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Chemical Mechanical Planarization (CMP) process development for 10nm nodes and beyond demands a systematic understanding of
atomic-scale chemical and mechanical surface interactions for the control of material removal, selectivity, and defectivity. Particularly
the CMP of barrier/liner films is challenging with new materials introduced to better adhere the contact metal at the interface and
limit the probability of metal diffusion to the transistors. The relative selectivity of the CMP removal rates of the barrier materials
against the contact metal needs to be controlled depending on the integration scheme. This paper focuses on understanding the barrier
CMP process selectivity on the model W/Ti/TiN applications through electrochemical evaluations and chemically modified thin film
analyses. Ex-situ electrochemical evaluations are conducted on the W/Ti/TiN system to evaluate the passivation rates in various
slurry formulations as a function of the slurry chemistry and the abrasive particle solids loading. Results of the passivation rates are
compared to the removal rate selectivity and the post CMP surface quality on blanked W, Ti, and TiN films. A new methodology
for CMP slurry formulations through ex-situ electrochemical analyses is outlined for new and more challenging barrier films while
simultaneously highlighting an approach for corrosion prevention on the metallic layers.
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The trend toward miniaturization of the microelectronics fabrica-
tion, particularly beyond 10 nm is resulting in a shift toward new
interconnect architectures with unconventional materials introduced
as barriers. In particular, copper-based metallization combined with
low-k dielectrics has been challenging with a need to develop effec-
tive CMP processes and selection of consumables to enable device
reliability.1 Copper interconnects meet the requirements of low resis-
tivity, stability during processing and operation, improved electromi-
gration performance and the ability to be deposited and etched func-
tionally and effectively. Cu requires a high-performance barrier layer
to enhance adhesion to underlying films as well as to stop any Cu ion
diffusion to the transistors that will lead to their malfunction. Ta/TaN
is being used in combination with the Cu interconnects with a two-
step CMP process. Conventionally, the first step removes the bulk Cu
layers and the second step removes the barrier layer, hard/soft masks
and the dielectric film.2

As a new material, cobalt has been shown to improve the adherence
of Cu to the barrier layers such as TaN, WN and TiN. Furthermore,
Co4N is a good candidate as a barrier material due to its similar FCC
structure and small lattice mismatch with Cu.3–5 Ruthenium is an-
other alternative barrier material. Although it has a relatively higher
lattice mismatch to Cu, it gives better coverage and wettability.3 Man-
ganese (Mn) and Molybdenum (Mo)9 are other alternatives since the
Ru CMP generates a poisonous product at low pH values (lower than
pH 8). Manganese (Mn) penetrates the silica in nano-scale and makes
a barrier layer with high adhesion strength to Cu and hence it is con-
sidered as another good barrier layer alternative.6–8 Mo and its alloys
such as CoMo are also effective barrier materials due to their passiva-
tion in aqueous media that can be controlled by adding surfactants.9

The selection of barrier and liner materials is also critical in satisfying
the process integration requirements. In processing 10-nm technol-
ogy, Ru meets the better gap fill requirements as a liner material over
a TaN barrier. However, a recent CMP study showed the formation
of Ru layer bending and Cu contact recess due to corrosion potential
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differences between the Cu and Ru metallic layers leading to variation
in the CMP removal rates.6 Hence, the continuing challenges in pla-
narization need to be addressed through understanding the selectivity
requirements and introducing alternative slurry formulations.

Tungsten (W) contact or via fill has been well established in mi-
croelectronics applications with Ti/TiN as the standard barrier/liner
layer.10 Ti/TiN stack is an effective diffusion barrier to tungsten due
to its thermal and chemical stability and the ability of passivation by
creating an oxide layer that promotes adhesion.11 Besides, the Ti layer
is used as an oxygen gettering layer for contacts as it reacts with the
residual oxygen to reduce its content in a vacuum environment. TiN
can also serve as an adhesion layer between the metal and the dielec-
tric in the case of W contact as well as a barrier to prevent WF6 from
reacting with the underlying Ti during the W CVD process. These
layers help in electromigration protection for two reasons; (i) Ti/TiN
stack shows superior barrier characteristics when compared to TiW;
which was another barrier material in metallization of earlier VLSI
based Al devices. It was observed that the interface reaction between
TiW and Si layer was sensitive to the deposition temperature of the
barrier metal, while W/Ti/TiN/Si was not,12 (ii) Ti/TiN stack also pro-
vides a better electro-migration lifetime performance than TiN process
which forms a TiN-Ti compound from a multi-Ti-mono-N cluster.13

