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Abstract

The impact of adjacent patterned zones with different active area densities on the current density and electrodeposited
layer thickness distribution over a wafer substrate is examined, both by experiment and numerical simulation. The
experiments consist in running an acid copper plating process on the patterned wafer, and layer thickness measure-
ments by means of X-ray fluorescence (XRF) and atomic force microscopy (AFM). The simulations are based on a
potential model approach taking into account electrolyte ohmic drop and electrode polarization effects, combined to a
boundary element method (BEM) approach to compute the current density distribution over the electrodes. Experi-
mental and computed layer thickness distributions are in very good agreement.

1. Introduction

The implementation of electrochemical deposition in
various microfabrication technologies and the proceed-

ing miniaturization of feature sizes in microelectronics,
sensor and actuator technology require improved thick-
ness uniformity of electrodeposits. The ability to control
the macro-scale uniformity of electrodeposition on a

List of Symbols

�ln inward unity vector normal to the electrode
surface

A polarization conductance (300 X)1 m)2)
B polarization current density offset (0.0 A m)2)
d thickness of the metallic electrode layer (m)
E01 equilibrium potential for the deposition reaction

Mezþ þ ze� ! Me ð0:2 V vs. NHEÞ
E02 equilibrium potential for the anodic oxygen

evolution
reaction (1.5 V vs. NHE)

F Faraday constant (96 500 C mol)1)
j amplitude of current density in the electrolyte

(A m)2)
jn amplitude of current density normal to the

electrode
surface (A m)2)

M atomic metal weight (65 g mol)1)
Q inward flux normal to the boundary G(V m)1)
U electrolyte potential (V)
V electrode potential (V)

z number of electrons exchanged in the metal
deposition reaction (2)

r specific conductivity of the electrolyte
(20 X)1 m)1)

q metal deposit density (8.0E+6 g m)3)
G bounding surface enclosing the electrolyte

domain
Gj surface of a triangular element
Dt plating time (s)
[H] BEM potential matrix
[G] BEM flux matrix
[I] diagonal unity matrix
AX axisymmetrical
2D two dimensional
3D three dimensional
RDE rotating disc electrode
CPU central processor unit
BEM boundary element method
FEM finite element method
PC personal computer
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carrier (e.g. a wafer) is the key to successful application
of electrodeposition technologies, because uniformity is
essential to meet functional and dimension requirements
on the features.
Of special importance during electrodeposition is the

local current density at the cathode and its distribution,
because this directly affects the thickness uniformity of
the electrodeposit. On the basis of long ranging
experiences of electrodeposition onto plain, i.e. non-
patterned, substrates the distribution of the current
density over the sample surface can be well-controlled
and for such electrodeposits acceptable thickness uni-
formity is usually obtained. Well-known edge effects,
i.e. largest thickness close to edges and corners, can be
minimized by means of auxiliary cathodes (current
thieves) [1].
For electrodeposition onto patterned substrates,

controlling the thickness uniformity becomes compli-
cated since it is influenced by various effects. The
ability of gap-filling, which is required from the
electrolyte in the case of patterned substrates, is
attributed to the presence of various additives and
their competitive interaction. Of particular interest and
industrial relevance is a combination of three organic
additives – chloride, polyethylene glycol (PEG) and
3-mercapto-l-propanesulfonate (MPSA) – in an acidic
Cu-electrolyte. Strong synergetic effects between these
additives (Cl)+PEG inhibit, while MPSA accelerates
the deposition process) are reported [2–6]. Not only
the interplay between electrolyte composition and
pattern geometry determines the filling degree of
individual gaps, rather the pattern itself can affect
the growth characteristics. For example, the particular
distribution of the resist material in through-mask-
plating may exert an influence on the current density
distribution and, hence, the thickness of the deposits
[7–9].
Tailored growth of patterned electrodeposits is still a

challenge, because of the specific interaction between
various parameters, among them the pattern geometry,
current thief, distance between anode and cathode,
electrolyte composition, agitation and temperature,

