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In tungsten (W) film chemical-mechanical-planarization (CMP), the chemical and mechanical reaction behaviors of the W film
surface play a critical role in the CMP performance, as determined by oxidation (i.e.,WO3), corrosion (i.e., WO4

2−), and the
electrostatic force at the interface between abrasives and the surface. Unlike a conventional catalyst (i.e., Fe(NO3)3) for a Fenton
reaction in a CMP slurry, a new catalyst ((i.e., potassium ferric oxalate: K3Fe(C2O4)3)) and a new nano-scale (i.e., 23 nm in
diameter) abrasives (i.e., Zirconia:ZrO2) provides specific CMP performance behavior: the maximum W-film polishing rate and a
corrosion-free surface are achieved at a specific catalyst concentration (0.03 wt%), and the number of remaining abrasives adsorbed
on the W film surface after CMP decreases with increasing concentration of the K3Fe(C2O4)3. These CMP performance
characteristics are associated with the following results: (i) The degrees of two different CMP mechanisms (oxidation-dominant or
corrosion-dominant) determine the corrosion-free surface of W film. (ii) The dependency of the electrostatic force at the interface
between abrasives and the film on the K3Fe(C2O4)3 concentration determines the polishing rate. Finally, (iii) the zeta potential
distribution at the interface between the abrasives and the film directly affects the number of remaining abrasives on the surface
after CMP.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0 License (CC BY-
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Recently, dynamic random access memory (DRAM) and NAND
flash memory cells fabricated with an n-type metal-oxide-semicon-
ductor field-effect transistor (n-MOSFETs) and selector have been
scaled down below 20 nm.1,2 In addition, n-MOSFETs for applica-
tion processor (AP) and CPU devices have been scaled down below
3 nm.3 Integration of such memory cells and n-MOSFETs in APs
and CPUs essentially requires tungsten (W) wiring and plugs. In
particular, the number of W wiring and plugs in DRAM, NAND
flash memory, AP, and CPU devices has been rapidly increasing as
memory cells and n-MOSFETs have been continuously scaled
down.4,5 Furthermore, an n-MOSFET with a W buried-gate structure
in DRAM below 20 nm has been introduced to overcome the short-
channel effect.6 Such W buried-gate n-MOSFETs and W wiring and
plugs have been fabricated through nanometer-scale W film deposi-
tion on a buried gate with a trench structure and a metal line and plug
with a damascene structure, followed by W-film chemical-mechan-
ical-planarization (CMP). In particular, the critical parameters of the
W-film CMP performance are a higher polishing rate for the bulk W
film, the polishing rate selectivity between the W and SiO2 films and
a barrier layer such as a TiN film, a complete lack of dishing and
erosion of the remaining W film after CMP, and less abrasive
adsorption on the surface of the remaining film. Thus, the under-
standing of the chemical and physical reaction behavior at the
interface between the W-film surface and colloidal abrasives in a
CMP slurry has been extremely important for future coming nano-
scale semiconductor devices.

Kauffman et al reported that the W-film CMP is performed by a
circulation mechanism. This mechanism produces tungsten oxide
(WO3) by oxidizing the W film surface with an oxidant and a
catalyst, mechanically polishes the WO3 by rubbing at the interface
between the abrasives and the W-film surface, and then forms and
polishes the WO3 again and again; this is called chemical-

mechanical dominant CMP.7,8 The formation of the WO3 layer on
the W film surface is an important factor in determining the W-film
polishing rate, surface roughness after CMP9,10 and preventing
dishing, and it strongly depends on the colloidal abrasive material
and Fenton reaction between the oxidant and catalyst in the CMP
slurry.11–14 Note that the slurry for W-film CMP consists of colloidal
abrasives, an oxidant, a catalyst, a stabilizer, an inhibitor, a pH
titrant, and deionized water (DIW). In general, colloidal silica has
been used as an abrasive in CMP slurry, H2O2 has been commonly
used as an oxidant,12,13,15,16 and iron(III) nitrate (Fe(NO3)3)

11,17–21

and potassium ferricyanide (K3Fe(CN)6)
13,22,23 have been widely

used as a catalyst. In particular, those catalysts chemical reacted with
the H2O2 oxidant, which provokes a violent Fenton reaction,24–27

increasing the temperature of the slurry and effervescing it.28 Note
that Fenton reaction is an exothermal chemical reaction so as to
enhance greatly the decomposition of the H2O2 oxidant into H2O
and soluble oxygen in the slurry via chemical reaction between ferric
catalyst and H2O2 oxidant, increasing the W-film polishing-rate. In
addition, the catalyst concentration must be sufficiently high, i.e.,
greater than 0.1 wt%, to obtain a sufficiently high W-film polishing
rate. Unfortunately, such a relatively high catalyst and a high
oxidizer concentration can easily induce corrosion of the W-film
surface9 and agglomeration of abrasives with the bubbles via a
Fenton reaction, leading to poor stability of CMP slurry with an
oxidant (i.e., H2O2). In contrast, a lower catalyst concentration leads
to better stability.28

To solve these problems, we introduce a new ternary catalyst,
potassium ferric oxalate (K3Fe(C2O4)3), which provokes less of
Fenton reaction by being ionized to K3+ and [Fe(C2O4)3]

