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Abstract Copper electrodeposition and nucleation on a
glassy carbon electrode from acid sulfate electrolytes in
the presence of 3-mercapto-1-propanesulfonate sodium salt
(MPS) and its combinations with chloride ions (Cl) or/and
polyethylene glycol (PEG) were investigated by utilizing
cyclic voltammetry (CV), chronoamperometry (CA) and
scanning electron microscopy (SEM). CV results indicate
that MPS and MPS—-PEG inhibit whereas MPS—CIl and
MPS-PEG-CI accelerate copper deposition. CA and SEM
results suggest that copper nucleation follows an instan-
taneous nucleation mechanism with three-dimensional
growth from all baths at the studied deposition potentials.
The copper nucleation rate and nuclei number density are
increased greatly in the MPS—Cl and MPS—PEG-CI baths.

Keywords Copper electrocrystallization - MPS - PEG -
Chloride ions

1 Introduction

Copper has been widely used as silicon chip interconnect
material [1-13], and for on-chip metallization, damascene is
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a key technique. In the damascene process, trench and via
cavities are first fabricated into a dielectric layer on the
wafer. Then, the trenches and vias are filled with copper by
electrodeposition over the entire wafer surface [1]. A chal-
lenge to this microvia filling technique is that copper
deposits used to fill those trenches and vias should be all
void-free. To realize void-free electrodeposits, metal elec-
troplating inside high aspect ratio trenches should prefer-
entially occurs at the bottom of trenches. This process,
usually called “superfilling” or “superconformal,” depends
largely on the use of complex blends of additives in elec-
trolytes [1-13]. A typical copper superfilling electrolyte
consists of copper sulfate in an aqueous sulfuric acid
solution, with the addition of combined additives. The com-
bined bath additives normally used are a three-component
(accelerator, halide, and suppressor) or a four-component
(accelerator, halide, suppressor, and leveler) additive pack-
age. Accelerators are typically sulfur-based organic mole-
cules, such as 3-mercapto-1-propanesulfonate sodium salt
(MPS) [2], which are also called 3-mercapto-1-propane-
sulfonic acid in some literatures [3-6], and bis-(3-sodium-
sulfopropyl disulfide [6-8] (SPS). Typical suppressors are
polyethers, such as polyethylene glycol (PEG) [7, 9—12] and
polypropylene glycol [2]. For the leveling agents, thiourea,
benzotriazole, and Janus Green B are often used [2, 7]. It is
generally regarded that superfilling should be theoretically
carried out under an ideal additive distribution along the
trench profile, where the suppressor is mainly adsorbed at
the top of the trenches and simultaneously, the accelerator
diffuses more easily than the suppressor and is mainly
adsorbed at the bottom of the trenches [1-7]. Therefore, the
trenches are filled from the bottom to the top without voids.

For electrolytes of a three-component additive package
(chloride ions (Cl), PEG, and MPS), the inhibition effect is
due to the interaction between the PEG—CI and the copper
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surface [7, 9—12], and the acceleration effect is attributed to
the competitive adsorption of MPS or its derivative [2-8].
MPS is a modest inhibitor when it is used solely in a copper
bath [4, 5]; nevertheless it with the presence of chloride
ions accelerates the copper electrodeposition process [2—6].
It has been revealed that MPS played an accelerating role
at the bottom of the trench by displacing the adsorbed PEG
[3, 5, 13].

It is well known that the initial stage of electrodeposition,
i.e., electrocrystallisation, involving nucleation and nuclei
growth, determines not only the properties and quality of the
final deposits, but also the quality of microvia filling. High
nuclei number density is favorable to the microvia filling
without void. With regard to a three-component additive
package, effects of PEG [8, 11, 14-16], C1[8, 16, 17], PEG—
CI[11, 15-17], and PEG-CI-SPS [8, 18] on copper electro-
crystallisation have been studied. It has been found that the
nucleation of copper in an acidic sulfate solution follows an
instantaneous nucleation together with a 3-dimensional
growth mechanism. PEG affects the nucleation mechanism,
but Cl and PEG—-CI do not. The effect of PEG-CI-SPS on
copper nucleation greatly depends on the applied step
potential [8]. Although there have been many relevant studies
as described above, the copper nucleation mechanism in the
presence of an MPS accelerator has not been paid enough
attention to. The main purpose of this study was to acquire a
comprehensive understanding of the roles of MPS and its
combination with chloride ions or/and PEG in copper
nucleation on a glassy carbon electrode in acidic sulfate baths.

