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Abstract

Electrochemical mechanical polishing (ECMP) has emerged as a promising alternative to
conventional chemical mechanical polishing (CMP), particularly for addressing challenges in
planarizing ruthenium (Ru)—a critical barrier-layer material in advanced copper interconnects. This
study systematically investigates the triboelectrochemical behavior and underlying mechanisms of
ruthenium during ECMP, with a focus on the effects of mechanical power (induced by load and
rotational speed) and applied potential. Through open-circuit potential measurements,
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS), we demonstrate
that mechanical energy input significantly enhances electrochemical reactions, with rotational speed
exerting a more pronounced influence than applied load. Notably, the corrosion potential increases
with load at constant speed, while the friction coefficient rises as rotational speed decreases. EIS
analyses further reveal that higher rotational speeds promote the formation and growth of a thicker
passive oxide film on ruthenium surfaces. These insights provide a theoretical foundation for
optimizing ECMP processes toward high-efficiency, high-selectivity, and low-damage planarization
of Ru-based interconnect structures.

Keywords: electrochemical mechanical polishing; ruthenium; mechanical power; load; rotating
speed;applied potential

1. Introduction

As integrated circuit (IC) technology nodes continue to shrink to 10 nanometers and below,
challenges such as resistance-capacitance (RC) delay, electromigration reliability, and interfacial
stability in copper (Cu) interconnect structures have become increasingly prominent, emerging as
critical factors constraining further improvements in device performance [1-3]. To reduce RC delay
and enhance integration density, Cu interconnects must be integrated with low-dielectric-constant
(low-k) materials within dual-damascene structure [4-6]. However, low-k dielectric materials
typically exhibit low mechanical strength and are prone to damage, making them susceptible to
surface defects caused by excessive pressure during traditional chemical mechanical polishing (CMP)
processes. This poses significant challenges for planarization technology [7-10]. In advanced
manufacturing nodes, the thickness of the barrier layer has been reduced to below 3.3nm. The
traditional tantalum/tantalum nitride (Ta/TaN) bilayer structure struggles to meet requirements due
to its high resistivity (Ta: 14 pQ-cm; TaN: 200 u€2-cm) and process complexity [11]. Ruthenium (Ru),
a representative platinum group metal, has gained widespread recognition as one of the most
promising novel barrier layer materials since its proposal by Chyan et al. [12] and Josell et al. [13] in
2003. Its advantages include low resistivity (7.1 p€)-cm), high melting point (2250°C), excellent
adhesion to copper, outstanding resistance to electromigration, and the ability to enable direct
electroplating without a copper seed layer [14-16]. Research by Arunagiri et al. [17] further confirmed
that a 5 nm-thick Ru film can effectively block copper diffusion into silicon at temperatures up to
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450°C. Consequently, at the 14 nm node and below, Ru is progressively becoming the preferred
material to replace Ta/TaN [18-20].

In copper interconnect manufacturing, chemical mechanical polishing (CMP) is a critical process
for achieving both global and local planarization [21,22]. As technology nodes advance below 14
nanometers, the CMP process for copper thin films has evolved from the traditional two-step method
(removing bulk copper and residual copper) to a one-step method. This approach not only requires
high-efficiency copper removal but also demands precise stopping on the ruthenium barrier layer,
imposing extremely stringent requirements on the removal rate selectivity between copper and
ruthenium (typically needing to be greater than 100:1) [2,3,22]. To overcome the inherent drawback
of traditional CMP, which is prone to causing mechanical damage when processing low-k materials,
electrochemical mechanical polishing (ECMP) technology has emerged. ECMP synergistically
combines electrochemical dissolution with mechanical abrasion. By precisely controlling the
electrode potential to regulate the formation and removal of surface oxidation/passivation layers, it
holds the potential to achieve efficient and highly selective planarization at lower pressures,
demonstrating broad application prospects [23-25].