3− in an
aqueous solution as shown in Supplementary Fig. S1 available
online at stacks.iop.org/JSS/9/054001/mmedia, which has not been
reported yet. Moreover, to prevent dishing in W-film CMP, we
applied a mechanically dominant CMP approach using nanocrystal-
line colloidal-zirconia (ZrO2) abrasives in the slurry, which has not
been reported either. The W-film surface is considerably hard; i.e.,zE-mail: parkjgL@hanyang.ac.kr
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Mohs hardness of 7.5 GPa. Hence, the W-film surface should be
chemically oxidized by forming a WO3 layer on the W-film surface,
resulting in a softer W-film surface (i.e., Mohs hardness of 5.0–-
7.0 GPa). So as to enhance W-film polishing rate, a harder abrasive
such as colloidal crystalline ZrO2 (i.e., Mohs hardness of 8.0 GPa)
would be essentially necessary, compared to colloidal amorphous
SiO2 (i.e., Mohs hardness of 6.0–7.0 GPa). Thus, for W-film CMP
using nanocrystalline colloidal-ZrO2 abrasives in the slurry, we
investigated the dependency on the K3Fe(C2O4)3 catalyst concentra-
tion of the W-film CMP performance, including the W- and
SiO2-film polishing rates, the polishing-rate selectivity between the
W and SiO2 films, the static etch rate (SER) of the W film, the
surface morphology and roughness, and colloidal abrasive adsorp-
tion on the W and SiO2 film surfaces. In particular, in order to
understand surface chemical and mechanical reaction at interface
between W-film and nanoscale colloidal-ZrO2 abrasives for CMP
using K3Fe(C2O4)3 catalyst, the dependency mechanism of the W-
film CMP performance on the K3Fe(C2O4)3 concentration was
analyzed in terms of the film characterization of the W film surface
as obtained by X-ray photoelectron spectroscopy (XPS), the corro-
sion potential and current obtained using a potentiostat, and the zeta
potentials of the nanocrystalline ZrO2 colloidal-abrasives, SiO2 film
surface, and W film surface, obtained using a particle analyzer.

Materials and methods

Materials.—The slurry used in this study consisted of abrasives,
a pH titrant, an oxidant (H2O2), a catalyst, and DIW. The abrasives
were nanocrystalline colloidal-zirconia (ZrO2) particles with an
average primary diameter size of approximately 23 nm. They had
a rounded crystalline fringe and a monoclinic crystal structure. The
concentrations of the colloidal abrasives and the oxidant were fixed
at 1.2 and 1.5 wt%, respectively. A concentration of 0.2 wt% of an
anionic polymeric dispersant of the polycarboxylic-acid type was
added to disperse the abrasives in the DIW through stirring. Various
slurries with different K3Fe(C2O4)3 concentrations (0.001–1.0 wt%)
were prepared. All slurries were titrated to pH 2.3 with HNO3.

Methods.—CMP conditions.—To investigate the CMP perfor-
mance, we prepared two groups of 8-inch wafers: the first group had
a structure of Si substrate/SiO2 (100 nm)/TiN (100 nm)/W (600 nm),
and the second one had a structure of Si substrate/SiO2 (700 nm).
Then, the 8-inch wafers were cut into 6 cm× 6 cm square samples,
which were polished by using a polisher (POLI-300, G&P
Technology) with a CMP pad (IC 1000/Suba IV, Rohm and Haas
Electronic Materials). The polishing pressure, wafer-carrier rotation
speed, and table rotation speed were 6 psi, 70 rpm, and 70 rpm,

respectively. The slurry flow rate was 100 ml min−1. The polishing
time for both W and SiO2 films was 60 s.

Film characterization.—All coupon wafers were rinsed by DIW
and dried by nitrogen gas. To calculate the polishing rate, we
measured the sheet resistance of the W film by using a four-point
probe and the thickness of the SiO2 film by ellipsometry. The surface
morphology of the W film after polishing and static etch was
observed by field-emission scanning electron microscopy (FE-SEM)
at a 15-kV accelerating voltage. The surface roughness [i.e., an
average root mean square (RMS) roughness and peak to peak value
(Rpv)] of the W film after polishing was measured by using an
atomic force microscope (AFM) with a 2 μm× 2 μm scan area and
1 Hz scan-rate.

Electrochemical analysis.—The static etch rate (SER) of the W
film was measured with a four-point probe after dipping a
2 cm× 2 cm sample with W film into a CMP slurry with H2O2 at
70 °C for 3 min. The pad surface temperature arrived to 70 °C when
the 12-inch-wafer polishing was performed with 3-psi head pressure
so that the SER of the W film was estimated at 70 °C for 3 min, as
shown in Supplementary Fig. S2. The electrochemical behavior of
the W film was examined by taking potentiodynamic measurements
with a potentiostat. The area of W film that was exposed to the slurry
was 1 cm2. The reference electrode and counter electrode used a Ag/
AgCl electrode and a built-in Pt-coated mesh.

Zeta-potential and secondary abrasive-size.—The zeta potentials
of the ZrO2 abrasives (i.e., 23-nm in primary abrasive size), tungsten
trioxide (WO3—Sigma Aldrich, <100 nm in particle size) particles,
and SiO2 (SiO2—Sigma Aldrich, 10 ∼ 20 nm in particle size)
particles were analyzed by using a particle analyzer (ELSZ2+,
Otsuka Electronics) with electrophoresis techniques and dynamic
light scattering. Note that the zeta-potentials of WO3 and SiO2

particles approximately represent the zeta-potential of the W- and
SiO2-film surface. The secondary ZrO2 abrasive-size measured as
function of the K3Fe(C2O4)3 concentration (i.e., 0.001 ∼ 1.0 wt%).

Results and Discussion

The CMP process is a dynamic cycling process performing
chemical reaction and mechanical rubbing. To understand this
dynamic cycling process, the chemical properties (i.e., static etch
rate, potentiodynamic polarization, XPS), mechanical properties (
i.e., zeta-potential of ZrO2 abrasives, WO3− and SiO2-particles,
secondary abrasive-size), the chemical and mechanical properties (
i.e., the W- and SiO2-film polishing rate) were characterized in
detail.

