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APPARATUS AND METHODS FOR 
ELECTROCHEMICAL PROCESSING OF 

MICROFEATURE WAFERS 

TECHNICAL FIELD 

[0001] This application is a Continuation of US. patent 
application Ser. No. 12/917,997, ?led Nov. 2, 2010, and noW 
pending, Which is a Division of US. patent application Ser. 
No. 11/699,768, ?led Jan. 29, 2007, now US. Pat. No. 7,842, 
173, and incorporated herein by reference. This application 
relates to apparatus and methods for electroplating and/or 
electropolishing microfeature Wafers that have a plurality of 
microfeatures integrated in and/or on the Wafers. Particular 
apparatus and methods of the present invention ameliorate 
non-uniformities caused by misalignment betWeen the Wafer 
and the electrodes, provide good control of the current density 
across the Wafer, mitigate particle contamination, and reduce 
the doWntime for cleaning thief electrodes in electrochemical 
processes used in the manufacturing of semiconductor 
devices, imagers, storage media and other products. 

BACKGROUND 

[0002] Microelectronic devices, such as semiconductor 
devices, imagers, displays, storage media, and microme 
chanical components, are generally fabricated on and/or in 
microfeature Wafers using a number of processes that deposit 
and/or remove materials from the Wafers. Electroplating is 
one such process that deposits conductive, magnetic or elec 
trophoretic layers on the Wafers. Electroplating processes, for 
example, are Widely used to form small copper interconnects 
or other very small sub-micron features in trenches and/or 
holes (e.g., less than 90 nm damascene copper lines). Elec 
tropolishing is another process that removes material from a 
Wafer. In both of these processes, an electrical current is 
passed betWeen the Wafer and one or more counter electrodes 
in a manner that deposits or removes material from a surface 
of the Wafer. 

[0003] One challenge of plating materials into narroW, deep 
recesses is that it is very dif?cult to completely ?ll the very 
small features and create a desired surface pro?le on the 
plated layer (e.g., uniformly planar, domed, etc.). For 
example, as the performance of microelectronic products 
increase, the aspect ratios and densities of the recesses sub 
stantially increases. To adequately ?ll such small, high den 
sity recesses With high aspect ratios, existing plating practices 
often plate a metal onto a very thin seed layer or directly onto 
a barrier layer. Thin seed layers and barrier layers, hoWever, 
typically have relatively high resistances that cause a signi? 
cant drop in current density from the edge of the Wafer to the 
center during the initial stages of a plating cycle. The plating 
rate at the edge of the Wafer is accordingly signi?cantly 
higher than the center during the initial portion of the plating 
process, Which causes the plated material at the edge of the 
Wafer to be substantially thicker than the middle. This edge 
effect is further exacerbated by the higher densities and 
higher aspect ratios of the recesses. Therefore, reducing or 
eliminating the edge effect is a signi?cant challenge that 
needs to be addressed to develop faster, higher performance 
semiconductor devices and other microfeature devices. 

[0004] Several existing plating tools have reactors With a 
thief electrode attached to the Wafer holder to mitigate the 
edge effect caused by high resistance of the Wafer or by the 
geometry of the chamber. The thief electrode is biased at the 
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same polarity as the Wafer such that it modi?es the electric 
?eld in the perimeter region of the Wafer. The thief electrode 
accordingly reduces the plating rate at the perimeter of the 
Wafer to compensate for the edge effect. Although such sys 
tems may mitigate the edge effect, they also have several 
disadvantages. First, particles that build up on the thief elec 
trode may eventually become dislodged, and the close prox 
imity of the thief electrode increases the likelihood that the 
dislodgedparticles Will plate or otherWise adhere to the Wafer. 
Moreover, it is dif?cult to minimize the formation of particles 
on a thief electrode attached to a Wafer holder because the 
thief electrode is removed from the bath to unload ?nished 
Wafers and load neW Wafers, and then the thief is reintroduced 
into the plating bath With each neW Wafer. Such Wetting and 
drying of the ?lm on the thief can make it dif?cult to control 
the quality of ?lm on the Wafer and minimiZe particles. It is 
also dif?cult to clean and maintain thief electrodes When they 
are attached to the Wafer holder. This is problematic because 
thief electrodes must be cleaned relatively often, and it 
requires a signi?cant amount of time and effort to detach the 
thief electrode from the Wafer holder. Therefore, existing 
systems With thief electrodes carried by the Wafer holder have 
several drawbacks. 

[0005] Other types of systems have a plurality of anodes, a 
thief electrode separate from the Wafer holder, and a virtual 
thief electrode de?ned by an aperture having a ?xed siZe 
under the Wafer. Such systems With detached thief electrodes 
generally position the thief electrode in the bottom portion of 
the reactor vessel. The present inventors have discovered that 
systems With virtual thief openings improve the performance 
of the reactors, but they also present additional challenges. 
One improvement is that dislodged particles from the thief 
electrode are not as likely to plate onto the Wafer because thief 
electrode is not as close to the Wafer. HoWever, one disadvan 
tage of not attaching the thief electrode to the Wafer holder is 
that the systems are sensitive to misalignment betWeen the 
Wafer holder and the thief electrode or the anode(s). This is 
because the thief electrodes are ?xed relative to the vessels of 
the chamber, but the Wafer holder and vessel may not be 
properly aligned With each other, Which causes misalignment 
betWeen the Wafer holder and the thief electrode or the anode 
(s). Such misalignment can lead to a side-to-side non-unifor 
mity of the ?lm plated onto the Wafer, and is particularly 
problematic in systems in Which the Wafer is held stationary 
during processing (e.g., plating a magnetic alloy). This is not 
as problematic in systems in Which the Wafer is rotated during 
processing because any side-to-side non-uniformity can be 
average out, Which greatly reduces the sensitivity of the sys 
tem misalignment. 

