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Four samples were processed to obtain the average mass of copper
deposited and the error bars represent the 95% confidence interval. The
mass of copper deposited changes almost linearly with time, which
implies a constant deposition rate with little induction period needed
to initiate deposition. Extrapolation of the longer time experiments
back to zero thickness would indicate a 2 to 3 min induction time for
the electroless deposition process.42 The error during the inductance
period is high since there is little copper on the substrate. The average
deposition rate calculated from Figure 1 after the induction period is
5.6 × 10−4 mg/cm2 s. This deposition rate is in agreement with the
deposition rate calculated using mixed potential theory, 6.3 × 10−4

mg/cm2 s for this electroless plating bath.10

One of the interesting aspects of this process is the ability to cat-
alyze the electroless process and achieve acceptable adhesion strength
without using a palladium catalyst and the more complicated swell-
and-etch pretreatment process. The surface pretreatment step and the
catalyst seeding step are two critical steps responsible for the adhesion
of electroless copper to the substrate. The conventional swell-and-etch
wet-chemical treatment is based on the swelling of the epoxy polymer
in a solvent, exposing the oxygen-containing functionalities to the
surface and removing them with an etchant.8 This method has been
shown to increase the surface roughness, which in turn facilitates me-
chanical anchoring of the seed layer and the subsequent electroless
copper layer.

The increase in surface roughness of the PWB substrate resulting
from the sulfuric acid treatment was investigated using AFM after
1 min, 30 min and 180 min H2SO4 treatments at 95◦C. The results
were compared to a sample processed by the swell-and-etch treat-
ment. The average (Ra) and root-mean-square (Rq) surface roughness
values are shown in Figure 2. The starting PWB material had a Ra

surface roughness of 621 nm. There was little change in the sur-
face roughness after 1 min (660 nm), 30 min (685 nm) or 180 min
(618 nm), while the swell-and-etch process increased the surface
roughness to 819 nm. After 180 min in H2SO4, there may have been
a degree of surface smoothening due to the removal of the oxygen-
containing functionalities.8,24

The evolution of the surface roughness during the electroless cop-
per deposition procedure (sensitization, activation and deposition) was
evaluated by AFM also for the tin sensitized, silver activated, electro-
lessly plated samples (1 and 10 min deposition). The surface roughness
values are given in Table I along with the surface roughness values of
the starting PWB and the sample treated for 30 min in H2SO4. Except
for a small increase in roughness as the electroless copper grows in
thickness, there is little change in the roughness caused by any of the
steps in this silver-catalyzed electroless process. The small decrease
in the surface roughness after the silver activation step is possibly
due to filling of the valleys in the surface by the Sn/Ag catalyst. The
increase in surface roughness in the prolonged electroless copper de-
position sample (e.g. 10 min electroless copper deposition sample)
can be attributed to the characteristic grainy autocatalytic growth of
electroless copper.47

The adhesion strength of the deposited electroless copper layer was
measured, and the effect of the different sulfuric acid treatment times
was evaluated. The adhesion strength values were measured to be
0.40 N/mm for the copper plated sample with 1 min H2SO4 treatment,
0.31 N/mm for the copper plated sample with 30 min H2SO4 treatment,
and 0.33 N/mm for the copper plated sample with 180 min H2SO4

treatment. The errors corresponding to a 95% confidence interval were
0.07 N/mm, 0.05 N/mm, and 0.04 N/mm, respectively.

Thus, the H2SO4/tin-silver surface treatment was found to produce
adherent electroless copper on the PWB substrates without increasing
the surface roughness of the starting material. It should be noted that
the as-received PWB sample had already some degree of roughness
initially, i.e. Ra = 621 nm and Rq = 767 nm (see Table I). In or-
der to characterize the adhesion strength of smoother samples without
changing the sample chemistry, the as-received samples were mechan-
ically polished to decrease their surface roughness, as explained in the
Experimental section. The surface roughness values evaluated from
the Dektak line scans profilometer were Ra = 405 nm and Rq = 493

nm before polishing and Ra = 173 nm and Rq = 225 nm after pol-
ishing. A second sample had an initial roughness of Ra = 430 nm
and Rq = 531 nm before polishing, and Ra = 226 nm and Rq

