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Copper electrodeposition from copper acid solutions containing PEG and NaCl
has been investigated onto Cu(111), Cu(100) and polycrystalline copper electrodes us-
ing polarization and EIS measurements. The adsorption of sulphate and chloride anions,
and PEG molecules, was investigated onto Cu(111) and Cu(100) by cyclic voltammetry
and differential capacitance measurements. Differential capacitance vs. potential curves
recorded onto Cu(100) in solutions containing 0.1 M H,SO,4, 0.1 M H,SO4 + 103 M
PEG and 0.1 M H,SO,4 + 103 M PEG + 10-3 M NaCl confirm that “specific adsorption”
of PEG molecules occurs in the absence of NaCl in the solution, in the potential region of
copper electrodeposition, e.g., between —1.0 V and —0.5 V vs. SSE. In the presence of
chloride ions, the adsorption of PEG molecules is suppressed and there is no evidence of
adsorption of neutral PEG molecules. It is shown that hysteresis, appearing on the polar-
ization curves of copper electrodeposition, is not a consequence of competition between
inhibition provided by the CI-PEG/Cu?"/Cu'/Cu interface and the catalytic effects of
CI-MPSA/Cu?"/Cu’/Cu interaction, because hysteresis is present in the solution con-
taining only PEG and NaCl, e.g., in the absence of MPSA. EIS measurements confirm
the simultaneous occurrence of two processes during copper electrodeposition: deposi-
tion of copper by discharge of Cu?" ions and “specific adsorption” and discharge of
some heavily charged species, most probably containing Cu, PEG and CL.

Keywords: copper, electrodeposition, PEG, chloride, complexes, Cu(111), Cu(100), ad-
sorption, differential capacitance.
INTRODUCTION

In modern electroplating industry copper is rapidly being introduced into chip inter-
connection technology as a replacement for aluminum. Current and future feature scaling
requires metallization into vias and trenches with aspect ratios as high as 10:1. An advan-
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tage of copper electrodeposition over aluminum physical deposition is the ability to
“superfill” high aspect ratio feature when plating baths containing additives are usde. Two
additives often incorporated into industrial plating baths for such purpose are poly(ethylene
glycol) (PEG) and chloride ions, among other additives known as brighteners (molecules
with thiol and sulphonic acid groups) and levelers (typically molecules having amine func-
tionality).1-9 Although a phenomenological understanding of the influence of these addi-
tives exists their mode of action on a molecular level is lacking.

A number of studies of the mechanism of copper electrodeposition in the absence
of additives have confirmed that deposition occurs in a two-step process with cupric-to
cuprous ion reduction being the rate determining step af high current densities.|%-14 The
addition of a small amount of chloride ions (2 x 10~4 M) was found to modify the elec-
trode kinetics essentially by increasing the transfer coefficient of the reaction of cuprous
ion reduction.!3 If both PEG and chloride ions are present in the acidic copper sulphate
bath, the significant inhibition of copper electrodeposition has been explained by various
authors. Hill et al.16 found that below the critical overpotential, chloride ions hold a film
of PEG onto the electrode surface and that this film may be a PEG-cuprous chloride com-
plex. Healy et al.17 suggested that PEG can be adsorbed in two different forms. One pre-
dominates close to the open circuit potential and may well be a copper chloride complex
with PEG as a ligand, while the other one prevails at the more negative potentials where
copper plating is performed and this species is likely to be a simple, neutral PEG mole-
cule. According to the hypothesis of Yokoi et al.18:19 each Cu™ ion present in an acidic
copper bath orientates six electron pair donor oxygen atoms of poly(ethylene oxide)
chains forming a positively charged complex of the type { Cu+(EO)g}. As aresult of their
positive charge, these are attracted by the negatively charged chloride ions specifically
adsorbed onto the copper surface, inhibiting copper electrodeposition. At a difinite poten-
tial, the Cu™-oxygen atoms bonds break and liberate Cu' ions whereby copper deposition
suddenly commences, while PEG returns to the bulk electrolyte. Stoychev et al.20 studied
the interaction of PEG with Cu™ and Cu2" ions in aqueous acidic media by specific elec-
trical conductivity, optical density and cyclic volatmmetry measurements. They found
that in the absence of chloride ions complexes of the types { Cu*(-EO-)3(x—1)H,O} and
{CuZ"(-EO-)4(y—1)H,0} can be formed. In the case when {-CH,CH,—O-}, and Cl~
are both present in the acid copper electrolyte, the simultaneous formation of complexes
between both copper ions and ethylene oxide units and copper ions and chloride ions is
possible. Three types of these complexes could be formed: H*{-EO-},Cl;
H*{-EO-},CuCly~ and H*{~EO-},,CuCl,". Stoychev et al.2122 also studied the ad-
sorption of PEG onto polycrystalline?! and monocrystalline?2 copper surfaces in KF so-
lution by differential capacitance measurements. According to their results, very weak
adsorption of PEG was detected in the potential region of copper electrodeposition (300
mV to 100 mV vs. NHE). Recently, Kelly et al.2324 performed a quartz crystal
microbalance study and found that the inhibition of copper deposition is the consequence
of the adsorption of a monolayer of PEG molecules that are collapsed into spheres pro-
vided chloride ions are present, while little adsorption of PEG can occur in the absence of
chloride ions. They also developed a model that only assumes the adsorption of nearly a
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monolayer of PEG in the presence of chloride ions, as well as the adsorption of Cu™ spe-
cies (Cu,gs) which was sufficient to explain the steady-state and EIS measurements on a
rotating disc electrode, i.e. in the case of convective diffusion.

