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ELECTRODEPOSITION OF THIN COPPER FILMS ON CONDUCTIVE SUBSTERATES

FIELD OF THE INVENTON

{0001] The preseat invention relates generally to a copper electrolyte and g method of

electrodepositing copper film on a conductive substrate.

BACKGROUND OF THE INVENTION

[0002] One sequence commonly used for fabricating copper interconnects is called the “dual-
damasceng” process. To form electrical interconnects, dielectric layers are patterned to create
features within which metal interconnects will be formed. In general, a feature used to form a
metal interconnect is a depression having any shape formed in a substrate or laver deposited on
the substrate.

{0003] Since copper is difficult to etch and has a high diffusivity in many materials, the
interconnects are generally prodoced by a sequence of steps comprising:

a. deposition of an insulating dielectric layer;

b, eiching of the intercounect features in the said dielectric layer;

o, deposition of a bartier layer (generally made of tantalum, titanhum nitride, tantalum
witride, tungsten nitride or tungsten carbide, for example) used 1o prevent copper
migration;

d. filling of the lines and interconnection holes with copper; and

removal of the excess copper by chemical mechanical polishing.

[¢]

f0004] This sequence of steps is known by the name “Damascene process”, which has been
described for example by C. Y. Chang and 8. M. Sze “ULSI Technology™, MeGraw-Hiil, New
York, (1996), pages 444-445,

{0005} Electronic connections between electronic devices in an integrated circuit {IC) ehip ave
curzently typically created using copper metal or alloys of copper metal. Devices in an IC chip
can be placed not only across the surface of the TC chip but devices can also be stacked in a
plurality of layers on the IC chip. Electrical interconnections between electronic devices are built
using features, which nray include one or more vias and/or trenches, that are filled with
conducting material. Layer(s) of insulating materials, frequently, fow-k dielectric materials,

separate the various components and devices in the IC chip. The substrate on which the devices
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of the IC circuit chip are built is, for example, a silicon wafer or a silicon-on-insulator subsirate.
Other substrates include, but are not Hmited to germanivm, ndium antimonide, lead telluride,
indinm arsenide, indium phosphide, gallium arsenide, gallium antimonide, and or other Group
HI-V materials either alone or in combination with silicon or silicon dioxide or other insulating
materials.

[0006] Nanoscale features are etched in a dielectric layer (typically 8102) followed by deposition
of diffusion barrier layer(s}. A thin copper seed Jayer is applied, such as by sputiering, followed
by copper electroplating to form cornplex nanopatterns. The nuiltilavered interconnect network
may contain a namber of levels (e.g., 7-10 interconnect levels). Interconnects in chips’ back-
end-of-line (BEOL)} typically distribute clock and other signals, provide power and ground for
various electronic system components, and interconnect transistors within the chips® front-end-
of-line (FEOL).

{00077 Barnier liner layers are used between the metal interconnects and the dielectric materials
to prevent metal {i.e., copper) diffusion and electromigration into the surrounding materials.
Device failure can ocewr, for example, in situations in which copper metal is in contact with
dielectric materials because the copper metal can fonize and penetrate into the dielectric material,
Barrier fayers placed between a dieleciric material, silicon, and or other materials and the copper
interconnect can also serve to promote adhesion of the copper to the other material(s).

{0008] As the mintaturization trend in integrated circuits fabrication continues, alternative liner
materials for use in connection with copper interconnects have been explored, which typically
comprise conductive materials such as cobalt, tungsten, ruthentum, molybdenum, combinations
of the foregoing and alloys of the foregoing. Cobalt has been widely investigated and employed
due to its low resistance at nanoscales and integration compatibility, as well as the benefits of
improving copper electromigration resistance. However, direct electrodeposition of copper on
coball is problematic due in part w the stability issues of cobalt in acidic copper damascene
progesses. Subsequent processes of copper seeding and copper electroplating face increasing
technical difficulties when widths and aspect ratios of electro-filled features become more
challenging.

[0009] In BEOL copper damascene, cobalt has been used as the Hiner material 16 provide good

copper seed coverage on sidewalls and longer electromigration Lifetime of copper interconnsets.
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While direct copper fill on cobalt liners without a copper seed fayer has been attempted, this
approach can result in high defectivity in copper fill at advanced nodes.

{0010} U.S. Pat. Nos. 180,648,097 and 11,168,407, both to Velmurugan et &l, the subject matter
of each of which is herein incorporated by reference in its entirety, describe electroplating
systems for depositing copper on a cobalt layer.

[0011] WO2021/207254 w LAM Research Corporation describes a combination of & suppressor
and an accelerator selected from the group consisting of (1) a polyallylamine (suppressor) and
thiourea {accelerator); (i) polyallylamine (suppressor) and ammonium thioeyanate (acceleraror);
and (ii1) saccharin (suppressor) and thiourea (acceleratory. These combinations are directed to
the superconformal fill (e, via filling or gap filling) of vias and trenches.