Dependency of W- and SiO2-film polishing-rate on catalyst [i.e.,
K3Fe(C2O4)3]concentration.—Figure 1 shows the dependency of
the CMP performance on the K3Fe(C2O4)3 catalyst concentration in
the slurry. The performance was estimated by using slurries mixed
with 1.5 wt% of the H2O2 oxidant. The polishing rate of the W film
was only 55 Å min−1 at 0.001 wt% of K3Fe(C2O4)3, but it rapidly
increased to 987 Å min−1 when the K3Fe(C2O4)3 concentration
increased to 0.03 wt%. Then, it decreased abruptly to 300 Å min−1

when the K3Fe(C2O4)3 concentration increased to 1.0 wt%. The W-
film polishing rate thus peaked at a specific concentration of the
K3Fe(C2O4)3 catalyst, i.e., 0.03 wt%. This result completely differs
from the dependency of the W-film polishing rate on the concentra-
tion of a Fe(NO3)3 catalyst.

17 Specifically, the W-film polishing rate
rapidly increases up to a specific Fe(NO3)3 concentration and then
saturates with further increasing concentration.17,29 On the other
hand, the SiO2 film’s polishing rate was sustained at 448 Å min−1

when the K3Fe(C2O4)3 concentration increased from 0.001 to
0.005 wt%. Then, it gradually decreased to 104 Å min−1 when the
K3Fe(C2O4)3 concentration increased to 0.1 wt%. Finally, it satu-
rated at 91 Å min−1 with further increasing K3Fe(C2O4)3

Figure 1. Dependencies of the W-film polishing rate, SiO2-film polishing
rate, and polishing-rate selectivity between the films on the K3Fe(C2O4)3
catalyst concentration.
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concentration. As a result, the polishing-rate selectivity between the
W and SiO2 films drastically increased from 0.12:1 to 6.74:1 when
the K3Fe(C2O4)3 concentration increased from 0.001 to 0.05 wt%.
Then, it slightly decreased to 2.74:1 when the K3Fe(C2O4)3
concentration increased to 1.0 wt%. The selectivity thus peaked at a
K3Fe(C2O4)3 concentration of 0.05 wt%.

Dependency of chemical properties (i.e., static etch rate,
potentiodynamic polarization, surface chemical reaction) on cat-
alyst [i.e., K3Fe(C2O4)3] concentration.—First of all, to understand
the dependency of the CMP performance on the K3Fe(C2O4)3
catalyst concentration in the W-film CMP slurry, we investigated
the chemical characteristics (i.e., the SER of the W film surface)
after dipping samples into the slurry at 70 °C for 3 min. Figure 2
shows the results as a function of the K3Fe(C2O4)3 concentration in
slurries with 1.5 wt% of H2O2. Note that CMP performance is
determined simultaneously by chemical and mechanical character-
istics, and again, that the slurries consisted of nanocrystalline
colloidal-ZrO2 abrasives (1.2 wt%), the K3Fe(C2O4)3 catalyst
(0.001–1.0 wt%), the HNO3 titrant (pH 2.3), and DIW. As seen in
region I of Fig. 2, the SER of the W film slightly increased from 212
to 236 Å min−1 when the K3Fe(C2O4)3 concentration increased from
0.001 to 0.03 wt%. Then, it abruptly increased to 295 Å min−1 when
the K3Fe(C2O4)3 concentration increased to 0.04 wt%. Afterward, as
seen in region II, the SER again slightly increased, to 336 Å min−1,
when the K3Fe(C2O4)3 concentration increased to 1.0 wt%. This
result indicates that the SER of the W film increased with the
K3Fe(C2O4)3 concentration via chemical oxidation of the W film
surface (giving WO3) in region I, and then it increased with the
K3Fe(C2O4)3 concentration via corrosion of the surface in region II.
This can be seen in the SEM images in Fig. 2, as discussed later in
detail.

To confirm the different SER behavior in regions I and II, we
measured potentiodynamic polarization curves for the W film
surface as a function of the K3Fe(C2O4)3 concentration. The surface
was exposed to slurries with 1.5 wt% of the H2O2 oxidant, giving the
results shown in Fig. 3. In region I [K3Fe(C2O4)3 concentration
between 0.001 and 0.03 wt%], the anodic branches showed passiva-
tion behavior via oxidation of the W film surface, as indicated by the
circle in Fig. 3a. Otherwise, in region II [K3Fe(C2O4)3 concentration
between 0.04 and 1.0 wt%], the anodic branches presented almost
corrosive behavior, indicated by the circle in Fig. 3b. Using the Tafel
method, we calculated the corrosion potential (Ecorr) and corrosion
current (Icorr) from Figs. 3a and 3b,30 as shown in Fig. 3c. Ecorr

rapidly increased from 0.199 to 0.366 V when the K3Fe(C2O4)3
concentration increased from 0.001 to 0.005 wt%. It then saturated at

∼0.380 V as the K3Fe(C2O4)3 concentration increased to 0.03 wt%.
This result means that Ecorr was enhanced by chemical oxidation of
the W film surface (giving WO3), reaching a value of ∼0.380 V.
Thus, the surface was chemically oxidized in region I. Then,
however, Ecorr gradually decreased to 0.289 V when the
K3Fe(C2O4)3 concentration increased to 1.0 wt%. Thus, the W film
surface was corroded in region II, and the degree of corrosion
increased with the K3Fe(C2O4)3 concentration. In addition, Icorr
slightly decreased from 10−4.09 to 10−4.15 A cm−2 when the
K3Fe(C2O4)3 concentration increased from 0.001 to 0.03 wt%,
indicating that the degree of oxidation of the W film surface
increased with the K3Fe(C2O4)3 concentration in region I. Then,
Icorr rapidly increased to 10−3.74 A cm−2 when the K3Fe(C2O4)3
concentration increased to 1.0 wt%, meaning that the degree of
corrosion the W film surface increased greatly with the K3Fe(C2O4)3
concentration in region II.

