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Abstract Dissolution inhibition capabilities of benzotria-
zole (BTAH) and ammonium dodecyl sulfate (ADS) are
investigated, in combination with -alanine, as a complexing
agent for applications in electrochemical mechanical plan-
arization (ECMP) of copper. Cu electrodissolution is
induced by linear sweep voltammetry (LSV), and Fourier
transform electrochemical impedance spectroscopy (FT-
EIS) is combined with LSV to examine the relative roles of
the electrolyte additives in governing the surface reactions
of Cu under voltage activated conditions of ECMP. The
experiments focus on the electrochemical rather than
mechanical component of ECMP, and are designed to probe
both the individual and combined effects of BTAH and ADS
on Cu electro-dissolution in the absence of abrasion.

Keywords Beta-alanine - Copper - CMP - ECMP -
Impedance spectroscopy - Surfactant
1 Introduction

Electrochemical mechanical planarization (ECMP) offers
certain advantages over the conventional chemical
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mechanical planarization (CMP) method used in the fab-
rication of semiconductor microchips [1-6]. Achieving an
adequate combination of complexing agents and dissolu-
tion inhibitors is critical to designing efficient ECMP
solutions. In ECMP of Cu, the surface layer removal step is
primarily controlled by voltage activated electrodissolu-
tion, and often complexing agents are used in combination
with oxidizers to promote multiple branches of these
reactions [1-5]. Generally, a dissolution inhibitor is nec-
essary in ECMP to form thin passivating films on the
surface [6]. These films protect recessed regions from
dissolution as the protrusions are removed by mechanical
as well as chemical and electrochemical processes [1, 2].
However, all such inhibitors may not necessarily function
efficiently with all the commonly used complexing agents.
In addition, when used in large concentrations (>10 mM),
certain dissolution inhibitors, including the commonly used
benzotriazole (BTAH), tend to leave insoluble debris
resulting in scratches on the finished surface [7, 8]. Due to
these reasons, there has been considerable interest in recent
years in developing novel combinations of complexing
agents and dissolution inhibitors for CMP applications [9—
11], and these efforts are now expanding to the field of
ECMP [6, 7]. Our present report addresses this subject of
dissolution inhibition for ECMP of Cu using low concen-
trations of BTAH (1-5 mM) and an anionic surfactant,
ammonium dodecyl sulfate (ADS), in combination with
a relatively less explored complexing agent, f-alanine
(3-aminopropionic acid).

Previously we have studied the general surface chemis-
tries of BTAH and ADS for CMP and ECMP of Cu using
glycine as a complexing agent [6—8]. More recently, we
have tested f-alanine as an alternative complexing agent of
glycine [12], together with ADS and BTAH used as inhibitors
for CMP of Cu [13]. In our present work, we extend our
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investigation of the f-alanine system to the case of voltage
activated Cu dissolution for ECMP. The advantage of using
f-alanine as a complexing agent is that it might be useful to
increase the polish rates while maintaining relatively low Cu
dissolution, which is a main requirement for achieving high
planarization efficiencies. This has been noted in a recent
study, where f-alanine in comparison with glycine (at
pH = 4.0) was found to yield lower dissolution rates but
similar polish rates in CMP of Cu [12, 13]. This effect has
been attributed to the increased chain length of f-alanine,
based on the observation that the degree of complex for-
mation by Cu and Cu oxides with certain amino acids
decreased with increasing distances between the functional
groups of the amino acid molecules [12, 14].

Electrodissolution of Cu (a coupon electrode) is induced in
this work by applying linear sweep voltammetry (LSV). ADS
is used at 3 mM concentration, where dense surface aggre-
gates of dodecyl sulfate (DS™) hemi-micelles are formed [7].
The surface protection efficiency of ADS on Cu is compared
with those of BTAH and a mixed inhibitor system, 1 mM
BTAH + 3 mM ADS. Thus, five different sets of measure-
ments are performed (all at pH = 4.0) using: (a) A reference
solution (Ref) of 0.13 M f-alanine + 0.8 wt% H,0, (oxi-
dizer); (b) Ref + 1 mM BTAH; (c¢) Ref + 5 mM BTAH,;
(d) Ref + 3 mM ADS; (e) Ref + 1 mM BTAH + 3 mM
ADS. The experiments involve LSV, linear polarization
resistance (LPR) measurement, and Fourier-transform elec-
trochemical impedance spectroscopy (FT-EIS). The main
utility of FT-EIS in this study is that it allows rapid collection
(typically in 1 s) of full impedance spectra in the presence of
interfacial reactions, avoiding any measurable surface modi-
fications during data recording [15]. Electrode equivalent
circuits (EECs) representing different branches of simulta-
neously occurring surface reactions are obtained from
complex nonlinear least square (CNLS) analysis of the EIS
data [16]. A reaction scheme is proposed to explain the rela-
tive roles of the complexing agent, the corrosion inhibitors,
and the oxidizer (H,O,) in controlling dissolution and
passivation of the Cu surface.

