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Electrodeposition of Copper in the SPS-PEG-Cl Additive
System
I. Kinetic Measurements: Influence of SPS

T. P. Moffat,* ,z D. Wheeler, and D. Josell

National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

The kinetics of copper electrodeposition from an acidified cupric sulfate electrolyte containing SPS-PEG-Cl were examined.
Voltammetric and chronoamperometric experiments reveal a competition between poly~ethylene glycol! ~PEG! and
Na2@SO3(CH2)3S#2 ~SPS! for surface sites. PEG interacts synergistically with Cl2 and Cu1 to form a passivating film that inhibits
the metal deposition rate by two orders of magnitude. Subsequent adsorption of short chain disulfide or thiol molecules with a
sulfonate-end group~s! leads to the disruption and/or displacement of the passivating surface complex and acceleration of the metal
deposition rate. The effect of submonolayer quantities of catalytic SPS is sustained even after extensive metal deposition, indi-
cating that the catalyst largely remains segregated on the growth surface. Multicycle voltammetry reveals a significant potential
dependence for SPS adsorption as well as its subsequent deactivation. Catalyst deactivation, or consumption, was examined by
monitoring the quenching of the metal deposition rate occurring on SPS-derivatized electrodes in a SPS-free electrolyte. Catalyst
consumption is a higher order process in terms of its coverage dependence and a maximum deactivation rate is observed near an
overpotential of20.1 V. Derivatization experiments are shown to be particularly effective in revealing the influence of molecular
functionality in additive electroplating. Specifically, the charged sulfonate end group is shown to be central to effective catalysis.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1651530# All rights reserved.
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In the last three years, a curvature-enhanced accelerator co
~CEAC! mechanism has been shown to quantitatively describ
perconformal film growth which is responsible for ‘‘bottom-up
perfilling’’ of submicrometer features in damascene processin1-3

The mechanism has also been shown to apply to s
electrodeposition4 as well as copper chemical vapor deposition5 A
key characteristic of superfilling electrolytes, disclosed to dat
the competition between inhibitors and accelerators for elec
surface sites. According to the CEAC model, a thiol or disu
accelerator, or catalyst, displaces an inhibiting halide-cup
polyether species from the interface and remains segregated
surface during metal deposition.1-3,6,7 A key consequence of the
two stipulations is the possibility that local area change assoc
with metal deposition on a nonplanar surface may give ris
changes in the local catalyst coverage,~e.g., increases on conca
sections and decreases on convex segments! and thereby superco
formal film growth. This process is particularly important for s
face profiles with dimensions in the submicrometer regime and
rally provides an explanation for the beneficial effects induce
certain additives known as ‘‘brighteners.’’1,6

In this first of a series of papers, a more complete assessm
the electrochemical response of planar electrodes in copper
filling electrolytes is presented. A typical electrolyte contains a
lute, i.e., micromolar, concentration of accelerator in the presen
an inhibitor concentration that is usually an order of magni
greater. This configuration gives rise to hysteretic voltamm
curves, rising chronoamperometric transients, and decreasing
nopotentiometric traces, all of which reflect the competitive ads
tion dynamics occurring between the two species. An underd
oped aspect of this system is a quantitative description of the
balance of the additives during plating. Of specific interest is
partitioning of the catalyst between segregation to the free su
vs. deactivation by either incorporation into the growing depos
desorption into the electrolyte. Examination of the metal depos
kinetics on catalyst-derivatized electrodes in a catalyst-free ele
lyte is shown to be particularly helpful in quantifying the deact
tion process. These experiments also provide an avenue for e
ing the impact of various additive functional groups on the m
deposition kinetics.

* Electrochemical Society Active Member.
z E-mail: thomas.moffat@nist.gov
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Experimental

The influence of electrolyte additives on the copper depos
reaction was examined using a variety of electroanalytical met
Two distinct sets of experiments were performed. The first invo
examining the effect of progressive catalyst additions on the m
deposition kinetics in a copper plating electrolyte containing p
~ethylene glycol! ~PEG! and Cl-. The second scheme focused
studying the kinetics of copper deposition on catalyst-deriva
electrodes in a catalyst-free PEG-Cl2 electrolyte. The latter set
experiments enabled the effect of the catalyst on the metal de
tion rate, along with its consumption, to be examined independe
the dynamics associated with the catalyst adsorption step.

The electrochemical measurements were performed at room
perature in a separated cell. The working electrode compar
contained;900 mL of electrolyte while 50 mL was held in
counter electrode compartment isolated from the main cell
Nafion 417a membrane. The membrane prevented contaminati
the working electrode cell by anode products which are know
perturb the metal deposition kinetics.8 No deaeration was used in t
experiments reported herein. The copper plating electrolytes
tained 0.25 mol/L CuSO4 and 1.8 mol/L H2SO4 . The additives wer
mixed with the base electrolyte at room temperature either by d
addition as salt or through dilution from a stock solution. The
electrolyte used for most of the experiments described in this r
contained additions of 1 mmol/L NaCl~Fischer! and 88mmol/L
PEG ~3400 Mw; Aldrich!, which yield significant inhibition of th
copper deposition reaction. The impact of catalyst additions
examined by mixing Na2@SO3(CH2)3S#2 ~SPS; Rasching, Inc.! with
the PEG-Cl2 base plating electrolyte. SPS additions were m
from a 500mmol/L stock solution prepared at room tempera
using the base PEG-Cl2 electrolyte. Aliquots from the stock soluti
were transferred to the working electrode compartment using
croliter pipette. This permitted easy control of electrolyte comp
tion into the submicromolar regime.

