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Plating fog is often observed on the substrate when printed circuit boards are produced by photo- 
additive electroless plating. Thus unwanted metal is deposited on the unpatterned region, where there 
should be no plating activity, when a substrate with a catalytic plating pattern is immersed in plating 
solution. This metal deposition phenomenon observed on roughened resin substrates is examined in 
terms of  (i) the physical state of substrate surface, (ii) the chemical state of  substrate surface and 
(iii) the exposure and activation process. 

1. Introduction 

Many kinds of printed circuit board (PCB) are being 
produced for use in electronic exchange and informa- 
tion processing systems. However, only a small quan- 
tity of each type is fabricated and the printed patterns 
are becoming more complex to enable systems to be 
assembled economically and appropriately. This trend 
causes the manufacturer unavoidable cost increases 
and makes it impossible to take advantage of the 
benefits of mass production. 

With a view to overcoming this problem, we have 
studied a novel PCB production method in which a 
latent image of silver atoms is formed by the photo- 
lysis of silver carboxylates [1-12]; the image is then 
metallized by electroless copper plating [13, 14]. 
Figure 1 outlines this method, which meets the need 
for the small-scale production of many kinds of 
board. This is because even one board can be made 
economically with this process involving a small num- 
ber of steps without photo masks. 

To establish this photoadditive method, we have 
developed highly photosensitive materials which cata- 
lyse the electroless copper plating [1-3], and adhesive 
resins which provide high peeling strength between 
the substrate and plated copper metal [3, 15]. Here, 
we study the remaining problem, which is the plating 
fog often observed during the process of metallizing 
the latent silver pattern by electroless copper plating. 
Although there is little literature on this subject [16], 
we consider the plating fog is caused by the following 
three factors: (a) metal or metallic ions of plating cata- 
lyst on the PCB surface, (b) instability of the electro- 
less plating solution and (c) the diffusion layer which 
reduces copper ions formed around the pattern. 

With respect to (a), if metal M is the plating cata- 
lyst, copper metal is deposited on metal M by the fol- 
lowing reaction. 

Cu 2+ + 2 H C H O ÷ 4 O H -  M 

Cu ° + 2HCOO- + 2H20 + H2 (1) 

If there is any noble metal, M, in the unpatterned 
region, it will lead to plating fog because Reaction 1 
proceeds by self catalysis, that is, the deposited copper 
metal catalyses Reaction 1 again. In addition, reduc- 
tive metallic ions M + (e.g. Fe 2+) reduce the copper 
ions and generate copper deposits as shown by Reac- 
tion 2 and this causes plating fog. 

2M + + Cu 2+ ~ 2M 2+ + Cu ° (2) 

Therefore, it is important to remove the catalytic 
metal or metal ions completely from the unpatterned 
region in order to prevent plating fog. 

With respect to (b), the side reactions described 
below may occur in the plating solution in addition 
to Reaction 1, above. Formaldehyde, as a copper 
ion reducing agent, is subject to a disproportionation 
reaction (Cannizzaro reaction) 

2HCHO + OH- ~ CH3OH + HCOO- (3) 

This reaction consumes formaldehyde, forms formic 
acid, and then accelerates the ageing of the plating 
solution. Furthermore, formaldehyde partially 
reduces cupric ions to cuprous ions in alkaline solu- 
tion. 

Cu 2+ + HCHO + 3OH- 

Cu20 + HCOO- + H20 + H2 (4) 

Cuprous oxide thus formed is subject to dispropor- 
tionation and yields copper metal in alkaline solution. 

Cu20 + H20 ~ Cu ° + Cu 2+ + 2OH- (5) 

The copper metal particles formed are suspended in 
the plating solution and this is considered to be the 
most likely reason for the solution to be unstable. 
When these particles are trapped on the substrate, 
they cause plating fog. 

With respect to (c), an important role is played by 
the interfacial electrochemistry between the plating 
solution and the substrate surface. The plating fog 
caused is markedly reduced by mechanical stirring 
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Fig. 1. Printed circuit board production by photoadditive process. 
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or air bubbling. Mechanical stirring is considered to 
decrease the reductive diffusion layer and air bubbling 
deactivates the self catalysis of  copper by oxidation. 

In this study, we examine the effects of the surface 
state of the substrate and the catalysis of metals. 