In summary, the potentiodynamic polarization curve for Ecorr and
Icorr in Fig. 3 demonstrates the following: In region I [K3Fe(C2O4)3
concentration between 0.001 and 0.03 wt%], the degree of oxidation
(giving WO3) of the W film surface exposed to the slurry at 25 °C
increased with the K3Fe(C2O4)3 concentration. In contrast, in region
II [i.e., K3Fe(C2O4)3 concentration between 0.04 and 1.0 wt%], the
degree of corrosion of the W film surface exposed to the slurry at
25 °C increased with the K3Fe(C2O4)3 concentration. Thus, both
Ecorr and Icorr peaked at a K3Fe(C2O4)3 concentration of ∼0.03 wt
%, with respective values of 0.380 V and 10−4.15 A cm−2.
Comparing the dependencies on K3Fe(C2O4)3 concentration shown
in Figs. 2 and 3, it is obvious that the SER dependency of the W film
surface after dipping into slurry at 70 °C for 3 min correlates well
with the Ecorr and Icorr dependency of the W film surface exposed to
slurry at 25 °C. Thus, the chemical reaction of the W film surface
with slurries including the K3Fe(C2O4)3 catalyst showed oxidation
behavior in region I but corrosion behavior in region II.

To confirm the formation of chemically oxidized WO3-layer on
the W-film surface after CMP, the binding energy of the W-film
surface analyzed by XPS. The 4 f 7/2 and 4 f 5/2 peaks of the W-
metal were centered at 31.6 and 33.8 eV while those of the WO3

layer were centered at 35.6 and 37.8 eV,31 respectively, as shown in
Fig. 4a. Both 4 f 7/2 and 4 f 5/2 peaks of the WO3 layer slightly
increased with the K3Fe(C2O4)3 concentration up to 0.03 wt%, i.e.,
region I, and then considerably decreased with increasing
K3Fe(C2O4)3 concentration, i.e., region II. Otherwise, 4 f 7/2 and
4 f 5/2 peaks of the W-metal slightly decreased with increasing the
K3Fe(C2O4)3 concentration up to 0.03 wt%, i.e., region I, and then
greatly increased with the K3Fe(C2O4)3 concentration, i.e., region II.
The chemical composition (i.e., chemical binding energy) depen-
dency of the chemically oxidized WO3-layer on the catalyst
K3Fe(C2O4)3 concentration was well correlated with that of poten-
tiodynamic polarization behavior on the catalyst concentration in
Fig. 3 as well as that of the W-film polishing rate on the catalyst
concentration in Fig. 1.

Dependency of mechanical properties (i.e., electrostatic force
and surface topography after CMP) on catalyst [i.e., K3Fe(C2O4)3]
concentration..—Here, to understand why the CMP performance,
including the W- and SiO2-film polishing rates, depends on the
K3Fe(C2O4)3 catalyst concentration in the W-film CMP slurry, we
examined the mechanical characteristics of the CMP process,
meaning the electrostatic force at the interface between the W-film
surface and the colloidal-ZrO2. Figure 5 shows the results as a
function of the K3Fe(C2O4)3 concentration in the slurries. Each kind
of particles was dispersed in slurries with various K3Fe(C2O4)3
concentrations to measure their zeta potentials. Slurries without the
H2O2 oxidant were titrated to pH 2.3 for measuring zeta potentials of
ZrO2, WO3, and SiO2 particles. The ZrO2 particles corresponded to
the colloidal-ZrO2 abrasives, while the WO3 and SiO2 particles
represented the chemically oxidized W and SiO2 film surfaces. The
zeta potential of the ZrO2 particles slightly decreased from +4.55 to

Figure 2. Dependency of the static etch rate (SER) of the W film on the
K3Fe(C2O4)3 catalyst concentration. The SEM images of W films after
dipping into slurry mixed with the H2O2 oxidant were observed at 15 kV.
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+1.32 mV when the K3Fe(C2O4)3 concentration increased from
0.001 to 0.03 wt%, as shown in Fig. 5a.

We can understand this trend by considering the adsorption of
(C2O4)

2− ions on the ZrO2 particles in the slurry. The K3Fe(C2O4)3
molecules in the slurry decomposed into 3 K+, Fe3+, and 3(C2O4)

2−

Figure 3. Corrosion potential and current of W-film surfaces exposed to slurry with 1.5 wt% of the H2O2 oxidant, as a function of the K3Fe(C2O4)3 catalyst
concentration: Potentiodynamic polarization curves of the W-film surface for K3Fe(C2O4)3 concentrations (a) from 0.001 to 0.03 wt% and (b) from 0.04 to 1.0 wt
%. (c) Corrosion potential (Ecorr) and corrosion current density (Icorr) of the W-film surface.

Figure 4. Chemical composition of the W-film surface after CMP analyzed by XPS. (a) Surface spectra intensity vs binding energy and (b) relative percentage
vs catalyst K3Fe(C2O4)3 concentration.