In the present work, the polarization characteristics of copper deposition onto
polycrystalline and monocrystalline, Cu(111) and Cu(100), copper electrodes were in-
vestigated in the presence of three different PEG concentrations (105 M, 104 M and
103 M), each of them in the absence and in the presence of chloride ions (100 M, 105
M, 104 M and 103 M). EIS measurements at a constant current and a constant potential
were performed in all solutions on polycrystalline copper electrode. Cyclic voltammetry
and differential capacitance measurements were used for the investigation of adsorption
of sulphate ions, PEG molecules and chloride ions onto Cu(111) and Cu(100) faces.

EXPERIMENTAL

All experiments were carried out in a two-compartment electrochemical cell at 25+ 1 °C inan
atmosphere of purified nitrogen. The polycrystalline and monocrystalline electrodes (d = 2.54 cm)
were sealed in epoxy resin (resin EPON 828 + hardener TETA) in such a way that only the (111), or
(100), or polycrystalline disc surface was exposed to the solution. The surface area of the electrode
exposed to the electrolyte was 5.05 cm?. The counter electrode was a platinum sheet which was
placed parallel to the working electrode. The reference electrode was a saturated sulphate electrode
(SSE), which was placed in a separate compartment and connected to the working compartment by
means of a Luggin capillary. All solutions were made from supra pure (99.999 %) chemicals
(Aldrich) and EASY pure UV water (Barnstead).

The copper single and poly crystals (Monocrystals Comp.) were mechanically polished on
fine grade emery papers (1200, 2400 and 4000) with subsequent polishing on polishing clothes im-
pregnated with a suspension of polishing alumina with particles dimension of 1 pm, 0.3 pm and 0.05
pum. After chemical polishing all electrodes were electrochemically polished in a solution of 85 %
phosphoric acid at a constant voltage of 1.7 V (vs. Pt counter electrode) until the current density
dropped to a value of about 18 mA cm2. The electrodes were then thoroughly washed with pure water
(Barnstead - EASY pure UV) and transferred to the electrochemical cell.

Cyclic volatammetry and polarization experiments were performed using a universal programmer
PAR M-175, a potentiostat PAR M-173 and X—Y recorder (Houston Instrument 2000R). A universal pro-
grammer and a potentiostat in conjuction with a computer were also used for recording polarization dia-
grams (recorded at a sweep rate of 1 mV s) and cyclic voltammograms. EIS measurements were per-
formed using a potentiostat PAR M-273A and an impedance/gain-phase analyzer (Schlumberger SI
1260) in conjunction with a PC computer. The Z-plot programme (version 2.3) was used for performing
the experiments and fitting the experimentally obtained results. Differential capacitance vs. potential de-
pendence was obtained from impedance measurement at low frequencies (see Results).

RESULTS

Polarization diagrams of copper electrodeposition

Polarization diagrams of copper electrodeposition on the electrochemically polished
polycrystalline copper electrode were recorded (at the sweep rate of I mV s1) in solutions
containing 0.25 M CuSQOy4 + 1.8 M H»SO4 + x M PEG, with x being 105 M, 104 M and
103 M. In each of these solutions, the concentration of Na Cl was varied from 0 M to 103
M(OM, 106 M, 105 M, 104 M, and 103 M). Each diagram was recorded starting from
the open circuit potential (usually about—0.4 V vs. SSE) and changing the potential towards
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Fig. 1. Polarization diagrams of copper electrodeposition recorded at a sweep rate of 1 mV s™! onto
a polycrystalline copper electrode in solutions containing 0.25 M CuSOy4 + 1.8 M H,SO4 + 103 M
PEG +x M NaCl: (1) x=0; 2) x=10°M; 3)x=10°M; (4) x =104 M; (5) x= 10" M.

more negative vaues up to about—0.9 V vs. SSE and back to the open cicruit potential. It was
found that the concentration of PEG has practically no influence on the shape of the polar-
ization diagrams, while the concentration of chloride ions significantly influence the shape
and position of the polarization diagrams.
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Fig. 2. Stationary potentiostatic curve for copper electrodeposition recorded onto polycrystalline
copper electrode in a solution containing 0.25 M CuSO4 + 1.8 M H,SO, + 103 M PEG + 10* M
NaCl.
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Fig. 3. Polarization diagrams of copper electrodeposition recorded at a sweep rate of 1 mV s™! onto
Cu(111), Cu(100), polycrystalline copper (Cu), polycrystalline silver (Ag) and glassy carbon (GC)
electrodes in a solution containing 0.25 M CuSO,4 + 1.8 M H,SO4+ 103 M PEG + 10> M NaCl.