The core performance of ruthenium CMP/ECMP processes lies in the formulation design of the
polishing slurry (or electrolyte). Research indicates that the oxidizer is key to affecting the ruthenium
removal rate. KIO,, as a strong oxidizer, has been extensively studied. However, its excessively strong
oxidizing power may lead to the formation of a thick and dense oxide layer on the ruthenium surface,
which can instead hinder removal and exacerbate galvanic corrosion of copper [26-30]. In
comparison, H,O, is relatively milder but often requires synergistic use with complexing agents (such
as EDA, DTPA-5K) to enhance efficiency [31,32]. Recently, new methods such as the KIO,/Felll-NTA-
based advanced oxidation system [1], and utilizing UV-activated K;5,0s [33] or Al,Os particles to
catalyze H,O, to generate -OH radicals [34] have been developed. These methods significantly
increase the ruthenium removal rate by generating highly active oxidizing species.

Suppressing galvanic corrosion and achieving high selectivity represent another major challenge
in CMP for ruthenium-based copper interconnects. The combination of BTA with ascorbic acid [29]
or potassium molybdate [32] has been demonstrated to effectively reduce the Cu/Ru corrosion
potential difference and form a dense passivation film. In line with green and environmentally
friendly trends, eco-friendly inhibitors such as phytic acid [21,22,35], pyrazine and its derivatives
(e.g., aminopyrazine) [36], and methionine derivatives (e.g., Fmoc-Met-OH) [36] have also shown
excellent performance. Research reveals that these inhibitors often form protective layers on the metal
surface through physicochemical mixed adsorption, and their synergistic effects (e.g., HEDP with PA
[21], TAZ with PA [22], AP with sarcosine [2]) can further enhance inhibition efficiency and surface
quality.

The pH environment of the polishing solution and the choice of pH regulators are also critically
important. While inorganic bases (e.g.,, KOH) offer low cost, they may introduce metallic ion
contamination. Organic bases (e.g., AMP, DEA, TEAH) not only adjust pH but also possess functions
such as complexation, dispersion, and even surfactant properties, which help enhance the stability
and polishing performance of the slurry [37, 38]. Research has found that using AMP as a pH
regulator can achieve a remarkably high Cu/Ru selectivity ratio of 598:1 and a low surface roughness
of 0.76 nm [3].

It is noteworthy that the role of abrasives in the CMP process extends beyond mere "mechanical
abrasion.” Research by Di et al. [34] demonstrated that Al,Os particles can catalyze H0: to generate
-OH radicals via a Fenton-like reaction, significantly enhancing the chemical action on ruthenium and
achieving nearly a fivefold increase in removal rate. The KIO4/FellI-NTA system developed by You et
al. [1] even achieved a high ruthenium removal rate of 1500 A/min under abrasive-free conditions.
Meanwhile, Wu et al. [26] accomplished equivalent removal rates for Ta and Ru by controlling 10,
concentration, providing a new approach for heterogeneous surface planarization.

In the field of ECMP research, Kristin [39] systematically optimized the electrolyte formulations
for copper and ruthenium polishing through electrochemical methods. Bian et al. [29] investigated
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the synergistic effect of BTA and AA in HEDP-based electrolytes, providing an effective strategy for
controlling Cu/Ru galvanic corrosion. Electrochemical characterization techniques (such as
potentiodynamic polarization and EIS) have been widely employed to elucidate the material removal
and corrosion mechanisms during CMP/ECMP processes [40,41]. Studies indicate that the oxidation
process of ruthenium is diffusion-controlled, and the morphology and thickness of its surface oxides
(e.g., RuO2, RuO:s) are strongly dependent on the pH value of the polishing solution and the oxidizer
concentration [30,41]. Jiang et al. [42] systematically investigated the regulatory mechanism of ionic
strength on the CMP performance of ruthenium in H,O,-based polishing slurries.

Although scholars worldwide have made significant progress in the field of ruthenium
CMP/ECMP, the understanding of several key aspects remains insufficiently deep and systematic.
These include the triboelectrochemical behavior of ruthenium during the ECMP process, the dynamic
coupling mechanism between mechanical and electrochemical energy, the dynamic formation and
removal laws of surface oxide layers under mechanical action, and the real-time synergistic
mechanisms of multi-component additives under dynamic polishing conditions.