= 315 nm after polishing. The initial surface roughness values found
here were less than the values obtained using AFM because the Dek-
tak uses a larger diameter tip than the AFM. The surface roughness
values of as-received (i.e. unpolished) samples were slightly differ-
ent from each other because only one line scan was used to ob-
tain the surface roughness values instead of the more accurate area
scans in the AFM measurements. The polished samples were taken
through the full H2SO4/tin-silver electroless deposition process fol-
lowed by electroplating copper to build the thickness for adhesion test-
ing. The adhesion strength values of the samples were measured to be
0.032 N/mm and 0.054 N/mm, respectively, for the two samples. This
shows that while the H2SO4/tin-silver process did not increase the sur-
face roughness, it still depended on the existing roughness to provide
some of the adhesion strength.

The atomic composition of the sample surfaces was investigated
using XPS survey scans. Table II shows the atomic percentages for a
select number of elements at different steps in the electroless process
after 0, 10 and 20 s of argon ion etching. The analyzed elements in-
clude C, O, Sn, Ag, Cu, S, P, N, and Cl. These elements were selected
because they make-up the chemical composition of the epoxy board
and involve the species used in the surface pretreatments as well as
electroless process. Trace amounts of other elements which do not
affect this study, such as silicon and bromine, have been omitted from
Table II. The atomic percentages reported in Table II are reported with
respect to all the elements found. The results in Table II show the sur-
face and sub-surface elemental composition of the as-received PWB, a
PWB taken through the steps of the H2SO4/tin-silver process (H2SO4

treatment, Sn sensitization, Ag activation and electroless copper de-
position), and the samples subjected to surface pretreatments similar
to the H2SO4 treatment (i.e. the HCl and H3PO4 treatments). The sub-
surface composition was obtained by ion etching of the sample using
an Ar ion gun in the XPS tool. The etch rate of the Ar ion gun was
16.36 nm/s referenced to tantalum. Thus, a 10 s etch corresponds to
about 160 nm into the sample, if its etch rate was similar to tantalum.

The as-received epoxy board was mainly composed of carbon
(53.69%) and oxygen (24.75%) on the surface, as shown in Table II.
The oxygen-to-carbon (O/C) ratio of the as-received sample decreased
from 0.46 to 0.08 to 0.05 with depth. Figure 3 shows the surface
survey scan for the as-received PWB. Besides carbon and oxygen,
small amount of other elements, such as magnesium (0.27%), sodium
(1.01%), zinc (1.47%), copper (1.27%), iron (1.24%), chromium
(1.81%), nitrogen (2.26%), calcium (0.58%), chlorine (3.63%), sulfur
(1.89%), phosphorus (1.45%), silicon (3.68%) and bromine (1.01%)
were also identified (not shown in Table II). These are due to addi-
tives and other components of the PWB. Silicon comes from the glass
fibers in the composite board, and bromine was likely due to flame
retardant.43

The hot H2SO4 treatment has been identified as an essential step
in achieving adherent electroless copper. Omission of the hot sulfuric
acid treatment resulted in no electroless copper deposition. Treating
the as-received PWB with H2SO4 resulted in removal of the trace im-
purities including magnesium, sodium, zinc, copper, iron, chromium,
calcium, chlorine, and phosphorus. The impurities remaining on the
PWB were silicon, bromine, nitrogen and sulfur. The increase in the
sulfur concentration was a result of the H2SO4 treatment. The H2SO4

treated sample also shows a decrease in the O/C ratio compared to as-
received sample. The O/C ratios going from the surface to the deepest
level are 0.32, 0.04, and 0.03, respectively.

The first part of the catalyst seeding was the tin sensitization step.
The tin sensitized sample had tin, chlorine, and sulfur in addition to
carbon, oxygen, nitrogen, silicon and bromine. Some of the sulfur
present on the surface was due to the previous H2SO4 treatment. Sn
and Cl were likely from the SnCl2.2H2O bath used for tin sensiti-
zation. The Sn concentration was almost constant at about 7% with
depth. The chlorine concentration was also found to remain constant at
about 0.8%.

  ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 130.207.74.41Downloaded on 2013-11-25 to IP 



Journal of The Electrochemical Society, 160 (12) D3237-D3246 (2013) D3241

a) Plain Sample, Ra: 621 nm, Rq: 767 nm b) 1 min H2SO4 sample, Ra: 660 nm, Rq: 816 nm

c) 30 min H2SO4 sample, Ra: 685 nm, Rq: 840 nm d) 3 hr H2SO4 sample, Ra: 618 nm, Rq: 773 nm

e) Swell-and-etch sample, Ra: 819 nm, Rq: 997 nm

Figure 2. AFM surface roughness values Ra and Rq obtained for (a) plain epoxy laminate sample, (b) 1 min H2SO4 treated sample, (c) 30 min H2SO4 treated
sample, (d) 3 hr H2SO4 treated sample, and (e) swell & etch sample.

The second part of the catalyst seeding procedure involved silver
activation after tin sensitization. In the silver activated sample, the
elements identified were Ag, Sn, Cl, S, C, O, N, Si and Br. Ag comes
from AgNO3 bath. The presence of Sn and Cl is due to Sn sensitization.
It was observed that the Ag and Sn concentrations are almost equal to
each other at about 2.5% at the surface and the etched sub-surface. A

small increase in the S concentration was observed with depth because
of the presence of (NH4)2SO4 in the silver activation bath. AgNO3 and
(NH4)2SO4 in the silver activation bath might also have contributed
to the N content.

The deposition of electroless copper was performed after the tin
sensitization and silver activation steps. The XPS survey scan of the
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Table I. The average (Ra) and root-mean-square (Rq) surface
roughness values measured for samples at each step in electroless
deposition process.

Surface roughness (nm)

Samples Ra Rq

Plain 621 767
30 min H2SO4 treated 685 840

Sn sensitized 691 860
Ag activated 660 808

1 min electroless Cu deposited 660 823
10 min electroless Cu deposited 706 878

copper plated sample shows the presence of Cu, Ag, Sn, Cl, N, C and
O. The C and O were likely from adsorbed atmospheric gases onto
the copper surface. In addition, a fraction of the O may be due to the
oxidation of the electrolessly deposited copper.

The XPS survey scans were taken for the PWB samples exposed
to other acids. The H3PO4 and HCl treatments were done to see if the
copper activation and adhesion was due to simply an acid treatment
or if the H2SO4 had a more complex role. The elements detected on
the HCl treated sample were C, O, Cl, N, Si, and Br. The impurities
seen on the as-received sample were completely removed, except Cl.
Given the fact the as-received sample also had Cl initially, it was
concluded that the Cl content on the HCl treated sample decreased
with HCl exposure. The HCl treated sample was taken through the
tin sensitization and silver activation process followed by electroless
copper plating. However, no electroless copper was deposited on the
sample.

Binding energy (eV)
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Figure 3. As-received PWB XPS survey spectrum.

The H3PO4 treated sample had an elemental make-up including C,
O, P, N, Si and Br. The other impurities were removed. An increase
in the P content was observed compared to the as-received sample.
The tin sensitization was performed on the H3PO4 treated sample.
The Sn content on this sample was smaller than that for the sample
taken through H2SO4 treatment and tin sensitization. The Cl coming
from the tin sensitization bath was present in trace amounts. After
tin sensitization and silver activation, the H3PO4 treated sample was
electrolessly copper plated; however, the copper was not uniform in
color or thickness on the sample. The resulting surface film was not
electrically conductive (i.e. it was not a contiguous film).

Table II. The atomic percentage of elements in samples obtained from XPS survey spectra.

