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This study focuses on the characterization of nano-scale metal oxide films for chemical mechanical planarization (CMP) applications.
The protective nature of the self-grown metal oxide layers in the CMP slurry environment enable topographic selectivity required for
metallization of interconnects. Tungsten was selected as the model metal film to study the formation and characteristics of the metal
oxide nano-layers since tungsten CMP is very well-established in conventional semiconductor manufacturing. The tungsten oxide
nano-films were characterized for thickness, density and surface topography in addition to evaluation of their protective nature by
calculation of the Pilling-Bedworth (P-B) ratios. It was observed that in addition to controlling the self-protective characteristics, the
oxidizer concentration also affects the surface structure of the metal oxide films resulting in significant changes in the CMP process
performance in terms of material removal rates and surface finish with a sweet-spot detected at 0.075 M H2O2 concentration.
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Nano-scale protective metal oxides are foreseen to have wide ap-
plications in advanced materials science and technology including
microelectronics and biomaterials applications in addition to their
conventional utilizations in corrosion prevention and coatings. Partic-
ularly in semiconductor manufacturing, controlled growth of thin films
and inherent stress development within the film and film/substrate in-
terface are very critical to enable the future material demands. Metal
oxide thin films can be used as an interfacial layer to improve the
adhesion of polymeric substances in chip packaging, as nano-films
with inherent self-growth limiting capability for bottom-up micro-
electronics manufacturing or as a subtractive layer to achieve con-
trolled material removal rates and minimum defectivity in chemical
mechanical planarization (CMP) applications. CMP is the process of
choice for planarization of metal and dielectric surfaces to enable
precise photolithography and multilevel metallization in microelec-
tronics manufacturing.1 Introduction of new automotive, medical and
implantable devices challenge the needs to improve microelectronic
device performances to meet aggressive targets on cost reduction, zero
defectivity and enhanced reliability, which consecutively impact CMP
process performance requirements.2 Although mainstream semicon-
ductor engineering could involve tradeoffs between performance and
reliability, these new applications enforce the assessment of new ma-
terials while dealing with limited margins requiring advances in pro-
cessing, materials science and chemistry.3 The main objective of this
paper is to characterize the self-protective oxide films grown on the
metal surfaces in the presence of an oxidizing environment to be able
to utilize them in advanced microelectronics manufacturing applica-
tions, predominantly focusing on CMP.

When characterizing the durability of thin film interfaces, a critical
thickness is defined above which it is thermodynamically favorable
for the film to partially or fully relax through misfit dislocations. Self-
protective oxide films comply with the epitaxial stress requirements
since the lattice constants match to the substrate (native metal of the
oxidized film). Moreover, they are self-limiting in growth because the
formation of the protective oxide stops the progress of chemical reac-
tions before a critical thickness is reached. They are continuous, pore
free, adherent, non-volatile and non-reactive. Therefore, they are ca-
pable of preventing corrosion (such as formation of self-protective alu-
minum oxide on aluminum).4 Furthermore, it has been demonstrated
that self protective oxide films formed on the aluminum contacts dur-
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ing chip packaging reduced moisture driven corrosion significantly.5

On the other hand, in an optimal CMP process for metal layers, forma-
tion of the protective metal oxide film should be self-limiting and once
formed it must protect the underlying metal from the further attack
of the slurry chemicals. This is necessary to polish the higher level
metal while protecting the lower levels, in other words, to achieve
topographic selectivity and hence provide planarization.6 CMP pro-
cess employs slurries that involve an aggressive chemistry to alter the
properties of the film to be polished and this film is removed by the
mechanical actions of the abrasive nano-particles in the suspension.
Figure 1a shows a photograph of the bench-top CMP tool used in this
study and Figure 1b schematically illustrates the chemical and me-
chanical interactions at nano-scale between a single nanoparticle and
chemically modified nano-film. In this subtractive use of protective
oxides, evaluation of the interfacial stresses between the metal and
metal-oxide films and comparing them to the stresses provided by the
abrasive particles is important to be able to enable material removal
and simultaneously minimize the defectivity.7

Tendency of a film to protect the metal from further oxidation is
related to the relative specific volumes of the oxide and metal. When an
oxide film forms at the metal/oxide interface, the volume change due
to the formation of oxide can be expressed with the Pilling-Bedworth
ratio, which is represented as in Equation 1,8