Tungsten plugs continue to be a critical part of process integration
starting at 22 nm to connect the transistors and interconnects at the
middle-of-line (MOL) processing. Particularly, the shrinking sizes of
the plugs reduce the volume of tungsten, which results in increasing
device resistance. Hence, the semiconductor industry is considering
replacing the W plugs with the Co.14 Alternatively, the introduction of
new W based material that can serve as both barrier and liner film is
tested to allow the gap to be filled with more W rather than consuming
the volume by the Ti/TiN layers.15

In this study, we established a systematic approach for comparing
the chemical and mechanical compatibility of the W, Ti and TiN films
representative of barrier CMP. The correlation between the formation
of chemically modified layers and their removal by the slurry abra-
sive particles is well established on CMP removal rate selectivity.16

The chemically modified layers are typically passive metal-oxide
nano-films in metal CMP applications. In earlier studies, we have
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demonstrated the formation of tungsten oxide and titanium oxide pas-
sive films and their effects on surface energy and topography for the
CMP applications.17,18 Here, we extend these analyses to W, Ti and TiN
layers to investigate their corrosion behavior and passivation charac-
teristics as a function of H2O2 (oxidizer) concentration. Electrochem-
ical analyses indicate that the higher is the oxidizer concentration, the
faster is the rate of passivation, which is further related to the increase
in the material removal rates (MRR). Furthermore, it was observed
that when the rate of passive layer formation was comparable for the
different films, the removal rates were also comparable leading to the
control of removal rate selectivity. Therefore, CMP slurry chemistry
and slurry particle concentrations were tuned to enable 1:1:1 removal
rate selectivity of the W/Ti/TiN films to facilitate a single step pla-
narization process.

Primarily, the chemical composition of the CMP process was op-
timized at the fixed slurry abrasive concentration by changing the ox-
idizer concentration. Removal rate selectivity was achieved at 0.2 M
oxidizer concentration, where ∼76 nm/min MRR values were ob-
tained for each film. Subsequently, the mechanical component of the
CMP process was studied by changing the slurry abrasive concentra-
tion at the 0.2 M (optimal) H2O2 concentration. It was observed that the
tungsten CMP is more chemically controlled by the formation of the
tungsten oxide film and less affected by the changes in the mechanical
abrasions. Whereas, the Ti and TiN films showed more correlation to
the mechanical activity when the abrasive concentration was changed.
Post CMP surface roughness characterizations were also performed to
assist in understanding the quality of the interface between W/Ti/TiN
layers.

The ex-situ electrochemical evaluations presented in this paper
are critical to control the material removal rate selectivity to provide
Within-Die (WID) planarization uniformity. Once the CMP slurry
chemistry is designed to enable the WID uniformity to enable the
control of the local topography of the microprocessor layout, the ad-
vanced CMP tools (which are designed to tune the regional downforce
on the polishing head) can be integrated with the adjustment of the
pressure zones. Consequently, the ex-situ electrochemical evaluation
based CMP selectivity optimization is also believed to help improve
the Within-wafer (WIW) uniformity through better planarization for
the 300 mm wafer manufacturing.

Experimental

Materials.—200mm CVD deposited tungsten, titanium and TiN
wafers were obtained from Texas Instruments Inc. They were cut into
square-shaped coupons of 10 × 10 mm in size to conduct the elec-
trochemical analyses and 14 × 14 mm for the CMP experiments. All
wafers were cleaned prior to the electrochemical tests, where W, Ti,
and TiN coupons were immersed into DI water at pH 9 and placed
into an ultrasonic bath for 5 minutes to clean the native oxide on the
surface. Hydrogen peroxide (H2O2 − Sigma Aldrich, %34.5–36.5 pu-
rity) was used as an oxidizer in the electrochemical tests as well as the
CMP experiments at 0.1 M, 0.2 M, 0.3 M 0.5 and 1 M concentration.

Methods.—Electrochemical measurements.—Potentiostatic tran-
sient and potentiodynamic polarization experiments were conducted
by using the electrochemical cell setting shown in Figure 1. Blanked
wafers of W, Ti and TiN were connected in place of the working
electrodes. Output signals were measured between the working and
the counter electrodes in the cell. The counter and reference elec-
trodes used in these measurements were platinum and SCE (Saturated
Calomel Electrode), respectively. Gamry Interface 1000 Potentiostat
was used along with the software of Gamry framework and the raw
data was analyzed by using Gamry Echem Analyst software.