applied current density and the substrate (seed) material.
Experimental studies [10] indicate that deposition
parameters that had contributed positively to current
density uniformity when assessed individually did not
produce the expected synergetic effect with respect to
uniformity improvement. Hence, theoretical modeling
has become increasingly important for simulating the
current density and deposit thickness distribution on
patterned surfaces.
For plating applications involving only plain elec-

trodes, current density distributions can often be
simulated over a two dimensional (2D) or axisymmet-
rical (AX) symmetry plane of the plating tank config-
uration. With patterned electrodes, however, a full
three dimensional (3D) approach is almost always
required. Only a limited number of publications deal
with 3D current density distribution simulations in
electrochemical plating reactors [11–15]. Most simula-
tions presented in the literature are based on a
boundary element method (BEM) approach and/or
finite element modeling (FEM) to compute the current
density distributions both on patterned and non-
patterned surfaces. Recently, some of the present
authors applied a combined BEM–FEM numerical
approach for the 3D-simulation of the current density
distribution for a patterned wafer [16]. The pattern on
the wafer was approximated by an outer zone covered
with a photoresist, and an inner zone that was assumed
to be a plain electrode.
The present paper reports on the thickness unifor-

mity of free-standing Cu-line patterns with various
geometries, as manufactured on a wafer applying
photo-lithography and subsequent electrochemical
deposition. Numerical simulation of the current
density distribution was carried out for different line
patterns applying a 3D potential model combined to
a BEM solution technique. The thickness distribution
was calculated from the simulated current density
distribution and compared with the experimentally
determined thickness distribution as obtained from
X-ray fluorescence analysis and atomic force
microscopy.

p g g , pg g g

Fig. 1. Geometry of different line patterns arranged on a wafer surface. Scheme showing the arrangement of the various patterns (I–IV) on

the wafer and the corresponding geometries: Line width W, separation D between neighboring lines, line length L (left). Optical microscopy

image from the center of the wafer (right).
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2. Experiments

2.1. Manufacturing of free-standing line patterns

As plating base, a 100 nm thick Au-layer was deposited
by means of physical vapor deposition on a glass wafer
(diameter 100 mm). In a clean room atmosphere, a
suitable photoresist (positive resist, type AZ
4562/Höchst) was spun on the surface to a thickness
of 6.5 lm. Applying UV-photo-lithography (i.e. illumi-
nating the resist with UV-light through a patterned
mask projected on the surface and developing the
exposed resist) a 3D resist pattern was obtained on the
wafer (cf. [17]).
Several line patterns with varying line widths and

interline distances were arranged in four different zones
(I, II, III, IV) on the wafer, as shown in Figure 1. Line
widths of 10 and 20 lm, respectively, were applied and
interline distances varied between 10, 20 and 50 lm.
Consequently, the four different zones on the wafer
contained several hundreds of parallel lines (I: 675 lines,
II: 1350 lines, III: 580 lines, IV: 1750 lines), While lines
in the zones I, II and III can be considered as infinitely
long, lines in zone IV were limited in length to 50 lm.
Electrochemical deposition was carried out from a Cu-

electrolyte containing 0.56 mol l)1 CuSO4Æ5H2O,
1.4 mol l)1 H2SO4, 1.1 · 10)3 mol l)1 Cl), 8.8 ·
10)5 mol l)1 polyethylene glycol (PEG, average molar
mass of 3400 g/mol) and 1.5 · 10)3 mol l)1 3-merca-
pto-1-propanesulfonate (MPSA). During electrodepos-
ition, the wafer was placed in a wafer holder and
positioned vertically in a rectangular reactor with the
anode at the opposite side of the wafer (Figure 2). A ring
shaped current thief was placed around the wafer during
deposition. Three electrical contact clips were mounted
on the holder, ensuring connection of the wafer with the
current source, and, at the same time, contacting the

wafer with the current thief. A mean current density of
200 A m)2 was applied at the cathode (patterns and
contacts on the wafer). This corresponds to a current of
0.49 A. The total current through the anode (1.04 A)
was adjusted in order to achieve this current value on the
cathode. Electrodeposition was carried out for a period
of 5.5 min at room temperature, while establishing
vigorous air agitation of the electrolyte.