P B − Ratio = A0ρM

AMρ0
[1]

where, Ao is the molecular or formula weight of the oxide, AM is the
atomic weight of the metal, and ρO and ρM are the oxide and metal
densities, respectively. It is generally accepted that when the P-B ratio
<1, which means that the volume of the oxide is less than the metal
volume (or the lattice constant, a, of the oxide film is smaller than
the metal), tensile stresses develop in the oxide film. As the thickness
of the oxide layer increases, the oxide film starts to crack to relieve
the strain and becomes porous. Consequently, for a subtractive metal
oxide thin film application, such as CMP, the underlying metal film
will be etched locally and cannot be planarized uniformly. On the
other hand, if the volume of the oxide is much greater than the metal
(P-B ratio � 1), compressive stresses will start to develop as the
film grows. The oxide film releases the strain energy by breaking the
bonds at the metal-oxide interface. An ideal protective oxide can be
obtained when the P-B ratio is between 1 and 2. In this case, the oxide
formed on the metal surface remains intact. Its growth is limited by
the diffusion of the metal ions through the oxide film. For a given
metal undergoing oxidation, the P-B ratio provides a tool to predict
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Figure 1. a. Desk-top chemical mechanical planariza-
tion tool in operation. b. Schematic illustration of the
chemical and mechanical interactions in the CMP pro-
cess at a nano-scale.

the stresses developing in the film structure and the morphology of
the formed oxide film as summarized in Figure 2.

In the present study, tungsten was selected as a model system since
it has been the metal of choice to fill in the vias starting with the alu-
minum metallization and remained to be the first layer-fill metal for
plugs even for the copper metallization. Therefore, it is one of the best
studied metal films for the CMP applications. Furthermore, tungsten
has recently been adapted as inverted-T refractory metal gate material
where a relatively dense layer of chemical vapor deposition (CVD)
tungsten is deposited on top of a thinner layer of less dense refractory
metal, such as sputter deposition tungsten to promote adherence to a
gate oxide layer grown on a silicon substrate.9,10 Hence the characteri-
zation of tungsten oxide protective nano-films is important for both the
subtractive and additive approaches in microelectronics manufactur-
ing. Although it is known that the P-B ratio of tungsten is not protective
in air (3.38 for WO3

11) earlier CMP studies through electrochemical
evaluations on tungsten demonstrated that it forms a protective ox-
ide during the CMP applications.6,12,13 In order to achieve stress-free,
damage-free, atomically smooth and planar surfaces through CMP,
it is necessary to understand the composition and the protective na-
ture of these chemically modified films. In this study, we focused on
growth and material properties of the protective metal oxide thin films
on CVD deposited tungsten films pre and post polishing in the pres-
ence of an oxidizer. The material removal rates and surface roughness
behavior, as well as the wettability and surface energy of the oxidized
films were studied in addition to the calculation of the P-B ratio at the
metal-oxide/metal interfaces based on the thickness and density val-
ues measured by advanced characterization techniques. It is believed
that the presented findings will help in characterizing the next gen-
eration materials for microelectronics manufacturing and additional
applications where metal oxide thin films play an important role.

Figure 2. Stress formation in the self-protective oxide films as a function of
P-B ratio.

Materials and Methods

Tungsten oxide nano-film formation.— Tungsten test wafers with
∼10000Å tungsten film deposited on a TiN/Ti adhesion layer were
donated by Texas Instruments after a standard CMP process was ap-
plied to induce homogeneous surface quality. These 8′′ size wafers
were cut into smaller coupons (a minimum of 5 samples for each con-
dition) and cleaned in high pH solutions prepared by KOH addition to
remove any contaminated surface oxide and thoroughly rinsed with
DI water and dried with nitrogen gas. Afterwards, the wafer coupons
were dipped into H2O2 solutions for 5 minutes (pH 4.0) at concen-
trations of 0.05, 0.075, 0.1, 0.5 and 1 M (mol/L). All samples were
kept in clean petri dishes in a desiccator pre and post formation of the
surface oxides.

Surface topography analyses.— Surface roughness values of the
wafer coupons were measured by Nanomagnetics Instruments Atomic
Force Microscope (AFM) on 5-μm by 5-μm scans using tapping
mode to protect the naturally formed oxide films from deformation
during scanning. The averages of minimum tree measurements were
reported with standard deviations to verify the statistical significance
of the observed values.