[00127 UL.S. Pat. No. 10,883,185 to Religieux et al., the subject matter of which is herein
incorporated by reference in its entirety, describes an electrolyte composition for depositing
copper on a metal sced layer that may include af feast two materials selected from the group
consisting of copper, cobalt or ruthenium, by combining two separate copper complexed
electrolytes. The invention also describes a process for filling cavities with copper and a
semiconductor device obtained by the process.

[0013] U.S. Pat. No. 10,472,726 to Mevellec et al., the subject matter of which is herein
incorporated by reference in its entirety, deseribes the alkaline electroplating of copper in vias

and trenches where the substrates are first lined with ruthentum or sputtered copper on TIN/TL

SUMMARY OF THE INVENTION

[0014] It is an object of the present invention to provide a copper electrolyte for use in copper
damascene processes.

{0015] It is another object of the present invention to provide a copper electrolyte for producing
thin copper films.

f0016] It is still another object of the present invention to provide & copper electrolyte for
producing an vltrathin copper film.

f0017} It is sull another object of the present invention to provide a copper electrolyte for

producing an ultrathin copper film on conductive substrates.
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[O0 18] It is still another object of the present invention to provide a copper electrolyte configured

to prodoce an witrathin copper film on conductive substrates such as cobalt, tungsten, rutheniom,

niolybdenum, combinations thereof, and alloys therenf by electrodeposition.

(00197 It is still another object of the present invention to provide a method of electrochemically

depositing a continpous and pin-hole free ulirathin copper, preferably a {ilm thinner than about 2

i on a conduetive liner, |

{00207 It is still another object of the present invention to provide an improved liner material for

use in copper dantascene processes including BEOL copper damascene processes.

{0021} To that end, in one embodiment, the present invention relates generally to a copper

electrolyte comprising:

b

o

& water soluble copper sali;

a complexant;

a leveler:

optionally a polar solventy;
optionally, a pH adjnster; and

balance water,

whetein the copper electrolyvte has a pH in the range of about 8 to abont 11,

preferably about 8.2 to abouwt 8.5,

(0022} In another embodiment, the present invention relates generally to a method of depositing

a copper film o a conductive subsirate, the method comprising the steps of:

&) opticnally, pretreating the conductive substrate, wherein the pretrestiment siep

removes sarface oxides: and

by immersing the conductive substrate into a copper electrolyte, wheretn the copper

electrolyte comprises:

a.

b,

ry

4 water soluble copper sali;

a complesant;

& leveler;

optionally a polar solvent;
optionaily, a pH adjuster; and

halance water,
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wherein the copper electrolyte has a pH in the range of about & to abont 11,
preferably about 3.2 to about 9.5, and
¢) clectrodepositing the copper film on the conductive substrate using the copper
electrolyte deseribed herein, wherein the copper film is an witrathin copper film
waving a thickness of less than about § nny, wherein the ultrathin copper filmis a

continuous copper {ilm that is free of any pinholes or other defecis.

BRIEY DESCRIPTION OF THE FIGURES

[0023] Features and aspects of embodiments are described below with reference to the
accompanying drawings, in which elements are pot necessarily depicted to seale, and in certain
views, parts may have been exaggerated oy removed for purposes of clarity.

[3024] Exemplary embodiments of the present disclosure ave further described with reference to
the appended figures. It is 1o be noted that the various features. steps and combinations of
featnres/steps deseribed below and Slustrated 1o the figures can be arranged and organized
differently to resuft in embodiments which are still within the scope of the present disclosare.
{00251 The present wrvention will now be described with reference to the following figures, in
whicly

{00267 Figures 1{a) o o) depict surface morphologies of different copper amounts deposiied
on cobalt substiates.

[00271 Figure 2 depicts the dependence of substrate sheet resistance on the nominal thickness of
copper films.

[0028] Figures 3a) to 3¢} depict the Auger swrface muapping of a thin copper filo of 1.4 nm
thickness on a cobalt substrate,

[0029] Figures 4(a) to 4(c) depicts surface morphologies of copper electrodeposition on fungsten

substrate at different process stages or conditions.

DETAILED DESCRIPTION OF THE PREFERSRED EMBODIMENTS

{0030} It should be understood that the disclosed embodiments are mierely tlustrative of the
prosent disclosure, which may be embodied in various forms. Therefore, detatls disclosed herein

with reference to exemplary assemblies/fabrication methods and associated processesftechuiques