2.2. Experimental thickness determination

The uniformity of the film thickness over the wafer was
investigated applying X-ray fluorescence (XRF)
measurements by means of a Fischerscope X-Ray
System XDVM-W with WinFTM software based on
the fundamental parameter method allowing for stan-
dard-free measurements. For X-ray fluorescence analy-
sis the samples were defined as film–substrate systems
with a double layer of Au and Cu on a glass substrate.
The primary radiation, as emitted from a micro-focal
tungsten X-ray tube, excited both layers (Cu and Au) to
emit their characteristic X-ray fluorescence radiation,
which was detected by a Xenon gas filled proportional
counter. XRF-analysis was performed at distinct posi-
tions on the wafer (mapping with steps sizes of 4 mm in
x- and y-direction, respectively). A measurement time of
20 s per point was used. Applying a suitable collimator,
the X-ray fluorescence spectrum was obtained from a
spot size with diameter of about 0.2 mm, i.e. the
measurement averages over several lines. For the var-
ious patterns, the relative contribution of the Au-layer
to the measured fluorescence spectrum depends on the
respective pattern geometry (line-widths, -lengths and
inter-line distances). Therefore, a correction was applied
to the apparent thickness of the Cu-lines taking into
account the actual area fraction of Cu-lines in the
different zones and the pattern dependent absorption of
X-rays.
Additionally, atomic force microscopy (AFM, Danish

Micro Engineering DS 95-200) was used for thickness
determination on 42 selected positions within the line
patterns on the wafer. The AFM was operated in the
non-contact mode (AC) with a tip vibration at a
frequency of about 300 kHz close to the surface and a
probing force of 0.1 nN. The total scan area at the
individual measurement positions (dimension: horizon-
tally · vertically) was either 22 · 10 lm2 (zone I) or 12 ·
10 lm2 (zones II, III, IV). The deposit thickness was
determined as described below. AFM images were
calibrated to achieve the best possible measurement
accuracy. In particular the determination of the appro-
priate vertical scaling factor had been previously
obtained by the use of transfer standards featuring step
heights. Compensation of any slight installation slope
and thermal drift along the slow scanning direction was
performed by off-line image processing techniques. The
deposition depth was then measured on the profile
resulting from averaging over the 64 single scan lines
within each of the AFM images.Fig. 2. Plating tank configuration.
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3. Simulation

Simulations were performed with the software tool
presented in [16]. The model accounted for ohmic drop
effects in the electrolyte solution and the electrode
polarization including the active area density of the
different patterns. The simulations did not take into
account the internal resistivity of the wafer and the type
of substrate material. Furthermore, attributes specific to
the individual lines that constitute the patterns were
disregarded. The validity of the later assumption was
proven in an additional simulation on a micro-scale for
the effect of an individual line (cf. Section 4.1).

3.1. Mathematical model

The patterned wafer was described in terms of the
active-area-fraction not covered with photoresist.
Table 1 summarizes the active-area-fraction h for the
different zones containing various line patterns (cf.
Figure 1) and for the electrical contacts.

3.1.1. Cathodic reaction
The polarization behavior for single metal deposition
processes Mezþ þ ze� ! Me is often quite accurately
described by a Butler–Volmer type relation [18], but for
the simulations in this paper, a more straightforward
approach is used. The measured cathodic polarization
data (cf. Section 3.3) are transformed into a continuous
spline curve, which is directly used as a boundary
condition for the simulations:

jn ¼ h fðV�U� E01Þ; ð1Þ
where jn is the amplitude of current density normal to
the electrode surface, V the electrode potential, U the
electrolyte potential, and E01 the equilibrium potential
for the deposition reaction. For an electrode surface
covered with very small features (micro-size range), the
remaining parts insulating (photoresist) the effect of a
surface active fraction h being <1, can simply be
encompassed in expression (1), since the current density
distribution on the micro-scale features is uniform (as
shown in Section 4.l). This approach was also followed
by Mehdizadeh et al. [7].

