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Abstract: The Fenton-like reaction between Cu?" and H,O, was employed in chemical mechanical polishing to achieve
efficient and high-quality processing of tungsten. The microstructure evolution and material removal rate of tungsten
during polishing process were investigated via scanning electron microscopy, X-ray photoelectron spectroscopy,
ultraviolet—visible spectrophotometry, and electrochemical experiments. The passivation behavior and material removal
mechanism were discussed. Results show that the use of mixed H,O,+Cu(NOs), oxidant can achieve higher polishing
efficiency and surface quality compared with the single oxidant Cu(NO3), or H,O». The increase in material removal
rate is attributed to the rapid oxidation of W into WOs3 via the chemical reaction between the substrate and hydroxyl
radicals produced by the Fenton-like reaction. In addition, material removal rate and static etch rate exhibit significantly
different dependencies on the concentration of Cu(NOs3),, while the superior oxidant for achieving the balance between
polishing efficiency and surface quality is 0.5 wt.% H>0,+1.0 wt.% Cu(NO3)s.
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processing efficiency and application of W [4—6].

1 Introduction

Currently, tungsten (W) is widely used in high-
tech fields, such as national defense, aerospace,
integrated circuits, and nuclear reactors, due to its
excellent physical properties like high melting point,
high thermal conductivity, low thermal expansion
coefficient, high corrosion resistance, and high
sputtering resistance [1—3]. However, the inherent
disadvantages of the material, such as hard brittle
characteristics and high chemical stability, limit the

Traditional processing techniques inevitably result
in high residual stress on the surface, subsequently
leading to the formation of subsurface cracks and
brittle fractures [7]. Ultra-precision polishing
serves as the final step in the surface processing
chain, aiming to eliminate defects such as surface
damage induced by prior processes, diminish
product surface roughness, and attain exceptional
processing quality.

XU et al [8] evaluated different polishing
methods for W and proposed chemical mechanical
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polishing (CMP) as the current mainstream
polishing method due to its high efficiency and
cost-effectiveness. The mechanism of tungsten
chemical mechanical polishing (W-CMP) in the
planarization process includes two steps. The first
step is to form a soft tungsten oxide passivation
layer on the W surface by continuously supplying
oxidants. In the second step, this passivation layer
is continuously removed by mechanical wear. And
actually, the above two steps are carried out
simultaneously [9]. In the process of actual
polishing, the rapid and efficient formation of a
surface oxide layer plays a pivotal role in achieving
a high removal rate and exceptional polishing
performance. Consequently, the identification of a
suitable oxidant holds paramount importance
[10,11]. Single or composite abrasives, such as
silica (Si0y), alumina (Al>O3), cerium oxide (CeO»),
and diamond, along with various oxidants like
hydrogen peroxide (H-O,), ferric nitrate (Fe(NO3)3),
potassium permanganate (KMnQOj), potassium
iodate (KIOs), and potassium ferricyanide (KsFe-
(CN)s), have been used in W-CMP processes [12].
Indeed, experiments have shown that the W surface
fails to achieve complete planarization and optimal
polishing efficiency when using a single oxidant
due to the poor passivation effect during the CMP
process [13,14].

Another method proposed by many researchers
is to combine different catalysts with H>O. to
increase the polishing rate of W by enhancing the
converting rate of passivation layer [15]. PODDAR
et al [16] added FeSi as a nano-catalyst into the
acidic polishing solution with H>O, as oxidant for
CMP of W. This method notably reduced the metal
ion pollution on the surface, but the enhancement in
polishing rate was not significantly apparent. LIM
et al [17] reported an increased W polishing rate
due to the rapid formation of WO, in the presence
of in-situ generated strong oxidizing substances
produced in catalytic reaction of ferri ions (Fe*") to
H,0,. LIM et al [18] also investigated the catalytic
effect of Fe(NOs); at different concentrations
during the W-CMP process. It was found that
the W polishing rate varies obviously with the
concentration of Fe(NO3)s. In another study, ZHOU
et al [19] found that the conventional Fenton
reaction using Fe* to catalyze the decomposition of
H,0; to form hydroxyl radicals (-OH) was limited
in a narrow working pH range (pH=2—4), which