N
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of assembly and use are not to be fnterpreted as lmiting, but merely as the basis for teaching one
skilled in the art how to make and use the advantageous assernblies/systerms described herein.
[GG31] As uysed herein, "8 "an,” and “the” refer to both singular and plugal referents unjess
the context clearly dictates otherwise,
{0032] As used herein, the term “about” refers 10 a2 measurable valoe such as a parameter, an
amount, & iemporal duration, gnd the like and is meant to include varistions of +/-15% or less,
preferably variations of +/A10% or less, more preferably variations of +4-8% or less, pven morve
preferably variations of +/-1% or less, and still more preferably variations of +/-0.1% or less of
and from the particularly recited value, n so far as such variations are appropriate to perform in
the wyvention described herein. Furthermore, it is also fo be understood that the value to which
the modifier © about™ refers is ftself specifically disclosed herein.
[0033] As used herefn, spatially relative termy, sucl as “bengath”™, “below™, “Tower”, “above”
“upper”, “front”, “back”, and the like, are used for ease of description o describe one element or
feature’s refationship 10 another element{s} or feature(s). It is further understood that the terms
“front™ and “back” are not intended o be lnuting and are intended o be interchangeable where
appropriate.
{00341 As used herein, the terms “comprise{s)” and/or “comprising,” specify the presence of
stated features, integers, steps, operations, elemenis, andfor components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof.
{00357 As nsed herein the term “substamtrally-free” or “essentiallv-free™ i not otherwise
defined herein for a particular slement or compound means that a given element or compound is
not detectable by orvdivary analytical means that are well known to those skilled in the art of
metal plating for bath analysiz. Such methods typically include atomyie absorption spectrometry,
titration, UV-Vis analysis, secondary ion mass spectrometry, and nther commonly available
analytically methods.
{00361 As used hersin, the term “sheet resistance” refers 10 a guantity used for measuring
electrical resistance of thin films of {ayers. It is expressed in ohms/square and is equivalent to the
resistivity for a two-dimensional systery, that 18 1o say one in which the curvent fows i the plane

of the laver and not in a plane perpendicnla to this laver. Mathematically, the value of the sheet
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reststance is obtained by dividing the resistivity (expressed in ohins.m or microohms.com) of the
constituent material of the layer by the thickness (expressed in o or nmy} of this layer.
[0037] In cne embodiment, the present invegtion refates generally to a copper electiolyte
comprising:
(2} a water soluble copper salt;
(3} a complexant;
{4 a leveler;
{5} optionally a polar solvent;
(&) opuonally, a pH adjuster; and
(7 balance water,
wherein the copper glectrolyte has g pH in the range of about 8 to sbowt 11, preferably
about 8.2 to abount 9.5.
{D03&] In another embodiment, the present invention relates geperally 1o a copper elecirolyte
consisting essentially oft
{1y a water soluble copper salt;
{2) a complexant;
{3} a leveler;
{#) 0t 300 ¢/L of a polar solveny;
(3) optionally, a pH adjuster; and
(&} balance water,
whevein the copper electrolyte has a pH in the range of about 8 o about 11, preforably
about 8.2 to about 8.5,
{00297 By “consisting essentially of " what is meant is that the composition is free of any
component that would render the composition incapable of forming an ultrathin copper layer on
a cobalt substrate thit is free of pinholes and other defects, That ix, the composition is preferably
at Jeast substantially free or s free of oxidizers (e, nitrates, including cupric nitrate), and
catalyiic poisons (e, Hg, Pb, As, Bi, Gy, Se, and Sh).
{00407 In one embadiment, the water scluble copper salt is a water soluble copper (11) salt
selected from the group counsisting of copper (1) sulfate, copper (1) chioride, and copper {15

acetate. In one embodiment, the coppey salt comprizes copper (1) sudfate. The copper (1 sal is

-~}
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preferably contained in the clectrolyte at a concentration within the range of about 2 to abount 100
/L. The inventors of the present invention have found that i compositions that do not coptain a
polar solvent, a higher concentration may be needed o provide a good resull. That is, i
compositions that do not include a polar solvent, the concentration of the copper (IT) salt raay be
in the range of about 40 to about 80 g/L, more preferably about 45 1o about 65 g/L., more
preferably abowt 30 to about 60 g/l On the other hand, in compositions that contain a polar
solvent such as glyeerol, the concentration of the copper () salt may be much fower such as in
the range of about 8.1 to about 25 g/, more preferably abouot 0.1 to ahoat 10 /1., more
preferably about .1 to about 1 g/1.. This i3 believed to be in part to achieve better uniformity of
plated copper thin films,

{00411 In osie embodiment, the complexant is selected from the group consisting of citric acid,
tartarie acid, ethylenediaminciettaacetic acid (EDTA}, N-(hydroxyethyl)-
ethylenediamineriacetic acid (HEDTA), ethylenediamine, 1.6 diamino-cvelohexane, diethyvlene-
irtamine, iriethylens-tetramine, NN, N N-tetramethyl-ethylene-diamine, N N-Bis(2-
hydrosyethyhethylenediamine, NN N N-etrakis(2-hydroxyethyDethylenediamine, glycine, 2-
amino-ethyl-phosphonic acid, salievlic acid, salicyihydroxane acid, catechol, 1,2-
dihvdroxybenzene-4-sulfonic acid, acatylaceione, scetylacetonate, dimethvighvoxime and 1,3-
diamino~-propane. In one embodiment, the complexant comprises disthylenetriamine. In anothe
smbondiment, the complexant comprises one or more of NN N N-Tetrakis(2-
hydrexypropylicthylenediamine and gthylenediaminetetraacetic acid.  In one cmbodiment, the
omplexant has a concentration within the range of about 8.1 fo about 20 g/l As with the
copper {1} saly, the concentration of the complexant in the composition depends in part on
whether or not the composition contains a polar solvent, That 18, in compositions that do not
coutain a polar solvent, the concentration of the complexant may be in the range of about 4.0
abont 20 g/L, more preferably abont 5.010 sbout 9.0 g/, more preferably about 4.5 o abont 7.3
g/l In coutrasy, in compositions that contain the polar solvent, the concentration of the
complexant may be i the range of about (.} to about 2.0 g/L., more preferably about 6.2 to wbout
1.2 g/L., more preferably about 0.4 to about 0.8 g/l