Elements

Samples Etch time (s) C O Sn Ag Cu S P N Cl

0 53.69 24.75 0.00 0.00 1.27 1.89 1.45 2.26 3.63
Plain 10 79.63 6.38 0.00 0.00 3.02 0.39 0.48 1.28 1.47

20 83.98 4.36 0.00 0.00 2.24 0.39 0.35 1.08 0.96

0 69.65 22.33 0.00 0.00 0.00 3.08 0.00 2.01 0.00
H2SO4 treated 10 91.32 4.19 0.00 0.00 0.00 1.39 0.00 0.99 0.00

20 92.30 3.19 0.00 0.00 0.00 1.40 0.00 1.03 0.00

0 55.40 29.42 7.59 0.00 0.00 2.65 0.00 2.28 0.81
H2SO4 treated,
Sn sensitized

10 72.28 14.65 7.72 0.00 0.00 1.32 0.00 1.23 0.70
20 75.40 11.95 6.85 0.00 0.00 1.27 0.00 1.21 0.85

0 60.73 24.80 2.43 2.67 0.00 3.62 0.00 3.78 0.38
H2SO4 treated,

Sn sensitized, Ag activated
10 78.04 9.75 2.69 3.02 0.00 1.23 0.00 2.76 0.28
20 81.25 7.54 2.42 2.68 0.00 1.08 0.00 2.89 0.29

H2SO4 treated, 0 17.79 17.51 0.20 0.00 63.79 0.00 0.00 0.00 0.00
Sn sensitized, Ag activated, 10 5.66 6.38 0.15 0.18 86.98 0.00 0.00 0.00 0.00

6 min Cu deposited 20 11.48 4.70 0.15 0.24 82.45 0.00 0.00 0.20 0.25

0 72.00 20.35 0.00 0.00 0.00 0.00 0.00 2.02 0.77
HCl treated 10 92.51 3.70 0.00 0.00 0.00 0.00 0.00 0.65 0.35

20 93.81 2.68 0.00 0.00 0.00 0.00 0.00 0.56 0.45

0 57.83 31.08 0.00 0.00 0.00 0.00 7.14 2.04 0.00
H3PO4 treated 10 88.66 6.31 0.00 0.00 0.00 0.00 2.52 0.81 0.00

20 90.44 4.65 0.00 0.00 0.00 0.00 2.04 0.99 0.00

0 77.16 15.70 1.65 0.00 0.00 0.00 1.27 1.33 0.56
H3PO4 treated,
Sn sensitized

10 91.72 3.20 0.73 0.00 0.00 0.00 1.00 0.80 0.08
20 92.91 2.22 0.43 0.00 0.00 0.00 0.65 1.33 0.00
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Functionality Peak Position (eV) FWHM (eV) Line Shape % Area % St. dev.

Hydrocarbon 285.00 1.516 GL(30) 64.39 1.00

Alcohol, ether 286.60 1.516 GL(30) 29.59 0.59

Carbonyl 287.80 1.516 GL(30) 2.56 1.00

Acid, ester 289.20 1.516 GL(30) 3.38 0.65

Carbonate 290.33 1.516 GL(30) 0.03 0.07

Emergent 291.45 1.516 GL(30) 0.05 0.12

Binding energy (eV)
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Functionality Peak Position (eV) FWHM (eV) Line Shape % Area % St. dev.

Hydrocarbon 285.00 1.423 GL(50) 63.07 1.20

Alcohol, ether 286.70 1.423 GL(50) 31.90 0.60

Carbonyl 287.80 1.423 GL(50) 1.54 0.58

Acid, ester 289.20 1.423 GL(50) 0.28 0.45

Carbonate 290.33 1.423 GL(50) 1.05 0.45

Emergent 291.70 1.423 GL(50) 2.16 0.51

Binding energy (eV)

278279280281282283284285286287288289290291292293294295

C
ou

nt
s 

/ s

0.0

2.0e+3

4.0e+3

6.0e+3

8.0e+3

1.0e+4

1.2e+4

1.4e+4

1.6e+4

1.8e+4

2.0e+4

2.2e+4

2.4e+4
C1, Hydrocarbon
C2, Alcohol, ether
C3, Carbonyl
C4, Acid, ester
C5, Carbonate
C6, Emergent

C1

C2

C3

C5C6

Functionality Peak Position (eV) FWHM (eV) Line Shape % Area % St. dev.

Hydrocarbon 285.00 1.291 GL(60) 70.27 0.80

Alcohol, ether 286.70 1.291 GL(60) 27.82 0.40
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Figure 4. High resolution XPS spectrum, peak fit and peak deconvolution for (a) as-received PWB sample, (b) H2SO4 treated PWB sample, (c) H3PO4 treated
PWB sample, and (d) HCl treated PWB sample.

