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Superfilling When Adsorbed Accelerators Are Mobile
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Bottom-up superconformal feature filling during electrodeposition, called “superfilling,” that is used for industrial processing of
damascene copper interconnects has also been demonstrated during electrodeposition of silver and gold. The curvature enhanced
accelerator coverage �CEAC� mechanism has been proposed to underlie all three processes and has been used to quantitatively
predict observed filling of patterned features. The key feature of the CEAC mechanism is redistribution of adsorbed additives
through changes of local surface area as dictated by mass conservation and the relative strengths of adsorption. Previous studies
of CEAC-mediated superfilling have neglected adsorbate diffusion along the surface that might arise during deposition due to the
CEAC-induced gradients in surface coverage. This paper extends the CEAC model to include such diffusion, applying the
resulting formulation to understand differences in the geometries of experimental superfilling systems.
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Bottom-up deposition in fine trenches, called “superfilling,”1 un-
derlies industrial processing of damascene copper interconnects for
microelectronics. The process, which occurs during electrodeposi-
tion in electrolytes containing specific combinations of additives,
has also been demonstrated during electrochemical deposition
�ECD� of silver2-6 and gold7,8 �see Fig. 1�, as well as during
additive-accelerated chemical vapor deposition �CVD� of copper.9-14

Several mechanisms have been invoked to explain the superfill pro-
cess during Cu ECD. These include variations of the traditional
leveling model that presumes depletion of a deposition rate sup-
pressing additive within the filling feature,1,15-17 models that invoke
equilibrium with competitive adsorption of accelerating and sup-
pressing additives,18 models that relate area change to the changing
coverage of accelerating and suppressing adsorbates in combination
with equilibrium-like relationships,19 and models that relate area
change to the changing coverage of accelerating adsorbates that ei-
ther accumulate under interface or transport limits or are adsorbed
prior to metal deposition.20,21 These last models, based on the cur-
vature enhanced accelerator coverage �CEAC� mechanism, predict
that an electrolyte-additive system can yield superfill if the additive
accelerates the deposition rate when it adsorbs on the deposit surface
and remains on the surface during deposition. Under these circum-
stances the CEAC mechanism predicts that the decreasing area of
the metal surface at the bottoms of filling features will lead to lo-
cally increasing coverage of the adsorbed accelerator, which will
lead to increased local deposition rate and bottom-up, superconfor-
mal growth �superfilling�. CEAC models use only kinetics obtained
from studies on planar substrates; no additional parameters are used
for simulating feature filling or more general interface evolution.

Superfilling is distinct from “leveling” that arises from, e.g., spa-
tially varying suppression due to a �consumption-induced� vertical
gradient of rate-suppressing additive within the electrolyte in the
filling feature. Although such a process has recently been described
for Au deposition in micrometer-size trenches,22 leveling is typically
associated with larger length scales because of the underlying
diffusion-consumption balance for the additive within the electro-
lyte. Leveling-induced superconformal deposition processes do not
exhibit desirable accelerated upward motion of a flat bottom within
the filling feature or undesirable formation of a bump over the filled
feature, both traditional hallmarks of superfilling processes.

CEAC-based models quantitatively predict the evolving shape of
the growth front in superfilling features for Cu,20,21,23 Ag,2-4 and Au8

superfill by ECD as well as Cu12,13 superfill by CVD. As shown in
Fig. 2, CEAC models predict the bottom-up filling of Fig. 1 as well
as bumps observed over superfilled features.3,13,20,23 They also pre-
dict the inception of deposition at the lower corners of the filling
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feature; associated discontinuities of the surface slope such as the
right angle between the sidewalls and bottom surface shown during
bottom-up filling are visible in the simulations of Fig. 2. The pre-
dicted deposition, beginning at the lower corners and followed by
bottom-up growth from the resulting “corner” on the midline of the
trench, also capture experimental results during concurrent catalyst
accumulation and Cu deposition �Fig. 3a�; the experimental surface
exhibits all the discontinuities of slope found in the prediction and
experiment for preadsorbed catalyst �Fig. 1a and 2�. In contrast, the
surfaces of the Au deposit in Fig. 1c are rounded; there are no
discontinuities of slope. The Ag geometry exhibits rounded bottoms
as deposition progresses �Fig. 1b�; results for Ag deposition with
concurrent catalyst accumulation �Fig. 3b� also exhibit rounding
rather than sharp corners.

