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E FLECTRODEPOSITION
NANOTWINNED COPPER

FIELD OF THE INVENTION

{00017 The present invention generally relates o the electrodeposition of nanotwinned copper

and electrolytic copper plating baths for producing nanotwinned copper deposits,

BACKGROUND OF THE INVENTION

{0002} Electrochemical deposition provesses are well-established in integrated circuit

fabrication processes. Copper lines can be formed by electroplating the metal into very thin,
high-aspect-ratio trenches and vias in a methodology commonly referred 1o as “damascene”
processing (pre-passivation metallization).

{00037 With the advancement of microelectronics there is a continual need to create smaller and
denser interconnect features. Copper is one of the most essential conductors in microelectronic
devices due to high ductility and conductivity. One method towards this goal is the removal of
solder between two separate substrates that connect copper vias, pads, buraps, or pillars, which
can be replaced by, for example, Cu-Cu hybrid bonding.

{0004] To ensure the success of this method, which requires both bigh temperature and high
pressure, it is greatly preferred o generate electroplated copper in (111) orientation with >90%
nanotwinned columnar copper {nt-Cn) grains. While not being held to a particular theory, it is
believed that when the two nt-Cyu substrates come into contact and are exposed to high
ternperatures and pressures, the nt-Cu growth will extend between the boundaries of the copper
substrates forming a Cu-Cu bond that extends across the interface,

{0005] Due to the combination of excellent mechanical properties, good conductivity, and
unigue structure, nanotwinned copper has drawn attention for use in microelectronics. The
mechanical strength of metals such as copper generally increases when the size of the crystal
grain is reduced to a nanoscale leve]. Nanotwinned copper represents ultrafine-grain copper
whose grains contain a high density of layered nanoscopic twins divided by coherent twin
boundaries. By introducing nanoscale twins into the microstructure of copper, properties
including mechanical strength, ductility, electromigration resistivity, and hardness can be

improved.
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{0006] Nanoscale levels of thin ruetal films can have exemplary mechanical properties. As a
result, metals that have nanotwin crystalline properties may be suitable for applications such as
throogh silicon vias (TSV), semiconductor chip interconnect, packaging substrate pin through
hole, metal interconnect {for example, copper interconnect), or metal materials on substrate,
[0007] Nanotwinned copper can be achieved in several ways, including, for example, by
sputtering and by electrolytic deposition using a copper electroplating composition that has been
optimized to produce nanotwinned copper. One of the advantages of sputtering is the high purity
in the copper film, with the ability to contour the preferred orientation of grains. Sputtered
(111)-oriented nanotwinned copper has been shown to have high thermal stability and strength.
On the other hand, direct current eleetrolytic plating has the advantage of being extremely
compatible with industrial mass production. Electroplated nanotwinned copper can be classified
info two groups — equiaxial grain nanotwinged copper and (111 )-oriented nanotwinned copper.
[D008] Crystal defects can influence mechanical, electrical, and optical properties of & material,
Twinning ccours 1n a material where two parts of a crystal structure are symmetrically related to
ong another. In a face-centered cubic (FCC) crystal structure, of which copper is included,
coherent twin boandaries can be formed as (111) mirror planes from which the typical stacking
sequence of (111) planes is reversed. [n other words, adiacent graing are mirrored across
coherent twin boundaries in a layered (111 )-structure. Twins grow in a layer-by-layer manner
extending along afateral (1113 crystal plane where a twin thickness is on the order of
nanometers, hence the name “nanotwins.” Nanotwinned copper (nt-Cn) exhibits excellent
mechanical and electrical properties and can be used in a wide variety of applications in wafer-
level packaging and advanced packaging designs.

{0005] Compared to copper exhibiting conventional grain boundaries, nanotwinned copper
possesses strong mechanical properties, incliading high strength and high tensile ductility. For
example, nanotwinned copper demonstrates high electrical conductivity, which may be
attributable to the twin boundary, causing electron scattering that is less significant compared to
a grain boundary. Nagotwinned copper also exhibits high thermal stability, which may be
attribntable to the twin boundary having excess energy on the order of magnitude lower than that
of & grain boundary and enables high copper atom diffusivity, which is useful for copper-to-
copper direct bonding. In addition, nanotwinned copper shows high resistance to

electromigration, which may be a result of twin boundaries slowing down electromigration-
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induced atonmiic diffasion. Nanotwinned copper demonstrates a strong resistance to seed etch that
may be important in fine-line redistribution layer applications and also shows low impurity
incorporation, which results in fewer Kirkendall voids as a result of soldered reactions with the
nanotwinned copper.