Surface wettability and surface energy calculations.— All sam-
ples were characterized for contact angle responses through sessile
drop method measurements using DI water droplets with a KSV AT-
TENSION Theta Lite Optic Contact Angle Goniometer. Five drops
were measured at a room temperature of 25◦C on each sample and
the results were averaged. The drop images were stored by a camera
and an image analysis system calculated the contact angle (�) from
the shape of the drop. The contact angle measurements were also uti-
lized to determine the surface energy values on the modified surfaces
by using the acid-base technique as detailed in the literature.14 Polar
and apolar probe liquids were selected as per standard procedures
including ethylene glycol, formamide, glycerol, deionized water.

Thickness and compositional evaluations of the metal oxide thin
films.— XRR analyses were conducted on the W wafers as a function
of H2O2 concentration. Mass density and thickness of the oxidized
layers were obtained from simulations of the X-ray reflectivity (XRR)
curves acquired with a Analytical X’Pert MRD instrument operated
at a voltage and current of 45 kV and 40 mA, respectively working
in a parallel beam configuration, with a mirror and a (1/32)o slit
on the incident beam side and a thin film collimator and a 0.1 mm
slit on the diffracted beam side. The same instrument was used for
structural characterization by acquiring X-ray diffraction patterns both
in symmetric and grazing incidence geometry (XRD and GIXD).

The chemical compositions of the films were investigated by X-ray
photoelectron spectroscopy (XPS) in a Perkin-Elmer PHI 5100 ESCA
system (300 W, 90◦, 45◦, or 20◦ take off angles, Mg Kα radiation).
To obtain the bulk composition, measurements were collected after
various time cycles of Ar ion sputtering (4 kV, 4 μA/cm2, rastered
over an area of 10 × 7 mm2). XPS survey spectra (1 eV/step, 30 ms)
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Table I. Thickness and density analyses of the oxidized tungsten films with XRR after 1 M KOH treatment and with 0.05, 0.075 and 0.1 M H2O2
addition after 1 M KOH treatment.

1 M KOH 0.05 M H2O2 0.075 M H2O2 0.10 M H2O2

T D R/W T D R/W T D R/W T D R/W

Layer 0 15 4.5 6 7 4.8 5 7 4.4 5 8 4.5 5
Layer 1 122 5.0 15 51 12.4 11 53 12.2 10 53 12.5 9
Layer2 20 14.7 24 43 14.5 12 40 15.6 18 42 15.8 17

W substrate 17.6 26 17.8 21 18.4 22 18.6 22

T: Thickness (Å).
D: Density (g/cm3).
R/W: Roughness/width of the interface in Å.

were firstly acquired followed by high-resolution multiplex spectra
(0.1 eV/step, 50 ms) for W 4f, C 1s, and O 1s regions. Binding energy
calibration was based on adventitious C 1s at 284.6 eV.

CMP experiments.— CMP experiments were conducted on a desk-
top Tegrapol-31 polisher by using SUBAIV-IC1000 stacked polishing
pad. Slurries were prepared using alumina particles with 50 nm size at
3%wt concentration and adding H2O2 as an oxidizer. The downforce
was 70N on the 1.6 × 1.6 mm wafer coupons with 150-rpm rotational
velocity and 100 ml/min slurry flow rate. At least three samples were
polished for each condition and the CMP responses were obtained
in terms of MRR (Å/min) and surface roughness measurements. The
material removal rates were determined from the difference in the
weights of the wafer coupons before and after polishing measured
by a high precision balance with five digits after zero in addition to
4-point probe measurements conducted on a Cascade CPS-0.5 Four
Point Probe Station.