Typical results are shown in Fig. 1 for 103 M PEG. As can be seen, increasing the
chloride ions concentration inhibits the process of copper deposition (diagrams 2-5). It
is interesting to note that almost identical polarization diagrams were obtained in both
directions for the solution free of chloride ions (1), the solution with the lowest C1~ con-
centration (2) and the solution with the highest Cl~ concentration (5). For the two inter-
mediate CI~ concentrations (3 and 4), pronounced hysteresis was obtained.

Since the hysteresis could be a consequence of the applied sweep rate of 1 mV
s~1, a stationary potentiostatic diagram, shown in Fig. 2, was recorded in the solution
containing 10-3 M PEG + 10~ M NaCl ( a solution typical for the appearance of hyster-
esis). The potential was changed in steps of 10 mV and 20 mV from the open circuit po-
tential towards more negative values. The current densities were recorded immediately
after applying a certain potential (squares) and after about 10 min when a stable current
density had been established (circles). As can be seen, a very small increase in the cur-
rent density with time was recorded in the potential region from —0.50 V to —0.71 V vs.
SSE. Atapotential of —=0.72 V vs. SSE, the significant increase in the current density in-
dicates the commencement of massive copper deposition (the direction of the change of
the current density is marked with the arrows). At potentials between—0.72 V and —0.88
V vs. SSE, a decrease of the current density with time was recorded, while at potentials
more negative than —0.88 V vs. SSE, identical values of the current densities were re-
corded immediately after the application of the potential and after 10 min. When going
back to the open circuit potential, the current densities were stable at all potentials ap-
plied (they did not change with time) and this curve is presented with dotted line. From
the chape of this diagram it can be concluded that the hysteresis is not a consequence of
the sweep rate used for recording polarization diagrams.
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Polarization diagrams of copper deposition from the solution containing 103 M PEG
+10~*#NaCl (typical for the appearance of hysteresis) were recorded on Cu(111) and Cu(100)
faces. As can be seen in Fig. 3a, the copper deposition commences at more negative potentials
onto Cu(100) than onto Cu(111), while polarization diagrams obtained by going back to more
positive potentials are identical. Hysteresis is also present on both single crystal faces.

Polarization diagrams of copper deposition from the solution containing 10-3 M
PEG + 10-> M NaCl (also typical for the appearance of hysteresis) were recorded on
three different substrates, electrochemically polished polycrystalline Ag and Cu elec-
trodes, and on a mechanically polished glassy carbon (GC) electrode. As can be seen in
Fig. 3b, copper deposition is more inhibited on GC and Ag electrodes than on the Cu
electrode, with hysteresis being present on all three substrates. It should be mentioned
here that these experiments were also performed on Ag, Cu and GC electrodes rotating
at 1000 rpm., and that in all cases hysteresis was detected.
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Fig. 5. Equivalent circuit used for fitting the
experimentally recorded Z'-Z" diagrams:
R — ohmic resistance between the Luggin
capillary and working electrode surface; Cy
—double layer capacitance; R — Faradaic re-
sistance (deposition of copper by discharge
of Cu?" ions); C, — pseudo-capacitance
(specific adsorption of species containing
Cu, PEG and Cl); R,— charge transfer resis-
tance corresponding to the discharge of spe-

R o cifically adsorbed species.

EIS measurements

Typical results of EIS measurements, recorded on a polycrystalline copper elec-
trode in the frequency range from 0.05 Hz to 30 kHz in a solution containing 103 M
PEG (very similar results were obtained with the other two PEG concentrations), are
shown in Fig. 4. Almost identical Z’~Z" diagrams, recorded in the region of activation
controlled deposition (up to a current density of 5 mA cm2) were obtained in the solu-
tions containing 103 M PEG, 103 M PEG + 10~ M NaCl and 103 M PEG + 10> M
NaCl (the diagram recorded in 10-3 M PEG solution is presented). As can be seen, indi-
cations of the presence of a second semi-circle can be recognized at current densities of
2 mA cm 2 and 3 mA cm2. Two very well defined semi-circles were obtained in the so-
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Fig. 6. (a) Cy; as a function of current density during the electrodeposition of copper from a solu-
tion of 0.25 M CuSOy + 1.8 M H,SO,4 + 10> M PEG containing different concentrations of NaCl;
(b) Rp and Ry, as a function of current density during the electrodeposition of copper from a solution
of 0.25 M CuSO,4 + 1.8 M H,SO, + 103 M PEG containing different concentrations of NaCl. (CIm)

106 M NaCl; (0®) 105 M NaCl; (AA) 104 M NaCl; (/%) 10> M NaCl.
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Fig. 7. C, as a function of current density during the electrodeposition of copper from a solution of
0.25 M CuSOy4 + 1.8 M H,SO, + 10> M PEG containing different concentrations of NaCl: (1 — O0)

10" M NaCl; (2 — O) 105 M NaCl: (3 — A) 10 M NaCl; (4 —</) 103 M NaCl.

lutions containing 10~4 M NaCl and 10-3 M NaCl. An example is shown in Fig. 4 for
the solution containing 10-3 M PEG + 104 M NaCl. The presence of Warburg imped-
ance at higher current densities indicates the influence of diffusion, since the current
values approach the diffusion limiting current density for copper deposition. An exam-
ple is shown for the solution containing 103 M PEG + 10-3 M NaCl.