2 Experimental
2.1 Materials

Cu coupons (99.999% pure, from Alfa Aesar) of rectan-
gular shapes (1.7 x 1.6 cm” area, 0.1 cm thickness) were
used as working electrodes (WE) in a three-electrode glass
cell with a Pt counter electrode and a reference saturated
calomel electrode (SCE). A modified alligator clip pro-
vided electrical connection to the WE through the upper
part (not dipped in the electrolyte) of the Cu coupon.
Electrolytes were prepared using saturated water triply
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distilled in our laboratory and reagent grade (as received)
chemicals from Aldrich. Due to the generation of Cu®* ions
during dissolution experiments, the solutions were replaced
by fresh electrolytes before each electrochemical mea-
surement. Between subsequent tests, the Cu sample was
polished on a home-built polisher using a paste of 1 um
alumina abrasives and triply distilled water on a rotating
stainless steel base covered with Buehler MicroclothTM,
followed by thorough rinsing with triply distilled water.

2.2 Instrumentation and procedures

EIS was performed between 40 KHz and 100 Hz, with the
lower limit set according to the criteria for time resolved FT-
EIS [15]. The amplitudes (2.5 mV) and frequencies of the
190 sinusoidal waves in the AC perturbation spectrum were
selected at appropriate intervals according to considerations
of response sensitive perturbation [15]. The AC perturbation
voltage was a computer-generated noise-like signal, applied
through the digital/analog conversion channels of a data
acquisition card from National Instruments. Virtual instru-
ment (VI™) codes developed by our group using
LabVIEW™ were used to control the experiments and to
store data. The chrip-z algorithm for Discrete Fourier
Transform was used to process the impedance spectra. Real
(7)) and imaginary (Z") parts of the measured impedance
were used to obtain Nyquist spectra. The Nyquist spectra
were subjected to CNLS fitting to trial electrode equivalent
circuit (EEC) models using ZSimpWin™, and only those
circuit models resulting in <5% uncertainties in calculated
impedance elements were accepted.

Since FT-EIS was used in this work in the time-resolved
(rather than the long-integration) mode, the lower limit of
the AC perturbation signal was constrained at 100 Hz. This
did not allow for polarization resistance measurement
through EIS (which would require low frequency AC
perturbation, at least down to 1 Hz). Therefore, linear
polarization resistances were measured using DC LSV. The
mass of the Cu sample was measured at different steps of
the experiments, and the solution pH also was monitored
both before and after each LSV treatment (with accuracies
of 0.01 unit and 0.01 mg, respectively). Electrochemical
dissolution rates were calculated by measuring the elec-
trode mass before and after LSV activation, and by using
the mass-difference data as discussed previously [4].

3 Results and discussion
3.1 Corrosion parameters

Figure 1 shows polarization (Tafel) plots for a Cu coupon
electrode in different solutions, where the corrosion
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Fig. 1 Potentiodynamic polarization (Tafel) plots for a Cu coupon
electrode, recorded by sweeping the voltage at 5 mV s~! from —0.6
to 0.8 V in different solutions. E and i represent the voltage and the
current, respectively. Ref = 0.13 M f-alanine + 0.8 wt% H,0,.
ADS concentration is 3 mM in C and D. BTAH concentrations
1 mM for plots B (a) and D, and 5 mM for B (b)

potentials (E.,,,) are indicated. E.,, values, in combination
with those of the corrosion currents (i..) often are taken as
qualitative measures of surface reactivity. However, for
multi-component CMP and ECMP solutions supporting
several mutually parallel faradaic reactions, this approach
may not always indicate the reactive/passive nature of the
electrode surface in a straightforward way. For instance,
surface oxides on Cu generally shift E.,, in the anodic
direction, and at the same time, these oxides tend to dis-
solve by reacting with the complexing agent(s) present in
the solution [9]. The E., values in such cases are affected
in a rather nontrivial manner by both the surface-oxide and
complex films. This effect can be rather problematic in the
measurement of Tafel plots where relatively large over-
potentials are applied allowing for the activation of
different charge transfer reactions over a sizable voltage
range [17]. The situation is further complicated if the
surface passivating agent (like BTAH) not only shifts E.q.,
but also contributes to the measured faradaic currents when
potentiodynamic polarization is applied. Under these con-
ditions, the trends observed in the values of i, are
unlikely to show any obvious correlations with
those of E.;.