The electrodes were prepared by polishing oxygen-free
conductivity ~OFHC! copper plate with;600 grade SiC paper. F
halide-free studies polishing was performed using 18 MV water.
The rolled copper plate had a~100! recrystallization texture. Th
freshly polished electrodes were masked with 3M plater’s tape,
ing an exposed circular area of;2.62 cm2. All experiments wer

a Disclaimer: Product names are included only for accuracy of experimental de
tion. They do not imply NIST endorsement.
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initiated under quiescent conditions with free-convection being
duced by the Cu21 gradients which accompany metal deposition
saturated calomel reference electrode~SCE! was used for most e
periments, while a copper wire quasi-reference electrode was
for examining the behavior of halide-free electrolytes. The poten
reported in this paper correspond to overpotentials for copper
sition. All voltammetric experiments were performed at 1 mV/s

In order to examine the rate of catalyst deactivation, or cons
tion, electrodes were derivatized with SPS or NaSO3(CH2)3SH
~MPS; Aldrich! to obtain a given catalyst coverage and then tr
ferred for electroplating in the catalyst-free PEG-Cl2 base electro
lyte. Electrode modification was performed by immersion for a
trolled period of time in a 1.8 mol/L H2SO4 solution containing
either 0.5mmol/L SPS or 1 mmol/L MPS. The electrode was rin
in water and dried using a tetrafluoroethane duster. Within a
seconds, the derivatized electrode was immersed in the cataly
PEG-Cl2 base electrolyte, and copper deposition was monitore
der potentiostatic or potentiodynamic conditions.

Electrode derivatization experiments were also used to stud
effect of different terminal groups (-CH3 , -OH, -COOH, -SO3

2) and
alkyl chain length (C2 ,C3 ,C16) on catalyst operation. Derivatizati
with hydrophobic methyl-terminated thiols, HS(CH2)2CH3 ~Ald-
rich!, HS(CH2)15CH3 ~Aldrich!, and a hydrophilic thio
HS(CH2)3OH ~Aldrich!, was performed in ethanolic solutions co
taining 1 mmol/L of the respective molecule. Derivatization with
sulfonate and carboxylic acid-terminated molecules was don
1.8 M H2SO4 containing 1 mmol/L of either SPS, MP
NaSO3(CH2)2SH ~Aldrich!, or HS(CH2)2COOH ~Avocado Re
search Chemicals, Inc.!. The influence of the solvent used for
derivatization was examined by comparing the results
S(CH2)3COOH-modified electrodes prepared in 1.8 M H2SO4 with
that obtained from an ethanolic solvent; no significant impact
noted during subsequent metal deposition studies in the PE
containing electrolyte. Likewise, exposure of a fresh polished
per electrode to ethanol did not significantly alter the metal de
tion behavior.

Results and Discussion

Voltammetry.—Inhibition. Synergistic PEG-halide intera-
tion.—It is well known that the addition of PEG and Cl2 to an
additive-free copper plating electrolyte results in strong suppre
of the metal deposition rate.9-15 Significant inhibition occurs onl
when both components are present in the electrolyte. This is se
Fig. 1 where the addition of PEG alone exerts a negligible influ

Figure 1. Inhibition of copper deposition from 0.24 mol/L CuS4
1 1.8 M H2SO4 is provided only by the simultaneous addition of Cl2 and
PEG. Theh- i curves were obtained at 1 mV/s.
d
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on the copper deposition reaction while the addition of Cl2 alone
yields a measurable increase in the deposition rate, in agre
with previous reports.16,17 In contrast, the addition of both PEG a
Cl2 together results in clear inhibition of the copper deposition
action that has been attributed to the formation of a complex
involving Cl2, Cu1, and PEG.10

For copper plating at;10 mA/cm2, i.e., half the limiting current
deposition occurs under mixed control. At higher overpotential
reaction is diffusion limited with a hydrodynamic boundary la
The boundary layer is defined by free convection driven by the C21

gradient that develops in front of the vertically oriented work
electrode. An estimate of the steady-state boundary layer thic
is 99mm based on the limiting current density of 19.4 mA/cm2 and
a Cu21 diffusion coefficient of 43 1026 cm2/s.

The overpotential-current density (h- i ) curves shown in Fig.
can be described by the generalized Butler-Volmer equation
the transfer coefficients,a, and exchange current densities,i o ,
shown in Table I. The fitting procedure was biased to accur
describe the behavior for current densities greater than 5 mA2;
no attempt was made to describe the peak~s! evident at small ove
potentials. This description also does not account for the sli
diminished current on the return sweep, which is visible as m
h- i hysteresis due to some unknown relaxation process. The
trodes visibly roughen after one voltammetric cycle, although th
not reflected in theh- i hysteresis. The shapes of all the curves
reasonably described by a transfer coefficient between 0.4 an
The combined addition of PEG and Cl2 results in a decrease of t
exchange current by almost two orders of magnitude, from;1.4
mA/cm2 to 0.039 mA/cm2, relative to the additive-free case. T
small variation in the transfer coefficient suggests that the m
nism, or rate-limiting step, of the copper reduction reaction rem
largely unaltered by the PEG-Cl2-Cu1 barrier layer; the blockin
layer simply limits access of aquo-cupric ions to the metal surfa
similar conclusion based on impedance measurements was
ously reported.15 However, little information is available concerni
the thickness, composition, and/or structure of the passivating

The surface active nature of PEG is well known, and signifi
foaming of the electrolyte is evident if sparged. Thus, immersio
copper into a quiescent PEG-Cl2 plating solution exposes the s
face to a high concentration of the polyether species. Sim
neously, the surface is oxidized by Cu21, yielding unstable Cu1

which is available to form complexes with Cl2 ~and PEG!. The
combination of these effects suggests that immersion of coppe
der open-circuit conditions results in a reactive form of Langm
Blodgett electrode derivatization.