The experimentally recorded results were fit with the equivalent circuit presented
in Fig. 5. Very good fits were obtained for all the EIS results.

The double layer capacitance (Cyq)) values varied between 15 uF cm 2 and 40 uF
cm2, increasing linearly with increasing current density for all the investigated solu-
tions, as shown in Fig. 6a. The values of R and R, were found to depend exponentially
on the current density for all solutions, as shown in Fig. 6b, with R being practically
indepentendt of the PEG and NaCl concentrations, while the values of R;, decreased
with increasing NaCl concentration.

The value of pseudo-capacitance, Cp, was found to depend strongly on the chloride
ion concentration. As can be seen in Fig. 7a, significant increase in C, was detected in the
solutions containing 10~4 M and 10-3 M NaCl. Extremely high values for Cp, varying from
0.02 F em2 to 0.11 F em2, obtained at higher concentrations of chloride ions indicate very
strong adsorption of some heavily charged species. At lower NaCl concentrations (10> M
and 106 M), as well as in the solution containing only PEG molecules, the values of G
were found to increase from about 200 ptF cm to about 800 piF cm—2 with current density.
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Fig. 8. Cyclic voltammograms recorded onto Cu(111) and Cu(100) at a sweep rate of 100 mV s°! in
different solutions: (1) 0.1 M H,SOy; (2) 0.1 M H,SOy + 103 M PEG; (3) 0.1 M H,SO, + 103 M
PEG + 10 M NaCl and (4) 0.1 M H,SO, + 103 M PEG + 103 M NaCl.

Cyclic voltammetry and differential capacitance measurements onto Cu(111) and
Cu(100) faces

In order to understand the influence of PEG molecules and anions present in the
acid copper solution an the electrodeposition of cupper, cyclic volatammetry and differ-
ential capacitance measurements were performed onto Cu(111) and Cu(100) faces in the
solutions containing only 0.1 M HySOy4 (1), 0.1 M HpSO4 + 103 M PEG (2), 0.1 M
H,SO04+103MPEG+104NaCl (3)and 0.1 HySO4+ 10> MPEG+ 103 M NaCl (4).

The cyclic voltammograms recorded in these solutions onto Cu(111) and
Cu(100) at the sweep rate of 100 mV s~! are shown in Fig. 8. As can be seen, two peaks
are present in all solutions onto Cu(111) with the peak potentials depending on the com-
position of the solution. No adsorption peaks can be seen onto Cu(100) in solutions (1)
and (2), while in the presence of chloride ions well defined anodic and cathodic peaks
indicate adsorption and desorption of chloride ions, respectively, which occur in the po-
tential region between — 0.8 Vand — 1.1 V vs. SSE.

Differential capacitance values were obtained from impedance measurements at
constant potential in the low frequency (from 1 Hz to 100 Hz) region. The differential
capacitance is by definition the imaginary component of the electrode admittance over
frequency, Cgifr= Y"/®. Since the value of Cgjfr could be influenced by the ohmic resis-
tance,25-27 the imaginary component of the electrode admittance was corrected for
ohmic resistance (Rq — determined from the highe frequency intercept of the imped-
ance diagrams) by subtracting it from the real component of the electrode impedance,
Z'eorr = Z'— R and calculating Yo using the following equation:
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Fig. 9. Differential capacitance vs. potential curves recorded onto Cu(111) and Cu(100) in different
solutions: (1) 0.1 M H,SOy4; (2) 0.1 M H,SO,4 + 1073 M PEG; (3) 0.1 M H,SO4 + 10> M PEG +
104 M NaCl and (4) 0.1 M H,SO,4 + 103 M PEG + 10~ M NaCl.
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If there is no “specific adsorption”, the value of the differential capacitance
should be independent of frequency, while in the presence of “specific adsorption”, the
differential capacitance was found to be dependent on the applied frequency.25-27 The
best way to obtain the “real” value of the differential capacitance is to extrapolate this
dependence to zero frequency.26.27

In our experiments, these dependences were mainly exponential at frequencies
lower than 10 Hz. Linear extrapolation of this part of the dependence was used to ex-
trapolate Cyjfr to zero frequency.

Differential capacitance (corrected for Rqy) vs. potential curves for Cu(111) and
Cu(100), recorded in all four solutions, are shown in Fig. 9. As can be seen a maximum
on the Cyjf— E curve recorded using Cu(111) in the pure sulphate solution appears at a
potential of about —0.85 V vs. SSE (curve 1). This maximum becomes more pro-
nounced on addition of 103 M PEG (curve 2). In the presence of chloride ions (curves 3
and 4), this maximum increases significantly appearing at a more negative potential
with the higher chloride ions concentration (curve 4). Using the (100) face of copper, no
maximum was observed in either of these solutions. A small increase of Cgjsr was de-
tected in the potential region from —0.85 Vto—1.0 V vs. SSE. It is interesting to note that
Ciifr increases on addition of PEG to the sulphuric acid solution (curve 2), while in the
presence of chloride ions, the Cgi — E curve (curve 4) is indentical to the curve re-
corded in pure sulphuric acid solution (curve 1).
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Fig. 10. Z'-Z" diagrams recorded onto Cu(111) and Cu(100) electrodes in the frequency ragne be-

tween 0.05 Hz and 30 kHz at a potential of — 0.95 V vs. SSE in different solutions: (1) 0.1 M
H,S0y; (2) 0.1 M H,SO,4 + 103 M PEG and (3) 0.1 M H,SO, + 103 M PEG + 103 M NaCl

