
WO 2004/046426 PCT/US2003/036208  - 1  INTEGRATED
PLATING AND PLANARIZATION PROCESS  AND APPARATUS
THEREFOR Technical Field This invention relates to
semiconductor processing, and  more particularly to a
process and apparatus for plating and  planarization
of a copper layer on a semiconductor wafer.
Background Art In the fabrication of semiconductor
devices, deposition  and selective removal of metallic
layers are important  processes. A typical
semiconductor wafer has several layers  of metal
deposited or plated on its surface, with each
successive layer being polished or etched before
further  layers are added. In particular,
electroplating of copper on  the wafer surface is a
widely practiced process. Plating of  copper (which
generally produces a blanket layer of copper on  the
wafer) is typically followed by chemical-mechanical
polishing (CMP) to remove unwanted portions of the
plated  layer. When a damascene structure is being
fabricated, the  CMP process also serves to
electrically isolate the damascene  wires. Figure 1A
is a schematic illustration of a typical  apparatus
for plating copper on a wafer. Wafer 1 is held
against a cathode 32 by sealed contacts 33; the
cathode and  wafer rotate in a bath 30 of plating
solution. A flow 35 of  plating solution is pumped
through the apparatus to  continually refresh the
bath; the flow is directed around  plating anode 31
and through holes in the anode. WO 2004/046426
PCT/US2003/036208  2  Figure 1B shows a wafer feature
after a typical Cu  plating process. Semiconductor
wafer 1, which has'a trench 3  formed therein, is
coated first with a barrier/liner layer 2,  to promote
adhesion of the plated metal layer to the wafer  and
to prevent diffusion of the Cu into the semiconductor



material. A seed layer 4 is then deposited on layer 2.
The  electroplated Cu layer 5 fills the trench and
coats the wafer  surface. As shown in the figure, the
plated layer must be  thick enough to ensure that the
trench is filled. Under some  process conditions the
greatest thickness is in the vicinity  of the trench,
as shown in Figure 1C. The excess thickness  5a,
termed "overburden," is then removed by CMP. Often the
entire plated layer above the wafer surface is removed
so  that copper metal remains only inside the trench
3; this may  be done by polishing the wafer in a CMP
apparatus until the  original front surface if of the
wafer is exposed. Plating and planarization of the
metal layer are  conventionally done in separate
tools. As noted above,  processing of a typical wafer
requires several different  plating steps, with each
followed by a planarization step. A  typical wafer
therefore is processed multiple times in both  the
plating and planarization tools. This situation tends
to  limit the throughput of the manufacturing process,
and  accordingly increases the overall manufacturing
cost. U.S. Pat. No. 6,004,880, titled "Method of
single step  damascene process for deposition and
global planarization,"  suggests adapting a CMP
apparatus to perform plating and  polishing
simultaneously. However, plating and polishing  often
require different process conditions (e.g. different
mechanical force on the wafer surface), which cannot
be  obtained in a simultaneous process. Furthermore,
if a  polishing slurry containing an abrasive is
combined with an  electrolyte plating solution,
abrasive particles may be  trapped in the plated metal
layer. U.S. Patent No. 5,911,619, titled "Apparatus
for  electrochemical mechanical planarization,"
describes a WO 2004/046426 PCT/US2003/036208  - 3
polishing apparatus in which electrodes contact the
wafer, so  that CMP and electrochemical machining
techniques may be  combined in order to improve
planarization throughput. This  



apparatus is used only for planarization (that is,
removal of  material from the wafer); electroplating
of the wafer  requires a separate apparatus. There
remains a need for a wafer processing tool which
integrates the features of electroplating and
planarization  tools, and thus can perform alternating
electroplating and  electroetching processes, together
with CMP (particularly for  copper layers), with
optimized conditions for each process.  Disclosure of
Invention The present invention addresses the
above-described need  by providing a process and
apparatus for performing both  electroplating of a
metal layer and planarization of the  layer on a
substrate. According to a first aspect of the
invention, the  apparatus includes a table with a
polishing pad; the table  and pad have holes therein
forming channels for dispensing an  electroplating
solution onto the pad. A plurality of  electroplating
anodes are disposed in the channels and are in
contact with the electroplating solution. The
apparatus also  includes a carrier for holding the
substrate substantially  parallel to the top surface
of the pad and for applying  variable mechanical force
on the substrate against the pad;  the carrier rotates
with respect to the table and includes a  plating
cathode. The apparatus further includes a slurry
dispenser for dispensing a polishing slurry on the pad
during  a CMP process. The carrier applies a first
amount of force during an  electroplating process and
a second amount of force during an  electroetching
process. During a plating process, it is  preferable
that the force be varied to maintain a WO 2004/046426
PCT/US2003/036208  4  predetermined spacing between
the substrate and the pad. In  the initial plating
process for a dual damascene structure,  this spacing
should be between 5 pm and 100 pm. The channels are
advantageously arranged in a plurality  