The XPS survey results shown above characterize the overall el-
emental composition of the surfaces after each chemical treatment;
however, they are limited to simple identification and quantification
of the elements present. High resolution elemental XPS analysis of
specific elements, such as C1s and O1s, was performed to help un-
derstand the detailed changes that occurred on the sample surfaces.
The individual elemental peaks were deconvoluted into several peaks
corresponding to the different oxidation states or typical chemical
functionalities present. In particular, the C1s scan is useful in terms of
tracking the change in carbon functional groups as a result of chemical
exposure.48 Analysis of the O1s peak is less useful than C1s because

oxygen has less of a change in peak position, and because of the pres-
ence of adsorbed oxygen on the sample.49 It is known that surface
treatments affect the outermost sample surface.7,8

The high resolution surface C1s results are shown in Figure 4.
The as-received PWB XPS scan, Figure 4a, can be broken into
four different functionalities: 64.39% hydrocarbon-like bonds (C-C,
C-H), 29.59% alcohol and ether functionalities (C-O-H, C-O-C),
2.56% carbonyl-like species (C=O), and 3.38% acid and ester-like
species (O-C=O). There was no higher oxidation state (i.e. carbonate-
like peaks) observed on the as-received sample. After treatment
of the as-received PWB in hot H2SO4, the molar concentration of
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functional groups changed to the following: 63.07% hydrocarbon
groups, 31.90% alcohol and ether groups, 1.54% carbonyl groups
and 1.05% carbonate groups, as shown in Figure 4b. The fraction
identified as acid and ester group was statistically insignificant in-
dicating that the content associated with an acid or ester oxidation
state was removed in the hot H2SO4 treatment. A second change
worth noting after the H2SO4 treatment is the emergence of a peak
around 291.70 eV, which had a total area of 2.16%. In comparison, the
H3PO4 treated sample had 70.27% hydrocarbon groups, and 27.82%
alcohol and ether groups, as shown in Figure 4c. There was no sig-
nificant amount of carbonyl, acid and ester, and carbonate species
observed on the sample. The peak at 291.40 eV corresponds to 1.74%
of the total area. The species identified on the HCl treated sample
in Figure 4d are 62.39% hydrocarbon, 35.48% alcohol and ether,
and 1.29% carbonyl. There was no carbonate, and acid/ester species
found. There was also a new peak observed at 291.53 eV correspond-
ing to 0.84% of the total area. Overall, the amount of carbonyl, and
acid/ester functionalities decreased after the acidic surface treatments.
The hydrocarbon, and alcohol/ether remained the same or increased
slightly, and a new peak at 291.5 eV was observed in all surface
treated samples. The XPS spectra after argon ion milling did not
show the emergence of this new peak (data is not shown). The peak
at 291.5 eV was observed only at the surface of the acid treated
samples.

The high resolution XPS scans of tin sensitized and silver acti-
vated samples (after a H2SO4 treatment) are shown in Figure 5. The
spectra were charged shifted holding the C-H, C-C bonds at 285 eV
constant. The deconvolution of the peaks was performed using a sin-
gle deconvolution region and two peak regions (one for each 3d5/2

and 3d3/2 peaks) for both tin and silver in order to determine the po-
sition and area for each peak. The Gaussian-Lorentzian mixture line
shapes were optimized for achieving the minimum residual. Using
the same sensitivity factor for the major peaks for each element, the
characteristic area ratio of 3:2 for the 3d5/2 and 3d3/2 peaks, due to
spin-orbit coupling in tin and silver, was found,45,46 as shown in Fig-
ure 5. The peak positions for the 3d5/2 and 3d3/2 peaks corresponded
to 487.87 eV and 496.28 eV for tin, and 368.95 eV and 374.94 eV
for silver, respectively. Even though it is difficult to distinguish be-
tween Sn(II) and Sn(IV) using XPS,50 it can be concluded that tin is
not in metallic state, i.e. no Sn(0) is present.41,51 The literature val-
ues reported for binding energy of 487.8 eV coincides mostly with
SnO2,52–56 although there are some reports for SnO at that binding
energy.57 It is also possible that Sn may be in the form of a chloride
complex.51,58,59 The Ag 3d5/2 peak obtained at 368.95 eV is higher
than that reported for elemental silver, 368.2 eV;51,60 however the Ag
3d5/2 peak may be due to elemental Ag41,60–62 becasue the binding
energy can differ from bulk values when the metal is in the form of
small clusters.60 An increase in binding energy has been previously
observed for small clusters of Pd, Pt, and Au.63,64 The formation of a
Sn/Ag alloy could change the binding energy of the Ag 3d5/2 peak;65