2 Experimental

All experiments were carried out in a three-electrode glass
electrochemical cell. A large area platinum foil counter
electrode and an Hg/Hg,SO,—0.5 M H,SO, reference
electrode were utilized. All potentials were quoted with
respect to the reference electrode. The working electrode
was a glassy carbon disk of 0.3 cm in diameter. It was
carefully polished using successively three grades of alu-
mina slurry (1, 0.3, and 0.05 pm, respectively), and then
cleaned ultrasonically in distilled water to remove residues
from the polishing process. The ultrasonic cleaning was
carried out in a KQ218 ultrasonic cleaner (Shanghai Jing-
gong Co. Ltd, Shanghai, China) at ambient temperature.
Finally, the glassy carbon electrode was rinsed with dis-
tilled water and dried before each experiment.

Basic copper plating solutions used were 0.05 M CuSO,
and 0.5 M H,SO,, to which one or more of the three
additives, MPS, Cl (added in the form of NaCl), and PEG
(mean molecular weight, 6000) were added. The concen-
tration of MPS, Cl, and PEG added in the additive com-
bination was 0.002 to 0.040, 0.020 and 0.030 g L_l,
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respectively. All solutions were prepared with analytical
grade reagents and triple distilled water.

Cyclic voltammetry (CV) experiments were carried out
at a scanning rate of 10 mV s™'. A scan started from the
open circuit potential, first preceded to the negative
direction, and then moved backward to the starting point to
complete a cycle. The current—time transients (CTTs) were
obtained from chronoamperometry (CA) experiments per-
formed at a single negative potential step from the open
circuit potential to the potential at which copper electro-
deposition occurred. The CV and CA experiments were
carried out with a CHI660 electrochemical analysis
equipment. All experiments were performed in a quiescent
condition at ambient temperature. The scanning electron
microscopy (SEM) images were recorded on a FEI Nova
400 field emission scanning electron microscope.

3 Results and discussion
3.1 Cyclic voltammetry

Cyclic voltammetry is the first step to investigate the role
of MPS and its combination with chloride ions or/and PEG
in copper electrodeposition. CV results of copper electro-
deposition on a glassy carbon electrode from additive-free
and MPS (0.010 g L™") additive systems are shown in
Figs. 1 and 2, in which quantitatively different cathodic
features of CV diagrams are observed. Fig. 1b shows that
the cathodic peaks E}, from baths containing MPS and
MPS-PEG shift negatively from —0.702 V (additive-free)
to —0.725 V (MPS) and to —0.756 V (MPS-PEG), indi-
cating that the addition of MPS and MPS—-PEG imposes an
inhibition effect on copper deposition. It is regarded that
the inhibition effect of MPS results from the strong coor-
dination ability of the thiolate, and the adsorption of self-
assembled submonolayer of MPS on the active surface sites
that blocks cations from transferring to the metal surface
[3-6, 19]. The adsorption of the PEG molecules causes
inhibition effect on copper deposition [7]. When MPS and
PEG coexist, they occupy active surface sites and thus
result in the strong inhibition effect.

From Fig. 2b, it is found that the cathodic peaks E,
corresponding to baths with Cl, MPS-CIl, and MPS-PEG-
Cl shift greatly to the positive direction, from —0.702 V
(additive-free) shift to —0.619 V(Cl), to —0.591 V (MPS-
Cl) and to —0.668 V (MPS-PEG-CI), respectively. The
shifts indicate a rapid transition of the effect of MPS and
MPS-PEG from inhibition to acceleration once chloride
ions are added. The acceleration effect of these additives
decreases in the order: MPS—CIl > Cl > MPS-PEG-CI.
This agrees with previous understanding about the com-
bination of MPS and Cl [3-5, 19, 20] and the phenomenon
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Fig. 1 Cyclic voltammograms for the electrodeposition of copper on
a glassy carbon electrode in 0.05 M CuSO4—0.5 H,SO4 electrolytes
with no additive, MPS and MPS-PEG, respectively. The scan rate
was 10 mV s™'. a cyclic voltammograms; b the cathodic part of
cyclic voltammograms. Square additive-free, triangle 0.010 g L™
MPS, asterisk 0.010 g L™" MPS and 0.030 g L™' PEG