{0019] In some aspects, nanotwinned copper enables direct copper-copper bonding, which may
occur at low temperatures, nioderate pressures, and lower bonding forces/times. Typically, the
deposition of copper structures resnlts in rough surfaces, and in some instawpces, prior to copper-
copper bonding, electrodeposition of nanotwinned copper may be followed by electropolishing
to achieve smooth surfaces. With the smooth surfaces, the nanotwinned copper structure may be
used in copper-copper bonding with shorier bonding times, lower temperatures, and fewer voids,
{00111 U.S. Pat. No. 7,074,315 to Desmaison et al., the subject matter of which is herein
incorperated by reference in its entirety, describes a copper electrolyte for depositing a matte
tayer of copper. The electrolytic copper plating bath comprises at least one polyhydroxyl
compound selected from poly(1.2,3-propanetriol), poly{2.3-epoxy-1-propanol}, and derivatives
thereot to proaduce copper deposits that are matte and show a uniform, slight roughness to
provide, without additional pretreatment, a sufficient bond of organic coatings. However, there
is no suggestion regarding the use of the copper electralyte for depositing nanotwinued copper.
(00121 W(2020/092244 to Banik et al., the subject matter of which is herein incorporated by
reference in its entirety, describes a copper structure having & high deunsity of nanotwinned
copper deposited on a substrate. Banik does not describe any particular elecirolytic copper
plating bath but instead describes elzctroplating conditions, including applyving a pulsed carrent
waveform that alternates between constant current and no current, where the duration of no
current being applied is substantially greater than a duration of a constant current being applied.
{0G13] U5, Pat. No. 10,566,314 to Yang, the subject matter of which is berein incorporated by
reference in its entirety, describes how the optimal copper grain structure for Cu-Cu metal to
metal boading is columnar grain microstructure. The copper grain microstructure plated by the
disclosed suppressor-only system produces a colunmnar grain structure as a result of plating
nanotwinned copper. In addition, while columnar grains are mentioned, there is no mention of
(111} copper grain stracture of nanotwinning copper.

{0014] Research has shown that very few materials are able to produce nanotwinned copper (nt-

Cu) or a copper deposit that exhibits a high degree of nanotwinning. One such material is
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poly(2,3-epoxy-1-propanol), which is a linear or branched polvhydroxyl with a molecular weight
of about 200 to about 20,000, more preferably about 500 to about 5,000, even more preferably
about 1,060 to about 3,000.
{00157 It has also been believed that the introduction of other vrganic electroplating compounds
will disrapt the ability of the polyhydroxyl material to produce ni-Cu, These prohibitive
compounds can include accelerators, brighteners, carriers, wetters, and/or levelers.
[0016] In addition, copper to copper hybrid bonding requires nanotwinned copper
microstructure. Typically, nanotwinned copper can only be plated conformally, which limits the
use of the plating solution to applications that are only conductive on the base layer. Structures
where the bottom and sidewalls are conductive, such as vias, have been a limitation.
[00177 There remains a need in the art for an improved electrolytic copper selution for producing
nanotwinned copper deposits, especially for an electronic copper solution that is capable of
producing nanotwinned copper in featnres of a microelectronic substrate. In addition, thers
rerrains a need in the art for an improved electrolytic copper solution that can deposit
nanotwinned copper in (111} orientation in features of the microelectronic substrate with a high

density and/or high percentage of nanotwinning.

SUMMARY OF THE INVENTION

{0018] It is an object of the present invention to provide an improved copper electroplating

solution.

[0019] It is another object of the present Invention to provide a copper electroplating solution
that is capable of producing nanotwinned copper in the deposit.

{00201 It is another object of the present invention 1o provide a coppet eleciroplating sclution
that is optimized to deposit napotwinned copper in features of a microelectronic substrate.
[00217 It is still another object of the present invention to provide a copper electroplating
solution that is capable of filling high aspect ratio vias with nanotwinned copper grain growth
from the bottom of the vias.