The effects of variation of the PEG and Cl2 concentration hav
been studied and will be described in a separate publication. B
summarizing, for a PEG concentration of 88mmol/L, the optimum
Cl2 concentration lies between 0.2 and 1 mmol/L. At lower con
trations, Cl2 consumption becomes significant relative to the ki
ics of accumulation at the interface; this is manifest as hysteretih- i
behavior.18 At higher Cl2 concentrations, a decrease in inhibitio
observed coincident with the appearance of an additional r

Table I. Kinetics parameters.

i 5 ioS 1 2
i

iL
D FexpS2aFh

RT D 2 expS~1 2 a!Fh

RT D G
Electrolyte
composition

Transfer coefficient
a

Exchange current dens
i o ~mA/cm2!

Additive-free 0.4-0.45 1.4-1.1
PEG 0.45 0.9
Cl 0.5 1.3
PEG-Cl 0.5 0.039
SPS-modified electrode
in PEG-Cl

0.5-0.4 4.5-2.25
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wave and precipitation of CuCl.16,19 For @PEG# . 8 mM, stable
inhibition is apparent for a sweep rate of 1 mV/s and@Cl2#
5 1 mmol/L. Path- and time-dependent hysteretic behavior are
dent at lower PEG concentrations. The latter hysteresis is a c
quence of potential-dependent disruption of the blocking layer
voluted with transport-limited access of PEG to the surface. In o
to minimize or circumvent the effects associated with ti
dependent phenomenon linked to PEG-Cl, the 88mmol/L PEG
2 1 mM Cl2 additive combination was used in all the experime
described herein. Deposition in this electrolyte is understoo
serve as a reference point characterizing inhibited behavior.

Influence of SPS.—The addition of SPS to the PEG-Cl2 electrolyte
results in several notable changes inh- i behavior as shown in Fi
2. A distinct hysteretic response, where the deposition rate incr
substantially during the reverse sweep, is evident for even the
dilute SPS addition shown. This is accompanied by signifi
brightening of the plated surface; the absence of roughening
cates that the hysteretic behavior must derive from a change
terfacial chemistry rather than surface area. The metal depo
rate at a given potential on the negative-going sweep increase
increasing SPS concentration, and the area enclosed in the hys
h- i loop also becomes larger. For the scan rate and switchin
tential employed here, the hysteresis is maximized for a SPS
centration between 0.9 and 2.59mmol/L. Further additions of SP
result in progressively higher deposition rates on the negative-
sweep, but the response on the return scan is effectively satu
The hysteretic response may be understood in terms of disrupt
the rapidly formed PEG-Cl2 blocking layer by thiolate or disulfid
absorption as suggested previously.20 SPS-induced depassivation
fectively accelerates the metal deposition reaction without requ
any change in the Cu21/Cu reduction mechanism per se,i.e., cata-
lytic activation of a blocked electrode.

When the SPS concentration exceeds 50mmol/L, an additiona
wave is evident on the negative-going sweep as shown in Fig. 3
wave, atca. 20.09 V, arises from a combination of two distin
processes involving heterogeneous and homogeneous che
First, at such concentrations SPS is no longer dilute relative t
PEG-Cl2 ~88 mmol/L to 1 mmol/L! concentration, and SPS co
petes directly with PEG-Cl for surface sites on a freshly imme
copper electrode. Indeed, at the highest SPS concentrations, th
tively strong thiol/disulfide/chloride copper interactions can be
pected to dominate the surface chemistry. Second, significant h
geneous interactions can occur between SPS, Cl, and1,
particularly at low overpotentials where a substantial Cu1 activity is

Figure 2. Hysteretich- i curves are obtained when SPS is added to
inhibiting PEG-Cl electrolyte. The response on the return sweep is
tively saturated beyond 2.59mmol/L SPS.
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present, as demonstrated in a number of rotating ring-disk an
lated experiments.11,21-24There is also the suggestion of a surfa
bound univalent intermediate based on imped
measurements.15,25 The equilibrium aquo Cu1 ion activity ~i.e., ig-
noring complex formation! in the additive-free system is on t
order of 0.4 mmol/L,21-24 which is greater than the combined c
centration of the inhibitor and catalyst used in these experim
However, as the potential is made more negative the equilib
cuprous activity~and thus the residence time of the reaction in
mediate at the electrode interface! declines, and the reaction chan
involving homogeneous interactions between the additives and1

is cut off; this is reflected in the peak observed in theh- i curves
Other possible processes exist as well, such as reaction be
SPS-Cu1-O2 to yield MPS and related complexes, which prior
periments indicate to be even more catalytic toward metal de
tion in the PEG-Cl system.8

The significant increase in current density accompanying th
turn sweep for@SPS# . 100mmol/L is at least partially associat
with an increase in surface roughness which develops durin
tended polarization in the presence of significant Cu21 depletion
Roughness evolution and its dependence on SPS concentra
discussed in more detail elsewhere.6

Multicycle votammetry.—Continued voltammetric cycling in th
SPS-PEG-Cl electrolyte~Fig. 4! reveals that the second negati
going sweep does not track the return sweep of the first cycle
important observation indicates that significant deactivation o
catalyzed surface is occurring. Close inspection of Fig. 4 indi
that the onset of deactivation does not occur until an overpoten
ca. 20.050 V, where the second negative-going sweep clearl
parts from the first return sweep. This indicates that catalyst d
vation or consumption is potential dependent. Several multic
voltammetric experiments~not shown! indicate that the steady-sta
h- i response~e.g., Fig. 4! is approached after the second nega
going sweep for all SPS concentrations greater than 2.5mmol/L. Not
surprisingly, this concentration threshold also corresponds t
minimum value for which saturation of the hysteretic return sw
alone is reached on the first cycle. Strictly speaking, the pr
number of cycles required to reach ‘‘steady state’’ also depen
other parameters including the switching potential and scan rat
significantly higher SPS concentrations~i.e., .50 mmol/L!, wider
potential range windows, and/or extended scanning, the volta

Figure 3. Beyond;30 mmol/L SPS, an additional wave is evident at20.1
V. The saturation associated with return sweeps is exceeded whe
. 50mmol/L. This is at least partly due to increased surface roughne
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grams drift due in part to increases in roughness associated
significant deposition under diffusion-limited and mixed-contro
conditions.

