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Abstract

Diagnostic criteria were developed to elucidate the reduction mechanism of an oxidant on a copper (Cu) surface at
the corrosion potential. The corrosion potential of Cu was measured for various pH and iodate (I073)
concentrations using the rotating disk electrode technique. According to the measured corrosion potentials, 107
was an effective CMP oxidant only below pH 3. Application of the diagnostic criteria on the Cu — 105 system
showed that the reduction of O3 on Cu was under the mixed kinetic and diffusion control at the corrosion potential
below pH 3. Above pH 3, however, the anodic process dominated over the cathodic process.

1. Introduction

Copper (Cu) has been chosen as a substitute for
aluminum in multi-level interconnections due to its
low resistivity and high electromigration resistance [1].
The dual damascene technique coupled with chemical
mechanical polishing (CMP) is used for the patterning
of Cu layers [2]. Therefore CMP of Cu interconnects
plays a critical role in the manufacture of integrated
circuits. Typical CMP slurries contain oxidants, et-
chants and abrasive particles. During CMP of Cu, an
oxidant passivates the Cu surface and the passivation
layer formed in protruding regions is removed by the
mechanical action of abrasive particles [3]. The exposed
metal surface in these protruding regions is also
removed by the chemical action of an etchant.

Effective planarization of the wafer surface can only
be accomplished if fundamentals of the CMP process
are understood. There are several CMP models [4-8].
These models, however, have been mainly concerned
with the mechanical aspects of the process. The chemical
effects, especially for metal CMP, also play an important
role [2, 3, 9-15]. During the metal CMP process, the
metal oxidation is driven by the reduction of an oxidant
(cathodic reaction) on the metal surface; at steady-state,
anodic current = cathodic current. Therefore, the exten-
sion of mixed potential theory [16-19] to the chemical
aspects of CMP may help in future modeling of this
process.

The iodate (103) ion is one of the important oxidants
present in commercial CMP slurries [11-13, 20, 21]. The
reduction behavior of IO3 on tungsten [22, 23] and on
copper (M. Anik, submitted) have been reported previ-

ously. In this study, in order to observe the reduction
characteristics of 105 on Cu at the corrosion potential
diagnostic criteria are developed based on mixed
potential theory [17, 18] and potential measurements
are carried out using a rotating disk electrode.

2. Materials and methods
2.1. Materials

A copper (Cu) rod 0.635cm in diameter (99.998%
purity) was obtained from Aldrich. Reagent grade
KIO3, KzSO4, H3PO4, KOH and HzSO4 were pur-
chased from Aldrich. All the aqueous solutions were
prepared from doubly distilled water. The water was
deoxygenated by bubbling argon before experiments
and purging was continued throughout the experiments.
All test solutions contained 0.1 M H3PO4 as a pH buffer
and 0.1 M K,SOy4 as supporting electrolyte. The pH of
the test solutions was adjusted with KOH or H,SO4.

2.2. Methods

The Cu electrode used in the electrochemical experi-
ments was embedded in a cylindrical piece of Teflon. To
block the crevice between the Teflon holder and the
electrode epoxy was applied and subsequently allowed
to harden in vacuum. The exposed electrode surface
(0.317cm?) was ground with 1200 grit grinding paper
and polished with 1 um diamond paste just prior to each
experiment. The polished electrode was rinsed with
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acetone and double distilled water to eliminate traces of
diamond paste from the surface.

A standard three-electrode system consisting of the
copper working electrode, a platinum wire mesh counter
electrode, and a saturated calomel reference electrode
was used. The counter electrode was separated from the
main compartment by enclosing it in a fritted glass tube.
A Gamry model PC4/300 mA potentiostat/galvanostat
controlled by a computer by a model DC105 DC
Corrosion Analysis software was used. Rotating disc
electrode (RDE) experiments were carried out using an
EG & G model 616 rotating assembly. The electrical
connection was provided from the back of the electrode
by attaching it to the RDE assembly. All experiments
were performed in a 200 ml glass cell.

