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Superconformal electrodeposition of copper is explained by the
recently developed curvature-enhanced-accelerator coverage
(CEAC) model, which is based on the assumptions that 1) the
local growth velocity is proportional to the surface coverage of the
accelerator, or catalyst, and 2) the catalyst remains segregated
at the metal/electrolyte interface during copper deposition. For
growth on nonplanar geometries, this leads to enrichment of the
catalyst on advancing concave surfaces and dilution on advancing
convex sections, thereby giving rise to bottom-up superfilling of
submicrometer trenches and vias. In this paper the robustness of
the CEAC model is demonstrated by characterizing the kinetics
of catalyst accumulation and consumption in a series of
electroanalytical experiments on planar electrodes. The model is
then used to successfully predict interface shape evolution during
feature filling in a variety of experiments, without using adjustable
parameters.

Introduction

State-of-the-art manufacturing of semiconductor logic

and memory devices involves electrodeposition of copper

for wiring. The process, pioneered by IBM, depends on

the use of electrolyte additives that affect the local

deposition rate, thereby resulting in superconformal, or

bottom-up, ‘‘superfilling’’ of trenches and vias [1, 2]. In

the early years, an understanding of superfilling

technology lagged behind its implementation in

manufacturing because of a combination of factors.

The first generation of electrolytes contained numerous

components, and general knowledge of both the

chemistry and processing conditions was significantly

constrained by proprietary concerns. As a result, early

modeling studies focused on traditional leveling theory, in

which the location-dependent growth rate derived from

diffusion-limited accumulation of an inhibiting species

onto the metal surface [2–4]. In those studies it was

necessary to empirically modify the area-blockage

leveling theory in order to try to capture the experimentally

observed shape-change behavior [2, 3]. Despite these

modifications, studies of shape evolution of the growth

front during feature filling and the observation of bump

formation above the filled trenches made it clear that

superfilling could not be rationalized by traditional

transport-limited leveling models [5–7]. At the same

time, simplification of electrolyte additive packages to

two (accelerator, suppressor) and three (accelerator,

suppressor, leveler) components opened the way for

detailed studies of the filling process [8, 9]. Subsequently,

a curvature-enhanced-accelerator coverage (CEAC)

mechanism was shown to quantitatively describe the

superconformal film growth that is responsible for

bottom-up superfilling of submicrometer features in

damascene processing [10–13]. The model also provides

an explanation for the beneficial effects on roughness

evolution induced by certain additives known as

‘‘brighteners’’ [14]. Moreover, the generality of the CEAC

model has been demonstrated by successful application to

silver electrodeposition [15] and copper chemical vapor

deposition [16] for the filling of submicrometer features.

The main characteristic of two-component superfilling

electrolytes is the competition between inhibitors and

accelerators for electrode surface sites. A model ‘‘two-

component’’ additive package for copper superfilling

contains a mixture of a dilute (i.e., micromolar)

accelerator such as SPS [Na
2
(S(CH

2
)
3
SO

3
)
2
] in the

presence of an inhibitor such as PEG (polyethylene

�
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glycol, molecular weight = 3,400), which is typically an

order of magnitude higher in concentration. Immersion

of a copper electrode in the electrolyte results in the rapid

formation of a thin passivating PEG-based film. The

passivating layer is subsequently displaced or disrupted

by the adsorption of the catalytic short-chain disulfide

molecules. This results in an increase in the metal

deposition rate that is a monotonic function of the

catalyst coverage. Under certain conditions, activation of

the metal deposition rate is sustained by the tendency of

the catalyst to remain segregated on the growing

interface. This combination of effects yields hysteretic

voltammetric curves and rising chronoamperometric

transients that enable quantification of the competitive

adsorption process. Multicycle voltammetry reveals

additional characteristics that reflect the significant

potential dependence of catalyst adsorption as well as

its subsequent deactivation.

This simple competitive adsorption model can give

rise to a superconformal film growth mode via the

CEAC mechanism. According to the CEAC formalism,

deposition on a nonplanar surface, which is inherently

accompanied by changes in the local surface area, affects

the local adsorbate surface coverage in multicomponent

systems. In the present case, the coverage of the more

strongly bound catalytic species increases on advancing

concave sections and decreases on advancing convex

segments. Since the deposition rate is proportional to

catalyst coverage, this naturally gives rise to bottom-up

filling of features and, more generally, superconformal

film growth. The CEAC model becomes increasingly

applicable as the dimensions of the surface profile shrink

into the submicrometer regime. To date, three different

shape-change algorithms of varying complexity have been

used to describe the filling of submicrometer features such

as trenches and vias [10–l2]. The models successfully

predict interface evolution from the initial incubation

period of (near) conformal growth through

superconforma1 ‘‘bottom-up’’ filling to ‘‘momentum

plating,’’ or bump formation over filled features.

In this paper, quantitative electroanalytical

measurements on planar electrodes are used to

parameterize the adsorbate kinetics for use in the CEAC

model. The model is then applied, with no adjustable

parameters, to three different feature-filling experiments.

In the first example, the decisive role of a submonolayer

catalyst coverage is demonstrated by superfilling trenches

that were derivatized with catalyst prior to copper plating

in a catalyst-free PEG–Cl electrolyte. Next, the filling

of different-aspect-ratio trenches using a prototypical

SPS–PEG–Cl electrolyte is examined. Finally, the filling

of a cylindrical via geometry under the same deposition

conditions is discussed.

Copper deposition mechanism and kinetics

Copper deposition in an acid sulfate and perchlorate

medium has been widely studied using a variety of

electroanalytical methods [17–24]. Two separate charge-

transfer steps,

Cu
þþ þ e ! Cu

þ ð1Þ

and

Cu
þ þ e ¼ Cu, ð2Þ

have been identified. The first reaction is rate-controlling,

with the second step having a rate constant that may be

up to three orders of magnitude greater [17, 20, 21]. The

solvated Cu
þ
intermediate has been observed in a variety

of rotating ring-disc measurements [17, 19, 20, 22], while

an adsorbed Cu
þ
intermediate has been invoked to

describe the impedance response during copper

deposition [24, 25]. In fact, the equilibrium Cu
þ

concentration in the additive-free 0.24-mol/L CuSO
4
/Cu

system is of the order of about 400 lmol/L, significantly

greater than the combined concentrations of all of the

organic additives used in the superfilling electrolyte. The

activity of the Cu
þ
intermediates can be significantly

perturbed by complex formation with additive species;

rotating ring-disc experiments reveal that the interfacial

Cu
þ
concentration goes through a maximum at �0.02 V,

with the magnitude being a strong function of electrolyte

additives [22].