It has been suggested that rounding of the Au deposit at the
bottoms of the filling trenches might be due to diffusion of adsorbed
accelerator along the surface during filling.8 Such a proposal is not
unreasonable in light of the comparatively long deposition times and
small feature sizes, as well as the high mobility that might be ex-
pected for the low coverage of an underpotential-deposited metal
such as the Pb accelerator. This work seeks to quantify the impact of
such adsorbate diffusion on superfilling processes. The analysis is
done in the context of the CEAC mechanism of superconformal film
growth.

Implementing Surface Diffusion in the CEAC Mechanism

Quantitative modeling of superfill through the CEAC mechanism
requires establishing the forms and parameters of two principal
equations. The first equation quantifies the relationship between ad-
sorbate coverage and metal deposition rate �i.e., current density in
electrodeposition�. The second equation quantifies the change of the
adsorbate coverage in terms of the evolution of the deposit geom-
etry. With boundary conditions derived from consistency of metal
and adsorbate accumulation at the deposit surface with transport
from the electrolyte, these two equations allow for quantitative pre-
diction of feature filling.

A linear form is used for the deposition rate-adsorbate coverage
relationship

v��� = A + B� �1�

where � is the coverage of adsorbed accelerating additive and cannot
exceed unity. General Butler-Volmer relationships for the current
�metal deposition rate� on surfaces with multiple adsorbates can be
expressed in this form as long as the deposition rate is linear in the
coverages of the adsorbates. Although not stated explicitly in this
form, the deposition rate is typically presumed to scale with the



ecime

D209Journal of The Electrochemical Society, 154 �4� D208-D214 �2007� D209
concentration of the metal ion in the adjacent electrolyte. While the
deposition rate can be explicitly stated in terms of concentration
fields as a function of position within the filling feature,8,20,23,24 for
submicrometer-size features the concentration generally differs little
from that at the top of the feature. For most of this evaluation it is
assumed that the concentration of metal ion within the filling feature
is uniform, being related to the bulk concentration by diffusional
transport across the boundary layer; the parameters A and B for Eq.
1 are obtained from the deposition kinetics multiplied by the scaled

Figure 1. Images of �a� copper, �b� silver, and �c� gold superfill. The copper
different adsorbate coverages �upper/lower row� as functions of deposition
trenches with two different adsorbate coverages �upper/lower row� as function
filling of two trenches of different width �left/right column� as a function of
straight edges. The Ag filling sequences exhibit corners at the earliest tim
substantial rounding at all times. Details concerning the processing of the sp
metal ion concentration thus obtained for disclosed superfilling pro-
cesses. For Au filling modeled in this study, metal ion depletion
reduces A and B of Eq. 1 by only a few percent from their interface
kinetic limited values because the deposition rates considered are
well below the maximum rate possible at the transport limit of the
Au ions in solution. On the other hand, A and B for Cu filling are
reduced by a factor of 2, as the associated deposition rates are ap-
proximately half the transport limit in the steady state.

fill is excerpted from Fig. 8 of Ref. 23; it shows filling of trenches with two
The silver superfill is excerpted from Fig. 2 of Ref. 5; it shows filling of
eposition time. The gold superfill is excerpted from Fig. 5 of Ref. 8; it shows
ition time. The Cu filling sequences are characterized by sharp corners and
h rounding evident in subsequent images. The Au filling sequences show
ns can be found in the respective references.
super
time.
s of d
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The equation describing the evolution of adsorbate coverage on
the moving surface is written

d�

dt
= �v� + D

�2�

�s2 �2�

The first term on the right side imposes mass conservation when
area changes through motion of the interface; it expresses the nor-
malized rate of area change in terms of the local curvature � and the
normal velocity v, thereby accounting for compression or dilation of
the adsorbate coverage during deposition on nonplanar surfaces
�� � 0�. This term underlies the superfill phenomenon and gives the
curvature-enhanced accelerator coverage mechanism its name. The
second term is newly introduced and accounts for diffusion of ad-
sorbate along the surface arising from gradients of coverage along

Figure 2. CEAC predictions of superfill. The simulations are excerpted from
Fig. 9 of Ref. 23; the left �right� simulation corresponds to the upper �lower�
filling sequence in Fig. 1a. The modeling conditions can be found in the
referenced work. Gray scale is indicative of coverage of adsorbed accelerator
�darker for higher coverage�, except where crowding of contours leads to
unintentional contrast.