posed an obstacle to enhancing the removal
efficiency of W using SiO, abrasive. Therefore, it is
necessary to find a more efficient W-CMP slurry for
achieving high polishing rate and satisfied surface
quality. Copper ions (Cu®) are used as catalysts
because of their similar redox properties to Fe*,
and the reactivity of Cu®" with H,O» is higher than
that of Fe** [20]. Utilizing the Fenton-like reaction
involving Cu?" and H,O: instead of the traditional
Fenton reaction can extend the working pH
range to neutral or mildly alkaline conditions. So
far, the effect of H,O»+Cu(NOs), mixed oxidants
on the W-CMP mechanism, including the catalytic
reaction mechanism, material removal mechanism,
surface morphology evolution, and process
optimization, has less been reported yet.

In this study, the CMP of W was carried out
under weak alkaline conditions with mixed oxidants
of H,O,+Cu(NOs),. To verify the catalytic effect of
Cu(NOs),, the polishing rates of different slurries
containing either single Cu(NOs), or H>O, oxidant
were compared with that of mixed oxidants, and the
most superior oxidant ratio was determined. This
study involved a thorough investigation of the
material corrosion and material removal behavior
during W-CMP. The resulting findings could
provide a reference for efficient and low damage
processing of W.

2 Experimental

2.1 Polishing experiments

High-purity W was prepared by powder
metallurgy and strengthened by the rolling process.
After annealing treatment [21], W samples were
machined to 10mm x 10 mm X 1 mm by wire-
electrode cutting. H,O» (30 wt.% solution, Merck,
China) and deionized water were mixed in a
ratio of 1:1 and heated to boiling to prepare the
metallographic sample. The abrasives used in these
experiments were colloidal SiO, (YZ8040, Macklin,
China). H O, and Cu(NOs), (C860751, Macklin,
China) were used as oxidants. The slurries were
prepared by selectively adding chemical reagents
to deionized water, and the pH was adjusted
using Ce¢HzO7; (C805019, Microline, China) and
KOH (P816399, Microline, China). Real-time
pH measurements were conducted using a pH
measurement  instrument (PB-10,  Sartorius,
Germany). To prepare different slurries, deionized
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water was added to dilute the abrasive to a specified
concentration before adding the oxidant. A chemical
reagent was then used to maintain the pH at a level
of 9. Finally, the oxidant was added and the mixture
was thoroughly stirred. The filtered slurry was then
obtained for use. Moreover, a desktop polishing
machine (UNIPOL-1200S, Kejing, China) and
laminated polyurethane pads (IC1300/Suba IV)
were used to investigate the characteristics of
W-CMP. The specific experimental parameters are
given in Table 1.

Table 1 W-CMP experimental parameters

Parameter Value or description
Polishing pad speed/(r-min!) 80
Workpiece speed/(r-min") 30
Pressure/kPa 22.923
Abrasive SiOs
Polishing pad Polyurethane
Abrasive concentration/wt.% 4.0
Slurry flow rate/(mL-min?) 70.0

H»0; concentration/wt.% 0,0.1,0.5,1.0,1.5,2.0
Cu(NO:s3), concentration/wt.% 0, 0.1, 0.5, 1.0, 1.5, 2.0

Sample size/mm? 10x10x1

2.2 Characterization

The calculation formulas for material removal
rate (MRR (nm/min)) and static etch rate (SER
(nm/min)) are as follows:

MRR(or SER)=Am-(ptS) ™" (1)

where Am (g) is the mass difference before and
after polishing treatment measured by precision
balance; p (g/cm’) is the density of W samples; S
(cm?) is the area of the sample; ¢ (min) is the time
used to process the sample. SER was obtained by
immersing a sample in a base solution at 25 °C for
30 min.