Additive effects

Inhibition by PEG–Cl

The addition of chloride to a cupric sulfate electrolyte

is known to catalyze the rate-controlling Cu
þþ
/Cu

þ

reaction, while PEG alone exerts a negligible influence on

the deposition rate [25–30]. In contrast, the combination

of PEG and Cl results in significant inhibition of the

copper deposition reaction due to the formation of a

PEG–Cl film that blocks the access of Cu
þþ

to the surface

[25–30]. The immersion of a freshly abraded copper

surface into a copper-plating electrolyte containing

concentrations of PEG and NaCl such as those given

in Table 1 results in the rapid formation of a PEG–Cl

blocking layer. During steady-state metal deposition,

mass conservation requires that the rate of adsorption

and desorption or incorporation of PEG into the growing

solid be balanced. Significantly, a recent SIMS study [31],

combined with the absence of significant grain refinement

in the copper deposits [8], indicates that negligible

incorporation of the inhibiting PEG species into the metal

deposit occurs during metal deposition in electrolytes

containing only PEG–Cl.

T. P. MOFFAT ET AL. IBM J. RES. & DEV. VOL. 49 NO. 1 JANUARY 2005

20



Voltammetric experiments in the presence of PEG–Cl

yield a reduction of the deposition kinetics of nearly two

orders of magnitude relative to that for an additive-free

solution [25, 27, 30]. In previous work, the exponential

increase of current on the inhibited surfaces with

overpotential had been ascribed to an increase in charge-

transfer rate occurring across a small fraction of mobile

active surface sites. The extent of inhibition is quantified

in terms of the effective activity or coverage, h
PEG

, of the

blocking layer. For the purposes of this work, the

voltammetric overpotential–current density (g–i) and
chronoamperometric current density–time (i–t) behaviors

observed with the PEG–Cl electrolyte are used to define

the activity (i.e., h
PEG

= 1) of the fully inhibited system

that serves as the reference point for subsequent

discussion of the effects of SPS adsorption.

Catalytic effect of SPS additions

SPS additions to the PEG–Cl electrolyte result in

disruption of the PEG-based passivating layer and

acceleration of the deposition reaction. This is evident

from the hysteretic voltammetric curves shown in

Figure 1(a). The metal deposition rate at a given potential

on the negative-going sweep increases with increasing SPS

concentration. For the scan rate and switching potential

employed here, the hysteresis is maximized for an SPS

concentration near 2.59 lmol/L. Further additions of

SPS result in progressively higher deposition rates on the

negative-going potential sweep, while the response on the

return scan is effectively saturated. The experiments,

using freshly abraded copper electrodes (i.e., 400-grade

SiC), are accompanied by significant brightening of the

plated surface; the absence of roughening indicates that

the hysteretic behavior must derive from a change in

interfacial chemistry rather than surface area. Table 2,

discussed in more detail later, shows the parameters and

constants used to fit the simulated voltammetry curves

shown in Figure 1(b), which is also discussed later.

The response of the system to potentiostatic

polarization was also investigated. In the absence of SPS,

current transients such as that shown in Figure 2(a) are

characterized by an approximately 30-s decay associated

with establishing the hydrodynamic boundary layer that

accompanies deposition proceeding under mixed control.

For the catalyst-free PEG–Cl electrolyte, an additional

relaxation occurs that is not complete until about 400 s.

This is associated with a slight increase in the blocking

character of the PEG–Cl film. This effect is manifested

in the voltammetric experiment as the attenuation of

the small wave centered at �0.14 V upon cycling the

potential. Part (b) of Figure 2 is discussed later.

In contrast, addition of SPS to the fully inhibited PEG–

Cl system results in rising current transients. After an

initial decay of approximately 30 s, the current increases

in a manner that corresponds qualitatively to following a

vertical trajectory across the hysteretic g–i curves shown
in Figure 1(a). For the given overpotential, the rise time

decreases monotonically with SPS concentration, as seen

in Figure 2(a).

(a) Hysteretic voltammetry curves, reflecting the displacement of 
inhibiting PEG–Cl species by adsorption of SPS at different 
concentrations. The bath components are as given in Table 1; the 
scan rate was 1 mV/s for the stationary copper electrode. (b) 
Results of simulations based on the competitive adsorption model 
using the parameters and constants listed in Table 2.
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Table 1 Composition of copper-plating electrolyte.

0.24 mol/L CuSO
4

1.8 mol/L H
2
SO

4

1.0 mmol/L NaCl

88 lmol/L PEG (3,400 MW)

x lmol/L SPS (x ¼ 0 to 500)
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For both g–i and i–t experiments, the electrochemical

response may be simply modeled in terms of disruption

of the rapidly formed PEG–Cl blocking layer by more

gradual SPS adsorption. Activation by SPS may manifest

itself in at least two ways; disulfide or thiolate adsorption

can displace some of the ‘‘co-inhibitor’’ chloride from the

copper surface, and the charged sulfonate terminal group

disrupts and prevents reformation of the passivating

PEG-based layer. The extent of disruption is a monotonic

function of the catalyst coverage, h
SPS

.

The important role of the sulfonate end group

is demonstrated by examining the rate of copper

deposition on various catalyst-derivatized electrodes in a

catalyst-free PEG–Cl electrolyte [30]. On the basis of

solubility concerns, the electrodes were derivatized for 60 s

in either an ethanolic or 1.8-mol/L H
2
SO

4
aqueous

solution containing a 1-mmol/L concentration of the

molecule of interest. As shown in Figure 3, thiols or

disulfides with a charged sulfonate terminal group yield

significant and sustained catalysis of the metal deposition

rate, indicating that they remain on the surface of the

deposit and prevent formation of the passivating PEG–Cl

film. In contrast, electrodes derivatized with molecules

containing alternative end groups result in increased

inhibition. In the case of CH
3
-terminated molecules, the

increased inhibition is sustained for hundreds of seconds,

Table 2 Parameters and constants used to obtain the

simulation results shown in Figures 1(b) and 2(b).

Metal deposition parameters obtained from experiments

on planar electrodes.

i
0

PEG
(mA/cm

2
) 0.03 (i–t) 0.015 (i–g)

(see text)

i
0

SPS
(mA/cm

2
) 2.25

a
PEG

0.5

a
SPS

0.4

D
Cu

þþ (cm
2
/s) 4 3 10

�6
(from [22])

d (cm) 0.00987

X (cm
3
/mol) 7.1

Catalyst adsorption and consumption parameters obtained

from experiments on planar electrodes.

k
0

(cm
3
s/mol) 260

a
ads

0.6

D
SPS

(cm
2
/s) 4 3 10

�6

C
0

(mol/cm
2
) 6.35 3 10

�10

m (V
�1
) 4

b 2.65

A (s
�1
) 0.3

B
a

(V
�1
) �35

B
b

(V
�1
) 60

B
d

(s
�1
) 0.0008

V
d

(V) 0.095

Constants

R (J/Kmol) 8.314

T (K) 298

F (C/mol) 96,485

(a) Rising chronoamperometry transients characterizing the 
activation of PEG–Cl-inhibited electrodes induced by SPS 
adsorption on stationary copper electrodes at �0.25 V. (b) Results 
of simulations based on the competitive adsorption model using the 
parameters and constants listed in Table 2.
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while electrodes modified with –OH or –COOH terminal

groups are quickly deactivated, presumably by

incorporation of the molecules into the growing solid.