ECS Journal of Solid State Science and Technology, 2020 9 054001



at pH 2.3, and the zeta potential of the ZrO2 particles in slurry
titrated to pH 2.3 without K3Fe(C2O4)3 was +5.09 mV. Thus, the
zeta potential of the ZrO2 particles in the slurries with K3Fe(C2O4)3
varied from a positive value to a higher negative value as the
K3Fe(C2O4)3 concentration increased. In contrast, the zeta potential
of the SiO2 particles became increasingly negative, from +0.20 to
−3.32 mV, when the K3Fe(C2O4)3 concentration increased from
0.001 to 1.0 wt%. This trend also can be analyzed by considering the
absorption of (C2O4)

2− ions on the SiO2 particles. The zeta potential
of the SiO2 particles in slurry titrated to pH 2.3 without K3Fe(C2O4)3
was +0.82 mV. Thus, the zeta potential of the SiO2 particles in the
slurries with K3Fe(C2O4)3 became increasingly negative with
increasing K3Fe(C2O4)3 concentration, because a higher
K3Fe(C2O4)3 concentration led to higher adsorption of (C2O4)

2−

ions on the SiO2 particles. The secondary particle-size of the SiO2

particles in the slurries were sustained with 114 nm even though the
K3Fe(C2O4)3 catalyst concentration was varied, implying that the
secondary particles in the slurry were very stable. In addition, the
zeta potential of the WO3 particles became considerably more
negative, from −18.2 to −24.12 mV, when the K3Fe(C2O4)3
concentration increased from 0.001 to 1.0 wt%. This result can be
interpreted by considering both oxidation (giving WO3) and corro-
sion (giving WO4

2−) in the slurry. Initially, the zeta potential of the
WO3 particles in slurry titrated to pH 2.3 without the K3Fe(C2O4)3
catalyst was −18 mV. Thus, the zeta potential of the WO3 particles
in the slurries with K3Fe(C2O4)3 became increasingly negative with
increasing K3Fe(C2O4)3 concentration, because the degree of corro-
sion (i.e., the amount of WO4

2−) increased with the K3Fe(C2O4)3
concentration, as explained later in detail.

In CMP, the polishing rate of a film is expressed by the Preston
equation:

· ·/ =dH dt C p v,

where p and v are the CMP polisher head pressure and the relative
velocity between the platen and the head, respectively; and C is a
function of the relative electrostatic force between the abrasives and
the film, which is calculated from the Coulombic force between
particles, pad and abrasive material property and slurry chemistry,
etc In general, a weakly attractive (negative) electrostatic force leads
to a higher polishing rate, while a strongly repulsive (positive) force
leads to a lower polishing rate. From the zeta potentials of the ZrO2,
SiO2, and WO3 particles in the slurry [Fig. 5(a)], we calculated the
electrostatic force at the interface between the ZrO2 and WO3

particles, corresponding to the relative mechanical W-film polishing

rate, and the electrostatic force between the ZrO2 and SiO2 particles,
corresponding to the relative mechanical SiO2-film polishing rate, as
shown in Supplementary Table SI. Figure 5b shows the results. The
relative attractive electrostatic force at the interface between the
ZrO2 and WO3 particles remarkably decreased in absolute value
from −82.81 to −28.29 when the K3Fe(C2O4)3 concentration
increased from 0.001 to 0.03 wt%. Then, the relative repulsive
electro-static force at the interface between the ZrO2 and WO3

particles increased greatly from +31.18 to +74.53 when the
K3Fe(C2O4)3 concentration increased from 0.04 to 1.0 wt%. This
dependency of the electrostatic force at the interface between the
ZrO2 and WO3 particles on the K3Fe(C2O4)3 concentration corre-
lates with that of the W-film polishing rate on the K3Fe(C2O4)3
concentration, as seen by comparing Fig. 1 with Fig. 5b. In region I
[K3Fe(C2O4)3 concentration between 0.001 and 0.03 wt%], the W-
film polishing rate increased with the K3Fe(C2O4)3 concentration,
because the relative attractive (negative) electrostatic force at the
interface between the ZrO2 and WO3 particles decreased with
increasing K3Fe(C2O4)3 concentration. On the other hand, in region
II [K3Fe(C2O4)3 concentration between 0.04 and 1.0 wt%], the W-
film polishing rate decreased with increasing K3Fe(C2O4)3 concen-
tration, because the relative repulsive (positive) electrostatic force at
the interface between the ZrO2 and WO3 particles increased with the
K3Fe(C2O4)3 concentration. Furthermore, the relative electrostatic
force at the interface between the ZrO2 and SiO2 particles was nearly
zero when the K3Fe(C2O4)3 concentration increased from 0.001 to
0.005 wt%. Then, the relative attractive electrostatic force slightly
increased in absolute value from 1.91 to 2.57 when the K3Fe(C2O4)3
concentration increased from 0.01 to 0.03 wt%. With further
increasing K3Fe(C2O4)3 concentration, the relative repulsive force
at the interface between the ZrO2 and SiO2 particles slightly
increased. This dependency of the electrostatic force at the interface
between the ZrO2 and SiO2 particles on the K3Fe(C2O4)3 concentra-
tion also correlates well with that of the SiO2-film polishing rate on
the K3Fe(C2O4)3 concentration. The polishing rate of the SiO2 film
was about 450 Å min−1 at 0.001 and 0.005 wt% K3Fe(C2O4)3, and
the electrostatic force was close to zero at the interface between the
ZrO2 and SiO2 particles. Then, when the K3Fe(C2O4)3 concentration
increased from 0.005 to 0.03 wt%, the polishing rate decreased with
increasing K3Fe(C2O4)3 concentration, as the relative electrostatic
force at the interface between the ZrO2 and SiO2 particles became
attractive. With further increasing K3Fe(C2O4)3 concentration up to
1.0 wt%, the polishing rate saturated, as the repulsive electrostatic
force at the interface between the ZrO2 and SiO2 particles was

Figure 5. Surface charge distributions of ZrO2, SiO2, and WO3 particles and coulombic force distributions between the ZrO2 and WO3 particles and between the
ZrO2 and SiO2 particles: (a) zeta potentials of the ZrO2, SiO2, and WO3 particle, and (b) electrostatic forces between the ZrO2 and SiO2 particles and between the
ZrO2 and WO3 particles. Particularly, zeta-potentials were measured 4 times.
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relatively low. Thus, the dependencies of the W- and SiO2-film
polishing rates on the K3Fe(C2O4)3 concentration correlate well with
those of the mechanical characteristics (i.e., the electrostatic forces
at the interface between the ZrO2 abrasives and the SiO2 and W
films) on the K3Fe(C2O4)3 concentration, as seen by comparing
Fig. 1 with Fig. 5b. For real CMP, however, we should simulta-
neously consider the chemical characteristics, as well.