has been explained with several mechanisms [3, 6, 19].
However, the fact that MPS-PEG-Cl exhibits a net
acceleration effect disagrees with the study reported by
Moffat el al. [20]. It is known that PEG-CI provides a
significant inhibition for copper deposition because of the
formation of a barrier film of Cut—Cl —PEG [8-13, 20—
23]. In an MPS-PEG-CI bath, the acceleration of MPS—Cl
and the inhibition of PEG-CI take place simultaneously. It
can be deduced that, when the acceleration of MPS—CI is
stronger than the inhibition of PEG-CI, a net acceleration
of MPS-PEG—CI is exhibited. A previous study [8] also
found that PEG—CI-SPS acted as either a suppressor or an
accelerator, depending to a large degree on the SPS con-
centration. So it is reasonable that MPS—PEG-CI can be
either an accelerator or an inhibitor depending on the
concentration ratio of MPS, Cl, and PEG.

Significant differences of anodic Cu-stripping peaks are
also observed from different MPS combination baths. As
shown in Fig. 1a, there is only one anodic peak (peak I) for
Cu dissolution, located at about —0.30 V for MPS, MPS—
PEG or Cl baths. However, in Fig. 2a, besides peak I,
another stripping peak (peak II) at about —0.13 V is
observed for the baths with MPS—Cl and MPS-PEG-CI.
This may be explained as follows. When Cu(l) exits
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Fig. 2 Cyclic voltammograms for the electrodeposition of copper on
a glassy carbon electrode in 0.05 M CuSO4-0.5 M H,SO, electro-
lytes with no additive, Cl, MPS and MPS-PEG-Cl and MPS-CI.
a cyclic voltammograms, b the cathodic part of cyclic voltammo-
grams. Square additive-free; diamond 0.020 g L™' Cl; inverted
triangle 0.010 g L™' MPS, 0.030 g L™' PEG, and 0.020 g L™' CI;
circle 0.010 g L™' MPS and 0.020 g L™' C1

steadily, two obvious peaks corresponding to the dissolu-
tion of the Cu to Cu(I) (peak I) and Cu(I) to Cu?t (peak 1)
may appear simultaneously. Peaks II of MPS—CIl and MPS—
PEG-CI baths result from stable Cu(I)-complexes [1, 3].
Peak 1II also appears in the Cl bath [24], attributed to the
redox reaction of stable intermediate CuCl*~ to Cu®™.
Nevertheless, when the concentration of chloride ions is
very low (0.020 g L") as the case in Fig. 2a, the amount
of CuCI*~ is too small to produce a peak II.

In addition, two crossovers between the cathodic current
branches are observed for all baths, as shown in Figs. 1 and
2. The more cathodic crossover corresponding E, (nucle-
ation potential) is usually used to judge the occurrence of
nucleation-growth mechanism [25], which is an indicator
of electrocrystallization taking place at the early stage of
copper electrodeposition.

3.2 Chronoamperometry

Chronoamperometry is one of the most popular electro-
chemical methods for investigating the early stage of
electrodeposition. The CTTs obtained by CA may have one
or more maximum for different substrates. The CTTs
exhibiting only one maximum indicate that the
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electrocrystallization is related to a nucleation process. The
information about electrocrystallisation, therefore, can be
obtained by analyzing the CTTs. Various theories and
models have been put forward to interpret CTTs with dif-
ferent features. Among these models, Scharifker—Hills (S—
H) model [26] is suitable for the treatment of CTTs with a
well-defined maximum [8, 11, 14-17, 25-30].

The CTTs measured from acid sulfate baths in the
absence and presence of MPS additive combinations at
different potentials from —0725 to —0.850 V are shown
in Fig. 3a, c, e, g, and i, respectively. It is obvious that
the current density for different baths decreases in the
order: MPS—-C1 >MPS-PEG-CI > MPS > additive-free >
MPS—-PEG. The results indicate that MPS—CI, MPS-PEG-
Cl, and MPS enhance but MPS—PEG decreases the rate of
copper nucleation.