Figure 3. Images excerpted from �a� Fig. 10 of Ref. 23, showing seque
accumulation, and �b� Fig. 8 of Ref. 4, showing partially filled vias from
associated with the Cu superfill process vs the rounding where the sidewalls m
in the source publications.
the surface. It is derived by assuming that the flux of adsorbate
along the surface �position defined by the arclength s� is propor-
tional to the gradient of coverage �i.e., Fickian diffusion�, and the
divergence of the flux yields the rate of accumulation; the propor-
tionality constant is the diffusion coefficient D. This expression is
appropriate for a geometry that can be solved in two-dimensional
form, e.g., a trench; it would be replaced by D�s

2�, where �s
2 is a

Laplacian operator on the surface, for general three-dimensional ge-
ometries.

Equation 2 does not include terms for accumulation and con-
sumption of the accelerating adsorbate that are found in many pre-
viously published CEAC models. Accumulation is ignored in this
work, as it models experiments with substrates “derivatized” with
accelerator prior to metal deposition, consistent with the experimen-
tal processes for the Cu, Ag, and Au superfill in Fig. 1; there is no
accelerator in the electrolyte for accumulation during the metal
deposition process. The utility of this approach for understanding
and improving superfilling has been demonstrated previously for
electrodeposition of Cu, Ag, and Au and chemical vapor deposition
of Cu. Consumption is ignored because its impact on filling geom-
etry is generally small under conditions where the superfill dynamic
is dominant. The derivatization process permits superfill to com-
mence immediately upon the start of metal deposition, without an
“incubation period” of conformal growth, and allows filling of
higher aspect ratio features than can be filled if accelerator and
metal accumulate simultaneously.24 Expressions for accumulation
and/or consumption can be added to the right side of Eq. 2 if their
inclusion is desired.

Modeling and Experimental Results

Superfill of a trench of width w and height h was modeled using
Eq. 1 and 2 assuming uniformly distributed accelerator coverage �o
at the start of metal deposition. The results are plotted for nondi-
mensional combinations of variables to increase their generality. To
obtain these combinations, Eq. 1 and 2 were nondimensionalized by

superfilling of trenches during Cu deposition concurrent with accelerator
position concurrent with accelerator accumulation. Note the sharp corners
e bottom surface of the Ag-filled feature. Processing conditions can be found
ntial
Ag de
eet th
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scaling all dimensions by the trench width w, scaling growth veloc-
ity by that associated with deposition on the planar surface with the
initial accelerator coverage �o, i.e., scaling by vo = A + B�o, and
scaling time by the ratio w/vo. This yields the following definitions
of the dimensionless variables

w � w̄w → w̄ = 1

h � h̄w

� � �̄/w

s � s̄w

v � v̄�A + B�o� � v̄vo

t � t̄w/vo �3�

where the dimensionless variables have the bars over them. The
adsorbate coverage � is already dimensionless, being equal to the
ratio of actual coverage and the maximum possible coverage �i.e.,
one monolayer or some fraction thereof�.

With the definitions found in Eq. 3, the deposition rate-coverage
relationship in Eq. 1 becomes

Table I. Parameters for Cu superfill in Fig. 1a; coverage and
kinetics from Fig. 9 and Table II, respectively, of Ref. 23. Kinetics
for the suppressed surface are those for the “relaxed” case (i-�
value). The coverage corresponds to that for the bottom filling
sequence in Fig. 1a. Values of both A and B are reduced by a
factor of two from values obtained from kinetics in Ref. 23 be-
cause of metal ion depletion expected at the surface during depo-
sition on a planar substrate.

