is in contrast to crystal growth on catalyzed nonconductors, which 
is of more practical interest and has received the most attention. 

Electroless deposits obtained on catalyzed nonconductors generally exhibit 
fine grain equiaxial growth initially with conversion to larger columnar grains as 
film thickness increases (Fig. 12.20). Fine grain structure is obtained initially 
because thecatalyst (most frequently colloidal Pd/Sn) is highly dispersed on the 
nonconducting surface. The catalytic particles, on the dielectric surface, are 10 
to 50 nm in diameter and function as discrete centers of nucleation. Notice that 
there is agglomeration of the particles on the surface since particle sizes 
measured in solution are approximately an order of magnitude less. During very 
early stages of exposure in the electroless bath, the grain sizes for copper 
crystallites at the nonconductor interface are generally observed to be nearly an 
order of magnitude larger than the catalyst particle agglomerates. Thus, it seems 
likely that agglomeration of crystallites occurs (45,46). Migration and subsequent 
agglomeration is possible, since the catalyst particles are not tightly bound to 
the surface, and probably continues to occur until a complete, uniform film is 
obtained. 

Observation of crystal growth at a catalytic amorphoussubstrate (e.g., Pd-Cu- 
Si alloy) exhibits very finely-grained deposits (44). In this case, agglomeration is 
prevented because the catalytic sites are not mobile and cannot migrate. 

In the very early stages of copper deposition on Pd/Sn catalysts, EDAX 
measurements demonstrate a surface composed primarily of Cu and Pd rather 
than Cu, Pd, and Sn (47). This may be attributable to theexchange of Cu for Sn, 
resulting in a solid solution of Cu and Pd. This is supported by the observation 
that Pd/Sn catalysts are intrinsically more active than Pd. I t  appears that the 
galvanic exchange of Sn for Cu is an essential aspect of the catalytic 
mechanism. Further, the lattice constant observed for the Cu/Pd particles is 
intermediate between that of Cu and Pd. It therefore seems likely that a solid 
solution of Cu and Pd is obtained with exclusion of Sn from the lattice. 

For formaldehyde-based electroless copper baths, the deposition of copper is 
accompanied by the liberation of hydrogen, which may cause blistering of the 
deposit. Inclusion of hydrogen within copper deposits has been verified by the 
observation of microscopic gas bubbles (44). This phenomena has a direct 
impact on the physical properties of the deposit. Shown in Table 12.5 (44)*' are 
data from two identical electroless baths, the only difference being the presence 
of NaCN in bath B. The lower ductility observed for bath A is consistent with the 
higher occurrence of gas bubbles. The reduction in ductility by incorporated gas 
bubbles may be attributable to one or both of the following mechanisms: (1) 
bubbles occurring near grain boundaries serve as fracture sites, thus increasing 

"Table 12.5 has been reprinted with permission from Acta Metallurgica. Vol. 31. S. Nakahara and Y. Okinaka. 1983, 
Pergamon Journals, Inc. 
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Table 12.5 
Properties of Electroless Copper Deposits* 

Ductility, Vo 

AS- Alter 6 Grain size, Gas bubble 
Bath deposited months crm denslty/cm3 

A 1.2 4.8 0.5 to 1 .O 9 x 10" 
0 3.6 4.8 0.5 to 1 .O 9 x 10" 

'Plexiglass substrate 

the possibility of fracturing; (2) finely dispersed bubbles may act as obstacles to 
the passage of slip dislocations, resulting in increased hardness for the deposit. 

It is interesting to note that the ductility for each bath composition improved 
with time. This may be attributed to the diffusion of hydrogen out of the copper. 
The diffusivity of hydrogen through copper occurs via an interstitial mechanism 
and is quite high, although it is impeded to some extent by the presence of voids 
left by the gas bubbles. This hypothesis is supported by the fact that annealing 
improves deposit ductility, presumably by accelerating the hydrogen diffusion 
process (48). 