Potentiostatic (current versus time) transient experiments were set
to collect data for a continuous duration of 1100 seconds. Input po-
tential was set to a low value, which was close to zero Volts vs. Eref

(the real value shown during the test were ∼ 90–100 μV, which was
negligible and assumed to be zero). All the plates were immersed in
deionized water at the beginning of the experiments before the mea-

Figure 1. Electrochemical cell setting. (a) counter electrode, (b) working elec-
trode, (c) reference electrode and (d) electrolyte solution.

surements were started. After a few seconds, H2O2 (diluted from a
stock concentration of 35 wt%) was added according to the desired
molarity in the solution of the final volume of 150 ml. Finally, the
samples were rinsed and dried with nitrogen to prepare the surfaces
for post surface characterizations.

Potentiodynamic scans were performed on the W, Ti, and TiN wafer
coupons in H2O2 solutions as before. Before starting the polarization
scans, open circuit delay voltages were measured for 10 seconds. Po-
tentiodynamic scan output signal (current Im) was collected at a range
from −5 V to 8 V input potential with a scan rate of 50 mV/s and a step
of 1 mV for each point. The total scan period was around 30 minutes.
The resultant curve was plotted as potential (Volts) versus log current
(Amperes). Tafel data were calculated for each scan and used to de-
termine the output parameters by the Gamry Echem Analyst software
including; (i) the corrosion rate, (ii) the corrosion current (Icorr) and
(iii) the electrochemical corrosion potential (Ecorr) which is a measure
of the voltage difference between the wafers as the working electrodes
and the standard reference electrode.

Surface characterization.—Wettability of surfaces relates to the
surface energy and it is known to be affected by the surface chemistry
as well as the surface nano/microtopography. Sessile drop method
was used to conduct the contact angle measurements post potentio-
static scans on the wafer surfaces by using deionized water as the con-
densed liquid phase in the air. The size of the drops was maintained
at ∼160 μm and the KVS AttentionTheta Goniometer was used for
the measurements. Before analyzing the wettability of the samples,
wafer coupons were rinsed with ethanol and cleaned in DI water in an
ultrasonic bath for 10 minutes and dried with nitrogen gas.

Atomic force microscopy by Nanomagnetics Instruments was uti-
lized to quantify surface roughness. Surface topography images of the
bulk titanium plates were generated by scanning in the contact mode.
The scan area was set to 10 × 10μm with a scan speed of 6 μm/second.
Minimum three measurements were taken for each sample to obtain
an average root mean square (RMS) roughness value. The topographic
images and their 3D and cross-sectional views were analyzed to vali-
date the roughness values.

Chemical mechanical polishing experiments.—CMP experi-
ments were conducted by using silica-based commercial CMP slurry
with 3%wt solids loading and IC1000/Suba IV stacked pad on a table-
top Tegrapol-31 polisher. Polishing was performed for 30 seconds, at
a downforce of 30 N and a rotation speed of 150 rpm for both the
head and the platen. Hydrogen peroxide (H2O2) was introduced as an
oxidizer through a secondary slurry line at 0.1, 0.2, 0.3, 0.5 and 1 M
concentrations. After polishing, wafer coupons were cleaned with ace-
tone and DI water in an ultrasonic bath for 10 minutes and dried with
nitrogen gas. To determine the material removal rates, wafer samples
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were weighted pre and post CMP application. Measurements were
conducted using a high precision balance (PrecisaGravimetrics) with
an accuracy of ±0. 01 mg.

Initially, the CMP performances of all the W/Ti and TiN coupons
were optimized with 3wt% slurry solids loading by only varying the
oxidizer concentration. A 1:1:1 removal rate selectivity was obtained
for W/Ti/TiN at 0.2 M H2O2 addition at 3wt% solids loading. To evalu-
ate the impact of mechanical interactions, additional CMP experiments
were conducted at 0.2M oxidizer concentration by changing the slurry
solids loading from 3%wt to 5%, 10%, and 15wt%. The baseline silica
slurry with 30%wt solids concentration was diluted with pH-adjusted
water (at pH 9) to modify the solids loadings.