Multicycle voltammetry also reveals the influence of potentia
the kinetics of catalyst adsorption. A series of voltammograms
collected for different switching overpotentials,El ; the sweep rat
~1 mV/s! and total scan time~2400 s! were held constant. As show
in Fig. 5a ~top! it is clear that the high metal deposition rates
characterize the return sweep forEl 5 20.45 V are not accessib
for switching overpotentials just 0.2 V lower~i.e., 20.25 V!. Volta-
mmograms for two intermediate switching potentials, shown in
5b ~bottom! are consistent with this trend. These results demons
that the kinetics of displacement of the inhibiting PEG-Cu1-Cl2

layer by SPS/MPS adsorption are an increasing function of ov
tential; voltammetric cycling to larger overpotentials permits a la
increase in the catalyst surface coverage which manifests as
currents on the return sweep.

One consequence of the potential-dependent competitio
tween catalyst accumulation and consumption is that the ‘‘t
steady-stateh- i curve ~i.e., for an infinitely slow sweep rate! must
lie somewhere between the return sweep~upper bound! and the
2nd1 negative-going sweep~lower bound! observed for finite swee
rates.

Chronoamperometry.—The response of the SPS-PEG-Cl sys
to potentiostatic polarization was investigated over a range of
concentration and applied overpotential. In the absence of SP
PEG-Cl current transients, shown in Fig. 6, are characterize
;30 s decay associated with relaxation of the boundary laye
accompanies copper deposition under mixed control. An addit
slow decline in the current density is apparent at low overpoten
This is ascribed to consolidation of the inhibiting overlayer an
analogous to the subtle relaxation observed in theh- i experiment
in Fig. 1.

In contrast, electrolytes containing SPS exhibit rising cur
transients, as shown in Fig. 7. As with the SPS-free electroly
initial period ~;30 s! of current decay is required to establish
hydrodynamic boundary layer. The subsequent rise in current
tually reaches a steady state. The time required to attain stead
decreases monotonically with SPS concentration. The current
sients correspond, qualitatively, to following a vertical trajec
across the hysteretich- i curves. However, it is evident that t
steady-state chronoamperometric current is a function of SPS
centration. This dependence is distinct from the convergence

Figure 4. Multicycle voltammetry in the SPS-PEG-Cl system reflects
convolution of potential-dependent SPS adsorption and deactivation
onset of significant deactivation is clearly evident at20.08 V. For @SPS#
. 2.5mmol/L a steady-state response is reached after one cycle. The
numbers reflect the scan sequence.
r

-

t

Figure 5. The strong potential dependence of SPS activation is reveal
varying the switching potential,El . A marked increase in hysteresis is e
dent for El . u20.25u V. The voltammograms were collected for a fix
period of 2400 s. ForEl 5 20.45 V, an activated state~e.g., i
5 17 mA/cm2 at 20.2 V! is obtained on the return sweep after 700 s
contrast, a maximum current of 5 mA/cm2 at 20.2 V is observed after 240
e

t

-
te
-

-
Figure 6. Current transients for copper deposition from the PEG-Cl ele
lyte as a function of overpotential. The steady-state currents are con
with the slow scan, ‘‘steady-state’’h- i response shown in Fig. 1.
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return sweeph- i data for different SPS concentrations, as show
Fig. 2. This difference is a result of the potential-dependent ca
adsorption and consumption which can yield higher catalyst c
ages at the higher overpotentials associated with voltammetr
cling. The observed chronoamperometric time constant also
creases with increasing overpotential, as shown in Fig. 8. Th
consistent with an increase in the rate of catalyst accumulati
higher overpotentials.

Consumption kinetics.—The preceeding experiments convo
SPS adsorption and consumption; this complicates modeling o
electrical response, making results ambiguous. In order to se
the relative contribution of each process, a series of plating ex
ments using SPS/MPS-derivatized electrodes in catalyst-free
trolyte were performed; these enable the kinetics of catalyst d
vation, or consumption, to be measured independent of the ca
adsorption process.

Figure 7. Rising current transients are observed in the SPS-PEG-Cl el
lyte due to activation of PEG-Cl inhibited electrodes induced by SPS ad
tion. Qualitatively the transients correspond to following a trajectory ac
the hysteretich- i curves shown in Fig. 2. In contrast to the saturated cu
that characterizes the return sweep of the voltammetric data shown in
the steady-state chronoamperometric current is a function of the SPS
centration.

Figure 8. The apparent time constant of the rising chronoamperometric
sients increases with overpotential, reflecting the potential dependen
SPS adsorption on PEG-Cl blocked electrodes.
-
-

t

e

-
-
t

Voltammetry.—The h- i characteristics of electrodes that w
derivatized for 60 s in either 1 mmol/L MPS or 0.5 mmol/L SPS
compared in Fig. 9 to the behavior exhibited by a freshly polis
electrode during plating in a PEG-Cl2 electrolyte. Derivatizatio
leads to substantial acceleration of the copper deposition rate
overpotentials. The thiol/disulfide monolayer film clearly prev
formation of the PEG-Cl2 blocking layer under these conditio
The peak atca. 20.05 V reflects the onset of significant cata
deactivation~discussed earlier!. This is followed by the transition
an exponential increase in current while the electrode is subjec
more subtle deactivation process reflected in the decreased c
on the return sweep. Approximately five voltammetric cycles
required before the electrode behavior converges with that
freshly polished electrode. This amounts to passage of;35 C/cm2,
equivalent to deposition of a;10 mm thick copper film. Thus,
substantial copper deposit is formed before complete deactivat
the catalyzed electrode occurs.