Results and Discussion

Characterization of the thickness, density and composition of the
tungsten oxide thin films in CMP solutions.— Initial analyses con-
ducted on the W wafers dipped into the oxidizer solutions at 0.0, 0.05,
0.075 and 0.1 M concentrations to investigate the nature of the formed
tungsten oxide film. Table I summarizes the simulation results of the
XRR data starting with the wafer only treated by the KOH solution at
pH 4, followed by the measurements on the wafers treated with the in-
creasing oxidizer concentrations after the KOH treatment. The results
of the simulations of the XRR curves were performed by the com-
mercially available software (WinGixa, Panalytical). This simulation
program makes use of the Parratt formalism for reflectivity.16,17 The
outcome showed that a multilayer structure is present on the sample
surface after the CMP treatment, with an extra layer in the upmost
part of the structure labeled as Layer 0. The subsequent layers under-
neath are labeled as Layer 1, Layer 2 and the bulk substrate, based
on the measured densities of each layer. T is the thickness in Å, D is
the density in g/cm3, and R/W is the roughness/width of the interface
in Å. The top layer with 7–8 Å thicknesses has shown the lowest
density among all the defined layers which was measured around
4.1–4.8 g/cm3. This layer is believed to correspond to an oxyhydride
compound since the hydrated tungsten compounds such as tungstite
(WO3 · H2O), meymacite (WO3 · 2H2O) or hydrotungstite (H2WO4)
have densities between 4.5 to 5.5 g/cm3. The density of the layers
increases from the surface toward the bulk; however, the values do not
match the density of pure WO3 (7.16 g/cm3) or WO2 (10.8 g/cm3).17

Furthermore, the measured density values at these layers were greater
than 14 g/cm3 indicating a mixed composition of tungsten oxides and
tungsten should present at this layer (density of the metallic tungsten
layer was measured at ∼17 g/cm3) to average a density of 14 g/cm3 and
above. The roughness/width ratios of the interfaces between adjacent
layers are also relatively large indicative of intermixing/inter-diffusion
between the adjacent layers. The density of the W substrate was also

observed to gradually increase from the first sample (where the wafer
surface was treated by KOH only) toward the later samples, which
were treated by increasing concentrations of the oxidizer with the
most pronounced difference in the first sample. Figure 3 illustrates
the XRR curves collected on the sample with only KOH treatment
versus the samples treated in the presence of the H2O2 highlighting
the differences in the simulations. It is plausible that in the absence of
an oxidizer, there might be some weak oxidation of the substrate on
depths larger than 200 Å due to the absence of a protective oxide layer
leading to the liquids to diffuse faster and deeper into the substrate
and induce a partial oxidation.

In order to analyze the composition of the formed layers, XRD
and XPS analyses were performed. The GIXD and XRD results did
not find any diffraction lines other than those belonging to metallic W
indicating that the formed oxide layers were amorphous. It is reported
that the oxidation of tungsten results in formation of a mixture of
WO2 and WO3 films.18 Furthermore, the tungsten and oxide phase
diagram at room temperature also suggest the formation of WO2 and
WO3 films.19 High resolution XPS scans of the W 4f region showed
the presence of several peaks, partially overlapping. To find their ar-
eas and binding energies, the acquired spectra were fit with W 4f7/2
and 4f5/2 doublets (area ratios of 4:3 and doublet separation of 2.18
eV19). Binding energy values for the W 4f7/2 peaks were located at
31.4 eV, 32.5 eV, and 35.9 eV, regardless of the oxidizer treatment,
indicating the presence of metallic W, WO2, and WO3.20–22 There
was a smaller 7th peak, clearly visible in samples only after extended
Ar ion sputtering and located at 5.5 eV higher that the first W peak
and much broader, which was assigned to W 5p3/2.23 The oxygen
O1s peak was formed by two components, located at 531.9 eV and
530.4 eV, which could be assigned to chemical bonds in WO3 and
WO2. The spectra acquired at 20◦ take-off angle also showed a small

Figure 3. Changes in XRR profiles of the oxidized thin films on the tungsten
surfaces between the pure KOH (1 M) treated surface versus the surface treated
with 1 M H2O2 after the KOH treatment.
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Figure 4. Plot of ln (intensity) versus take-off angle of XPS data.

component at 533.3, most probably an oxy-hydrate component ad-
sorbed on the surface. It has been suggested that O vacancies in WO3