3.1.2. Anodic reaction
The main reaction that occurs at inert impressed current
anodes is oxygen evolution. Due to the thin passivation

layer that is often present on the surface of this type of
electrodes, the polarization behavior is approached by a
linear relation:

jn ¼ AðV�U� E02Þ þ B; ð2Þ
with A, B polarization constants and E02 the equilibrium
potential for the oxygen evolution reaction. Anode
polarization effects are of minor importance – at least
from a modeling point of view – if the anodes are at
respectable distance from the cathode surface, which
was the case here.

3.1.3. Electrolyte
It was assumed that the electrolyte was well stirred or
refreshed, hence did not suffer from any mass transport
problems, and only charge transport with normal ohmic
resistivity effects is to be considered. Hence the potential
model holds, being described by the Laplace equation
for the electrolyte potential U:

r �ðjÞ ¼ 0 j ¼ �rrU: ð3Þ
At insulating boundaries, the current density perpen-
dicular to the surface should be zero, which results in the
following boundary condition:

j � 1n ¼ jn ¼ �rrU � �1n ¼ rQ ¼ 0: ð4Þ
At electrodes, jn is given by equations of type (1) or (2).

3.2. Numerical solution method

3.2.1. BEM approach for electrolyte and electrode
reactions
As the conductivity of the electrolyte was constant, the
BEM is to be preferred over other (volume) discretization
methods as for example FEM or the finite difference
method (FDM), to solve the simplified charge conserva-
tion equation (3). When the BEM is applied, only the
boundaries of the domain must be discretized. Another
advantage, in particular for electrochemical systems, is
that the current density distribution along the electrodes is
a direct unknown to the problem, rather than a variable
that has to be computed afterwards from the derivative of
the potential field perpendicularly to the electrodes. This
implicates that BEM is the more accurate method for the
present problem, compared to FEM or FDM.
The typical BEM equation for the contribution at a

point i is [19, 20]:

ciUi þ
Z

C

U
@w�

@x
dC ¼

Z

C

w�QdC; ð5Þ

with w� ¼ 1=4pr the 3D Green function (r being the
position relative to point i) and the inward flux
Q ¼ @U=@n on the boundary nodes. ci is an integration
constant for point i. G is the 2D surface that encloses the
3D computational domain. In order to apply BEM, the
boundary G is to be discretized into a series of N non-
overlapping elements, transforming Equation 5 into:

Table 1. Active-area-fraction for patterned zones and contacts

Zone Zone dimension

length · width/m · m

Zone area/m2 Active-area-

fraction h

I 0.027 · 0.042 1.107 · 10)3 0.500

II 0.027 · 0.042 1.107 · 10)3 0.500

III 0.035 · 0.035 1.225 · 10)3 0.167

IV 0.035 · 0.035 1.225 · 10)3 0.250

Contacts 0.010 · 0.010 1.000 · 10)3 1.000
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ciUi þ
XN
k¼1

Z

Ck

U
@w�

@x
dC ¼

XN
k¼1

Z

Ck

w�QdC: ð6Þ

The index k ranges over all elements of the domain and
integration was performed over the surface Gk of each
element, For the 3D BEM computations in this paper,
triangular elements with linear shape functions for the
unknown potential U and flux field it Q were used,
restricting the unknowns to the nodal values.
Taking into account Equation 6, the BEM equations

are expressed in matrix form:

½H� � fUg ¼ ½G� � fQg ð7Þ
with {U} and {Q} unknown vectors of size N. The
matrices H and G in Equation 7 are fully populated and
depend only on the geometry of the domain. The system
equation matrixs

½H� 1=r½�G�
½0� ½I�

� � fUg
fjng

� �

þ
f0g

ffðV�UÞg or f0g

� �
¼ 0

ð8Þ

is non-linear due to the presence of non-linear polari-
zation relations f(V)U) of type (1). It was solved using a
Newton–Raphson iterative method, combined with a
band Gauss algorithm [21] to solve the linear system of
equations that appears after each iteration of the
Newton–Raphson procedure.

3.2.2. Triangular surface mesh generation
The grid quality is of utmost importance for the
accuracy of the results. A hybrid grid generator was
used to produce the surface mesh required for the BEM
computations [22].