The composition and chemical state of treated
W surfaces were estimated by an XPS spectrometer
(AXIS Ultra DLD, Kratos, Analytical) and an
energy spectrometer (BNXFD 5010, Bruker,
Germany). A white light interferometer (Super
View W1, Chotest, China) was used to measure
the surface roughness and three-dimensional
morphology of the processed samples. Each
measurement took five different points in the
same area, and the scanning range was 20 um. The

surface morphology and microstructure evolution of
the samples were investigated by SEM (XIGMA,
ZEISS, Germany). Electrochemical analysis was
performed via a potentiostat (Autolab PGSTAT302
N, Metrohm, Switzerland). During the experiment,
the tungsten sample was used as the working
electrode. The AgCl and platinum (Pt) were used
as the reference electrode and counter electrode,
respectively. The voltage scanning rate was set to
be 5 mV/s.

The PNDA (N,N-dimethyl-p-nitrosoaniline)
(N838515, Macklin, China) was selected as an -OH
trapping agent [22], and the content of -OH in the
slurry was quantitatively detected by an ultraviolet—
visible spectrophotometer (UV-2700, Shimadzu,
China). A PNDA solution (4.15x10° mol/L) and the
prepared slurry (120 pL) were mixed in a cuvette,
which was then placed in an ultraviolet-visible
spectrophotometer for measuring absorption
intensity. The experiments were repeated three
times, and the average values were used for
analysis.

3 Results and discussion

3.1 Effect of slurry composition on polishing
performance

The metallograph of the rolled W sample is
shown in Fig. 1. It is seen that the sintered bulk W
is nearly completely dense and the grains present
obvious orientation along the rolling direction.
Rolled W inevitably has defects such as small
residual holes or microcracks.

The schematic diagram for W-CMP is
described in Fig. 2. In the presence of oxidants,
an oxide passivation layer with low hardness can
be formed to improve the abrasive removal
efficiency. The polishing pad consists of a porous
polyurethane-based polymer sheet and a foam
substrate. The polyurethane possesses excellent
elasticity, facilitating superior adaptation to changes
in the surface morphology during the polishing
process. This characteristic ensures the provision of
uniform polishing pressure, as illustrated in
Fig. 2(b).

By adjusting the pH values of the slurry, the
changes in MRR and R, of W-CMP under various
conditions were studied, as shown in Fig. 3. The
MRR of W is only 6.206 nm/min at pH=7, but
steadily increased to 11.201 nm/min as the pH value
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Fig. 2 Process schematic diagram (a) and material removal mechanism (b) of W-CMP
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Fig. 3 Changes of R, and MRR of W-CMP at different
pH values

rises to 11. Combined with the morphology of
the processed surface of W workpiece in Fig. 4(a),
it is found that under neutral conditions, R, and S,
two indicators of W surface roughness, are 2.44
and 8.47 nm, respectively. The overall surface
morphology is relatively uniform without obvious
corrosion. When the pH reaches 9, these two
indicators decrease to 2.05 and 6.13 nm,
respectively. Corrosion is directly visible in the
surface morphology, but it is more uniform than
that at pH=8 (Figs. 4(b, ¢)). With the increase of
hydroxide concentration in the slurry, the wear and

concave caused by corrosion on the material surface
become more obvious (Figs. 4(d, €)). When pH>11,
the corrosion morphology of grain boundaries can
be clearly observed (Fig.4(f)). The above result
indicates that the increased alkalinity of the slurry
facilitates the dissolution of the oxide layer,
resulting in the increase of the MRR and the
non-uniform corrosion of the W surface.

Figure 5(a) shows the MRR of W-CMP with
different oxidants, where the slurry without oxidant
is denoted as “R”. It is found that the MRR of W is
only 6.511 nm/min before adding oxidants, but
increased to 18.088 and 38.118 nm/min after the
addition of 1.0 wt.% Cu(N03)2 and 0.5 wt.% HO,,
respectively. MRR is further enhanced when the
mixed oxidants of H>O,+Cu(NOs3), is used. The
highest MRR value of 68.271 nm/min is obtained
when the concentrations of H,O, and Cu(NO3); are
0.5 wt.%. With the further progressive increase of
Cu(NOs), concentration, MRR first decreases and
subsequently rises. The above results show that
the addition of the mixed oxidants significantly
improves the MRR of W-CMP, while excessive
Cu(NO:s)s is detrimental to the polishing efficiency.
A optimal polishing efficiency can be achieved by
adding 0.5—1.0 wt.% Cu(NO3). when keeping the
H>0, concentration fixed at 0.5 wt.%.
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Fig. 5 Changes of MRR (a) and SER (b) in slurries with single and mixed oxidants (R is the slurry without oxidant)