Next, to fully understand the dependency of the CMP perfor-
mance on the K3Fe(C2O4)3 catalyst concentration in the W-film
CMP slurry, we observed the chemical and mechanical character-
istics simultaneously. Figure 6 shows the results, which were
obtained through SEM and AFM imaging of the surface morphology
of the W film surface after CMP. For the as-deposited W film, the
surface morphology showed rough, bumpy poly-grains with a size
range of 100–300 nm, as seen in Fig. 6a. For the same as-deposited
condition, Fig. 6f shows that the root-mean-square (Rq) and peak-to-
valley (Rp-to-v) roughnesses of the surface were 13.9 and 97.4 nm,
respectively. For the slurry with a K3Fe(C2O4)3 concentration of
0.005 wt%, Fig. 6b shows that the W film surface morphology after
CMP presented locally planarized surfaces and locally unpolished
poly-grain grooves. This was because the W-film polishing rate was
very slow (142 Å min−1) as a result of the lower degree of chemical
oxidation (WO3) of the W film surface. Thus, as shown Fig. 6g, the
Rq (8.195 nm) and Rp-to-v (57.5 nm) of the surface were reduced
slightly in comparison to those of the as-deposited surface. Next, for
the slurry with a K3Fe(C2O4)3 concentration of 0.03 wt%, the W film
surface morphology after CMP exhibited well-planarized surfaces
without locally unpolished poly-grain grooves, as shown in Fig. 6c.
Here, the W-film polishing rate was sufficiently enhanced
(980 Å min−1) by an adequate degree of chemical oxidation of the
surface. Thus, as shown in Fig. 6h, the Rq (2.0 nm) and Rp-to-v

(20.3 nm) of the W film surface were reduced remarkably as
compared to the case of using the slurry with 0.005 wt% of
K3Fe(C2O4)3. In addition, for the slurry with a K3Fe(C2O4)3
concentration of 0.05 wt%, the W film surface after CMP demon-
strated almost the same surface morphology, as shown in Fig. 6d.
Again, the reason was that the W-film polishing rate was quite high
(897 Å min−1) because the degree of chemical oxidation of the W
film surface was high enough. Thus, the Rq and Rp-to-v of the W-film
surface were 1.5 and 12.0 nm, respectively, as shown Fig. 6i. For the
slurry with a K3Fe(C2O4)3 concentration of 0.5 wt%, however, the
W film surface morphology after CMP had sharp, corroded surfaces,
as shown in Fig. 6e. This was because the W-film polishing rate was
considerably reduced (297 Å min−1) by corrosion of the W film
surface. Thus, as shown Fig. 6j, the Rq (11.7 nm) and Rp-to-v

(75.5 nm) of the surface were rather significantly enhanced as
compared to the case of using the slurry with 0.05 wt% of
K3Fe(C2O4)3.

Comparing Fig. 1 with Figs. 4–6, it is clear that the W-film
polishing rate rapidly increased with the K3Fe(C2O4)3 concentration
in region I [K3Fe(C2O4)3 concentration between 0.001 and 0.03 wt
%]. This was because the degree of chemical oxidation of the W film
surface was enhanced by the K3Fe(C2O4)3 concentration, while the
relative attractive (negative) force at the interface between the
nanoscale colloidal-ZrO2 abrasives and the W film decreased with
the increasing K3Fe(C2O4)3 concentration. In contrast, the W-film
polishing rate abruptly decreased with increasing K3Fe(C2O4)3
concentration in region II [K3Fe(C2O4)3 concentration between
0.04 and 0.1 wt%]. There, the degree of corrosion of the W film
surface increased with the K3Fe(C2O4)3 concentration, as did the
relative repulsive (positive) electrostatic force at the interface
between the ZrO2 abrasives and the W film. In addition, the chemical
characteristics, such as the static etch rate (SER) shown in Fig. 2 and
Ecorr and Icorr shown in Fig. 3, also demonstrated the dependency of
the surface morphology of the W film after CMP on the
K3Fe(C2O4)3 concentration, as seen in Fig. 6. Furthermore, com-
paring Fig. 1 with Figs. 2–6, for a W film it is evident that there are
two different CMP mechanisms when using slurry with the
K3Fe(C2O4)3 catalyst: an chemical oxidation-dominant mechanical

planarization in region I [K3Fe(C2O4)3 concentration between 0.001
and 0.03 wt%], and a corrosion-dominant mechanical planarization
in region II [K3Fe(C2O4)3 concentration between 0.04 and 0.1 wt%].
Comparing Fig. 1 with Fig. 5 suggests, however, that SiO2-film
CMP has a planarization mechanism dominated by mechanical
polishing.

Dependency of CMP mechanism on catalyst [i.e., K3Fe(C2O4)3]
concentration.—Next, to understand why chemical oxidation-domi-
nant, corrosion-dominant, and mechanical planarization mechanisms
were simultaneously present for the slurries using the K3Fe(C2O4)3
catalyst, we examined the dependency of the surface chemical
reaction behavior of W-film CMP on the K3Fe(C2O4)3 concentra-
tion. In general, W-film CMP is performed by forming a nanoscale
oxide layer (e.g., WO3) on the W film surface and polishing
mechanically at the interface between nanoscale colloidal-ZrO2

abrasives and the WO3 layer in an acid region with a pH range of
0–4. This is called the cycling process, as shown in the Pourbaix
diagram of Supplementary Fig. S3.32,33 To form the WO3 layer, a
Fenton reaction28 between the K3Fe(C2O4)3 catalyst and the H2O2

oxidant is necessary for decomposing the H2O2 into dissolved O2 in
the aqueous slurry, as shown by the reactions below.