{0022] It1s sull another object of the present invention to provide nanotwinned copper in

features of a microelectronic substrate in a {111) orlertation.
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[00237 1t is still another object of the present invention to provide a copper electroplating
solution that 1s capable of depositing nanotwinned copper in a via structure where the bottom,
sidewalls and top field comprise conductive copper.

{0024] 1t is yet another object of the present invention to provide a copper deposit in features of
a microelectronic substrate that exhibits a high density of nanotwinning.

[0G25] To that end, in one embodiment, the present invention generally relates to a copper

electrolyte, wherein the copper electroplating solution comprises:

a) a copper salt;
b} a source of halide ions; and
c) a suppressor, wherein the suppressor comprises a linear or branched

polvhydroxyl,

wherein the copper electrolyte also comprises one or more of:

(i} an accelerator, wherein the geeelerator comprises an organic sulfur
compound; and
{11} a leveler, wherein the leveler comprises a polymeric quaternary nitrogen

species;

wherein the copper electrolvte is configured to deposit nanotwinned copper on a

subsirate,

[0026] In ancther embodiment, the present invention also relates generally to a method of using
the copper electroplating solution described herein to produce a copper deposit on a subsirate

that exhibits & high density of nanotwinning.

BRIEF DESCRIPTION OF THE FIGURES

{00271 Figore | depicts an SEM (Z0uny width at 15K magnification) of a copper deposit

produced in accordance with Example 1.
[0028] Figure 2 depicts an SEM (20um width at 15K magnification) of a copper deposit
produced in accordance with Example 2.
{00297 Figure 3 depicts an SEM (20um width at 15K magnification} of a copper deposit

produced in accordance with Example 3.
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[0030] Figore 4 depicts an SEM (20wm width at 15K magnification) of a copper deposit
produced in accordance with Example 4.

{0031] Figure 5A and 5B depicts SEMs (20pm width at 15K magnification) of copper deposits
prodoced in accordance with Comparative Example 5,

{0032] Figures 6A, 6B, and 6C depict an SEMs (20pm width at 13K magnification) of copper
deposits produced in accordance with Comparative Example 6.

[0033] Figure 7A depicts an SEM (15um width at 20K magnification) of a copper deposit
showing plated nanotwinned copper on a blanket surface. Figure 7B depicts an SEM (135um
width at 20K magnification) of a copper deposit on a blanket surface in which the nanotwinned
copper microsiructure is lost.

{0034] Figure 8A depicts an SEM (15pm width at 20K magnification) of a copper deposit
showing plated nanotwinned copper on a blanket surface. Figure 8B depicts an SEM (15um
width at 20K magnification} of a copper deposit on a blanket surface 1o which the nanotwinned
copper microstructure is lost.

[0035] Figure @ depicts an SEM (15pm width at 20K magnoification) of a copper deposit
showing plated nanotwinned copper on a blanket surface.

[0036] Figure 10A depicts an SEM (13um width at 20K magnification) of copper viafillingon a
damascene like struciure with a one bath process. Figure 10B depicts an SEM (15pm width at
20K magnification) of copper viafilling on a damascene like structure with a two bath process
{nt-Cy bath followed by via filling bath).

{0037} Figure 11 depicts the XRD analysis of a nt-Cu film, plated with an electrolyte containing
ounly a suppressor, that has a high concentration of Cu (111) microstructure.

[0038] Figure 12 depicts ann EBSEY analysis of a nt-Cu film, plated with an electrolyte containing
only a suppressor, that shows that the at-Cu 13 (1 11) preferred oriented, and a majority of the

copper grains are smalier than 1.0 win

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

{00397 The inventors of the present invention have discovered that electrodeposition of high
_ p g

density of nanotwin copper in (111} orientation can enable smaller and denser interconnect
featores between two separate substrates used to connect copper vias, pads, bumps, pillars, ete.

via Cu-Cu hybrid bonding.
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[0040] Based thereon, the inventors of the present invention have found that certain types of
accelerators and levelers can function synergistically with nanotwin producing suppressors
without compromising the nanotwinned copper microstructure. This discovery has thus led to
the development of a two or three component copper plating system that is capable of
superfilling copper in features of a microelectronic substrate while maintaining a vertical growth
nanotwinned copper microstrncture.