Experiments were performed to characterize the

catalyst consumption kinetics independently of the

ambiguities associated with the adsorption process

[30]. Chronoamperometric experiments revealed that

electrodes derivatized for 60 s in 0.5 mmol/L SPS exhibit

notable resilience against passivation by PEG–Cl,

particularly at higher overpotentials (Figure 4). For

comparison, transients for freshly abraded electrodes

show the baseline toward which the behavior of the

modified electrodes evolves as the catalyst is consumed.

Deactivation at �0.05 V occurs with a time constant

of about 200 s, while at �0.25 V significant catalysis

is sustained for a period that is at least an order of

magnitude longer. The ability of the catalyst to remain on

the surface during rapid metal deposition indicates that it

is able to rapidly segregate, or ‘‘float,’’ on the growing

metal surface. In contrast, the more rapid consumption

at slower growth rates suggests a competing chemical

reaction as the origin for the deactivation process. The

�0.25-V case corresponds to the potential used in most

feature-filling experiments; the data indicates that only

minor deactivation, or consumption, occurs on the,100-s

time scale of feature filling. This is congruent with the

second tenet of the CEAC model, namely that the catalyst

remains segregated on the growth surface.

Microstructural effects

Additive incorporation exerts a strong influence on

microstructural evolution, e.g., grain refinement, and the

resulting physical properties of the deposit. Integration of

the chronoamperometric transients for SPS-derivatized

electrodes allows the level of SPS incorporation to be

estimated. Assuming that the full monolayer of catalyst

is incorporated (i.e., no desorption) and using the still

incomplete deactivation transients shown in Figure 4 to

obtain the deposit thickness yields a conservative (upper-

bound) estimate of the impurity levels. The sulfur content

in the deposit is estimated to be 4 ppm S and 200 ppm S

for growth at �0.25 V and �0.05 V, respectively. The

potential dependence and magnitude are in good

agreement with published secondary ion mass

spectroscopy (SIMS) data on impurity content [32–34].

However, unlike the derivatization experiments shown

here, interpretation of previous SIMS experiments is

limited by the need to deconvolute the catalyst adsorption

and deactivation processes.

Modeling competitive adsorption and its effect on

copper deposition

The central role of the SPS-based catalyst is to open

channels in the PEG–Cl blocking layer, thereby allowing

the Cu
þþ
/Cu

þ
reaction to proceed unhindered. This

effectively accelerates the metal deposition reaction

without requiring any change in the Cu
þþ
/Cu

þ
reduction

mechanism, i.e., activation of a blocked electrode.

Chronoamperometry transients establishing the catalytic behavior 
of sulfonate terminal groups (red) in contrast to the inhibition 
provided by the (OH, COOH, CH3) terminal groups.

Figure 3
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Accelerated copper deposition occurs in the proximity of

SPS adsorption sites. Chloride adsorbed in neighboring

sites may also exert its well-known catalytic properties for

copper deposition, thereby expanding the effective area

catalyzed. Nonetheless, for simplicity, the total number of

available surface sites is taken here as the sum of the

coverage of the inhibiting PEG–Cl species, h
PEG

, and the

catalytic SPS–Cl species, h
SPS

,

h
SPS

þ h
PEG

¼ 1: ð3Þ

Saturation surface site density

Chloride is known to form compact ordered monolayers

on copper surfaces under open circuit conditions in

simple halide solutions, e.g., c(232) Cl on Cu(100) [35].

However, little is known concerning the adsorption

geometry of the inhibiting PEG–Cl complex. In contrast,

SPS adsorbs on copper surfaces either directly as disulfide

or dissociatively as two thiolate molecules. In either case,

one SPS molecule ends up occupying two sites on the

metal surface (see for example [36, 37]). A mechanically

polished, annealed copper-plate electrode was used for

the electroanalytical kinetic studies. The rolling and

annealing process produces a (200) texture; thus, the

surface coverage used for simulations was indexed to

Cu(100)—namely, 2.553 10
�9

mol/cm
2
. Studies of

methanethiolate, dimethyl disulfide, ethanethiolate,

heptanethiolate, and hexanethiolate adsorption on

Cu(100) indicate that defected c(232) and c(236) thiolate

adlayers are formed corresponding to a proportional

surface coverage between 0.5 and 0.3 of a monolayer with

respect to the underlying copper atoms [38–40]. In other

studies of functionalized alkanethiol monolayers on

Au(111) electrodes, the size of the terminal group,

together with the chemical interaction between

neighboring thiol molecules, was found to play an

important role in the resulting structure; short-chain

thiols with bulky end groups often yield lower-density

coverages and distorted packing arrangements [41].

Pending further study of the structure of saturated

monolayers of SPS or MPS [NaS(CH
2
)
3
SO

3
H], as well as

mixed monolayers of SPS–Cl and MPS–Cl on various

copper surfaces, the c(232) structure will be taken as an

upper-bound estimate for the saturated surface coverage,

C
0
, corresponding to a value of 6.353 10

�10
mol/cm

2
,

since one SPS molecule occupies two sites.

Site dependence of charge-transfer kinetics

The effect of the adsorbates on the kinetics of the copper

deposition reaction is described as the product of the

fractional interface cupric ion concentration C
Cu

þþ /C
‘

Cu
þþ

(where C
‘

Cu
þþ denotes the bulk concentration) and the

coverage-dependent charge-transfer-rate constants k
j
using

iðh
SPS

; gÞ ¼
C

Cu
þþ

C
‘

Cu
þþ

½k
PEG

ð1� h
SPS

Þ þ k
SPS

h
SPS

� , ð4Þ

where

k
j
¼ 2i

0

j
exp

�a
j
Fg

RT

� �
� exp

ð1� a
j
ÞFg

RT

 !" #
, ð5Þ

and the subscript j pertains to the PEG–Cl or SPS–Cl

saturated surface. The exchange i
0

j
corresponds to the rate-

determining step for copper deposition on PEG or SPS

surface sites, and a factor of 2 is used to account for the

overall two-electron Cu
þþ
/Cu process. The values of i

0

PEG

and the transfer coefficient a
PEG

were readily determined

from g–i and i–t experiments performed in the catalyst-

free PEG–Cl electrolyte. Evaluation of i
0

SPS
and a

SPS
was

more difficult; it involved examining the response of an

SPS-derivatized electrode in the same PEG–Cl catalyst-

free electrolye, with appropriate consideration given to

catalyst consumption as described later.