Because the presently used systems include faradaically
reactive BTAH on Cu, in view of the above considerations,
we use an additional DC method, namely that of linear
polarization resistance (LPR) measurement to evaluate the
surface reactivity and passivity of Cu. LPR monitoring
usually is performed close to E.,, where the current-
overvoltage plots are linear, and R, is determined using the

Stern—Geary approach [17]: R, = Lim,_, (di/dn)_l, with
n representing the overpotential, (E—E..,). The LPR
measurements performed in the present study also are
based on this principle, but at the same time are designed to
incorporate the effects of surface modifications that would
occur in the full range of voltage activation for ECMP.
This is achieved by scanning the applied voltage 0.0 —
—0.6 —» 0.8 V (range used here to activate electro-disso-
lution) at 5 mVs™', and by using the linear regions
(Ecorr £ 0.05 V) of the resulting voltammograms for LPR
measurements. These linear (i—#) data (symbols) are shown
in Fig. 2, and the lines represent fits to the data to obtain
the slopes (di/dyn). It is useful to note here how the current
scale drops drastically in going from the inhibitor free (A)
to the inhibitor containing (B—D) systems.

In Fig. 3A and B, we compare the solution dependent
values of i.o and Ry, respectively. A comparison of igo
with E, in Fig. 1 indicates a lack of correlation between
the trends of the two sets of results. As explained above, this
is not surprising considering the faradaic nature of Cu-BTA
complex formation reaction [7]. In Fig. 3, however, a strong
correlation is found between the solution dependent values
of i¢orr and R,,. For the four inhibitor containing solutions, b
(Ref + 1 mM BTAH), ¢ (Ref + 5 mM BTAH), d (Ref +
3 mM ADS) and e (Ref + 1 mM BTAH + 3 mM ADS),
the i o values appear in the order i.q;; (€) < icorr (€) < fcorr
(d) < icorr (b), and the polarization conductance (1/R,,) from
Fig. 3B follows this same order. Based on this observation,
we take icor and (1/Rp) as the main parameters indicating
electrochemically measured inhibition efficiencies (/E) of
the dissolution inhibitors used here.

120 (C) Ref + ADS

-2

-120

i/pA cm

120 (D) Ref + BTAH + ADS

-120 ¢ :

-0.05 0 0.05 0 0.05
E-E../VvsSCE

Fig. 2 Current (i) versus overpotential (E-E.,;) plots used to
determine the DC linear polarization resistance of a Cu electrode.
The different electrolytes in (A-D) are the same as those indicated in
the corresponding panels of Fig. 1. The symbols are experimental
data and the lines are linear fits to the data
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Fig. 3 (A) Corrosion currents i, and (B) DC polarization resistances
R, of a Cu electrode in (a) 0.13 M f-alanine + 0.8 wt% H,0,. (Ref),
(b) Ref + 1 mM BTAH, (¢) Ref + 5 mM BTAH, (d) Ref + 3 mM
ADS and (e) Ref + 1 mM BTAH + 3 mM ADS. The values of the
measured quantities are indicated at the top of the corresponding bars

3.2 Surface reactions in the absence of dissolution
inhibitors

Let us examine the surface reactions of Cu that give rise to
the polarization currents observed in Fig. 1A in the absence
of the dissolution inhibitors. Anodic dissolution of Cu in
the form of Cu* occurs as follows [4]:

Cu = Cu*" 4 2¢". (1)
The H,O, in the solution acts to anodically dissolve Cu,
Cu + H,0, + 2H" = Cu*™ 4 2H,0, (2)

and at the same time, oxidizes bare surface areas of Cu. At
the 0.8 wt% H,O, content of the experimental solution, the
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predominant oxide species is Cu,O [18, 19]: 2Cu +
H,0, = Cu,0 + H,0. This Cu,0 can be dissolved by the
complexing agent f-alanine as noted below. At pH = 4.0, -
alanine exists predominantly in the form of HL (L =
H,NCH,CH,COO), mixed with a lesser amount of H,L"*
[14]. By noting that CuHL?** is the predominant form of the
dissociated copper-f-alanine complex at pH = 4.0, we
expect the following reactions in the Ref solution [12, 14]:

Cu,0 + 2HL + 2H" = 2CuHL*" + H,0 + 2e ", (3)
Cu + H,L" = CuHL*" 4 2¢~ + H, (4)
Cu + HL = CuHL*" 4 2¢". (5)

The anodic current branch of Fig. 1A is expected to
have contributions from the charge transfer reactions (1)
and (3-5). The corresponding cathodic branch should have
a significant contribution of oxygen reduction [3, 4]:

0, + 4H" +4e” = 2H,0. (6)

The relative roles of the complexing agent and the oxidizer
in governing electrodissolution of Cu can be noted from the
above reactions. Without H,O, and f-alanine, the only likely
channel (at pH = 4.0) for copper electrodissolution would be
in the form of Cu®* via Eq. 1. The additional routes of Cu**
dissolution in Eq. 2 become available in the presence of H,O,.
p-alanine introduces further surface dissolution in the form of
CuHL** through reactions (4) and (5). The combined effects
of H,0, and f3-alanine are manifested in reaction (3), where
the Cu,O, eventually dissolved by f-alanine, is initially
formed by H,0,

3.3 Surface reactions in the presence of dissolution
inhibitors

At pH = 4.0, BTAH exists in its neutral form, and can
nonfaradaically adsorb on both Cu and Cu,O [20, 21]. The
thickness of this chemisorbed film, denoted here as
(BTAH)™, generally is restricted to a monolayer and at low
solution concentrations (~1 mM) of BTAH [7]. Anodic
formation of the Cu-BTA complex occurs at relatively
higher BTAH concentrations (often at >5 mM) [21-23]:
Cu + BTAH = Cu-BTA + H* + e~. The Cu-BTA
complex can grow beyond a monolayer, and depending on
the magnitude and duration of the applied voltage, can
polymerize to build strong surface passivating films [21-
23]. In addition, the anodic current contribution of Cu—
BTA formation can affect the analysis of corrosion
parameters in BTAH containing systems.

In ADS containing solutions, the dissolved DS™ anions
adsorb nonfaradaically on Cu as well as on Cu-oxides [7].
This absorption mechanism is governed by electrostatic
interactions between the positively charged Cu/Cu-oxide
surface (at pH = 4.0) and the DS~ anions [6-8]. At the
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3 mM concentration of ADS used here, the adsorbed spe-
cies take the form of densely packed hemimicelles,
(DS’)f‘ld, where n is the number of DS™ ions in each unit
cell [6, 8].

The surface films of (BTAH)*, Cu-BTA and (DS_)ﬁd
can block Cu dissolution under the OCP conditions of CMP,
and this subject has been discussed in detail in our earlier
papers [6-8]. At a sufficient cathodic overpotential, the
electron transfer step of Eq. 6 could occur at a measurable
rate through minor pinholes in the oxide and/or dissolution
inhibitor films. On the other hand, for the reactions (2-5) to
occur, the Cu surface must be in direct contact with the
solution species, and the availability of this condition
becomes limited even at moderate anodic overpotentials as
the inhibitor surface films are formed. Similarly, reaction (1)
requires an intermediate step of activated complex forma-
tion involving direct adsorption of H,O molecules on Cu
[24]; this process would also be hindered in the presence of
hydrophobic BTAH and/or (DS™) films. Dissolution of
Cu,0 (Eq. 3) would be similarly restricted by the (BTAH)ad
and/or (DS_)fld films formed on Cu,O. In view of these
considerations, anodic dissolution of Cu should be largely
limited by the inhibitor films, whereas the faradaic processes
activated at cathodic overpotentials might still remain
operative to a certain extent. In fact, a careful examination of
Fig. | indicates that the overall shapes of the cathodic
branches in Fig. 1 are similar among the five different
solutions used, suggesting that the cathodic Tafel branches
are dominated by a common reaction as suggested in Eq. 6.

3.4 Voltage activated removal of Cu surface layers
using linear sweep voltammetry

Different voltage- and current-controlled activation
schemes, including pulse modulation, DC step and LSV
methods can be used for electro-dissolution of Cu in ECMP
[1-6, 25]. In the present work, we use the LSV scheme
(ranging between —0.6 and 0.8 V, scanned at 5 mV s~ '),
described in the caption of Fig. 4. This voltage activates
anodic dissolution reactions above E,,,, during the positive
scan; the reversed scans extending into the cathodic region
are included to avoid rapid buildup of dissolved electro-
dissolved Cu®* in front of the electrode surface (which
often occurs under continuous application of strong anodic
potentials [4], and subsequently tends to shift E.,. during
the experiment). The solution dependent electrode currents
are shown in Fig. 4A-D.