�o 0.054
A, �m/s 7.2 � 10−4

B, �m/s 3.9 � 10−2

w, �m 0.5
h, �m 1.0

Table II. Parameters for Au superfill shown in Fig. 1c; coverage
and kinetics from Ref. 8. The width is that of the wider trenches
(left side of Fig. 1c) at midheight.

�o 0.15
A, �m/s 4.8 � 10−5

B, �m/s 9.8 � 10−4

w, �m 0.15
h, �m 0.3
v̄ = 1 +
� − �o

A/B + �o
�4�

The adsorbate evolution expression in Eq. 2 becomes

d�

dt̄
= �̄v̄� +

D

w�A + B�o�
�2�

�s̄2 �5�

for filling of a trench of width w̄ = 1 and height h̄ = h/w with initial
accelerator coverage �o. There are four dimensionless quantities re-
quired to fully define the dimensionless problem: the trench aspect
ratio h/w, the initial adsorbate coverage �o, and the ratios A/B and
D/w�A + B�o�, the last of which can be written shorthand as D/wvo.
The inverse of the ratio A/B conveys the impact of changing adsor-
bate coverage on the deposition rate given starting coverage �o.
Tables I and II, obtained from kinetics disclosed for Cu23 and Au8

superfilling electrolytes, yield B/A of 54 for Cu and 20 for Au �cur-
rent industrial Cu superfilling electrolytes likely exhibit a higher
B/A ratio�. The ratio D/wvo reflects the relative impacts of surface
diffusion and area change and is the focus of this work. Specifica-
tion of two additional parameters, e.g., w and A, permits modeling
of absolute length and time scales of the six-parameter �h, w, �o, A,
B, and D� fully dimensional problem if such is desired.

Figure 4 shows simulations for the parameters in Table I, which
are appropriate for the Cu superfill in the second row of Fig. 1a.
Simulations are shown for values of D/wvo where insignificant dif-
fusion occurs during feature filling �D/wvo = 0.01�, consistent with
previous CEAC modeling, through filling that is nearly dominated
by surface diffusion �D/wvo = 10� for which the solution is ap-
proaching conformal filling as surface diffusion overwhelms the
ability of area change to nonuniformly redistribute adsorbed accel-
erator. For the parameters in Table I, the modeled D/wvo values
correspond to surface diffusion coefficients D for the accelerator
ranging from 10−13 cm2/s to 10−10 cm2/s.

Figure 5 shows simulations for the parameters in Table II, appro-
priate for the Au superfill in the wider trench of Fig. 1c. Taking
account of the smaller w and vo values, the values of D are more
than an order of magnitude smaller than those for the simulations in
Fig. 4 with the same D/wvo, i.e., surface diffusion is predicted to
become significant at a smaller value of D for the Au system oper-
ated under the given deposition conditions.

Surface diffusion of the adsorbed accelerator, by reducing spatial
gradients of adsorbate coverage, works against the CEAC-induced
variations that underlie superfill. Comparison of the growth contours
in Fig. 1a �and Fig. 3a� with the simulations of Fig. 4 indicates that
D/wvo � 0.01 for the Cu superfilling system. Using the feature di-
mensions and deposition kinetics summarized in Table I, this yields
an upper bound of D � 10−13 cm2/s for diffusion of the adsorbed
Na2�SO3�CH2�3S�2 �SPS� accelerator on the deposit surface in the
cited Cu superfill experiments. Based on the modeling results, it will

Figure 4. Predicted Cu superfilling of a
trench of aspect ratio 2 for parameters
from Table I and dimensionless diffusion
coefficient D/wvo �left to right�: 0.01, 0.1,
1.0, and 10. Small but nonzero D/wvo re-
sults in rounding of the corners, while in-
termediate values cause cusplike filling
similar to that typical of leveling. Filling
is nearly conformal at the highest D/wvo
value.
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take substantially smaller features �w� to make surface diffusion
significant for this electrolyte-adsorbate system �D� and deposition
rate �vo�.