however, this appears unlikely due to the lack of a reducing agent
for producing Sn from Sn(II). In addition, the formation of a Sn-Ag
alloy is not thermodynamically favorable compared to formation of
a Sn-Pd alloy in the Pd-based catalysts. The enthalpy of mixing and
Gibbs energy of mixing values for Sn-Ag alloy are much less negative
than that of Sn-Pd system.66 The Sn-Pd binary alloy diagram shows
a number of possible crystalline phases at room temperature (Pd3Sn,
Pd2Sn, Pd3Sn2, PdSn, PdSn2, PdSn3, PdSn4). However, the Sn-Ag
system does not have a mixed crystalline phase.67 The XPS results
show that the H2SO4 treated sample was indeed seeded with a tin-
silver catalyst after the tin sensitization and silver activation steps. It
is most likely that the Sn(II) served as the reducing agent for Ag(I) in a
way analogous to the tin-palladium catalyst in the traditional Shipley
process.13

Discussion

The H2SO4 pre-treatment has been shown to establish a surface
which can be tin sensitized and silver activated. The sensitization and

Peak Peak Position (eV) FWHM (eV) Line Shape % Area % St. dev.

Sn 3d5/2 487.87 1.687 GL(55) 59.77 0.27

Sn 3d3/2 496.28 1.687 GL(55) 40.23 0.27
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Figure 5. Ag activated PWB sample high resolution XPS spectrum, peak fit
and peak deconvolution for (a) Sn, and (b) Ag.

activation process forms a colloidal catalyst for the electroless copper
deposition. During the catalyst seeding (i.e. tin sensitization and sil-
ver activation), Sn(II) is oxidized to Sn(IV), while Ag(I) is reduced
to Ag. Silver is a catalyst for the copper formaldehyde electroless
bath.4,14–16,41

Seeding of the tin/palladium catalytic colloid onto the epoxy sur-
face is accompanied by an increase in surface roughness in the swell-
and-etch process.7,8,17,21,24 In contrast, the surface was not appreciably
roughened by the H2SO4 pretreatment, even for over-treated surfaces,
as shown in Figure 2. The results also show that the H2SO4 pretreat-
ment produced a unique surface for catalyst seeding, which was not
recreated by other strong acids, HCl and H3PO4. There was no or lit-
tle electroless copper deposited onto the epoxy substrates when other
strong acids of similar concentration were used. It was found that
times as short as 30 s in H2SO4 were adequate to achieving adherent
electroless copper deposits on an epoxy substrate. These observations
imply that the H2SO4 pretreatment is more of chemical change to the
surface, rather than simply a mechanical effect, such as increasing the
surface roughness.
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XPS survey scans give insight into the nature of the H2SO4 pre-
treatment. The as-received sample contained carbon, oxygen, silicon,
bromine and nitrogen which are part of the epoxy laminate. The
other impurities, including magnesium, sodium, zinc, copper, iron,
chromium, calcium, chlorine, and phosphorus were removed by the
H2SO4 pretreatment. The sulfur concentration increased, due to the
presence of sulfate remaining on the sample surface. The replace-
ment of metal ions, most likely in a positive oxidation state, with
sulfate anions, may lead to a charge reversal on the epoxy surface
which could assist in colloidal adhesion. The effectiveness of even
short H2SO4 pretreatments shows that only surface changes are tak-
ing place. However, simply removing impurities was not sufficient to
facilitate catalyst adhesion and electroless copper deposition because
the HCl and H3PO4 treated surfaces also showed that the impurities
were removed from the surface. Only phosphorus remained on the
H3PO4 treated surface, in addition to the epoxy containing carbon,
oxygen, silicon, bromine and nitrogen. The H2SO4 and H3PO4 pre-
treatments were similar to the extent that they are both strong acids,
removed impurities and left an anion-containing surface. However,
the H3PO4 pretreatment led to only irregular, trace amounts of elec-
troless copper deposition. The amount of tin detected on the H3PO4