[0006] Another disadvantage of systems With detached 
thief electrodes is that they are highly dependent upon the 
geometry of the chamber to reduce the edge effect even When 
a thief electrode is used. For example, many existing systems 
use a shield beloW the Wafer to block a perimeter portion of 
the Wafer from the anodes. Such shields may limit the ability 
of the thief electrode to adequately control the current density 
at the perimeter of the Wafer. The physical geometry of the 
chamber may accordingly limit the ability to control the edge 
effect. Although this is useful in speci?c plating applications, 
a plating tool is often used to process different types of Wafers 
With different types of devices. Conventional systems accord 
ingly require different shields for plating onto different 
Wafers in many circumstances. This is problematic because it 
requires the chamber to be drained, partially disassembled, 
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reassembled With a neW shield, and then re?lled and recali 
brated for processing. This is an expensive and time consum 
ing process to adapt the chamber to plate different types of 
Wafers. 
[0007] Still another disadvantage of several existing sys 
tems With detached thief electrodes is that the thief electrode 
is located in a loWer portion of the chamber. The reaction 
chambers accordingly need to be drained and partially disas 
sembled to access the thief electrode for cleaning. This is also 
an expensive and time-consuming process. Therefore, even 
though thief electrodes have been used in many electroplating 
apparatus for fabricating semiconductor devices, there is a 
signi?cant need to improve electroplating chambers to plate 
materials into high density features With high aspect ratios. 
[0008] In light of the foregoing, it Would be desirable to 
provide an apparatus and method that ameliorates non-uni 
formities caused by an offset betWeen the Wafer holder and 
the vessel, reduces particle contamination associated With 
thief electrodes, and makes it easier to clean and maintain 
thief electrodes. It Would also be desirable to provide electro 
chemical processing apparatus and methods that can compen 
sate for seed layer or barrier layer resistance, or changes in the 
bath conductivity, to provide a desired current density across 
the Wafer. There is also a need for a reactor that provides the 
ability to further control the surface pro?le of the plated layer 
across the diameter of the Wafer. 

SUMMARY 

[0009] The present invention provides apparatus and meth 
ods for electrochemically processing microfeature Work 
pieces that are capable of compensating or otherWise amelio 
rating many non-uniformities caused by an offset betWeen the 
Wafer holder and the electrodes. The apparatus and methods 
are further capable of providing better control of the current 
density across the Wafer to compensate for seed layer resis 
tance, barrier layer resistance, and/or bath conductivity. To 
overcome the problems and challenges of existing thief elec 
trode designs, the present inventors developed an apparatus in 
Which the combination of a supplementary electrode and an 
associated supplementary virtual electrode mitigate particle 
contamination, ameliorate non-uniformities caused by Wafer 
anode misalignment, and provide better control of the edge 
effect associated With high density features. The supplemen 
tary electrode and the supplementary virtual electrode are 
con?gured to self-compensate for misalignment betWeen the 
Wafer holder and the anodes. This is accomplished by, at least 
in part, forming an aperture that de?nes the virtual supple 
mentary electrode using a portion of the vessel and a portion 
of the Wafer holder. The shape of the aperture is related to the 
extent and orientation of the offset betWeen the Wafer and the 
anodes so that the aperture is narroWer on one side Where the 
Wafer holder is closer to the supplementary electrode and 
Wider on the other side Where the Wafer is further from the 
supplementary electrode. Another feature that compensates 
for misalignment betWeen the Wafer holder and the electrodes 
is that the supplementary electrode is close to the supplemen 
tary virtual electrode. As a result, even small Wafer-anode 
misalignments (e.g., 0.5-1.0 mm) can produce relatively sig 
ni?cant changes in the effect of the supplementary electrode 
on opposing sides of the Wafer. Mechanical alignment to this 
accuracy is di?icult across multiple chambers in a production 
environment. These features together or separately counter 
act non-uniformities associated With misalignment betWeen 
the Wafer holder and the vessel. 
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[0010] The apparatus and methods also provide easy clean 
ing of the thief electrode. This is accomplished by locating the 
supplementary electrode Where it is separate from the Wafer 
holder and above the vessel. The supplementary electrode can 
accordingly be removed from the chamber Without having to 
disassemble signi?cant portions of the vessel. Moreover, the 
supplementary electrode is positioned in the exit ?oW of the 
processing ?uid outside of the processing Zone such that 
particles from the supplementary electrode are entrained in 
the ?oW of the processing ?uid doWnstream from the Wafer. 
The particles can then be ?ltered before the processing ?uid is 
recirculated back into the chamber. As a result, the upper 
location of the supplementary electrode and its position in the 
exit ?oW of the processing ?uid provide easy cleaning and 
mitigate particle contamination. 
[0011] The apparatus and methods further provide good 
control of the current density to enhance the uniformity or 
otherWise provide the desired surface pro?le on the plated 
layer. The apparatus accomplishes this, in part, by con?gur 
ing the supplementary electrode, the supplementary virtual 
electrode, and the vessel so that the supplementary electrode 
is not limited by the chamber geometry and has a strong 
in?uence on the current density at the perimeter of the Wafer. 
More speci?cally, the supplementary virtual electrode is 
located in the processing Zone at least proximate to the edge 
of the Wafer and the supplementary electrode is positioned 
close to the supplementary virtual electrode. Therefore, the 
current density and plating pro?les can be controlled by 
dynamically changing the current to the supplementary elec 
trode Without having to change the physical geometry of the 
chamber. This is particularly useful When plating different 
types of Wafers in the same apparatus because the different 
perimeter characteristics of the different Wafers can be 
addressed using the current applied to the supplementary 
electrode instead of having to change the shields or other 
components associated With the chamber geometry. The cur 
rent density may be further controlled by using the con?gu 
ration of the supplementary electrode and the supplementary 
virtual electrode in combination With a plurality of anodes 
and/or virtual anodes in the vessel. 

[0012] Apparatus in accordance With the invention can 
have a vessel including a processing Zone in Which a micro 
feature Wafer is positioned for electrochemical processing. 
The apparatus further includes at least one counter electrode 
in the vessel that can operate as an anode or a cathode depend 
ing upon the particular plating or electropolishing applica 
tion. The apparatus further includes a supplementary elec 
trode and a supplementary virtual electrode. The 
supplementary electrode is con?gured to operate indepen 
dently from the counter electrode in the vessel. The supple 
mentary electrode can be a thief electrode biased at the same 
polarity as the Wafer. The supplementary electrode can alter 
natively be a de-plating electrode for de-plating ring contacts 
betWeen processing cycles, or the supplementary electrode 
can further be used as another counter electrode biased oppo 
site the Wafer during a portion of a plating cycle or polishing 
cycle. The supplementary virtual electrode is located in the 
processing Zone, and it is con?gured to counteract an electric 
?eld offset relative to the Wafer associated With an offset 
betWeen the Wafer and the counter electrode in the vessel 
When the Wafer is in the processing Zone. 