2. Experimental details 

Samples were prepared using the process for forming 
a copper circuit pattern shown in Fig. 1 with the 
exception of the exposure stage. In this case the expo- 
sure was carried out by irradiating the photosensitive 
substrates with negative photo masks. The composi- 
tion of the adhesive resins used for coating the sub- 
strates is shown in Table 1. The substrates coated 
with each resin were cured at 160°C for 30 or 
60 min and then roughened by liquid honing using 
an abrasive composed of Alundum200, 280 or 400 

at a roughening pressure of 1 -3kg  cm -2. A 14w/ 
v % solution of disilver glutamate was coated on the 
substrate with a spin coater and it was then 
sensitized by u.v. light exposure generated by a 3 kW 
super high pressure mercury lamp (7 m W c m  -2) for 
5 min. It was activated with an acidic 0.05% palladium 

Table 1. Composition of  adhesive resins 

Resin Phenolic resin* Nitrile rubber t Epoxy resm $ Filler 

P7 Ps R2 E2 ZnO 

1 30 40 30 - 

2 - 20 50 30 150 
3 10 - 40 50 150 

* P7: Sumilite PR50775, Ps: Sumilite PR12987 (Sumitomo Durez 
Co.) 

R2: Nipol 1001 (Nippon Zeon Co.) 
:~ E2: Epikote 1001 (Shell Petrochemical Co.) 
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Fig. 2. Plating fog of various size formed on the surface of resin substrate after 24 h at 50 °C. 

chloride solution and then fixed with a 20% aqueous 
acetic acid solution and then a 20% aqueous ammonia 
solution, each for 20min. It was then electrolessly 
plated by placing it in Cuposit CP-70 plating solution 
(Shipley Co.) at 30°C or 50°C for 1-24h. During 
this period the solution was stirred mechanically and 
filtered with a 10#m filter. The plated board was 
finally cured at 120°C or 160°C for 30min. 
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Fig. 3. Change in fog particle size with time (50 °C). 

3. Results and discussion 

3.1. Plating fog on a photosensitive material free 
substrate 

Figure 2 shows micrographs of copper plating fog 
particles of various size formed on the substrate 24 h 
after placing in the plating solution at 50 °C. The par- 
ticles grow from a small sphere (a) and (b) to a hemi- 
sphere (c) and some particles aggregate to form a large 
cluster (d). These fog particles grow with time; the 
particle size increases linearly with time as shown in 
Fig. 3. This indicates that the activity of the plating 
solution remains constant during this period. In addi- 
tion, the fact that the extrapolation of the particle size 
to zero (time) does not coincide with the origin indi- 
cates that copper particles of some size are already 
suspended in the plating solution before introduction 
of the substrate. A carbon mesh was dipped into the 
plating solution four hours after preparation and 
trapped particles were examined by TEM. Particles 
of 0.15 #m in diameter and needle-like crystals l#m 
in length, as shown in Fig. 4, were observed and 
were identified as cuprous oxide by electron diffrac- 
tion analysis. These oxides yield copper metal accord- 
ing to Reaction 5, and small suspended particles are 
continuously generated in the plating solution because 
small copper particles, as shown in Fig. 2(a), are 
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Fig. 4. TEM image and electron diffraction pattern of suspended particle in the plating solution (4 h after preparation). 

observed on the substrate even 24 h after solution pre- 
paration. Sometimes, needle-like crystals grow on the 
particle surface at 30 °C as shown in Fig. 5. The under- 
side of  a large particle has a nucleus and a ring-like 
growth pattern as shown in Figure 6. In this case, 
many small particles gather together to form a mass 
of fog and the manner of  the growth obviously differs 
from that shown in Fig. 5. 

The probability of a suspended particle attaching 
itself to the substrate depends on the form and the 
chemical properties of the substrate surface. In addi- 
tion, abrasives may cause plating fog if they are left 
on the substrate. To investigate this, substrates were 
prepared with different surface states and their effect 
on plating fog was examined. The samples and the 
surface preparation processes are listed in Table 2. 
Figure 7 shows the surface of  a substrate before plat- 

ing; this surface was coated with resin 1 (Table 1) and 
roughened by liquid honing. The amount  of plating 
fog on the substrates is also given in Table 2. Heat 
treatment significantly changes the surface state; a 
surface roughened at 2kgcm 2 pressure became 
smooth when heated at 160 °C for 20min, as shown 
in Fig. 7(a2). Extensive surface smoothing results in 
a slight decrease in the size and number of fog parti- 
cles. 

