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(57) ABSTRACT 

This invention relates to processes and apparati for selec 
(21) Appl' NO‘: 11/291’679 tively electroplating a metal layer or layers into recessed 
(22) Filed: N0“ 30, 2005 topographic features on a conductive surface. The processes 

and apparati of the invention are useful for fabricating metal 
Related U_s_ Application Data circuit patterns, for example for creating copper intercon 

nects between integrated circuit elements embedded in a thin 
(60) Provisional application No. 60/ 63 1 ,583, ?led on Nov. layer of dielectric material on the surface of a semiconductor 

30, 2004. Wafer. 

14 16‘ 
13 1s / 

7 

10 17 
Schematic cross-section ofaa membrane-limited electroplating 

l1 

apparatus employing mechanical force from a porous anode 18 with 

smooth ?at surface to seal the, membrane 13 against the substrate. 
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Fig. 1B - Cross-section showing deposition of copper layer 17 onto sub 

micron topographic features under conventional transport-limited . 

electroplating conditions. 
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Fig. 2A - 'Scher-natic illustration of imembrane-limited electroplating into a 

topographic recess employing an anion-selective membrane with an acidic 

copper sulfate plating solution. 
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Fig. 3 - Schematic cross-section of a membrane-limited eleetroplating 

apparatus employing hydrplstatip pressure to seal the membrane 13 

' against the substrate. ' 
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Fig. 4 - Schematic cross-section o_f_‘a membrane-limited electroplating 

apparatus employing mechanical force from a porous anode 18 with 

smooth ?at surface to seal the membrane 13 against the substrate. 
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Fig. 5 - Schematic cross-section of a membrane-limited electroplating 

apparatus employing mechanical force from a porous spacer 19 with 

smooth ?at surface to seal the membrane 13 against the substrate. 
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Fig. 6 - Schematic ‘cross-section of a membrane-limited electroplating 

apparatus employing a low conductivity ?uid 20 as the anolyte and 

mechanical force from a porous anode 18 with smooth flatsurface to seal 

the membrane 13 against the substrate.‘ 
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MEMBRANE-LIMITED SELECTIVE 
ELECTROPLATING OF A CONDUCTIVE 

SURFACE 

FIELD OF THE INVENTION 

[0001] This invention relates to processes and apparati for 
selectively electroplating a metal layer or layers into 
recessed topographic features on a conductive surface. The 
processes and apparati of the invention are useful for fab 
ricating metal circuit patterns, for example for creating 
copper interconnects betWeen integrated circuit elements 
embedded in a thin layer of dielectric material on the surface 
of a semiconductor Wafer. 

BACKGROUND 

[0002] In the damascene process for fabricating integrated 
circuits, the electrical interconnections are created as pat 
terns of lines and holes etched through a dielectric layer on 
the surface of the Wafer. Such patterns are then ?lled With 
metallic copper, and electroplating is commonly used. An 
ideal deposition process Would completely ?ll the recesses 
in the dielectric layer With copper to a level that is ?ush With 
the surrounding plateau surfaces and not deposit any copper 
on the plateau surfaces. 

[0003] Although conventional electroplating technology 
can provide control over thickness and uniformity of the 
plated layer, no practical method has been disclosed that 
selectively deposits a metal layer into the holes and trenches 
or the recessed areas in the dielectric layer and simulta 
neously precludes depositing a metallic layer of comparable 
thickness on top of the plateaus separating the circuit 
features. More often, under conventional electroplating con 
ditions, a thick layer of copper is deposited on the plateaus 
and must be removed by a highly specialiZed polishing 
process to planariZe the surface, and smooth it to Within an 
extremely ?ne tolerance, and simultaneously avoid loss of, 
or damage to, the circuit features. 

SUMMARY OF THE INVENTION 

[0004] One aspect of the present invention is a process of 
electroplating metal onto a conductive surface, Wherein the 
conductive surface comprises plateaus and trenches, the 
method comprising: 

[0005] (a) contacting the conductive surface With an 
electroplating solution comprising platable metal ions; 

[0006] (b) providing an ion-conducting membrane com 
prising a ?rst surface and an opposing second surface, 
Wherein the membrane is substantially impermeable to 
the platable metal ions in the electroplating solution; 

[0007] (c) providing an anolyte composition Which con 
tacts an anode and the ?rst surface of the membrane; 

[0008] (d) positioning the second surface of the mem 
brane in close proximity to, or in sensible contact With, 
the conductive surface; and 

[0009] (e) applying a voltage betWeen the anode and the 
conductive surface to electroplate at least a portion of 
the metal ions in the electroplating solution onto the 
conductive surface to form metal layers on the plateaus 
and in the trenches, Wherein the thickness of metal 
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electroplated in the trenches is greater than the thick 
ness of the metal layer electroplated on the plateaus. 

[0010] Another aspect of the present invention is an appa 
ratus for electroplating metal onto a conductive surface, the 
conductive surface comprising plateaus and trenches, the 
apparatus comprising: 

[0011] (a) a ?uid source providing the conductive sur 
face With an electroplating solution comprising platable 
metal ions; 

[0012] (b) a charge-selective ion-conducting membrane 
comprising a ?rst surface and an opposing second 
surface, Wherein the membrane is substantially imper 
meable to the platable metal ions in the electroplating 
solution, and is adapted for the second surface to be 
placed in close proximity to or in sensible contact With 
the conductive surface; 

[0013] (c) an anode in electrical contact With the ?rst 
surface of the membrane; and 

[0014] (d) a poWer source capable applying a voltage 
betWeen the anode and the conductive surface to gen 
erate a How of electrical current in an amount suf?cient 
to electroplate at least a portion of the metal ions in the 
electroplating solution onto the conductive surface. 

