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Abstract

Cu electropolishing was studied using a rotating disc electrode in a variety of phosphoric acid-based electrolytes,
including several with ethanol and other species added as diluents. Diluents allow a wider range of water
concentrations and electrolyte viscosities to be accessed and also reduce the removal rate during Cu
electropolishing, simplifying possible application to damascene processing. Transient and steady state currents in
the mass transfer limited regime are shown to depend on both the number of water acceptor molecules associated
with each dissolving Cu ion and on the effective diffusion coefficient of water. Transient analysis samples the bulk
transport properties, whereas steady state analysis integrates them through the diffusion layer. Assuming that the
effective diffusion coefficients appropriate to transient and steady state behavior are the same, about one water
molecule is associated with each dissolving Cu ion. This analysis yields effective diffusion coefficients for water on
the order of 10)9 cm2 s)1. However, the data is also consistent with an assumption that six water molecules are
associated with each dissolving Cu ion, but the effective diffusion coefficient appropriate for a Levich analysis is
somewhat lower than that in the bulk electrolyte. This analysis yields effective diffusion coefficients for water on the
order of 10)8–10)7 cm2 s)1. The latter interpretation, that six water molecules are associated with each dissolving
Cu ion, appears more likely since it provides almost exact agreement with the effective diffusion coefficient reported
previously by Vidal and West. In combination with previously published impedance results ruling out a salt film
mechanism, the good agreement between the transient and steady state analyses confirm that water is the acceptor
species that complexes dissolving Cu ions in phosphoric acid-based electropolishing baths.

1. Introduction

Cu electropolishing has recently been proposed for
surface planarization following Cu electroplating during
damascene processing of Si-based semiconductor
devices [1–5]. While local planarization occurs through
the action of the electropolishing electrolyte, global
planarization is more difficult. One common approach
to global planarization is the use of a rotating wafer/
electrode configuration (RDE) for simultaneous Cu
removal across the wafer surface [1, 2, 5]. This approach
provides rapid Cu removal, but suffers from the
drawback that surface features of varying size, such as
those created by Cu electrodeposition from superfilling
additives, may be difficult to planarize simultaneously.
Additive-containing baths have been proposed to
address this problem [4], but their performance has
not yet been widely validated. Another approach
involves use of a scanning cathode or segmented
cathode configuration [6]. While this approach is more

flexible for surfaces with significant topography, the net
removal rate will be much lower. Other challenges to
commercialization include island formation due to a loss
of contact when the remaining Cu film becomes quite
thin. Advantages relative to chemical mechanical plan-
arization (CMP) include simplicity, cost-of-ownership,
easier endpoint detection, particle contamination is not
introduced, and better compatibility with porous low-k
dielectrics, which are mechanically fragile and may be
damaged during CMP [4].
In addition, Cu electropolishing in phosphoric acid

electrolytes has been a prototype for fundamental
studies of electropolishing [7–13]. Despite intensive
investigation, the identity of the solution phase species
involved in the rate-determining step remains contro-
versial, with some groups proposing phosphate-contain-
ing species and others water [5, 7, 10, 12]. Such
knowledge may be important for commercial applica-
tion to damascene processing of Si wafers, since this will
determine the removal rate that is obtained. We recently
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reported Levich analyses of the limiting current densities
in a variety of phosphoric acid-based Cu electropolish-
ing electrolytes that establish water as the likely acceptor
species [14]. These results include electrolytes with
ethanol and other diluents added, which allows one to
obtain lower limiting current densities, preventing rapid
Cu film removal during damascene processing. In this
report, we present the results of transient and steady
state analyses of Cu electropolishing in phosphoric acid-
based electrolytes extending to lower water concentra-
tions.