In corrosion potential measurements the electrode
was kept in the test solution for about 1h in order to
achieve steady-state and then the experiment was run.
The rotation speed was varied between 0 and 2500 rpm,
with increments of 500 rpm. Unless indicated otherwise,
all potentials are referred to the saturated calomel
reference electrode, SCE (SCE, +0.241V vs SHE). All
experiments were conducted at laboratory temperature
(25+£0.5C).

3. Results and discussion

3.1. Electrochemical equilibria in I-H,O and Cu—H,O
systems

The relative stability regions of the aqueous substances
in I-H,O and Cu-H;O systems are shown in the
potential (Eh)-pH diagrams, presented in Figures 1
and 2, respectively. The data used to prepare these
diagrams are tabulated in Table 1 [24, 25]. As shown in
Figure 1, at very high potentials protonated and
deprotonated forms of 10; and IO~ are the main I
(VII) species in the acidic and basic regimes, respec-
tively. A relatively small HIO4 (aq) region appears
below pH 1.6. At lower potentials, I (V) exists as HIO;
below pH 1 and as 103 above this pH. The reduction
products of 107, i.e., I, and 17, appear (just below the
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Fig. 1. Eh-pH diagram for I — H,O system; [[] = 1073 M.
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Fig. 2. Eh-pH diagram for Cu — H,O system; [Cu] = 10* M.

upper water stability line) in Figure 1. Figure 2 shows
that the cupric ion (Cu?*) is the only species in the acidic
regime at all oxidizing conditions. In neutral to basic
solution, CuO replaces Cu’* as the stable Cu(II) species
while a narrow region of cuprous oxide (Cu,O; Cu(l)) is
sandwiched between Cu and CuO at intermediate
oxidizing conditions. Elemental Cu is stable under all
reducing conditions in Figure 2.

I,/I and 105/I” equilibrium lines are located at
higher potentials in Figure 1 with respect to the
positions of Cu/Cu** and Cu/Cu,O equilibrium lines
in Figure 2. Therefore thermodynamically the 103 ion
can be considered as an effective oxidant for Cu.

3.2. Expression of corrosion potential for Cu—oxidant
system

The current—potential relationship for the reaction of Cu
is [24]:

P = 2, (exp<(1 +;;)Fna> B exp<_ (1 —g;)Fna»

OCcy-
+FDCU+< ai_ )

=0

(1)

Table 1. Thermodynamic data for the potential-pH diagrams in
Figures 1 and 2 [24, 25]

Reactions Log K
HIO4aq) + 7TH™ + 8¢~ — I + 4H,O 164
10, + 8H" + 8~ — I + 4H,0 166
HIOs* + 9H" + 8¢~ — I” + 5H,0 174
105>~ + 10H" + 8¢~ — I” + 5H,0 185
HIO;(aq) + SH™ + 6e~ - I" + 3H,O 109
105~ + 6H" + 6~ = 1" + 3H,0 110
I(aq) + 2¢~ = 2I~ 21.0
Cu*" + 2¢” = Cu 11.5
2Cu*t 4+ H,0 + 2¢” = Cu,O(s) + 2H™ 7.0
CuO(s) + 2H" = 2Cu** + H,0 7.3




where i, is the exchange current density for the
oxidation of Cut to Cu®*, o, is the apparent charge
transfer coefficient for the anodic reaction, F is the
Faraday constant, R is the universal gas constant, 7T is
the absolute temperature, 1, (1, = Ecorr — Eoqm cu* /cu>*)
is the anodic overpotential, Dc,+ is the diffusion
coefficient of Cut and Cg,+ is the surface Cut ion
concentration. At the corrosion potential, the current
expression in Equation 1 will be equal to the corrosion
current (icorr). If the second exponential term in Equa-
tion 1 is neglected for the anodic reaction, then the
corrosion potential (E.,) can be expressed as:

. Cout
RT fcorr — FDcy+ L(;"
Ecorr = eqm,Cut /Cu’* + (1 +O€a)Fln< % u
(2)
where E. ., o+ /oy 18 the equilibrium potential for the

oxidation of Cu™ to Cu®* and ¢ is the diffusion layer
thickness which can be expressed by [26]:

1/3 _
0= 1.61Dc/u+vl/6w 172 (3)
At steady-state conditions, the corrosion current will
also be equal to the cathodic current (i) at the corrosion
potential. Substitution of J from Equation 3 yields:

Ecorr = eqm,Cu* /Cu’*
+ RT 1

n
(I+a,)F

io — 0.62FD v /5 Coyr 002
2,
(4)

Using Equation 4, diagnostic criteria can be developed
to elucidate the reduction mechanism of an oxidant on
Cu at the corrosion potential (Eco). The dependence
characteristics of E.o on the rotation speed (w) gives
very useful information [17, 18]. If the oxidant is not
effective, the cathodic process does not influence the
corrosion potential of Cu. This case is illustrated in
Figure 3 by assigning typical values to the parameters in
Equation 4. The increase in the rotation speed, in Figure
3, results in a decrease in the corrosion potential. If the
cathodic process is effective, however, the dependence of
E.or on rotation speed is directly related to the
reduction mechanism of an oxidant:

Case 1. If the cathodic reaction is diffusion-controlled:
The cathodic current can be expressed by
ic = 0.62n,,FD*30~10C 0'/? (5)
where nox is the number of electrons in the cathodic
reaction, D,y and Cy are the diffusion coefficient and

concentration of oxidant, respectively. In this case, the
corrosion potential expression becomes:
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Fig. 3. The effect of rotation speed, according to Equation 4, on the
corrosion potential of Cu in the absence of an oxidant. Assumptions
for the parameters in Equation 4: Eegmcu o = =019V,
R = 8.314J (molK)™!, T = 298K, F = 96,500C, o, = 0.25 [24],
i = 100*Acm™2, Dy = 107 em?s7 !, y = 0.0lcm?s!,
Ceyt = 4 x 107 molem™ and i, = 107> Acm™2 [24].

RT

Ecorr = eqm,CUJr/Cu2+ +mln

(6)

<0.62F01/6 (noxDek’ Cox — D Coy )w1/2>
2i,

The variation of Ecor with '/? according to Equation 6

is depicted in Figure 4 for three different concentrations
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Fig. 4. The effect of rotation speed, according to Equation 6, on the
corrosion potential of Cu for various oxidant concentrations, if the
reduction of an oxidant is diffusion-controlled. Assumptions (in
addition to the ones made for Equation 4) for the parameters in

Equation 6: 1oy = 1 and Doy = 10> cm?s~!.
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of the hypothetical oxidant. The increase in oxidant
concentration shifts the corrosion potential in the noble
direction. Equation 6 suggests that FE., increases
linearly with In w'/? with a constant slope of
RT/(1 4+ o,)F. In fact, the logarithmic fit of Ecoy Vvs.
o'/? data in Figure 4 gives constant slope for various
concentrations of the oxidant.

Case 2. If the cathodic reaction is kinetic-controlled:

The cathodic current will be in the form:

— F
ic = noxFkC" exp (%)

(7)
where k is the apparent rate constant, m is the reaction
order with respect to oxidant, o,y is the apparent charge
transfer coefficient for an oxidant and z is the number of
electrons in the rate determining step of the cathodic
reaction. Combination of Equations 4 and 7 gives the
following expression:

RT

Ecorr = eqm,Cu’ /Cu** +m

In

Nox FKC™ exp (7“‘};—;}%) —0.62Fv~ V5D Cepr 0/

Cu*
2i,

(8)

According to Equation 8§ there cannot be an analytical
expression for Eg. since the exponential term in the
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Fig. 5. The effect of rotation speed, according to Equation 8, on the
corrosion potential of Cu for various oxidant concentrations, if the
reduction of an oxidant is kinetic-controlled. Assumptions (in addition
to the ones made for Equations 4 and 6) for the parameters in
Equation 8: Eegmoxidant = 0V, m =1, o, = 0.5, z =1 and,
k = lcms™! for the first oxidant and k = 107> cms™! for the second
oxidant.

right hand side of Equation 8§ also includes the param-
eter Ecorr (e = Ecorr — Eeqmooxidant)- Ecorr values from
Equation 8, however, can be obtained by the method of
iteration. The variation of E.., which is obtained by
iteration, with !'/? is presented in Figure 5 for two
different kinds of oxidant (the rate constants (k) are
different) for various oxidant concentrations. Figure 5
shows that there is no influence of rotation speed on the
corrosion potential of Cu. The increase in oxidant
concentration, however, increases the corrosion poten-
tial for both kinds of oxidant.