Results and Discussion

Tungsten, titanium and TiN blanket wafers were used as square
coupons for the electrochemical measurements and the CMP exper-
iments. Initially, potentiodynamic measurements were conducted as
a function of oxidizer concentration to determine the surface corro-
sion rates as an indication of the chemically modified thin formation.
Next, the surface passivation behaviors of the three films were mea-
sured by the potentiostatic scans to evaluate the rate of passivation.
Surface wettability and roughness values were analyzed in parallel to
the electrochemical measurements. The results of the electrochemical
analyses were compared to the CMP material removal rate (MRR)
responses on W/Ti/TiN films as a function of the slurry oxidizer con-
centration and slurry solids loading variation.

Electrochemical evaluations on W/Ti/TiN blanket wafers.—
Potentiodynamic measurements.—Figures 2a, 2b, and 2c illustrate the
potentiodynamic polarization responses of the W, Ti and TiN films in
0.1, 0.2, 0.3, 0.5 and 1M H2O2 media, respectively. In the presence
of hydrogen peroxide at selected concentrations all the curves showed
a similar cathodic response. The measured current on the film sur-
faces decreased as the applied potential reached the zero value and
started progressing into the anodic polarization portion of the curve.
Passivation currents were observed at zero potential levels for each
oxidizer concentration on all three films. The lowest zero potential
conductivity was observed at 0.1 M on tungsten wafer. The scanned
curves were similar for all the concentrations other than the 1M H2O2

addition, where uncontrollable corrosion was observed on the wafer.
The titanium films showed the lowest passivation current at the 0.2 M
of H2O2 addition (Figure 2b), and both Ti and TiN had similar passi-
vation currents at all the selected concentrations of the oxidizer, yet a
more pronounced variability was observed on TiN as can be seen in
Figure 2c.

Table I summarizes the Tafel data calculations for the selected
films at the given oxidizer concentrations. Tungsten showed relatively
low corrosion rates up to 0.5 M H2O2 addition, whereas, a high rate
of 3.7 mm/year was observed at 1M. This phonemenon is further il-
lustrated in Figure 3 as a sharp increase in the corrosion rate with the
image of the corroded W wafer coupon. Titanium wafers showed much
consistent corrosion rate behavior irrespective of the oxidizer concen-
tration. This can be attributed to the protective nature of the titanium
oxide surface layer that is consistently effective even at the 1M H2O2

addition.18 In the case of TiN films, Tafel data showed higher corro-
sion rate values as compared to titanium and tungsten. An increase
was observed in the corrosion rate at 1 M oxidizer addition similar
to tungsten. TiN is considered to be more of a ceramic material in its
chemical nature and oxidizes into TiO2 in the presence of oxygen or
at high temperatures.19 Furthermore, it has a rock salt (NaCl) crys-
tal structure with lower atomic packing and titanium that can explain
its poorer passivation performance. At the relatively higher concentra-
tions of the oxidizer, the oxidation process became more unpredictable.
Yet, titanium and TiN can be considered as suitable liner and barrier
layers for W at the lower H2O2 concentrations. Since the TiN is the
liner at the interface with the dielectric substrate, it also serves as a
transition material from the dielectric to the interconnecting conductor
and hence its ceramic like nature better suits the interface.

Figure 2. Potentiodynamic curves of (a) tungsten (W), (b) yitanium (Ti) and
(c) titanium nitride (TiN) deposited wafers in the presence of 0.1, 0.2, 0.3, 0.5
and 1 M H2O2 in the solution added as an oxidizer.

Potentiostatic transient measurements.—Figures 4a, 4b and 4c show
the current versus time transient measurements of W, Ti and TiN wafers
immersed in hydrogen peroxide solutions at the 0.1, 0.2, 0.3, 0.5 and
1 M concentrations. The AFM micrographs of the surfaces exposed
to the varying concentrations of the oxidizer are also illustrated for
the corresponding concentrations. It can be seen in Figure 4a that, on
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Table I. Summary of Tafel data and corrosion rates of W, Ti and TiN as a function of oxidizer (H2O2) concentration at 0.1, 0.2, 0.3, 0.5 and 1 M.