2. Experimental details

Experiments were performed on 5 mm diameter stan-
dard Cu rotating disc electrodes (RDE) from Pine
Instruments. For all electrochemistry experiments, a
saturated calomel (SCE) reference electrode and a Pt
wire counter electrode were employed in a standard
three-electrode geometry, controlled with a EG&G PAR
model 263 A-1 potentiostat/galvanostat. Most of the
electrolytes were prepared from 85 wt% phosphoric
acid (J.T. Baker) and analytical grade diluents, including
water, methanol and ethanol. The three electrolytes with
the lowest water concentration were prepared from
105% w/w polyphosphoric acid (Rhodia). The actual
phosphoric acid concentration of these two reagents was
determined by dilution and subsequent acid–base titra-
tion.
The electrolyte viscosities were measured with a

Brookfield Synchro-lectric viscometer, and the electro-
lyte density was measured by weighing the electrolyte in
a volumetric flask. The variation of repeat viscosity
measurements is about 1.5%. Unless otherwise indi-
cated, all experiments were performed at room temper-
ature (22 ± 1�C). Most of the reported diffusion
coefficients were verified by repeated experiments, with
typical variations in limiting current densities of about
4%, and typical variations in the slope of the initial
current–time transient of about 15%.

3. Results and discussion

Figure 1 shows a cyclic voltammogram for 17.7 M H2O
and 13.3 M H3PO4 at a scan rate of 10 mV s)1, showing
little noise in the limiting current density plateau.
Subsequent studies involve a variety of different
H3PO4-based electrolytes, including many to which
diluents such as ethanol have been added. These diluents
allow a wider range of water concentrations and
electrolyte viscosities to be accessed. They also reduce
the removal rate during Cu electropolishing, simplifying
possible application to damascene processing. These
diluents have been chosen to be electrochemically much
less active than H3PO4 and H2O and less likely to
complex Cu2+, although neither assumption has been
rigorously verified.

Figure 2 shows the current transients obtained in
three different phosphoric acid-based electrolytes fol-
lowing a potential step from a potential at which the
current is zero to a potential in the mass transfer-limited
regime. Each of these curves eventually reaches a steady
state value, the limiting current density, at times greater
than those shown in Figure 2. At least two quantities,
the initial slope of the current–time relationship, which
can be analyzed by the Cottrell equation, and the steady
state current, which can be analyzed using the Levich
equation, can be obtained from each current transient.
However, knowledge of the rate-determining species is
needed.
As mentioned in the Introduction, both the mecha-

nism and the acceptor species during Cu electropolish-
ing in phosphoric acid-based electrolytes are somewhat
controversial. This analysis will initially assume that Cu
electropolishing is rate-limited by diffusion of water,
assumed to be the acceptor species for dissolving Cu
ions. Subsequent analysis provides supporting evidence
for this claim, which will then be discussed in more
detail. A complication of this system is that transport
phenomena control the formation of the diffusion layer,
while the measured current scales inversely with the
degree of complexation. In such a system, a Levich
analysis yields [12, 15],

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0

10

20

30

40

50

60

70

j/m
A

 c
m

-2

E vs. SCE/V

Fig. 1. Polarization curve for 17.7 M H2O and 13.3 M H3PO4 at

240 rpm and a scan rate of 10 mV s)1.
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Fig. 2. Current transients recorded at 240 rpm for 17.7 M H2O and
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jlim ¼ 1:24

SH
FD2=3

H x1=2m�1=6CH ð1Þ

where jlim is the limiting current density, SH is the ratio
of water acceptor ions for every dissolving Cu2+ ion,DH

is the effective diffusion coefficient of water, CH is the
bulk water concentration, and the other symbols have
their usual meaning. Similarly, a Cottrell analysis yields,
[15]

jðtÞ ¼ 2FD1=2
H CH

SHp1=2t1=2
ð2Þ

It should be noted that the effective diffusion coeffi-
cients for water (DH) need not be the same in these two
equations. Cottrell analysis provides a value for the
effective diffusion coefficient at the bulk composition
and viscosity, while Levich analysis provides a value
integrated through the diffusion layer. This can be seen
most easily through the variation in the viscosity with
water concentration, which suggests that the viscosity at
the water-depleted interface may be nearly an order of
magnitude greater than the viscosity in the bulk elec-
trolyte (B.Du and I.I Suri, unpublished results). Simple
Stokes–Einstein arguments then suggest that the effec-
tive diffusion coefficient near the interface might be
considerably lower than that in the bulk electrolyte. For
this reason, simultaneous solution of the Levich and
Cottrell equations to obtain SH and DH might be a
mistake.
Figure 3 shows Cottrell plots for the same electro-

lytes whose current transients are shown in Figure 2.
Table 1 provides the composition, density, and kine-
matic viscosity determined for each phosphoric acid-
based electrolyte. In addition, Table 1 contains the
ratio DH

1/2/SH determined from a Cottrell analysis
and the ratio DH

2/3/SH determined from a Levich
analysis. The last four columns in Table 1 provide the
effective diffusion coefficients for water for two
extreme cases, values of one and six for SH. The
former value provides the best agreement between the
effective diffusion coefficients obtained from the Le-
vich and Cottrell analyses, while the latter value
corresponds to that expected in the bulk electrolytes.