{0041] Whether the plated copper structure contains only a conductive surface (suchas a
redistribution layer (RDL) or a pillary or a structure with a completely metallized surface (such
as a via), it s highly desirable that greater than 90% nt-Cu be observed wherein the boundary
from initial copper seed to nt-Cu is 1 pm or less.

[0042] Recent advancements include developing a copper electrolyte that is capable of providing
a copper deposit having a high density of nanotwinning in the deposit. In one embodiment, the
copper electrolyte can be used for super-filling high aspect ratio vias while maintaining a
nanotwinned copper microstructure with the use of novel combinations of accelerator,
suppressor, and leveler. Such high aspect ratio vias genevally have an aspect ratio of Lid o 401,
In addition, the vias may have & diameter within a range of about 1 tum to 20 ym and a depth of
about | pmto 20 wm.  In one ernbodiment, the copper electrolyte is capable of filling such high
aspect ratio vias with nanotwinned copper grain growth extending from the botiom of the vias
{i.e., bottem-up fithing of nanctwinned copper).

{0043] As used herein, “a,” “an,” and “the” refer to both singular and plural referents unless the
context clearly dictates otherwise.

{0044} As used herein, the term “about” refers to a measurable value such as a parameter, an
amount, a temporal daration, and the Iike and is meant to include variations of +/-15% or less,
preferably variations of +/-10% or less, more preferably variations of +/-3% or less, even more
preferably variations of +/-1% or less, and still more preferably variations of +/-0.1% or less of
and from the particularly recited value, in so far as such variations are appropriate to perform in
the invention described herein. Furthermore, it is also to be understood that the value to which
the modifier “about” refers is itself specifically disclosed herein.

X3 ¢

{00451 As used herein, spatially relative terms, such as “beneath.” “below,” “lower,” “above,”
“upper” and the like, are used for ease of description 1o describe one element or feature’s

relationship to another element(s) or feature(s) as illustrated in the figures. It is further
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understood that the terms “front” and “back™ are not intended to be limiting and are intended to
be interchangeable where appropriate.

[0046] As used herein, the terms “comprises” and/or “comprising,” specify the presence of
stated features, integers, steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof.

{00471 As used herein, the term “substantially free” or “essentially free™ if not otherwise defined
herein for a particular element or compound means that a given element or compound is not
detectable by ordinary analytical means that are well known to those skilled in the art of metal
plating for bath analysis. Such methods typically include atomic absorption spectrometry,
titration, UV-Vis analysis, secondary ion mass spectrometry, and other commeonly available
analytically technigues,

{0048] As used herein, the term “features” refers to vias, through-silicon vias {(TSV}, trenches,
pitlars, pad, bumps, eic. that may be present on a microelectronic substrate.

{00481 As used herein, the term “high density” of nanotwinned copper refers to & copper deposit
that contains at least 75% or at least 83% or at least 83% or at least 90% or at least 95% of
nanotwinned colamnar copper grains in the deposit,

{00301 All amounts are percent by weight unless otherwise noted. All numerical ranges are
inclosive and combinable in any order except where it is logical that such numerical ranges are
constrained to add up to 100%,

[0G51] The terms “plating” and “deposit™ or “deposition” are used interchangeably throughout
this specification. The terms “compasition” and “bath™ and “solution” are used interchangeably
throughout this specification. The term “alkyl,” unless otherwise described in the specification as
having substituent groups, means an organic chemical group composed of only carbon and
hiydrogen and having a general formula: CyHone1. The term “average” is equivalent to the mean
value of a sample. Al amounts are percent by weight unless otherwise noted. All numerical
ranges are inclusive and combinable in any order except where it is logical that such numerical
ranges are constrained to add up to 100%.

{0052] In one embodiment, the present invention generally relates to the electrodeposition of
nanotwinned copper, and a copper electrolyte that is usable (o produce nanotwinned copper on a

substrate,
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[0053] The copper glectrolyte typically comprises:

aj a copper salt;

b) a source of halide fons; and

c} a suppressor, wherein the suppressor comprises a linear or branched
polvhydroxyl,

wherein the copper electrolyte also comprises one or more of:

{1) an accelerator, wherein the aceelerator comprises an organic sulfur
compound; and