H2O2 Concentration

Tafel Variables 0.1 M 0.2 M 0.3 M 0.5 M 1 M
Icorr (μA) W 25.90 12.10 9.930 3.950 192,0e-6
Ecorr (mV) 227.0 148.0 113.0 82.30 −14,50

Corrosion Rate (mm/yr) 0.249 0.116 0.095 0.038 3.696

Icorr (μA) Ti 3.8e-6 3.5e-6 9.8e-6 5.810e-6 3.850e-6
Ecorr (mV) 63.20 71.30 38.70 96.50 168.0

Corrosion Rate (mm/yr) 0.0767 0.0699 0.1964 0.1159 0.0768

Icorr (μA) TiN 12.70e-6 12.3e-6 14.6e-6 7.78e-6 26.6e-6
Ecorr (mV) 96.90 149.0 114.0 200.0 246.0

Corrosion Rate (mm/yr) 0.514 0.462 0.547 0.3106 1.076

the W surface, there is a decrease in the current toward the negative
values indicating surface oxidation in the first ∼100 seconds of ox-
idizer exposure. A steady-state current value is obtained afterwards.
This observation only differs for the 1M H2O2 addition, where severe
corrosion was observed on the W wafer coupon (Figure 3). Although
there was an initial passive film formation, the current flow contin-
ued to increase abruptly after approximately 50 seconds of dipping.
Based on our earlier studies, we have demonstrated that the oxidation
of W is driven by the nucleation and growth mechanisms controlled by
the Oswald ripening on the surface.20 Furthermore, the surface oxide
structures and the roughness correlate to the CMP removal rate and
defectivity performance.17 The passive film formation was confirmed
by the X-Ray Reflectivity measurements and the Pilling-Bedworth ra-
tio calculations. The AFM images taken on the passivated W surfaces
align with the proposed nucleation and growth mechanisms as it is
further discussed in the next section. It must be noted that since the
frequency of the surface abrasion during the CMP is very fast (∼1000
particles/second), even at the 1M oxidizer concentration a sufficient
surface oxide is present to be removed from the perspective of the
CMP operational conditions.17

Figures 4b and 4c demonstrate the current steady state behavior
as a function of the oxidizer concentration on the titanium and tita-
nium nitride wafer coupons, respectively. On both of these films, the
passivation currents also became more negative as a function of the
increasing oxidizer concentration. Corrosion rates remained less than
0.1 mm/year on Ti, whereas the TiN showed higher corrosion rate re-
sponses at all the selected oxidizer concentrations (∼0.5 mm/year) and
corroded faster at 1 M (1.1 mm/year) as shown in Figure 3. It is known
that Ti forms its protective film that is pore-free and continuous. The
earlier studies conducted on Ti CMP have also confirmed the forma-
tion of the TiO2 film as a function of hydrogen peroxide at the acidic

Figure 3. Corrosion rate values on Ti, TiN, and W wafers calculated based
on potentiodynamic measurements of Tafel data as a function of oxidizer
concentration.

pH ranges by XPS verification.10,18,21–22 The surface micrographs col-
lected on the Ti wafers also illustrated the nucleation of oxide peaks
(Figure 4b), which is in agreement with the literature.21 TiN wafer
coupons showed a lower surface conductivity than the Ti films, which
can be attributed to TiN being more like a ceramic material in nature.
Hence, it is generally expected to passivate less than the metals. Fur-
thermore, the surface micrographs taken on the TiN wafer coupons
as a function of the oxidizer addition do not show much variation or
signs of oxide nucleation on the surface.
The rate of surface passive film formation.—The rate of oxide growth
is important to evaluate material removal rates in CMP since the for-
mation of surface oxide enables the material removal by the abrasive
particles. Ti coupons showed relatively lower passivation currents as
compared to W, which aligns with the fact that the oxide film of Ti
is self-protective and more stable than the tungsten oxide. TiO2 on Ti
typically has a better surface coverage than the (WO3) film formed
on the W surface.21 TiN as a non-metallic film, on the other hand,
behaves differently with more negative passivation currents achieved
as compared to W as well as Ti.

The rate of passive film formation, which is a function of the nucle-
ation and growth of the oxide films, was observed to be different for
the selected films. There is a tendency of a faster decay in the current
toward negative values with the increasing oxidizer concentrations ir-
respective of the material chosen. In order to determine the rate of
passive film formation, the decrease in the current flow per unit time
was calculated for the W, Ti and TiN coupons. Figure 5 shows the
calculated oxidation rates in A/s at the 0.1, 0.2, 0.3, 0.5 and 1M H2O2