Chromium ions (Cr 6+ or Cr 3+) on the substrate 
cause a large amount  of fog (b3). This indicates 
that chromium ions catalyse the deposition process. 
Similarly, the abrasive Alundum causes a large num- 
ber of fog particles (b4). This fog is believed to be 
due to the iron contained in the abrasive or eroded 
from the nozzle of the honing apparatus. The resin 
surface becomes fairly smooth in an alkaline solution, 

Fig. 5. Micrographs of a fog particle and its surface formed at 30 °C. 
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was formed by u.v. exposure and the shape of the 
fog particles deposited on the unpatterned region 
was examined. The particle generated after 20 h at 
26 °C is approximately hemispherical, the average 
size being 112-115#m in diameter in the direction 
parallel to the surface, and 61 #m in height. The 
thickness of the plated pattern was 62#m. This 
result indicates that fog deposition starts at the same 
time as the normal deposition of the pattern because 
the fog particle height is almost the same as that of 
the metal pattern. 

3.2.2. Influence of surface roughness. The influence of 
the surface shape of the substrate on the plating fog 
is slight compared with metallic impurity in the case 
of a photosensitive material free system (Section 
3.1). However, in a system containing photosensitive 
material, the ease with which the photosensitive 
material can be removed by fixation, in other words, 
the amount of catalyst remaining on the substrate, 
varies with surface shape. This naturally affects the 
plating fog. So, a substrate coated with resin 2 
(Table 1) was prepared and roughened under 
various pressures with a liquid honing apparatus 
using Alundum 200. The prepared substrate was 
dipped in a solution of photosensitive material and, 
after silver metal had been deposited by u.v. light 
exposure, it was fixed using the standard method 
and then electrolessly plated at 30°C for 15h. The 
surface roughness is shown in Fig. 8. The number 
of plating fog particles rose with increase in surface 
roughness. This tendency was increased by 
activation treatment with palladium chloride 
(Section 3.2.4.). These results indicate that it is more 
difficult to remove the photosensitive material or the 
abrasive with increasing roughness and that these 
materials are activated by palladium. 

Fig. 6. SEM images of the underside of a large particle. 

which leads to a decrease in plating fog (b5). Thus, 
even if the substrate surface is modified by placing it 
in alkaline plating solution for a long time, there 
should be no increase in plating fog. Changes in the 
standing time of the substrate have no effect either 
on the surface shape or on the plating fog. 

Macroscopic scratches do not cause plating fog (c) 
but fine cuts do; there is a specific type of flaw shape 
which leads to plating fog formation. 

3.2. Plating fog on a substrate patterned with 
photosensitive material 

3.2.1. Shape of fog particle. A parallel silver pattern 

3.2.3. Influence of exposure time. The following factors 
are considered to cause plating fog as a result 
of long exposure: (i) the thermal decomposition of 
photosensitive material by increase in temperature; 
(ii) the leakage of light to the unpatterned region 
due to poor light blocking of the negative photo 
mask; (iii) light scattering from the patterned part 
(transparent) to the unpatterned region (blocking) of 
the negative photo mask; (iv) light transmitting 
through pinholes in the unpatterned region of the 
negative photo mask; and (v) insufficient fixation 
due to surface deformation caused by temperature 
increases and pressure from the photo mask. 

It was found that the factors due to the photo mask 
(ii-iv) were negligible because the same results were 
observed when a double layer photo mask was used. 
The temperature increase in the unpatterned region 
of the substrate in the exposure apparatus is shown 
in Fig. 9. Because the photosensitive material, disilver 
glutamate is stable below 80 °C, there is no possibility 
of thermal degradation by long exposure, even if it 
decomposes in air. The changes in the number of plat- 
ing fog particles with u.v. exposures of up to 5 min are 
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Table 2. Methods of surface preparation and its effect on plating fog 

Item Liquid honing Postcuring Plating fog particle 

a J b 2 160 °C, 60 min Amount Size 7 

10 4gcm-2 

al Baking © - - 1.7 D 
a2 Baking O © ~0 A 
b 1 Baking - O 2.2 B 
b2 Baking - O O 3.3 A 
b3 Cr6+contamination 3 - © - 16.6 B, C 
b4 Metallic residue 4 - O - 25.3 C 
b5 Alkaline change s - © - 1.8 C 
a6 Time change 6 © - ~0 E 
b6 Time change 6 - © - ~0 B 
c Scratching - - ~0 B 

t Pressure of 2 kg c m  -2 ,  once .  