{00427 In one embodiment, the present invention also include a leveler. Suitable fevelars inclnde,

bui are got Hnudted to, ong or more of polyethylene imine and derivatives thereof, quaternized

[£3]
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polvethylene imine, polyglycine, poly{allylamine), polyaniline, polyorea, polyacrylamide,
poly{melamine-co-formaldehyde), reaction products of amines with epichlorohydrin, reaction
products of an aming, epichlorchydrin, and polvalkylene oxide, reaction products of an amine
with a polyepoxide, polyvinylpyridine, and polyvinylimidazole, by way of example and not
limitation. One example of a suitable leveler is a polyethyleneimine such as a hydroxyethylated,
{cthoxviated) water soluble polyethylenimine formed by reaction of a relatively high molecular
weight polvethyleninune with ethylene axide, a commercial product of which Is available from
BASF under the tradename Lupasol® SC-61B. In one embodiment, the concentration of the
leveler is in the range of about 2 to about 35 g/L. As with the other ingredients in the
cogposition, the concentration of the leveling agent in the composition depends in part on
whether or not the composition contains a polar solvent. That is, in compositions that do oot
contain g polar salvent, the concentration of the leveling agent may be in the range of about 15 ¢
about 25 g/, more preferably about 18 1o about 20 g/L. In contrast, in compositions that contain
the polar solvent, the concentration of the leveling agent wiay be in the range of about 2 to abow
& /L., more preferably about 3 1o about 6 g/l

[03043] In one ervbodiment, the electrolyte comprises a polar solvent. Examples of suitable polar
solvents inchude, bt are not [imited o ethylene glyeol, propyiene glveed, glyeerol, ethylene
lycol monomethyl etther, ethylene glycol monoethyl ether, ethylene glycol monopropy! ether,
dipropyiene glyeol monomethy! ether and combinations of the foregoing. In one embodiment,
the polar solvent comprises glveerol, If used, the concentration of the polar solvent is generally
in the sange of 130 about 250 /L, more preferably about 175 to about 2235 g/l more preferably
about 180 10 abowt 210 gL,

[0044] In one embodiment, the elecirolyte of the present invention is at least sabstantially free of
halide stoms. What Is meant by “substantially free” is that the composition contains less than 50
ppm or less than 25 ppm or less than 10 ppm of halide atoms.

{00481 The pH of the clectrolyte may optionally be adjnsted with a suitable pH adjuster o as to
maintain the pH at the desired level and so that the copper tons form a complex with the
complexing sgent. In one embodiment, the pH adjuster comprises tetracthylammonium

nydroxide or tetrabuiylammontam hydroxide or buffers sach as borates, glycine and/or
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phosphates,  As discussed above, pH is preferably within a range of about 7 to about 11, more
preferably gnd about R w about 1, more preferably about 8.2 to about 9.5,
{00467 The electrolyte deseribed hevein can be psad to provide an ultvathin copper film on &
conductive substrate, which conductive substrate may include, for example, cobalt, tungsien,
rutheninm, molybdenum, combinations thereof, and alloys thereof. In one embodiment, the
conductive substrates comprise a cobalt or cobalt alloy substrate, such as a cobalt Uner that has
been deposited on a bavvier layer of an insulating dielectric laver. By “nlivathin™ what s meant is
that the thickness of the electroplated copper laver is less than 10 nm, or less than § nm or less
than 2 am oy less than 1 nm, At the swme time, the ultrathin copper layer is continnogs and pin-
hole free. In one embodiment, the condoctive substrate s formed by OV deposition.
{00471 In one embodiment, the present invention is directed to a method of depositing a copper
film, preferably an ultvathin copper film, on a substrate, preferably a conductive substrate, the
method comprising the steps oft

ay optionally, pretreating the substrate, wherein the prefreatment step removes surface

oxtdes; and

o3
=,

electrodepositing the copper tilin on the condoctive subsirate using the copper
slectrolyte described herein.
{00481 In one embodiment, the present invention comprises a method of depositing an ultvathin
copper film on a conductive subsirate, the method comprising the steps of:
00491 A) optionally, pretreating the conductive substrate to removes surface oxides; and
[00s0] B) innnessing the copductive substrate inte a copper electrolyte, wherein the copper
electrolyie comprises:

{1} a water soluble copper salt;
{2) a complexant;
{3} a leveler;
{4y optionaily a polar solvent;
{5y optionaily, a pH adjuster; and
{61 balance water,
wherein the copper electrolyte has a pH 1n the range of about § 1o about 11,

nreferably about 8.2 to abowt 9.5; and
R v b
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posn G ele(zt‘md@pogi‘img the copper film on the condnctive substrate using the copper
electrolyte described herein, wherein the copper film is an ultrathin copper film having a

thickness of less than about § mm or less than about 4 am or less than about 3 am o less than
abeagt 2 n, wherein the ultrathin copper filiny is a continuons copper filin that is free of any
pinboles or other defeets.