concentrations for each wafer type. The increase in the oxidation rates
suggests faster surface oxide formation, which aligns with the fact that
there is more oxidizer available close to the substrate surface at the
higher molarities. Consequently, faster nucleation and growth is pro-
moted. At 0.1 and 0.2 M oxidizer concentrations, the passivation rate
values were similar in agreement with the observed corrosion rates.
The only deviation from this trend was observed for W at 1 M H2O2

addition. At this condition there was an initial fall followed by the
sharp rise in current toward corrosion currents. It can also be seen in
Figure 5 that the Ti and TiN had a more pronounced change in the rate
of oxidation as a function of the increasing oxidizer concentrations.
This trend is also in agreement with the change in passivation currents
of W, Ti and TiN shown in Figures 4a through 4c. The increase in the
metal oxide formation rate has also been demonstrated in the litera-
ture as the exponents in MacDonald’s model for the anodic passive
films.23 It is expected that the closer the rates of passivation/oxide film
formation on the integrated films, the better is the compatibility of the
films to enable desired material removal rate selectivity.
Surface quality evaluation of W/Ti/TiN blanket films post electrochem-
ical measurements.—Figure 6a illustrates the root mean square (RMS)
roughness values obtained on the W, Ti, and TiN wafer coupons after
the electrochemical analyses. The results correlate to the corrosion val-
ues showing an increase in the W surface roughness above the 0.5 M
concentration with 20nm roughness at the 1M H2O2 addition. This is
related to the unstable surface nature of the oxide film leading to a
more porous surface nature as it corrodes. While a more uniform layer
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Figure 4. Potentiostatic curves of (a) W, (b) Ti and (c) TiN deposited
wafers at 0.1, 0.2, 0.3, 0.5 and 1 M H2O2 concentrations with corre-
sponding AFM surface micrographs.

formation was observed with reduced roughness values at the low
concentrations, at 0.5M and 1M oxidizer addition surface quality de-
graded significantly. Titanium showed similar RMS roughness values
for concentrations within 0.1M to 0.3M and, similar to W, a relative
increase was observed in the surface roughness at higher concentra-

tions of hydrogen peroxide addition. This increase in roughness can
be attributed to the faster nucleation and growth of the titanium oxide
at the elevated oxidizer concentrations. TiN RMS surface roughness,
as illustrated in Figure 6, showed much lower values as compared
to the titanium and tungsten. This observation also confirms that the
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Figure 5. Potentiostatic passivation slopes calculated in A/s for W, Ti, and
TiN wafers as a function of H2O2 concentration.

TiN oxidation is different from the W and Ti as it is not a metallic
material.

The surface wettability values measured with the contact angle
method also showed variability on the tungsten surface as can be seen
in Figure 6b. The relationship of the contact angle with the surface

energy has been shown in the literature24 with a close relationship to
the material removal rate response during the CMP applications.25,26

The contact angle values can be evaluated as a measure of the sur-
face wettability and indicator of the surface energy. Wettability val-
ues were more variable on the W coupons as a function of the ox-
idizer concentration as compared to Ti and TiN films. Both Ti and
TiN films were observed to give high contact angles as can be seen
in Figure 6b. Although the measured contact angles of the TiN sur-
faces were slightly higher, the main change in the wettability responses
was not statistically significant in between the two films. While hy-
drophobic behavior was observed on both Ti and TiN with very re-
producible 100 degrees of contact angle values were measured, W
wafers were observed to be more hydrophilic. Contact angle val-
ues of between 50 and 80 degrees were recorded on W, except for
1M concentration when the angle exceeded this range. This result
indicates a change in the surface wettability and shows that the hy-
drophobicity increases when the surface is corroded and simultane-
ously more rough as compared to the lower concentrations of the
oxidizer. This observation can be attributed to the increased surface
roughness resulting in more air pockets getting trapped on the surface
of the wafer and hence the measurement of a higher contact angle
value.

Figure 6. (a) RMS roughness values and (b) contact angle measurement results on W Ti, and TiN films post potentiostatic scans at different H2O2 concentrations.
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Figure 7. CMP material removal rates for Ti, TiN, and W wafers at 0.1, 0.2, 0.3, 0.5 and 1 M H2O2 concentrations by using 3 wt% solids loading CMP slurry.