For a deep understanding of the material
removal mechanism of W-CMP, W samples were
immersed in different slurries for 15 min to
calculate SER, as shown in Fig. 5(b). It is seen that
the SER values are all larger than 6 nm/min in R
and slurries with single 0.5 wt.% H>O, or 1.0 wt.%
Cu(NOs),, but smaller than 6 nm/min in H,O, +
Cu(NOs), slurries. SER value firstly decreases
and subsequently increases with the increasing
of Cu(NOs3), concentration. The minimum of
1.033 nm/min appears when the concentration of
Cu(NOs); is 1.0 wt.% in the mixed slurries. This
tendency is opposite to that of MRR, which

highlights the need for further investigation into the
specific corrosion and material removal mechanism
in combination with surface morphology.

In this study, different oxidant components
were added to the slurries for polishing W, and the
surface morphologies after CMP were observed. In
Fig. 6(a), there is obvious corrosion on the surface
after treatment with R slurry, and R, and S, are 2.05
and 6.13 nm, respectively. The addition of Cu(NOs),
only slightly reduces the surface roughness.
Contrastively, W surface with an excellent polishing
quality is obtained by using mixed oxidants, and its
R, reaches the minimum value of 1.75 nm when the
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Fig. 6 Three-dimensional surface morphologies of W samples after polishing with different oxidant slurries: (a) R;
(b) 1.0 wt.% Cu(NO3)2; (c) 0.5 wt.% H202+ 0.1 wt.% Cu(NOs3)2; (d) 0.5 wt.% H202+ 0.5 wt.% Cu(NO3)2; (e) 0.5 wt.%
H>02+ 1.0 wt.% Cu(NO3)2; (f) 0.5 wt.% H20,+ 1.5 wt.% Cu(NO3)»; (g) 0.5 wt.% H,05+ 2.0 wt.% Cu(NO3)»

concentrations of H,O, and Cu(NOs), are 0.5 wt.%
and 1.0 wt.%, respectively. Results demonstrate that
a stable tungsten oxide layer is generated on the W
surface when using the mixed oxidants, which
prevents the slurry corrosion. Additionally, when
the concentration of Cu(NOs), in the mixed
oxidants exceeds 1.5 wt.%, uniform corrosion of
the W surface is observed. This could be attributed
to the excessive amount of Cu(NOs), preventing the
oxidation of W and increasing the corrosion rate of
W surface.

3.2 Passivation behavior of W under Fenton-like
effect

The material removal mechanism of W-CMP
under the action of a single oxidant was proposed
based on MRR, SER, and surface quality. In
alkaline conditions, the formation rate of oxide
layer on W is slow, and hydroxide ions (OH") have
a significant corrosive effect on the tungsten oxide
layer. This leads to non-uniform corrosion of the
micro-convex peaks on the surface of W. These
findings align with the results reported by XU

et al [23]. The analysis of higher SER and lower
MRR indicates that Cu(NOs), is not conducive to
the formation of a thick passivation layer on the W
surface, which is the main driving force for the
removal of W during CMP. In addition, a single
reagent of H»O, is commonly used to produce
complex tungstate compounds (such as HoW,Oy,
and HoW3012) to aid in the dissolution of W and
promote the formation of a porous oxide layer
instead of stable WOs. The specific reactions
proposed by KNEER et al [24] are listed as follows:

W+2H,0,=WO,+2H,0O (2)
WO, +6H,0,=H,W,011+5H,0 3)
3H,W,011+7H,0,=2H>W301,+8H,0 (4)