Case 3. If the cathodic reaction is under mixed diffusion
and kinetic control:

The cathodic current, for the first order reaction, is
expressed as [20]:

,—‘:—“r._ (9)

The diffusion current (ip) is as in Equation 5 and the
kinetic current (ix) is as in Equation 7. The corrosion
potential, in this case, can be expressed as in Equation
10:

RT

Ecorr = eqm,Cu’ /Cu®" +m

In

2/3 — :
nokaO{( C exp (—“%;F"‘)

0.62Fy~1/0

kCr=lexp <—7“°};;F’7°) +0.620- 16D 1 /2

2/3

RT
—Dcu+ CCu+ (,01/2

M o,

(1+0,)F (10)

Equation 10 also suggests that there is no analytical
expression for E.,; and the rotation speed dependence
of Ecorr 18 complicated. The variation of E ., obtained
by the method of iteration, with w'/? is given in Figure 6
for various oxidant concentrations. The increase in
rotation speed results in an increase in E¢. Contrary to
the case in Figure 4, however, the logarithmic fit of data
does not provide a constant slope in Figure 6. In other
words, the rotation speed dependence of E .. varies
with the oxidant concentration.

3.3. Corrosion potential measurements in the Cu—-103
system

The variation in the stable corrosion potential values
(Ecorr) With rotation speed for various 103 concentra-
tions at pH 2, 2.5, 3 and 5 are presented in Figures 7-10,
respectively. At all pH values, Eq, of Cu decreases as
the rotation speed increases in the absence of 103 (0 M)
as in the case depicted in Figure 3. Figure 7 shows that
the addition of 103 at pH 2 causes corrosion potentials
to shift in the noble direction. Also, contrary to the
trends in the absence of 103, Eor increases as the
rotation speed increases in the presence of 103 and this
trend becomes more pronounced as the 103 concentra-
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Fig. 6. The effect of rotation speed, according to Equation 10, on the
corrosion potential of Cu for various oxidant concentrations, if the
reduction of an oxidant is under mixed control of diffusion and
kinetics. Same assumptions made for Equations 4, 6 and 8 are used for
Equation 10.
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Fig. 7. The effect of rotation speed on the stable corrosion potentials
of Cu for various IOj concentrations at pH 2.

tion increases. At pH 2.5, in Figure 8, the addition of
103 is less effective in shifting Ecq in the noble direction
and the increase in E .y, with increase in rotation speed
commences above 5x 1073 M 105. Figures 9 and 10
illustrate that addition of 105 cannot change Ecorr of Cu
considerably at pH 3 and 5, respectively, and as the
rotation speed increases, E o decreases as in Figure 3.
According to Figures 7-10, there are two pH regimes
for the Cu-1O5 system: below pH 3 and above pH 3.
Below pH 3 103 is an effective oxidant for Cu and the
cathodic process dominates over the anodic. The reduc-
tion characteristics of 105 in this regime at the corrosion
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Fig. 8. The effect of rotation speed on the stable corrosion potentials
of Cu for various 105 concentrations at pH 2.5.
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Fig. 9. The effect of rotation speed on the stable corrosion potentials
of Cu for various 105 concentrations at pH 3.
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Fig. 10. The effect of rotation speed on the stable corrosion potentials
of Cu for various 105 concentrations at pH 5.
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Fig. 11. Econ vs. ®'/? data for various 105 concentrations at pH 2.
Dashed lines show the fit of data according to Equation 10.
Assumptions (in addition to the ones previously made for Equation
4) for the 103/I" system: Eegmoxidant = 1.085 —0.059pH, nox = 6,
Dox = 103 cm?s™!, z = 1[25] and m = 0.4 (M. Anik, submitted). If
tox = 0.3, the fit of data provides k = 3 x 107! em™%8 s~ mol®® and
if oy = 0.05, same fit of data provides k = 4 x 10~7 cm™%% s~ mol®®.