The onset of significant catalyst consumption at small overp
tials is consistent with that noted earlier for multicycle voltamm
of a freshly polished electrode in the SPS-PEG-Cl electrolytei.e.,
Fig. 5. The peak shape in Fig. 9 suggests that the deactivatio
cess is the dominant process fromca. 20.05 V until an inflection i
observed atca. 20.09 V, followed by much slower attenuation
the deposition kinetics at higher overpotentials. Multiple voltam
ric cycles using a derivatized electrode~not shown! further demon
strates that the most significant decrease in reactivity occurs at
overpotentials. The identity of the precursor, MPSvs.SPS, does no
affect the results, indicating that the final state of the modified
trode is independent of the differences between the precursors
is similar to reports that the properties of alkyl monolayer fi
formed on gold were independent of whether the films were m
from thiol or disulfide precursors.26,27

A reasonable first estimate of the extent of catalysis provide
a SPS monolayer modified electrode may be determined by
the firstca. 20.05 V of theh- i curve in Fig. 9 to the Butler-Volme
formalism and assuming negligible deactivation of the catalyst
curs in this range. This yields an exchange current density oca.
4.5-2.25 mA/cm2, assuming a transfer coefficient of 0.5-0.4. T
corresponds to an increase in the deposition rate of;2 orders o
magnitude over that experienced by a freshly polished electro
the same PEG-Cl electrolyte~see Table I!.

,
-

r

Figure 9. The h- i response for copper deposition on SPS- or M
derivatized electrodes in a PEG-Cl electrolyte is compared with that o
ring on a freshly abraded surface. The catalytic behavior associated
SPS- and MPS-modified electrodes is ascribed to the sulfonate end
hindering formation of the blocking PEG-Cl layer.
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The magnitude of the voltammetric wave observed at20.05 V
was dependent on the derivatization time and SPS concentr
i.e., the initial catalyst coverage. The maximum or saturation
current was between 4 and 6 mA/cm2, depending on the details
the experiment. In a 5mmol/L SPS solution, saturation of the pe
current is observed after.20 min of derivatization~Fig. 10!. A
similar wave is observed for copper electrodes that are aged
open-circuit conditions in a conventional SPS-PEG-Cl plating e
trolyte and can be used for monitoring catalyst accumulation u
such circumstances.

Chronamperometry.—The potential dependence of catalyst c
sumption was examined using samples derivatized for 60 s in
1 mmol/L MPS or 0.5 mmol/L SPS followed by copper plating i
PEG-Cl2 electrolyte~Fig. 11a, top and b, bottom!. Transients for th
freshly abraded electrodes~i.e., the same as Fig. 6! represent th
baseline toward which the modified electrodes evolve as the ca
is consumed or deactivated. The derivatized electrodes exhib
table resilience against passivation by PEG-Cl2. Deactivation a
20.05 V ~Fig. 11a! occurs with a time constant of;200 s, while a
20.25 V ~Fig. 11b! catalyst consumption occurs at a rate which
least an order of magnitude slower. Importantly, the low deac
tion rate at20.25 V is congruent with a basic tenet of the CE
model of superfilling and brightening, namely, a significant qua
of catalyst floats, or remains segregated, on the surface during
per deposition. The relevant time scale for submicrometer fe
filling is ,100 s during which negligible attenuation of the dep
tion rate occurs at20.25 V. In a related fashion, the thick fil
grown at20.25 V was bright and specular while the much thin
deposit grown at20.05 V was visibly rough.

If electrode deactivation is a manifestation of catalyst consu
tion alone, then integration of the transients allows an upper b
estimate of catalyst incorporation in the film for a given set of
cessing conditions. Consider 5000 s of growth at20.25 V which
results in a 30mm thick film vs.growth at20.05 V which yields a
film less than 0.5mm thick. Assume the derivatized electrodes h
an initial disulfide coverage of 6.353 10210 mol/cm2,28b and tha
the catalyst is completely consumed after 5000 s of electro

b Based on literature reports of defected c(23 2) and c(23 6) structures of sho
alkane thiols on Cu~100! in vacuum ~Ref. 28a and b!. Saturation fractional surfac
coverage of a derivatized electrode estimated to be 0.5 for MPS and 0.25 for SPS
on Cu(100)5 2.553 1029 mol/cm2, 0.5 coverage5 1.273 1029 mol cm2, and
0.255 6.373 10210 mol/cm2. Recent work~Ref. 28c! suggests that alkane thiols w
bulkier or charged end-groups may exhibit less well-ordered and lower density
tures. Thus, these numbers should be treated as an upper bound.

Figure 10. The magnitude of the voltammetric wave at20.05 V in Fig. 9 is
shown as a function of derivatization time. The magnitude of the peak
be used to evaluate the catalyst coverage derived from a given modifi
treatment.
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~which is clearly not the case, particularly for higher overpoten
Fig. 11b!. This yields an upper bound of,1 ppm SPS~4 ppm S!
incorporated during growth at20.25 V compared to;50 ppm SPS
~200 ppm S! for deposition at20.05 V. The calculated impuri
level and its dependence on potential compare favorably to
lished secondary ion mass spectroscopy~SIMS! analysis of coppe
deposits grown from related industrial electrolytes;29-31 the O, S, C
and Cl concentration levels are reported to decrease from;100 to
;1 ppm as the metal deposition rate,i.e., current density
increased.30 Similar potential-dependent behavior, as well as a
nificant dependence on hydrodynamics, was reported for an
copper plating system.31 If the entire SPS molecule is incorporat
the C/O/S ratio would be 3/3/2, which compares favorably
SIMS data.29-31

The deactivation process was studied over a wide range o
tential as shown in Fig. 12. These experiments were repeat
three different occasions and notable dispersion of the time
stants was observed; the trends shown in Fig. 12 remain unalte32