[0015] These and other aspects of the present invention 
Will be apparent to those skilled in the art in vieW of the 
present disclosure and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The description of the invention is aided by use of 
the folloWing ?gures, Which are not intended to be draWn to 
scale: 

[0017] FIG. 1A shoWs a cross-section of damascene Wafer 
shoWing copper circuit features 9 embedded in dielectric 
layer 10; 
[0018] FIG. 1B shoWs a cross-section shoWing deposition 
of copper layer 17 onto sub-mircon topographic features 
under conventional transport-limited electroplating condi 
tions; 
[0019] FIG. 2A shoWs a schematic illustration of mem 
brane-limited electroplating into a topographic recess 
employing an anion-conducting membrane With an acidic 
copper sulfate plating solution; 

[0020] FIG. 2B shoWs a schematic illustration of mem 
brane-limited electroplating into a topographic recess 
employing a cation-conducting membrane With a basic 
cyanocuprate plating solution; 
[0021] FIG. 3 shoWs a schematic cross-section of a mem 
brane-limited electroplating apparatus employing hydro 
static pressure to seal the membrane 13 against the substrate; 

[0022] FIG. 4 shoWs a schematic cross-section of a mem 
brane-limited electroplating apparatus employing mechani 
cal force from a porous anode 18 With smooth ?at surface to 
seal the membrane 13 against the substrate; 

[0023] FIG. 5 shoWs a schematic cross-section of a mem 
brane-limited electroplating apparatus employing mechani 
cal force from a porous spacer 19 With smooth ?at surface 
to seal the membrane 13 against the substrate; and 
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[0024] FIG. 6 shows a schematic cross-section of a mem 
brane-limited electroplating apparatus employing a loW con 
ductivity ?uid 20 as the anolyte and mechanical force from 
a porous anode 18 With smooth ?at surface to seal the 
membrane 13 against the substrate. 

DETAILED DESCRIPTION 

[0025] One embodiment of this invention is an apparatus 
for electroplating metal onto a conductive surface, the 
conductive surface comprising plateaus and trenches, the 
apparatus comprising: 

[0026] (a) a ?uid source providing the conductive sur 
face With an electroplating solution comprising platable 
metal ions; 

[0027] (b) a charge-selective ion-conducting membrane 
comprising a ?rst surface and an opposing second 
surface, Wherein the membrane is substantially imper 
meable to the platable metal ions in the electroplating 
solution, and is adapted for the second surface to be 
placed in close proximity to or in sensible contact With 
the conductive surface; 

[0028] (c) an anode in electrical contact With the ?rst 
surface of the membrane; and 

[0029] (d) a poWer source capable applying a voltage 
betWeen the anode and the conductive surface to gen 
erate a ?oW of electrical current in an amount su?icient 

to electroplate at least a portion of the metal ions in the 
electroplating solution onto the conductive surface. 

[0030] Unless otherWise stated, the folloWing terms When 
used herein have the meanings set forth beloW. 

[0031] By “trenches” is meant recessed features on the 
substrate or conductive surface. In the present speci?cation, 
“trenches,”“recessed features,”“holes, recessed trenches, 
”“topographic recesses,” and “vias,” may be used alterna 
tively, in conjunction, selectively, or interchangeably. Unless 
otherWise speci?ed, usage of any of these terms includes 
every type of recessed feature that is not a plateau and the 
meaning is construed to comprehensively include all types 
of features. 

[0032] By “plateau,” is meant the generally ?at area of the 
substrate or conductive surface that is at the level of the top 
of the trenches and/or vias. 

[0033] Unless otherWise speci?ed, a “conductive” ?uid or 
solution has conductivity greater than about 5 mS/cm, 
preferably equal to or greater than about 30 mS/cm, more 
preferably equal to or greater than about 100 mS/cm. 

[0034] A “conductive surface” has a sheet resistance no 
greater than about 10 milli-ohms per square. 

[0035] A “low-conductivity” ?uid or solution has conduc 
tivity beloW about 1000 uS/cm. “Non-platable metal ions” 
are knoWn to those skilled in the art and include, for 
example, Na and K. 

[0036] The electroplating solution may contain, in addi 
tion to the platable metal ions, other electrolytes, surfactants, 
and/or other additives Well knoWn in the art and variously 
designated as “brighteners”, “levelers”, or “accelerators”. 

[0037] Any apparatus or device suitable for supplying 
electroplating solution to an area betWeen a membrane and 
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a substrate is useful, including, for example, baths and 
sprayers. The electroplating solution can be supplied at any 
pressure, and the supply can be intermittent or continuous. 
The electroplating solution can be of one composition, or 
can change composition during the plating process. 

[0038] To drive the electroplating process, a source of DC 
electrical poWer is connected betWeen the conductive sur 
face (Which functions as the cathode) and the anode. The 
source of DC poWer can be steady or can advantageously 
provide pulses and/or variable DC poWer. A typical dama 
scene Wafer comprises a barrier layer that may not provide 
su?icient electrical connection to a poWer source and thus 
cannot by itself serve as a cathode. For this reason a seed 

layer of metal, for example copper, covers the barrier layer 
to provide the electrical connection to the poWer source. 

[0039] The anode is an electrically conductive material 
such as a metal or alloy (e.g., stainless steel, platinum, 
palladium or the dimensionally stable anodes commonly 
used in the chlor-alkali process) or carbon. Electrical contact 
betWeen the anode and the ?rst surface of the membrane can 
bene?cially be through an anolyte contacting the anode and 
the ?rst surface of the membrane, Wherein preferably the 
anolyte is a conductive solution, ?uid, or composition. 

[0040] The anolyte also acts as a source and/or sink for 
ions passing through the membrane. The anolyte solution 
may comprise Water, a polar organic solvent, or a combi 
nation of such solvents and bene?cially also includes solutes 
such as acids, bases or salts. Higher conductivity anolyte 
compositions, for example having a conductivity of at least 
20 mS/cm, are generally preferred, as they can reduce 
voltage loss of current passing from the anode and through 
the anolyte. The anolyte can contain one or more non-plating 
metal ions, e.g., Na, K, or such, For use With anion 
conducting membranes, the anolyte should not contain any 
readily reducible negatively charged anions. For use With 
cation-conducting membranes, the anolyte should not con 
tain any readily reducible positively charged cations. 