( ) ( ) [ ] + ++ + -K Fe C O 3K Fe 3 C O 13 2 4 3
3

2 4
2

[ ]+  ++ + +Fe H O FeOOH H 23
2 2

2

[ ]· ++ +FeOOH Fe HO 32 2
2

[ ]·+  + ++ + -Fe H O Fe OH OH 42
2 2

3

[ ]· ·+  +OH H O H O HO 52 2 2 2

[ ]· · ++ -HO H O 62 2

[ ]· +  +- + +O Fe O Fe 72
3

2
2

[ ]· +  +6OH W WO 3H O 83 2

[ ]+ W O WO 92 2

[ ]+ 2WO O 2WO 102 2 3

( ) [ ]+ +  +- -2WO 2 C O O 2WO 4CO 113 2 4
2

2 4
2

2

First, the catalyst K3Fe(C2O4)3 is ionized to 3 K+, Fe3+, and
3(C2O4)

2− in the aqueous slurry at pH 2.3, as described in reaction
1. Then, the Fe3+ ions decompose the oxidant H2O2 to dissolved O2,
which is called a Fenton reaction, as described in reaction 2. Unlike
reaction 2, in practice a Fenton reaction is a very complicated
cycling decomposition process of H2O2 that is accelerated by very
reactive radicals (i.e., OH·, O2

·−, and HO2
·), as shown in reactions

2–7. Thus, the dissolved O2 as well as OH· in the aqueous slurry
oxidizes the W film surface, as described in reactions 8–10. Figure 4
shows evidence, obtained by XPS analysis, of oxidation on the W
film surface. In addition, the dissolved (C2O4)

2− ions simultaneously
corrode the WO3 layer on the W film surface by chemically
changing WO4

2−, as described in reaction 11 and shown by the
Pourbaix diagram in Supplementary Fig. S4. The presence of
WO4

2− on the W film surface could easily be confirmed by the
zeta potential dependency of the WO3 particles on the K3Fe(C2O4)3
concentration in Fig. 5a; that is, the zeta potential of the WO3

particles became increasingly negative with increasing K3Fe(C2O4)3
concentration. From reactions 1–11, it is obvious that W-film CMP
using slurry with the K3Fe(C2O4)3 catalyst simultaneously involves
both chemical oxidation-dominant and corrosion-dominant
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mechanical planarization. Furthermore, the degree of dependency on
the K3Fe(C2O4)3 concentration differs between the chemical oxida-
tion-dominant mechanical planarization and the corrosion-dominant
mechanical planarization. In the range of K3Fe(C2O4)3 concentration
between 0.001 and 0.005 wt%, the degree of chemical oxidation-

and corrosion-dominant mechanical planarization together is higher
than that of the corrosion-dominant process alone. As a result, no
evidence of corrosion on the W film surface was found after CMP, as
shown in Figs. 6b and 7a. In comparison, in the K3Fe(C2O4)3
concentration range between 0.01 and 0.1 wt%, both processes were

Figure 6. Surface morphology and roughness of W films after CMP, depending on the K3Fe(C2O4)3 concentration: SEM images for (a) the as-deposited
condition, (b) 0.005 wt%, (c) 0.03 wt%, (d) 0.05 wt%, and (e) 0.5 wt%; and AFM images for (f) the as-deposited condition, (g) 0.005 wt%, (h) 0.03 wt%, (i)
0.05 wt%, and (j) 0.5 wt%. The SEM images were observed at 15 kV, while the AFM images were measured over a 2 μm × 2 μm scanning area.
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enhanced. Nevertheless, the degree of chemical oxidation- and
corrosion-dominant mechanical planarization together is still higher
than that of the corrosion-dominant process alone, again resulting in
no corrosion of the W film surface after CMP, as seen in Figs. 6c and
6d and Fig. 7b. In the concentration range between 0.5 and 1.0 wt%,
however, the degree of corrosion-dominant mechanical planarization
becomes rather higher than that of the chemical oxidation-dominant
process, producing severe corrosion of the W film surface after
CMP, as shown in Figs. 6e and 7c.

Moreover, the (C2O4)
2− ions in the aqueous slurry are chelated

on the positively charged nanoscale colloidal-ZrO2 abrasives, whose
zeta potential changed from a positive to a negative value when the
K3Fe(C2O4)3 concentration increased, as shown in Fig. 5a. Note that
the secondary ZrO2 abrasive-size was almost independent of catalyst
concentration, which would not affect the polishing rate of the W-
and SiO2-films as shown in Supplementary Fig. S3. Thus, during
CMP, in region I [K3Fe(C2O4)3 concentration between 0.001 and
0.03 wt%], the attractive (negative) electrostatic force at the inter-
face between the colloidal-ZrO2 abrasives and the W film surface
decreased with increasing K3Fe(C2O4)3 concentration. As a result,
the W film rapidly increased with the K3Fe(C2O4)3 concentration,
without the presence of corrosion on the surface, as shown in Figs. 1
and 5b. Otherwise, in region II [K3Fe(C2O4)3 concentration between
0.04 and 0.1 wt%], the repulsive (positive) electrostatic force at the
interface between the ZrO2 abrasives and the W film surface
increased with the K3Fe(C2O4)3 concentration, so that the W film
greatly decreased with the K3Fe(C2O4)3 concentration. In conclu-
sion, then, the W-film CMP performance (i.e., the polishing rate and
surface morphology) is determined by the different degrees of
chemical oxidation-dominant and corrosion-dominant mechanical
planarization, as well as by the electrostatic force at the interface
between the colloidal-ZrO2 abrasives and the W film surface during
CMP, depending on the K3Fe(C2O4)3 catalyst concentration in the
slurry.