pretreated and tin sensitized sample was less than the amount of tin
adsorbed on the H2SO4 pretreated surface (see Table II). This may be
due to the lower solubility for the tin-phosphate complex compared
to the tin-sulfate complex.68 If the tin precipitates on the surface as
the simple salt and not a tin-silver complex, it may be washed away
in subsequent washing steps.

In the case of the HCl treated sample, the residual Cl on the surface
was less than in the as-received sample. The HCl pretreated sample
produced no electroless copper deposition. Thus, it appears that the
adsorbed sulfate ions (or small amounts of phosphate ions) enable the
colloidal tin ions to be stabilized on the surface during tin sensitization.

Additional information about the chemical effect of the H2SO4

pretreatment can be gained from the high resolution surface C1s scans,
shown in Figure 4. Apart from removing impurities from the surface
and facilitating the sulfate or phosphate adsorption, the nature of the
carbon moieties on the surface also can be important. In both the as-
received and the acid pretreated samples, the majority of the carbon
species, between 94–98%, were from the hydrocarbon (C-C, C-H),
and alcohol and ether (C-O-C, C-O-H) groups. There was little or no
change in the molar concentration of these functionalities between
the as-received sample and those which had been acid pretreated. One
common trend observed was a decrease in the carbonyl (C=O), and
acid and ester (O-C=O) content after acid treatment, regardless of the
acid used. The as-received sample had 2.56% carbonyl species and
3.38% acid and ester species. The concentration of carbonyl, and acid
and ester species decreased to 1.54% and 0.28% after H2SO4 pre-
treatment, 0.01% and 0.02% after H3PO4 pre-treatment, and 1.29%
and 0.00% after HCl treatments, respectively. It is possible that the
strong acids attack the carbonyl oxygens due to their Lewis base nature
(i.e. electron pair donor). This acid-base interaction can lead to bond
breaking and formation of CO and CO2.27,35 This is also reflected in
the decrease in surface O/C ratio for the acid treated samples. The as-
received sample had a O/C ratio of 0.46 whereas the H2SO4 pretreated
sample had a surface ratio of 0.32 and the HCl sample had a value
of 0.28. The H3PO4 pretreated sample did show an increase in the
O/C ratio, possibly due the high oxygen content in the phosphate. It is
noted that strong acids can oxidize the carbonyl, acid and ester species
to a higher oxidation state, such as carbonate.27,35

An interesting difference in C1s scans between the as-received
and acid treated samples is the occurrence of a new peak at 291.5 eV,
Figure 4. This new peak was found only at the surface and not in
the argon ion etched scans. This peak may be due to newly formed
CO2 or CO upon bond breaking by acid treatment.69–71 It is known
that the surface pre-treatment mostly affects the surface and not the
sub-surface.8

The colloidal nature of the tin sensitized and silver activated sur-
face can be seen in the Sn 3d5/2 peak at 487.87 eV with a spin-orbit
splitting of 8.41 eV. This binding energy indicates that no elemental

Sn is present41,51 (i.e. Sn is found to be either in Sn(II) or Sn(IV)
form).52–57 The tin is more likely in the Sn(IV) form as in SnO2.52–56

The binding energy for Sn is also in accordance with a Sn chlo-
ride complexes.51,58,59 Even though the observed binding energy of
368.95 eV for Ag 3d5/2 peak is slightly higher than the reported value
of 368.2 eV in the literature,51,60 it is likely that this increase is due
to Ag being packed in small clusters,60 and Ag was most probably in
elemental state.41,60–62 These findings support the reduction of Ag(I)
to Ag(0) by oxidation of Sn(II) to Sn(IV).14,15,41 It appears that the
most likely form of the tin-silver species is as a core-shell nano-colloid
which has a metalic silver core surrounded by a Sn(IV) species, which
are likely to be SnO2 and/or a tin-chloride complex. The possibility of
the tin being in a tin-chloride complex is consistent with the high con-
centration of Cl in the XPS spectra, Table II. The negatively charged
Cl− ions may serve as a stabilizer for the nano-colloid.11,12,15,16