[0041] The membrane-limited selective electroplating 
process can be used for deposition of a Wide variety of 
platable metals and metal alloys. Suitable metals include 
silver, nickel, cobalt, tin, aluminum, copper, lead, tantalum, 
titanium, iron, chromium, vanadium, manganese, Zinc, Zir 
conium, niobium, molybdenum, ruthenium, rhodium, 
hafnium, tungsten, rhenium, osmium, iridium, and combi 
nations thereof. Preferred metals include silver, nickel, 
cobalt, tin, aluminum, copper, lead and combinations 
thereof. The method is particularly suitable for electroplat 
ing copper and/or copper-containing alloys on damascene 
Wafers. 

[0042] Membrane-limited selective electroplating may 
employ conventional electroplating solutions comprising 
salts of metal ions or complex metal ions and other ingre 
dients, for example acids or bases, bu?fers, surfactants and/or 
other additives knoWn in the electroplating art. Any or all 
adjuvants knoWn for use in electroplating solutions can be 
used in the processes herein. The platable metal in the 
electroplating solution either has a positive charge or a 
negative charge. Common commercial aqueous electroplat 
ing solutions fall into tWo general categories, depending 
upon Whether the dissolved metal ions are positively 
charged cations or negatively charged anions. Membrane 
limited selective electroplating may use either type of plat 
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ing solution depending on the type of membrane that is 
employed. It is desirable that substantially all (meaning at 
least 80%) of the platable metal ions in electroplating 
solutions for use With an anion-conducting membrane are 
present in the form of positively charged cations. On the 
other hand, substantially all of platable metal ions in elec 
troplating solutions for use With a cation-conducting mem 
brane are desirably in the form of negatively charged anions. 

[0043] The electroplating solution for copper plating is 
commonly either an acid solution containing, for example 
CuSO4 in aqueous H2SO4, or a solution containing basic 
cyanide or other nitrogen-containing-ligand, for example 
CuCN and NaCN in aqueous NaOH or Na2CO3. In the 
former example, the platable copper species is the hydrated 
cupric cation Cu(H2O)n+2, Whereas in the latter example the 
platable copper species is the complex cyanocuprate anion 
Cu(CN)3_2. 
[0044] The ion-conducting membrane serves tWo func 
tions. The ?rst function of the ion-conducting membrane is 
to displace plating solution from the plateau areas of the 
conductive surface While trapping plating solution Within the 
recessed areas. The second function of the membrane is to 
serve as a gate that alloWs certain ions to carry electrical 
current through the membrane, but speci?cally prevents 
electrochemically active metal ions from contacting or plat 
ing onto the plateau areas. 

[0045] Suitable charge-selective ion-conducting mem 
branes include ?lm-forming ionic polymers that are stable 
under the conditions of the electroplating process. Ionic 
polymer membranes useful in electro-coating, electro-dialy 
sis, the chloralkali process and fuel-cells may also be useful 
in the electroplating process herein. The ion-conducting 
membrane can be of any thickness, but advantageously the 
membrane thickness is greater than the Width of trenches to 
be ?lled With electroplated metal. In practice, the membrane 
thickness is typically at least 2 times the largest Width of 
trenches to be ?lled With electroplated metal. Exemplary 
thickness of the membrane is in the range of from about 40 
microns to about 500 microns, or alternatively about 3 to 
about 120 mils. The reason for having appreciable thickness 
is that the thickness Will resist bending and, coupled With the 
stiffness of the membrane, should be suf?cient so that the 
membrane does not conform to the topography of the 
conductive surface. The distribution of charged moieties in 
the pores need not be uniform, and the membrane can 
comprise one or more separate membranes laminated one to 
another. 

[0046] Similarly, the membrane is advantageously suffi 
ciently stiff and incompressible so that the active portion of 
the membrane does not conform to the topography of the 
conductive surface. The stiffness and compressibility of the 
membrane can vary With degree of saturation as Well as the 
ion content in the membrane, but generally, most commer 
cially available Na?on® and Flemion® cation-exchange 
membranes, or Fumatech PAP and PCA60 anion-exchange 
membranes have the requisite stiffness and incompressibil 
ity When the saturation level is near 100%. 

[0047] Suitable ion-conducting membranes are substan 
tially impervious (impermeable) to the platable metal ions in 
the electroplating solution. By substantially impermeable to 
the metal ions in the electroplating solution We mean ?rstly, 
that for cation-exchange membranes, the transference num 
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ber for cations is at least 0.9, and secondly, that at least 80% 
of the platable metal ions are anions. Similarly for anion 
exchange membranes, the transference number for anions is 
at least 0.9, and at least 80% of the platable metal ions are 
cations. Under conditions Where electroplating requires 
transfer of a cation, a cation-conducting membrane is used. 
An exemplary cation-conducting membrane comprises a 
polymeric ionomer functionaliZed With at least one type of 
acidic moiety. Cation-selective ion-conducting membranes 
(also called cation-exchange membranes), generally com 
prise organic polymer ?lms With acidic functional groups 
(e.g., iCOZH or iSO3H), bound covalently to the poly 
meric backbone. In one embodiment, the cation-conducting 
membranes are formed from polymeric ionomers function 
aliZed With strong acid groups that have a pKa of less than 
about 3. Sulfonic acid groups are preferred strong acid 
groups. Preferred polymeric ionomers are copolymers of 
?uorinated and/or per?uorinated ole?ns and monomers con 
taining strong acid groups. An exemplary cation-selective 
membrane may have 1.0 to 4.0 milli-equivalents of strong 
acid groups per cubic centimeter of membrane. Suitable 
membranes include polytetra?uorethylene polymer-based 
membranes, per?uorocarboxylic acid/PTFE copolymers, 
polymeric ionomers functionaliZed With both sulfonic acid 
groups and carboxylic acid groups, and per?uorosulfonic 
acid/ polytetra?uorethylene copolymer membranes. Other 
acid moieties can be attached to the membrane as an 
alternative to, or in addition to, the carboxylic acid moieties 
and/or the sulfonic acid moieties, including for example a 
sulfanilamide moiety, a phosphonate moiety, a sulfonyl 
moiety, or any combination thereof, Wherein the acidic 
moieties can independently be substituted With, for example, 
a C1 to C4 alkyl group. 