Chemical mechanical polishing and selectivity evaluations.—
Effect of chemically modified thin films on CMP performance.—CMP
performance evaluations were performed initially as a function of
slurry chemical modification by changing the oxidizer concentration
and maintaining the mechanical component constant. Figure 7 illus-
trates the material removal rates obtained on the W, Ti and TiN coupons
as a function of oxidizer concentration after CMP with the 3wt% solids
loading silica slurry. Tungsten showed an irregular removal rate be-
havior along the selected concentrations. This can be attributed to
the variability in the corrosion and passivation behavior of the WO3

aligning with our earlier studies.20 Titanium MRR values, on the other
hand, showed an increase with the increasing H2O2 in the formulated
slurries. This can be explained by the faster rate of passive film forma-
tion for Ti as represented in Figure 5. TiN wafers followed a similar
trend with Ti, which is also in agreement with the rate of passive film
formation. Table II summarizes the MRR values and the selectivity ob-
tained at the 0.1, 0.2, 0.3, 0.5 and 1 M concentrations of the oxidizer
for W/Ti/TiN films, respectively. It can be seen that at 0.2 M oxidizer
addition, suitable slurry settings were achieved to enable 1:1:1 MRR
selectivity. This observation is also in arrangement with the closest
values obtained for the rate of passivation in Figure 6 at the 0.2M con-
centration. Figures 8a and 8b illustrate the observed surface quality
in terms of roughness and wettability, respectively. It can be seen that
post CMP surface roughness values were higher for the W (8–9 nm)
and the Ti (7–8 nm) surfaces while the TiN surface was smoother
with ∼0.7nm RMS roughness. Surface wettability responses, on the
other hand, were similar to pre-CMP values for tungsten wafers. Yet,
both Ti and TiN surfaces showed reduced contact angles indicating a
more wettable surface was formed after CMP indicating a change in
the surface energy by the exposure of the fresh surface layers as well
as the change in the surface roughness. Overall, the average rough-

Table II. CMP material removal rate and selectivity results of W,
Ti and TiN wafers as a function of slurry oxidizer concentration at
3wt% slurry solids loading.

W MRR Ti MRR TiN MRR Selectivity
H2O2 Concentration (nm/min) (nm/min) (nm/min) (W/Ti/TiN)

0.1 M 184.09 41.82 83.48 1/0.2/0.5
0.2 M 76.40 74.94 79.16 1/1/1
0.3 M 396.05 86.53 188.40 1/0.2/0.5
0.5 M 140.22 275.54 88.27 1/2/0.6
1 M 73.27 204.68 221.88 1/2.8/3

ness values of TiN surfaces remained relatively lower as compared to
Ti and W, which can be explained based on different mechanisms of
chemically modified surface film formation.
Effect of mechanical component on CMP performance.—Another

important input to the chemical mechanical polishing process is the
control of the slurry mechanical component, which is typically studied
by changing the slurry abrasive concentration. The number of abrasive
particles, which are actively engaging in CMP is critical to determine
the amount of time the surface can grow an oxide film in between
the abrasions. The abrasive particles provide the mechanical action in
between the polishing pad and the wafer sample, and their frequency
of interacting with the wafer surface determines the time to grow the
chemically modified layer.20 Since a 1/1/1 selectivity was obtained at
0.2M oxidizer concentration at 3wt% slurry solids loading, the slurry
solids concentrations were varied at 5, 10 and 15 wt% at the opti-
mal oxidizer concentration of 0.2 M. Figure 9 shows the MRR values
of W, Ti, and TiN as a function of slurry solids loading. Furthermore,
Table III summarizes the obtained removal rates and the calculated se-
lectivity values. Tungsten showed stable material removal rates across
the selected slurry solids loading percentages. This result supports the
observations that the chemical surface oxide formation regulates and
controls the material removal for tungsten material. Surface rough-
ness values were higher for W as can be seen in Figure 10a and the
surface quality was poor as illustrated in the AFM micrographs in
Figure 10b. Titanium, on the other hand, experienced a sudden in-
crease in the removal rates at 5% solids loading, which descended
along the higher silica solids loading concentrations. The change in
the removal rates indicates that the stable and self-protective titania
layer is removed faster as the number of particles increases from 3
to 5% by occupying a larger surface area, yet at the further increased
solids concentrations there is lower pressure per particle and hence
a reduction in the MRR. This mechanism is also confirmed by the

Table III. CMP material removal rate and selectivity results of W,
Ti and TiN wafers as a function of slurry solids loading at 0.2 M
H2O2 addition.