Initially, W reacts with H,O, to form WO,. It
should be noted that in the case of excessive H,O,
WO, would be further transformed into a highly
soluble HyW30;;. When H,O: is excessive, the
hydrolysis of the peroxide intermediate (H2W3011)
can be finally converted into HoW3Oi2. The
presence of H,W30:, is unable to further inhibit
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the corrosion of W surface, leading to a high
SER under the action of H,O,. In other words, the
formation of HoW,0;; and H,W3Oi1, does not
provide effective protection against the corrosive
effect of single H,O, oxidant. The compositions of
the oxide layers on the treated W surface were
analyzed by XPS, as shown in Fig. 7(a). W 4f;,, and
4fs;, peaks are respectively located at (31.6+0.2)
and (33.8+£0.2) eV, and W® 4f;, and 4fs» peaks
appear at (35.7+0.2) and (37.8+0.2) eV, respectively.
The percentages of each fitted peak areas are shown
in Fig. 7(b). It can be seen that there are only
trace W peaks after treating with R slurry or
1.0 wt.% Cu(NO3), slurry, which indicates that
the generating rate of oxide layer is low in this
condition. Under the condition of the mixed
oxidants of H,O,+Cu(NOs),, the peak intensity of
W¢ firstly increases and then decreases with
increasing the Cu?' concentration in the slurry,

WO peaks
W, 4ty

W peaks
45,

0.5 wt.% H,0,+
2.0 wt.% Cu(NOy),

0.5 Wt.% H,0,+
1.5 wt.% Cu(NO;),

0.5 wt.% H,0,+
0.5 wt.% Cu(NO;),

0.5 wt.% H,0,+
0.1 wt.% Cu(NO;),

Proportion of normalized W®/%
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263

which is still significantly higher than that of single
Cu(NOs),. Results show that the reaction between
Cu(NOs); and H,O; produces strong oxidizing
substances, which contributes to the increase of the
oxidation rate. However, excessive Cu(NOs), can
prevent the oxidation of W. In addition, it is
observed that the binding energy of W® in the
conditions using the mixed-oxidant slurries appear
the same leftward shift, indicating that the surfaces
of the samples contain remaining soluble W°*. This
is consistent with the dissolution of WOj3; on the W
surface under alkaline conditions, as proposed by
HEUMANN and STOLICA [25].

The polarization curves of W samples in
different slurries were also measured, and the
corrosion potential (¢corr) and corrosion current
density (Jeorr) under different conditions were
calculated by the Tafel method, as shown in Fig. 8.
The addition of H»O, and Cu(NO3), increases the
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Fig. 7 XPS results of treated W surfaces after soaking by different slurries: (a) XPS spectra; (b) Fitting peak proportions
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@corr and improves the overall corrosion resistance
of W. However, under the condition using mixed
oxidants, @cor increases by more than 300 mV,
which might be due to the formation of a WOs3
passivation layer (confirmed by XPS data). The
difference in @cor suggests the formation of
different oxides when using different oxidants,
leading to variations in the oxidation rate.

In general, Jeorr tends to increase with the ion
concentration in the slurry. However, under the
condition with mixed oxidants, Jeor first decreases
and then increases with increasing Cu(NO;),
concentration, as given in Table 2. Results reveal
that the reaction between Cu(NOs3); and H,O; is
conducive to the formation of oxide passivation
layer. However, excessive Cu®*" adsorption on
the W surface slows down the oxidation reaction,
consequently enhancing the corrosion rate of the W
surface.

Table 2 Dynamic potential polarization results of slurries
with different catalyst concentrations

Slurry Peor/MV  Joor/ PA
0.5 wt.% H202+ 0.1 wt.% Cu(NOs3), 213.30  29.77
0.5 wt.% H20,+ 0.5 wt.% Cu(NOs3), 224.21  28.81
0.5 wt.% H20,+ 1.0 wt.% Cu(NOs), 25631  16.95
0.5 wt.% H20,+ 1.5 wt.% Cu(NOs), 327.70  22.39
0.5 wt.% H20,+ 2.0 wt.% Cu(NOs), 333.14  24.93