of concentric arrays each having an anode therein, so
that  the anodes are arranged in concentric arrays
each having a  separate electrical connection to the
cathode. It is noteworthy that when a conductive line
or via is  being formed, the first amount of force is
greater than the  second amount of force, so that the
distance between the  substrate and the top surface of
the pad is greater during an  electroetching process
than during an electroplating process. The table and
pad may have additional arrays of holes to  form
channels for dispensing the polishing slurry during
the  CMP process. According to another aspect of the
invention, a method  is provided for performing both
electroplating of a metal  layer and planarization of
the layer on a substrate in an  integrated
plating/planarization tool having a substrate  carrier
and a table with a polishing pad disposed thereon.  In
this method, the substrate is loaded on the carrier,
and  electroplating solution is dispensed onto the
pad. Metal is  then electroplated on the substrate
using the electroplating  solution, while a first
amount of mechanical force is applied  on the
substrate against the pad to maintain a first spacing
between the substrate and the pad. An electroetching
solution is then dispensed onto the pad, and the metal
on the  substrate is electroetched, while a second
amount of  mechanical force is applied on the
substrate against the pad  to maintain a second
spacing between the substrate and the  pad. The
electroplating and electroetching may be repeated  as
a sequence a plurality of times. The method may
further  include the step of polishing the metal by
chemical- mechanical polishing (CMP) using the
polishing pad and a non- abrasive slurry dispensed on
the pad. The table may have a plurality of plating
anodes connected WO 2004/046426 PCT/US2003/036208  5
thereto and arranged in separate concentric arrays; in
the  electroplating step, a selected array may be
connected to a  



voltage source so as to control the thickness of the
metal  plated on the substrate. The electroetching may
be performed  using the electroplating solution; in
this instance, current  is conducted between the
cathode and the anodes in a forward  direction during
the electroplating and in a reverse  .direction during
the electroetching. Brief description of Drawings
Figure 1A is a schematic illustration of a
conventional  electroplating apparatus used to plate
metal on a wafer.  Figures 1B and 1C show a
semiconductor wafer on which typical plating processes
have been performed. Figure 1D is a schematic
illustration of a conventional  CMP apparatus used to
planarize a wafer. Figure 2 is a schematic
illustration of an integrated  plating and
planarization tool with separate concentric  arrays of
plating anodes, in accordance with an embodiment of
the invention. Figure 3 is a detail view showing
plating solution being  continuously dispensed during
a plating process, in  accordance with the present
invention. Figure 4A is a schematic illustration of
the integrated  tool of Figure 2, in which
reverse-pulse electroetching is  performed. Figure 4B
is a schematic illustration of the integrated  tool of
Figure 2, in which electroetching is performed by
promoting formation of a film on the wafer. Figure 5
is a schematic illustration of an integrated  plating
and planarization tool according to an embodiment of
the invention, where CMP slurry and plating solution
are  dispensed on the surface of the polishing pad.
Figure 6 is a simplified flowchart of an integrated WO
2004/046426 PCT/US2003/036208  6  plating and
planarization process in accordance with the
invention. Best Mode for Carrying Out the Invention 