[0048] Commercially available cation-conducting mem 
branes useful in the processes of this invention include 
Flemion® per?uorocarboxylate ionomer membranes (Asahi 
Glass Co., Ltd, Yokahama, Japan) and/or Na?on® per?uo 
rosulfonate ionomer membranes (E.l. du Pont de Nemours, 
Inc., Wilmington, Del.), Which are composed of ?uorocar 
bon chains bearing highly acidic carboxylic and sulfonic 
acid groups, respectively. On exposure to Water, the acid 
groups of Na?on® ioniZe, leaving ?xed sulfonate anions and 
mobile hydrated protons. The protons may be readily 
exchanged With various metal cations. Na?on® is particu 
larly Well-suited for use in membrane-limited selective 
electroplating due to its strong common-ion exclusion, high 
conductivity, strong acidity, chemical stability and robust 
mechanical properties. 
[0049] In one embodiment the membrane is layered, and 
comprises a ?uoropolymer membrane comprising at least 
tWo integrally laminated layers including a ?rst layer made 
of a per?uorocarbon polymer having carboxylic acid groups 
as its ion exchange groups, and a second layer comprising 
per?uorocarbon polymer having sulfonic acid groups as its 
ion exchange groups. Alternatively, the layers can be sepa 
rated by a ?uid layer. A suitable membrane can be a single 
layer having both sulfonic and carboxylic groups made, for 
example, by the copolymeriZation of a carboxylic acid type 
monomer With a sulfonic acid type monomer, or by the 
copolymeriZation of a carboxylic acid type monomer With a 
sulfonic acid type monomer, or by impregnating a sulfonic 
acid type ?uoropolymer membrane With a carboxylic acid 
type monomer, folloWed by polymerization. Suitable mem 
branes include those formed from a blend comprising a 
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sulfonic acid group-containing polymer and a carboxylic 
acid group-containing polymer, Which is laminated on a 
sulfonic acid group membrane, as described in Us. Pat. No. 
4,176,215, and herein incorporated by reference. 

[0050] Under conditions Where electroplating requires 
transfer of an anion, an anion-conducting membrane is used. 
An anion-conducting membrane comprises a polymeric 
ionomer functionaliZed With at least one type of basic 
moiety, for example quaternary ammonium groups. Tertiary 
or loWer amino groups are also suitable functional groups. 
Anion-selective ion-conducting membranes (also called 
anion-exchange membranes) generally comprise organic 
polymer ?lms With positively charged covalently bound 
functional groups such as ammonium ions iNHf, NH2R+, 
iNHRf, or iNRf, or basic salts such as iNRHZOH, 
NRZHOH, or NR3OH, Where R is an organic radical. When 
saturated With Water, these functional groups hydrate and 
dissociate. The resulting cations iNHf, iNRHf, 
iNRZH’Q and NR3+ remain con?ned Within the membrane 
While the hydroxide ions 40H, are free to diffuse, migrate 
and exchange With other anions in adjacent solutions. An 
exemplary anion-conducting membrane may have 5 to 200 
microequivalents of basic moieties per cm2 of membrane 
area. Examples of anion-selective ion-conducting mem 
branes (anion conducting membranes) include the PC 
amine-functionaliZed epoxide polymers (PCAiPoly 
merchemie Altmeier GmbH, HeusWeiler, Germany). 
Strongly basic styrenic anion-conductive membranes can be 
formed from a cross-linked poly-styrene-divinylbenZene 
that is chloromethylated using a LeWis acid and further 
functionaliZed by addition of a tertiary amine. Methods for 
making anion-conducting membranes can be adapted from 
methods to make anion-exchange membranes described in 
Us. Pat. No. 6,646,083, Which is incorporated by reference 
herein. 

[0051] Also provided are processes for electroplating 
metal onto conductive surfaces. 

[0052] According to one embodiment there is provided a 
process for electroplating metal onto a conductive surface, 
Wherein the conductive surface comprises plateaus and 
trenches, the method comprising: 

[0053] (a) contacting the conductive surface With an 
electroplating solution comprising platable metal ions; 

[0054] (b) providing an ion-conducting membrane com 
prising a ?rst surface and an opposing second surface, 
Wherein the membrane is substantially impermeable to 
the platable metal ions in the electroplating solution; 

[0055] (c) providing an anolyte composition Which con 
tacts an anode and the ?rst surface of the membrane; 

[0056] (d) positioning the second surface of the mem 
brane in close proximity to, or in sensible contact With, 
the conductive surface; and 

[0057] (e) applying a voltage betWeen the anode and the 
conductive surface to electroplate at least a portion of 
the metal ions in the electroplating solution onto the 
conductive surface to form metal layers on the plateaus 
and in the trenches, Wherein the thickness of metal 
electroplated in the trenches is greater than the thick 
ness of the metal layer electroplated on the plateaus. 
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[0058] Electroplating occurs When a portion of the exter 
nal surface of the ion-conducting membrane is brought into 
sensible contact With a portion of the conductive surface that 
is covered by the electroplating solution, With the substrate 
held at a voltage more negative than the open circuit voltage. 
The term “sensibly contact” means there may be a thin layer 
of ?uid disposed betWeen the membrane and the Wetted 
plateaus; preferably there is none. Some solution remains 
trapped Within the recessed features. The trapped electro 
plating solution Within the recesses serves as a source of 
metal ions in an electroplating step. The continuous or 
intermittent exchange of the plating solution Within the 
recessed features With fresh plating solution is usually 
achieved by moving the membrane With respect to the 
conductive surface, Where the exposed portions of the sur 
face not contacting the membrane are subject to a rinse of 
fresh electroplating solution. A membrane moving along a 
surface may not displace all the electroplating solution from 
the plateaus, and controlling the velocity of the membrane 
and the pressure exerted on the membrane can in?uence the 
thickness of any layer of electroplating solution disposed 
betWeen the plateaus and the membrane. 