The reactivity between H,O, and Cu?" is
higher than that of Fe**—H,0, reaction [26]. The
final product of the Fenton-like reaction is -OH,
which can oxidize W efficiently. Therefore, it is
necessary to validate the existence and quantity of
-OH produced in the Fenton-like reaction. PNDA
can be easily oxidized by -OH and thus suitable
for quantitative measurement of -OH production
[16,27]. The PNDA combines with -OH to form
-OH — PNDA, which results in a decreased
absorption peak at 440 nm. In this study, the
intensity of the absorption peak of pure PNDA
reaches 3.700 near 440 nm, as shown in Fig. 9.
Compared with the single H,O, and Cu(NOs),
slurry, the group with mixed oxidants shows the
reduced absorption peak intensity, indicating the
presence of -OH in the mixed oxidant slurry. This
also indirectly verifies the Fenton-like reaction
between Cu(NOs), and H,0s.

Figure 10 shows the changes in the intensity of
PNDA absorption peak at about 440 nm for various
slurries with different concentrations of Cu(NO3)s.
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Uniformly-distributed defects
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@

Fig. 11 SEM images of W surfaces corroded with different slurries: (a, d) 1.0 wt.% Cu(NOs3)2; (b, e) 0.5 wt.% H>0»;

(¢, ©) 0.5 Wt.% Hy02+ 1.0 wt.% Cu(NOs),

In this experiment, the concentration of H,O»
was maintained at 0.5 wt.%. It is seen that the
absorption peak intensity near 440 nm is greatly
reduced after the addition of mixed oxidants. The
declining rate of absorption peak intensity decreases
with the increase of Cu(NOs), concentration. When
Cu(NOs), concentration increases from 1.5 to
2.0 wt.%, the absorption peak intensity decreases
by only 0.003. Regarding the results shown in
Figs. 5 and 6, it can be concluded that the mixed
oxidants of Cu(NOs), and H>O, ensures a better
surface quality with high MRR due to the
generation of sufficient amount of -OH, while
excessive  Cu(NOs3) may  accelerate  the
consumption of H»O, and then results in an
insufficient supply of -OH.

3.3 Effect of slurry composition on surface

morphology

Figure 11 presents the SEM images of W
surfaces corroded with different slurries for
30 min. After corrosion test with Cu(NOs3),,
uniform corrosion defects are observed on the
surface of W sample, (Figs. 11(a, d)); while after
corrosion test with H,O,, defects are replaced by
etch pit, as shown in Figs. 11(b, e). The oxidation
efficiency of single Cu(NOs), is poor and there
exists many corrosion defects on the surface, but
porous oxide layers can be formed on the W surface
under the action of H»O,. In contrast, the surface
morphology of W treated with mixed oxidant slurry

show the combined characteristics obtained under
the action of single H,O,and Cu(NOs),, along with
black spots. The EDS characterization (Fig. 12)
confirms that the predominant elements in black
spots are W and O, which results from the corrosion
of WO; by OH". This also indicates that the oxide
layer formed using the H,O, slurry is not WOs,
since there is no sign of black spots on the sample
surface.

Element wt% at.%

O 12.68 62.54
Y 87.31 37.46

Total ~ 100.00 100.00

(0]
W W
" Y e

0 2 4 6 8 10 12 14
E/keV

—

Fig. 12 EDS analysis result of black spot

The morphologies of W surfaces before and
after CMP process using different slurries are
shown in Fig. 13. It is seen that the surface of the
original W sample exhibits rough and uneven
characteristics, featuring numerous holes of
varying sizes (Figs. 13(a, ¢)). After processing with



266 Hong-yu CHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 257-270

Fig. 13 SEM surface morphologies of original W sample (a, e), and CMP-W surfaces using H>O> (b, ), Cu(NOs3): (c, g),

and HyO,+Cu(NOs): (d, h) slurries

H,0; slurry, the surface of W exhibits evident grain
boundary-like morphologies and pore structures,
which may be attributed to uneven corrosion
(Figs. 13(b, f)). By using Cu(NOs), slurry, some
uniform corrosion defects are maintained on the
W surface after CMP processing, as shown in
Figs. 13(c, g). After processing with a mixed

oxidant slurry, the surface of W shows a combined
morphology of grain boundary-like feature and
corrosion defects (Figs. 13(d, h)). The presence of
the former can be attributed to the chemical
coupling corrosion between W and H»O,, which
primarily occurs at the grain boundaries. In
comparison, it is suggested that the higher surface
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uniformity should correspond to the greater
oxidation rate when subjected to a mixed oxidant.
Therefore, controlling the concentration of the
oxidant and the processing time is beneficial to
improving surface quality and mitigating the
occurrence of surface defects.