Based on this, this paper aims to systematically investigate the triboelectrochemical behavior of
ruthenium during the ECMP process, with an in-depth exploration of the effects of applied force,
linear velocity, and applied potential on the surface state, corrosion behavior, film formation
mechanism, and material removal characteristics of ruthenium. The study seeks to elucidate the
synergistic mechanism between mechanical and electrochemical interactions at the atomic/molecular
scale, thereby providing a solid theoretical foundation and practical guidance for achieving efficient,
high-precision, and low-damage planarization of ruthenium-based copper interconnect structures.

2. Experimental

The experiment system configuration is shown as Figure 1. The ECMP tool operates in a 2D
linear motion. All electrochemical experiments were performed at room temperature with a standard
three electrode setup using Ru foil (Goodfellow Co., purity=99.9%) working electrode (WE), a copper
platen counter electrode, and a platinum foil reference electrode. The basic electrolyte composition
in the experiments consisted of 20 wt.% hydroxyethylidenediphosphoric acid (mass fraction), 0.5
wt.% benzotriazole and 0.3 wt.% ascorbic acid. In this study, the electrochemical measurements
including potentiodynamic polarization test and electrochemical impedance spectroscopy (EIS) were
carried out using a computer-controlled electrochemical analyzer, CHI604B (CH Instrument).

Linear sweep voltammetry (LSV) analysis which is irreversible potentiodynamic measurement
carried out the current change following potential increase step by step. For all potentiodynamic
experiments potential region were employed from -0.5 to 2.0 V vs.Pt at a scan rate of 5 mV s-1. All
EIS studies were performed using a 5 mV amplitude sinusoidal AC voltage signal. In order to avoid
the low-frequency signal drift, we chose the frequency range of 20Hz-20kHz through appropriate
selection of low-frequency to generate a quasi-steady-state result. The ZSimp Win version 3.1 was
used to fit the EIS data by complex nonlinear least square (CNLS) analysis. For each EIS test, the
electrode was held for 10 min to form the passive film. Tripathi et al. [43] claimed that the impedance
behavior did not vary significantly no matter whether the electrode rotate or not, hence in this work
EIS tests were performed in static condition.

For all wafer polishing experiments, the pad was perforated with holes of 1 mm diameter at
regular intervals, with an overall pad porosity of approximately 6.20%. Fresh electrolyte was used
for each experiment. Before each experiment, the wafer sample was polished by using 3000 grit sand
paper and 1 um diamond grit suspension to obtain a mirror finish.
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Figure 1. ECMP configuration with a three-electrode system.

3. Results and Discussions

3.1. Influence Mechanism of Force and Linear Velocity on the Triboelectrochemical Performance of
Ruthenium ECMP

Figure 2 shows the Tafel curves of the Ru samples measured during polishing under different
conditions. Two different loads were applied on the sample at four different rotating speeds, 10, 30,
60, and 120 rpm, respectively, under loads of 2 N and 10 N. These curves are composed of sweeping
potential on the Y axis and absolute current on the X axis in a logarithmic scale.
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(a) Static and 2N polishing at different rotating speeds.
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(b) Static and 10N polishing at different rotating speeds.

figure 2. Tafel curves obtained under different conditions.
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The relationship of the corrosion potential, corrosion current, loads and rotating speeds are
shown in Figure 3. In Figure 2 and Figure 3, the curves obtained by applying either 2 or 10 N down
force have lower corrosion potentials than that without abrasion. The reduction of Tafel curves
indicates the effect of polishing. In this tribo-process, where abrasion is generated through friction,
no matter what loads and speeds are applied, those Tafel curves follow the same trend. This means
that the ruthenium sample being polished is prone to be attacked by the anodic reactions due to less
protective oxide layer. Hence, the sample surface appears to be more active (with low corrosion
potential and high corrosion current in Figure 2 and Figure 3). This indicates that during ECMP,
electrochemical reactions can be enhanced by the increase in mechanical energy (load or rotating
speed). Figure 3 shows that the speed is more pronounced than the load.