[0059] The conductive surface typically comprises a metal 
such as copper, but other metals may be used as long as they 
provides suitable electrical contact to the poWer source and 
adhesion to the plated copper. 

[0060] The distance betWeen the membrane and the pla 
teaus desirably provides an electroplating solution layer 
betWeen the plateaus and the membrane that is less than 
tWice the depth of the trenches preferably much less than 
tWice the depth of the trenches. The “depth of the trenches” 
is the difference in height betWeen the ?oor of trenches and 
vias to be ?lled and the top of the surrounding plateaus. For 
example, if the membrane contacts and electroplates mate 
rial onto a damascene Wafer Where the depth of the trench to 
be ?lled is about 1 micron, then the average height of the 
electroplating solution disposed betWeen a membrane and a 
nearby plateau is less than 0.5 microns, and may preferably 
be less than 10 nanometers. When the membrane is being 
moved relative to the conductive surface, this layer may 
provide lubrication betWeen the membrane and the conduc 
tive surface. 

[0061] In a process of the current invention, the pressure 
exerted by the membrane on the conductive surface is 
suf?cient to reduce the thickness of the layer of electroplat 
ing solution disposed betWeen the top of plateaus and the 
membrane to the desired thickness. For example, the pres 
sure can range from about 0.03 to about 30 psi. 

[0062] The velocity of the membrane relative to the con 
ductive surface may range from about 0 to about 200 cm/ sec 
or more, but is typically from about 1 cm/sec to about 30 
cm/sec. 

[0063] Then the membrane is held in sensible contact With 
the conductive surface and a suitable voltage is applied 
betWeen the anode and cathode under these conditions, 
metal ions of the electroplating solution are reduced to 
elemental metal and are deposited into the trenches of the 
conductive surface. Unlike conventional electroplating, a 
disproportionately large portion of the electrical current 
?oWs through small volumes of the electroplating solution 
trapped Within the topographic recesses (trenches) of the 
surface. The entrapment of the electroplating solution is 
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achieved by holding the conductive surface in intimate 
contact With a ?rst surface of a charge-selective ion-con 
ducting membrane. The conductive surface can be held 
stationary and the membrane moved, or the membrane can 
be held stationary and the surface moved, or both the surface 
and the membrane can be in motion. The relative motion 
may be parallel or perpendicular to the conductive surface or 
some combination of the tWo. 

[0064] The rate of depletion of platable metal ions in the 
electroplating solution is typically not constant, and the rate 
of plating from a trapped volume of electroplating solution 
can sloW over time as the concentration of platable ions in 
the electroplating solution is depleted. In some embodi 
ments, the amount of time for Which a given portion of 
electroplating solution is trapped Without being refreshed is 
at least sufficient to loWer the average concentration of 
platable metal ions by at least 30% in the layer of ?uid 
disposed betWeen the membrane and the recessed areas. As 
the recessed areas become ?lled With copper, they retain 
progressively less electroplating solution, so that metal ion 
depletion occurs more rapidly. There is no advantage in 
alloWing the concentration to fall to less than 90% of its 
original value. The amount of time to electroplate before 
replenishing or replacing the electroplating solution dis 
posed in a trench can in some cases bene?cially be changed 
as an endpoint is approached. 

[0065] If the membrane is moving relative to the surface, 
then fresh electroplating solution is supplied to the area 
betWeen the membrane and the surface. Since electroplating 
solution is typically disposed on the conductive surface prior 
to the membrane passing over that surface, it is important to 
prevent current ?oWing to the plateau areas outside the area 
Where the membrane sensibly contacts the surface. Once the 
membrane contacts the surface, then electroplating solution 
is displaced from the plateaus, and the electroplating process 
can bene?cially proceed. In one embodiment of the inven 
tion, in order to avoid plating metal onto the plateau areas 
the electrical circuit is temporarily opened or the voltage is 
set to the open-circuit voltage during disengagement, move 
ment, and re-engagement of the membrane. 

[0066] In other embodiments, such as those represented in 
FIGS. 3-6, different areas of the surface may be systemati 
cally engaged and disengaged from the membrane by con 
tinuously moving the membrane across the conductive sur 
face. In that Way fresh plating solution is continuously 
provided to the recessed areas Without need to interrupt the 
current. Moreover, since at any given time the current ?oWs 
only to a localiZed area of the surface, Which contacts the 
membrane, the uniformity of deposition in recesses over the 
entire surface can be systematically optimiZed by regulating 
the integrated residence times in localiZed areas. The rate or 
velocity at Which the membrane moves across the surface 
determines the rate at Which fresh plating solution is sup 
plied to the recessed areas: the greater this velocity, the 
greater the rate of supply. 

[0067] During the electroplating process, there can be a 
substantial ?ux of solvent across the membrane and the 
surface during the electroplating process, and an accompa 
nying substantial change in concentrations of constituents in 
the electroplating solution. In addition, the composition of 
the anolyte changes as various reagents are either consumed 
or generated by anodic reactions and other reagents may 
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accumulate or be lost through the membrane. In order to 
maintain uniform processing conditions, it is advantageous 
to maintain substantially stable compositions for the anolyte 
and electroplating solutions. Therefore, it may be advanta 
geous to remove and replace used solutions from the anode 
compartment and from the conductive surface, or to other 
Wise affect the composition to maintain stable concentra 
tions in the anolyte and electroplating solution. 