[0013] The supplementary virtual electrode, more speci? 
cally, can have an aperture for shaping an electric ?eld com 
ponent from the supplementary electrode such that the aper 
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ture is formed, at least in part, by a portion of the vessel and 
a portion of a Wafer holder in Which the Wafer is positioned. In 
operation, misalignment betWeen the Wafer holder and the 
vessel causes the aperture to have a ?rst Width at one side of 
the Wafer holder and a second Width different than the ?rst 
Width at an opposing side of the Wafer holder. For example, 
the aperture can have a narroWer Width at the side of the vessel 
Where the Wafer holder is closer to the supplementary elec 
trode compared to an opposing side Where the Wafer holder is 
further from the supplementary electrode. The narroWer por 
tion of the aperture reduces the effect of the supplementary 
electrode at that side, While the Wider portion of the aperture 
increases the effect of the supplementary electrode at the 
opposing side. The different effect of the supplementary elec 
trode on the different sides of the Wafer holder self-compen 
sates for the corresponding offset betWeen the Wafer holder 
and the counter electrode. As a result, the apparatus mitigates 
or ameliorates non-uniformities associated With an offset 
betWeen the Wafer holder and the vessel When the Wafer 
holder holds a Wafer in the processing Zone. 
[0014] In summary, the apparatus and methods for electro 
chemically processing microfeature Wafers provide several 
advantages for electroplating and/or electropolishing pro 
cesses. First, the con?guration of the supplementary elec 
trode and the supplementary virtual electrode self-compen 
sate for offsets betWeen the Wafer holder and the counter 
electrodes. This accordingly enables a thief electrode and/or 
a de-plating electrode to be located apart from the Wafer 
holder. Second, because the supplementary electrode is not 
attached the Wafer holder, it can be located Where it can be 
easily removed for cleaning and/or Where dislodged particles 
can be sWept aWay from the processing Zone. Third, position 
ing the supplementary virtual electrode in the processing 
Zone at a location relative to the vessel Where dielectric 
shields cannot limit the electric ?eld of the supplementary 
electrode enables the supplementary electrode to have a 
strong in?uence on the current density in the periphery of the 
Wafer. This feature alloWs the supplementary electrode to 
effectively control the current density in the periphery of the 
Wafer. As such, it is easier to plate different types of the Wafers 
in the apparatus compared to existing systems in Which con 
trol of the current density in the periphery of the Wafer is 
limited by the geometry of the vessel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a side vieW ofan apparatus in accordance 
With an embodiment of the invention in Which a portion is 
shoWn in cross-section and another portion is shoWn sche 
matically. 
[0016] FIG. 2 is an isometric vieW illustrating a portion of 
the apparatus of FIG. 1 in greater detail. 
[0017] FIG. 3 is a cross-sectional vieW illustrating one 
aspect of operating an apparatus in accordance With an 
embodiment of the invention. 
[0018] FIG. 4 is a cross-sectional vieW illustrating another 
aspect of operating the apparatus of FIG. 3. 
[0019] FIG. 5 is a side vieW ofan apparatus in accordance 
With the invention in Which a portion of the apparatus is 
shoWn in cross-section and another portion is shoWn sche 
matically. 
[0020] FIG. 6 is a side vieW ofan apparatus in accordance 
With another embodiment of the invention in Which a portion 
of the apparatus is shoWn in cross-section and another portion 
is shoWn schematically. 
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[0021] FIG. 7 is a cross-sectional isometric vieW of an 
apparatus in accordance With a speci?c embodiment of the 
invention. 
[0022] FIG. 8 is a cross-sectional vieW of the speci?c 
embodiment shoWn in FIG. 7. 
[0023] FIG. 9 is a cross-sectional vieW of another embodi 
ment of the invention. 
[0024] FIG. 10 is a cross-sectional vieW of another embodi 
ment of the invention. 