The results of EIS experiments performed in the region of potential where Cgigr
increases on Cu(100) and at the potential of the maximum of the Cgif — E curve for
Cu(111) in the frequency range between 0.05 Hz and 30 kHz are shown in Fig. 10. As
can be seen in the case of the (111) face, the impedance diagrams indicate that two pro-
cesses are taking place in all solutions at the potential of the maximum of the Cqigg— E
curve, (E=-0.95 V vs. SSE) while in the case of the (100) face, typical “double layer”
impedance diagrams were recorded.
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DISCUSSION

Adsorption of PEG onto Cu(111) and Cu(100) faces in the presence of sulphate and
chloride anions

Most of the models explaining the influence of PEG on the electrodeposition of
copper assume the adsorption of a monolayer of neutral PEG molecules onto the copper
surface, as well as the adsorption of different complexes formed between copper ions
and PEG molecules.!6-24 Hence, it is important to understand the process of PEG ad-
sorption onto copper monocrystals.

If PEG molecules adsorbs as neutral molecues, the differential capacitance should
decrease, since PEG covers part of the surface available for “double layer formation” 28
Considering the resuluts presented in Fig. 9, it is clear that this is not the case. On both faces
of copper, the addition of PEG to the sulphuric acid solution does not provoke a decrease
but, on the contrary, a small increase of the differential capacitance (curves 2).

In the case of Cu(111) it is found by in situ STM measurements that sulphate anions
adsorb forming a Moiré pattern,2? which is suggested to be the consequence of a mismatch
of the structure that consists of a (+/3 x +/7)SO42~ with the (111) structure of a second Cu
layer.30 This structure was found to be stable at potentials more positive than — 0.6 V vs.
SSE, with a well defined peak of its adsorption between — 0.6 V and — 0.5 V vs. SSE. The
cathodic peak of the desorption of this structure appeared at a potential of — 0.9 V vs. SSE,
indicating an irreversible adsorption/desorption process.2?-30 The charge under the cathodic
peak was much higher than that needed for the desorption of adsorbed sulphate anions
structure and it was supposed that hydrogen evolution occurs during the desorption of sul-
phate anions.230 It is important to note that the same amount of charge was not obtained
for the anodic and cathodic peaks even after subtraction of the hydrogen evolution current
from the current of the cathodic peak.2® Hence, at potentials more negative than —0.8 V vs.
SSE, simultaneous evolution of hydrogen and desorption of sulphate anios take place on the
(111) face of copper. In such a case of an irreversible adsorption/desorption mechanism, the
question arises what should be the shape of the Cyg;— £ curve? In our expeirments the same
cyclic voltammogram was obtaiine as in the paper of Wilms et al.29-30 (Ref. 29, Fig. 1) after
cycling the electrode for 30 min between —1.0 V and —0.5 V vs. SSE. After performing im-
pedance measurements at ten potentials with a step of 50 mV (to obtain the Cyi— E curve),
the cyclic voltammogram changed in such a way that the anodic and cathodic peaks became
closer to each other, i.e., less irreversible (Fig. 8, curve 1). According to the impedance dia-
gram (diagram 1) presented in Fig. 10, it is obvious that two processes occur in the potential
region of the cathodic peak. After fitting the experimentally recorded Z -7 diagram with
the equivalent circuit presented in Fig. 5, values of Cp, of 1000 pF cm2 and Cy of 70 pF
cm2 were obtained. Comparing the values of Cgj and Cgjgrat this potential, it can be con-
cluded that they are very close (60 and 70 uF cm~2), indicating that the Cgir— E curve is not
influenced by the simultaneous occurrence of hydrogen evolution. Unfortunately, this was
not the case in the presence of PEG and PEG + NaCl, where the obtained Cgq; values were
different to the corresponding Cyifr values. Hence, it seemed unreasonable to consider the
Cgiff— E curve for the (111) face of copper in order to obtain data about the adsorption of
species present in the solution.
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On the other hand, the shape of the Z—Z" diagram for Cu(100) at the same potential
in all three solutions (Fig. 10) clearly indicate “double layer” properties.3! Accordingly, the
Cgiff— E curve for the (100) face of copper can be cosidered without any doubt relevant for
the adsorption behaviour of species present in the solution. Cosidering Fig. 9, it is obvious
that the adsorption of PEG occurs in the potential region of copper deposition on the (100)
face of copper. This adsorption has the character of ““specific” adsorption (with charge trans-
fer involved) and cannot be treated as adsorption of a neutral molecule, which is in accor-
dance with the results presented by Stoychev et al.2122 Such behaviour is most probably
due to the one hydrogen bonding site, ~O—, in the monomer unit of PEG.20: 32 The presence
of the electron-rich oxygen atoms in the backbone structure of PEG offers sites for
adsoprtion, as well as for coordination. The “double layer” character of the voltammograms
recorded with the (100) face of copper in the presence of sulphate anions (voltammogram 1)
and sulphate anions and PEG molecules (voltammogram 2) changes on addition of chloride
ions showing well defined and reversible peaks of chloride ions adospriton and desorption
in the potential region between— 1.1 V and — 0.8 V vs. SSE (Fig. 8, voltammograms 3 and
4). On the other hand, in the presence of chloride anions, the differential capacitance de-
creases (curve 4, Fig. 9) in comparison with that recorded for sulphate and PEG solution
(curve 2), becoming identical to the one recorded in pure sulphuric acid solution (curve 1).
According to the findings of Ehlers ef al.,33 chloride anions adsorb onto Cu(100) in pure
chloride solution forming a (v/2 x +/2)R45° structure which is stable up to about — 1.0 V vs.
SSE. In the presence of sulphate anions, the adsorbed chloride anions are reduced to CI™ at
more positive potentials in comparison with pure chloride solution (at about , —0.75 V vs.
SSE), being replaced by sulphate anions adsorbed in the form of a (2 x 2) structure. Since
there are no data about sulphate anions adsorption onto Cu(100) in pure sulphate solution, it
seems that this structure could be expected in pure sulphate solution, but no speculations
about the corresponding Cgigr— E curve (curve 1) can be made. With addition of 103 M
PEG, weak adsorption of PEG can be seen on the Cyig— E curve (curve 2). The amount of
PEG adsorbed does not change with potential following the chape of Cgifr— £ curve for
pure sulphuric acid solution (curve 1). Such a behaviour could be expected since the (2 x 2)
structure of the sulphate anions is an open structure, which allows adsorption of PEG mole-
cules. When chloride anions are added to the solution they form a stable, close packed and
discharged (v2 x /2)R45° structure in the potential region between—0.8 V and —0.6 V vs.
SSE, which prevents the adsorption of PEG molecules. At potentials more negative than —
0.8 V vs. SSE, according to Ehlers ef al.,33 adsorption of SO42~ and the simultaneous
desorption of Cl~ occur. It is not clear why this process is characterized by an increase in val-
ues of the differential capacitance to the same extent as in pure suphuric acid solution (curve
1), but it is obvious that the “specific” adsorption of PEG is suppressed at these potentials
too. Taking into account that the (100) face is much closer to the polycrystalline copper sur-
face than the (111) face, and that the investigation of the adsorption of these species onto the
(111) face is complicated by the simultaneous evolution of hydrogen, it seems reasonable to
assume the above mentioned mechanism for the adsorption of SO42-, CI~ and PEG on
polycrystalline copper surface. Hence, the adsorption of PEG as a neutral molecule has not
been detected at potentials more negative than— 0.5 V vs. SSE, e.g., in the region of copper
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deposition from a copper acid bath containing these species. A weak “specific adsorption”
of PEG has been recorded only in the absence of chloride ions.