In accordance with the present invention, an apparatus
is provided which permits metal deposition
(electroplating)  and metal removal (electroetching)
in alternating steps  followed by CMP, with separate
process conditions for each  step, in a single chamber
and without the need for removing  the wafer from the
apparatus. Plating and removal of copper  will be
described to illustrate the invention. It will be
appreciated that the present invention is not limited
as to  the type of material deposited on the wafer. An
embodiment of the present invention may be understood
as a modification of a CMP apparatus. A conventional
CMP  apparatus is shown schematically in Figure iD.
Wafer 1 is  held upside down on a wafer carrier 12,
which rotates with  respect to a table 10 having a
polishing pad 20 and polishing slurry 21 thereon. The
rate of polishing is partly  determined by the force
with which the wafer 1 is pressed  against the
polishing pad 20. Wafer carrier 12 is therefore
adjustable to provide a variable force on the
polishing pad. Figure 2 is a cross-sectional view of
an embodiment of  the invention. Table 10 and
polishing pad 20 have holes 210,  220 formed therein;
the holes form channels for dispensing  the plating
solution onto the surface of pad 20. The plating
anodes 201, 202, 203 are preferably sleeves of an
electrically conducting material; the anode electrodes
are  immersed in the plating solution in a reservoir
200 located  underneath table 10, so that the plating
solution is pumped  through the sleeves.
Alternatively, the sleeves may be of an  insulating
material while the anodes consist of wires  inserted
in the sleeves. During a plating process, the  plating
solution is pumped from reservoir 200 through holes WO
2004/046426 PCT/US2003/036208  7  220 and thus
dispensed onto the surface of pad 20. The anodes are
preferably arranged in concentric arrays,  connected
to a switching device 260 which in turn is  connected
to plating voltage source 250. Accordingly, the  



plating current may be switched so that (for example)
current  passes only through anodes 203, then anodes
202, and then  anodes 201. The plating circuit is
completed when wafer 1 on  carrier 12 (the plating
cathode) is brought into contact with  the plating
solution. It should be noted that the plating
solution is continuously dispensed on the pad 20
(typically  at a rate of 100-400 ml/min) while the
wafer rotates with  respect to the pad; the supply of
plating solution to the  wafer is thus constantly
refreshed. Table 10 may also be  made to rotate, with
the electrical connections to wafer  carrier 12 being
realized using sliding contacts or the like. Figure 3
is a detail view of the apparatus of Figure 2,
showing plating solution 301 being pumped through
anode 201  inserted in holes 210 and 220. The flow of
plating solution  across the surface of pad 20 has a
characteristic boundary  layer thickness BL. Wafer 1
is held by wafer carrier 12 so  that the front surface
if of the wafer is a distance L from  the surface of
pad 20. When the plating process involves  forming a
conducting line or via, the wafer may be divided  into
two types of regions: recessed regions 3 (in which
metal  deposition is desired) and field regions 6 (on
which metal  deposition is not desired). During a
plating process to form  such conductive lines, the
wafer carrier is adjusted to apply  a downward force
on wafer 1 so that the spacing between wafer  and pad
is much less than the boundary layer thickness: L <<
BL when plating lines or vias (1)  When inequality (1)
is satisfied, the supply of copper ions  to region 6
is mass-diffusion limited and is therefore much  less
than to region 3 (region 6 is said to be "semi-dry").
The plating rate in region 6 is correspondingly lower
than in  region 3. Copper lines and vias are thus
selectively formed  in the recessed areas of the wafer
with reduced overburden. WO 2004/046426
PCT/US2003/036208  - 8  A sequence of plating and
planarization processes  generally begins with a
plating step. In particular, in a  



dual damascene process the recesses in the wafer are
filled  during the initial electroplating step. It has
been found  that the applied force on the wafer during
this initial electroplating step should be controlled
so that the spacing  between the wafer and the pad is
between 5 pm and 100 pm. The rotation of wafer carrier
12 and/or table 10 ensures  that the plating solution
on the pad surface is continuously  replenished, so
that the concentration of copper ions is  constant. As
noted above, the anodes are arranged in separate
concentric arrays, so that plating may be performed in
separate concentric zones on the wafer. This permits
control  of the plating profile across the wafer. This
feature is  particularly useful in building up a Cu
seed layer when the  initial seed layer is very thin
(about 200 A). In this case,  current is first passed
through the outer zone only (anodes  203), so that
about 500 A is deposited on the outer edge of  the
wafer. Current is then switched to the next inner zone
(anodes 202) to deposit another 500 A thereon; a
lesser  amount is deposited in the other zones.
Plating is performed  in successive inner zones until
a full seed layer is  obtained. In a preferred
embodiment of the invention, alternating  plating and
etching processes are performed to limit the  growth
of the overburden. This may be done by electroetching
of the plated metal using the same solution as in the
plating  process, but with a very high anodic reverse
voltage pulse  (see Figure 4A). During the etching
step, the downward force  on the wafer is reduced so
that the spacing between the wafer  1 and pad 20 is
much greater than the boundary layer  thickness: L >>
BL when electroetching (2)  A salt film is formed on
the Cu surface during the reverse  voltage pulse; the
salt film has a variable thickness, and is WO
2004/046426 PCT/US2003/036208  9  