Under steady-state hydrodynamic conditions, the

interface concentration of Cu
þþ

can be related to the

diffusion-limited current density i
L
. This, in turn, is

related to the boundary layer thickness d, which, in our

experiments, was established by natural convection

associated with the Cu
þþ

depletion gradient. Taken

together,

C
Cu

þþ

C
‘

Cu
þþ

¼ 1� i

i
L

and i
L
¼

2FD
Cu

þþC
‘

Cu
þþ

d
, ð6Þ

where F is Faraday’s constant and D
Cu

þþ is the cupric ion

diffusion coefficient.

Catalyst evolution

Evolution of the catalyst on a planar surface entails a

balance between SPS adsorption and consumption. This

is quantified by using the effective rate constants for SPS

adsorption, k
ads

, and incorporation, k
inc
, with a power-

law consumption exponent q. For catalyst precursor

concentration, C
SPS

, one obtains

dh
SPS

dt
¼ k

ads
ð1� h

SPS
ÞC

SPS
� k

inc
h
q

SPS
ð7Þ

at the planar metal/electrolyte interface.

SPS adsorption from the electrolyte

In an electrolyte containing a dilute SPS concentration,

the occurrence of disulfide adsorption is coincident with

displacement of the less strongly bound PEG-based

inhibitor. The adsorption or exchange process is assumed

to be described by irreversible Langmuir kinetics [42–44].
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The effective rate constant, k
ads

, is potential-dependent,

the rate increasing exponentially with overpotential g
according to

k
ads

¼ k
0
exp �

a
ads

Fg

RT

� �
: ð8Þ

The symmetry of the activation barrier, a
ads

, and the

pre-exponential term, k
0
, are determined by fitting the

experimental g–i curves on the planar substrates over the

range of SPS concentration [see for example Figure 1(b)].

The potential dependence requires further comment.

Potential-dependent halide adsorption, including

order–disorder phenomena, is well known [35], and it is

reasonable to surmise that the breakdown of the PEG–Cl

blocking layer might also be potential-dependent. In a

similar fashion, the composition and structure of thiols

and disulfides adsorbed on gold from simple electrolytes

have been shown to be potential-dependent [45]. In the

present case, it is also possible that the approach of SPS

to the electrode surfaces is screened by complexation with

Cu
þ
that is generated at the electrode. As noted earlier,

the equilibrium Cu
þ
concentration in the additive-free

system [i.e., Equations (1) and (2)] is of the order of about

400 lmol/L, and Cu
þ
is thought to form complexes with

all of the additives under consideration [19, 22, 27, 28].

According to Equation (2), the equilibrium Cu
þ

concentration decreases exponentially with potential, i.e.,

60 mV per decade of concentration. Thus, the increasing

rate of SPS adsorption with overpotential may partly

reflect the strong decrease in the interfacial Cu
þ

concentration that otherwise scavenges SPS (as well as

chloride, oxygen, etc.) as it approaches the interface.

Further work will be required to elucidate the relative

contributions of these processes to the potential

dependence of k
ads

.

Since the rate constant k
ads

increases rapidly with

overpotential, the adsorption process must eventually

become constrained at higher overpotentials by the

diffusion of SPS in the electrolyte, characterized by its

diffusion coefficient D
SPS

. The mass balance for catalyst

accumulation on the interface from the electrolyte is given

by

k
ads

ð1� h
SPS

ÞC
SPS

¼
D

SPS

C
0

ðC‘

SPS
� C

SPS
Þ

d
: ð9Þ

Rearranging the equation, one obtains the interface SPS

concentration,

C
SPS

¼
C

‘

SPS

1þ
k
ads

C
0
dð1� h

SPS
Þ

D
SPS

, ð10Þ

which is to be used in Equation (7).

SPS consumption

The stability of the catalyst is determined by its

propensity to remain segregated on the moving interface

rather than being incorporated into the growing deposit.

The partitioning of the adsorbate is determined from

the kinetics of copper deposition on SPS-derivatized

electrodes in an SPS-free PEG–Cl electrolyte. As shown

by the solid lines in Figure 4, the decaying current

transients associated with catalyst consumption can be

modeled as a higher-order reaction, i.e., with exponent

q . 1, in catalyst coverage [see Equation (7)]. This implies

significant lateral interactions between catalyst molecules

that might represent the first stage of copper sulfide

formation. The values of the reaction order q and the rate

constant k
inc

obtained from fitting the data are dependent

on the values of a
SPS

and i
0

SPS
; these are discussed later.

Transients from four different series of experiments were

fit to determine q and k
inc
. The former decreases with

potential and is modeled in Figure 5(a) as a linear

function,

q ¼ mgþ b: ð11Þ

The latter exhibits a more complicated potential

dependence, passing through a maximum near�0.1 V

[Figure 5(b)]. The potential dependence of the rate

constant is described by the generalized asymmetric peak

function,

k
inc

¼ B
d
þ A

expð�B
a
½gþ V

d
�Þ þ expðB

b
½gþ V

d
�Þ , ð12Þ

with the coefficients A, B
a
, B

b
, B

d
, and V

d
being

determined by fitting the data in Figure 5(b). As is evident

in Figure 5, significant dispersion exists between the

different series of experiments; at certain potentials,

values of k
inc

span an order of magnitude. Since

reproducibility within each series of experiments was

quite favorable, the source of dispersion is most likely

related to uncontrolled details of the derivatization

experiments, possibly including the effects of unintended

chloride co-adsorption in the different experiments. The

need for more refined data is evident, as the scatter in q

and k
inc

remains the chief impediment to a more precise

description of the deposition kinetics. Nevertheless, the

experiments provide an order of magnitude estimate of

the consumption parameters and, equally important,

reveal the potential dependence of the catalyst

deactivation process. The potential dependence

is arguably counterintuitive, since the maximum

deactivation rate occurs when the growth rate is low.

Interestingly, rotating ring-disc studies of copper

deposition reveal that the interfacial concentration

of solvated Cu
þ
intermediate goes through a maximum at

a small overpotential of about�0.02 V and falls below the

experimental background by about �0.15 V [22]. The
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similarities of the potential dependencies suggest that the

enhanced consumption process at small overpotentials

might be coupled with Cu
þ
activity at the interface.