Fig. 3 Current time transient a-40

All CTTs have a well-defined maximum and have the
feature of a three-dimensional (3D) growth nucleation with
diffusion control. According to the S—H model, there are
two limiting nucleation mechanisms, the instantaneous
and the progressive ones. A nucleation process with 3D
growth under diffusion control can be revealed by com-
parison of experimental data with theoretical current tran-
sients in a non-dimensional form by plotting (i/i,,)> versus
t/tm, where i is the current density at time ¢, i, is the maxi-
mum current density and ¢,, is the time when the maximum
appears. The theoretical transients in the non-dimensional
form for the instantaneous and progressive nucleation with
3D growth are given by Eqgs. 1 and 2 [26], respectively,

L g
7= 1?/%{1 — exp[—1.2564(t/tm)]} (1)

d
curves (a, c, e, g, i) and 1.0
corresponding Scharifker—Hills
model (i/iy,)* versus t/ty, (b, d, £, 3.0 F 08 -
h, j) for the electrodeposition of aQ
copper onto a glassy carbon 5 2ol “ 06 F
electrode from 0.05 M CuSOy4 :F ?5 04 L
-0.5 M H,SO, electrolytes with = &
different additives at different = ol 02 L
potential. a, b —0.725 V;
c,d —0.750 V; e, f —0.775 V; 00
g, h —0.800 V; i, j —0.850 V. 0.0 (‘) ‘ 1‘ ‘ 2‘ A“ p
Square additive-free; triangle ]
0.010 g L™" MPS; asterisk s
0.010 g L™" MPS-0.030 g L™
PEG,; inverted triangle b 0725V e sol
0.010 g L™' MPS, 0.030 g L™! 1or v ‘
PEG-0.020 g L' CI; circle instantaneous
0.010 g L~ MPS-0.020 g L~ 08T or
cl 06 |- (\‘.E 3.0 |
o o
E <
F 047 S 20t
02 =
10 F
00
Il Il Il Il I 0.0 Il Il Il Il Il
0 1 2 4 5 0 1 2 3 4 5
thty t/s
c f ok 0.775V
4.0 )
08 - nstantaneous
‘\% 30 L ooer
:; -2.0 éE 04 -
= o 02+
0.0
00 Il Il Il Il Il
0 1 2 3 4 5
iy

@ Springer



J Appl Electrochem (2011) 41:765-771

769

Fig. 3 continued
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Results calculated with data from Fig. 3a, c, e, g, and i
with the S—H nucleation model are shown in Fig. 3b, d, f,
h, and j, respectively. Clearly, the experimental data of all
baths are close to the theoretical curve of the instantaneous
nucleation model at the early stage of nucleation (#/#,, < 1).
Therefore, it is concluded that electrocrystallisation of
copper on GCE is governed by an instantaneous nucleation
mechanism followed by a 3D growth at various potentials.

In the S—H model, the nuclei number density (N) on the
electrode can be calculated by

{1 — exp[—2.3367(1/1m)*]}* (2)

im = 0.6382zFDc(kN)"/? 3)
P2 tm = 0.1629(zFc)*D (4)
im = 0.46152FD*c(K' AN.)"/* (5)

i2 tm = 0.2598(zFc)*D (6)

where z is the molar charge of the electrodeposition spe-
cies, F is the Faraday constant, ¢ is the concentration of
metal ion, D is the diffusion coefficient of metal ion, N, is
the density of nuclei at saturation, k and k' are constants
given by k = (8cnM/p)'’?, and K = (4/3) (8cnMlp)'?,
wherein M and p are the mole mass and the density of
deposition species, respectively.

The combination of Egs. 3 and 4 provides the nuclei
number density for the instantaneous nucleation and that of
Egs. 5 and 6 for the progressive nucleation [26].

The combination of Egs. 3 and 4 applies to the calculation
of nuclei number density () in all baths in the study in the
light of an instantaneous nucleation followed by a 3D growth
testified. The calculated results are listed in Table 1. It is
shown that N increases in this order: MPS-Cl > MPS-
PEG-CI > MPS > additive-free > MPS-PEG at all step

Table 1 Nuclei number density N (x10® cm™2) of copper on GCE in the absence and presence of different additives at different potentials

—E (V) Additives (g L")
Additive-free MPS 0.010 MPS 0.010-PEG 0.030 MPS 0.010-PEG 0.030-CI 0.020 MPS 0.010-Cl 0.020
0.725 0.13 0.22 0.10 0.31 1.58
0.750 0.22 0.25 0.20 0.39 2.01
0.775 0.31 0.46 0.27 0.43 2.93
0.800 0.45 0.58 0.41 0.73 3.27
0.850 0.73 1.11 0.68 1.60 5.44
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Fig. 4 SEM images of Cu nucleation on GCE substrate at —0.725 V
in 0.05 M CuS0O,4—0.5 M H,SO, electrolytes containing 0.002 g L™
MPS at different nucleation time, at =1s,br=3s