The curved bottom-to-cusp-like filling predicted in Fig. 4 for
D/wvo in the range from 0.1 to 1 �for which adsorbate diffusion is
becoming significant� resembles the Ag filling geometries of Fig. 1b
at intermediate times �and Fig. 3b�. This suggests that diffusion of
the adsorbed Se accelerator in the Ag superfilling system is substan-
tial for the experimental conditions used. While the modeled kinet-
ics are not those for the Ag filling �for which a robust kinetic de-
scription is not available�, the similarity of feature size and filling
time with the lower Cu fill sequence in Fig. 1a suggests use of the
kinetics and coverage listed in Table I. Using w = 0.3 �m �from
Fig. 1b� with the kinetics and coverage from Table I and D/wvo of
order 0.1–1.0 yields D of the adsorbed accelerator of order
10−12–10−11 cm2/s for the conditions studied. The limited spatial
extent of the rounded corners and remaining flat bottom of the via
filled with Ag using concurrent Se accelerator accumulation shown
in Fig. 3b suggest that surface diffusion is just becoming significant
for these deposition conditions; the rounding limited to corners is
similar to that shown in Fig. 4 for D/wvo = 0.1 �surface diffusion
just becoming significant�, albeit the simulation is for a different
geometry and materials system.

Comparison of the rounded bottoms of the growth contours in
the Au superfill of Fig. 1c with the simulations in Fig. 5 suggests
D/wvo of the adsorbed accelerator is also of order 0.1–1.0. Using
the feature dimensions and deposition kinetics in Table II, this sug-
gests that D is of order 10−14–10−13 cm2/s for the adsorbed Pb ac-
celerator in the Au superfill experiments; this value is smaller than
that determined for the Ag case because vo for the Au is smaller
�manifesting in substantially longer deposition times� as is w. Based
on Fig. 5, if higher deposition rates could be achieved, surface con-
tours would be expected to show the sharp corners exhibited by the
Cu superfilling system.

Figure 6 uses the Cu deposition kinetics in Table I to examine the
impact of surface diffusion on the maximum aspect ratio of trenches
that can be successfully filled. Specifically, Fig. 6 indicates whether
the deposit on the bottom surface reaches the height of the patterned
trench before the deposits on the sidewalls impinge there. Because
superfill through the CEAC mechanism derives from increased ac-
celerator coverage on the bottom surface of the filling feature, one
might expect that transfer of accelerator back to the sidewalls by
surface diffusion would always be detrimental to superfill. However,
the nonzero diffusion of adsorbed accelerator also leads to deposi-
tion rates increasing down the sidewalls so that angled sidewall
deposits develop even in trenches with vertical sidewalls, and geo-
metrical leveling through “zipping” up of the feature facilitates fill-
ing of higher aspect ratio features. This effect is evident in Fig. 7,
which shows the simulations corresponding to filling of a trench of
aspect ratio 4 for four different values of D/wvo �values indicated on
Fig. 6 by black dots�. Limited diffusion of the adsorbed accelerator
is thus predicted to be quite beneficial.

The variable thickness of the sidewall deposits predicted for su-
perfilling processes with moderately mobile adsorbates �see, e.g.,
Fig. 4 and 5 for D/wvo of order unity� resembles that typical of
deposition in leveling systems. The similarity is coincidental; the
thickness variation in leveling occurs because the concentration gra-
dient of deposition rate-suppressing leveler within the feature in-
duces spatially varying coverage of adsorbed suppressor as opposed
to the spatially varying coverage of adsorbed accelerator that results
from the interplay of surface diffusion and the CEAC mechanism in
this work. The bump that forms over features after superfilling is
also predicted to shrink with increasing mobility of the adsorbed
accelerator �Fig. 4 and 5�, substantially reducing, even eliminating,
what is frequently the only post-facto evidence that a feature was
filled by a superfilling process.a In light of this “blurring” of the line
between the geometries of features that have been filled by super-
filling vs leveling processes, experimental studies should include
time-dependent filling to provide evidence to support statements of

a Area decreases more rapidly within filling vias than within filling trenches under
the same deposition conditions; one might therefore expect via filling to maintain
CEAC induced effects such as bump formation over a correspondingly wider range
of conditions. In fact, the only overfill bumps observed in silver �or gold� super-
filling studies were found over Ag filled vias �Fig. 3 of Ref. 3 and Fig. 7 of Ref. 4�.

