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Metal Ti and its alloys have been widely utilized in the fields of aviation, medical science, and micro-electro-
mechanical systems, for its excellent specific strength, resistance to corrosion, and biological compatibility. As the ap-
plication of Ti moves to the micro or nano scale, however, traditional methods of planarization have shown their short slabs.
Thus, we introduce the method of chemical mechanical polishing (CMP) to provide a new way for the nano-scale pla-
narization method of Ti alloys. We obtain a mirror-like surface, whose flatness is of nano-scale, via the CMP method. We
test the basic mechanical behavior of Ti-6Al1—4V (Ti64) in the CMP process, and optimize the composition of CMP slurry.
Furthermore, the possible reactions that may take place in the CMP process have been studied by electrochemical methods
combined with x-ray photoelectron spectroscopy (XPS). An equivalent circuit has been built to interpret the dynamic of
oxidation. Finally, a model has been established to explain the synergy of chemical and mechanical effects in the CMP of

Ti-6Al4V.

Keywords: chemical mechanical polishing, titanium, electrochemical, x-ray photoelectron spectroscopy

(XPS)
PACS: 83.50.jf

1. Introduction

The metal titanium (Ti) and its alloys have been uti-
lized since the 1950s. Owing much to less density and much
stronger specific strength than steel, titanium alloys are be-
coming more and more important as load-bearing materials es-
pecially in an extreme environment like aviation.!'=3! In med-
ical science, titanium alloys work as man-made teeth and joint
thanks to their excellent resistance to corrosion and biologi-
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cal compatibility.[*"1?! The last decade has witnessed a flour-

ishing of the introduction of titanium to microelectronics and
micro-electro-mechanical systems (MEMS).!13-16]

The wide use of metal titanium and its alloys calls for an
effective method to achieve surface planarization of the nano-
scale. Many researchers have studied the relationship between
surface roughness and the device performance of Ti alloys (es-
pecially Ti64).['7-18] These studies demonstrate that the de-
vice performance can be improved dramatically by a smoother
surface. Traditionally, the planarization of metal Ti relies on
mechanical polishing, chemical polishing, and electrochemi-
cal polishing. Mechanical polishing, an ancient metal process,
has been used for thousands of years, while its machine ac-
curacy cannot reach the nano-size and it often leaves surface
defections on metal. Chemical and electrochemical polishing
do well in machine accuracy, however, the chemical matters
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used in these processes (like cyanide) are always poisonous to
people and the environment. Chemical mechanical polishing
(CMP), an amazing combination of mechanical polishing and
chemical polishing, shows its potential in nano-size metal pla-
narization. Up to now, it is the only method to provide a global
nano-scaled planarization.

In this study, we discuss the basic behavior in CMP
process of Ti64 alloy, which is the most widely used Ti
alloy.['%2!1 The mechanical and chemical aspects are both in-
volved in our study. Finally, we propose a possible mechanism
in the CMP of Ti64, focusing on the rate controlling step in
CMP.

2. Experimental procedures

Polishing slurries were prepared by first adding ethylene-
diaminetetraacetic acid disodium (EDTA-2Na) to deionized
(DI) water until dissolved, immediately followed by the mix-
ture with colloidal silica under successive stirring. EDTA-
2Na was used as the chelating agent to capture free metal
cations in solution so that the bulk concentration of metal
cations could keep a low level. The colloidal silica has a di-
ameter of about 110 nm (Fig. 1(a)), which was made by an
ion-exchange method. Next, hydrogen peroxide (HyO;) of
30 wt.% was added in as the oxidant. The amount of H,O,

*Project supported by the National Major Scientific and Technological Special Project during the Twelfth Five-year Plan Period of China (Grant
No. 2009ZX02030-1), the National Natural Science Foundation of China (Grant No. 51205387), the Support by Science and Technology Commission of
Shanghai City, China (Grant No. 11nm0500300), and the Science and Technology Commission of Shanghai City, China (Grant No. 14XD1425300).

fCorresponding author. E-mail: rabbitlwl @mail.sim.ac.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

058301-1


http://dx.doi.org/10.1088/1674-1056/25/5/058301
mailto:rabbitlwl@mail.sim.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 25, No. 5 (2016) 058301

was precisely calculated and controlled. Finally, DI water was
added to dilute the slurries to the desired concentration, and a
small amount of sodium hydroxide solution was used as a pH
adjustion. The final compositions of the slurries are listed in
Table 1.

Energy/keV

Fig. 1. (color online) (a) The colloidal silica particles used as abrasive
particles in this study; (b) the chemical composition measured by the
EDS.