DETAILED DESCRIPTION 

[0025] FIGS. 1-8 illustrate several embodiments of appa 
ratus and methods for electrochemically processing micro 
feature Wafers. As used herein, the terms “microfeature 
Wafer” or “Wafer” refer to substrates on and/ or in Which 
microfeatures are formed. Typical microfeatures include 
microelectronic circuits or components, thin-?lm recording 
heads, data storage elements, micro?uidic devices, and other 
products. Micromachines or micromechanical devices are 
included Within this de?nition because they are manufactured 
using much of the same technology that is used in the fabri 
cation of integrated circuits and/ or storage elements. The 
Wafers can be semiconductor pieces (e. g., silicon Wafers, 
gallium arsenide Wafers, etc.), non-conductive pieces (e.g., 
ceramic substrates, glass, etc.), or conductive pieces (e.g., 
doped Wafers, conductive substrates, etc.). Also, the term 
“electrochemical processing” includes electroplating, elec 
tro-etching, electropolishing, and/or anodiZation. Several 
speci?c details of the invention are set forth in the following 
description and in FIGS. 1-8 to provide a thorough under 
standing of certain embodiments of the invention. One skilled 
in the art, hoWever, Will understand that the present invention 
may have additional embodiments, or that other embodi 
ments of the invention may be practiced Without several of the 
speci?c features explained in the folloWing description. 
[0026] FIG. 1 is a side vieW of an apparatus 100 for elec 
trochemically processing a Wafer W. The apparatus 100 
includes a vessel 110 having a processing Zone Z in Which a 
surface S of the Wafer W can be positioned for electrochemi 
cal processing. The vessel 110 is con?gured to contain a How 
of processing ?uid, and at least one counter electrode (not 
shoWn in FIG. 1) is positioned in the vessel 110. The Wafer W 
can be electrically connected to a poWer supply such that the 
Wafer W is a Working electrode that acts as either an anode or 
cathode, and the counter electrode in the vessel acts as the 
other of the cathode or anode. The apparatus 100 further 
includes a supplementary electrode 120 that is con?gured to 
operate independently from the counter electrode in the ves 
sel, and a supplementary virtual electrode 130 in, or at least 
proximate to, the processing Zone Z. The supplementary elec 
trode 120 can be a thief electrode that acts through the supple 
mentary virtual electrode 130 to control or otherWise in?u 
ence the electric ?eld at a perimeter portion of the Wafer W. 
The supplementary electrode 120 and supplementary virtual 
electrode 130 are con?gured to compensate for misalignment 
betWeen the Wafer W and the counter electrode in the vessel 
110 as explained in more detail beloW. 
[0027] FIG. 2 is an isometric vieW of a portion of the appa 
ratus 100 that shoWs several features in greater detail. Refer 
ring to FIGS. 1 and 2 together, the apparatus 100 can further 
include a Wafer holder 140 having a support 142 con?gured to 
hold the Wafer W in the processing Zone Z. The support 142, 
more speci?cally, is con?gured to hold the surface S of the 
Wafer W face doWn in a horiZontal orientation in contact With 
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a processing ?uid ?owing upwardly through the processing 
Zone Z. The Wafer holder 140 also has at least one electrical 
contact 144 con?gured to provide an electrical current to the 
Wafer W. The Wafer holder 140, for example, can have a 
contact con?gured to contact the backside of the Wafer W as 
shoWn and described in US. Patent Publication No. US2005 
000624lAl, Which is incorporated herein by reference. The 
Wafer holder 140 can alternatively include a plurality of elec 
trical contacts 144 con?gured to engage a perimeter portion 
of the surface S of the Wafer W either in lieu of or in addition 
to a backside contact. Suitable Wafer holders 140 With a 
plurality of electrical contacts 144 are shoWn and described in 
US. Pat. Nos. 6,080,291; 6,527,925; 6,773,560; and US. 
Patent Publication No. 2006-0289302Al, all of Which are 
incorporated herein by reference. The Wafer holder 140 may 
also include a seal at the loWer lip of the support con?gured to 
seal against a perimeter portion of the surface S of the Work 
piece W. 
[0028] As also shoWn in FIGS. 1 and 2, the vessel 110 can 
further include a member 112 With an inner edge 114, a rim 
116 above the inner edge 114, and a perimeter 118. In the 
example of the apparatus 100 shoWn in FIG. 2, the inner edge 
114 of the member 112 is positioned in a plane corresponding 
to a portion of the support 142 such that the supplementary 
virtual electrode 130 has an aperture de?ned by the space 
betWeen the inner edge 114 and the support 142. The aperture 
of the virtual supplementary electrode 130 can be in a plane 
that is at least generally parallel to a processing plane of the 
Wafer W and located at a loWer portion of the Wafer holder 
140. The shape of the aperture of the supplementary virtual 
electrode 130 is accordingly a function of the space betWeen 
the support 142 and the inner edge 114 such that the aperture 
Will be narroWer on one side of the Wafer holder 140 and 
Wider on an opposing side When the Wafer holder 140 and the 
vessel 110 are misaligned With each other relative to an axis 
A-A (FIG. 1). The aperture of the supplementary virtual 
electrode 130, for example, can have a ?rst Width at one side 
of the Wafer holder 140 and a second Width different than the 
?rst Width at another side of the Wafer holder 140 correspond 
ing to the degree of misalignment betWeen the Wafer holder 
140 and the vessel 110. Therefore, as explained in more detail 
beloW, the supplementary virtual electrode 130 self-compen 
sates for any misalignment betWeen the Wafer holder 140 and 
the vessel 110 to counteract a corresponding offset betWeen 
the Wafer W and a counter electrode in the vessel 110. 

[0029] The apparatus 100 can further include a mount 150 
above the member 112. Referring to FIG. 2, the mount 150 
and the member 112 form a compartment 151 having a ?rst 
?oW outlet 152 through Which a portion of the processing 
?uid can exit the processing Zone and ?oW over the perimeter 
118 of the vessel 110. The compartment 151 is also con?g 
ured to contain the supplementary electrode 120 at a location 
above the processing Zone Z. In the example illustrated in 
FIG. 2, the supplementary electrode 120 is located above the 
member 112 at a radial position betWeen the inner edge 114 
and the perimeter 118. The supplementary electrode 120 can 
be attached to the mount 150 by a number of posts or tabs 122 
to suspend the supplementary electrode 120 in the compart 
ment 151 betWeen the mount 150 and the member 112. In an 
alternative embodiment, the supplementary electrode can be 
embedded Within a recess 123 (shoWn in broken lines) in the 
underside of the mount 150. It is generally preferable to have 
the supplementary electrode 120 suspended in the compart 
ment 151 to avoid chemicals from collecting in such a recess, 
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and also to provide additional surface area for the supplemen 
tary electrode 120 to contact the processing ?uid. The supple 
mentary electrode 120 can be coupled to a poWer supply via 
a connector 126. 