Electrodeposition of copper in the presence of PEG and NaCl

The polarization diagrams obtained at a sweep rate of 1 m V s~1, presented in Fig.
1, clearly indicate that the concentration of chloride ions is responsible for the ihibition
of copper deposition in the presence of PEG in an acid copper bath. As can be seen, ina
certain range of CI~ concentrations (from 105 M to 10-4 M), the polarization diagrams
are characterized by the presence of hysteresis, which is a real response of the system
and not the cosequence of the sweep rate, as shown in Fig. 2 for diagrams obtained after
prolonged polarization at a constant potential.

In conventional models of leveling it is assumed that adsorption of inhibiting ad-
ditives is limited by diffusion as a consequence of the very low concentration of addi-
tives (1070 M to 103 M) employed. Two limiting possibilities exist for transport con-
trol to be achieved: either the additive is consumed by reduction and subsequent
desorption, or the molecule is incorporated into the growing deposit.34-33 It is also pos-
sible, particularly for systems containing multi-component additives, to have a combi-
nation of these two effects. As it has been shown in the literature,> hysteresis in the
voltammetric behaviour is a consequence of the competition between these various
processes. As was shown recently by Moffat et al.36 for copper electrodeposition in the
presence of PEG, MPSA (3-mercapto-1-propanesulphonate) and NaCl, hysteresis
arises from the competition between the inhibition provided by the CI-PEG/Cu?"/
Cu'/Cu interface and the catalytic effects of CI-MPSA/Cu?*/Cu*/Cu interaction,
which lead to an irreversible change in the reaction dynamics. No hysterisis, i.e., no ir-
reversible changes in the surface chemistry (reaction dynamics), was detected for the
combination of CI-PEG, or CI-MPSA alone. It is important to note that in this paper the
concentrations of NaCl, PEG and MPSA were kept constant at 10-3 M, 88.2x10-0 M
and 1x107> M, respectively. It was also shown that superconformal electrodeposition of
copper in 500 nm deep trenches, ranging from 500 nm to 90 nm in width, can be accom-
plished only from an electrolyte containing all three components. It was concluded that
the hysteresis was a direct result of an alteration in the surface chemistry rather than a
physical effect, e.g., a diffusional relaxation associated with the scan direction, and that
the hysteretic response reflects the competition between the rate of metal deposition
and the accumulation and consumption of inhibiting additives.