{ii) a leveler, wherein the leveler comprises a polymeric guaternary nitrogen

wherein the copper electroplating solution is configured to deposit nanotwinned

copper by bottem up filling in a feanwe of a microslectronic substrate.
[0054] In a preferred embodiment, the copper salt comprises copper sulfate. Other copper salts
usable in the composition include copper methane sulfonate, copper pyrophosphate, copper
propanesulfonate, and other similar compounds. The concentration of copper sulfate in the
electroplating solution is generally in the range of about 1-100 g/L, more preferably in the range
of about 20 to about 80 g/L, most preferably within the range of abount 40 to about 60 g/L.
OG5S} The halide fons may act as bridges to assist adsorption »f certain organic additives onto a
substrate surface, Halide lons include, but are not limited to, chioride ions, bromide ions, todide
ions, and combinations thereof. In one embodiment, the halide ions comprise chloride jons. The
concentration of chloride ions in the electroplating solution is generally within the range of about
1-150 mg/L, more preferably about 30-120 mg/L., most preferably about 45-75 mg/L.
00561 In addition, the electroplating composition may contain an acid 1o control the
conductivity of the plating bath, and suitable acids include sulfuric acid and methane sulfonic
acid. In one embodiment, the acid is sulfuric acid. The concentration of acid in the electroplating
solution is generally within the range of about 0 to 240 g/L., more preferably within the range of
about 10 to about 180 g/L, most preferably within the range of about 80 to about 140 g/L.. In one
embodiment, the concentration of the acid is in the range of about § to about 15 g/L., more
preferably about 10 g/1., which has been found to be better for via fill applications. In another

embodiment, the acid concentration is higher and is in the range of about 60 to about 100 g/L.
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{0057] Preferred suppressors include Hnear or branched polyhydroxyl compounds. Even more
preferred suppressors include the reaction product of nitrogen-containing compounds with
glycidol.

[0058} As described herein, in one embodiment, the suppressor comprises a lnear or branched
polyhydroxyl generally having a molecular weight of about 200 to about 20,000 g/mol, more
preferably about 500 to about 5,000 g/mol, most preferably about 1,000 to about 3,000 g/mwol. In
a preferred embodiment, the linear or branched polyhydroxyl comprises poly(2,3-epoxy-1-
propanol}.

[0059] The inventors have also surprisingly found that reacting amine compounds with 2,3~
epoxy-1-propanol can improve the properties of the nanotwinned copper. These polyhydroxyl
compounds that are jnitiated by a core containing a nitrogen species can increase the columnar
nanctwinned copper density and help initiate the nanotwinned copper more quickly than
poly(2,3-epoxy-1-propanot).

{006G] Examples of these amine componnds include aminic alcchols and anmonium alcohols,
[00611 Aminic alcohols mnclude, but are not limited 10, ethanolamine, diethanolamine,
triethanolamine, propanolamine, isopropanclarine, ditsopropanolamine, irilsopropanolamine, N-
methyl diethanolamine, N-ethyl diethanolamine, N-propyi dicthanolamine, methyl
monoethanolamine, N,M-dimethyl ethanolamine, N N-diethy! ethanolamine, N-propyl
monoethanolamine, N-propyl diethanolamine, N-butyl ethanolamine, N-buty! diethanciamine,

N N-dibutyl ethanolamine, hydroxy ethyl morpholine, Z-piperidine ethanol, diethanol
isopropanclamine, N-(2-hydroxyethyl) pyrolidine, 4-pyridinemethanol, 4-pyridinecthanol, 4-
pyridinepropanol, 2-hydroxy-4-methylpyridine, 2-hydroxymethyl-T-methylimidazole, 4-
hydroxymethyi-5-methylimidazole, and combinations of the foregoing.

[0062] In addition, these amine compounds can convert to an ammonium salt by quaternizing the
nitrogen, for example, by means of a methylating agent such as dimethyisulfate,

{0063] Examples of ammonium alcchols inclede, but are not limdted to, choline chioride, b-
methylcholine chioride, bis{2-hydroxyethvl idimethylammonium chloride, tis(2-
hydroxyethylimethylammonium  chloride, camitine chloride, (2-hydroxyethyDdimethyl(3-
sulfopropybiammonium chloride,  1-(2-hydroxyethyl)-3-methyliimidazolium  chioride, and

combinations of the foregoing.

10
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{0064] In one embodiment, the concentration of the linear or branched polvhydroxyl suppressor
is within the range of about 1 to about 10,000 mg/L, more preferably about 10 to about 1,000
mg/L, most preferably about 50  about 600 mg/L.