The dispersion is most likely due to variations in the derivatiza
process that may be associated with halide ‘‘contamination.’’
possibility is further complicated by the dynamics associated
chloride coadsorption accompanying subsequent plating in
PEG-Cl electrolyte. It may well be that the catalyst consump

d

Figure 11. Chronoamperometry reveals the catalytic effect of SPS der
zation. ~a! At smaller overpotentials the derivatized electrode is subje
rapid deactivation.~b! In contrast, at higher overpotentials that correspon
practical plating conditions the catalytic effect is sustained for thousan
seconds.
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process is hindered by coadsorbed chloride. Other authors ha
served irreproducibility in similar modification processes used
studying Cu underpotential deposition~UPD! on modified gold
substrates.33 Nonetheless, comparison of results from derivat
and underivatized electrodes~Fig. 6, 11, and 12! unambiguousl
reveals that convergence of the respective transients occurs
rapidly at smaller overpotentials, reflecting the enhanced ca
consumption under these conditions. Quantitative analysis o
transients indicates that consumption is higher order than line
the catalyst coverage, suggesting the importance of nearest ne
interactions.32 No significant dependence on the catalyst precu
identity ~SPSvs. MPS! was observed, as shown for deposition
20.25 V.

The potential dependence of catalyst consumption is also re
observed in potential pulse experiments. The potential of a de
tized electrode was first set to20.3 V, followed by stepping to20.1
V for a period of time, after which it was returned to20.3 V. The
polarization time at20.1 V varied between 15 and 1500 s, as sh
in Fig. 13. The difference between the current observed at20.3 V
after potential pulsingvs. that for unperturbed deposition at20.3 V
clearly reveals that more rapid consumption of the catalyst occ
lower overpotentials. After polarization at20.1 V for more than
;1000 s the subsequent electrode response at20.3 V approache
that of a catalyst-free or deactivated electrode. The increase in
sumption with decreasing overpotential indicated by Fig. 13 is
sistent with the conclusions derived from Fig. 11.

A variant of the pulse experiment involves studying the effec
aging a derivatized electrode under open-circuit conditions.
similarity of all the deposition transients~Fig. 14! during the firs
few hundred seconds shows that idling at the rest potential
PEG-Cl2 electrolyte for 600 s prior to deposition at20.3 V induces
negligible deactivation of the modified electrode. Likewise, dep
tion at 20.3 V for 600 s followed by a 600 s open-circuit interru
tion results in negligible attenuation of the rate during subseq
deposition at20.3 V. Thus, aging under open-circuit condition
sults in negligible consumption. In contrast, there is a marked d
tivation observed at20.3 V after 600 s of deposition at20.1 V. This
finding demonstrates that the potential-dependent consumptio
exhibits a maximum at intermediate overpotentials, in agree

Figure 12. Chronoamperometry detailing the potential dependence of
per deposition on derivatized electrodes. The catalytic effect of derivatiz
and its strong dependence on potential is readily evident by comparis
Fig. 6. No discernable difference between modification with SPSvs.MPS is
apparent.
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with the more qualitative conclusion drawn from voltamme
analysis~i.e., Fig. 9!.

The ability of a submonolayer quantity of an adsorbed surfa
to impact the film growth processes is well known across a ran
deposition technologies. For example, an interesting study o
leveling effect of thiourea on copper deposition ascribes s
growth to a small coverage of deposition rate, suppressing thi
molecules operating in a gas-like surface state.34 This adsorbed sta
is similar to that envisioned here, although in the present cas

Figure 13. The potential dependence of catalyst consumption is reveal
potential-step experiments during copper deposition in the PEG-Cl el
lyte. Copper was deposited on MPS-modified electrodes for variable tim
20.1 V. This was followed by stepping back to20.3 V to measure the exte
of deactivation. The transients reveal a monotonic decrease in reactivit
time spent at20.1 V. Catalytic behavior is effectively quenched after 10
at 20.1 V. For reference the potentiostatic transients for growth at20.1 V
~rapid deactivation! and20.3 V ~slow deactivation! are shown along with a
arrow denoting the steady-state current density for an unactivated~i.e., pol-
ished! electrode at20.3 V in the PEG-Cl electrolyte.

Figure 14. Results of potential-step experiments using an MPS-deriva
electrode. Aging of the derivatized electrode at the open-circuit pot
results in negligible deactivation, as evident by the subsequent cat
growth at20.3 V. Likewise, when deposition at20.3 V is interrupted fo
aging at open-circuit condition, minimal deactivation is noted during su
quent deposition at20.3 V. In contrast, significant deactivation of the e
trode ~as measured at20.3 V! is evident after metal deposition at20.1 V.
Thus, the potential dependence of catalyst deactivation, or consum
passes through a maximum at intermediate overpotentials.



rate
along
vary
cop-
o-

d by
d by
rage.
xatio
in re
posi
the
gain
seg

ge o
ace.
tials
terin
. In-
tha

rent
the

ive in
d fo
tion
rse
umu
. In
ure o
tions

d-
lec-

-
the
ino
re-

tudy
pper
ex-

soci-
thus
m by

na-
erent

ups

-
sed
ent-

n
re
i-

with
ic
ttrib-
yl

tive

-
n-
ond

this
, the
elec-

in-
d by

f a
indi-

ided

the
ring
been
i-
e-

c
os-
tion.
ce
hobic
e to
-
eac-
,

bulk

n-
lling
with
c
S

e pro-
d be-

i-
nt
ehav-
curs
e

rate
con-

Journal of The Electrochemical Society, 151 ~4! C262-C271~2004! C269
activated species exerts a catalytic influence on the deposition
The extent of catalysis provided by submonolayer coverage,
with the associated deactivation dynamics, was examined by
ing the electrode derivatization time. As shown in Fig. 15, the
per deposition kinetics in a PEG-Cl2 electrolyte increased mon
tonically with electrode derivatization time in a 5mmol/L SPS
solution. A doubling of the metal deposition rate is accomplishe
derivatization for only 30 s in 5 umol/L SPS, which, as suggeste
Fig. 10, corresponds to a small fraction of a monolayer cove
The transients are characterized by a 30-50 s decay due to rela
of the hydrodynamic boundary layer. A measurable decrease
activity is apparent over the next 1200 s. Nevertheless, for de
tion at 20.25 V the extent of deactivation is inconsequential on
;60 s time scale relevant to filling submicrometer features, a
reflecting the propensity of the SPS-derived catalyst to remain
regated at the growing interface.