Our results are in accordance with the results of Moffat ez al.30 to a certain point.
As can be seen from Fig. 1, no hysteresis can be detected in the presence of 103 M
NaCl, as was the case for CI-PEG combination given in the paper of Moffat et al. (Ref.
36, Fig. 5). The appearance of hysteresis is most probably a direct result of an alteration
of the surface chemistry rather than a physical effect and the hysteretic response might
reflect the competition between the rate of metal deposition and the accumulation and
consumption of inhibiting additives, but it is obvious from our results that hysteresis is
not a consequence of competition between the inhibition provided by the CI-PEG/
Cu2*/Cu™/Cu interface and the catalytic effects of CI-MPSA/Cu?*/Cu*/Cu interaction
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as stated in the paper of Moffat et al.,3¢ because hysteresis is also present in the solution
containing only PEG and NaCl (Figs. 1 and 2). The results presented in Fig. 3 for differ-
ent substrates also indicate that hysteresis could be a direct result of an alteration in the
surface chemistry. It is obvious from these results that the inhibition of copper
electrodeposition cannot be the consequence of chloride adsorption, since the same ef-
fects were obtained on three different substrates, one of them being glassy carbon on
which chloride ions do not absorb.

The EIS measurements presented in Fig. 4 clearly indicate the simultaneuos oc-
currence of two processes in all the investigate solutions. One process is the discharge
of Cu2* ions and the deposition of copper presented in the equivalent circuit (Fig. 5) by
the Faradaic resistance Ry and double layer capacitance Cg;. Another proecess is the
specific adsorption and discharge of species containing molecules of the additive
(PEG), presented in the equivalent circuit (Fig. 5) by the pseudo-capacitance Cp, and the
corresponding charge transfer resistance Ry,,. The second semi-circle, representing the
presence of Cp, and R, becomes well defined at concentrations of NaCl higher than
105 M, indicating a significant increase of Cp in comparison with Cy. As can be seen
in Fig. 6a, the double layer capacitance increases linearly with increasing current den-
sity of copper electrodeposition, most probably reflecting the increase in surface area
(roughness) of the deposit. This increase is very small in the solution containing 103 M
NaCl, with the double layer capacitance changig from about 12 puF cm2 to about 20 puF
cm 2, which is reasonable to expect since the best leveling (superconformal deposition)
effects are obtained with this concentration of NaC1.36 The rate of copper deposition
(RF) is independent of NaCl concentration (Fig. 6b), while the rate of the discharge of
specifically adsorbed species becomes faster at higher (104 M and 10-3 M) NaCl con-
centrations, ie., the values of Ry, slightly decrease at these NaCl concentrations.

The most interesting and most intriguing feature of the EIS measurements is the
exceptionally high value of the pseudo-capacitance recorded in the solutions contain-
ing 104 M and 10-3 M NaCl, as shown in Fig. 7. These values could be due either to the
specific adsorption of heavily charged species, or to the increase in surface roughness.
If they would be due to an increase in surface roughness, then the double layer capaci-
tance should be influenced accordingly. Cosidering Fig. 6a, it is obvious that this is not
the case and that the extremely high values of C,, are the consequence of specific ad-
sorption of heavily charged species, or the competitive adsorption of several different
species containing most probably Cu, PEG and CL. It is interesting to note that the ex-
ceptionally high values of C;; are not in correlation with the appearance of hysteresis,
indicating that the discharge of specifically adsorbed species is not responsible for the
hysteretic response of the system.

Considering all the proposed mechanisms, it seems that none of them is sufficient
for an explanation of the process of copper electrodeposition from an acid copper bath
in the presence of PEG and NaCl.

In the model of Healy et al.,!” it was assumed that a simple neutral PEG molecule
is adsorbed at more negative potentials of copper electrodeposition. According to the
differential capacitance measurements presented in Fig. 8, it is obvious that this is not
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the case. Yokoi et al.18:19 claim that positively charged complexes of the type {CuT(EO)g}
become attracted by the negtively charged chloride ions specifically adsorbed onto the
copper surface. This is also not possible since it is shown in pure chloride solution that
the adsorbed chloride layer is completely discharged and that during UPD of cadmium
this layer becomes replaced by cadmium atoms, with the chloride atoms remaining dis-
charged on top of the cadmium layer.37-38 Kelly et al.23-24 developed a model that as-
sumes adsorption of nearly a monolayer of PEG in the presence of chloride ions. This is
also not in agreement with the differential capacitance measurements presented for the
(100) face of copper in Fig. 8. Stoychev et al.20 stated that in addition to the presence in
the solution of simple chloride complexes of copper, such as CuCl*, CuCly, CuCl3~and
CuCly2-, complexes of the types H*{-EO-},Cl~, H"{-EO-},CuCl3~ and
H*{-EO-},,CuCly~ can also exist in the solution. Hence, it seems that it is practically
impossible to predict a correct mechanism for copper electrodeposition in the presence
of PEG and NaCl because of the presence of so many species, each of which could be
able to contribute in the reaction of copper electrodeposition. The investigations pre-
sented in this paper clarified the adsorption behaviour of PEG and chloride ions and
confirmed that some of the predicted models, assuming adsorption of neutral PEG mol-
ecule,!7:23.24 are not correct. It is obvious that a better understanding of the complex
chemistry of the system is needed in order to determine the contribution of the species
present in the solution to the process of copper electrodeposition.