thicker in region 3 than in region 6. When inequality
(2) is  satisfied, the removal rate of the plated Cu
is controlled by  the diffusion of Cu ions through the
salt film. The etching  rate in region 6 is thus
generally greater than the etching  rate in region 3.
It should be noted that when the anode voltage is
reversed to switch from plating to etching, the
downward  force on the wafer is varied in accordance
with the change in  the anode voltage. Repetition of
plating steps (where region  3 plates faster than
region 6) and etching steps (where  region 3 etches
more slowly than region 6) results in the  recessed
areas of the wafer being filled with metal with very
little overburden. Electroetching may also be
performed by rapidly  replacing the plating solution
in reservoir 200 with an  etching solution (requiring
only a few seconds), and then  electroetching using
the voltage source 250, switching device  260 and
anodes 201-203 as described above. For example,
concentrated phosphoric acid may be used in
electroetching of  copper, to form a salt film on the
copper surface. The salt  film will have a higher
density in region 3 than in region 6,  so that the
etching rate is generally greater in region 6  than in
region 3. In a variation of the foregoing embodiments,
a salt- forming agent such as benzotriazole (BTA) is
added to the  plating or etching solution during the
electroetching process. When the process is switched
from plating to  etching, BTA in container 440 is
injected into the reservoir  200 (Figure 4B). The
addition of BTA to the solution results  in a salt
film on the wafer which exhibits a high field
conduction mechanism; this in turn increases the etch
selectivity in favor of the field regions (that is,
etch rate  in region 6 vs. etch rate in region 3).
This has the effect  of reducing the required number
of repeated plating and  etching operations. In a
preferred embodiment of the invention, capabilities 



WO 2004/046426 PCT/US2003/036208  - 10  for plating,
etching and CMP are combined in a single  apparatus.
The sequence of plating and etching steps may
terminate with a final etching step in which the
overburden  5a is removed, after which the wafer may
be removed without  CMP being performed. However, if
it is desired to remove  both the overburden and the
liner/barrier layer 2 on the  wafer surface, the wafer
is polished after a sequence of  plating and etching,
as detailed below. An embodiment of the invention, in
which both plating  solution and CMP slurry are
dispensed from underneath table  10, is shown in
Figure 5. An additional array of holes 510,  520 is
provided in table 10 and pad 20 respectively (see
Figure 5), to form channels through which the
polishing  slurry is pumped onto the pad surface from
a slurry reservoir  (not shown) beneath table 10.
These holes are arranged in a  concentric pattern as
shown in Figure 5. Alternatively, the  slurry may be
dispensed onto pad 20 from above. In order to  switch
the tool from plating/etching to polishing, pad 20 is
rinsed with deionized water, and a non-abrasive slurry
is  dispensed on the pad. (The pad may also be
conditioned using  a diamond conditioning head at a
convenient time before a new  wafer is loaded, as is
standard in the CMP art.) It should  be noted that the
slurry used in the Cu CMP process is an  abrasive-free
solution, so that roughening and chemical  alteration
of the remaining Cu surface are avoided. The apparatus
may advantageously include a pencil or  brush cleaner
for the wafer, so that the wafer may be cleaned  and
dried after polishing before it is removed from the
tool. Figure 6 illustrates steps in a process.
sequence where  electroplating, electroetching and CMP
are all performed in  the apparatus of the present
invention. A wafer with a thin  seed layer is loaded
onto the tool (step 601); the seed layer  is then
built up by plating the wafer using the separate,
concentric anode arrays to control the profile of the
plated  