3.3. Physico-chemical input parameters

In order to produce reliable simulation results, the
physico-chemical input parameters need to be defined
carefully. The necessary data were experimentally deter-

mined for the applied electrolyte. The electrical conduc-
tivity r was measured with a high frequency (0.1 MHz)
impedance measurement at a rotating disc electrode
(RDE) and amounted to 43.1 S/m at 27 �C. Polarization
investigations at this temperature were performed at a
an RDE at 4000 rpm for a bath that was saturated with
nitrogen gas. A Pt mesh electrode was used as counter
electrode and the applied potential was referenced vs. an
Ag/AgCl electrode containing a saturated KCl solution.
Point by point polarization measurements were
obtained by imposing a series of electrode potentials
on a Pt RDE, and recording the current response for a
certain time until the steady-state current was reached.
The applied potentials were corrected for the ohmic
resistance of the electrolyte around the RDE. Values as
plotted in Figure 3 were used for the current density
distributions as simulated in this paper.

4. Simulated current density distributions

4.1. Micro-scale simulation

First, it was examined whether the current density
distribution on a single micro-scale feature is uniform.
This is a crucial assumption for the translation of the
local pattern geometry into a simple active surface
fraction factor h that can be incorporated in Equation 1.
The current density distribution over one single feature
of pattern IV was simulated for different mean current
densities. Due to the micro-scale symmetry, only one
quarter of the feature and surrounding photoresist was

g y

Fig. 3. Point-by-point measured cathodic copper deposition polari-

zation curve at 4000 rpm, after correction for ohmic drop around

the RDE.

Fig. 4. Configuration and boundary mesh for the micro-scale simu-

lations, white bottom rectangle represents 1/4 of a pattern (zone IV);

vertical boundaries (only 2 out of 4 are shown) are symmetry planes.

Top plane represents a virtual counter electrode.
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considered (Figure 4). The computed results are pre-
sented in Figure 5, indicating a uniform current density
distribution down to a variation of 0.1%. This conclu-
sion can easily be transferred to the patterned zones I, II
and III.

4.2. Macro-scale simulation

Macro-scale computations were performed for the entire
reactor configuration. The surface mesh used for the
BEM computations is visualized in Figure 6. Geomet-
rical simplifications (e.g. the wafer holder attachment
arm is not considered) significantly reduce the number
of elements and nodes of the triangular mesh. The
number of elements was further restricted by use of a
coarse structured (e.g. the wafer holder) or unstructured
(e.g. the vertical side walls) mesh for the reactor surfaces
that do not belong to the wafer, finally facilitating
calculations on a normal PC within acceptable CPU
times (about 40 min on a 2.5 GHz, 1.5 GB RAM PC).
The mesh consisted of 33 014 elements and 18 786 nodes.
Table 2 contains an overview of the current received

by each patterned zone, the contact zones and the

current thief. Figure 7 shows the simulated current
density distribution over the patterned zones.

5. Thickness distribution

5.1. Determination of the thickness distribution from the
simulation

The local pattern deposit thickness d after a certain
process time Dt was calculated from the simulated
current density jn from Faraday’s law:

Dd ¼MDtjn
hqzF

; ð9Þ

assuming a 100% efficiency for the copper deposition
process, with the atomic weight of the metal
M=65 g mol)1, the deposit density q=8.0· 106 g m)3

the number of electrons exchanged in the metal depo-
sition reaction z=2, Faraday’s constant F=96
500 C mol)1. The active area density h is taken from
Table 1 and jn, represents the local computed current
density on the cathode surface (cf. Figure 7). The
obtained layer thickness distribution for a plating time
Dt=5.5 min is plotted in Figure 8.

5.2. Experimentally determined thickness distribution

Figure 9 shows the distribution of the deposit thickness
as experimentally determined by XRF analysis for
Cu-line patterns in the four different zones on the
wafer. Results of local thickness measurements carried
out with the AFM on selected positions on the wafer are
shown in Figure 10. A comparison between AFM- and
XRF-results reveals that AFM-measurements generally
resulted in slightly higher thickness values, but for both
techniques the same thickness ratios between the differ-
ent patterns were obtained. Differences between the
individual thickness values determined with AFM and
XRF are related to the different information content of
both techniques; XRF provides average values over
several lines and data have been absorption corrected,
while AFM yields local direct measurements with fewer
statistics.