Slurry Solids W MRR Ti MRR TiN MRR Selectivity
Loading (wt%) (nm/min) (nm/min) (nm/min) (W/Ti/TiN)

3 76.40 74.94 79.16 1/1/1
5 113.97 235.01 85.60 1/2/0.5

10 118.07 147.11 44.83 1/1.3/0.8
15 112.57 97.13 184.30 1/09/1.2
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Figure 8. (a) RMS surface roughness values and (b) contact angle measurements on W, Ti, TiN films as a function of H2O2 concentrations post CMP process
with 3wt% slurry solids loading.

reduction in the surface roughness values on the Ti film at 10 and
15wt% solids loadings as can be seen in Figure 10a and observed
surface scratches on the AFM micrographs of Figure 10b. TiN film,
however, demonstrated lower MRR values with much lower surface
roughness (∼1 nm). A slight increase in the roughness with the increas-
ing solids loading was observed on TiN indicating a more mechani-
cally inclined material removal mechanism at higher solids loadings.
Although the change in the slurry solids loadings affected the MRR
values of the W, Ti and TiN films, a 1/1/1 selectivity was only obtained
at the 3wt% solids loading and 0.2 M oxidizer concentration. Yet, it
can be seen that the MRR selectivity can be tuned by changing both
the chemical and the mechanical components of the CMP process and
controlling the ex-situ electrochemical behavior in parallel.

Conclusions

The new interconnect integration schemes for the sub-10 nm tech-
nology require the selection of thermally and chemically stable barrier
layers and their effective planarization through the control of material
removal selectivity during the CMP process. In this paper, electro-

chemical analyses of metal and barrier films were explored as a func-
tion of oxidizer concentration through potentiodynamic and potentio-
static methods on a model W/Ti/TiN system. The Tafel data obtained
from the potentiodynamic scans showed that the corrosion rates of
the W, Ti and TiN films remained similar from 0.1 M to 0.5 M H2O2

concentration and accelerated at 1 M concentration. Furthermore, the
potentiostatic sweeps showed passivation of the surfaces indicating the
formation of chemically modified oxide layers. The initial passivation
slopes were stable up to 0.2 M H2O2 concentration. Hence an optimal
0.2 M oxidizer addition was selected for the slurry formulation, which
also resulted in a relatively low value of corrosion on W, Ti and TiN,
measured to be 0.12, 0.07 and 0.46 mm/year, respectively. TiN film
as a non-metallic layer showed higher corrosion rates due to natural
porosity, yet better surface roughness since the mechanism of surface
film formation is different. The surface roughness values were higher
on W and Ti films at 0.5 M and 1 M of hydrogen peroxide concentra-
tions relative to the lower concentrations due to the faster oxide layer
growth on the surfaces.

The results of the electrochemical analyses were compared to the
chemical mechanical polishing performance as a function of the H2O2
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Figure 9. Material removal rates for Ti, TiN, and W wafers at 0.2 M H2O2 concentration with 3, 5, 10 and 15wt% slurry solids loading.

Figure 10. (a) RMS surface roughness data as a function of slurry solids loadings on W, Ti and TiN wafers at 0.2 M H2O2 concentration. (b) AFM surface
micrographs of the W, Ti and TiN surface polished with 3, 5, 10 and 15wt% slurry solids loading with 0.2 M H2O2 addition.
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concentration. It was observed that at 0.2 M oxidizer addition, a
1/1/1 removal rate selectivity of W/Ti/TiN was achieved indicating
a slurry formulation suitable to a single step metal barrier layer pla-
narization. The surface roughness trends were similar to post electro-
chemical analyses with higher RMS roughness values obtained on Ti
and W surfaces, while TiN surface remained smoother. The post CMP
surface topography responses also corresponded to the trends in the
surface wettability.

Based on the good removal rate selectivity achieved at 0.2 M oxi-
dizer concentration by controlling the slurry chemistry, the mechanical
impact of the slurry solids concentration was also tested by running
CMP experiments at 5, 10 and 15wt% slurry solid loadings. It was ob-
served that the change in the rate of mechanical abrasions affected the
selectivity although the chemical activity remained unchanged. W film
exhibited stable rates as a function of the slurry solids loading, while
Ti and TiN showed varying MRR values. Overall, the results indicate
that the MRR selectivity can be tuned by changing the chemical and
mechanical compatibility of the CMP slurry based on detailed elec-
trochemical evaluations. Hence it can be concluded that the advances
in the CMP development for new barrier materials and integration
schemes can benefit from the experimental approach outlined in this
research.
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