layer (step 602). Electroplating is performed,
typically for  a period of about 20 sec. (step 603),
followed by WO 2004/046426 PCT/US2003/036208  - 11
electroetching for a period of about 10 sec. (step
604).  Plating and etching are repeated until the
desired plated  features are obtained. (The plating
and etching are  performed as distinct steps, as
opposed to attempting to  plate and etch
simultaneously.) As noted above, the force on  the
wafer is varied between plating and etching steps
(more  downward force during plating, less during
etching). At the  conclusion of the plate/etch
sequence, the overburden is only  about 500 A. The
polishing pad 20'is then rinsed (step 605),  and
polishing is performed with a non-abrasive slurry to
remove the overburden and excess barrier/liner layer
(step  606). Finally, the wafer is cleaned prior to
being unloaded  (step 607). Other features may be
added to the apparatus to extend  its capabilities and
to provide still greater process  flexibility. In
particular, the tool may be equipped with a  heater to
permit annealing of the copper as it is plated.  The
tool may also have a separate annealing chamber for
performing an additional anneal before the wafer is
removed.  Industrial Applicability This invention is
applicable to the manufacture of  microelectronic
devices, and in particular to the manufacture  of
devices requiring plating and planarization of copper
layers, especially where a dual damascene process is
used. While the invention has been described in terms
of  specific embodiments, it is evident in view of the
foregoing  description that numerous alternatives,
modifications and  variations will be apparent to
those skilled in the art.  Accordingly, the invention
is intended to encompass all such  alternatives,
modifications and variations which fall within  the
scope and spirit of the invention and the following
claims. 



WO 2004/046426 PCT/US2003/036208  - 12  Claims  1. An
apparatus for performing both electroplating of a
metal layer and planarization of said layer on a
substrate  (1), the planarization being performed by
electroetching and  chemical-mechanical polishing
(CMP), the apparatus  comprising: a table (10) for
supporting a polishing pad (20) and  having a
plurality of holes (210) forming channels for
dispensing an electroplating solution onto the pad;
the polishing pad (20), having a top surface and
having  a plurality of holes therethrough (220)
corresponding to the  holes (210) in the table; a
plurality of electroplating anodes (201, 202, 203)
disposed in said channels and in contact with the
electroplating solution; a carrier (12) for holding
the substrate (1)  substantially parallel to the top
surface of the pad (20) and  for applying variable
mechanical force on the substrate  against the pad,
the carrier rotating with respect to the  table and
including a plating cathode; and a slurry dispenser
for dispensing a polishing slurry on  the pad during a
CMP process, wherein the carrier applies a first
amount of force  during an electroplating process and
a second amount of force  during an electroetching
process. 2. An apparatus according to claim 1, wherein
the channels  are arranged in a plurality of
concentric arrays. 3. An apparatus according to claim
2, wherein an anode is  disposed in each of said
channels, so that the anodes (210,  202, 203) are
arranged in a plurality of concentric arrays  each
having a separate electrical connection to the
cathode. WO 2004/046426 PCT/US2003/036208  - 13  4. An
apparatus according to claim 1, wherein the first  



amount of force is greater than the second amount of
force,  so that a distance from the substrate (1) to
the top surface  of the pad (20) is greater during an
electroetching process  than during an electroplating
process. 5. An apparatus according to claim 1, wherein
the first  amount of force is variable so as to
maintain a predetermined  distance from the substrate
(1) to the top surface of the pad  (2) during an
electroplating process. 6. An apparatus according to
claim 5, wherein the  predetermined distance is
between 5 pm and 100 pm. 7. An apparatus according to
claim 1, further comprising a  voltage source (250)
connected to the cathode and to the  anodes, whereby
current is conducted between the cathode and  the
anodes in a forward direction during an electroplating
process and in a reverse direction during an
electroetching  process. 8. An apparatus according to
claim 1, wherein an  electroetching solution is
dispensed through the channels  during an
electroetching process. 9. An apparatus according to
claim 1, wherein the table has  an additional array of
holes (510) and the pad has an  additional array of
corresponding holes (520) to form  channels for
dispensing the polishing slurry during the CMP
process. 