FO032T In the case of & fresh conductive substrate, such as a fresh cobalt sebstrate, the
prefreatiment step may be omitted. Prior fo deposition, the conductive substrate may be immaersed
in & pretreatment selution to remove surface oxides. The pretreatment solution may contain g
dilnted weak acid such as a solution of about 411 to aboot 8 g/L, more preferably about § to abouot
& g/l of citric acid or ligands which complex with cobalt cations and are capable of native cobalt
oxide removal, sueh as tartaric gcid, ethylenediamine or diethyleneuiamine. The pretreatment
step preferably lasts about O to 30 seconds, followed by a deionized water rinse. The
preirestment step can be skipped in the case of fresh cobali substeates. What is meant by a
“fresh” cobalt substrate is within a few hours after vacuyuny break without exposure to air. The
pretreatment step can also be replaced by lmmersion gt open-circuit condition in copper plating
sotutions. The tmmersion time varies from 0 to 60 sec.

{00531 In one embodiment, the conductive substrate is a condactive Hner, which may be, for
example, a cobalt liner that has been deposited on a barrier Jayer, sach as a diffusion barrier layer
made of one or more of tantalum, titanium, titaniom sitvide, tantalun nitride, tungsten, mngsten
stride, tungsten carbide, or manganese, The thickness of the diffusion bairier layer 18 generally
between about 3.5 and about 20 nm and can be deposited uaing various technigues such as
chemical vapor deposition, physical vapeor deposition, or atomic layer deposition (ALD). The
bartier laver is formed on a dielectric sabsatrate and covers surfaces of the substrate, welnding
side walls and bottoms of the feature formed therein, The aspect ratio of the features may vary
from 2:1 10 2001, for example from 321 o 1L

{0034] In one embodiment, the features have an opening dimension being from 5 {0 45 nm and
an aspect ratio of between abowt 3:1 1o about 13: 1

(00351 In one embodiment, the cobalt fayer has a thickness of between aboot 0.1 and about 3
nm, more preferably abopt 0.1 to about 2 ny. The cobalt liner may be formed i vanious ways

such as chemical vapor deposition (CVD, physteal vapor deposition (FYD), stomic laver

P
[
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deposition (ALD), electrolesy deposition.. In one embodiment, the cobalt liner is forwed by
CV1). The cobalt liner layer preferably has a thickuess in the range of about 0.3 and 20 nm,
preferably between 1 to 10 nm, for example between 2 and 3 nm.

{05361 In one embodiment, the electrodeposition process described herein s carried out at a
terapersture within a range of about 20 to gbout 35°C, more preferably at about room
temperature.

{00571 The alkaline copper electrolyte described herein can be used to deposit an ultrathin
copper layer on a conduciive subsirate, which conductive substrate may include, cobalt, fungsten,
rutheninm, molybdenum, combinations thereof, or alloys thereof, which may be a liner layer
such as a cobalt liner, in a copper damascens process, inchuding BEOL copper damascene. The
ultrathin copper film may have a thickuess of less than § nm, preferably less than 4 nm, more
preferably less than 2 nm, The electrodeposited wltrathin copper layer prevents metal dissolution,
That is, the ultrathin copper layer prevems dissolution caused by one or move of hydrogen
evolution, copper displacement, and oxygen oxidation. Becapse the solution i alkaline,
corrusion is pot an isswe. Thereafter, the thin copper filin can used as a seed layer for acidic
copper, That is the substrate, including the features, may be electroplated with copper using a
suitable electrolyte, inclading an acidic copper electrolyie.

[OG38] As deseribed herety, the process of the instant invention can be used to plate an ultrathin
copper layer on a eonductive substrate to produce a well-adherent, nearly-pinhole free, copper
electrodeposit. In one embodiment, the electrolyte described herein can be ased 1o plate an
altrathin coper layer on @ conductive substrate using an electroplating method. The electrolyte is
contained in an electrolyvtic cell contadning an anode, more preferably an inort anode, more
preferably an ancde selected from the group consisting of titanium coated with mixed fridium,
ruthentun, platinum, rhodium, and tantalum metal oxides or platinized titanium and the
conductive substrate as the cathode.

{00391 In one embodiment, the electroplating method comprises the steps of

{0060} A) a “cold entry” step during which the said surface to be coated is brought into
contact with the electrolyvte described herein while the conductive substrate 18 mamtained at an

open-circyit potential conpdition for about § to abous 30 seconds, more greferably greater than O
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o about 20 seconds, wore preferably about 0.3 (0 about 1€ seconds, more preferably about L0t
about 2.0 seconds;

{0061} B} a step of forming the coating during which time the cathode is polarized o a
constant current mode to form the nlirathin copper coating on the conductive substrate; and
[00621 ) a “hot exit” step during which the substrate 18 removed from the electroplating
bath.