Table 1. The compositions of slurries used in the polishing experiments.

Solid content (SiOy/slurry) pH EDTA-2Na
20 wt.% 95 0.1wt%

Others
DI water

Oxidant
0-5 wt.%

The Ti64 alloy was cut into circular pieces of 1 inch in
radius. The element composition was analyzed using energy
dispersive spectroscopy (EDS, see Fig. 1(b)). Polishing ex-
periments were performed on the polishing machine of CP-4
(Bruker). All polishing experiments lasted for enough time (10
minutes). During the polishing process, the pressure and ro-
tation speed were varied to test the mechanical response. The
mass of the alloy was measured before and after polishing,
utilizing a balance (MettlerToledo-XS205DU, 0.01 mg preci-
sion). The material removal rate (MRR) was calculated by

MRR = A—m (1
PAT

Here, A is the nominal contacting area, T is the polishing time,
and p is the bulk density of the polished alloy, which was at-
tained by the Archimedes buoyancy principle. Every polishing
experiment was repeated three times, and the mean value was
calculated. Meanwhile, the surface morphologies of the post-
polished alloy were observed by optical microscopy (Nikon-
LV150), scanning electron microscopy (Hitachi-S4700), and
atomic force microscopy (AFM, Park XE 150).

To probe the possible oxidation mechanism of Ti64
during CMP, electrochemical impedance spectroscopy (ELS)
combined with linear polarization (LP) was used. The mea-
surement was accomplished by an Autolab electrochemical
workstation, with a three-electrode cell. An Ag/AgCl (in 3M
KClI) electrode worked as the reference electrode, and a piece
of platinum foil (1.5 x 1.5 cm?) worked as the counter elec-
trode. The exposed area of metal to electrolyte is confined
within unit area. The EIS measurements were applied at open
circuit potential (OCP) of Ti64. A sine wave (£5 mV around
OCP) as the perturbation signal was put into the measured
system and the output signal was recorded by the computer.
The frequency of input signal varied from 1 kHz to 0.1 Hz.
Nyquist plots as results were shown to obtain an equivalent
circuit which simulated the dynamic model of oxidation. Fol-
lowing the EIS test, LP was applied to obtain the message of
corrosion potential (Ecorr) and corrosion current (Iorr). The
scan was from —0.4 to 0.4 V (around OCP), with the scan rate
being 1 mV/s.

Finally, the XPS (Axis Ultra DLD) was applied to an-
alyze the valence state of metal atom as a support evidence
to deduce the possible chemical reaction during CMP and the
composition of oxide film.

3. Results and discussion
3.1. Mechanical aspect

The mechanical response of Ti64 during the CMP is di-
agramed in Fig. 2. The mechanical response is linear under
rather wide ranges of pressure and rotation speed, while under
low pressure like 2 psi (1 psi = 6.895 kPa), the polishing ma-
chine cannot hold the metal so well that a fluctuation is shown
as the rotation speed increases from 60 rpm to 100 rpm. Un-
der extremely high pressure like 6 psi, however, the polishing
machine began to quiver regularly, which indicates that the
pressure may be beyond the tolerance of the machine. As a re-
sult, moderate pressure and rotation speed (4 psi and 80 rpm)
were chosen in successive experiments.
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Fig. 2. (color online) The mechanical response of Ti64 during CMP.
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The linear mechanical response in CMP can be well de-
scribed by Preston’s law, which is

MRR = K,PV. 2)

Here, P is the normal pressure applied on the wafer, and V is
the relative velocity between the wafer and the pad. The most
complex factor in Eq. (2) is the Preston coefficient K,, which
is determined by the chemical composition of slurry, the size
and hardness of abrasive particles, the surface equality of the
polishing pad, and so on.[?>23! Fortunately, in our case, K, is
independent of P and dV, for the lines in Fig. 2 are almost
straight and parallel to each other (4—6 psi, 60-90 rpm).

3.2. Chemical aspect: Effects of oxidant

The chemical reactions are even more important in CMP
than mechanical interaction. To have a basic understanding of
the chemical mechanism in the CMP of Ti64, we restricted the
possible reactions to be only the oxidation process and HyO;
was chosen as the oxidation agent. The effect of concentration
of HyO, on the MRR was studied, as shown in Fig. 3.
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Fig. 3. (color online) The effect of oxidant on MRR in the CMP of Ti64.