40 0.5

—a— N Icorr —0— 2N Ecorr

By —— 10N Icorr —tr— 10N Ecorr

30 -

25+

20 -

15

Corrosion Current Teorr (PA)
Corrosion Potential Ecorr (mV)

10

0.2

static 10rpm  30rpm  60rpm 120 rpm
Polishing Condition

Figure 3. Corrosion current and potential during potentiodynamic tests.

From Figure 3, it is also interesting to note that the corrosion potential increases with an
increased load at the same speed. It can be explained by following. According to Pourbaix, Ru
appears to be a very noble metal; according to his thermodynamic data, Ru is unoxidizable in acid
solution below ca. 0.74V (SHE) or 0.10V (SMSE). Of all the Pt group elements, Ru has higher tendency
for oxidation [44]. On exposure to atmosphere, Ru forms thin layer of oxide ~0.18 nm which is
termed as native oxide or air exposed oxide [45]. Presence of native oxide on Ru can have effects on
Ru ECMP. Lee et al. [46] have shown that the native oxide covered on Ru surface is transformed to
unstable Ru20s film just after the immersion in CAN-containing acidic slurry and the OCP value of
bare Ru is greater than that of Ru20s. Since the electrochemistry of metals is important in ECMP
process, it is necessary to discuss its basic principles. The open circuit potential (OCP) is the potential
at which the metal is at an equilibrium state with the absence of any electrical perturbation, i.e. a
natural state. The corrosion potential is the potential at which there is no current flow on the metal.
Ideally, the corrosion potential is equal to the OCP. The higher the mechanical energy, the more the
oxide layer was removed and the more bare Ru was exposed.

The friction coefficient is denoted by the ratio of the friction force generated at the interfaces and
the normal force. In Figure 4, the friction coefficient was measured during polishing when applying
10 N at different rotating speeds without applied potential. In this figure, the y-axis is the friction
coefficient and the x-axis is the polishing time in seconds. The total polishing time was 20 min. It is
seen that the friction coefficient increase with the decrease of the rotating speeds. From experiments,
we also find that the friction coefficient obtained under 2 N are higher than that of 10 N under 60
rpm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Friction coefficients for different rotating speeds.

Surface changes after polishing under different rotating speeds without applied potential were
monitored electrochemically using OCP measurements. Figure 5 shows OCP measurements in
different treating conditions. The increase in OCP after LSV measurement can be attributed to a
substantial growth of a surface oxide and the increase in the ratio of cathodic to anodic area. While
there is a decrease in OCP with the increase of rotating speed, it is believed that there has been a
breakdown of a passive film on the surface either formed by an oxide or another complex that has
adhered to the surface. It is also believed that because there was a decrease in OCP that there has
been an overall decrease in the ratio of cathodic to anodic area on the WE surface [47].

06 7

04+

L [e

Static LSV  10rpm 30rpm 60rmpm 120 rpm

E (V vs.Pt)

Treating condition

Figure 5. OCP measured in different treating condition.

Impedance measurements can be used to reveal the properties of a metal surface. Figure 6 shows
Nyquist plots of impedance results at different rotating speeds under loads of 10 N. All impedance
spectra is fitted to the equivalent circuit shown in Figure 7, which exhibits two capacitive loops, one
for the solid—electrolyte interface (Re, CPE:1) and one for the passive film (Rt CPEz), while Rs
corresponds to the solution phase resistance. However, if the resistance of the passive film (Ry) is
included in the data fit, the values obtained are quite high and poorly fit, hence, this element has been
omitted from all data fits. Physically this corresponds to the presence of a thick passive film whose
thickness is poorly determined. Metal surfaces are known to be quite heterogeneous due to surface
topography as well as consequent variations in reaction rates. This can be incorporated into
impedance models phenomenologically by replacing the capacitances in the equivalent circuit of
Figure 6 with constant phase elements (CPE), whose impedance is [43]:

Z(CPE) = — 1)

T(jw)™
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where T is a frequency independent constant, w is the angular frequency, and n is an exponent within
the range of 0.5< n <1. When n approaches unity, the CPE behaves like an ideal capacitor, whereas
when n is 1/2, the CPE behaves like a Warburg impedance.

el 1 Static = 10pm .