[0065] In reacting an amine compound with 2,3-epoxy-1-propanel, the molar ratic of the amine
compound to the 2,3-epoxy-1-propancl is generally in the range of about 0.01 o 0.50, more
preferably in the range of 0.01 to 0.20, and more preferably in the range of 0.01 {0 0.10.

{0066] Accelerators for use in the copper electroplating cornposition of the invention preferably
comprise organic sulfur compounds, including organic sulfur salis. Suitable organic sulfur
compounds include, but are not limited to bis-(3-sulfopropyl)-disulfide (3FS), 3-mercapto-1-
propanesulfonic acid (MPS), 3-(benzothizolyl-2-mercapto)-propylsulfonic acid (ZPS), NN-
dimethyldithiocarbamylpropyl sutfonic acid (DPS), 3-S-isothiuronium propyl sulfonate (UPS),
and (O-ethyldithiocarbonato}-8-(3-sulfopropyliester (OPX).

{00671 Withouot being bound to g particular theory, it is believed that typical higher strength
accelerators such as MPS and SPS participate at the cathode surface displacing the suppressor to
allow superfilling, This interaction at the plating surface disrupts the nanotwinned copper plating
that 15 initiated by the polvhydroxyl suppressors. By utilizing weaker accelerators such as ZP5
and USP, this interaction is not as strong to completely displace the suppressor and thus
maintains the nanotwinned copper microstructure. In one embodiment, the accelerator comprises
ZPS or UPS. In another embodiment, the accelerator consists of only ZPS and/or UPS and the
copper electrolyte is at least substantially free of any higher strength accelerators such as MPS or
SPS.

{0068] The concentragtion of the accelerator depends in part on the particular accelerator that is
used in the copper electrolyte and the weaker accelerators may be used at a higher coneentration
than the stronger accelerators. For example, ZPS and UPS may be used in the copper electrolyte
at a higher concentration than 8PS, In addition, the use of a stronger accelerator such as $PS as
the aceelerator may also require that a high density nanotwinned copper deposit be applied as a
base layer prior to a subsequent layer being deposited using a copper electrolvie that contains
SES,

{00691 A suitable concentration of UPS may be within the range of about 1 to 50 mg/L, more
preferably about 1040 25mg/L. A suitable concentration of ZPS may be within the range of

about 1 to sbout 50 mg/L., more preferably abount 10-25 mg/L.. Finally, a suitable concentration

11
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of a stronger accelerator such as SPS may be within the range of aboumt | to 12 mg/L, more
preferably about 6 to 10 mg/L.

[Q070] Suitable leveler compounds include polymeric quaternary nitrogen species such as those
described in WO2018/057590, U.S. Pat. No. 10,519,557, and U.5. Pat. No. 10,294,574, the
subject matter of each of which is herein incorporated by reference in its entirety, Suitable
leveler compounds also tnclude dipyridyl levelers such as those described in U.S. Pat. No.
7,303,992 and U.3. Pat. Pub. Ne. 2005/0045488, the subject matter of each of which is herein
incorporated by reference in its entirety.

[0071] For example, the leveler may comprise the reaction product of an aliphatic di(t-amine)

with a bifunctional alkylating agerit corresponding to the formula:

Y~—~{C’:)5~G~—{€;3}5~Z {1}
R? RS

wherein: G is selected from the group consisting of a single covalent bond, ~O-, O-({A)
Q) and ~((A3-O)s-; A has the structure -CRR™ or ~-CRHYRHCIR¥HRM)- ; each of p and ¢ is
independently an integer between | and 6 inclusive, ¢ is an integer between | and 10 inclusive, g
is an integer between O and 6 inclusive; each of RY, R%, RY, RY, R?, R® and R* is independently
selected from the group consisting of hydrogen and substituted or unsubstituted aliphatic
hydrocarbyl comprising | to 4 carbon atoms; R*Y is substituted or unsobstituted aliphatic
hydrocarbyl having 1 to 4 carbon atoms, Y is a leaving group selected from the group consisting
of chloride, bromide, iodide, tosyl, triflate, sulfonate, mesylate, methosulfate, fluorosulfonate,
methyl tosylate, and brosylate, Z is selected from the group consisting of R and 4 leaving
group independently selected from the same group as Y, and R is selected from the group
consisting of aliphatic hydrocarbyl, bydroxyl, alloxy, cyano, carboxyl, alkoxycarbonyl, and
amido, and when -G- is other than 3 single covalent bond, g is at least one.
[0072] The leveler may also comprise an oligomer and/or polymer compound selected from the