[0030] The mount 150 further includes a brim 154 and a 
plurality of optional channels 156 (shoWn in broken lines) 
through Which the processing ?uid can ?oW betWeen the 
mount 150 and the Wafer holder 140. The channels 156 
accordingly provide a second ?oW outlet for the processing 
?uid. The ?oW of processing ?uid through the channels 156 
Wets the brim 154 and the upWardly facing inclined surface of 
the mount 150 to avoid crystal formation on the top of the 
mount 150 that can occur When the processing ?uid dries. As 
explained in more detail beloW, this feature enables the Wafer 
holder 140 to bottom out against the brim 154 Without con 
tacting crystal formations on top of the mount 150 to avoid 
skeWing the Wafer holder at an improper angle. 
[0031] FIGS. 3 and 4 are cross-sectional vieWs illustrating 
the operation and advantages of the apparatus 100. FIG. 3, 
more speci?cally, illustrates the apparatus 100 during a state 
Without a Wafer in position for processing. The processing 
?uid F ?oWs upWardly U through an opening de?ned by the 
member 112. The upper level of the processing ?uid F is 
de?ned by the brim 154 of the mount 150; the brim 154 
accordingly acts as a Weir, and the ?uid height of the process 
ing ?uid F is generally slightly above the height of the brim 
154. The processing ?uid F ?oWs over the top of the brim 154 
and the upWardly facing inclined surface of the mount 150 
betWeen processing cycles to avoid crystal formations on the 
top of the mount 150. This feature mitigates misalignment of 
the Wafer holder during processing that can be caused by 
crystal formations on top of the brim 154. A portion of the 
processing ?uid F also ?oWs through the compartment 151 
and through the outlet 152. This portion of processing ?uid F 
?oWs outWardly past the perimeter 118 of the vessel 110 to 
carry aWay particles that are dislodged from the supplemen 
tary electrode 120. The processing ?uid F is then ?ltered to 
remove particles, bubbles and other contaminants before it is 
recycled through the vessel 110. 
[0032] FIG. 4 illustrates the apparatus 100 during a pro 
cessing cycle after the Wafer holder 140 has positioned the 
Wafer W in processing plane in the processing Zone Z. The 
supplementary electrode 120 is activated during the process 
ing cycle to provide an electric ?eld component that acts 
through the supplementary virtual electrode 130 for control 
ling the current density in the perimeter region of the Wafer W. 
In the example shoWn in FIG. 4, the central axis of the Wafer 
holder 140 is misaligned relative to the vessel 110 such that 
one side of the Wafer holder 140 is closer to the member 112 
than the opposing side. When this occurs, the Width of the 
supplementary virtual electrode 130 is narroWer on the side at 
Which the Wafer holder 140 is closer to the supplementary 
electrode 120 (side A), and Wider on the side Where the Wafer 
holder 140 is further from the supplementary electrode 120 
(side B). The narroW portion of the supplementary virtual 
electrode 130 restricts the electric ?eld component of the 
supplementary electrode 120 in that region of the Wafer 
holder 140 to reduce the in?uence of the supplementary elec 
trode 120 in a corresponding region of the Wafer W. Con 
versely, the Wide portion of the supplementary virtual elec 
trode 130 increases the electric ?eld component of the 
supplementary electrode 120 in the region Where the Wafer W 
is further aWay from the supplementary electrode 120. The 
supplementary virtual electrode 130, therefore, self-compen 
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sates for misalignment between the Wafer holder 140 and the 
vessel 110 because the shape of the aperture that de?nes the 
supplementary virtual electrode 130 is de?ned, at least in 
part, by the relative position betWeen the Wafer holder 140 
and the corresponding structure of the vessel 110. The appa 
ratus 100 accordingly provides a robust system that is less 
sensitive to misalignment betWeen the Wafer holder 140 and 
the vessel 110. 

[0033] Another feature of the apparatus 100 is that the 
supplementary electrode 120 can be located very close to the 
supplementary virtual electrode 130, and the supplementary 
virtual electrode 130 is located close to the perimeter of the 
Wafer W. The supplementary electrode 120 is located above 
the member 112 and proximate to the Wafer holder 140 so that 
the distance to the supplementary virtual electrode 130 is 
short compared to the location of thief electrodes in prior art 
devices. This arrangement causes only a small voltage drop 
betWeen the supplementary electrode 120 and the supplemen 
tary virtual electrode 130. The resistance betWeen the supple 
mentary electrode 120 and the supplementary virtual elec 
trode 130 is accordingly a function of the distance betWeen 
these components. As a result, local resistance changes 
caused by a misalignment betWeen the Wafer holder 140 and 
the vessel 110 can constitute a signi?cant percentage of the 
resistance value betWeen a Wafer W that is perfectly aligned 
With the supplementary electrode 120. The different Widths of 
the different regions of the supplementary virtual electrode 
130, therefore, Will have a signi?cant in?uence on the electric 
?eld at the perimeter of the Wafer W to counteract non 
uniformities caused by the misalignment. The close proxim 
ity of the supplementary virtual electrode 13 0 to the perimeter 
of the Wafer W further enhances the ability of the system to 
counteract even small misalignments betWeen the Wafer 
holder 140 and the vessel 110. 

[0034] The apparatus 100 is particularly useful for plating 
materials onto Wafers that are not rotated during the plating 
cycle. For example, magnetic media are fabricated by holding 
the Wafer W stationary during a plating cycle to maintain the 
desired orientation betWeen the magnetic ?eld and the Wafer 
W. In these applications any misalignment betWeen the Wafer 
holder and the vessel Will cause a corresponding offset in the 
electric ?eld relative to the surface S of the Wafer W. The 
apparatus 100 With the supplementary electrode 120 and the 
supplementary virtual electrode 130 counteracts the non-uni 
formities caused by a misalignment betWeen the Wafer holder 
140 and the vessel 110 to enable the supplementary electrode 
120 to be spaced apart from the Wafer holder and operate as a 
thief electrode in such applications. 
[0035] Another advantage of the apparatus 100 is that it 
reduces the problems associated With particle contamination 
and makes it easier to maintain the supplementary electrode 
120. More speci?cally, because the supplementary electrode 
120 is spaced apart from the Wafer W and resides in the exit 
?oW of the processing ?uid F, particles dislodged from the 
supplementary electrode 120 are carried aWay from the Wafer 
W and out of the vessel 110. Suchparticles can thenbe ?ltered 
out of the processing ?uid F before it is recycled to the vessel 
110. Moreover, because the supplementary electrode 120 is 
positioned above the vessel 110, it is easily removed for 
maintenance by detaching the mount 150 from the vessel 110 
Without having to drain the vessel beloW the member 112 
and/or disassemble the vessel 110. This feature Will greatly 
enhance the ability to clean the supplementary electrode 120 
Without incurring signi?cant doWntime. As such, the appara 
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tus 100 is also particularly applicable and advantageous in 
applications in Which the supplementary electrode 120 is a 
thief electrode that is subject to frequent cleaning. 

