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ABSTRACT: The thermooxidative degradation and SiO, film-formation mechanism of
poly(vinylimidazole-co-vinyltrimethoxysilane ) [ poly (VI-co-VTS)] on copper was inves-
tigated with Fourier transform infrared reflection and absorption spectroscopy (FTIR-
RAS). The spectral differences of the copolymers with different coating thicknesses
were compared. Thermal degradation of the copolymer was catalyzed by copper in the
copolymer film as well as on the copper surface. This catalytic effect of copper was
observed regardless of coating thickness. Copper in the copolymer film participated in
Cu-containing SiO, film formation during thermal degradation. In addition, the en-
hanced heat treatment causes the film defects in Cu-containing SiO, film as a result
of thermal decomposition. Copper corrosion proceeded through these film defects. How-
ever, in a thick-coated sample, copper oxides were first formed through the crack in
the barrier film as a result of the residual stress. Copper oxides in the film interacted
with the SiO, film to form a Cu-rich phase in the vicinity of film defects and cracks.
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INTRODUCTION

Silane-modified polyvinylimidazole (PVI) has
been reported to be an effective corrosion inhibitor
for copper both in humid conditions and at ele-
vated temperature.’® It can exclude water mole-
cules at the metal—polymer interface in humid
conditions through the formation of chemical
bonding with the copper surface. In addition, it
can improve the thermal stability of the protective
coating at elevated temperature through the si-
loxane network formation.?~® Therefore, the silox-
ane network formation of silane-modified PVI on
copper is important in corrosion protection on the
copper surface and the understanding of the silox-
ane network formation is indispensible for the ef-
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fective corrosion protection on copper at elevated
temperature. However, the siloxane network for-
mation on copper has not been extensively investi-
gated even if it is a crucial factor in the corrosion
protection on copper. In part I, we discussed the
heat-treatment effect on SiO, film formation on
KBr and a gold surface. In this study, thermal
degradation of silane-modified PVI on copper will
be investigated in terms of the infinitive siloxane
network formation and will be explained in com-
parison with that on gold.

The present study was concerned with the Cu-
containing SiO, film-formation mechanism on
copper as a function of heat treatment using the
Fourier transform infrared reflection and absorp-
tion spectroscopy (FTIR RAS) technique. In addi-
tion, the spectral differences of the copolymers
with different coating thicknesses were compared
to understand the formation of the SiO, film de-
fect.
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EXPERIMENTAL

Vinylimidazole (VI) was purchased from Aldrich
Chemical Co., and vinyltrimethoxysilane (VTS),
from Petrach Systems. They were distilled in
vacuo to yield pure and colorless liquids. Azobis-
isobutyronitrile (AIBN) from Wako Pure Chemi-
cal Industries was dissolved in warm methanol
(35°C), recrystallized in an ice bath, and then
dried in a vacuum oven at room temperature for
2 days. Poly(VI-co-VTS) was synthesized by free-
radical copolymerization using AIBN as an initia-
tor. VI and VTS were copolymerized in benzene
at 68°C with stirring in an argon atmosphere. The
mol ratio of VI to VTS in the feed was 3 : 7. The
total monomer concentration was 2M, and the ini-
tiator concentration was fixed at 2 X 10 M.

Copper plates (1.2 X 5.0 X 0.3 cm) were me-
chanically polished with No. 5 chrome oxide,
washed with n-hexane and ethanol in an ultra-
sonic bath, rinsed with a 1% HCl/distilled water
solution, distilled water, and ethanol, and then
dried with a stream of nitrogen gas. The copoly-
mer solution was cast onto copper plates with a
microsyringe and the samples were dried at 60°C
for 12 h in air before testing to remove solvent in
the polymer film. Film thickness was controlled
with the variation of the copolymer concentration
and calculated based on the concentration of the
copolymer solution, copolymer density, and the
area of the substrate.

FTIR reflection and absorption (R-A) spectros-
copy was used to monitor the thermal degradative
crosslinking of poly (VI-co-VTS) coated on copper.
The spectrometer was continuously purged with
nitrogen gas to remove water vapor and atmo-
spheric CO,. Absorbance spectra were obtained
using a Bomem MB-100 spectrometer at a resolu-
tion of 4 cm ™' and 32 scans were collected. A Gra-
seby Specac P/N 19650 monolayer/grazing angle
accessory was used. The angle of incidence was
78° and a freshly cleaned copper coupon was used
to obtain the reference spectrum.

