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Abstract Organic corrosion inhibitors offer a huge poten-
tial of lowering product cost and manufacturing complex-
ity in printed circuit board industry. Up to now, there is no
reliable and fast method available to classify materials
according to their ability to prevent copper from corrosion
based on kinetic data of adsorption. We investigated the
potential of the recently presented fast impedance-
scanning quartz microbalance (FIS-QCM) to perform such
studies. We selected poly(vinylimidazole) (PVI) that is
known for its excellent ability to prevent copper from
corrosion. However, kinetics and free energy of adsorption
of PVI were never investigated. This paper presents the
results of these studies. Reliable kinetic data were
obtained, and the measurements show also the excellent
frequency stability of this device that enables the detection
of very small changes in resonance behaviour of the sensor
quartz crystal, even below 1 Hz.
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Introduction

The good electrical and thermal properties of copper and its
alloys are well known. Therefore, copper plays a major role in
electronics. Despite copper showing a good resistance to-
wards corrosion [1, 2], it is well known that copper can be
affected by corrosion. Alkaline and acidic environments or
presence of chloride ions have a negative impact on copper
and its alloys [3]. It is obvious that under certain conditions
copper needs to be protected against corrosion otherwise its
good electrical and thermal properties will deteriorate.

Many inhibitors are available that prevent copper from
corrosion under the influence of a chemically aggressive
environment. The inhibitors differ in their chemical nature
and their functional groups [1]. There are a few inorganic
inhibitors such as CrO,*  [4] in contrast to organic com-
pounds where many materials have been studied and were
suggested for their use as inhibitors. In contrast to used
inorganic materials, organic compounds show less toxicity
but are less stable at elevated temperatures.

The most popular organic compounds are azole-based
inhibitors, such as imidazoles [5], diazoles [6] and triazoles
including one of the best studied compounds: benzotriazole
[7-9]. The polymer poly(vinylimidazole) (PVI) belongs also
to the group of the azole-based compounds. PVI is known as
an effective agent to prevent copper from corrosion espe-
cially at elevated temperatures including wet environments
[10, 11].

Regarding the application of corrosion inhibiting materi-
als for copper especially, the electronic industry such as the
semiconductor industry or the printed circuit board (PCB)
industry offers a couple of possibilities. Copper is widely
used as a soldering substrate in PCB industry; the protection
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of corrosion in this application is done with metal deposition
of, e.g. tin, silver or nickel-phosphorous with a thin gold
layer [12].

For cheaper applications also, organic surface protection
is used mainly for utilising benzotriazolium derivatives. Due
to the limited thermal stability of benzotriazolium coatings
in this industry, engineers are striving to a more stable
organic passivation of copper, such as PVI reported in this
work [13, 14].

Also for the interconnections of semiconductor chips to
the package, copper is used in combination with precious
metal coatings such as silver, palladium or gold to prevent
the formation of copper oxide and corrosion [15-20].

Organic corrosion inhibitors at that point offer a huge
potential of lowering product costs and manufacturing com-
plexity. Furthermore, the usage of a thin film of an organic
corrosion inhibitor for copper enables the direct intercon-
nection between two copper partners such as copper wire
bonding on a copper chip metallisation [21, 22].

The usage of this simple interconnect consists of only one
metal type, and this prevents any formation of intermetallic
phases that are known as reliability risk. One example is the
couple of gold wire interconnect to an aluminium metalli-
sation leading to brittle intermetallic phases [23].

In addition, bonding copper to a copper substrate results
in an interconnect without any interfaces because there is no
limitation of miscibility between the two metallic partners.
In contrast, at an interface between a copper substrate and a
protecting precious metal, i.e. silver, two phases (Ag and
Cu) always appear due to the miscibility limits in this
system. Fast interdiffusion between the copper and the thin
precious metal protection such as gold leads to a vanishing
of the protection layer and to a fast formation of inter-
metallic phases like Aus;Cu, AuCu and AuCu; at the
surface. Therefore, protection of copper corrosion with a
precious metal requires additional metal layers in be-
tween to minimise the interaction between the copper
and the protecting metal. One example is the usage of a
layer sequence of NiP, Pd and Au for the copper with
NiP acting as diffusion barrier [24, 25]. In this example,
the implementation of an additional nickel-phosphorous
layer further complicates the system because this layer is
recrystallising within thermal manufacturing processes and
releasing NizP [26]. Therefore, the development of organic
corrosion protection coatings for copper is one focus in elec-
tronic industry.