Parameter selection and evaluation

The values for i
0

PEG
and a

PEG
are determined by fitting the

g–i and i–t data for deposition in catalyst-free electrolyte

containing PEG–Cl. As shown in Figure 6, the shape of

the voltammetric curve is reasonably well described by

i
0

PEG
= 0.016 mA/cm

2
and a

PEG
= 0.5. The value of a

PEG

is consistent with Cu
þþ
/Cu

þ
reduction being the rate-

determining step. No attempt was made to describe the

small peak evident at low overpotentials, nor the slightly

diminished current on the return sweep that is associated

with some relaxation of the PEG–Cl blocking layer.

Examination of the PEG–Cl i–t transient [Figure 2(a)]

revealed that the relaxation process is not complete

until about 400 s. This time-dependent increase of the

inhibition is all but lost in the 1200-s-long voltammetric

study, in which significant current is evident only after

100 s or more. However, the relaxation was clearly

relevant during the time frame of feature-filling

experiments. Correct analysis will require a robust

description of this relaxation process. For the purposes

of this paper, i
0

PEG
’ 0.03 mA/cm

2
, estimated from the

transient current values observed at 30 s [Figure 2(a)], was

used rather than the value, 0.016 mA/cm
2
, determined

from the g–i results. This is long enough for the

hydrodynamic boundary layer to be established, but

still short compared to the full relaxation time. This

choice has a negligible effect on the predicted long-time

behavior of the full SPS–Cl–PEG system while greatly

improving the simulation of the early-time i–t response.

Consistently, the dashed green curve in Figure 6 reveals

that the use of i
0

PEG
thus determined yields a reasonable

prediction of the peak current associated with the

relaxation observed at �0.14 V.

The value for i
0

SPS
was estimated by fitting the g–i curve

for copper deposition on an SPS-derivatized electrode in

the same PEG–Cl electrolyte. As seen in Figure 6, the g–i
curve exhibits a distinct peak at 0.05 V that reflects the

onset of significant consumption of the catalyst as

described above (see Figures 4 and 5). The magnitude

of the peak was found to effectively saturate for

(a) Incorporation reaction order and (b) adsorption rate constant vs. 
overpotential, as determined from fits to chronoamperometric 
transients (e.g., the solid curves shown in Figure 4). Four different 
data sets are denoted by color. The dashed green curves indicate the 
functional forms of the parameters used in the simulations of 
Figures 1(b) and 2(b).
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derivatization treatments of 60 s or longer in either

0.5-mmol/L SPS or 1-mmol/L MPS. Thus, the initial

derivatized catalyst coverage, h
SPS

, is taken to be unity in

those cases. The limited potential range prior to the onset

of significant consumption prevents an unambiguous

determination of the transfer coefficient a
SPS

and, thus,

i
0

SPS
. Nevertheless, working from the premise that the

copper deposition mechanism is largely unaltered by

adsorbed thiol, a
SPS

was initially constrained to be

between 0.4 and 0.6, which yields an estimate of 5.0 to

4.0 mA/cm
2
for i

0

SPS
. A more robust description was

obtained by noting that i
0

SPS
and a

SPS
exert a strong

influence on the magnitude of the consumption

parameters, k
inc

and q (Figure 5), which are derived

from fitting the current transients shown in Figure 4.

Iteratively fitting all of the voltammetry and

chronoamperometry data for SPS-derivatized electrodes

yields a set of values for i
0

SPS
, a

SPS
, k

inc
, and q that

simultaneously provide a good description of all of the

experimental results (see for example Figures 4 and 6).

With the parameters i
0

PEG
, a

PEG
, i

0

SPS
, a

SPS
, k

inc
(g), and

q(g) derived from experiments using either freshly

abraded or SPS-derivatized electrodes in catalyst-free

PEG–Cl, the hysteretic g–i data for the full SPS–PEG–Cl

electrolyte were used to fit the catalyst adsorption

parameters k
0
and a

ads
. The negative-trending

voltammetric sweep is particularly sensitive to the

adsorption parameters, while the saturated return scan

is dominated by the potential dependence of catalyst

consumption, k
inc
. The parameters and constants in

Table 2 (with the exception of the i
0

PEG
value discussed

earlier) were used to fit the chronoamperometry results

shown in Figure 2.

It should be noted that the parameters in Table 2 are

not unique. The scatter in experimental consumption

transients allows an equally good fit to the g–i and i–t

SPS–PEG–Cl data to be obtained using a range of k
inc

and q parameters, including even a fit of all of the

consumption transient using a potential independent q

value, e.g., q = 2.5. Further study and refinement of the

derivatization procedure should help clarify the source

of the experimental dispersion. It is also noteworthy

that certain combinations of parameters yield distinct

predictions for the catalyst evolution, and a variety of

surface-analytical experiments are underway to help

narrow the selection. Despite these uncertainties, a

correct description of the SPS–PEG–Cl system clearly

includes a deactivation process. This conclusion is

reinforced by multicycle voltammetry, in which the

potential dependence of adsorption, which is most

significant at large overpotentials, is convolved with

consumption that dominates catalyst evolution at

low overpotentials.

Multicycle voltammetry

As shown in Figure 7, repetitive potential cycling reveals

that the second and subsequent negative-trending sweeps

do not follow the path of the preceding return sweep

beyond �0.05 V. This is necessarily due to significant

deactivation starting by this overpotential. A steady-state

g–i response is generally attained by completion of the

second cycle, although the precise number of cycles

depends on the SPS concentration as well as other

parameters—switching potential, scan rate (not shown),

etc. The impact of the potential dependence of the

adsorption rate constant is most clearly revealed by

changes in the switching overpotential; the sweep rate

(1 mV/s) and total scan time (2,400 s) were held constant.

The high metal deposition rate that characterizes the

return sweep for a switching overpotential of�0.45 V is

not accessible if the sweep is reversed at less than�0.25 V.
Voltammograms at intermediate values are consistent

with this trend. These results demonstrate that the rate

of displacement of the inhibiting PEG–Cl layer by SPS

adsorption is an increasing function of overpotential;

voltammetric cycling to larger overpotentials permits

a larger increase in the catalyst surface coverage that

manifests as higher currents on the return sweep.