Copolymer-coated samples were heated at
360°C to study the thermal degradation mecha-
nism of the copolymer. Each sample was heated
for 1 min at 360°C in air and then characterized
by FTIR. This process was repeated on the same
sample with a 1-min increment in heating time
until heating time reached 9 min. For further heat
treatment, the above samples were heated for 15
min at 360°C and then characterized by FTIR.
In each sample, the heat-treatment temperature
was increased by 20° followed by FTIR analysis.
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Figurel R-A spectra ofthe copolymer films on copper
plates with different coating thicknesses: (A) 2.5 um,
(B) 1.5 ym, (C) 1 pm; (D) 0.5 pm.

RESULTS AND DISCUSSION

The spectral changes of the copolymers on copper
plates with different coating thicknesses were in-
vestigated with FTIR spectroscopy. Figure 1 rep-
resents the R-A spectra of the copolymer films on
copper plates with different coating thicknesses.
The peak at 3629 cm ™ is assigned to the O—H
stretching of the hydrogen-bonded Si—OH. The
peak at 3131 cm ! is designated as the =C—H
stretching of the VI ring, which is parallel to the
ring plane of VL.® The peak at 1601 cm ' is due
to the C=C stretching from the VI'S monomer
contained in the copolymer film as a result of a
low reactivity ratio of VT'S.” The peaks in the
1250—900 cm ! region show the outstanding dif-
ferences in the relative peak intensities with the
variation of coating thickness. Especially, the rel-
ative peak intensities at 1193 and 1083 cm™* in-
crease with decreasing coating thickness due to
the optical distortion. The former is due to the
C—H rocking mode from the Si—O—CH3;, and
the latter is attributed to the Si—O—C asym-
metric stretching mode.?

Copolymer-coated copper plates were heated at
360°C to study the thermooxidative degradation
and SiO, film-formation mechanism of the copoly-
mer. Figure 2 shows the spectral changes in the
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Figure 2 R-A spectra of the copolymer films (1.5 um) on copper plates as a function
of heating time at 360°C: (A) control; (B) 1 min; (C) 2 min; (D) 3 min; (E) 4 min; (F)
5 min; (G) 6 min; (H) 7 min; (I) 8 min; (J) 9 min.

R-A spectra of the copolymer films (1.5 ym) coated
on copper plates with increasing heating time at
360°C. The first thermal degradation of the copol-
ymer film occurs in the imidazole ring.’ The peak
at 1650 cm™', which is assigned to the C=C/
C=N stretching in the imidazole ring, disap-
pears in spectrum C, and the new peak at 2214
cm ! appears in spectrum D. This is attributed to
the cleavage in the imidazole ring followed by the
nitrile formation.'® The peak at 2195 cm ™' in spec-
trum E is designated as the nitrile group conju-
gated with the double bond in the copolymer back-
bone as a result of the oxidation of the copolymer
backbone.'® These nitrile peaks completely disap-
pear in spectrum I due to thermal decomposition.
As heating time increases, the peaks from the VI
ring (3131, 1650, and 664 cm ') decrease to disap-
pear in spectrum G. The peak at 664 cm ' is desig-
nated as the ring torsion of VI.'® Thermooxidative
decomposition of the copolymer film is faster on
copper than on gold, due to the catalytic effect of
copper on the polymer degradation.'*~** In addi-
tion, the peak (3063 cm™') from the double bond
of VTS as well as the peak (2844 cm ') from Si—
O—CHj; of VTS decrease with increasing heating
time and are not observed any more in spectrum
dJ. This result indicates that the thermooxidative
degradation of the copolymer film and the hydro-
lysis of the Si—OCH; group are almost completed
at 9 min of heating time.