, ,

Fig. 5. Micro-scale current density distribution for pattern IV (quar-

ter part, bottom left corresponds to center of the pattern) for an

average current density of )407.8 A m)2.

Fig. 6. Triangular surface mesh of the entire reactor configuation (left) and (b) a detailed view of the wafer (right).
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5.3. Comparison between simulation and experiment

Comparison between the simulated thickness distribu-
tion (Figure 8) and the experimentally determined
distribution of the deposit thickness over the wafer
(Figures 9 and 10) reveals a very good agreement (above
90% accuracy) between 3D-simulations and experi-
ments. Both the thickness distribution within individual
patterned zones and in the center of the wafer, where the
four zones meet, is well-predicted by the simulation
results.
However, some discrepancies larger than 10% exist in

terms of the absolute thickness values between simula-
tion and experiment near the outer borders of zones III
and IV. Since the thickness of the applied photoresist
amounted to 6.5 lm and no deposition over the resist
walls was observed, which would yield to connecting
neighboring Cu-lines, the maximum experimental de-
posit thickness cannot be higher than the resist thick-
ness, This agrees with the actual measured thicknesses;
hence thickness values near the edges of zone III and
zone IV were overestimated by the simulation.
Experimentally, somewhat higher thickness values

were measured for the right side of the wafer (vertically
edges of the zones II and IV compared to the vertically
edges of the zones I and III) than for the left side, This is
related to conditions of air agitation within the electro-

lyte, which is most effective down in the electrolytic cell
resulting in higher Cu-deposit thicknesses on those parts
of the wafer which have been placed down there during
deposition.

5.4. Comparison with simulation results for a uniform
wafer pattern

Simulated current density and thickness distribution
were also performed for a wafer with uniform surface
active fraction h over each zone (Figures 11 and 12). In

Table 2. Current received by the distinct electro-active surfaces

Current/A

Zone I )0.119
Zone II )0.120
Zone III )0.083
Zone IV )0.100
Contact zones )0.066
Current thief )0.55

Fig. 7. Macro-scale current density distribution (in A m)2) over

zones I, II, III and IV – surface active fractions from Table 1.

Fig. 8. Simulated layer thickness distribution over the patterned

zones I, II, III and IV (in lm) – surface active fractions from

Table 1.

Fig. 9. Experimental layer thickness distribution (XRF-measure-

ments). Values are in lm – surface active fractions from Table 1.
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order to obtain the same total electro-active surface as
for the wafer surface specified in Table 1, the uniform h
value is taken as 0.35. Both the current density and layer
thickness distributions tend to be more uniform than for
the non-uniform wafer pattern (see Figures 7 and 8).
These results clearly illustrate the additional challenge
encountered in producing uniform deposit thickness
distributions on non-uniform wafer patterns.

5.5. Discussion of the thickness distribution

Both the simulated and the experimental results indicate
that electrodeposition of the patterned wafer resulted in
non-uniform growth rates of the Cu-deposit over the
wafer surface. First of all, an edge effect is observed, i.e.
the largest deposit thickness occurs close to outer edges
and corners. The non-uniformity of the current density
and thickness distribution between the various patterns,
as simulated and experimentally confirmed, indicates a
limited impact of the current thief, although it receives
the major part of the current (0.55 A compare to 0.49 A
for the wafer, see Table 2). Obviously, the large area of
photoresist surrounding the four patterned zones limits
the efficiency of the current thief. Since this is well-down
for electrodeposition and therefore, in general, outer
edges of an electrodeposited sample are considered not
to be representative for the remaining sample, the edge-
effect will not be discussed further.
Disregarding the edge effect, the thickness appears to

be non-uniform within one and the same zone of Cu-line
patterns, but even larger thickness differences between
the four differently patterned zones were found. The
smallest deposit thickness was determined within the
patterns of zone I and zone II, where Cu-line widths
were equal to interline distances, i.e. conducting and
non-conducting areas equal in size alternate with each
other. In the case of larger non-conducting areas, either
due to increased distances between the lines (zone III) or
interruptions in the lengths of lines (zone IV), the
Cu-deposit grows thicker. The thickness of Cu-line
patterns in zones I and II decreases from all borders of I
and II to the middle of the total range of I and II; there
the thickness is almost uniform. In zone III, the
thickness decreases from the outer edges towards the

Fig. 10. Local thickness experimentally obtained from AFM studies

for selected positions on the patterns. Values are in lm – surface

active fractions from Table 1.