CEAC mechanism and feature filling

Movement of a nonplanar interface necessarily causes

changes in the local area that can affect its surface

chemistry. For example, on concave portions of an

advancing surface, the local area decreases during

growth. In a system saturated with two or more

adsorbates, this results in expulsion of the less strongly

bound surface species, either by desorption into the

electrolyte or by incorporation into the growing solid. In

a related way, expansion of the surface at convex portions

results in dilution of the existing adsorbates and opens up

new surface sites to competitive adsorption of electrolyte

species. Changes in the local coverage of the more

strongly bound adsorbate may be described as the

product of its local coverage, h
SPS

, curvature, j, and
interface velocity, m. A general statement of catalyst

evolution on the moving interface includes SPS

adsorption, consumption, and the area change effects

associated with the interface motion. These are denoted,

in order, by the terms on the right-hand side of the

equation,

dh
dt

¼ k
ads

ð1� h
SPS

ÞC
SPS

� k
inc
h
q þ mjh

SPS
: ð13Þ

For superfilling applications, the last term should

dominate system behavior. As outlined above,

electroanalytical and surface-analytical measurements on

planar electrodes, for which j ’ 0, allow the adsorption

and consumption parameters to be determined. Shape-
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Figure 7

Variation of the voltammetric switching potential, revealing the strong effect of potential-dependent adsorption and consumption of the catalyst.
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change simulations involve simply using the same

equation, with j being specified by the surface profile.

Superconformal deposition in trenches using

catalyst-derivatized electrodes

The most dramatic and unambiguous demonstration

of the CEAC mechanism is provided by superfilling

of submicrometer features in a two-step process that

involves derivatization of a patterned copper seed layer

with a submonolayer quantity of catalyst, followed by

copper plating in a catalyst-free electrolyte that contains

PEG–Cl [46].

Experiment

The interface evolution during feature filling was

examined for five different catalyst pretreatments.

Derivatization involved 30-s immersion of the patterned

electrode in a stagnant 1.8-mol/L H
2
SO

4
solution

containing 0.5, 5, 50, 500, or 1,000 lmol/L of the catalyst

precursor, either SPS or MPS, followed by rinsing with

water and drying with a tetrafluoroethane duster. Copper

deposition was performed at an overpotential of�0.25 V

in the SPS-free electrolyte. The specimens were plunged

into the electrolyte with the potential applied, and the

working electrode lead was immediately stabilized by

clipping to the side of the vessel, thereby allowing a

steady-state hydrodynamic boundary layer to develop

with deposition time. After plating for the indicated time,

the samples were cross-sectioned and ion-polished for

imaging in a field-emission scanning electron microscope

(FE–SEM). In the following discussion, specimens are

identified by the catalyst precursor concentration used

in the derivatization step.

Analysis of the filling images shown in Figure 8

reveals several distinct and important phenomena. The

acceleration of the deposition rate provided by the

disulfide (or thiolate) catalysts is evident from the

decrease in the feature filling time from approximately

200 s for specimens derivatized in 0.5-lmol/L SPS to

approximately 40 s for derivatization in 500-lmol/L SPS.

For the specimens derivatized in 0.5-lmol/L SPS,

deposition proceeds conformally and the surface

roughens with increasing film thickness. Eventually, this

results in void formation, when the sidewalls impinge and

a deep cusp forms above the trench. Identical behavior

was observed for substrates which had not been

derivatized, i.e., h
SPS

= 0 (not shown). For the 5-, 50-,

and 500-lmol/L SPS derivatizations, the initial increment

of growth is still effectively conformal. However, it

is followed by accelerated growth at the bottom

concave corners that is characteristic of the inception

of superconformal deposition. This yields the V-shaped

bottom profile visible in the specimens plated for 70 s,

40 s, and 20 s, following derivatizations in 5-, 50-, and

500-lmol/L SPS, respectively. Subsequently, catalyst

enrichment at the apex of the V-shaped bottom leads

to further acceleration and conversion to a flat-bottom

profile. Between 80 s and 100 s, the specimens derivatized

in 5 lmol/L exhibit rapid bottom-up filling, the hallmark

of the ‘‘superfilling process.’’ However, at about 130 s, the

sidewalls impinge just before the rapidly advancing trench

bottom reaches the top of the feature. In contrast, the

50-lmol/L specimens exhibit near-optimum superfilling

behavior, with rapid bottom-up filling occurring between

50 and 70 s with negligible sidewall motion. An inversion

of the growth front curvature is evident at 70 s, and by

Superfilling of trenches pretreated with catalyst prior to copper 
plating in a PEG–Cl electrolyte at �0.25 V. The conditions used for 
electrode derivatization are indicated.

Figure 8
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100 s a large bump is seen above the trench. For the

500-lmol/L SPS and 1-mmol/L MPS specimens, void

formation is clearly evident, this being more severe in

the latter case. These experiments provide the strongest

evidence that, in accordance with the CEAC mechanism,

superconformal filling of submicrometer features derives

chiefly from the evolution of a submonolayer quantity of

a surface-confined catalyst, rather than through transport

or chemistry within the electrolyte.

Simulation

Shape-change simulations based on the CEAC model

are shown in Figure 9. They were implemented using

an interface tracking code [10]. The electrolyte/metal

interface at different stages of filling is delineated using

contour lines that are colorized to reflect the local catalyst

coverage. With increasing coverage, the colors range

from orange (h
SPS

= 0) through yellow, green, blue,

and red (h
SPS

= 1). The simulations use the cupric ion

concentration at the surface that is reduced from the bulk

concentration consistent with mass balance between the

growing free surface and the cupric ion flux diffusing

across a fixed hydrodynamic boundary layer. The cupric

ion concentration is expressed as

C
Cu

þþ ¼ C
‘

Cu
þþ � dm

XD
Cu

þþ
; ð14Þ

where m is the surface growth velocity and X is the specific

volume of copper. Depletion within the trench is ignored;

the consequences of this are discussed below. The kinetic

parameters, given in Table 2, are identical to those used

to simulate the chronoamperometric results shown in

Figure 2. The initial thiolate coverages of the SPS-

derivatized electrodes, also required for the simulations,

can be estimated from surface-analytical measurements.
1

Derivatization for 30 s in 0.5-, 5-, 50-, or 500-lmol/L SPS

or 1,000-lmol/L MPS yields initial fractional catalyst

coverages of approximately 0.00054, 0.0054, 0.054, 0.44,

and 0.88, respectively, as shown in the corresponding

simulations in Figures 9(a) through 9(e).

Deposition in trenches with an initial catalyst coverage

of 0.00054 is predicted to be conformal, as shown in

Figure 9(a). Because of geometric leveling associated with

the sloping sidewalls, the trench is still predicted to be

filled in the absence of sidewall roughness and ignoring

the cupric ion depletion associated with the increasing

aspect ratio of the unfilled region. These latter effects

would be expected to result in the formation of an

occluded void such as that observed in the corresponding

experiment (0.5-lmol/L–30-s derivatization in Figure 8).