[0068] As metal is deposited into the recessed areas, the 
recessed volumes become progressively ?lled With metal 
and retain progressively less plating solution When pressed 
against the membrane surface. Consequently, the metal ions 
in the recess volumes become more rapidly depleted. Near 
the end of the process, When the recessed volumes are nearly 
?lled With metal and approach the level of the plateau areas, 
the rate of deposition Will eventually decrease to a negligible 
value. Accordingly, the process of the invention is self 
limiting in the sense that the plating process automatically 
sloWs as the recessed volumes have been ?lled With metal to 
a level approaching or comparable With the plateau areas. 
The corresponding decrease in plating current may be used 
as a diagnostic indication of the process end-point. Near the 
end of the process, it may be advantageous to intentionally 
create a small gap of less than 1 micron betWeen the 
membrane and the plateaus, Which Will result in plating a 
small quantity of copper or other metal on plateaus, to insure 
the trenches are completely ?lled and to make sure there is 
sufficient electroplating solution betWeen the bottom of 
trenches and vias to result in an minimum rate of metal 
deposition. Increasing velocity, loWering the hydrostatic 
pressure, or a combination thereof, may be used to increase 
the thickness of the layer of electroplating solution disposed 
on plateaus as the endpoint of the polishing is neared. 

[0069] FIG. 2A illustrates one embodiment of a process of 
the present invention Wherein an anion-conducting mem 
brane is employed in conjunction With an acidic CuSO4 
plating solution. The surface of the substrate 10 (the con 
ductive surface) is initially covered by the plating solution 
12, but a ?rst surface of the membrane 13 is then pressed 
against the substrate surface so as to displace the plating 
solution from the plateau surfaces While leaving small 
volumes of electroplating solution entrapped in the recesses 
or the trenches 12. The membrane may be held or pressed 
against the surface of the substrate by hydrostatic pressure of 
the anolyte solution 16. When a suitable potential difference 
is applied betWeen the anode 15 and the substrate surface 11, 
dissolved Cu+2 ions Within the recessed cavity or trench 9 
are reduced to copper metal (Cuo) Which plates onto the 
recessed surface, While SO;2 and H804- ions carry the 
current by migrating across the membrane 13 to the anolyte 
solution 16 surrounding the anode 15. If the anode is 
electrochemically inert and the anolyte contains primarily 
Water containing little or no easily oxidiZed solutes, then the 
principle anodic reaction Will be oxidation of Water to O2 
and H". To the extent that the membrane 13 is impermeable 
to cations, and to the extent the membrane displaces plating 
solution from the plateaus, there may, and typically is, Water 
or other solvent permeation through the membrane. Little or 
no Cu+2 ions may diffuse or migrate from electroplating 
solution disposed in a recess to the plateau surfaces, and 
little or no CuO Will plate onto those surfaces. The net result 
of these processes is that as CuO plates onto the recessed 
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surfaces 17 of the trench 9, CuSO4 is removed from the 
solution in the recessed cavity and HZSO4 accumulates in the 
anolyte solution. 

[0070] FIG. 2B illustrates one embodiment of the inven 
tion Wherein a cation-conducting membrane is employed in 
conjunction With a basic plating solution comprised of 
CuCN and advantageously other salts such as NaCN in 
aqueous NaOH. The surface of the substrate is initially 
covered by the plating solution, and a ?rst surface of the 
membrane is then pressed against the substrate surface so as 
to displace the plating solution from the plateau surfaces 
While leaving plating solution 12 trapped in the recesses. 
Hydrostatic pressure can advantageously be applied to the 
anolyte solution 16 contacting the second, opposing, surface 
of the membrane 13 in order to urge the ?rst surface of the 
membrane 13 against the plateau areas of the substrate. The 
anolyte solution 16 may comprise Water, a polar organic 
solvent, or a combination of such solvents and may include 
solutes such as bases or salts, but need not contain any 
electrochemically active metal ions. The anode 15 is an 
electrically conductive material such as a metal or carbon. 
Depending upon the composition of the anolyte 16 and the 
anode 15, the anodic reaction may comprise oxidation of the 
anode 15 to yield soluble oxidation products (a sacri?cial 
anode), or may comprise oxidation of some component of 
the anolyte solutions 16. If the anode is electrochemically 
inert and the anolyte contains primarily de-ioniZed Water 
containing little or no easily oxidiZed solutes, then the 
principle anodic reaction Will be oxidation of OH- to O2. 

[0071] It shall be understood that the examples illustrated 
in FIGS. 2A and 2B and described in the previous para 
graphs are only representative examples. Many different 
types of apparatus, plating solution, anolytes and electrode 
reactions can be utiliZed in membrane-limited electroplat 
ing, as Will be apparent to those skilled in the art. 

[0072] The apparatus for membrane-limited electroplating 
is advantageously designed so that limited or no electrolytic 
current can How to plateau areas of the substrate not sealed 
by the membrane. FIGS. 3-5 illustrate various methods to 
restrict the How of current to areas of the substrate sensibly 
contacted by the membrane. 

[0073] FIG. 3 illustrates in cross-section an apparatus for 
membrane-limited electroplating. In this apparatus the seal 
betWeen plateau areas on the substrate 10 (the conductive 
surface) and the membrane 13 is maintained by hydrostatic 
pressure applied to the anolyte solution 16 on the upper 
(second) surface of the membrane 13. HoWever, not all areas 
of the substrate 10 are sealed by the membrane 13. It is 
therefore advantageous to prevent electrolytic current from 
?oWing to the unsealed areas in order to prevent deposition 
of metal onto plateaus exposed to plating solution in those 
areas by providing an electrically insulating barrier mask 14 
disposed on or over the membrane to cover those areas of the 
membrane Which do not contact the substrate. The mask 14 
may comprise a thin, ?exible polymeric ?lm bonded, lami 
nated or sealed against either the ?rst or second surface of 
the membrane 13. If the anolyte is Water-based or inorganic 
acid-based, then the mask may comprise any Water-immis 
cible solvent, oil, or grease disposed on the membrane that 
reduces the electrical conductivity of the membrane by at 
least factor of 2. The masking may be disposed on the 
exterior of the membrane, as shoWn, or alternatively, may be 
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disposed on or against the opposite, interior, side of the 
membrane. In one embodiment the ion-conducting mem 
brane is cast on an impermeable Web or membrane having 
openings that de?ne the active area of the membrane. 
Examples of materials suitable for construction of the mask 
14 include, but are not limited to, polyole?ns and haloge 
nated polyole?ns. 