CONCLUSIONS

Differential capacitance vs. potential curves recorded onto Cu(100) in solutions
containing 0.1 M HpSO4, 0.1 M HpSO4 + 103 M PEG and 0.1 M H,SO4 + 103 M
PEG + 1073 M NaCl confirmed that “specific adsorption” of PEG molecules takes
place in the absence of NaCl in the solution in the potential region of copper
electrodeposition, i.e., between — 1.0 Vand — 0.5 V vs. SSE. In the presence of chloride
ions the adsorption of PEG molecules is suppressed and there is no evidence for the ad-
sorption of neutral PEG molecules. Accordingly, all models assuming the adsorption of
neutral PEG molecules during copper electrodeposition cannot be correct.

It was shown that hysteresis, appearing on the polarization curves of copper
electrodeposition, is not a consequence of competition between inhibition provided by
the CI-PEG/Cu?*/Cu*/Cu interface and the catalytic effects of CI-MPSA/Cu?*/Cut/Cu
interaction, because hysteresis was also present in solutions containing only PEG and
NaCl, i.e., in the absence of MPSA.

EIS measurements confirmed the simultaneous occurrence of two processes dur-
ing copper electrodeposition: the deposition of copper by the discharge of Cu?" ions
and “specific adsorption” and discharge of some heavily charged species, most proba-
bly containing Cu, PEG nad CL.
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U3 B O JI

EJEKTPOXEMUMICKO TAJIOXKEWBE BAKPA N3 KUCEJIOT KYITATUIIA Y ITPUCYCTBY
TTOJIMETUJIEH I'NNTMKOJIA U XJIOPUTA

B. 1. JOBUKh u 5. M. JOBUh

Upexcea Ynusepauiuei, Puaadeagpuja, [1A 19104, CA/l

EnekTpoxeMHjCcKo TaJokemhe 6akpa U3 Kucesor 6akapHor kynatuia (0,25 M CuSO4 +
1,8 M H2SO4) y mpucycTBy nosuetuieH raukosa (PEG) u HaTpujym XJopuia y BeoMa MajiuM
KOHIeHTpanujama (o 102 M), HCIHTUBAHO je MepemeM IO0NapU3alMOHIX KPHBUX, Ka0o U
umnefancHuM MepemwuMa Ha Cu(l11), Cu(100) u monuKpucTanHoj GakapHOj €lIeKTPOAH.
Apcopnnuja cyiagaTHUX U XJIOPUJHUX aHjoHa, Kao u apcopnuyuja PEG na Cu(111) u Cu(100)
UCIUTHUBAHA j& IUKIUYHOM BOJITAMETPUjOM M MEPEHeM NUMEPEHIMjaTHOr KalaluTeTa.
IToka3zano je fa ce PEG “cnienudpuano ajgcopoyje” (y3 pa3MeHy HaeleKTpHCarbha) Y pacTBOPY
cyndara, oK ce y IPUCYCTBY XJIOpUAHUX aHjoHa afcopnuuja PEG He opurpasa. Takobe je
MOKa3aHo fia He JloJa3u Ao ajcopnuuje HeyTpanHux mosiekyiaa PEG nHa Cu(100), kao u Ha
NOJIMKPUCTANy Oakpa. Y CTAaHOBJ/bEHO je fla je MHXUOuIHMja Tanoxkemwa Oakpa Hocieauna
TpHUCycTBa XJIOPUAHUX aHjoHa. [TojaBa “Xucrepes3uca” Ha MOIAPU3ANNOHO] KPUBO] je Takobe
y JUPEKTHOj BE3U ca KOHIEHTPAIUjOM XJIOpHUAa y pacTBopy. Pe3ynTaTu uMnegaHcHUX Me-
pema cy oKas3ajy ia ce Uy OACYCTBY U y IPUCYCTBY XJIOPHAA IPH TAlIOXKey 0akpa OBHjajy
B napalieJiHe peakldje: TanoXeme 0aKpa pa3eJeKTPUCAHEM cu? jOHa M ajcopnuuja u
pasejekTpucame 4yecTula koje y ce6u HajBepoBaTHHje cagpxke Cu, PEG u Cl. [Ipu koH-
HeHTpanjamMa XJOpupia oy 10*Mu 103 M BPEIHOCTH “Iceypo-Kananurera” gooujeHe
¢uToBameM eKcrepuMeHTanHux pesyarara og oko 0,02 F em™ 10 0k0 0,11 F cm™ yKa3syjy Ha
UNEHAIY fla aicopOOBaHe YeCTHIIE TIOCEY]y 3HaUajHO HaeJIEeKTPUCAE, MIIN /1A je Y TUTAbY
ajicopnuyja u pasenekrpucame Beher 6poja uecTuua HICTOBPEMEHO.
(ITpumsbeno 7. jyna 2001)
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