1.2 ¢ 30mpm < 60rpm

e 120rpm  —Fit
10t

0.8 -

AN(Y) sz)

Figure 6. Nyquist impedance plot for different rotating speeds.

CPE;
CPE:
Al
Ry

Figure 7. Equivalent circuit model used to fit the impedance results in Figure 6.

From the research of Tripathi [43], we learned that there are only two major parameters, CPE:
and Re«, concerning about charactering the mechanical of passive film. The formation and growth of
oxide are reflected by the increase in Ret, while the value of CPE:1 decrement with the increment of the
thickness of passive film. The best-fit values for CPE: and R« from the impedance spectra in Figure 7

are shown in Table 1.

Table 1. Best-fit values for CPE: and Rt from the impedance spectra in Figure 7.

CPE1 /(F-cm™) Ret /(Q-cm?)
Static 0.0007916 (62.27) 0.3541 (9.867)
10 rpm 0.0007312 (26.95) 0.3604 (9.277)
30 rpm 0.0005719 (48.93) 0.3777 (15.88)
60 rpm 0.0005682 (33.22) 0.3814 (10.18)
120 rpm 0.0005098 (33.67) 0.4272 (9.905)

Note: The data in parentheses is the fitting error.

The value of T: decreases with the increment of the rotating speeds, while the value of R«
increase with the rotating speeds. This indicates that the thickness of passive film increases and the
formation and growth of ruthenium oxide, respectively.

3.2. Effect of Applied Potential on the Surface Characteristics of Ruthenium ECMP

Figure 8 shows the SEM micrographs of the ruthenium sample surface before and after the
application of a 1.2V potential. Figure 8 (a) displays the surface morphology of the ruthenium sample

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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after being immersed in the electrolyte for 300s without applied potential, where the small pores
observed on the surface are attributed to the manufacturing process of the ruthenium sheet. From
Figure 8 (b), it can be observed that when a 1.2V potential was applied for 300s, severe pitting
corrosion occurred on the ruthenium sample surface due to electrochemical reactions.

Figure 8. Comparison of SEM surface photographs before and after a voltage-activated process: (a) no bias
;(b)1.2V.

Table 2 presents the EDS results of the ruthenium sample surface after 300 s of immersion in the
electrolyte under different applied potentials. It can be observed from the table that with the
application of the potential, the increase in nitrogen content indicates the formation of a BTA-
containing complex on the ruthenium surface.

Table 2. Results of EDAX (mass fraction, %).

Potential/V C N (0) Ru
No bias - - 0.64 99.36
0.64 11.44 1.59 1.98 84.99
1.0 11.84 2.67 2.79 82.70
2.0 5.48 10.27 20.61 63.64

Figure 9 shows the XPS spectra of the Ru(3d) region for metallic ruthenium after 180 seconds of
polishing in the electrolyte under conditions of a 0.5 N load, 0.06 m/s linear velocity, and applied
potentials of 0.64 V and 1.2 V, respectively.

The XPS spectra from Figures 9(a) and 9(b) were fitted, each yielding two peaks. Specifically, the
peak located at a binding energy of 280.1 eV corresponds to Ru(0); the peak at 281.8 eV corresponds

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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to Ru(Ill); and the peak at 282.2 eV corresponds to Ru(IV). No Ru(VIII) was detected on the surface

at applied potentials below 1.2 V, indicating that no toxic RuO, gas was generated during the ECMP
process.

@064V e Ru©)  F—>Rul)

z
172}
a F
Q
=
.
279 280 281 282 283 284
Binding energy(eV)
) 1.2V : ;
I Ru(0) «— — Ru(IV)
21
W
=
Q
=
ot

279 280 281 282 283
Binding energy(eV)

Figure 9. XPS spectra from Ru surface of the Ru(3d) line in electrolyte containing: (a) 0.64 V; (b) 1.2 V.