Remaining colloidal-ZrO2 abrasives on the film surface after
CMP.—Finally, because the remaining colloidal-ZrO2 abrasives on
the W film surface after CMP cause scratches that are detrimental for
a semiconductor device, we measured the dependency of the number
of remaining colloidal-ZrO2 abrasives on the W and SiO2 film
surfaces on the K3Fe(C2O4)3 concentration, as shown in Fig. 8. The
number greatly decreased from 1152 to 311 when the K3Fe(C2O4)3
concentration increased from 0.001 to 1.0 wt%. This result can
easily be analyzed by considering the electrostatic force at the
interface between the ZrO2 abrasives and the W film surface, in
terms of the K3Fe(C2O4)3 concentration. In region I [K3Fe(C2O4)3
concentration between 0.001 and 0.03 wt%], because the attractive
(negative) electrostatic force at the interface between the
colloidal-ZrO2 abrasives and the W film surface greatly decreased
with increasing K3Fe(C2O4)3 concentration, the number of

remaining colloidal-ZrO2 abrasives on the W film surface remark-
ably decreased with increasing K3Fe(C2O4)3 concentration, as
shown in Figs. 5b and 8. On the other hand, in region II
[K3Fe(C2O4)3 concentration between 0.04 and 0.1 wt%], because
the repulsive (positive) electrostatic force at the interface between
the colloidal-ZrO2 abrasives and the W film surface increased
greatly with the K3Fe(C2O4)3 concentration, the number of particles
remaining on the surface considerably decreased with increasing
K3Fe(C2O4)3 concentration. The number of remaining
colloidal-ZrO2 abrasives on the SiO2 film surface was not dependent,
however, on the K3Fe(C2O4)3 concentration, because the magnitude
of the electrostatic force at the interface between the colloidal-ZrO2

abrasives and the SiO2 film surface was relatively low (less than 10
in absolute value), as shown in Figs. 5 and 8.

Conclusions

In semiconductor device fabrication, the importance of W-film
CMP has greatly increased, because the surface topography and the
frequency of W-film CMP have rapidly increased as devices have
been scaled down more and more. In W-film CMP, a Fenton reaction
between a catalyst and an oxidant (i.e., H2O2) in an aqueous slurry is
necessary for forming a nanoscale oxide layer on the W film surface
after mechanical polishing at the interface between the abrasives and
the surface. In particular, the catalyst and colloidal abrasive design
of W-film CMP slurry has been a key research topic. Because it
determines surface chemical and mechanical reaction at interface
between W-film and nanoscale colloidal-ZrO2 abrasives for CMP
using K3Fe(C2O4)3 Catalyst. As a result, it decides the CMP

Figure 7. Schematic of the W-film polishing mechanism, depending on the K3Fe(C2O4)3 catalyst concentration. The arrow magnitudes indicate the degree of
chemical oxidation (yellow: WO3) and corrosion (red: WO4

2−): (a) 0.001–0.005 wt%, (b) 0.01–0.1 wt%, and (c) 0.5–1.0 wt%.

Figure 8. Dependency of the number of remaining ZrO2 abrasives on the
K3Fe(C2O4)3 catalyst concentration after the W-film CMP.
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performance, including the polishing rate and selectivity, surface
morphology (i.e., dishing and erosion), abrasive adsorption on the
film, and slurry stability (i.e., agglomeration of abrasives with
dissolved O2 bubbles). In general, a lower catalyst concentration
in W-film CMP slurry leads to better slurry stability.

Our proposed new catalyst, K3Fe(C2O4)3, and new nano-scale
colloidal abrasive, ZrO2, showed a specific W-film polishing-rate
dependency on the catalyst concentration: specifically, the polishing
rate peaked at a K3Fe(C2O4)3 concentration of 0.03 wt%, which is a
considerably lower catalyst concentration as compared to Fe(NO3)3.
In addition, two different W film surface morphologies were found
after CMP: an chemically oxidized surface or a corroded surface,
depending on the K3Fe(C2O4)3 concentration. We found that both
chemical oxidation-dominant and corrosion-dominant mechanical
planarization simultaneously occurred during W-film CMP. The
dominant CMP mechanism was determined by the degree of
difference between the chemical oxidation- and corrosion-dominant
processes. At a low K3Fe(C2O4)3 concentration between 0.001 and
0.03 wt%, the W-film CMP mechanism was the oxidation-dominant
mechanical planarization, generating no corrosion on the W film
surface. In contrast, at a high K3Fe(C2O4)3 concentration between
0.03 and 1.0 wt%, the W-film CMP mechanism was the corrosion-
dominant process, producing a corroded W film surface. Moreover,
chelating of dissolved (C2O4)

2− ions on the ZrO2 abrasives and the
W and SiO2 film surfaces determined the electrostatic force at the
interface between the abrasives and the film, which directly
determined the polishing rate. Thus, the W-film polishing rate
peaked at a specific K3Fe(C2O4)3 concentration, as did the
SiO2-film polishing rate. These results indicate that the surface
chemical and mechanical reaction behavior of the K3Fe(C2O4)3
catalyst showed completely different behavior from that of another
catalyst, Fe(NO3)3. Hence, K3Fe(C2O4)3 should be a very useful and
powerful catalyst for W-film CMP of semiconductor devices below
the 20-nm design rule, because it can give excellent W-film CMP
performance with a remarkably low catalyst concentration.
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