[0074] Another embodiment of the invention is illustrated 
in FIG. 4. In this apparatus the seal betWeen plateaus areas 
on the substrate and the second surface of the membrane 13 
is maintained by mechanical force betWeen the anode 18 and 
the upper (?rst) surface of the membrane 13. For this 
purpose the anode 18 must be a porous structure in order to 
maintain a layer of anolyte solution or composition 16 
adjacent to the anode/membrane interface. Alternatively, the 
anode may be an electrochemically inactive, conductive 
material such as carbon or a noble metal With at least one 

smooth, ?at surface. The anode 18 is immersed in a second 
?uid (the anolyte 16) and is separated from the plating 
solution 12 by the membrane 13. In addition, the loWer 
surface of the anode 18 must be su?iciently smooth and ?at 
to maintain a tight seal betWeen the loWer (second) surface 
of the membrane 13 and the plateau surfaces on the substrate 
10. Examples of materials suitable for construction of the 
porous anode 18 include, but are not limited to, porous 
sintered metals, porous carbon or carbon ?ber felt or paper. 
In one embodiment of the invention, the anode 18 comprises 
a porous, electrochemically inactive, conductive material 
such as carbon or a noble metal With at least one smooth, ?at 
surface. As in FIG. 3, an electrically insulating barrier mask 
14 is employed in this embodiment to prevent electric 
current from ?oWing to areas of the substrate not contacting 
the membrane. 

[0075] FIG. 5 illustrates an embodiment in Which the 
membrane is pressed against the surface of the substrate by 
mechanical force applied by a porous non-conducting spacer 
or support 19 situated betWeen the membrane and the anode 
15. For this purpose the loWer surface of the porous support 
19 is smooth and ?at and suf?ciently compliant to maintain 
a uniform pressure betWeen the loWer (?rst) surface of the 
membrane and the substrate plateaus. The porous support 19 
must contain pores or channels ?lled With anolyte solution 
or composition in order to maintain a substantially uniform 
distribution of electrolytic current betWeen the anode and the 
recessed areas of the substrate. Examples of materials suit 
able for construction of the porous support 19 include but are 
not limited to, open-cell polymeric foams or gels, Woven or 
non-Woven fabrics, papers, felts, or porous ceramics. 

[0076] In yet another embodiment of the invention (not 
shoWn), similar to that shoWn in FIG. 5, the seal betWeen 
plateaus areas on the substrate and the membrane is main 
tained by mechanical force betWeen a thin, porous, compli 
ant metal sheet anode, and the upper (?rst) surface of the 
membrane. This force is applied via a porous, elastic struc 
ture. Such structures may comprise open-cell foams, hon 
eycomb structures, Woven or nonWoven papers or cloths. 
Materials suitable for construction of the porous backing 
material may include, but are not limited to, silicone elas 
tomers and ?uoropolymer elastomers. The anode must be 
porous in order to maintain anolyte solution or composition 
at the interface betWeen the membrane and the anode. 

[0077] FIG. 6 illustrates an embodiment in Which the 
anolyte solution has been replaced by a loW-conductivity 
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?uid, for example de-ioniZed Water (DIW). The bottom side 
of the membrane 13 makes intimate contact With the sub 
strate 10 only in areas opposite the anode 18, Whereas in 
surrounding areas Where the membrane 13 is disengaged 
from the substrate 10 a gap exists betWeen the anode 18 and 
the disengaged upper side of the membrane 13. Because of 
the loW conductivity of de-ioniZed Water 16, any current 
passing through this gap Will be subject to an ohmic resis 
tance proportional to the Width of the gap. The voltage 
applied betWeen the anode 18 and the substrate 10 is 
maintained just large enough to provide a desired current, 
for example a current density between 10 and 200 mA/cm2, 
to recessed areas (trenches and vias) 9 sealed by the mem 
brane 13 Where no gap is present betWeen the anode 18 and 
the ?rst (upper) surface of the membrane 13. Under these 
conditions the ohmic resistance due to a small gap, for 
example 0.1 mm, beyond the edge of the anode 18 Will be 
su?icient to reduce the voltage difference and the current 
density to a negligible value so that little or no electroplating 
occurs on areas beyond the edges of the anode 18. To the 
extent that the loW-conductivity ?uid prevents electrolytic 
current ?oWing to areas of the substrate not contacting the 
membrane, this embodiment need not require an electrically 
insulating barrier mask. 

[0078] The area of contact betWeen the membrane 13 and 
the substrate 10 may be continuously moved over the 
surface of the substrate 10 in such Way that the area under 
the anode 18 alWays remains in contact. In this manner, fresh 
plating solution can be continuously replaced in the recessed 
features 9 and plating current can be maintained Without 
interruption until the desired amount of metal has been 
deposited. 

[0079] In the embodiment represented in FIG. 6 the 
loW-conductivity anolyte surrounding the anode Will gradu 
ally become contaminated by ions, especially When using an 
anion-conducting membrane in conjunction With an acidic 
plating solution. Therefore, in order to prevent the conduc 
tivity of the loW-conductivity ?uid from increasing to a point 
Where current can ?oW beyond the edges of the anode, the 
loW-conductivity ?uid anolyte advantageously is continu 
ously replaced. 