It is obvious that HyO; plays an important role in the
CMP of Ti. When the slurry contains no oxidation agent, the
MRR is neglectable. As H>O; is added in the slurry, however,
the MRR dramatically increases, and reaches its peak value of
83.05 nm/min when c[H,O5;] is 1.25 wt.%. The curve shows a

plateau when c[H,O3] is higher than 1.25 wt.%, which means
that the oxidation effect has come to its maximum and there is
an equilibrium between growth and removal of the oxide layer.
Thus, we can assume that the oxidation layer is the main object
removed by SiO; particles during the CMP.

3.3. Electrochemical aspect

To probe the possible chemical reactions that possibly oc-
cur on the surface of Ti64 during the CMP, electrochemical
tests were applied. The experimental details have been de-
scribed in the experimental section. It is important to note
that all the solutions under test are without abrasive particles
so that the mechanical effects from those particles can be ex-
cluded. The other chemical properties of the solutions like
the concentration of oxidant, pH, and ionic strength were ad-
justed to simulate the slurries used in the CMP. The EIS tests
were performed under the OCP. For clarity, only five curves
are illustrated (c[H,02] = 0, 0.25 wt.%, 1 wt.%, 2 wt.%, and
3 wt.%). Before analyzing, we have applied K-K transform
test on the data. As is clearly shown in Fig. 4, the Nyquist dia-
gram is a single semi-circle above the Z' axis which indicates
that there is an oxide layer between the bulk metal and the so-
lution acting as a capacitor./?®! The typical response frequency
of the oxide layer is about 0.25 Hz. The equivalent circuit de-
duced from the result of EIS has also been pictured in Fig. 4.
The detailed values of each element in the equivalent circuit
are listed in Table 2.
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Fig. 4. (color online) The EIS of Ti64 in different concentrations of
H;, 0O, and the proposed equivalent circuit.

Table 2. The values of each element in the equivalent circuit in Fig. 4.

c[H20,1/% Rs/Q-cm™? Ret/Q-cm ™2 Qox/nQ~'.cm=2.s7¢ a x2/1073

0 386.1 18943 40.108 0.92239 2.847
0.25 739.1 20676 37.92 0.91825 3.309
0.5 857.3 9346 40913 0.92620 4.131
0.75 1087.6 11554 39.82 0.92025 2.894
1.0 1057.1 10481 40.974 0.92257 2.462
1.25 874.8 6617.2 47.699 0.92464 2.859
1.5 825.5 5324.4 48.904 0.92374 2.879
2.0 802 4560.7 47.293 0.92018 1.567
2.5 751.5 2922.9 48.913 0.92283 2.095
3.0 717.6 2663.9 48.762 0.92261 2.179
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Fig. 5. (color online) (a) The capacity of the oxide layer as a function
of c[H,0,]; (b) the calculated thickness of the oxide layer as a function
of C[HzOz].

It is obvious that the oxide layer acts as a constant-phase-
element (CPE) more than an ideal plate capacitor. The o val-
ues in Table 2 are all around 0.92, which clearly shows the de-
viation. The CPE behavior is, according to Orazem,!?®! gen-
erally attributed to a distribution of time constants in the di-
rection normal to the electrode surface due to varying oxide
composition. In terms of many other reports concerning the
oxide films on titanium (for both metal and alloys), the pas-
sive film of this kind of valve metal appears as a very “capri-
cious” formation. Different from the deemed impacted pas-
sive film consisting of pure TiO,, the real oxide film consists
of two parts: a TiO, layer adjoining solution and intermedi-
ate oxide layer (mainly composed of Ti;O3) close to the metal
side.[?731 1t is easy to calculate the capacities in each con-
centration of H,O, from the data in Table 2 by using Brug’s
formula,32 and the results are diagramed in Fig. 5(a). The
stoichiometric variation in the direction normal to the elec-
trode surface makes it difficult to precisely calculate the thick-
ness of the oxide film. However, to the first approximation,
the dielectric constant € of the oxide film can be considered to
be a constant (~ 100),2%! thus we can estimate the thickness
d by using d = €gy/C, in which & is the permittivity of a vac-
uum (8.854 x 10~ !4 uF-cm™!). Figure 5(b) shows the thick-
ness d as a function of the concentration of H,O, in solution.
The thickness obtains its peak value when the concentration of
H,0, is between 0.25 wt.% and 1 wt.%, but it is virtually con-
stant within the range of 1.8-2.4 nm. This is a rather thin depth

that one abrasive particle can easily penetrate under pressure.
Thus, the MRR should be independent of ¢[H,O;] if the refor-
mation rate of the oxide film is independent of c[H,O;]. Note
that the MRR increases with ¢[H,O»] in Fig. 3, which cannot
be interpreted by the results from the EIS, one may predict that
the reformation rate of passive film increases with c[H,0,]. To
verify this hypothesis, LP tests were applied.