[0036] The apparatus 100 is also advantageous because it 
enhances the ability to control the current density at the 
perimeter of the Wafer Without changing the geometry of the 
chamber. As explained above, many existing plating cham 
bers Without thief electrodes use mechanical shields in the 
vessel to limit the current density at the edge of the Wafer. 
Although these systems are useful, it is cumbersome to 
change such shields to adapt a chamber to process a different 
type of Wafer. Moreover, such shields may limit the ability to 
provide the desired current to the perimeter of the Wafer W at 
certain times of the plating cycle. The apparatus 1 00 improves 
the control of the current density at the perimeter of the Wafer 
W because the supplementary virtual electrode 130 is located 
in, or at least proximate to, the processing Zone Z. For 
example, When the supplementary virtual electrode 130 is 
located above any shields in the reactor and/or a virtual anode 
(s) in the vessel, the supplementary virtual electrode 130 has 
a strong in?uence on the current density at the perimeter of 
the Wafer W. This con?guration prevents the geometry of the 
vessel 110 from limiting the electric ?eld component of the 
supplementary electrode 120. The current density in the 
perimeter of the Wafer W, therefore, can be more fully con 
trolled during a plating cycle by changing the current through 
the supplementary electrode 120 to compensate for electrical 
properties at the surface of the Wafer W and in the processing 
?uid Without being limited by the geometry of the vessel. As 
a result, the apparatus 100 can be adapted for plating different 
types of Wafers and/ or control of the current density during 
plating cycles by merely controlling the current through the 
supplementary electrode 120 Without having to change the 
physical geometry of the chamber. This feature Will greatly 
enhance the e?icacy of plating onto thin seed layers or 
directly onto barrier layers Where it is necessary to overcome 
the signi?cant drop in current density across the Wafer during 
the initial stages of the plating cycle. This feature is similarly 
important to applications With a high density of features for 
analogous reasons. 

[0037] FIG. 5 is a side vieW of an apparatus 500 in accor 
dance With another embodiment of the invention in Which 
some features are shoWn in cross section and other features 
are shoWn schematically. Like reference numbers refer to like 
components throughout FIGS. 1-5. The apparatus 500 
includes a counter electrode 170 in the vessel 110 and a poWer 
supply 180 operatively coupled to the contacts 144 and the 
counter electrode 170. In this embodiment, the counter elec 
trode 170 is a single electrode in the vessel 110. The vessel 
can contain a single processing ?uid that ?oWs upWardly to 
the Wafer W, or the apparatus 500 can further include an ion 
exchange membrane 190 in the vessel 110, a ?rst cell 192 on 
one side of the ion-membrane 190 for an anolyte or a 
catholyte, and a second cell 194 on the other side of the 
ion-exchange membrane 190 for the other of the catholyte or 
the anolyte. Suitable con?gurations for the ion-exchange 
membrane 190, the ?rst cell 192, and the second cell 194 are 
described and shoWn in Us. Patent Publication Nos. 
US2003-0127337A1; US2005-0121317A1; US2005 
0121326Al; and US2006-0l44699Al, Which are incorpo 
rated herein by reference. The apparatus 500 is accordingly 
an electroplating or electropolishing system that can operate 
in the same manner as the apparatus 100 described above With 
reference to FIGS. 1-4. 
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[0038] FIG. 6 is a side vieW of an apparatus 600 in accor 
dance With still another embodiment of the invention in Which 
some features are shown in cross-section and other features 
are shoWn schematically. Like reference numbers refer to like 
components throughout FIGS. 1-6. The apparatus 600 is 
similar to the apparatus 500 described above With reference to 
FIG. 5, but the apparatus 600 includes a plurality of indepen 
dently operable counter electrodes 17011-0 that are electrically 
coupled to a plurality of independent poWer sources 182, 184 
and 186, respectively. In operation, the counter electrodes 
17011-0 can establish an electric ?eld Within the apparatus 600 
for plating material onto the Wafer W or removing material 
from the Wafer W. Suitable multiple-electrode apparatus and 
methods for operating such apparatus are disclosed in Us. 
Patent Publication Nos. US2003 -0062258A1; US2002 
0139678A1; US2003-0038035A1; US2005-0034809A1; 
US2005-0050767A1; and US2005-0087439A1 and Us. Pat. 
Nos. 6,569,297; 6,660,137; 6,916,412; 7,020,537; and 7,160, 
421, all of Which are incorporated herein by reference. The 
apparatus 600 is accordingly an electroplating or electropol 
ishing system that can operate in the same manner as the 
apparatus 100 and 500 described above With reference to 
FIGS. 1-5. 

[0039] The apparatus 600 is particularly useful for control 
ling the current density to compensate for variations in the 
bath conductivity, seed layer conductivity, and different 
thickness pro?le requirements for various Wafers. During the 
initial part of a plating cycle for depositing copper onto a very 
thin seed layer or directly onto a barrier layer, the perimeter 
portion of the Wafer has a much higher current density than 
the center portion because of the resistance of the seed layer 
or barrier layer. HoWever, after enough copper has plated onto 
the Wafer, the current density is much more uniform across 
the Wafer. The apparatus 600 can compensate for such varia 
tions in the current density during the plating cycle by 
dynamically varying the current applied to each of the counter 
electrodes 17011-0 and the supplementary electrode 120. In 
one speci?c embodiment of using the apparatus 600, the 
supplementary electrode 120 is a cathodic thief electrode, and 
the counter electrodes 17011-0 are anodes that operate at dif 
ferent current levels. As material is plated onto the Wafer, the 
current to the thief may be reduced and the current to each of 
the counter electrodes 17011-0 may be varied to create the 
desired plating pro?le on the Workpiece. Other aspects of 
using the apparatus 600 can include varying the currents to 
the counter electrodes 17011-0 and the supplementary elec 
trode 120 to compensate for changes in the bath conductivity 
over time as Well as providing good control to plate different 
thickness pro?les and different types of Wafers. 

[0040] FIG. 7 is an isometric vieW of an apparatus 700 in 
accordance With a particular embodiment of the invention, 
and FIG. 8 is a cross-sectional vieW of the apparatus 700. Like 
reference numbers refer to like components throughout FIGS. 
1-8. As such, the apparatus 700 includes the supplementary 
electrode 120, supplementary virtual electrode 130, Wafer 
holder 140, and mount 150. For a 200 mm Wafer W, a repre 
sentative Width of the supplementary virtual electrode 130 is 
about 13 mm. The apparatus 700 further includes a vessel 710 
having a loWer portion 712, an upper portion 714 With a 
horizontal processing Zone Z (FIG. 7) at Which the Wafer W is 
processed, and an interface 716 betWeen the loWer portion 
712 and the upper portion 714. The interface 716 can be a 
gasket, ?lter and/or an ion-exchange membrane. 