00637 The invention will now be deseribed with respect 10 the following nen-limiting examples.

EXAMPLES:

{0064] The clectrobviic cell comprised an anode, made either of an inent metal {for example
platinum-coated titaninm) or of a metal ideutical to that constituting the seed layer, n this case
copper, the silicon wafer coated with TalN or barrier layer and the conductive substrate
constituting the cathode of this cell.

{0065} The clectralytic cell also included a device for supporting the wafer to be costed,
including nieans for rotating the sadd wafer at a predetermined speed.

{0066] The electroplating method used in the examples inciuded the following consecutive steps,
performed in order :

{0667} 1) Cold Entry:

{0068] The substrate was introduced into the electrolytic eell so that the surface having the
coball liner layer is brought into coutact with the electrolvie at an open-cireuit condition. This
cantacting step generally lasts shout 3 seconds or less or ghowt 2 seconds or less or abeast |
second or fess and s carried out while the elecirolyde ceil s not electrically powered.

{0069 23 Formation of the Copper Coating:

{0070] The cathode assembly was then polarized fn constant-current mode i a range of current
and at the same time rotated at a speed of 20 to 200 rounds per nainute, The duration of the
electroplating step was around 7 seconds to obtain a coating of about 2 num on the conductive
substrate.

{0071 3 Hot Exit
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(0072] After the electraplating step, the copper-coated cathode was withdrawn from the
clectroplating solution with the prior speed of rotation, while being maintained under voltage
bias, The duration of this phase was about 2 seconds,

[0073] Deionized waler rinses were then carried out on the capper coated substrate and the

substrate was dried.

Example It

{00741 This example describes a copper laver formed by an electralyte that does not contain a
polar solvent.

0075} Thin layers of copper of 0.3 to 3 nm thickness were deposited onto a blanket cobalt liner.
The sobstrate consisted of a plece of silicon wafer, covered with & blanket silicon dioxide
dielectric layer and itself coated with a thin layer of copper diffusion barrier, such as tantaluny
nitride or ttanium nitride, and a 16 nm-thick CVD cobalt liner. The substrate sheet resistance
was in the range of 9-10 ohinysq.

[0076] Prior to deposition, the cobalt substrate was imumersed 1n ¢ pretrestment solution to
remove cobalt surface oxide. The pretresiment solution coutained a dihued weak acid snch ag 8
g/i citric acid, or ligands which complex with cobalt cations. The pretreatment step typically
fasts about O - 30 seconds and is followed by deionized water rinse. The pretreatment stop can
be skipped in the case of fresh cobalt sabstrates.

{00771 Next, the substrate ks ransferred fnto the plating solution described below and maintained
at open-circuit condition for & - 30 sec. Thereafter, the cobalt cathode was polarized 1o constani-
current wode in & range of current from 2 mAJem? to 10 ma/en®. The plating solution was

adjusted 1o a pH of sboot 8.9 and maintained at the pH level for the duration of the test,

Component Concentration
{g/l)
Copyper Sulfate 34.69
Diethylegetriamine 6.5
Lupasol® SC-618 185
Water 91871

14
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f0078] Figuare 1 depicts surface morphologies of different copper amounts deposited on cobalt
substrates. About one monolayer copper coated subsirate in Figure 1{(h) shows same surface
morphology as the substrate, implying copper conforrual layer growth on cobalt at the initial
stage. As more copper is deposited on the surface, root-mean-square surface roughness
decreases from 2.6 nm in Figure ${a) when no copper is on the surface to 2.1 nm in Figare ¢}
when 1.6 nim copper 1s coated. Copper thin films deposited from plating solution described in
this example do not reughen the subsirate. Instead, the thin copper filrus smoothen the substrate
and the surface exhibits reduced surface roughness as compared to 4 bare cobalt layer. Asa
thicker copper layer is deposited (i.e., about 4 to 5 nm}, the surface topography of the cobalt
substrate disappears. No characteristic markers are observed on the surface due to the absence of

hydrogen evolution and copper displacement.

Example 2:

{0079} This example describes a copper layer formed using an electrolyte that contains a polar
solvent (1.e., glycerol).

[0080] Thin layers of copper of 0.3 to 3 nm thickness were deposited on a blanket cobalt liner.
The substrate consisted of a piece of silicon substrate, covered with a blanker silicon dioxide
dielectric layer and itself coated with a thin layer of diffusion barrier, such as tamtalum nitride or
titanium nitride, and a 3 nm-thick CVD cobalt liner. The substrate sheet resistance is in the range
of 200-300 ohm/sq.