Increasing the initial catalyst coverage an order of

magnitude is predicted to result in superfilling behavior,

Simulations of feature filling using catalyst-pretreated electrodes. 
Interface motion is displayed using colorized contour lines to 
reflect the local catalyst coverage. Each simulation corresponds 
to a different initial catalyst coverage,  SPS: (a) 0.00054; (b) 
0.0054; (c) 0.054; (d) 0.44; and (e) 0.88 (comparable to the 
derivatization treatments specified in Figure 8). The feature- 
filling times corresponding to the last growth contour shown are 
(a) 177 s; (b) 113 s; (c) 85 s; (d) 39 s; and (e) 24 s. 
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as shown in Figure 9(b); enrichment of the catalyst begins

on the bottom corners, leading to significant acceleration

of the copper deposition rate and the formation of a V-

notch shape. Further enrichment accompanies the shape

transition from a V-notch to a flat bottom when the

opposing corners meet at the bottom. The higher catalyst

coverage leads to a marked increase in the upward

velocity of the bottom surface. Further increase in

catalyst collection on that surface continues through

accumulation of the catalyst previously adsorbed on the

sidewall area being eliminated by the rapid upward

motion of the bottom surface. The narrowed bottom

surface is predicted to escape the trench just before

impingement of the sidewalls. In practice, the very large

aspect ratio of the unfilled region during the final stages

of filling leads to significant cupric ion depletion that

might prevent filling. This would be consistent with the

cusped surface profile evident in the experimental results

for the 5-lmol/L SPS–30-s derivatized electrode shown in

Figure 8.

Increasing the initial catalyst coverage to 0.053 is

predicted to result in near-optimal superfilling behavior,

as shown in Figure 9(c). Enrichment at the bottom

corners leads to rapid formation of first the V-notch and

then the nearly flat bottom. As in the other simulations,

the advancing bottom surface accelerates further as it

collects catalyst from the eliminated sidewall areas.

The accelerating bottom surface also exhibits subtle

oscillations in shape associated with the continual

translation of catalyst from the sidewalls to the bottom

surface. The catalyst coverage approaches unity as the

bottom surface reaches the top of the trench. Further

deposition results in bump formation above the trench

that in practice is often referred to as ‘‘momentum’’

plating. From this point on, the expanding surface area

associated with the advancing convex section results in

progressive dilution of the local catalyst coverage. The

simulation also reveals the importance of catalyst dilution

on the convex corners at the top of the trench during an

earlier stage of feature filling; the decreasing deposition

rate on these sections permits greater access of Cu
2þ

to

the highly catalyzed bottom surface. This is a substantial

concern, for example, for the 50-lmol/L SPS–30-s sample

in Figure 8, where deposition in the field over the trench

is already proceeding at .50% of the diffusion-limited

current density. Significantly, this indicates that the

geometrically differentiated surface reactivity predicted

by the CEAC model can dominate feature filling even in

the presence of a substantial metal ion concentration

gradient that accompanies rapid metal deposition.

The colorized simulations of near-optimal superfilling

are particularly helpful in explaining the results of

postdeposition surface-analytical work on bumped

surfaces. Specifically, while the catalyzed bottom surface

can reach coverage values approaching unity during

filling, the bottom surface at this point has yet to reach

planarity with the free surface, rendering the geometry

beyond the scope of conventional quantitative surface

analysis. Similarly, when the feature is completely filled

and better suited for postdeposition analysis, dilution

effects associated with the increase in area (note the

convex surface geometry) result in a lateral variation in

catalyst coverage of only 0.2. Measuring such variations

in surface coverage at the submicrometer level is

nontrivial using most standard surface-analytical

tools, possibly explaining the lack of reports detailing

differences between the sulfur coverage on overfill bumps

versus the neighboring planar field.

Increasing the initial catalyst coverage to 0.42 or 0.88 is

predicted to result in a reversion to failure to superfill the

trench [Figures 9(d) and 9(e)]. For a starting coverage of

0.42, catalyst enrichment on the advancing concave

corners approaches unity, and a V-notch geometry is

rapidly established in agreement with the experiment

on the 500-lmol/L–30-s derivatized SPS electrodes

(Figure 8). The simulation gives a clear visualization

of the reason why the CEAC mechanism nonetheless

fails to fill this feature. Specifically, even with near-

saturation coverage attained on the advancing concave

corners, the coverage on the bottom surface cannot

exceed 2.5 times the starting coverage on the sidewalls.

With further increases in the differential deposition

rate being impossible, the sidewalls impinge before

the bottom surface is able to escape the trench.

For an initial catalyst coverage of 0.88, the deposition

rate is predicted to be effectively saturated near the start

of metal deposition, with geometrically driven changes in

catalyst coverage on the concave surfaces being minimal

[Figure 9(e)]. Deposition within the trench proceeds

conformally, although motion of the top convex corners

of the trench is inhibited because of catalyst dilution

effects described earlier.

Though not modeled here, significant depletion of the

Cu
þþ

ion within the trench is expected at the high catalyst

coverages attained with the 500-lmol/L SPS–30-s and

1-mmol/L MPS–30-s derivatized specimens. Such

depletion yields a gradient in the sidewall deposition rate,

with faster deposition occurring at the top of the feature

[12]. This results in earlier impingement at this location

and void formation such as that observed in both

experimental specimens (Figure 8) rather than the seams

predicted in Figure 9. These impingement events can also

lead to the formation of a new concave surface above the

impinged sidewalls, such as that visible in Figure 9(e), at

which catalyst enrichment (and dilution once the surface

inverts) can again occur through the CEAC mechanism.
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Superconformal deposition in an SPS–PEG–Cl

electrolyte

In conventional damascene processing, electroplating is

performed in an electrolyte containing both an inhibitor

and a catalyst. Galvanostatic control is used in many

commercial processes, and programs implementing

controlled variation of current (e.g., current stepping,

with lower starting currents) have also been implemented.

The direct objective of such a process is repair of seed

layers prior to superfilling. Nonetheless, it should be

recognized that such growth programs can also result in

uptake of adsorbed catalyst prior to significant metal

deposition in a manner analogous to the electrode-

derivatization experiments described in the previous

section.

In contrast to industrial practice, potentiostatic

regulation was used for this study. This avoids the

ambiguity of interpreting the spatially varying current

distribution within the filling features that is inherent in

the superfill process, and permits unambiguous control

of the reaction supersaturation and associated surface

chemistry. Trench- and via-filling experiments were

performed by immersion of wafer fragments in the SPS–

PEG–Cl electrolyte containing 6.4-lmol/L SPS with the

�0.25 V growth potential already applied. The experiments

are compared with shape-change simulations.