The first experimental results concerning the protective
ability of PVI were received by Fourier transform infrared
reflection measurements [10]. The work presented here aims
to study the formation of PVI films with the help of the
quartz crystal microbalance to receive kinetic data. Conven-
tional electrochemical polarisation measurements for equi-
librium investigations were also used.
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Experimental section
Materials

N-vinylimidazole (>99 %), azobis(isobutyronitrile) (98 %)
and disodiumtetraborate (99 %) were purchased from
Sigma-Aldrich. Toluene (>99 %) was purchased from Acros
Organics, and methanol was purchased from Merck KGaA.

Synthesis of PVI

The used polymer agent PVI was synthesised via a radical
polymerisation according to the route described elsewhere
[10]. The solution of 30 g N-vinylimidazole and 0.26 g
azobis(isobutyronitrile) in 200 mL toluene was heated to
68 °C and stirred for 2 days under nitrogen atmosphere. The
colourless precipitated polymer was washed several times
with small amounts of toluene and afterwards dried under
vacuum (10 °bar) for 4 days at room temperature [10].

Equipment

The quartz crystal microbalance studies were performed
with our recently presented [27] fast impedance (FIS)-scan-
ning quartz microbalance (QCM). QCM measurements of-
fer several well-established methods in material science [28]
useful for characterising changes related to surface morphol-
ogy or roughness [29], for physics and physical chemistry
[30] or for bioanalytics and life-sciences [31, 32]. The QCM
itself is very flexible and can be combined with electro-
chemistry [33] or with spectroscopic methods such as sur-
face plasmon resonance spectroscopy [34]. The device that
was used for the studies presented in this article was mainly
developed by Multerer [35] and Wudy et al. [27] and is
based on a FIS technique. The region of interest comprising
the resonance spectrum of the quartz, is scanned stepwise
collecting the amplitude of oscillation potential. This fre-
quency window can be passed by at a maximum resolution
of 0.02 Hz enabling a very precise evaluation of the char-
acteristic resonance frequencies. Another major advantage
of this device is the superior data collection rate (about
500,000 s ") that enables the observation of fast reactions
at the electrode’s surface during metal deposition [36, 37] or
corrosion of aluminium cathode current collectors for lithi-
um ion batteries. [38, 39]. As copper is also a current
collector for lithium ion batteries (anode), this method may
also be useful for this application. Due to its high-level
excitation signal output, quartzes even under heavy load
caused by viscoelastic deposits, such as electropolymerised
poly(aniline) [27, 40] can be forced to oscillate and mea-
sured at very high accuracy. A fast internal fitting algorithm
[27] evaluates the series and parallel resonance frequencies
vs and v, directly after collecting the spectrum and enables
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further evaluations. We were convinced that the excellent
stability of frequency of this device enables the detection of
very small changes in resonance behaviour of the sensor
quartz crystal, even below 1 Hz, in a very good manner.
Therefore, this device was used to study adsorption, where
we expected that mono-molecular films are deposited to the
sensor’s surface, resulting in very small changes in reso-
nance frequency.

Experiments

Commercially available gold sputtered quartzes (6 MHz
standard resonance frequency; Eller, Hammersbach) were
used for investigations with the quartz crystal microbalance.
Copper was electrodeposited onto gold as reported else-
where [41-43]. The copper plated quartz crystal was
mounted in a vertical orientation in an in-house built cell
made of Teflon [43]. Within this setup, the front side of the
quartz (Cu) is in contact with the solution in the cell (see
Fig. 1). During all investigations, the solution was stirred
smoothly without influencing the QCM signal. The solu-
tions were kept at a constant temperature (298+0.05) K by a
thermostat (Haake KT 33). The synthesised and dried PVI
was dissolved in methanol and added in small amounts to

G H

Fig. 1 Drawing of the in-house built measurement cell. 4 Aluminium
jacket which is filled with the thermostatting liquid; B teflon measure-
ment chamber; C poly(etheretherketone) screw with gold contacts for
the AC signal; D steel device connected as ground; £ perfluorinated
rubber O-ring; F 0.55 in. quartz crystal; G aluminium top cover; H gas
or liquid inlet; /7, K temperature control liquid in- and outlet to thermo-
stat; and L magnetic stirrer

yield different weight fractions of PVI in the cell. The
selected weight fractions w are rather low, 1.3 % 1073, 5.0%
107, 1.5x10* and 3.3x10°*.