would results in a lower binding energy of around 0.5 eV for the W 4f
peaks.21–23 Since we did not observe significant changes in the posi-
tion of the W4f peaks corresponding to WO3 we could safely deduce
that the formed oxides were quite stoichiometric. The relative inten-
sities of W 4f peaks changed with the change of the take-off angle.
The relative increase of the peaks corresponding to WO3 combined
with the decrease of the intensities of the W metallic peaks showed
that a thin oxide layer covered the samples. However, when plotting
the logarithm of the intensities corresponding to the metallic substrate
versus 1/cos(θ), where θ is the take-off angle, the decrease was much
less pronounced than that expected for a metallic substrate covered by
a uniform oxide layer as can be seen in Figure 4. A similar behavior
was noticed for W peaks assigned to WO2. It appears that most of the
oxide is actually mixed with the substrate and the oxidation front is
not planar. It could be inferred that the oxidation proceeds much faster
along the grain borders or defects than through the grains. The results
suggest that at a certain depth beneath the surface there is a mixture
of various oxides and metallic W. Furthermore, XPS spectra acquired
on the first sample after more than 1000 s of Ar ion sputtering, which
is expected to remove more than 200 Å still showed the presence of
WO2 and oxygen, consistent with the difference observed on the XRR
curve of the first sample. Overall, the results of the XPS investigations
are corroborating the interpretation of the XRR simulation results in
that after CMP treatment, a mixed composition layer, consisting of
WO2, WO3 and metallic W is formed, covered by a thin WO3 layer
and a very thin tungsten hydroxide layer.

Characterization of the protective nature of the metal oxide thin
films by P-B ratio calculations and interfacial stress evaluations.—
The thickness and the density results obtained from the simulations of

the XRR curves summarized in Table I were used to calculate the P-B
ratio values for the layered structure of the tungsten oxide nano-films
based on Equation 1. As it was discussed earlier, the very top layer of
oxide layer, Layer 0, was corresponding to a hydroxy tungsten as per
the density measurements matching the hydroxy minerals of tungsten.
The intermediate layers, Layer 1 and Layer 2, on the other hand were
determined to be a combination of the W and WO3/WO2 based on the
compositional analyses conducted by XPS. From the reported density
values, the estimated weight percent concentrations of metallic W
and W-oxide of these intermediate layers were calculated by equating
the measured density value to the sum of the density of pure oxide
times the weight percent composition of the oxide and the density of
metallic tungsten (measured as the bulk layer in the XRR analyses) and
the concentration of metallic tungsten in the layer (1- concentration
of the oxide). In order to come up with a range, the calculations
were conducted by assuming either a pure WO3 and metallic tungsten
composition, or WO2 and metallic tunsten composition, since the
exact amounts of the type of oxide in a given layer is not known. Once
the weight percent concentrations of the oxide to metallic tungsten
were determined, these fractions were used to estimate the molecular
weights of each layer. These values were than used to calculate the
P-B ratios by using Equation 1.

Table II summarizes the compositional contents and the calculated
P-B ratios of each layer measured. The calculated tungsten to tung-
sten oxide fractions well matched the earlier literature data reported
on tungsten after treating the surfacess with H2O2 at pH 2 and pH 4.24

It can be seen that except for the very top hydroxy layer, the P-B ratios
remain to be less than 2. As discussed previously, when the volume
of the oxide is much greater than the metal (P-B ratio � 1), com-
pressive stresses start to develop in the growing film. The oxide film
releases the strain energy by breaking the bonds at the metal-oxide
interface. Hence the very top hydroxyl oxide layer (which is only
7–8 Å thick when the oxidizer is present in the solution) is not stable.
This hydroxyl compound extends to a much deeper region (into Layer
1) in the absence of the oxidizer. Formation of two distinguishable
layers at a total of ∼130–140 Å thickness was observed, which re-
tained a high P-B ratio. This result suggests that a protective layer
does not form without the oxidizer in the solution until a very thick
oxide is formed. Beyond the 130–140 Å thickness, Layer 2/metallic
tungsten interface shows a protective oxide layer formation with a P-B
ratio of 1.28. However, since the top oxide film is expected to peel
off continuously due to high interfacial stresses, the underlying layer
will continue to corrode by getting exposed to the oxidizer in the so-
lution. In the presence of oxidizer, on the other hand, the unprotective
hydroxyl compound of tungsten is only 7–8 Å, while the underlying
layers are have P-B ratios within 1.25 to 1.37 ranges. An ideal protec-
tive oxide can be obtained when the P-B ratio is between 1 and 2. In
this case, the oxide formed on the metal surface remains intact and its
growth is limited by the diffusion of the metal ions through the oxide
film. As it can be seen from the values reported in Table II, all the
P-B rations calculated between the composite layers Layer 1/Layer

Table II. Compositional analyses and P-B ratio calculations on the samples treated after 1 M KOH treatment and with 0.05, 0.075 and 0.1 M
H2O2 addition after 1 M KOH treatment.