Trench-filling experiments

Interface evolution during copper deposition in trenches

of differing aspect ratio is shown in Figure 10. The

substrates were silicon wafer fragments that had been

patterned using standard electron beam lithography of

spin-coated PMMA and coated with a copper seed layer

using electron beam evaporation. The trenches were about

400 nm in height and 350, 250, 200, 150, and 100 nm

in width, corresponding respectively to aspect ratios of

1.14, 1.67, 2.0, 2.67, and 4.0. Each specimen contained six

groups of this five-trench pattern, and each specimen was

repolished and examined by FE–SEM three times;

in combination this provided a total of eighteen cross

sections of each size feature for analysis, allowing a

preliminary assessment of repeatability. In contrast

to the electroanalytical experiments, these specimens

were suspended in the electrolyte by hand during

metal deposition. As a consequence one would not

expect a steady-state boundary layer to form, owing to

uncontrolled specimen motion. Nevertheless, the images

of Figure 10 reveal a sequence of interface morphologies

that are quite similar to those observed in the

derivatization experiments and simulations shown in

Figures 8 and 9, respectively.

Examination of the deposition in the 350-nm-wide

trench at 25 s reveals the development of a 458 slope at the

bottom corners, the earliest stage of superfilling. By 30 s

the 458 corner segments have reached one another at the

bottom, forming a V-notch. This is followed by the

creation and subsequent rapid advance of a new bottom

surface that is approaching the field by 40 s. Continued

growth reveals an inversion of curvature over the feature

by 50 s and significant bump formation above the trench

by 70 s.

Temporal evolution of the 250-nm feature is

qualitatively similar. The movement of the catalyst-

enriched bottom surface between 30 s and 35 s is more

rapid, transiting almost half the trench height in this

period. Only minor sidewall motion is evident. The same

transition appears to have occurred in the 200-nm-wide

trench between 25 s and 30 s. Shorter deposition times

are required to assay the filling of the small features.

SEM images of shape evolution accompanying trench filling. The 
trench widths are 350 nm, 250 nm, 200 nm, 150 nm, and 100 nm 
from left to right. For these processing conditions, robust super-
filling was limited to an aspect ratio of less than 2.

Figure 10

70 s

50 s

40 s

35 s

30 s

25 s

1    m�

T. P. MOFFAT ET AL. IBM J. RES. & DEV. VOL. 49 NO. 1 JANUARY 2005

32



Nonetheless, examination of the full array of specimens

reveals several voids in the finer features, one of which is

visible at the top of the 200-nm-wide trench. This suggests

that superfilling occurs only in trenches with an aspect

ratio �2 for these conditions.

The time-dependent filling of the full range of feature

sizes is summarized in Figure 11 by plotting the height

of the trench bottom on the midline of the feature as a

function of the deposition time. The error bars represent

the standard deviation of the measurements on the

eighteen specimens.

Simulation of trench filling

The morphological evolution accompanying trench

superfilling during concurrent catalyst accumulation

and copper deposition (Figure 10) is qualitatively

indistinguishable from that observed during the filling of

specimens that were derivatized with catalyst prior to

copper deposition (Figure 9). Shape-change simulations

were obtained by implementing the CEAC mechanism

using the kinetics parameters required by Equations (4)

and (7), as well as the supporting equations, from Table 2

(with the exception that bulk concentrations were

presumed to exist at the interface because of the

uncontrolled specimen motion during the experiments).

The predicted time-dependent heights of the trench

bottoms on the midlines of the features are overlaid on

the experimental data points in Figure 11. A vertical

trajectory is synonymous with seam or void formation.

Good agreement with the experiments is evident, although

the simulations indicate that the threshold aspect

ratio for superfilling is close to 1.6, while experiments

suggest reliable filling up to an aspect ratio of 2.

Via-filling experiments

Deposition in vias, unlike trenches, is a three-dimensional

problem by virtue of the nonzero curvature of the

cylindrical sidewalls [47]. Filling experiments were

therefore conducted on cylindrical vias 1.15 lm deep with

diameters of 0.44 lm and 0.62 lm at the bottom and top,

respectively. This geometry corresponds to a 4.58 slope of

the sidewalls from the vertical. The wafer fragments were

immersed with the�0.25-V overpotential applied and were

immediately clipped to the side of the electrochemical cell

in order to allow the hydrodynamic boundary layer to

develop. Further experimental information is available

elsewhere [47]. FE–SEM images of the via filling are

shown in ten-second increments in Figure 12. Deposition

Trench-filling experiments compared with shape-change 
simulations by tracking the evolving interface position along the 
trench centerline. A vertical transition, such as is evident at   15 s 
for trenches with an aspect ratio of 4, indicates seam or void 
formation.

Figure 11
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is essentially conformal for the first 60 seconds, with

acceleration of the bottom surface by approximately

70 s and complete superconformal filling of the via by

approximately 90 s. The filling process is summarized

in Figure 12 by plotting the height of the deposit along

the centerline of the via as a function of deposition

time.

Simulation of via filling

The interface tracking code was used to simulate filling

of the via. As with the trench simulations, depletion

across the boundary layer is accounted for through

Equation (14), and depletion within the feature is

ignored. The solid curve in Figure 13 corresponds

to the predicted height of the via bottom on the

centerline of the via. Agreement is excellent, especially

considering the neglect of mass-transport-derived

depletion of cupric ions within the via.

The filling contours inset in Figure 13 agree with the

evidently robust bottom-up filling in the experiment

shown in Figure 12. Interestingly, simulation for a

vertical sidewall geometry indicates marginal superfilling,

with the bottom surface only barely escaping from

imminent sidewall impingement (not shown). This can be

seen qualitatively through comparison of the sidewall

thickness at the top of the feature prior to completion

of feature filling with the width at the bottom of the

feature. Thus, sidewall tilt substantially affects the

observed behavior.

Summary
A quantitative connection between standard

electroanalytical measurements on planar electrodes and

superfilling of submicrometer features with copper has

been developed. Voltammetry and chronoamperometry

were used to quantify the effects of additive adsorption

and consumption on copper deposition kinetics. The rate

constants for both processes were found to be potential-

dependent. The determined kinetic parameters were the

only inputs for a CEAC-based code used to simulate

feature-filling experiments. There were no adjustable

parameters in the feature-filling simulations. The

simulations were found to be in good agreement

with three different types of feature-filling experiments.

Electrode derivatization was seen to be a powerful tool

for understanding the influence of individual electrolyte

additives. In particular, superfilling was demonstrated

using patterned specimens that had been pretreated with

a submonolayer quantity of catalyst, then plated with

copper in a catalyst-free electrolyte. The agreement

of shape evolution in feature-filling simulations with

experimental results was just as good for those specimens

as for samples filled in a single electrolyte containing both

catalyst and suppressor. This work indicates the central

role of catalyst surface chemistry in establishing the

differential reactivity required for submicrometer-feature

superfilling, demonstrating that solution-phase transport

and/or homogeneous chemistry play at most only a

secondary role in the experiments examined.
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