Assuming a value of one for sH yields diffusion
coefficients in the 10)9 cm2 s)1 range, while assuming a
value of six yields values in the 10)8–10)7 cm2 s)1 range,
with the Levich analysis typically yielding lower diffu-
sion coefficients than the Cottrell analysis. This would
suggest that the diffusion coefficient is lower near the
surface than in the bulk electrolyte. While this might be
expected for this highly dehydrated region from Stokes–
Einstein arguments, concentrated phosphoric acid does
not appear to be a hydrodynamically simple fluid, as
discussed below. In addition, given the wide difference
between the bulk and near surface electrolyte viscosity,
the Stokes–Einstein equation would predict an even
larger difference between the effective diffusion coeffi-
cients from the Levich and Cottrell analyses than is
actually observed.
The only reported value for an effective diffusion

coefficient for water in phosphoric acid-based electro-
lytes is the estimate of 5 · 10)8 cm2 sec)1 obtained by
Vidal and West from electrohydrodynamic (EHD)
impedance measurements [12], which are independent
of the value of SH. This technique actually determines
the Schmidt number, with the effective diffusion coeffi-
cient then determined using the bulk viscosity. They
report an effective diffusion coefficient for water in
85 wt% H3PO4, which corresponds to the electrolyte
composition in Table 1 of 15.2 M H3PO4 and 11.7 M

H2O. If one chooses a value of six for sH, the current
result of 5.2 · 10)8 cm2 s)1 agrees exactly with that
reported by Vidal and West to within the number of
significant figures that were reported.
Regardless of the value assumed for SH, the effective

diffusion coefficients obtained in Table 1 from both
transient (Cottrell) and steady state (Levich) analyses
are remarkably invariant to electrolyte composition. For
example, although the water concentration varies from
4.03 to 20.0 M, for transient analysis with an assumed
value of six for sH, the effective diffusion coefficients of
water reported in Table 1 vary only from 1.1 to
3.0 · 10)7 cm2 s)1. This is quite surprising given the
widely varying diluent concentrations and the variation
of almost an order of magnitude in electrolyte viscosity.
However, previous authors have noted that the

transport properties of concentrated phosphoric acid
are anomalous, and they have suggested that transport
cannot be described by the prototypical hydrodynamic
model of slip-free particle motion through a liquid, or in
other words, by the Stokes–Einstein equation [16, 17].
For example, concentrated phosphoric acid electrolytes
have unusually high conductivity given their high
viscosity. In addition, diffusion coefficient measure-
ments for both protons and phosphorus-containing
species exhibit unusual concentration and temperature
dependence [16, 17]. The relative invariance with elec-
trolyte composition of the diffusion coefficients in
Table 1 reinforces the conclusion that concentrated
phosphoric acid is not a hydrodynamically simple fluid.
Fundamental reasons exist that suggest SH is unlikely

to have a value of six throughout the diffusion layer. In
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addition to the likelihood for variation of the effective
diffusion coefficient within the diffusion layer, one must
consider the likelihood of variation in the Cu–water
complexation equilibria. Since the Cu2+ concentration is
at a maximum, while the water concentration is at a
minimum, SH is likely quite low at the interface. On the
other hand, SH might reach the expected value of six in
the bulk electrolyte. In addition, steric constraints at the
interface suggest that six water molecules cannot coor-
dinate one Cu ion.
One can indirectly address the possibility of variation

in the effective diffusion coefficient of water during
formation of the diffusion layer by an alternative
analysis of the current transients shown in Figure 2.
Theoretical treatments of the current transient at a
rotating disc electrode following application of a
potential step into the mass transfer-limited regime have
been published by several authors [18–22]. The present
study will follow the formalism originally published by
Bruckenstein and Prager [20], but corrected slightly by
Myers et al [21]. to yield proper values at the Cottrell
limit (short time) and the Levich limit (long time).
Assuming a linear concentration gradient within the
diffusion layer, the convective diffusion equation can be
solved using the Method of Moments to yield: [20, 21]