{00817 Prior to deposition, the cobalt substrate was immersed in a prefreatment solution to
remove cobalt surface oxide. The prefreatment solution may contain diluted weak acid such as
0.5 g/ citric acid, or ligands which complex with cobalt cations. The pretreatment typically lasts
about {) - 30 sec and was followed by deionized water rinse. The pretreatment step can be
skipped in the case of fresh cobalt substrates,

{0082} Next the substrate was transferred into the plating solution deseribed below and
maintained at open-circuit condition for 0 to 30 sec. Then the cobalt cathode was polarized in
constant-current mode in a range of current from 0.5 mA/cm® 10 3 mA/Zm®. The composition

was adjusted to a pH of about 8.9 and maintained at the pH level for the duration of the test,
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Component Concentration
(L}
Copper Sulfate 5.1
Diethylencriamine Q.514
Lupasol® SC-61B 37
Glyeered 200
Water 838

{0083} Figure 2 depiets the dependence of sybstrate sheet resistance on the nominal thickness of
copper films. The sheet resistance drops at a nominal thickness of 3 nm, which roughly
corresponds to I oy true thickness due to fow coulombic efficiencies at initlal growth stage.
This observation shows that the copper flm coalescence schieves carlior than reaching 1 nm
thickness, indicating exirernely high copper nucleation deunsity on cobalt.

[0084] Figure 3 depicts the Auger surface mapping of a thin copper film of 1.4 nm thickaess on
a cobalt suhstrate with low impurity levels. The escaped depth of cobalt Anger electrons 18 about
1.2 ni, slightly shorter than the copper filin thickness. The dominant overlayer copper intensity
shown in Figure 3(c) and the noise-level underiayer cobalt intensity shown in Figure 3(b)

indicate a compact, swface pinhole-free copper film.

Example 3:

[O085] This example demonstrates that thin lavers of copper can be formed not only on a cobalt
{iner, but also on other conduciive subsurates including, but not Hmited, o tungsten,
molybdenum, and rutheniun.

Substrates used in this example consisied of a piece of silicon wafer, covered with g blanket
silicon dioxide dielectric layer and a CVD tungsten layer. The electrical sheet resistance of this
sihstrate is in the range of .3 - 0.4 chny/sg.

[0086] Prior to depositinn, the tungsien substrate may be immersed in a pretreatment solution to
reracve tungsten surface oxide. The prefreatment solution may contain dilnted weak acid such as
3 o/l ctiric acid, or ligands which complex with tungsten vations. The pretreatment typically

lgsts O - 30 see and followed by dejonized water rinse. The pretreatiment step may be skipped in
v A My

1
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the case of fresh tungsten snbstrates. Next the substrate is transferred into the copper plating
solution, and stays st open-ciresit condifion for € - 30 sec. Then the nungsten cathode was
polarized in constant-cursent mode in a range of current from 0.5 mA/om?® to 5 mAfem®,

{00877 The composition was adjusted 1o a pH of about 9.2 and maimained at the pH level for the
doration of the test. Thin copper filins of 6 nanometer thickness were deposited on tangsten

substrates using the following plating solution:

Component Concentration
(gL
Copper(ll) Sulfate 3.1

Dicthylenetriamine .13

MON N N-Tetrakis(2-Hydroxypropyly 3.83
cthylenediaming

Ethvlenediammetetraacetic acid Ot}
Tetraethylammoniom hydroxide 14

Glycerol 200
‘Water 8382

[00RS] Demonsirated in Fignre 4 are surface nwiorphologies of copper electrodeposition on

tungsten substrates at different process stages or conditions, Figure 4{a) shows coarse grains of
as-received VD wungsten films of grain sizes srovnd 300 nm. If no surface pretreatment prior
o capper deposition, aggregations of copper particles of abont 40 diameters form on the tungsten
substrate as shown i Figure 4(b). On the contrary, copper forms a conformal coating layver on
tungsten grains with the belp of appropriate swrface pretreatment as shown in Figure 4(e).

[D0R9] The examples demonsirate that it is possible to produce an ulteathin copper laver from an
alkaline elecirolyte on various conduciive subsirgtes. This ulirathin copper layer can then be
subseqoently processed, if desived, to fill electrolytically deposit copper on the ultrathin copper
layer. As described herein, the ultrathin copper layver was shown 10 provide a pin-hole free

copper deposit on conductive substraies that was capable of preventing dissolution,
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WHATIS CLAIMED 5!

yoit

A copper eleetrolyte comprising:

a. a water saluble copper salt;
a complexant;

¢ aleveler;

d. optionally a polar solvent;

optionally, a pH adjuster; and

€7

-t

balance water,
wharein the copper clectrolyte has 2 pH in the range of about 8 to abony 11,

preferably about 8.2 {0 about 8.5,

2. The copper electralyvie according to claim 1, wherein the water soluble copper salt

comprises a copper (11} salt.

K3 The copper electrobyte according to claim 2, wherein the copper (1) salt is selecied from

the group consisting of copper (I1) sulfate, copper (1) chloride, and copper (1) acetate.