The anodic currents in Fig. 4 are more effectively sup-
pressed than the cathodic currents. This reinforces the point
we mentioned at the end of Sect. 3.3, that the cathodic
currents observed here are largely supported by reaction
(6), and that contributions of the reverse steps of the anodic
dissolution reactions to this current are comparatively
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Fig. 4 Voltage dependent electro-dissolution currents of Cu,
recorded in different solutions by applying two successive cycles of
a linear sweep voltage program, 0 - —0.6 - 0.8 V at 5 mV s7h
Cycles (1) and (2) are identified on the plots, and the arrows indicate
the direction of voltage scan. Ref = 0.13 M f-alanine + 0.8 wt%
H,0,. In (C), plots (a) and (b) correspond to BTAH concentrations of
5 and 1 mM, respectively

small. This in turn, implies that in spite of the cathodic
voltage region allowed in the activation profile, the anodic
dissolution reactions have sizable components that are
irreversible with respect to voltage reversal. In other words,
during a given LSV cycle, the net amount of Cu®* and
CuHL?* dissolved should be larger than the corresponding
(if any) re-deposited amounts of these species on to the
surface. Thus, a net loss in the sample mass is expected
following the LSV treatment, and this is what we observe
in the removal rate (RR) data shown in Fig. 5.

The open bars in Fig. 5 are nominal RR values, based on
the quantity (Am/T), where Am is the loss in sample mass
due to a full activation treatment (0.0 —
—06 - 08 - —06 - 08 - —0.6 - 00V), and T is
the total time of this treatment. The shaded bars in Fig. 5
represent scaled RR values, normalized as (Am/T,), where
T, is the net time that the sample actually spends above
E.o during the applied LSV profile. This normalized RR is
a more representative parameter of ECMP efficiency than
the nominal RR, because anodic dissolution reactions stop
when the voltage of the LSV drop below E_g;.

Based on the results of the electrochemical measure-
ments, we define the percentile dissolution inhibition
efficiency (/E) of a given inhibitor as

1 = L/ Re(O)] = [1/Rp] 100, 7)

[1/Rp(0)]
where [1/R(0)] and [1/R;] are the polarization conduc-
tances measured in the absence and in the presence of the
inhibitor additive, respectively; R,(0) and R, are the
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Fig. 5 Rates of electrochemical removal of Cu surface layers,
induced by LSV. The electrolytes labelled (a—e) are the same as
those labeled correspondingly in Fig. 3. The nominal removal rates
are calculated by dividing the electrochemically induced mass loss of
the sample by the total time of the applied voltage sweep. Normalized
removal rates are calculated by replacing this interval with the actual
anodic activation time during which the sweep voltage remains
above E g

corresponding polarization resistances. In Fig. 6, we plot
IE values, evaluated using Eq. 7 and the R, data from
Fig. 3, against the normalized Cu removal rates from
Fig. 5. The symbols in Fig. 6 are data points and the line
through the symbols is included to show the general trend
of the data. As expected, a clear correlation is observed
between the electrochemical and the mass-loss data in
Fig. 6.

To ensure that the electrolyte composition did not
change due to any cumulative irreversible surface reactions
during LSV, we monitored the solution pH before (pH;)
and after (pHy) each LSV treatment of the sample. The
measured pH differences, ApH = (pHspH;), for the dif-
ferent solutions are listed in Table 1, and these changes can
be considered negligible. This observation is consistent
with the reaction scheme described above, according to
which, H* ions are generated by reaction (4) and are con-
sumed by reactions (2, 3) and (6).

In addition to promoting strong surface passivation, an
effective dissolution inhibitor for ECMP (and CMP) should
provide predominantly defect-free processed surfaces. We
have discussed this topic elsewhere in detail for the pres-
ently used f(-alanine/ADS/BTAH system [13]. Based on
our earlier findings, here we briefly note that Cu CMP
solutions of pf-alanine containing >5 mM BTAH (at
pH = 4.0) tend to leave scratches on processed (at 2 psi
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f-alanine solutions under the same polishing conditions
was found to provide good quality post-polish surfaces,
while requiring a slight compromise of the overall disso-
lution inhibition efficiencies. Achieving this adequate
balance between surface defect reduction and dissolution
suppression often is more important than enhancing the
latter condition alone [7, 8]. The results of Figs. 3 and 5
presented here show that in going from the 5 mM BTAH to
the mixed inhibitor system 3 mM ADS + 1 mM BTAH,
the absolute degree of dissolution inhibition is compro-
mised by a relatively small amount, but reduction in
surface roughness should be a significant gain in the latter
case as we have shown previously [13].