The XPS survey results for the H2SO4 pretreated sample after
tin sensitization and silver activation showed almost a 1:1 atomic
concentration ratio for the Sn and Ag. In our two-step catalyst seeding
process, the concentration of Ag in the Ag bath, 22.1 mM, was less
than the concentration of Sn in the Sn bath, 36.6 mM. Similarly, in
the study by Fujiwara et al., the nano-colloids showed approximately
a 1:1 Sn:Ag atomic ratio (see “not conditioned” curve in Figure 4 in
Ref. 15), even though the catalyst seeding solution had 10 mM Ag
and 100 mM Sn. These results indicate that Ag is likely the limiting
reagent in the nano-colloid formation. This is supported by the study
of Vaskelis et al. where an increase in the density of the Sn/Ag colloid
was observed by UV-vis spectroscopy when the Ag(I) concentration
was increased in the presence of excess Sn(II).14 The 1:1 atomic ratio
observed in this study and also in the study by Fujiwara et al.,15

indicates that all the Ag(I) which was reduced by the Sn(II) oxidation
does not end up in the nano-colloid because then the Sn:Ag ratio
would be 1:2. Alternatively, the Sn(II) could reduce another species,
in addition to Ag(I) resulting in a Sn:Ag ratio of about 1:1.

Finally, the findings reported here can be used to summarize the
mechanism for the adhesion of the electroless copper onto the epoxy
laminate substrates. The H2SO4 treatment ultimately improves the
copper adhesion and facilitates the adsorption of the Sn/Ag catalyst
without increasing the surface roughness. Impurities were removed
from the as-received substrate in the H2SO4 pretreatment leading to a
charge reversal on the surface. The number of carbonyl, acid and ester
functionalities gets decreased. In addition, the lower O/C ratio shows
that the carbonyl surface was changed. The H2SO4 pretreated surface
had adsorbed sulfate ions which enabled Sn(II) sensitization. Ag ac-
tivation occurred through reduction of the Ag(I) forming a core-shell
nano-colloid. The nano-colloids are likely negatively charged due to
the presence of the chloride complexing agent. This negative charge
can prevent the agglomeration of the nano-colloids. The electrochem-
ical reaction involving reduction of Cu(II) to Cu(0) and oxidation of
formaldehyde is catalyzed by the Sn/Ag nano-colloids leading to ad-
herent, continuous and uniform electroless copper deposition on the
epoxy laminate substrates.

Conclusions

In this study, electroless copper plating on epoxy laminates has
been investigated using a Ag-based catalyst, and non-roughening sul-
furic acid surface treatment. Conventional Pd-based catalyst is expen-
sive, and the widely used swell-and-etch method creates substantial
surface roughness which is detrimental for electrical performance.
The H2SO4 treatment was observed to introduce little or no surface
roughness to the epoxy laminate. No electroless copper deposition
was observed without the H2SO4 treatment. The amount of carbonyl
(C=O) and acid/ester (O-C=O) functionalities were observed to de-
crease after the H2SO4 treatment. Surface pretreatment with H2SO4

was unique in catalyst seeding, compared to other acid treatments
including HCl and H3PO4. The sulfate content adsorbed on the epoxy
laminate after H2SO4 treatment enabled Sn(II) sensitization by elec-
trostatic attraction. XPS results indicated Sn(II) oxidation to Sn(IV)
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and Ag(I) reduction to Ag(0), so as to form a core-shell nano-colloidal
catalyst with Ag(0) core and SnO2 shell. It is possible that some
SnCl3

− resided on the outer surface of the nano-colloids providing
stability by preventing agglomeration.11,12 Sn/Ag nano-colloids were
observed to catalyze the electroless copper deposition. Overall, the
chemical adhesion was promoted by H2SO4 treatment rather than
mechanical adhesion, and the use of Sn/Ag catalyst with H2SO4 sur-
face treatment facilitated adherent, continuous and uniform electroless
copper layers on epoxy laminates.
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