Fig. 12. Simulated layer thickness distribution over the patterned

zones I, II, III and IV (in lm) – uniform surface active frac-

tion = 0.35.

Fig. 11. Macro-scale current density distribution (in A m)2) over

zones I, II, III and IV – uniform surface active fraction = 0.35.
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center of the wafer; a similar behavior is observed for
zone IV. The thickness in both the middle of zone III
and the middle of zone IV is almost uniform.
The results suggest that the thickness uniformity is

mainly determined by the active area fraction [7, 8, 17]
and differences in line width and interline spacing are less
important, if the active area fraction remains the same
(cf. zones I and II). Comparing Cu-line patterns with the
same line dimensions, but different active area fraction
(cf. zones II and III), it is observed that sparsely
populated patterns, i.e. isolated lines in zone III, grow
thicker than Cu-lines which are closer to each other, like
in zone II. This is attributed to increased local current
densities due to current crowding [17, 18] in isolated lines
surrounded by a large nonconducting area (photoresist).
Furthermore, the results indicate that the ratio

between active area fractions of neighboring zones is
important [23]. Increasing differences between adjacent
zones in terms of their active-area-fraction result in
increasing thickness variations at the border between the
various zones. For example, the border between zone I
and II is not obvious from the thickness distribution due
to identical active-area-fraction of the two neighboring
zones (as mentioned above, differences in the line
dimensions, do not seem to affect the thickness). Also,
the thickness distribution across the border between
zones III and IV is relatively uniform due to small
differences in the active-area-fraction there. In contrast,
drastic thickness changes are observed where zones with
quite different active-area-fractions meet (borders be-
tween I and III, and II and IV, respectively).
The non-uniform current distribution over the litho-

graphic patterns on a wafer is expected to be caused not
only by the active-area-density effect as mentioned
above, but also by pattern driven mass-transport effects
[8, 15, 24]. Mass transfer influences on the deposition
uniformity depend on the relative sizes of individual
features on the substrate (feature-scale effect). Such
mass transfer effects in patterned electrodeposition
applications are likely to attenuate or reduce the
macro-scale non-uniformity [8].
These pattern-driven mass transfer effects are most

probably the main reason for the observed differences
between the simulated and measured layer thickness
distribution, since mass transfer effects were not con-
sidered for the simulations. It is not a coincidence that
the overprediction of the deposit thickness by the
simulations is mainly situated at the outer edge areas
of zone III, since the local (crowded) current density on
these patterns is the highest of the entire wafer surface
(up to 600 A m)2, compared to for example 380 A m)2

in zones I and II), hence the most susceptible to mass
transfer limitations.

6. Conclusions

The current density distribution over a resist-patterned
wafer was simulated for a Cu-electrodeposition process

from an industrially relevant electrolyte. The correspond-
ing deposit thickness distribution was calculated from the
simulation results and found to be in very good agreement
with the experimentally determined thickness distribution
over the wafer. The observed non-uniform thickness
distribution is related to the geometrical arrangement of
the various Cu-patterns on the wafer surface. Parallel
Cu-lines, which were arranged with various line dimen-
sions in different zones on the wafer, caused a non-
uniform active area density over the wafer surface which
yielded pattern dependent growth behavior.
The obtained agreement proves that potential model

simulations, which take into account the local surface
active fraction in the boundary conditions, yield accu-
rate deposit thickness distribution results, provided that
mass transfer limitations remain negligible. Hence this
type of 3D simulation software tool can supplement or
even substitute experimental studies for optimizing the
cell/cathode configuration used for plating non-uni-
formly patterned wafers.
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