4. The copper slectrolyte according to claim 2 or claim 3, wherein the copper (I} salt

comprises copper (1T} sulfate

5. The copper elettrolyte according to any of claims 1 to 4, wherein the complexant is
selected from the group consisting of cltvic asid, tartaric acid, ethylenediaminetetraacetic acid
(EDTA), Nethvdroxyethyh-ethvlenediaminetfiacetio acid (HEDTA), ethylenediamine, 1.6
diamino-cyclohexane, diethylene-triamine, viethylene-tetramine, N,N,N N-tetramnethyl-ethyiene-
diamine, N N-Bis(2-hydroxyvethyllethylenediamine, N, NN, N-tetrakis{2-
hydroxyethyhethylenediamine, glycine, 2-amino-ethyl-phosphonic acid, salinvlic actif,
salicylhydroxamic acid, catechol, 1.2-dilivdroxybenzene-d-sulfonic acid, acetylacetone,

acetylacetonate, dimethylglyoxime and 1,3-diamino-propane.

6. The copper electrolyte according to any of claims 1 1o 5, wherein the corplexant

comprises diethyvlenetriamine,
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7. The copper electrolyte according to any of claims | 0 6, wherein the leveler is selected
from the group consisting of polvethiylene imine and derteatives thereof, quaternized
polyethylene imine, polvglveine, polyiallviamine), polyaniline, polyurea, polyvacryvlamide,
poly(melamine-co-formaldehyde). reaction produets of amines with epichlorohydrin, reaction
products of an amane, epichlorohydrin, and polyalkylene oxide, reaction produocts of an amine

with a polyepoxide, polyvinylpyridine, and polyvinylimidazole,

8. The copper clectrolyte according to any of claims 1 10 7, wherein the pH adjuster is
selected from the group consisting of tetrasthylamumonivm hydroxide and  tetrabutylanunonivm
hydroxide.

Q
P

9. The copper elecirolyte according to any of claims 1 to 8. wherein the polar solvent is
present in the electrolyte and is selected from the group consisting of ethylene glycol, propylene
glyeol, giveerol, ethviene glveol monomethy! either, ethylene glycol monoethyl ether, ethylene
glveol monopropyl ether, dipropylene glyeol moaomethyl ether and combinations of the

forsgoing.
10 The copper electrolvie according to claim 9, wherein the polar solvent is glveerol.
iL The copper electrolvie sccording to any of claims 1 o 8, comprising:

& about 40 1w about 80 g/l., more preferably about 45 to sbows 85 g/L, more
preferably about 30 to about 60 g/l of the water soloble copper salt;

B, about 4 to about 20 /L, more preferably about § to abont 9 g/l more preferably
about 4.5 1o about 7.5 g/l of the complexant; and

¢. about 13 toabouet 25 g/l more preferably about 18 to about 20 ¢/l of the leveler.

12, The copper elecirolyie according to claim 9 or 10, comprising:

4, ghbout 2 to abowt 25 g/l more preferably abowt 3 to about 10 g/, more preferably
about 4 to about 8 g/L of the water soluble copper salt;
b. about 0.1 to about 2.0 g/L., wore preferably about 0.2 1o about 1.2 g/L, more

preferably about 0.4 to about 8.8 g/L of the complexant

about 2 10 about 8 g/L., more preferably abowt 3 to gbout 6 /L of the leveler; and

o
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d. about 15010 250 ¢/1., more prefesably about 175 0 abowt 225 ofL, more

preferably about 190 10 abowt 210 g/ of the polar solvent.
13, A copper electralyte cousisting esseatially of:

a. & water soluble copper salt;
b, acomplesant;
c. aleveler;
d. 0to 300 gL of a polav solvent
e. optionally, a pH adjuster; and
f. balance water,
wherein the copper electroiyvte has a pH in the range of about 8 1o about 11,

preferably abont 8.2 to about 8.5
14, A copper glectrolyie consisting ofb

4. awater soluble copper salt;
h. acomplexant;
¢. aleveler;
d. 810 300 g/l of a polar solvent;
¢. opticnally, a pH adjusier; and
£, balasce water,
wherein the copper electrolyie has a pH in the range of about 8 1o about 11,
preferably about 8.2 0 about 9.5
15, A method of depositing a copper film on 2 conductive substrate, the method comprising
the steps of
Ay optiogally, pretreating the condactive subsirate, wherein the pretreatment step
removes surface oxides; and
by imumersing the conductive substrate inio a copper electrolyte, wherein the copper
electrolyte comprises:
a. a water soluble copper sait;
b. g complexant;

c. aleveler:

20
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d. optionally a polar snlvent;
e. optionally, & pH adjuster; and
f.  balance water,
wherein the copper electrolyte has a pH in the range of about 8 to about 11,
preferably about 8.2 to abot 8.5, and
¢) electrosdepositing the copper {ilm on the conductive substrate using the copper
electrolyte desoribed herein, wherein the copper film is an ultrathin copper film
having a thickness of less than about 3 nm, wherein the ultrathin copper film is a
continuous copper film that is free of any pinholes or other defects.
16, The method according to claim 15, wherein the pretreatment step comprises contacting
the conductive subsirate with & prereatment solution comtaining a dilute weak acid,
7. The method according to claim 16, wherein the dilute weak acid comprises a solution of

citric acid.

o

8. The method according to any of claims 153 o 17, wherein the ultrathin copper film has a

thickness of less than 5 nm, preferably less than 4 nm, more preferably less than 2 nm.
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