In ECMP process, the electrolyte turned straw yellow at around 1.3V, which is the color of
ruthenium tetra-oxide (RuOs or H2RuOs), no matter what loads and speeds are applied [48].
Ruthenium tetra-oxide is similar to that of osmium, in terms of physical characteristics and is
considered highly toxic. However, this particular Ru oxide is also highly soluble in water and
therefore, upon the formation of this oxide in an aqueous electrolyte, Ru will be carried from the
surface.

The formation of RuOs has been known to also coincide with oxygen evolution, and is very
unstable in acidic conditions [48]. Equation 2 shows how ruthenium dissolves into solution from the
covalent state [48]:

Ru+4H,0—RuO4+8H"+8¢ 2)

Once the experiment was complete and the electrolyte and electrode were set aside, there was
an additional color change of the electrolyte, from straw yellow to a dull yellow and then finally to a
black/grayish color. This is the subsequent reduction of the soluble oxide into the insoluble hydrated
ruthenic oxide RuO2nH20 that occurs as shown in Equation 3 [49]:

RuO4+xH,0—Ru0O;,-xH,O0+0, (3)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Hydrated ruthenic oxide decreases corrosion current and it is also very active catalysts for
reactions such as oxygen evolution [49]. After experiment, on the WE surface there was some form
of black surface film, evidence that ruthenium (IV) oxide (RuO2) had been formed.

Figure 10 presents the Nyquist plots of the ruthenium surface after ECMP polishing under
different applied potentials. Table 3 lists the fitted values of the impedance parameters CPE1 and Re
obtained from the EIS data using CNLS analysis. As the applied potential increases, the value of CPE:
decreases, while the value of Rct increases. This indicates that both the thickness of the passive layer
and the growth of surface oxides on ruthenium increase with the applied potential.

1.5
o 05V A 064V
% 1.0V ——CNLS
10
g
Q
e
N. 05+
00 ._ " 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0 35
Z' (Q-cm’)
Figure 10. Nyquist impedance plot for different anodic potentials.
Table 3. Best-fit values for CPE: and R« from the impedance spectra in Figure 10
Potential / (V vs. Pt) CPE: /(F-cm??) Ret /(Q-cm?2)
0.5 0.002563 0.3746
0.64 0.001355 0.4915
1.0 0.0007592 0.6590

3.3. Comprehensive Evaluation of Influencing Factors in Ruthenium ECMP

During polishing, the material on the sample surface was removed mechanically by the friction
force existing between the sample surface and polishing pad. The mechanical abrasion through
friction contributes to the material removal. In order to understand the material removal process, it
is necessary to calculate the mechanical abrasion that can be represented by the mechanical power
introduced by the friction force.

Table 4 lists the test conditions, the average impedance and the calculated mechanical power
induced by the friction force. The mechanical power can be calculated by Equation (4):

P=VF = 27Z'WRF (4)

where P is the mechanical power in watt, V is linear speed of the polished sample, F is the average
friction force, w is the rotating speed, and R is the distance (10 mm) between the sample and the
spinning center of the platen.

Table 4. Results of mechanical power and average impedance

Group Fixed parameters Variables  Average impedance(S2) Power(W)
2N 35.6366+0.4466 0.1350+0.0132
! 60rpm/0.64V 4N 35.2091:0.4 0.1794:0.0202
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10N 33.2810+0.4190 0.3333+0.0711

10rpm 39.3130+1.293 0.0697+0.0035

2 10N/0.64V 30rpm 38.3030+0.5830 0.1249+0.0405
60rpm 33.2810+0.4190 0.3333+0.0711

0.64V 33.2810+0.4190 0.3333+0.0711

3 60rpm/10N 1.0V 42.6213+0.7113 0.4275+0.0283
1.2V 50.5326+0.5626 0.4464+0.0539

In Table 4, the variables are loads, rotating speeds, and applied potentials. In the first group, the
mechanical power increases with the increased load. The power was the highest in all polishing tests
when 10 N was applied. In Group 2, the lowest mechanical power appears at 10 rpm. The mechanical
power inclines when a higher rotating speed is used. Different potentials are applied in the third
group of experiments. In Group 3, the mechanical power increases with the elevated potential.