KOH Treatment 0.05 M H2O2 0.075 M H2O2 0.1 M H2O2

Composition(%) P-B Ratio Composition (%) P-B Ratio Composition (%) P-B Ratio Composition (%) P-B Ratio

Layer 0 W-OH: 100 1.28 W-OH: 100 W-OH: 100 W-OH: 100
on WO3/W 3.05 on WO3/W 3.53 on WO3/W 3.64
on WO2/W 3.32 on WO2/W 3.54 on WO2/W 3.64

Layer 1 W-OH: 100 3.06 WO3/W 51/49 1.23 WO3/W 55/45 1.37 WO3/W 53/47 1.35
on WO3/W 3.48 WO2/W 77/33 1.33 WO2/W 81/19 1.37 WO2/W 78/22 1.35
on WO2/W

Layer 2 WO3/W 28/72 1.28 WO3/W 31/69 1.33 WO3/W 25/75 1.26 WO3/W 25/75 1.25
WO2/W 42/58 1.28 WO2/W 47/53 1.33 WO2/W 37/63 1.25 WO2/W 35/65 1.25

W substrate W: ∼100 W: 100 W: 100 W: 100
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(e)

Figure 5. a. Characterization of the tungsten oxide protective thin films for surface roughness by AFM surface roughness measurements (reproduced with
permission from Basim, Karagoz and Ozdemir, Copyright 2012 Cambridge University Press (USA)]26). b. Characterization of the tungsten oxide protective thin
films for wettability through contact angle measurements (reproduced with permission from Basim, Karagoz and Ozdemir, Copyright 2012 Cambridge University
Press (USA)]26). c. Characterization of the tungsten oxide protective thin films for total surface energy evaluations on W surfaces treated for 5 minutes in H2O2
oxidizer solutions. d. Characterization of the tungsten wafers post CMP for Material Removal Rate (MRR) responses of the W wafers. e. Characterization of the
tungsten wafers after CMP with slurries containing H2O2 oxidizer at increasing concentrations for surface roughness responses.

2 and Layer 2/metallic tungsten substrate remained between 1 and
2 suggesting the formation of protective oxide layer in the presence
of H2O2 in the solution. In summary, it is observed that the inner
tungsten and oxide composite layers remain stable after oxidation yet
the very top pure oxide film with a 7–8 Å thickness is not protective.
The fact that the measured density of the metallic tungsten layer in-
creased by the increasing oxidizer concentration from 17.6 g/cm3 in
the absence of the oxidizer to 17.8, 18.4 and 18.6 g/cm3 with the ad-
dition of 0.05, 0.075 and 0.1 M oxidizer solution is another indicator
of the formation of a protective oxide film that can stop the oxygen

diffusion in the presence of the oxidizer. It is obvious that the higher
the oxidizer concentration, the more protective the metal oxide thin
films formed leading to less of a diffusion of the oxygen toward the
metallic substrate through imperfections, such as vacancies or grain
boundaries as it was also discussed through the results of the XRR
analyses.

Characterization of the surface roughness and surface energy of
the metal oxide thin films in CMP solutions and their impact on mate-
rial removal rate and surface quality response.— Figure 5a illustrates
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the surface topography of the tungsten wafers (a minimum of 5 sam-
ples for each condition) dipped into the H2O2 solutions at 0.0, 0.05,
0.075, 0.1, 0.5 and 1 M concentrations for 5 minutes after the surfaces
were cleaned in 1 M KOH solution. Surface roughness analyses were
conducted by AFM surface scans at 5 × 5 μm for at least 3 different
locations on each wafer. It was observed that the wafers before the
KOH treatment had high root mean square (RMS) surface roughness
values (∼10 nm) although they were polished prior to the surface
treatment by dipping into the oxidizer solutions. Treating the surfaces
with 1 M KOH solution reduced the surface roughness value to 3 nm.
This can be attributed to the removal of the surface oxide at this very
high pH solution. When the samples were treated with increasing
concentrations of the oxidizer after the KOH treatment, there was a
change in the roughness values with a peak observed at the 0.075 M
concentration. From the micrographs, it can be observed that there is
oxidation taking place on the wafer surfaces in the presence of the
oxidizer. It appears that up to a 0.075 M oxidizer concentration, the
surface oxide tends to form through nucleation and growth and above
this concentration, the hillocks formed by the nucleation reach a criti-
cal size among which diffusion mechanism take over and a transition
through a granular surface topography is observed starting at 0.1 M
H2O2 concentration. The further increase in the oxidizer concentra-
tion from 0.1 to 1 M, however, did not show a difference in the surface
roughness measurements due to consistent formation of columnar ox-
ide structures on the substrate surface. This is believed to be due to
Ostwald ripening of the tungsten oxide crystals at the elevated oxi-
dizer concentrations.17,26 The changes in the surface structure of the
tungsten as a function of the oxidizer type during the CMP operations
was investigated also in the earlier literature. Experiments conducted
on tungsten wafers with addition of hydrogen peroxide and ferric ni-
tride as oxidizers at a fixed concentration indicated changes in the
surface topography similar to our observations.27 In this paper, on the
other hand, we report on the changes in the surface topography as
a function of the oxidizer concentration and its effects on the CMP
performance.