For the electrochemical polarisation studies, an electro-
chemical workstation type IM6 of Zahner Elektrik, Kronach
was used. The investigations were performed in an aqueous
disodiumtetraborate buffer solution (¢=0.1 molL™', pH=
10) at 298 K [44]. As working electrodes copper specimens
with and without PVI coating, were used, Ag/AgClg, as
reference electrode and a platinum wire as counter elec-
trode completed the setup [45]. Adsorption was per-
formed by immersing the copper specimen in a dilute
solution of PVI in methanol at the following weight
fractions w of PVI in methanol: 0.01, 0.025, 0.05 and 0.1.
For comparison, an uncoated specimen was electrochemically
polarised as well.

Theory

The results of the QCM measurements, as well as the results
of the polarisation experiments can be discussed with refer-
ence to the Langmuir model. The fundamental approach of
the Langmuir isotherm is given in Eq. 1 [46].

%: ads(l *Q)W*kdese (1)

In Eq. 1, O represents the surface coverage of copper
with PVI, ¢ is time, k,4s means the kinetic adsorption con-
stant, k4es the kinetic desorption constant and w the mass
fraction of the inhibitor, in our case PVI. Equation 1 can be
solved by yielding the following expression for the surface
coverage O [46].

w

O(t) = [1 — exp(—(kadsW + kdes)?)] (2)

w + kads

Equation 2 can be simplified by replacing % by a
W ags
constant K, and also by replacing kps.

kobs = kagsW + kges (3)

The resulting Eq. 4, with the two parameters K and ks
can be used to fit the received quartz crystal microbalance
data [46]. The fitting equation can be applied directly to the
measured data, because the change in serial resonance fre-
quency Ay is proportional to the surface coverage © (2).

O(t) = Ki[l — exp(—kovst)] (4)

Using the linearity between w and k., (see Eq. 3),
the values for k,qs and kg, are received. For the inter-
pretation of the polarisation data, an equilibrium case is
discussed. In this case, the derivation of © with respect
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to time ¢ (Eq. 1) is equal to zero. This leads to the
following expression (Eq. 5).

kads(l - @)W = kges© (5)

Rearranging yields the Langmuir isotherm in the equilib-
rium case (Eq. 6)

©) _ kags

1_Q_kdesw

A linear relation between & and w (Eq. 7) can be
achieved, and again information about k,qs and kg5 are
available [47].

(6)

W ks

== +w 7

&) kads ( )
The values for the surface coverage © are obtained from

the polarisation data, by applying the Tafel plot (Fig. 6). The

received value for the current density j is used to calculate ©

(Eq. 8) [48].

o 10 _—ji
Jo

In Eq. 8, j, represents the current density of an uncoated
copper specimen, and j; is the current density by coating the
specimen with PVI. The kinetic approach and the equilibri-
um case deliver information about k.4, and k4.,. Those
quantities are needed to receive the free adsorption energy
AG 4 by introducing the adsorption constant K (Eq. 9) [44,
46].

(8)

kads

des

©)

AGygs = —RTln( ) = —RT In(K)

In Eq. 9, R is the universal gas constant and 7 is the
thermodynamic temperature.
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Fig. 2 QCM measurement with weight fraction wpy;=3.3% 1074, ex-
perimental data (squares; only every tenth measurement is shown) and
Langmuir fit (solid line)
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Fig. 3 QCM measurement with two different w of PVI (3.3x107*
(error marks) and 5.0x10° (squares; every fifth measurement is
shown for both mass fractions))

Results and discussion
FIS-QCM measurements

Frequency changes Ay versus time ¢ are obtained via inves-
tigations with the FIS-QCM. The frequency change Avy is
linked to a change in mass Am at the surface of the quartz
according to Sauerbrey’s law [49—51] if neither the surface
of the quartz is affected nor the properties of the solutions
are changed. These restrictions are valid here, as only ad-
sorption from very dilute solutions is studied. The results of
the investigations (see Fig. 2) show a fast decrease in fre-
quency with time as expected. The measurements show that
the polymer adsorbs quickly onto the copper plated quartz
crystal surface and thus increases the mass of the quartz by a
small amount.