3.5 Results of FT-EIS measurements

We used FT-EIS to examine if the reaction scheme pro-
posed in the discussion of the DC electrochemical results
was consistent with the AC impedance response of the Cu
electrode. Our EIS strategy here is based on the observation
that reactive interfaces supporting strong faradaic pro-
cesses like electrodissolution can be represented in terms of
the typical generalized electrode-equivalent circuit (EEC)
shown in Fig. 7A [16]. Here, R, is the uncompensated
solution resistance, Cq is an effective double layer capac-
itance that includes a series combination of the
capacitances of surface films (of oxides and/or passivating
layers), and R, is the polarization resistance providing the
ohmic path for the faradaic current flow across the inter-
face. The branch containing the general adsorption element
Z, is expected in the presence of discontinuous oxide films
and specific adsorption of dissolution inhibitor adsorbates
[26, 27]. EIS analysis can provide relative values of the
different reaction branches (that is relative efficiencies of
the surface dissolution and protection steps), as well as the
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Table 1 Impedance parameters, DC polarization conductance (1/R,) and LSV induced pH changes measured for a Cu coupon electrode in

different solutions

0.13M

p- alanine + 0.8 wt%
H202 at pH =4.0
[Ref solution (a)]

BTAH
[solution (b)]

Ref + 1 mM

Ref 4+ 5 mM
BTAH
[solution (c)]

Ref 4+ 3 mM
ADS
[solution (d)]

Ref + 1 mM
BTAH + 3 mM ADS
[solution (e)]

RJ/Q cm? 1.5 1.4 1.2 1.1 1.2

Cy/uF cm™2 0.2 1.6 1.5 1.0 1.1

R./Q cm? - 225 240 182 215
6,/kQ cm? s7%° - 1.0 1.3 2.8 35

Y//mS em™> 0 3.69 3.21 2.97 2.44
R, from EIS/Q cm® 220 - - - -

(1/R,) from DC 3.30 0.62 0.08 0.38 0.23

LPR/mS cm™2
ApH 0.01 0.00 0.01 0.00 0.00
(A) Ca On each Nyquist plot, the right-most and left-most data

W —
—W—
RP
(B) Cq
RU
_|(_
— AW
RP
© Cq
R, Ii
W\ i
Ra Wa

Fig. 7 Electrode equivalent circuits of Cu subjected to surface
dissolution and passivation. (A) A general circuit including adsorp-
tion of solution species (middle branch) and faradaic dissolution
(lowest branch). (B) Circuit used to fit experimental Nyquist plots
recorded in the absence of any dissolution inhibitors in the solution.
(C) Circuit used to fit experimental Nyquist plots recorded in the
presence of BTAH, and/or ADS dissolution inhibitors in the solution.
The elements of each circuit are described in the main text

detailed constituent elements of the adsorption branch
(kinetics of the adsorption steps) [16].

FT-EIS was carried out within & 0.05 V of E . (in the
same range as that used for LPR measurements). Figure 8
shows illustrative Nyquist plots for (A) inhibitor free and
(B) different inhibitor containing solutions, recorded at the
respective corrosion voltages of Cu (from Fig. 1) in these
solutions. Z' and Z" are the real and imaginary impedances.

points represent the lowest (100 Hz) and highest (40 KHz)
frequencies of the spectrum, respectively. The Nyquist
plots recorded at other voltages in the range of
E.or £ 0.05 V do not show any significant differences,
and this is illustrated by the two sets of EIS data in Fig. 9
recorded for the inhibitor containing systems at (A)
E.orr + 0.05 V and (B) E.,r — 0.05 V. The symbols and
the lines in both Figs. 8 and 9 represent experimental data,
and CNLS fits to the data, respectively.

In the high frequency (short time scale) region (lower left
corner) of Figs. 8 and 9, the impedance graphs for the dif-
ferent corrosion inhibitors are mutually similar, but at lower
frequencies (longer times corresponding to the upper right
sections of the plots), visible differences appear in their
shapes and values. This indicates that the inhibitor adsorp-
tion step is a relatively slow process, and this observation is
consistent with the DC (zero-frequency) results of Figs. 3
and 5, where the different effects of the different inhibitors
are clearly manifested. For the Ref solution (a), all the
Nyquist plots recorded in the E.., & 0.05 V range showed
excellent CNLS fits to the EEC of Fig. 7B; the corre-
sponding fits for the inhibitor containing solutions (b—e)
yielded the EEC of Fig. 7C. In Fig. 8A (representing the
EEC of Fig. 7B), the overall Z" values are smaller than
those of Fig. 8B (representing the EEC of Fig. 7C) due to
the presence of the phase sensitive Warburg element W, in
the latter case. A comparison of the overall Z' scales in
Fig. 8A, B indicates that the combined impedance of the Cy
and Z, branches in the presence of inhibitors is on the same
order of magnitude of R, measured in the Ref solution alone.
According to Fig. 3, R, increases at least by an order of
magnitude as the inhibitors are introduced in the solution,
and such large values of R, would not even fit on the Z' scale
used in Fig. 8. In other words, the values of R, in the
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Fig. 8 Nyquist plots for Cu recorded at E,,, in different solutions.
The detailed solution compositions are defined in Figure caption 3 as
well as in the main text. The symbols represent experimental data, and
the lines are CNLS fits to the data using the EEC of Fig. 7B (for the
plots in A above) or 7C (for the plots in B above)

presence of the dissolution inhibitors are too large to be
detected within the low frequency limit of FT-EIS. These
observations are further clarified below in terms of the EEC
models.