Figure 6. The maximum aspect ratio compatible with seam-free trench fill-
ing for kinetics of Cu superfilling from Table I is indicated as a function of
the dimensionless diffusion coefficient D/wvo. All other parameters are held
constant. Limited mobility of the adsorbate is seen to improve filling; it does
so by creating tilted deposits on the sidewalls that permit geometrical level-
ing. Fine features along the curve are artifacts of resolution-induced uncer-
tainty in the filling simulations.

Figure 5. Predicted Au superfilling of a
trench of aspect ratio 2 �based on trench
width at midheight� for parameters from
Table II and dimensionless diffusion coef-
ficient D/wvo �left to right�: 0.01, 0.1, 1,
and 10. Small but nonzero D/wvo results
in rounding of the corners, while interme-
diate values cause cusplike filling similar
to that typical of leveling. Filling is nearly
conformal at the highest value of D/wvo;
filling by geometrical leveling continues
indefinitely as D/wvo increases because of
the 6° tilt of the sidewalls �chosen to be
consistent with the experimental images in
Fig. 1c�.
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filling mechanism and permit meaningful interpretation of filling
results �a point that these authors have made before�.

Figure 6 predicts filling for some extremely narrow, high-aspect-
ratio geometries where transport, were it accounted for, would likely
lead to void formation rather than successful filling. Evaluating the
�presumably negative� impact of the resulting metal ion depletion on
the increased range of filling conditions obtained for nonzero sur-
face mobility is beyond the scope of this paper.

Although not studied here, finite adsorbate diffusion along the
deposit surface might be expected to impact stabilization of planar
deposits against roughening provided by the CEAC mechanism,25,26

a concern for processes that utilize �knowingly or otherwise� such
stabilization to obtain smooth deposits.

Conclusions

The CEAC mechanism has been extended to account for diffu-
sion of accelerating adsorbates along the surface of the deposit in
response to CEAC-induced gradients of coverage. Results indicate
that the disclosed Cu superfill process is not substantially affected
by surface mobility of adsorbates, while the disclosed gold superfill
process is significantly impacted by adsorbate migration. While no
modeling was performed, evidence suggests that the disclosed silver
superfill process is also impacted by significant diffusion of the ac-
celerator along the surfaces upon which it is adsorbed. Based on
comparison of simulation and experiment, an upper bound was sug-
gested for the diffusion coefficient of adsorbed SPS accelerator in
the superfilling Cu electrolyte; approximate values were suggested
for the diffusion coefficients for adsorbed Pb accelerator in a super-
filling Au electrolyte and adsorbed Se accelerator in a superfilling
Ag electrolyte. Modeling predicts a beneficial impact on feature
filling of limited adsorbate mobility and a detrimental impact of
excessive mobility. While diffusion of accelerating adsorbates along
the deposit surface works against enrichment on the bottom surface
of filling features through the CEAC mechanism of superfilling, the
simulations indicate that limited diffusion can be beneficial for fill-
ing because it creates tilted sidewalls compatible with geometrical
leveling. The spatial extent of diffusional redistribution of the accel-
erator from eliminated surface area increases with D/vow, resulting
in increasing tilt of the sidewall deposits up to and beyond the length
scale of the trench height and an associated increase of the aspect
ratio that can be filled seam-free. Increase of D/vow beyond �10
leads to redistribution of the displaced accelerator over such a large
spatial extent that the gradient of coverage along the sidewall begins
to decrease, causing reduced tilt of the sidewall deposits and a rapid
reduction to the 0.5 maximum value expected for seam-free, confor-
mal filling.

Significantly, current-voltage �voltammetry� and current-time
�chronoamperometry� metrologies23 that have been shown to be ex-
tremely effective for quantifying the impact of adsorbates on metal
deposition rates and adsorbate accumulation and consumption kinet-
ics for prediction of superfilling are not affected by surface diffu-
sion; these metrologies utilize surfaces with uniform coverage of
adsorbate. As a result, they are unable to provide guidance on ad-
sorbate mobility. Based on the results presented in this work, it is
clear that quantification of such surface transport is already neces-
sary for understanding superconformal, and more specifically, super-
filling, processes and will become increasingly important as features
continue to shrink.

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