0.12

0.10 |-

0.08 |-

0.04 -

1 1 1 1
0.00 0.01 0.02 0.03

100 w

Fig. 4 Linear fit of ku.s vs. w (calculated results (error marks) and
linear fit (solid line))
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Fig. 5 Polarisation measurements with various mass fractions w of
PVI (buffer (squares), 0.1 (circles), 0.05 (diamonds) and 0.01 (error
marks); every 100th measurement is shown for all mass fractions)

In Fig. 3, different mass fractions w of PVI were com-
pared. It becomes evident that the lower mass fraction takes
a longer time to reach an equilibrium state than the larger
one.

The kinetic effect observed by comparing two different
mass fractions in their adsorption behaviour can be
explained by Langmuir’s isotherm model. The linear rela-
tion between ks and w is used (Eq. 3) to obtain the kinetic
constants. The slope is proportional to kuqs (292 s ') and the
axis intercept is proportional to kges (0.018 s ') (Fig. 4).

The free adsorption energy AG 4 can be calculated from
the adsorption constant K (Eq. 9). It is the quantity that
allows comparing different species regarding their ability
to be adsorbed onto copper surfaces and to prevent copper
from corrosion [44, 46]. In our QCM studies, we obtained a
value of =24+ 1 kJmol " for AG,q, including its uncertainty.

Inj (j/ pA cm?)

1 Il Il
-0.1 0.0 0.1 0.2 0.3

UI'V vs. Ag/AgCI_

Fig. 6 Tafel plot for w=0.025 and linear fit
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Fig. 7 Linear fit of & vs. w calculated results (error marks) and linear
fit (solid line))

Polarisation measurements

In Fig. 5, three polarisation experiments are shown. To quan-
tify the effect of PVI, again the Langmuir isotherm is applied.

As already mentioned, the Tafel plot (Fig. 6) was applied to
evaluate the current densities ; for the different mass fractions w.

The linear relation &=/ (w) (see Fig. 7 and Eq. 7) yields
K, which then was used to obtain another estimation of the
free adsorption energy AG,qs.

The analysis of different mass fractions w of PVI leads to
a free adsorption energy of —13+1 kJmol . Weight frac-
tions for the polarisation studies were larger than for QCM
studies, but it was not possible to reach a surface coverage
of nearly 100 %. Inhibition is quite independent from the
weight fraction of PVI (Fig. 5). A similar effect was ob-
served for stainless steel in acidic solution, but no value for
the free adsorption energy was given there. Due to the fact
that there were only two different concentrations inves-
tigated, no calculations could be done with the available
data [52].

Conclusions

Currently, we check the potential of our FIS-QCM for
several studies including corrosion, determination of solu-
bility of solids in liquids, and reported in this study, corro-
sion inhibitors. The studies show the excellent frequency
stability of this device that enables the detection of smallest
changes in resonance behaviour of the sensor quartz crystal,
even below 1 Hz. Measurements with the FIS-QCM show a
very fast adsorption of PVI at copper. Saturation for PVI
adsorption at copper is seen already after about 1 min.
Polarisation measurements show a positive effect regarding
corrosion inhibition, but the effect is quite independent from
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the weight fraction, in agreement to the reported behaviour
at stainless steel devices. In contrast, QCM measurements
clearly show that different mass fractions strongly affect the
adsorption behaviour. This result may also explain the large-
ly different results for the free adsorption energy AG 4
from both methods, i.e. —24+1 and —13+1 kJmol ', respec-
tively. Kinetic constants of adsorption and desorption, re-
spectively are k,qs=292 s ' and kye=0.018 s .
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