In general terms, the adsorbed catalyst faces the challen
‘‘swimming or sinking’’ as copper is being deposited on the surf
The observed maxima in catalyst consumption at low overpoten
which corresponds to lower deposition rates, is perhaps coun
tuitive given that the rate of surface segregation must be finite
deed, recent models of additive incorporation have postulated
additive incorporation should be proportional to the cur
density,35 a result not borne out for SPS consumption under
present circumstance. An inverse dependence between addit
corporation and the metal deposition rate has been reporte
nickel plating from electrolytes which contain a dilute concentra
of leveling agent.36 However, in these leveling systems the inve
dependence was simply a consequence of diffusion-limited acc
lation of the additive at the interface during metal deposition
contrast, the experiments outlined above provide a direct meas
the rate constant of incorporation independent of any limita
associated with the adsorption step.

Catalyst function.—The effect of dialkyl- and diaryl-disulfide a
ditions on copper plating from a simple acidified cupric sulfate e
trolyte has been previously examined.37,38 Anionic sulfonate
terminated molecules were generally found to slightly perturb
copper deposition rate, while diaryl- additions with cationic am
groups resulted in significant inhibition of the metal deposition
action. In the present work, electrode modification is used to s
the behavior of the disulfide and thiol-based catalyst during co
deposition in the presence of PEG-Cl. As with the deactivation
periments, catalyst derivatization allows the complications as
ated with adsorption from the electrolyte to be avoided and
represents a powerful method for interrogating the mechanis

Figure 15. The influence of catalyst coverage on the copper deposition
at 20.25 V in the PEG-Cl electrolyte. Initial coverage was varied by
trolling the derivatization time.
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which the catalyst functions. Modification with a variety of alter
tive thiol compounds was used to examine the influence of diff
terminal groups (-CH3 , -OH, -COOH, -SO3

2) and alkyl chain
lengths (C2 ,C3 ,C16) on catalytic behavior. The various end gro
exhibit different qualities ranging from hydrophobic -CH3 , to hy-
drophilic -OH, charged -SO3

2 , and reactive -COOH which com
plexes Cu21/11.39 Voltammetry and chronoamperometry were u
to evaluate the efficacy of the different terminal groups for prev
ing the formation of the inhibiting PEG-Cl2-Cu1 film.

Voltammetry.—After derivatization for 60 s in 1 mmol/L solutio
of the respective thiols~or 0.5 mmol/L for SPS!, the electrodes we
dried and transferred to the PEG-Cl2 electrolyte for copper depos
tion. As shown in Fig. 9 and 16a-c, only electrodes modified
thiols ~or disulfide! bearing the -SO3

2 end group exhibit catalyt
behavior relative to a freshly abraded electrode. Differences a
utable to the disulfidevs. thiol head group or variations in the alk
chain length from C2 to C3 represent a minor perturbations rela
to the effects induced by the charged -SO3

2 terminal group.
In contrast to the catalytic behavior of -SO3

2-terminated mol
ecules, modification with -S(CH2)2CH3 results in a substantial i
crease in inhibition of the copper deposition reaction, well bey
that associated with formation of the blocking PEG-Cl2 layer ~Fig.
16a!. Only a very small current is passed until20.42 V, at which
point fresh copper nucleates on top of the monolayer. Once
layer coalesces and the underlying monolayer film is buried
electrode reverts to the behavior exhibited by a freshly abraded
trode. The -S(CH2)3OH and -S(CH2)15CH3 ~Fig. 16b! and
-S(CH2)2COOH ~Fig. 16c! derivatized electrodes also exhibit
creased inhibition, although much weaker than that provide
-S(CH2)2CH3 . Likewise, copper deposition on -S(CH2)2COOH
and -S(CH2)15CH3 modified electrodes converges with that o
freshly abraded electrode after the first negative-going sweep,
cating that the monolayer is consumed,i.e., buried.

The greater blocking of the copper deposition reaction prov
by -S(CH2)2CH3 ~Fig. 16a! as compared to -S(CH2)15CH3 ~Fig.
16b! is of interest. This is ascribed to a higher defect density in
-S(CH2)15CH3 layer associated with its slower, incomplete orde
during the 1 min derivatization treatment. Similar effects have
reported for Cu UPD on gold where C2 films provided greater inh
bition compared to C3 or C5 thiols.33 The differences observed b
tween the hydrophilic -S(CH2)3OH ~Fig. 16b! and hydrophobi
-S(CH2)2CH3 ~Fig. 16a! modified electrodes draws attention to p
sible interactions between the monolayer film and PEG in solu
However, similar experiments~not shown! performed in the absen
of PEG reveal the same intrinsic behavior, whereby the hydrop
film -S(CH2)2CH3 alone accounts for the remarkable resistanc
metal deposition. Analysis of the -S(CH2)2COOH modified elec
trode response is significantly complicated by the well-known r
tivity between the -COOH end group and Cu1/Cu21.39 In any case
the transient inhibition provided by the -CH3 , -COOH, and -OH
terminated thiols is in good agreement with prior reports of
copper and silver deposition on derivatized gold surfaces.33,40-42