The friction coefficient is denoted by the ratio of the friction force generated at the interfaces and
the normal force. Figure 11 (a) shows the friction coefficient when the ruthenium sample is polished
with 60 rpm rotating speed, 0.64V (vs.Pt) potential as the different loads are employed. It can be seen
that the coefficient of friction decreases gradually with increasing the applied load . Under the lowest
load, the contact pressure is not high enough to break the passivating film and the ruthenium sample
slides against the oxide film leading to a high friction coefficient. Figure 11 (b) shows the friction
coefficients under different rotating speeds when the load and applied potential are fixed at 10N and
0.64V (vs.Pt), respectively. It is seen that the friction coefficient increase with the decrease of the
rotating speeds. From experiments, we also find that there are the stick-slip phenomena when the
speed are 10 rpm and 30 rpm, respectively. This can be explained that when the velocity decreases,
the scratch depth of ruthenium sample on the soft pad increases so that more work is needed to dig
deeper into the material. On the other hand when the velocity increases, the scratch depth decreases
so the friction force decreases. In Figure 11 (c), different potentials are applied on the Ru sample
during ECMP while the load and rotating speed are fixed at 10N and 60rpm. It can be seen that the
friction coefficient increase with the applied potential. The rise in friction coefficient may be caused
by surface roughening and the surface roughness can be increased during the dissolution and
passivation processes.
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Figure 11. Friction coefficients for different cases: (a)different applied loads at 60rpm and 0.64V
(vs.Pt);(b)different rotating speed at 10N and 0.64V (vs.Pt); (c)different potentials at 10N and 60 rpm.

The Nyquist plots in Figures 12 (a), (b), and (c) correspond to the three sets of experiments
summarized in Table 4. Figure 12 (a) shows the impedance curves when the copper is polished with
60 rpm rotating speed, 0.64V (vs.Pt) potential when the different loads are employed. It can be seen
that the average impedance decreases gradually with the increasing of the applied load. Comparing
the data listed in Table 1, it is found that the higher the mechanical power, the lower the average
impedance. The mechanical abrasion with a high power removes more oxide layer resulting in a low
impedance.

Figure 12 (b) shows the impedance results under different rotating speeds when the load and
applied potential are fixed at 10N and 0.64V (vs.Pt), respectively. The average impedance decreases
gradually with the increasing of the rotating speed. The data in Table 4 shows that at 10rpm the
average impedance is the highest, indicating the thickest oxide layer and the mechanical power is the
lowest.

In Figure 12 (c), different potentials are applied on the Ru sample during ECMP while the load
and rotating speed are fixed at 10N and 60rpm. The average impedance increases with the elevated
potential, showing the thickness growth of the oxide layer. It is noticeable that the amplitude of the
impedance in Figure 12 (c) shows a larger difference compared to that of Figure 12 (a) or Figure 12
(b). This indicates that the electrochemical reaction is more pronounced than the mechanical abrasion,
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causing the material removal rate increase with the applied potential. The growth rate of the oxide
film is not only a function of its thickness, but also the applied potential. The higher the potential, the
higher the growth rate due to extra energy.
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Figure 12. Impedance curves for different cases: (a)different applied loads at 60rpm and 0.64V (vs.Pt);(b)different
rotating speed at 10N and 0.64V (vs.Pt); (c)different potentials at 10N and 60 rpm.

We have plotted the mechanical power and average impedance against the samples tested, as
shown in Figure 13. It is interesting to see the reverse relationship between power and impedance.
The average impedance reflects the thickness of the oxide layer while the mechanical power is to
remove it. Here, we only consider the scenarios in which the load and rotating speed are variables
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because they are readily adjusted in practice. The composition of the slurry and applied potential
remained unchanged. In order to highlight the relationship, the impedance is plotted against the
input power, as shown in Figure 14. The impedance reflects the thickness of the oxide layer and it is
found to be a function of the mechanical power through load or rotating speed. This plot divides the
synergetic process into two regions, oxidation and removal. The oxidation and mechanical removal
compete with each other. The upper region is dominated by the oxidation and lower the mechanical
removal.