5 0501 (a) — 0%
2 — 0.25%
scan rate: 1 mV-s —05%

5 025 —0.75%

= ~ Vo

% or — 5%

< — 2%

= —2.5%

2 —025¢ — 3%

g

Z —0.50F

)

75 . . . . . .
-9 —8 -7 —6 -5 —4 -3 -2
lg(j/A-cm~2)

6‘ T T T T
< _50p (P) s
g NS e
o —100r \/ {157
< :
T —1501 b
1)
< n / {10 <
p \ 5
> —200F d 5
> / - {5 <
g
5 —250 :/

Q

5 10
[ﬂ 1 1

0 0.5 1.0 1.5 2.0 2.5 3.0
Concentration of HoOs/wt.%

Fig. 6. (color online) (a) The Tafel curves of Ti64, with the scanning
rate being 1 mV-s~!; (b) the corrosion potential and corrosion current
deduced from the data above.

The LP results are pictured as Fig. 6(a). It is clear that the
Tafel curve of Ti64 successively moves to bottom right when
c[H203] increases from 0 to 3 wt.%. Corrosion potentials
(Ecorr) and corrosion currents (Ieorr) derived from Fig. 6(a) are
pictured in Fig. 6(b). As is shown in Fig. 6(b), with increasing
concentration of HyO», Eq first sharply jumps to —25 mV,
then slowly becomes more negative (the absolute value be-
comes larger), and finally remains approximately constant at
—115 mV, still smaller than the origin value of —250 mV. Con-
sidering the role of H,O; as an oxidant in the reaction, it is
not difficult to realize that the metal is anodized by H,O»and
oxide film is formed. The oxide film between metal and so-
lution, separates metal from the attack of oxidant and sup-
presses deep-going oxidization, so the E remains at a con-
stant value. As is clearly shown in Fig. 6(b), I.orr increases
with the amount of oxidant in electrolyte. In opposition to
Eorr, which describes the thermodynamic stability, I.o de-
scribes the kinetic equilibrium of passivation—depassivation.
The reformation rate of passive film, which can be described
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by the reaction rate r, is directly proportional to I.or, Which is

ICOH‘

r=—g 3)
Here, n is the number of electrons transferred and F is the
Faraday constant. Larger value of I indicates faster for-
mation of passive film (faster depassivation as well), which
means that the passive film can reform as soon as it is removed
by abrasive particles. Along with the results from EIS, the
LP results explains why the increasing tendency of MRR with
c[H>0,] in Fig. 3. A detailed explanation will be given after
the results of XPS.

3.4. XPS results

XPS can track the target element and show its valance
state. Figure 7 shows the results of XPS experiments. Fig-
ures 7(a) and 7(b) are the survey spectra of post-polishing
Ti64, on the surface and in the depth of 10 nm, respectively.
It is clear that on the surface, the strength of O 1s character-
istic peak is much stronger than the Ti 2p, while in the depth
of 10 nm this relationship reverses. This indicates that the

overwhelming majority of the O element on the surface is the
result of the oxidation reaction. Figures 7(c)-7(e) show the
spectrums of Ti, Al, and V on the surface. The Ti 2p spectrum
represents a rather complex peak which can be divided into
several parts: the majority is TiO; at about 458.8 eV, while
small amounts of Ti;O3 (456.7 eV) and Ti (453.9 eV) still
exist.[33-331 This is back-up evidence that the oxide film on
Ti64 alloy deviates from stoichiometric TiO, as has been al-
ready pointed out in the EIS results. However, things occuring
to Al and V are comparatively much simpler. The Al 2p spec-
trum in Fig. 7(d) is at 74.3 eV, which is the characteristic peak
of Al,O3. 331 The V atoms seem to be inert, for the spec-
trum in Fig. 7(e) stays at 512.8 eV, the characteristic peak of
pure element adsorption V.13 Figure 7(f) shows the O1s spec-
trum, divided into three parts: O in —OH (H), adsorption (A)
and lattice (L).[3*3%] Tt is clear from Fig. 7(f) that L is minor-
ity compared with H and A, again indicating that the surface
oxide layer is at an amorphous, disorder, and nonstoichiomet-
ric status. The amount ratio of the three kinds of O element
can be calculated by integration of the three peaks, which is
H:A:L=0.61:0.29:0.1.
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Fig. 7. (color online) The XPS spectra of (a) wide-range scanning on surface; (b) wide-range scanning in 10 nm depth; (c) Ti on

surface; (d) Al on surface; (e) V on surface; and (f) O on surface.
3.5. The synergy of chemical and mechanical effects