3.4 Fenton-like reaction and material removal
mechanism
On the basis of the Fenton reaction process,
the step reactions between Cu*" and H,O,, which
produces the strong oxidizing -OH, can be proposed
as follows:
Kl

Cu?*+H,0, === CuOOH"+H" (5)
CuOOH'+H,0, === CuOH>*+H,0+0;  (6)
CuOH>*+H,0,—Cu?+H;0"+ O; (7)
0; +Cu**—~Cu00* (8)
Cu00" —£u 5 Cu*+0, 9)
Cu"+H,0,—~Cu?*+OH +-OH (10)
-OH+H,0,~H;0'+0; (1)

As shown in Fig. 14, a schematic illustration
of the Cu*/H,0, Fenton-like reaction mechanism
is proposed. First, CuOOH" is formed in the
reversible reaction (Eq.(5)). In the slow step
(Eq. (6)), the O—O bond of CuOOH" reacts with
the second H»>O, molecule to generate the
superoxide radical ion O,. Then, CuOH*" reacts

CuOOH* CuOHZ*'. - Hzo2 R
+«——H,0, 03
Cu? CuOH?" «
Cu2+ OE

0, Cu*

Formation and decomposition of superoxide copper (II)

with H,O, (Eq. (7)) to generate O,, which then
coordinates with Cu?* to form the superoxide
copper(Il) ion CuOO". The formation of Cu’
proposed in Eq. (9) is similar to that of the known
superoxochromium(Ill) ion CrOO* [28]. Cu”®
continues to react with H>O, in a Fenton-like
reaction to produce -OH (Eq. (10)). The generated
‘OH can react with excess H,O, to generate O,
(Eq. (11)). Equations (8)—(11) thus result in a cycle
reaction chain for decomposition of H»O,, as
introduced by BAKAC et al [29].

Based on the above reaction mechanism, the
material removal mechanism of W can be proposed,
as shown in Fig. 15. In alkaline slurry without
oxidant, the formation rate of the WOs passivation
layer is low. The material removal depends on the
chemical dissolution of WO; by OH™ to form WO; ",
and hence the MRR is limited. The oxide layer
formed in H,O; slurry is thicker, but the formation
of the hard WO, (0<x<3) layer limits the
mechanical wear removal rate. The increased MRR
is actually due to the high solubility of the
generated HyW3012, which accelerates the chemical
removal rate of W. When subjected to the mixed
oxidant slurry, the bulk W surface can be oxidized
by -OH and O, to form soft WOs passivation layer.
Such oxide layer can be readily removed by
mechanical wear, and also prevent further corrosion
of the substrate. Thus, both MRR and surface
quality are significantly enhanced.

0;

Cu2+

H,0,

Fig. 14 Schematic illustration of Cu?** and H,O, Fenton-like reaction mechanism
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Fig. 15 Reaction mechanism of W oxidation in different slurry systems: (a) R (pH=9); (b) H>0»; (¢) H2O2+Cu(NO3),

4 Conclusions

(1) Compared to the single oxidant such as
Cu(NO3); or H,O», the strong oxidizing -OH formed
by the Fenton-like reaction in mixed oxidants can
significantly convert W into a soft passive layer
with lower hardness, making the mechanical
removal of W more easily, which is the reason for
the high polishing rate.

(2) The MRR and SER have significantly
different dependencies on the change in Cu(NOs),
concentration, which is related to the excessive
consumption of H»O, and the rapid supply of
excessive Cu?* to the surface to prevent the
oxidation of W.

(3) The rapid formation and removal of the
WO; layer mainly affect the polishing efficiency
and surface quality of W-CMP. It is found that the
optimal oxidant for achieving the balance is the
mixture of 0.5 wt. %H>0,+ 1.0 wt.% Cu(NOs)a.
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