Mar. 28, 2013 

[0041] The apparatus 700 further includes one or more 
counter electrodes 730, such as the three that are shoWn and 
identi?ed as ?rst, second and third electrodes 73011, 73 0b and 
7300, respectively. Accordingly, the loWer portion 712 is also 
an electrode support having annular compartments 732 With 
upWardly extending Walls that terminate near the interface 
716. Each electrode 73011-0 is positioned in a corresponding 
annular compartment 732. The upper portion 714 has chan 
nels 740 corresponding to the compartments 732, and each 
channel 740 has at least one upWardly extending dielectric 
Wall to de?ne virtual counter electrodes 75011-0 correspond 
ing to the electrodes 73011-0, respectively. The electrodes 
73011-7300, each of Which can be independently controlled, 
can accordingly operate via the corresponding virtual counter 
electrodes 75011-0 at locations beloW the supplementary vir 
tual electrode 130. 

[0042] In operation, the processing ?uid enters the vessel 
710 through a ?uid inlet 718 that passes through a center 
opening in the loWer portion 712 and an opening in the center 
of the innermost anode 73011. The processing ?uid proceeds 
to a ?oW control assembly 720 that directs the processing 
?uid generally radially inWard after Which the ?uid turns 
upWardly and ?oWs toWard the processing Zone Z. A portion 
of the processing ?uid ?oWs through an opening de?ned by 
the inner edge 114 and over the rim 116 and the brim 154 as 
described above With respect to FIGS. 3 and 4. Another por 
tion of the processing ?uid ?oWs doWnWardly through the 
channels 740, into the electrode compartments 732, and 
through an exit outlet in the loWer portion 712. 

[0043] The apparatus 700 can further include an agitator 
760 betWeen the virtual anodes 75011-0 and the Wafer holder 
140. The agitator 760 includes a plurality of agitator elements 
762 that can be elongated bars arranged generally parallel to 
each other. The agitator 760 reciprocates in a direction gen 
erally transverse to the longitudinal dimension of the agitator 
elements 762 to agitate the processing ?uid in the processing 
Zone Z. Suitable agitators are disclosed in Us. Patent Publi 
cation Nos. US2005-0006241A1; US2005-0000817A1, and 
US2004-0245094A1; and US2007-0151844A1, all ofWhich 
are incorporated herein by reference. The apparatus 700 is 
particularly useful for applications that include an agitator 
and hold the Wafer stationary during processing because the 
dielectric Walls that de?ne the virtual counter electrode 
75011-0 are located a su?icient distance beloW the Wafer W to 
provide room for the agitator so that the agitator 760 does not 
greatly disturb the axis-symmetric electric ?eld. Also, locat 
ing the virtual thief opening at the processing Zone Z above 
the agitator 760 minimiZes the disruption that the agitator 
may have on the thief electric ?eld contribution. Therefore, 
the apparatus 700 having a virtual thief opening proximate to 
the Workpiece holder 140 and above the agitator 760 in com 
bination With a multiple anode system having virtual anodes 
located su?iciently beloW the Wafer holder 140 to provide 
room for the agitator achieves superior control of the plating 
performance. 
[0044] Another feature of the apparatus 700 is that the third 
virtual anode opening 7500 has an outer diameter that is 
greater than the outer diameter of the seal against the perim 
eter of the Wafer W. This feature alloWs the Wafer holder 140 
to be misaligned relative to the vessel 710 Without having the 
perimeter of either side of the Wafer W shielded by the outer 
diameter of the third virtual electrode 7500. As a result, the 
apparatus 700 minimiZes the sensitivity to misalignment 
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between the Wafer holder 140 and the vessel 710 as Well as 
radio manufacturing tolerances. 
[0045] In an alternative embodiment, the vessel 710 can be 
con?gured to contain an anolyte separately from a catholyte. 
For example, the loWer portion 712 can be a ?rst cell and the 
upper portion 714 can be a second cell. The loWer portion 712 
can be one of an anolyte or catholyte cell through Which a ?oW 
of a ?rst processing ?uid passes, and the upper portion 714 
can be the other of a catholyte or anolyte cell through Which 
a ?oW of a second processing ?uid passes. The interface 716 
in this type of reactor is an ion-exchange membrane that 
separates the ?rst processing ?uid in the loWer portion 712 
and from the second processing ?uid in the upper portion 714. 
The ion-exchange membrane is con?gured to prevent the ?rst 
and second ?uids from passing betWeen the loWerpor‘tion 712 
and the upper portion 714, but to alloW the desired ion transfer 
across the membrane to carry out the electrochemical pro 
cess. Suitable vessels With multiple-electrodes and/or ion 
exchange membranes are described and shoWn in Us. Patent 
Publication Nos. US2005-0121317A1; US2005 
0121326A1; US2006-0144699A1; and US2005 
0087439Al, all incorporated herein by reference. 
[0046] FIG. 9 is a cross-sectional vieW illustrating an appa 
ratus in accordance With another embodiment of the inven 
tion. Like reference numbers refer to like components in 
FIGS. 1-9. In this embodiment, the vessel 110 includes a 
member 902 that is similar to the member 112 described 
above With reference to FIGS. 1-4. The member 902 includes 
the inner edge 114 and the rim 116, but there is not an outlet 
at member 902. The apparatus also includes a mount 910 that 
is attached to, or integral With, the vessel 110 to form a 
compartment 920 in Which the supplementary electrode 120 
is positioned. The mount 910 has a brim that de?nes a single 
Weir over Which the processing ?uid ?oWs outWardly to the 
perimeter 918 of the vessel 110. 
[0047] FIG. 10 is a cross-sectional vieW ofa portion of an 
apparatus in accordance With another embodiment of the 
invention. Like reference numbers refer to like embodiments 
in FIGS. 1-10. In this embodiment, the vessel 110 includes 
the member 902, a mount 1 01 0 above the member that de?nes 
a compartment 1012, and a supplementary electrode 1020 
having a ?rst portion 1022 in the compartment 1012 and a 
second portion 1024 outside of the compartment 1012. The 
?rst portion 1024 de?nes a ?oW channel such that the pro 
cessing ?uid ?oWs along the supplementary electrode 1020. 
More speci?cally, the processing ?uid can ?oW outWardly 
along an underside of the ?rst portion 1022 and then inWardly 
relative to a central axis of the vessel 110 along an upper side 
of the ?rst portion 1022. The supplementary electrode 1020 
can be attached to the mount 1010 using tabs in the compart 
ment and/or the second portion 1024 can be attached to the 
brim of the mount 1010. The apparatus illustrated in FIG. 10 
eliminates the need to balance the ?oW betWeen tWo exits as 
shoWn in the apparatus 100 illustrated in FIGS. 1-4. The 
apparatus illustrated in FIG. 10 may also provide satisfactory 
?oW over the brim at a loWer total over?oW rate, and it may be 
less susceptible to ingesting bubbles as an agitator oscillates 
back and forth because it creates a longer path from the brim 
openings to the Wafer W. 
[0048] From the foregoing, it Will be appreciated that spe 
ci?c embodiments of the invention have been described 
herein for purposes of illustration, but that various modi?ca 
tions may be made Without deviating from the spirit and scope 
of the invention. For example, the member 112 may have 
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different con?gurations, or the virtual supplementary elec 
trode 130 may have a different location and/or orientation 
(e.g., inclined relative to the plane of the Wafer or shaped by 
a different portion of the vessel). Additionally, the supple 
mentary electrode 120 can be a de-plating electrode either in 
addition to or in lieu of being a thief electrode. Such de 
plating electrodes can be used to de-plate material from the 
contacts of the Wafer holder. In still additional embodiments, 
the supplementary electrode 120 can operate as another 
counter electrode. One example of this may be forWard-re 
verse pulse plating. During the forWard-current portion of the 
Waveform, the supplementary electrode can function as a 
thief or cathode, While the counter electrodes in the vessel 
function as anodes. During the reverse-portion of the current 
Waveform, the supplementary electrode can function as an 
anode Whereas the counter electrodes in the vessel function as 
cathodes. In still other embodiments, the supplementary elec 
trode can function as an anode While the counter electrodes in 
the vessel also function as additional anodes. In still addi 
tional embodiments, the shape of the inner edge and/ or the 
shape of the outer surface of the Wafer holder can be con?g 
ured to shape the virtual supplementary electrode. The inner 
edge of the vessel and/or the outer edge of the Wafer holder 
can be changed dynamically during or betWeen processing 
cycles, or the shape of these features can be changed by 
replacing circular components With different shapes (e.g., 
ovals, ellipses, eccentric shapes, etc.). Certain features of the 
invention described in the context of the foregoing particular 
embodiments may be combined or eliminated in other 
embodiments. Accordingly, the invention is not limited 
except as by the appended claims. 