In order to evaluate the impact of surface topography on the CMP,
we have initially evaluated the wettability response of the tungsten
oxide surfaces by using contact angle goniometer with sessile drop
method after dipping the wafers into solutions at different oxidizer
concentrations. Initially, DI water was used to measure the wettability
responses as a function of the changing surface topography of the
substrates. Figure 5b illustrates the contact angle responses of the
tungsten oxide surfaces including the pictures of the droplets. It can
be seen that, the minimum contact angle measurement was taken at
0.075 M H2O2 concentration, where a maximum was obtained in the
surface roughness.28 It appears that the surface topography tends to af-
fect the wettability responses of the surfaces, which is directly related
to the changes in the surface energy. In order to evaluate the surface
energy responses, we measured the contact angles on the sample sur-
faces with polar and non-polar liquids (ethylene glycol, formamide,
glycerol and DI-water) and calculated the total surface energy by
acid-base method as detailed in the literature.3 Figure 5c illustrates
the calculated total surface energy values, which also demonstrates
that the minimum total surface energy was obtained at 0.075 M con-
centration. Hence, it is expected that the surface nature of the metal
oxide thin films may also be important in evaluating the CMP per-
formance. In order to evaluate the impact of the changes in surface
topography on CMP performance, CMP tests were conducted by 10
wt% alumina slurries at pH 4 using 0.05 μm size particles. It can
be seen in Figure 5d that there was again a minimum in the material
removal rate (MRR) response obtained in the presence of 0.075 M
H2O2 concentration in the CMP slurry. This result correlated very
well with the observations in Figures 5a through 5c. In summary,
the minimum in the contact angle measurement with DI water, the
minimum in the total surface energy and the maximum in the surface
roughness value obtained at 0.075 M oxidizer concentration also re-
sults in a minimum in the MRR of the tungsten wafer. One of the main
significance of this finding is that, the very simple and bulk level mea-
surement of wettability through contact angle is a good predictor of

(a)

(b)

Figure 6. a. Material removal rate response as a function of slurry solids
loading at increasing oxidizer concentrations. b. Surface roughness response
as a function of slurry solids loading at increasing oxidizer concentartions.

the surface roughness and total surface energy of the metal oxide thin
films.

The minima in the MRR value obtained at 0.075 M concentration
can be explained based on two phenomena. First, it can be suggested
that the surface structures formed at this concentration are the most
stable (based on the minimum total surface energy measured) and
hence could have a relatively high elastic modulus resulting in reduced
material abrasion. In fact, it was reported that the WO3 nanowires
grown on tungsten tips of a transition electron microscope have shown
increasing elastic modulus values with decreasing diameter due to
the elimination of the lattice defects in the structure.29 Second, the
frequency of the abrasive particle collision on the protruding oxide
structures is lower due to individual oxide hillocks forming at this
concentration as opposed to the columnar structures obtained at the
higher concentrations. The decrease in the total surface area of oxide
at 0.075 M oxidizer addition with respect to the other concentrations
may result in reduced removal rates. Additionally, Figure 5e illustrates
the surface roughness response on the tungsten wafers polished in the
presence of the H2O2 at 0, 0.05, 0.075, 0.1, 0.5 and 1 M concentrations.
The highest surface roughness is obtained once again at the 0.075 M
concentration indicating that the material removal takes place more
predominantly by mechanical abrasions, which further suggest that
the elastic modulus of the formed oxide layer is higher.