? Pressure of 4 kg c m  -2 ,  twice. 
3 Placing in.10% K2Cr207 solution for 2min. 
4 Roughening by liquid honing and only placing in water. 
5 Placing in 20% NaOH solution at 30 °C for 7 days. 
6 Standing at r.t. for 7 days. 
7 O r d e r o f s i z e : A < B < C < D < E .  

shown in Fig.  10. I t  a p p e a r e d  tha t  var ia t ions  in expo-  
sure had  very little effect. There  are differences in the 
p la t ing  fog p r o d u c e d  at  different  roughness ;  the p la t -  
ing fog increases somewha t  as the roughness  
increases.  This  resul t  is cons is ten t  wi th  the experi-  
ments  descr ibed  earl ier  (Sect ion 3.2.2). 

3.2.4. Effect o f  activation. The silver pa t t e rned  
subs t ra te  was ac t iva ted  by  p a l l a d i u m  chlor ide  and  
fixed. The  results  wi th  regard  to p la t ing  fog are 
shown in Fig.  11. The  fog is sl ight and  cons tan t  
wi thou t  ac t iva t ion ,  whereas  wi th  ac t iva t ion  it 
increases wi th  exposure  t ime by  a b o u t  a m a x i m u m  
of  nine t imes,  and  reaches a very high level wi th  
severe roughness .  This indicates  tha t  the silver 
ca ta lys t  on  the u n p a t t e r n e d  region  is washed  away  
sufficiently by  the f ixat ion process  and  is difficult to 
wash  away  by  p a l l a d i u m  subs t i tu t ion  or  it has 
grea ter  ca ta ly t ic  effect, even if  its size and  quan t i t y  
are kep t  small.  The  effect o f  roughness  indicates  tha t  
the  pho tosens i t ive  ma te r i a l  sinks into the subs t ra te  
wi th  a h ighly  roughened  surface and,  as a result ,  it  is 
difficult to r emove  by washing  or  f ixation.  

3.2.5. Limiting concentration o f  heavy metal ions for  
electroless plating. The l imit ing concen t ra t ions  o f  
ca ta ly t ic  pa l l ad ium,  silver and  i ron on  the subs t ra te  
were examined  in o rde r  to reveal  the influence o f  
heavy meta l  on the p la t ing  fog. Subs t ra tes  coa ted  
with  adhesive resin 3 (Table  1) were immersed  in 
solu t ions  o f  p a l l a d i u m  chlor ide ,  disi lver g lu tamate ,  
and  ferric ch lor ide  o f  var ious  concent ra t ions .  Af te r  
being dr ied  for  10ra in  at  40°C,  they were p laced  in 
the p la t ing  solut ion.  The  m i n i m u m  concen t ra t ion  at  
which the subs t ra te  is p l a t ed  is defined as the 
l imit ing concen t ra t ion  o f  the metal .  The  meta l  ion 
concen t ra t ion  was eva lua ted  on the a s sumpt ion  tha t  

a 5 # m  thick layer  was fo rmed  on  the subs t ra te  f rom 
the p re l iminary  exper iments  using disilver g lu tamate .  
The  p la t ing  act ivi ty  o f  each meta l  was c o m p a r e d  in 
terms o f  l imit ing concent ra t ion .  The  re la t ionship  
between the meta l  ion concen t ra t ion  and  p la t ing  
state is shown in Table  3 and  Fig.  12. Silver does 
no t  p rov ide  catalysis  for p la t ing  be low a 
concen t ra t ion  o f  3.6 x 1 0 - S m g c m  -2. The  subs t ra te  

darkens  wi th  exposure,  but  is only  par t i a l ly  p la ted  
at 3.6 x 10 4 m g c m - 2 .  The whole  area  was p la ted  at  
3.6 x 10 -3 m g c m  -2. I t  is, therefore,  clear  tha t  silver 
is washed  away  by  f ixat ion be low a concen t ra t ion  o f  
10 .3 m g c m  -2. W i t h  pa l l ad ium,  p la t ing  was possible  
at  concen t ra t ions  above  6 . 4 x  10 5 m g c m - 2 .  W i t h  
iron,  no p la t ing  was observed even a t  high 
concen t ra t ions  (2w/v%) .  This shows tha t  i ron  ions 

Table 3. Lower limit of silver and palladium concentration for electro- 
less deposition 

Silver atom concentration * State of deposition 
/rag cm -2 

3.6 x 10 . 3  whole area plated 
3.6 x 10 .4  partially plated 
3.6 x 10 .5 not plated, very little fog 
3.6 x 10 -8 not plated, very little fog 
3.6 x 10 -~1 not plated, no fog 
Blank not plated, no fog 

* 24~26 °C. 