1. A method for electrochemically processing a substrate, 
comprising: 

holding the substrate in a holder in a vessel; 
establishing an electric ?eld in a processing ?uid in the 

vessel by passing electric current through a conductive 
layer on the substrate, at least one counter electrode in 
the vessel, and a supplementary electrode; 

With the vessel having a cylindrical sideWall and an annular 
member projecting radially inWardly from the cylindri 
cal sideWall; 

the annular member having an inner edge, With an annular 
gap formed betWeen the inner edge and the holder, and 
With the electric current passing through the supplemen 
tary electrode also passing through processing ?uid in 
the annular gap; and 

compensating for misalignment betWeen the substrate and 
the counter electrode via the electric current passing 
through the processing ?uid in the annular gap. 

2. The method of claim 1 With the supplementary electrode 
inclined at a non-Zero angle relative to the supplementary 
virtual electrode. 

3. The method of claim 1 further including counteracting 
an offset of the electric ?eld relative to the Wafer associated 
With an offset betWeen the Wafer holder and the vessel by 
shaping the supplementary virtual electrode to have a ?rst 
Width at a ?rst side of the Wafer holder and a second Width 
different than the ?rst Width at a second side of the Wafer 
holder. 

4. The method of claim 1 Wherein the compensating com 
prises shaping the annular gap to have a ?rst Width at a ?rst 
side of the holder and a second Width different than the ?rst 
Width at a second side of the holder. 



US 2013/0075265 A1 

5. The method of 1 wherein the supplementary electrode is 
located above the supplementary virtual electrode. 

6. The method of claim 1 Wherein the supplementary elec 
trode is located above the processing Zone, and further com 
prising plating onto the supplementary electrode to thieve 
material relative to a perimeter of the Wafer. 

7. The method of claim 1 Wherein the supplementary elec 
trode is located above the counter electrode, and further com 
prising de-plating material using the supplementary elec 
trode. 

8. The method of claim 1 Wherein the supplementary elec 
trode is located above the processing Zone, and further com 
prising de-plating material using the supplementary elec 
trode. 

9. The method of claim 1 Wherein the vessel includes a 
member having an inner edge, a rim above the inner edge, and 
a perimeter, and Wherein the supplementary electrode is 
located above the member at a radial position betWeen the 
inner edge and the perimeter, and further comprising plating 
onto the supplementary electrode to thieve material relative to 
a perimeter of the Wafer. 

Mar. 28, 2013 

10. The method of claim 10 further comprising shaping an 
electric ?eld component using a supplementary virtual elec 
trode having an aperture formed, at least in part, by the inner 
edge of the member, and further comprising plating onto the 
supplementary electrode to thieve material relative to a 
perimeter of the Wafer. 

11. The method of claim 1 With the supplementary virtual 
electrode comprising an aperture ?lled With processing ?uid, 
further comprising compensating for misalignment betWeen 
the Wafer and the counter electrode by passing electric current 
through processing ?uid in the aperture, and With the aperture 
formed, at least in part, by a portion of the vessel at the 
processing Zone and a portion of the Wafer holder. 

12. The method of claim 1 further comprising establishing 
the electric ?eld using a plurality of counter electrodes and 
operating the counter electrodes independently from each 
other and the supplementary electrode. 

13. The method of claim 1 With the annular gap oriented in 
a substantially horiZontal plane and providing a virtual 
supplementary electrode substantially parallel to the sub 
strate. 