The impact of the chemical nature of the oxide film on the material
removal mechanisms can be further discussed based on Figures 6a,
and 6b, where the MRR responses and the surface roughness values
are demonstrated as a function of the oxidizer concentration at increas-
ing slurry solids loadings. From Figure 6a, it is seen that the MRR of
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Figure 7. Schematical demonstration of the time per abrasion calculations
during CMP.

tungsten increases by the increasing slurry oxidizer concentration ex-
cept for the irregularity observed at 0.075 M concentration. The trend
of increasing removal rates can be attributed to the increased chem-
ical reaction rate of the oxidation by the increasing slurry oxidizer
concentration. Figure 5b consistently illustrates decreasing surface
roughness values with the increasing oxidizer concentrations. The ir-
regularity observed at the 0,075 M H2O2 concentration is consistently
observed in these two figures as well, delineating the change in total
surface energy and oxidation mechanism at this critical concentration.

Even though the chemically modified tungsten oxide thin films are
protective in the presence of an oxidizer at the recessed locations of
the patterned wafer, the mechanical abrasion of the slurry particles
continuously expose fresh tungsten metal to oxidation at the protrud-
ing locations. Yet, a plateau is reached at each slurry solids loading
after ∼5–10 wt% concentration of particles indicating that a satu-
ration occurs in the abrasion frequency as it was also observed for
tungsten CMP in the previous literature as a function of the particle
size.13 Therefore, the particles can be assumed to adopt a hexagonal
closed packed formation within the pad-wafer interface similar to the
results demonstrated on the silica-silica CMP system.30 Based on the
hexagonal closed packing, the frequency of the particle abrasion on a
given spot of the wafer surface has to be equivalent to the particle di-
ameter divided by the rotational velocity as demonstrated in Figure 7.
By taking into account that only 0.33% of the pad surface is in contact
with the wafer surface,30 it is predicted that there is 1 abrasion taking
place per every 9.24 × 104 seconds when 50 nm abrasive particles are
used. At this frequency of abrasion, if it is assumed that every single
particle can results in material removal, we can calculate the approx-
imate removal thickness per particle by dividing the experimentally
observed materials removal rates to the abrasion rate per particle. In
the given system, the removal rates are 1100 Å/min at 0.075 M H2O2

concentration and ∼2200 Å/min at 1 M H2O2 concentration, respec-
tively. Hence the material removal per particle is calculated to be in
the range of 0.2 × 10−3 to 0.4 × 10−4 Å/abrasion. Since this value is
even smaller than a single tungsten oxide lattice dimension (7–10 Å),
it can be concluded that only 1 in a 1000 to 10000 of the slurry parti-
cles contacting the surface can results in material removal. Hence we
can conclude that the CMP process is limited by the chemical reaction
rates rather than the rates of the mechanical interactions. Moreover,
it can be suggested that only the protruded oxide hillocks can be re-

moved by the abrasive particles during the CMP process. Since the
increased oxidizer concentration results in formation of columnar ox-
ide structures on the surface (as shown in Figure 5a), the removal rates
tend to get elevated with the increased oxidizer concentration. Yet, the
observation of the lowered removal rates with the increased surface
roughness at the 0.075 M concentration of the oxidizer also suggest
that the mechanical properties of the surface structure also tend to
influence the removal mechanisms.

Conclusions

It is important to understand the chemical and mechanical nature
of the CMP process to better control the process and design processes
for the CMP of new generation materials. This study summarized our
findings on the chemically formed metal oxide thin films of tungsten
wafers in the CMP slurry environment. The characterization of the na-
ture of the surface films has shown a layered oxide formation and the
calculation of the P-B ratios suggested that the very top oxide film is
a hydroxyl compound of tungsten and it is prone to delamination due
to very high P-B ratio. However, the subsequent layers have shown
stability with P-B rations calculated in between 1 and 2 in the presence
of the oxidizer in the solution. Furthermore, we have demonstrated
that the surface topography of the tungsten wafers tend to change
as a function of the oxidizer concentration. The observed changes
in the surface topography were also found to affect the wettability,
total surface energy and consequently the material removal rate and
the surface quality responses. Hence it is obvious that the protective
nature, as well as the surface nano-topography of the metal oxide thin
films need to be studied to assess the CMP performance. In summary,
the presented study proposes a new methodology to characterize the
metal oxide thin films for new generation materials introduced to the
semiconductor industry. Fundamental understanding of the conducted
research is also expected to be important in many other fields such as
in biological systems, thin film coatings, chip packaging and applica-
tions where the interface and thin film properties affect the product
performance.
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