potential can be determined with the help of criteria
developed in the previous section. Using the data in
Figure 7, Ecorr Vs @'/? data are generated for pH 2 as
given in Figure 11. E,,, increases with rotation speed in
the presence of IO7 and as the IO3 concentration
increases this trend becomes more significant. In other
words logarithmic fit of data in Figure 11 does not give a
constant slope for all IO concentrations. This obser-
vation coincides with the situation in Case 3 that the
cathodic reaction is under mixed kinetic and diffusion
control. In fact, previous work conducted in this
laboratory [27] showed that below pH 3, IO5 reduction
on Cu is under mixed control of the kinetics of direct
reduction of 105 and diffusion of I, (aq) from bulk
solution to the electrode surface. The corrosion poten-
tial measurements also support this mechanism at the
corrosion potential.

Above pH 3 105 is not an effective oxidant for Cu and
the anodic process dominates over the cathodic (Figures
9 and 10). This result can be illustrated better if Eqor VS
o'/? data are generated as in Figure 12 with the use of
data in Figure 10. Previous work [27] also supports this
observation that addition of 103 does not influence the
Cu corrosion current in this pH regime. Only after a
certain cathodic overpotential does the reduction of 103
become notable and the cathodic current is then
controlled by slow diffusion of H* from bulk solution
to the electrode surface [27]. Therefore 105 is not a
convenient oxidant for Cu CMP with weakly acidic
(pH > 3) slurries.

Dashed lines in Figures 11 and 12 illustrate the fit of
data according to Equations 10 and 4, respectively. At
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Fig. 12. Eeone vs ©'/? data for various 105 concentrations at pH 5.
Dashed lines show the fit of data according to Equation 4. For pH 5:
Cept = 7x 107molem™, i, = 5x 1077 Acm™2 [24] and previously
used values of the other parameters in Equation 4 were re-substituted.
The fit of data is possible if the values of ic change between 5.6 x 10~/
and 6.0 x 1077 Acm~? in Equation 4.

pH 2 (Figure 11) the fit of data provides the apparent
rate constant as 4 x 1077 cm %8 s71 mol®S, for the 105
reduction on Cu at the corrosion potential, if oy is
taken as 0.05 as in the previous study [27]. This value is
very close to that obtained at —800mV previously
([27]; 10°cm %8 s~ mol®%). The fit of pH 5 data in
Figure 12 shows that a 10 fold increase in the IO3
concentration causes a very slight increase in the
cathodic current (from 5.6 x 1077 to
6.0 x 1007 Acm™2). This negligible change in the
cathodic current is also evidence for the strong anodic
control at the corrosion potential in the Cu-IO3
system at pH 5.

4. Summary and conclusions

Diagnostic criteria were developed based on mixed
potential theory to understand the reduction mechanism
of the CMP oxidants on Cu. Copper corrosion poten-
tials were measured in 103 -containing solutions for
various IO3 concentrations and pH, and the diagnostic
criteria were applied in order to determine the reduction
characteristics of 105 on Cu. The results obtained can
be highlighted, as summarized below:

e If the anodic process dominates over the cathodic
process the Cu corrosion potential decreases with
rotation speed. If the cathodic process dominates,
however, the rotation speed dependence of the Cu
corrosion potential is directly related to the reduction
mechanism of an oxidant on the Cu surface.

e If the cathodic reaction is diffusion controlled, the Cu
corrosion potential increases linearly with In w!/2.



e If the cathodic reaction is kinetically controlled, the
Cu corrosion potential does not change with w'/?. As
the oxidant concentration increases, however, the
corrosion potential shifts to more noble potentials.

o If the cathodic reaction is under mixed diffusion and
kinetic control, the Cu corrosion potential increases
with w'/2. This increase in potential, however, is not
linear with In o'/2.

e Measurements of the corrosion potential of Cu
showed that addition of IO5 did not influence the
corrosion potential significantly above pH 3 and the
anodic process dominated over the cathodic process.

e Below pH 3, however, 107 was found to be an
effective oxidant for Cu. The reduction of 105 was
under mixed diffusion and kinetic control at the
corrosion potential in this pH regime.
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