The outstanding spectral changes with increas-
ing heating time are observed in spectrum E. The
broad band around 3432 cm ™! begins to appear
due to the hydrogen-bonded water, and the new
peaks are observed in the 1800—1500 cm ! region
as a result of the thermal oxidation of the copoly-
mer film. These regions contain the peaks at 1722,
1678, 1629, and 1592 cm ™! from the thermal oxi-
dation products of the VI unit of the copolymer
and the copolymer backbone [Fig. 3(A)]. In addi-
tion, two peaks at 1726 and 1637 cm ' can be
contained in this region as a result of the oxida-
tion of VTS [Fig. 3(B)]. However, thermooxida-
tive degradation of the VT'S-only film is slower
than that of the copolymer film. This suggests that
the VI unit in the copolymer film is related to the
accelerated copolymer degradation. The VI unit
in the copolymer film contributes to the diffusion
of copper on the surface into the copolymer film
through the complex bond formation with copper.
Copper in the copolymer film accelerates the poly-
mer degradation. These oxidation peaks of the co-
polymer film are assigned in Table I.° These peaks
in the 1800—1500 cm ' region increase in inten-
sity as the oxidation of the copolymer film pro-
ceeds and then decrease as a result of the thermal
decomposition. In this study, the thermal degra-
dation of the VTS unit will be discussed in detail
because it is related to the SiO, film formation,
and the thermal degradation of PVI on copper was
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Figure 3 R-A spectra of PVI film and VTS-only film
(1.5 ym) on copper plates as a function of heating time
at 360°C: (A) 4 min; (B) 5 min; (C) 6 min; (D) 7 min;
(E) 8 min; (F) 9 min.

discussed in the previous paper.’ In terms of the
thermal degradation of VT'S, the double bond from
VTS may be finally cleaved into SICOOH (1637
cm™') and HCOOH (1726 em™') by the thermal
oxidation catalyzed by copper; these acids can
form copper—carboxylate ions. The peaks from
these carboxylate ions appear in the 1600—1500
cm™! range,'®!® which were not observed in the
spectra on gold. Formate salt (1600—1550 cm™!)
can be decomposed into Cu—OH and volatile
products (H,O and CO;) and so no longer remains
in the copolymer film. Especially, water can accel-
erate the Si—O—Si bond formation. SICOOH
and its carboxyl salt (1650—1540 cm ') are also
converted into the Si—OH and Cu—OH as a re-
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Figure4 R-A spectra ofthe copolymer films on copper
plates with different coating thicknesses after heat
treatment at 360°C for 9 min: (A) 2.5 ym; (B) 1.5 um;
(C)1 pym; (D) 0.5 pym.

sult of thermal decomposition. These Si—OH and
Cu—OH can form Si—O—Si and Si—O—Cu
linkages. These Si—O0O—Si and Si—0O—Cu bond
formations led to a Cu-containing siloxane net-
work formation. Therefore, as heating time in-
creases, these oxidation peaks show a gradual in-
crease up to 6 min of heating time as a result
of the increased copolymer degradation and then
decrease gradually to disappear due to thermal
decomposition. However, the peak at 1625 cm !
is still observed at 9 min of heating time. This
peak is attributed mainly to the hydrogen-bonded
water peak in the silica structure.”

Table I Tentative Band Assignments of Thermally Degraded PVI

and VTS-only Film on Copper

PVI Bands (cm™1)

VTS Bands (cm ™)

Tentative Assignments

1726
1722
1678

1637
1629
1592

C=0 stretching of formic acid
C=0 ketonic stretching
C=0 a,B-unsaturated ketone
C=0 stretching of Si—COOH
C=C unconjugated
C=N conjugated;
C=0 + C=C (mixed mode);
C=C + N—H (mixed mode).
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In spectra E—J, an increase in peak intensity
around 3432 cm ' induces the hydrolysis of the
Si—O—CHj; groups followed by the condensation
reaction among the Si—OH groups. This hydroly-
sis followed by a condensation reaction proceeds
as heating time increases. In spectrum J, no peak
from the Si—OCH; group is observed. The peaks
at 1236, 1054, 805, and 489 cm ™! result from Si—
O—Si linkages of the infinite siloxane network
structure. The peak at 955 cm™' is due to the
Si—O stretching of the Si—OH group, but the
Si—O stretching mode from the Si—O—Cu link-
age can be designated as this peak. This peak did
not disappear after the extinction of the peak at
3629 cm '. Accordingly, the peak at 955 cm™! is
assigned to the mixed mode of Si—OH and Si—
O—Cu. The broad band around 591 cm ™ is desig-
nated as the Cu—O stretching of Si—O—Cu.'®*
This broad band around 591 cm ™' is not observed
in the SiO, film formed on gold. The existence of
these peaks suggests the formation of Cu-con-
taining SiO, film.