Fig. 5 SEM images of Cu nucleation on GCE substrate at —0.725 V
in 0.05 M CuSO,4-0.5 M H,SO, electrolytes containing 0.002 g L™
MPS and 0.020 g L~! CI™ at different nucleation time, a t = 1 s,
bt=2s

@ Springer

deposition potentials. It is known that the formation of more
dense nuclei is favorable to formation of more compact
deposits without void. Therefore, the MPS—Cl bath is the best
for the void-free Cu filling, and the MPS—PEG—Cl bath is the
second best. However, superfilling requires not only that
copper deposits should be void-free, but also that the filling
should take place from the bottom to the top. For filling from
the bottom to the top in trenches, an inhibitor is indispens-
able. As a result, the MPS—-PEG-CI is the best additive
system for superfilling.

It is noted that the experimental current following .«
(#/ty > 1) decays faster than the current predicted by
instantaneous model in both MPS-Cl and MPS-PEG-Cl
baths at higher potentials, as shown in Fig. 3f, h, and j. This
is because of the rapid replenishment of copper ions
through hemispherical diffusion to growth centers in the
two baths. Deviation of the dimensionless plots from the
theoretical curve at the late stage of nucleation is often
found in nucleation of copper [27, 28] and other metal,
such as cobalt [30].

3.3 SEM observations

The SEM images are used to identify the copper nucleation
mechanism and to characterize copper nuclei with respect
to the morphology and nuclei population density. Instan-
taneous nucleation corresponds to a simultaneous forma-
tion of all the growth centers and identical growth rate
subsequently. Considering that the nuclei are too dense to
be clearly observed at a large additive concentration, we
used MPS of 0.002 g L™' for SEM observations after
verifying by CV and CA experiments that changes of MPS
concentration within the range from 0.002 to 0.04 g L™'
did not affect the copper nucleation process at all studied
potentials from —0.700 to —0.850 V. Figures 4 and 5 show
the nucleation and nuclei growth with time at the potential
of —0.725 V for the MPS (0.002 g L™") bath and MPS
(0.002 g L™"—Cl (0.020 g L™' C17) bath, respectively.
The SEM images indicate that the crystallites grow three-
dimensionally on the GC electrode substrate. In addition,
the crystallites formed in MPS bath and MPS—CI bath are
nearly of a uniform size and grow larger over time, indi-
cating the deposition is governed by instantaneous nucle-
ation in both baths. These findings agree with the
chronoamperometric results. Comparison of Figs. 4a and
Sa reveals that the nuclei population density for the MPS—
Cl bath is larger than that for the MPS bath at the same step
potential and nucleation time. All these results are con-
sistent with CA results.

Because the S—H model is derived based on the hemi-
spherical geometry, any departure from this morphology
will probably result in a deviation from the model [27]. The
copper nuclei formed at the initial stage of the nucleation
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are near hemispherical geometry, as can be seen in Fig. 4a
(t=1s) and Fig. 5a (¢t = 1s). Therefore, the non-
dimensional form of CTTs fits S—H model well at the initial
stage both in MPS and MPS-CI baths. When the nuclei
grow larger at a later nucleation time, deviation from the
hemispherical geometry is observed, as shown in Fig. 4b
(t =3s) and Fig. 5b (¢t = 2 s). Therefore, non-dimen-
sional form of CTTs deviates from the ideal model when
nucleation time increases (Fig. 2). We speculate that the
fast nucleation rate and the nuclei morphology are the
possible reasons for the deviation of non-dimensionless
plots of experimental current density from the theoretical
instantaneous curve at a later nucleation time in MPS—Cl
and MPS-PEG-CI baths.

4 Conclusions

CV experimental results indicate that MPS inhibits copper
deposition, and it functions oppositely by accelerating the
nucleation rate with the aid of chloride ions or chloride
ions/PEG. CA experimental results indicate copper nucle-
ation rate is raised in the MPS, MPS—CI, and MPS-PEG-
Cl baths. Comparing with the S-H limiting cases, we
conclude that copper nucleation follows an instantaneous
nucleation with 3D growth at studied deposition potentials.
SEM results further confirm the findings of CA experi-
ments. The copper nucleation rate and the nuclei number
density are increased in MPS—Cl and MPS-PEG-CI baths.
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