Figure 7B for the inhibitor free system only contains
capacitive and ohmic contributions of the double layer (Cy)
and faradic dissolution reactions (R,), respectively. Z, is
infinitely large in the absence of the inhibitors. In the
presence of inhibitors (Fig. 7C), the adsorption impedance
Z, is identified as a series combination of an adsorption
resistance R, (representing individual or combined chemi-
sorption of BTAH and ADS), and a Warburg element W,
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Fig. 9 Nyquist plots for Cu recorded (A) 0.05 V above and (B)
0.05 V below E.,, in different solutions. The detailed solution
compositions are defined in Figure caption 3 as well as in the main
text. The symbols represent experimental data, and the lines are
CNLS fits to the data using the EEC of Fig. 7C

(representing semi-infinite diffusion of BTAH and/or DS™
from the bulk solution to the Cu electrode surface). The
complex impedance of the Warburg element has the form
[16]: Zw, = 0g,(1 —j)(cu)fl/z, where o, is the frequency
independent component of W,, w is the angular frequency
of the AC perturbation voltage, and j = (—1)"2. In
Fig. 7C, R, is not detected because as we noted above, this
resistance is too large (faradaic dissolution being effec-
tively suppressed) in the presence of the inhibitors. The
R.—W, branch in Fig. 7C is also likely to have a series
contribution from an adsorption capacitance (C,), as often
found in generalized Randles circuits [16]. However, due
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to the strong adsorption characteristics of DS™ and BTAH
on Cu/Cu-oxide, the effective reactance (1/[wC,]) of such a
(high) capacitance most probably is too low compared to
the impedance of the R,—W, combination and hence, does
not manifest itself in the adsorption branch in Fig. 7C.

Table 1 presents the impedance parameters obtained
from CNLS analysis of the EIS data. The values of each
element vary only slightly (< £ 3%) within the DC voltage
range (E.or = 0.05 V) explored, and the entries in Table 1
represent averaged values within this range. The values of
R, are comparable among the different solutions, implying
that the solution resistance is governed mainly by the con-
centration of H,L*, which is the same for the different
solutions used. The effective double layer capacitance has
the form [27-29]: C4 = [(1/Cq0) + (1/Cp)]™", where Cqp is
the diffuse layer capacitance in the absence of surface films,
and C; is the net capacitance contribution of different
components of the surface films (copper oxide, complexing
agent and/or inhibitor species). In Table 1, Cq4 is lowest for
the Ref solution where the surface film is predominantly
composed of copper oxides and adsorbed f3-alanine. In the
presence of dissolution inhibitors, Cy4 increases considerably.
This is consistent with the above definition of Cg4, and
suggests that the values of Cy for the inhibitor films are
higher than those for the copper oxide and complexing agent
surface films. A comparison of the observed values of R,
indicates that the adsorption resistance for BTAH is some-
what higher than that of DS™ on Cu/Cu,0.

The values of o, for the ADS-added solutions are
noticeably higher than those of the BTAH solutions. To
clarify this observation, we note that the factors governing
the values of ¢, for the neutral and anionic inhibitor species
in the solutions are somewhat different. At and near the
OCP, the term ¢,(DS™) describing diffusion of the charged
DS™ depends primarily on the solution concentration of the
anion, whereas the corresponding term ¢,(BTAH) associ-
ated with diffusion of uncharged BTAH is affected by both
the solution concentration and the rate of adsorption of the
molecule [30]. Due to this reason, the o, terms for the two
dissolution inhibitor species are unlikely to scale in the
same proportionate way with respect to the values of their
respective diffusion coefficients. Moreover, the consider-
ably different molecular shapes of these two species do not
allow for a straightforward comparison of their diffusion
coefficients using Stokes’ law based on the assumption of
strictly spherical particles. Nevertheless, the overall size of
DS™ is considerably larger than that of BTAH, and can
represent itself as an even larger species when it forms
micelles in the solution [31]. This is also evident in the
relative thicknesses of BTAH and DS monolayer films (8—
10 and 15-20 A, respectively [7]) typically found on metal
electrode substrates. Based on these considerations, the
relatively larger values of g,(DS™) observed in Table 1 can

be linked with slower diffusion of this species compared to
that of BTAH. The mutually comparable values of ¢, found
in solutions (d) and (e) suggest that in the BTAH-DS™
mixed electrolyte, diffusion limited mass transfer of ad-
sorbates is rate limited by that of the larger species DS™ in
the mixture [16].