The R-A spectra of the copolymers on copper
plates with different coating thicknesses were
compared after the same heat treatment. Figure
4 represents the R-A spectra of the copolymers
with different coating thicknesses heated at 360°C
for 9 min. All the copolymer peaks have disap-
peared in these spectra, which means that ther-
mal degradation of the copolymer film is com-
pleted at 9 min of heating time regardless of the
coating thickness. Since this catalytic effect of
copper on the copolymer degradation is observed
regardless of the film thickness, copolymer degra-
dation catalyzed by copper proceeds in the bulk
of the copolymer film as well as at the copper—
copolymer interface in this experimental condi-
tion. This means that copper ion exists in the bulk
of the copolymer film. For film formation by solu-
tion casting, copper has been reported to diffuse
into the bulk of the film and to exist in the polymer
film.?*?! Additionally, this existence of copper in
the copolymer film can be ascertained by our re-
cent study with the XPS depth profile.?” However,
some differences are observed in the 1300—400
cm ™! region of these spectra. First, as coating
thickness decreases, the peak at 1267 cm ™' [longi-
tudinal optical (LO)] is shifted to 1225 cm ' and
the peak at 1030 cm ™! [transverse optical (TO)]
to 1072 cm™!. This is attributed to the optical ef-
fect. In the infrared spectra of the thin film where
the film thickness is much smaller than the IR
wavelengths, when infrared spectra is obtained
at oblique angles, shifts of the peak positions are

observed due to the optical effect.?® This splitting
may be due to the optical effects, such as interfer-
ence, diffraction, and scattering.?* 2 However,
these shifts may be explained by the stresses in
the film. As the film thickness decreases, the
stress in the film decreases. A decreasing stress
in the film is accompanied by a shift of the Si—
O—Si stretching to the higher band and a shift
of the Si—O—Si bending to a lower shift.?” How-
ever, the TO stretching mode (1030 cm™) is
shifted to lower frequency with increasing coating
thickness, and the Si—O—Si bending (806 cm™)
mode is constant regardless of the film thickness.
Therefore, it can be concluded that these shifts in
the Si—O—Si stretching frequencies are caused
by an optical effect. In addition, the peak at 1030
cm ™! (TO) decreases in intensity with increasing
coating thickness. The peak at 1145 cm™* is ob-
served in spectrum A, which appears as a shoul-
der peak in the other spectra.

On the other hand, the 700—400 region of Fig-
ure 4 is represented in Figure 5 to observe the
copper oxide peaks. In spectrum A, a small corro-
sion peak is observed at 611 cm *. The peak at
611 cm ! is designated as the TO mode of Cu,O.
This indicates that the thickness of the Cu,O
layer is above 200 nm.?® This copper corrosion is
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Figure 5 R-A spectra in the 700—400 region of the
copolymer films on copper plates with different coating

thicknesses after heat treatment at 360°C for 9 min:
(A) 2.5 pm; (B) 1.5 ym; (C) 1 ym; (D) 0.5 pm.
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(B)

Figure 6 Scanning electron micrographs of the copol-
ymer films on copper plates heated at 360°C: (A) 2.5
pm; (B) 0.5 pm.

attributed to the crack formation due to the resid-
ual stress in the film. As coating thickness in-
creases, the residual stress in the copolymer film
increases. This residual stress causes the crack in

the film, and this crack is attacked by air oxygen.
Accordingly, copper oxide crystals grow along the
crack. This corrosion formation is shown in Figure
6(A). Corrosion peaks are also observed at 611
cm ! in spectrum D. These peaks is related to the
film defects formed during thermal decomposi-
tion. These film defects are liable to form in thin
film. Air oxygen attacks the copper surface
through these film defects, and, so, copper oxide
is formed on the copper surface [Fig. 6(B)].
Therefore, a sufficient coating thickness is needed
for corrosion protection, but crack formation due
to residual stress must be avoided.