In general, ductility in the range of 4 to 7 percent elongation and tensile 
strength in the range of 30,000 to 80,000 psi are characteristic of crack-free 
copper deposits (49). The ductility of electroless copper deposits improves with 
increasing plating temperatuces and decreases with increased plating rate at a 
given temperature. The tensile strength increases with decreasing plating rate 
(48). It is clear that lower plating rates tend to yield more favorable metallurgy. 
However, there continues to be a substantial effort to increase plating rates 
without sacrificing deposit metallurgy. This may be accomplished, to some 
extent, by increasing the bath temperature, although bath stability is an issue. 
One novel approach is to operate the bath at elevated temperatures in a closed 
system, which results in an increase in pressure (50). The result is an increased 
plating rate, compared to ambient pressure, with no sacrifice in physical 
properties. 

There are numerous reports, primarily in the patent literature, on the influence 
of additives on the physical properties of electroless copper deposits (51-52). 
Additives include cyanide or related nitrile compounds, organo-sulfur 
compounds, silanes, and surfactants such as polyethylene glycol. Cyanide, as 
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Flg. 12.20-Optical micrograph showing cross-section of thlck deposit. 
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illustrated above, not only stabilizes the plating bath but enhances deposit 
ductility. The mechanism is likely to be that of competitive adsorption of the 
strongly adsorbed CN- ion and the intermediate adsorbed hydrogen radical, 
thus precluding hydrogen entrapment and embrittlement. Addition of 
polyethylene glycol to electroless copper baths generally improves ductility, 
particularly at higher molecular weights (53). The mechanism for this and other 
surfactants is lowering of the overall plating rate compared to an additive-free 
bath. 

Glycine has been observed to decrease the plating rate and increase ductility 
and tensile strength for copper deposits, although the proposed mechanism is 
somewhat different than described above (54). Glycine and formaldehyde form 
a condensation product according to the following reversible equilibrium: 

NH2CH:COOH + HCHO ze HZC = NCH2COOH + H>O [411 

Therefore, increasing the glycine concentration tends to lower the free 
formaldehyde concentration, which in turn reduces the plating rate and 
improves the deposit metallurgy. In addition to the above homogeneous 
reaction, glycine is also a complexant for cuprous ion and may function as a 
stabilizer in much the same fashion as CN-, although the stability constant is 
lower for the glycine complex. 

Small quantities of metal ions present in the plating solution may also alter the 
deposit properties. For example, Ni" ions present in the plating solution have 
been reported to increase tensile strength and resistivity, but did not alter the 
ductility (55). Analyzed copper films showed the presence of 0.1 to 1.2 percent 
nickel incorporated into the deposit. Incorporation of foreign metals in the 
deposit may not only alter the physical properties, but may also result in a 
surface with enhanced catalytic activity. 
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GLOSSARY 

Electrode area i:I' 
Tafel slope intercept 
Diffusion parameter for [CuEDTAJ' 
complex lPldll"l 

Diffusion parameter for dissolved i K  

oxygen i l  
Diffusion parameter for HCHO 
Tafel slope for cathodic partial il: 
reaction 
Tafel slope for anodic partial reaction n\l 

Bulk concentration of copper ions 
nK Bulk concentration of dissolved 

oxygen 
Surface concentration of HCHO 
Bulk concentration of HCHO 
Diffusion coefficient of HCHO 
Electrode potential 
Thermodynamic reversible potential 
for the metal deposition reaction 
Standard electropoteiitial for copper 

R 
T 
V 

(1 \1  

all 

deposition P\I 

Mixed potential Y 

for reducing agent reaction W 
Thermodynamic reversible potential 

Standard electropotential for HCHO qK 

Faraday constant 

Current density for metal deposition 
Total cathodic current density 
Kinetic controlled current density for 
metal deposition 
Exchange current density for metal 
deposition 
Diffusion-limited current density for 
metal deposition 

Y 

W 

Diffusion-limited current density for 
total cathodic reactions 
Current density for oxygen reduction 
Plating current density 

Current density for HCHO oxidation 

Exchange current density for HCHO 
oxidation 
Diffusion-limited current density for 
HCHO oxidation 
Number of electrons transferred in 
metal deposition reaction 
Numberof electrons transferred in the 
HCHO oxidation reaction 
Gas constant 
Absolute temperature 
Stoichiometric number 
Transfer coefficient for metal 
deposition 
Transfer coefficient for HCHO 
oxidation reaction 
Symmetry factor 
Number of preceding steps prior to 
rds 
Overpotential for metal deposition 
Overpotential for HCHO oxidation 
reaction 
Kinematic viscosity 
Rotation rate of rotating disk 
electrode 
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