For the Ref solution (a), R, (220 Q cm?) found from EIS
is consistently on the same order of the corresponding R,
(300 Q sz) obtained from DC LPR measurements. The
observed discrepancy between the two values is not unusual
considering that the low frequency limit of FT-EIS used here
is rather high compared to those generally used for AC
measurement of polarization resistances [16]. In order to
explain why R, in the presence of the inhibitors is not
detected in the FT-EIS data, it is necessary to compare the
electrical admittances of the adsorption and polarization
reactions (measured in the same DC voltage range). To do
this, let us consider a situation where R, is introduced as an
additional branch parallel to the R,—W, branch in Fig. 7C. In
this case, the admittance (denoted here as Y,p) of the com-
bined adsorption and polarization branches has the form:
Yoo = Yy, + Yo, = [Yi+ (1/Ry)] +jY,. Here, Y} and Y},
are the real and imaginary parts of Y,,, respectively; Y, and
Y/ are the corresponding components of the admittance (Y,)
of the adsorption branch alone;Y! = (Z//|1Z,/*) and Y = —
z! /\Z,*). The real and imaginary parts of the adsorption
impedance Z, are denoted as Z, and Z!/, respectively. From
Fig. 7C, Z! = [R, + (c,0~ "], and —Z" = (5,0 ). By
using the last two expressions in the above definition of Y7,
the condition for not detecting R, in EIS can be written as:

R, + oaw’l/z 1
(ow™7) L (8)

Y= ~1/2y]? ~1/2)2
[Ra + (0,07 1/2)]" 4 (g,071/2) Ry

where the polarization conductance (1/R,) represents a
measure of the overall rate of surface layer dissolution.

Since Y, decreases with decreasing values of w, it is
sufficient to check the above inequality only at the smallest
value of Y, at the lowest angular frequency [27 (100 Hz)]
of the impedance spectrum [15]: Using this frequency, and
the values of o, and R, from Table 1, we calculate Y, from
Eq. 8; the results for the different experimental solutions
are listed in the fifth row of Table 1. In the seventh row of
Table 1, we also list the values of (1/R,) calculated using
the results of DC LPR measurements from Fig. 3. For all
the inhibitor solutions (b—e¢), the value of (1/R,) is at least
an order of magnitude smaller than the corresponding Y},
and clearly satisfies Eq. 8. Thus in EIS, the R,—W, branch
provides a low-resistance shunt for the AC current,
avoiding the parallel high-resistance path of R, This
explains why R, in the presence of dissolution inhibitor
adsorbates (that is, at finite values of Z,) is too large to be
detected in our FT-EIS measurements.
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4 Conclusion

Using DC and AC electrochemical techniques, we have
tested the surface dissolution inhibition efficiencies of ADS
and BTAH on Cu in H,0O, containing acidic solutions of
f-alanine. The results indicate that for ECMP applications,
effective suppression of Cu dissolution can be achieved in
this system by using 5 mM BTAH. Similar results can also
be obtained by lowering further the BTAH concentration
down to 1 mM, and mixing it with 3 mM ADS. The
(potentially defect-causing) BTAH can be eliminated
altogether from the experimental solution using 3 mM
ADS alone as the inhibitor. While the Iatter system
involves a moderate sacrifice of the dissolution inhibition
efficiency, based on our recent findings [13] it might pro-
vide a better overall combination of scratch-free polishing
and dissolution suppression. Based on the results of our DC
LSV experiments, we have presented a reaction scheme for
the chemical/electrochemical mechanisms of surface dis-
solution by f-alanine and H,O, (and surface protection by
BTAH and ADS). The EECs obtained from AC FT-EIS
emerged in full agreement with these proposed surface
reactions. The EECs obtained from EIS indicated essen-
tially comparable adsorption resistances of BTAH and
ADS on Cu/Cu,0, although the diffusion characteristics
(Warburg impedances) of the two inhibitor species in the
solution were different due to their different molecular
sizes. Furthermore, utilizing the high sensitivity of EIS to
the relative rates of simultaneously occurring parallel sur-
face reactions, we have demonstrated how the polarization
resistance of Cu dissolution drastically increased in the
presence of dissolution inhibitor adsorbates.
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