[0080] Embodiments of this invention are not limited to a 
single area of contact betWeen the membrane and the 
substrate. An apparatus of this invention can comprise a 
multiplicity of contact areas involving a single large mem 
brane, a multiplicity of membranes and/or a multiplicity of 
insulating masks, and may further comprise a multiplicity of 
anodes and a multiplicity of anolyte solutions. Such embodi 
ments can provide advantages for increasing the productiv 
ity of the process and/or improving the macroscopic unifor 
mity of the process. 

[0081] Although the present invention is described With 
reference to certain preferred embodiments, it is apparent 
that modi?cation and variations thereof may be made by 
those skilled in the art Without departing from the spirit and 
scope of this invention as de?ned by the appended claims. 
In particular, it Will be clear to those skilled in the art that the 
present invention may be embodied in other speci?c forms, 
structures, arrangements, proportions, and With other ele 
ments, materials, and components, Without departing from 
the spirit or essential characteristics thereof. One skilled in 
the art Will appreciate that the invention may be used With 
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many modi?cations of materials, methods, and components 
otherWise used in the practice of the invention, Which are 
particularly adapted to speci?c substrates and operative 
requirements Without departing from the principles of the 
present invention. The presently disclosed embodiments are 
therefore to be considered in all respects as illustrative and 
not restrictive, the scope of the invention being indicated by 
the appended claims, and not limited to the foregoing 
description. 

What is claimed is: 
1. A process of electroplating metal onto a conductive 

surface, Wherein the conductive surface comprises plateaus 
and trenches, the method comprising: 

(a) contacting the conductive surface With an electroplat 
ing solution comprising platable metal ions; 

(b) providing an ion-conducting membrane comprising a 
?rst surface and an opposing second surface, Wherein 
the membrane is substantially impermeable to the plat 
able metal ions in the electroplating solution; 

(c) providing an anolyte composition Which contacts an 
anode and the ?rst surface of the membrane; 

(d) positioning the second surface of the membrane in 
close proximity to, or in sensible contact With, the 
conductive surface; and 

(e) applying a voltage betWeen the anode and the con 
ductive surface to electroplate at least a portion of the 
metal ions in the electroplating solution onto the con 
ductive surface to form metal layers on the plateaus and 
in the trenches, Wherein the thickness of metal electro 
plated in the trenches is greater than the thickness of the 
metal layer electroplated on the plateaus. 

2. The process of claim 1, Wherein the anolyte composi 
tion comprises Water, an aqueous solution, a loW-conduc 
tivity ?uid, a conductive solution, a conductive ?uid, a 
conductive slurry, or a conductive gel. 

3. The process of claim 1, Wherein substantially all of the 
platable metal ions in the electroplating solution are cations, 
or complexes having a positive net charge, and the mem 
brane is an anion-selective ion-conducting membrane. 

4. The process of claim 1, Wherein substantially all of the 
platable metal ions in the electroplating solution are anions, 
or complexes having a negative net charge, and the mem 
brane is a cation-selective ion-conducting membrane. 

5. The process of claim 1, Wherein the membrane com 
prises a polymeric ionomer functionaliZed With acid groups 
having a pKa less than 5. 

6. The process of claim 5, Wherein the polymeric ionomer 
is a per?uorosulfonic acid/PTFE copolymer. 

7. The process of claim 1, Wherein the conductive surface 
and the membrane are moved relative to each other in such 
a Way that the area of contact of the membrane moves across 
the conductive surface. 

8. The process of claim 1, Wherein the platable metal ions 
comprise a metal selected from silver, nickel, cobalt, tin, 
aluminum, copper, lead, tantalum, titanium, iron, chromium, 
vanadium, manganese, Zinc, Zirconium, niobium, molybde 
num, ruthenium, rhodium, hafnium, tungsten, rhenium, 
osmium, iridium, and combinations thereof. 

9. The process of claim 8, Wherein the platable metal ions 
comprise silver, nickel, cobalt, tin, copper, or aluminum. 
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10. The process of claim 1, wherein the voltage is applied 
in such a Way as to generate a constant current. 

11. The process of claim 1, Wherein the voltage is varied 
With time betWeen selected voltage values. 

12. The process of claim 1, Wherein the trenches have 
lateral dimensions in the range of from about 0.01 micron to 
about 100 microns. 

13. An apparatus for electroplating metal onto a conduc 
tive surface, the conductive surface comprising plateaus and 
trenches, the apparatus comprising: 

(a) a ?uid source providing the conductive surface With an 
electroplating solution comprising platable metal ions; 

(b) a charge-selective ion-conducting membrane compris 
ing a ?rst surface and an opposing second surface, 
Wherein the membrane is substantially impermeable to 
the platable metal ions in the electroplating solution, 
and is adapted for the second surface to be placed in 
close proximity to or in sensible contact With the 
conductive surface; 

(c) an anode in electrical contact With the ?rst surface of 
the membrane; and 

(d) a poWer source capable applying a voltage betWeen 
the anode and the conductive surface to generate a How 
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of electrical current in an amount su?icient to electro 

plate at least a portion of the metal ions in the electro 
plating solution onto the conductive surface. 

14. The electroplating apparatus of claim 13, Wherein the 
anode is in sensible contact With the ?rst surface of the 
charge-selective ion-conducting membrane. 

15. The electroplating apparatus of claim 13, Wherein the 
anode comprises a porous electrochemically inactive mate 
rial With at least one surface that is ?at and smooth. 

16. The electroplating apparatus of claim 13, further 
comprising a porous non-conducting spacer that is disposed 
betWeen the membrane and the anode, Wherein the porous 
non-conducting spacer comprises a material selected from 
open-cell polymeric foams, open-cell polymeric gels, Woven 
fabrics, non-Woven fabrics, paper, felt, and porous ceramics. 

17. The electroplating apparatus of claim 13, further 
comprising an electrically insulating mask covering a por 
tion of the ?rst or second surface of the membrane, Wherein 
the electrically insulating mask comprises a polyole?n or a 
halogenated polyole?n. 