In order to examine how the mechanical abrasion induced by the load and rotating speed
affected the oxide layer in ECMP process, Figure 13 was plotted to show their relationships. The
potential was 0.64V (vs.Pt). The average impedance decreased with the increase of the calculated
mechanical power.

As a constant potential, the growth rate of the oxide layer declines with the increase of its
thickness, being shown by the exponentially decreasing current density. Further electrochemical
reactions are suppressed by the passive layer. On the contrary, once the oxide film is thinned, its
growth rate increases. In the ECMP process, when the oxide is removed by the mechanical abrasion
to a certain thickness, the electrochemical reactions are dominant to grow the oxide layer at a higher
rate, resulting the increase of the impedance. The electrochemical reactions forming a thick oxide
layer are weakened by the increase of the thickness, Then, the mechanical abrasion is more
pronounced than the electrochemical reactions to removal the oxide, causing the declination of the
impedance. This is the mechanism of the material removal in ECMP.

Figure 13 shows the relationship between frictional power and impedance magnitude at an
applied potential of 0.64V. As can be seen from the figure, the calculated frictional power under
various conditions exhibits an opposite trend to the impedance. Figure 14 further illustrates the
correlation between impedance and frictional power (i.e., the impedance decreases with increasing
frictional power). This plot can be divided into two distinct regions, representing the oxidation and
removal processes, respectively. The upper region is dominated by oxidation, while the lower region
is dominated by mechanical removal.

In the ECMP process, applying an anodic potential promotes electrochemical reactions,
facilitating the formation of a thicker oxide layer. These two mechanisms—oxidation and removal —
compete with each other. Mechanical abrasion induced by pressure, linear velocity, and the polishing
pad removes the oxides formed on the metal surface, reducing the thickness of the oxide layer.
Material removal in metal ECMP is achieved through the cyclic formation and removal of the oxide
layer.
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Figure 13. The relationship between the mechanical power and average impedance. The load and rotating speed

are the only variables. The potential is 0.64 V (vs.Pt).
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4. Conclusions

This study systematically investigated the triboelectrochemical behavior and underlying
mechanisms of ruthenium during the ECMP process, yielding the following key conclusions:

(1) Potentiodynamic polarization analysis demonstrated that increased mechanical energy
input, induced by either applied load or rotational speed, enhances electrochemical reactions during
Ru ECMP. Notably, rotational speed exerts a more pronounced influence than the applied load.
Furthermore, at a constant rotational speed, the corrosion potential shifts positively with increasing
load.

(2) The coefficient of friction was observed to increase with decreasing rotational speed.
Conversely, Open Circuit Potential (OCP) measurements indicated a decrease in OCP with increasing
rotational speed, suggesting the disruption of surface passive films. Electrochemical Impedance
Spectroscopy (EIS) confirmed that higher rotational speeds promote the formation and growth of a
thicker passive oxide layer on the ruthenium surface.

(3) Single-frequency EIS analysis identified the applied potential as the primary factor
influencing oxide layer formation during Ru ECMP, with frictional work acting as a secondary
influencing factor.

(4) Surface characterization revealed that the formation of BTA-containing complexes on the
ruthenium surface increases with the applied potential in the electrolyte, as evidenced by EDS
analysis. XPS analysis confirmed the absence of toxic RuO, gas generation at applied potentials below
13 V.

(5) The interplay between mechanical abrasion and electrochemical reactions governs the
material removal mechanism in ECMP. An inverse relationship was established between the
calculated mechanical power (from load and speed) and the measured average impedance (indicative
of oxide layer thickness). This synergy delineates the process into two competing regimes: an upper
region dominated by electrochemical oxidation (thickening the oxide layer) and a lower region
dominated by mechanical removal (thinning the oxide layer). The cyclic formation and removal of
this oxide layer facilitates efficient material removal.

These findings provide a fundamental theoretical basis and practical guidance for optimizing
ECMP processes towards achieving high-efficiency, high-selectivity, and low-damage planarization
of ruthenium-based copper interconnect structures.
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