Chronoamperometry.—Similar trends are evident during pote
tiostatic deposition under conditions directly relevant to superfi
experiments. As shown in Fig. 17, only electrodes modified
-SO3

2-terminated thiols~or disulfides! exhibit significant catalyti
activity. Interestingly, the longer alkyl chain (C3) of SPS and MP
exhibits slower deactivation kinetics compared to -S(CH2)2SO3

2

(C2), and thus they are more effective catalysts for damascen
cessing. As noted before, no discernable difference is observe
tween electrodes modified with SPSvs. MPS. In contrast, derivat
zation with -S(CH2)3OH and -S(CH2)2COOH results in a transie
increase in inhibition which subsequently decreases, yielding b
ior typical of a freshly abraded electrode. This relaxation oc
after the deposition of ;50 nm of copper for th



per
. The

d
r re-

f the
It is
G to
pper
the
cen-

th
ce
rowth
super-

fine-
ption
crys-
. If

PEG
in

count
n in

of the
eter

com-
its in-
f pa-

pric
ver a

ified
that

the
than
s
es ar
c of a

freshly abraded electrode in the PEG-Cl electrolyte.

t in
trans-

s
enting
c
metal
fi-

Journal of The Electrochemical Society, 151 ~4! C262-C271~2004!C270
-S(CH2)3OH-modified electrode and ;150 nm for the
-S(CH2)2COOH-derivatized electrode. The -S(CH2)2CH3-modified
electrode exhibits significantly greater inhibition toward cop
deposition which is sustained for several hundreds of seconds
utility of combining the blocking attributes of -S(CH2)2CH3 with
the catalytic properties of the -SO3

2 molecules for catalyze
through-mask plating, particularly using contact printing and/o
lated technologies, is a topic worthy of further attention.

These experiments unambiguously reveal the importance o
-SO3

2 terminal group to the catalytic function of the accelerator.
presumed that the charged end group disrupts the ability of PE
form an effective rate-suppressing film on the surface of the co
electrode. The thiol, or disulfide, head group primarily tethers
-SO3

2 end group to the surface. The charged end-group is also
tral to the molecules’ ability to float,i.e., segregate, on the grow
surface during rapid~;30 ML/s! metal deposition. The importan
of these heterogeneous interactions in superconformal film g
has been demonstrated in a related paper detailing bottom-up
filling of trenches mediated by SPS-derivatized electrodes.7

Conventional wisdom associates brightening with grain re
ment. On a more speculative front, the competitive adsor
model provides new avenues for thinking about the absence of
talline anisotropy during film growth in the SPS-PEG-Cl system
rate control for metal deposition resides with the tethered -SO3

2 end
group opening up prospective sites or channels in the blocking
layer, then the crystalline anisotropy evident during growth
additive-free systems might be further obscured. This would ac
for the smooth isotropic surfaces observed for metal films grow
the SPS-PRG-Cl system. It is also congruent with the success
CEAC mechanism in describing shape evolution into the nanom
regime by simply tracking the local catalyst coverage.

A separate paper presents a quantitative description of the
petitive adsorption dynamics between SPS and PEG-Cl and
fluence on the copper deposition kinetics over a wide range o
rameter space.32

Conclusions

The kinetics of copper electrodeposition from an acidified cu
sulfate electrolyte containing SPS-PEG-Cl were examined o

e

Figure 17. The key role of the catalyst terminal group is also eviden
chronoamperometric studies. The electrodes were derivatized and then
ferred for plating in a PEG-Cl electrolyte at20.25 V. Of the molecule
studied, only those with a sulfonate terminal group are capable of prev
formation of the passivating PEG-Cl2 film. Molecules with the hydrophili
-OH and reactive -COOH end groups are rapidly consumed during
deposition, while the hydrophobic -CH3 modified electrode exhibits signi
cantly greater inhibition than that provided by PEG-Cl.
Figure 16. The h- i response for copper deposition on electrodes mod
with different thiol molecules. Comparison with Fig. 9 demonstrates
catalytic activity is evident only for electrodes modified with thiols~or dis-
ulfides! having the SO3

2 terminal group. In contrast, derivatization with
other thiols initially results in greater hindrance to copper deposition
that provided by formation of the PEG-Cl2 blocking layer. This effect i
evident only on the first negative-going sweep because the molecul
rapidly consumed and the electrode reverts to behavior characteristi
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wide range of parameters. Electroanalytical experiments rev
competition between PEG and SPS for surface sites. PEG an2

interact synergistically with Cu1 to form a passivating film that ca
inhibit the metal deposition rate by two orders of magnitude. S
sequent adsorption of short chain disulfide or thiol molecules
sulfonate end group~s! leads to the disruption and/or displacemen
the passivating surface complex and acceleration of the metal
sition rate, as evidenced by hysteretic voltammetry and rising
noamperometric transients. Experiments with SPS-derivatized
trodes demonstrate that under conditions relevant to dama
processing, submonolayer quantities of catalyst remain segre
on the growth surface even after extensive metal deposition
sulfonate end-group plays an important role in the surface seg
tion process. Multicycle voltammetry reveals a strong potentia
pendence for SPS adsorption as well as its subsequent deacti
The rate of displacement of the blocking PEG layer by SPS ad
tion increases with overpotential. Monitoring of the quenchin
metal deposition rates on SPS-modified electrodes in a catalys
electrolyte permitted examination of catalyst deactivation, or
sumption, without the complications of simultaneous catalyst a
mulation. Catalyst consumption is a higher order process in ca
coverage and exhibits a maximum rate near an overpotent
20.1 V. Such derivatization experiments were found to be a pa
larly effective method for studying the role of molecular function
ity in additive plating.

The National Institute of Standards and Technology assisted in me
the publication costs of this article.
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