Palladium atom concentration * State of deposition 
/ r ag  c m  -2  

6.4 x 10 -s half area plated 
1.2 x 10 -5 not plated, no fog 
1.2 x 10 -6 not plated, no fog 
1.2 x 10 -7 not plated, no fog 

* 27 °C. 
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Fig. 7. Surface of substrates roughened by liquid honing and then treated by various methods. Legend as in Table 2. 
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Fig. 8. Change in surface roughness with liquid honing roughening 
pressure, (a) original, (b) 1, (c) 2 and (d) 3 kg cm -2. 

never  p rov ide  catalysis  even t ak ing  into cons ide ra t ion  
the fact  tha t  ferric ch lor ide  is soluble  in the p la t ing  
solut ion.  

F r o m  the above  results,  when the p la t ing  act ivi ty  is 
c o m p a r e d  in terms o f  the l imit ing concen t ra t ion ,  
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Fig. 10. Change in number of fog particles with exposure time. 
Roughening pressure: (O) 1, (zX) 2 and (El) 3 kgcm -2. 

which is r easonab le  because the a tomic  weights o f  sil- 
ver  and  p a l l a d i u m  are near ly  the same, the act ivi ty  o f  
p a l l a d i u m  is a b o u t  ten t imes higher  than  silver. 

Act iv i ty  ra t io ,  

Pd  3.6 x 10 -4 ~ 3.4 x 10 -3 
= 5.6 ~ 56 

A g  6.4 x 10 - s  

This resul t  is consis tent  wi th  the effect o f  ac t iva t ion  by 
p a l l a d i u m  on p la t ing  fog men t ioned  in Section 3.2.4. 

4. C o n c l u s i o n  

C o p p e r  p la t ing  fog, fo rmed  on meta l l i za t ion  of  a sil- 
ver  pa t t e rn  has  been examined.  The  fo l lowing remarks  
can now be made .  

(i) Based on results showing tha t  copper  par t ic les  
are  depos i ted  on a nonact ive  substrate ,  cuprous  
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Fig. l l. Influence of palladium activation on plating fog. Roughen- 
ing pressure: (©) 2 (activation free), (0) 2 and (D) 3 kg cm -2. 
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(iv) 

(v) 

Long  exposure does no t  cause the thermal 
decomposi t ion o f  photosensit ive material, and 
gives no effect on the plating fog. 
The amoun t  o f  plating fog depends on the sur- 
face roughness when the substrate is roughened 
with a liquid honing  appara tus  and a silver pat-  
tern is formed. This plating fog is at tr ibuted to 
iron f rom abrasive, silver f rom photosensitive 
material and pal ladium f rom activator. The 
degree of  fog increase by palladium activation 
corresponds to the plating activity ratio of  palla- 
dium and silver. 

Fig. 12. Plating state with silver and palladium catalysts at various 
area concentrations. Darken area is plated. Ag: (a) 3.6 x 10 -5, 
(b) 3.6x 10 .4 and (c) 3.6x 10-3mgcm -2 Pd: (a) 1.2x I0 -5 
and (b) 6.4 x 10 5mgcm 2. 

oxide particles o f  size 0.15 l # m  are con- 
t inuously suspended in the plating solution and 
are sometimes deposited on the substrate, thus 
forming plating fog. The amoun t  o f  plating fog, 
however, hardly depends on substrate roughness 
because the number  of  particles is small. 

(ii) Chromium ion and iron metal on the substrate 
cause plating fog, even in catalyst pat tern free 
system. 

(iii) The normal  plating deposit ion on the pat terned 
par t  and the plating fog are found to start at 
the same time, because the size o f  the fog particles 
is a lmost  the same as the thickness o f  the pattern. 
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