From the analysis above we can get a whole perspective
of the CMP process of Ti64. Understanding the rate control-
ling step in CMP is the key point to combining the polish-
ing results and electrochemical results together. The oxidation
agent H,O» plays an important role in CMP. It is the accep-
tor of electrons released by metal atoms, and leaves anamor-
phous, disorder, and nonstoichiometric oxide layer (Fig. 8).
Then the abrasive particles intrude on the oxidation layer un-
der the applied pressure and plow to remove it until the fresh,

un-oxidized metal layer is exposed. The fresh metal then
meets HyO, and becomes oxidized. The thickness of oxide
film is almost independent of the amount of oxidant in the so-
Iution (Fig. 5(b)). Noticing that the reformation rate of the
oxide layer is sufficiently slow in low concentration of HyO,
(Fig. 6(b)), it is not difficult to understand why MRR is small
in low c[H20;]. Oppositely, when there is more H>O; in the
solution, the oxide layer can reform as fast as it is removed,
so the MRR increases with ¢[H,0;]. Roughly speaking, the

chemical reaction is the rate controlling step in the CMP of
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Ti64 when ¢[H,0;] < 1 wt.%. When there is enough H,O,
in the solution, the mechanical remove effect becomes the rate
controlling step. Here the rotation speed is fixed, which means
the number of abrasive particles plowing through the substrate
does not change too much. Also, the fixed applied pressure
ensures a fixed depth so that each particle can intrude into
the substrate. As a result, the maximum amount of substance
removed by the abrasive particles is fixed so that the MRR
keeps constant as shown in Fig. 3. To enhance MRR, one
has to speed up the rotation or apply higher pressure, just like
Fig. 2. These processes have been illustrated in Fig. 9. Gen-
erally speaking, which of the chemical reactions and mechan-
ical removal is the rate controlling step, is the key question
throughout the whole CMP process.

metal oxide film solution
Ti Ti3+ T4+
H,0,— @
—@ '/ — @ TiO, 2
Ti,03
Al Al,O3
—0 ,} Vv
A% 0% 02— H,O

Fig. 8. (color online) The composition of oxide layer on the Ti64 sur-
face. The red points represent electrons.

silica particle

little oxidant

enough oxi

Fig. 9. (color online) The model of synergy of chemical and mechanical
effects. An oxide layer forms on the metal surface, then it is removed
by abrasive particles. When there is enough oxidant in solution, the ox-
ide layer can reform as soon as possible, so the MRR is high. However,
when the amount of H,O; is little in solution, the oxide layer cannot
form again on time when the fresh metal is exposed.

3.6. Surface morphology and roughness of polished Ti64

On the basis of the results above, we optimized the polish-
ing parameters (4 psi, 80 rpm, and ¢[H>O;] is 1.25 wt.%) and
applied them on Ti64. Figure 10 depicts the final information
of surface morphology and roughness under optimized condi-
tions. Figure 10(a) is a photograph of Ti64 after polishing. It
has an almost perfect mirror surface as the reflection of objects
is clearly recognized. Figure 10(b) shows the surface mor-
phologies of polished Ti64 given by optical microscopic. Few

defections can be found even at the magnification of 60.0 K.
The roughness of polished Ti64 is measured by AFM and the
result is shown in Fig. 10(c). The root mean square roughness
RMS is not higher than 1.899 nm, which signifies that the flat-
ness is nano-scale.

(b)

1 mm

“°® RMS =1.899 nm

Fig. 10. (color online) The surface morphology of polished Ti64 by (a)
photograph; (b) optical microscope; and (c) AFM result, with the root
mean square roughness RMS not exceeding 1.899 nm.

4. Conclusion and perspectives

We have achieved a mirror-like surface of Ti64 by chemi-
cal mechanical polishing, which was in flatness of nano-scale.
The CMP of Ti64 was studied in both mechanical and chem-
ical aspects, and the parameters in the CMP process have
been optimized. MRR increases with pressure, rotation speed,
and the concentration of oxidant in slurry, and it can reach
100 nm/min. Meanwhile, the roughness was rather low. The
chemical reactions during the CMP were studied by the elec-
trochemical method. We have found that the thickness of the
oxide layer is independent of c[H,O,] by utilizing EIS. The
faster MRR is attributed to the fast reformation rate of ox-
ide layer in enough concentration of HyO, with the aid of LP.
The composition of oxide layer is obtained by XPS, whose re-
sult coincides with EIS. Finally, we have proposed a possible
model focusing on the rate controlling step during the CMP of
Ti64.
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