t ¼ 0:2122
d2SS
DH

1

2
ln

1� R3

ð1� RÞ3

" #(

�
ffiffiffi
3

p
tan�1

ffiffiffi
3

p
R

Rþ 2

 !) ð3Þ

Here R¼jSS/j is the ratio of the steady state current to
the instantaneous current and dSS is the steady state
(Levich) diffusion layer thickness. Although this for-
malism has been criticized because an explicit form is
not given for the current as a function of time, this
equation has been shown to be accurate to within 1–2%
[22].
In addition, because the dependent variable is a current

ratio, this result does not depend on either the stoichi-
ometric number of electrons transferred (n ¼ 2) or the
number of acceptor species per Cu ion (SH¼unknown).
Similarly, one can show that the steady state value of the
diffusion layer thickness (dss), which is known to be
independent of n, is also independent ofSH.This equation
can also be written as:

t ¼ 0:2122
d2SS
DH

f ðRÞ ð4Þ

This allows elegant determination of the effective
diffusion coefficient from the slope of f(R) versus time.
However, it should be noted that the steady state
diffusion layer thickness varies with DH

1/3, where this
value is again integrated through the diffusion layer. In
addition, it is unclear whether the value of DH explicitly
included in Equation (4) corresponds to a bulk or near-
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surface diffusion coefficient. Lastly, data fits to Equation
(4) were not found to be very accurate at long times
(Rfi1) due both to the functional form of f(R) and to
the strong sensitivity to the exact choice of the limiting
current density.
For these reasons, rather than using Equation (4) to

determine effective diffusion coefficients, this will be
employed to approximate the extent to which the
effective diffusion coefficient varies during each experi-
ment. Figure 4 shows the current transients from Fig-
ure 2 fit to Equation (4). Such plots consistently show
little curvature as t increases during the experiment. One
might expect such curvature if the effective diffusion
coefficient for water changes during diffusion layer
formation. However, given the highly nonlinear form
of Equation (3), this argument is somewhat indirect.
Thus the current results can be interpreted in two

different ways. If one assumes that the effective diffusion
coefficient for water is approximately constant within the
diffusion layer, SH is approximately one, and the effective
diffusion coefficient is in the 10)9 cm2 s)1 range. This
interpretation is consistent with the lack of curvature seen
in Figure 4 and with the low concentration of water near
the interface, which suggests a low value of SH, but is
inconsistent with the diffusion coefficient reported byVidal
and West. Alternatively, if one assumes a value of six for
SH, the results are consistent with those of Vidal and West
and with spectrophotometry experiments that indicate
little change in the absorption near 900 nm, which is
associatedwith the formation ofCu(H2O)6

2+ (B.Du and I.
I. Suni, unpublished results). In this case the effective water
diffusion coefficient in the bulk electrolyte is in the10)8–
10)7 cm2 s)1 range, and the effective water diffusion
coefficient is somewhat lower when integrated through
the diffusion layer than for the bulk electrolyte. We
currently favor the latter interpretation thatSH is likely six.
Regardless of the true value of SH, the effective

diffusion coefficients obtained from the Levich and
Cottrell analyses are in good agreement, providing
further evidence that water diffusion is indeed the rate-
limiting step during Cu electropolishing in phosphoric
acid electrolytes. Even if one assumes that the effective

water diffusion coefficient obtained from the Cottrell
and Levich analyses is different, and the value for SH

(six) is chosen that maximizes this difference, the
variation in diffusion coefficients is relatively small
throughout the last column of Table 1, which contains
a wide range of water concentrations. Such a result
would be quite fortuitous if water were not the rate-
determining, acceptor species. However, this does not
mean that the dissolving Cu ion complexes do not also
include phosphate-containing species. It should be
noted the previously published impedance analysis by
Vidal and West shows that both the ohmic resistance
and double layer capacitance are independent of both
the applied potential and rotational speed [12]. This
demonstrates convincingly that a salt film precipitation
mechanism does not apply to Cu electropolishing in
phosphoric acid based electrolytes.
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