Figure 7 shows the R-A spectra of the copoly-
mers on copper plates as a function of heating
temperature. Samples were heated for 15 min at
each heating temperature. As heating tempera-
ture increases, the peak at 1241 cm™! is shifted
to 1248 cm ' with the reduction of the shoulder
peak at 1169 cm ' and the peak at 961 cm ! is
decreased. These suggests that the SiO, fraction
in Cu-containing SiO, film increases with increas-
ing heating temperature.?® On the other hand, the
enhanced heat treatment causes the decomposi-
tion of Cu-containing SiO, film.?*3! As heating
temperature increases, the peaks from Si—
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Figure7 The changesin R-A spectra of the copolymer
film (1.5 um) on copper plates with increasing heating
temperatures: (A) 380°C; (B) 400°C; (C) 420°C; (D)
440°C; (E) 460°C; (F) 480°C; (G) 500°C; (H) 520°C; (1)
550°C.



SiO, FILM FORMATION AND VINYL SILANE DECOMPOSITION. II 791

1400 1150 900 650

460 1400 1150 900 650 400

Wovenumbers(cm ™)

Figure 8 The changes in R-A spectra of the copolymer films (2.5 and 0.7 ym) on
copper plates with increasing heating temperatures: (A) 380°C; (B) 400°C; (C) 420°C;
(D) 440°C; (E) 460°C; (F) 480°C; (G) 500°C; (H) 520°C; (I) 550°C.

O—Si linkages decrease in intensity at 1248,
1052, and 814 cm™!. As a result of the thermal
decomposition of the Cu-containing SiO, film, the
film defects begin to exist in the barrier film and
the copper surface becomes subjected to corrosion
by the attack of air oxygen. Due to corrosion
through the film defects, corrosion peaks begin to
appear at 645, 598, and 573 cm '. The peak at
645 cm ™! corresponds to the LO mode of Cu,O,
and the peak at 598 cm ™' is designated as the TO
mode of Cu,0. The peak at 573 cm ™ is due to CuO
formation. These corrosion peaks become stronger
with increasing heating temperature, and they
are observed as a single overlapped peak at 587
cm ! in spectrum 1.

In addition, the peak at 493 cm™ is split into
two peaks (498 and 469 cm™'). This splitting is
strongly related to the structural changes of the
infinitive siloxane network. Copper ions from cop-
per oxides, which are formed through the film de-
fects, can migrate into the SiO, film, and so a part
of the siloxane network structure is changed into
a Cu-rich phase by copper diffusion.®**® There-
fore, the Cu-rich phase is formed in the vicinity
of the film defects. The peak at 498 cm ' is as-
signed to Si—O bending in the Cu-poor phase,
and the peak at 469 cm ', to Si—O bending in the
Cu-rich phase. This splitting becomes remarkable
with increasing heating temperature. However,
the peaks from the barrier film are still observed
in spectrum I and a great part of the copper sur-

face is not corroded even at 550°C. Accordingly,
the barrier film still acts as a corrosion inhibitor
for copper even if copper corrosion proceeds
through the film defects.

Figure 8 shows the R-A spectra of the copoly-
mers with different coating thicknesses on copper
plates as a function of heating temperature. In
the thick-coated sample (2.5 um), both corrosion
peaks and the splitting of the peak are observed
at 380°C, but the Cu,0 peak is stronger than the
CuO peak. This means that copper corrosion pro-
ceeds in the wider region. In the thin-coated sam-
ple (0.5 pym), corrosion peaks are observed at
380°C and the splitting of the peak is observed at
440°C. However, the peak at 655 cm ™' (LO mode
of Cuy0) is stronger in comparison with Figure 7.
This means that the corroded part of the thin-
coated sample is wider than Figure 7 because it
has more film defects.

CONCLUSIONS

The thermooxidative degradation of poly(VI-co-
VTS) on copper plates was investigated with
FTIR-RAS. Thermal degradation on copper pro-
ceeded faster than on gold, due to the catalytic
effect of copper on the copolymer degradation.
Copper in the copolymer film as well as copper on
the copper surface acted as a catalyst of thermal
degradation of the barrier film. In addition, cop-
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per in the copolymer film participated in SiO, film
formation and formed Cu-containing SiO, film.
However, as heating temperature increases, the
thermal decomposition of Cu-containing SiO, film
proceeded. Thermal decomposition of Cu-con-
taining SiO, film caused the film defects and cop-
per corrosion proceeded through these film de-
fects. The formation of the film defects was easier
in the thinner-coated sample, but thick-coated
film is prone to crack formation due to the residual
stress in the film. At 550°C, the barrier film still
acted as a retardant of copper corrosion even if
some copper oxides were formed through the film
defects.
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