group consisting of salts comprising a cation having the structure:
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R? RQ R R R‘18 RQQ R'i R5
o | - e |
fgw%alt);——{ms}w N ?WO{D};,HC fis—-—%ctt}rsﬂi’:q » ()
i i #
é& R‘:O R?-’S R“!Q g?‘l RE RG
or
R! RS
. B, @ i l .
. *{“N\_/ N\:—»—{?p G-»{(i:r—}»q (1v)
g ROR2 RE
wherein: G and A are as defined above; B has the strocture;
Rﬁ R22 R'I'E
|
B= C O (13 C
R«;g R}Z:’: ;:1312
D has the structure
?'38 ?24 TB
D s (G or m?m T~
gi?? REﬁ éi?’
@
WN/M\N(?*W {3y}
/w\ﬁ
R? R:O

is the residae of an N N'-dialky! heterocvelic diamine bonded to (CR'R ) -G-(CR*R -
at the respective t-amine sites to form a difgnaternary ammonium) cationic structare;
cach of p. 1, &, u, w and v i3 an integer between 1 and 6 inclusive, each of g, v x, K and z

is independently an integer between U and 6 inclosive, 8 is an integey between | and 10 inclusive

i3
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kis at least one when v or X is other than 0, q is at least one when G is other than a single
covalent hond; each of R'to RY, R?10 R" R¥ R® and R™ is independently selected from the
group consisting of hydrogen or lower alkyl comprising 1 to 4 carbon atoms, each of R7, R¥, R%,
R¥, R, R* and R™ is independently selected from the group consisting of substituted or
unsubstituted aliphatic hydrocarbyl having | to 4 carbon atoms; and

n is between 1 and about 30,

[0073] The leveler may also comprise compounds corresponding to the formula;

R'i RS ? R9 RS RM R?u RZO RG R2
R?’O«{?}—ma——{clz} ®}“{C}—4€3(B}U}-{Nw<}ﬁ;}j-{0 {DRHACk— rL~«~{C)--"-4(£§:}-~R¢O
RQ R‘G RS P\m {,L?S !{19 FL/? FLS R‘x

(Vi)
or
RS =X R2 RS

i
3“—(%3}“@ ﬁ’x';?}"”g’m\ ?ﬂé}'—s**{iilrmﬁx (vi)

=B Rz Rr RZU Ri RG
wherein: (3, A, B and D are as defined above;

) @ .
ety N (3¢+))

N

[\
R? RZO

is the residue of an N,N'-dialkyl heterocyclic diamine bonded to {CR'R%)p -G-(CRRE)1-
at the respective t-amine sites to form a di{fquaternary ammoninm) cationic structure; each of p,
. Lo, wand v is an imteger between 1 and 6 inclusive, each of g, v, x, k, and z is independently
an integer between 0 and 6 inclusive, s is an integer between 1 and 10 inclusive, k is at least ong

when v or X is other than @, g is at least one when G is other than a single covalent bond; each of
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R' te R® R? 1o RY¥, R¥, R™ and R™ is independently selected from the group consisting of
hydrogen or lower alkyl comprising 1 to 4 carbon atoms, each of R7, R®, R¥*, R*| R® R™ and
R* is independently selected from the group consisting of substitnted or nnsubstituted aliphatic
hydrocatbyl having 1 to 4 carbon atoms; and

R is selected from the group consisting of aliphatic hydrocarbyl, hydroxyl, alkoxy,
cyane, carboxyl, alkoxycarbonyl, and amido.
{0074] The leveler may also comprise a quaternized poly(epihalohydrin) comprising n
repeating units corresponding to structure 1N and p repeating units corresponding to structure

1P

O-—CHy~—CH
CH, Q——CH,—CH—
’@3 - CH,X
Q" @
(1N ' (1P}

wherein Q has a structure corresponding to that which may be obtained by reacting a
pendent methylene halide group of poly{epihalohydrin) with a tertiary amine selected from the
gronp consisting of: (i) NR'R*R’ wherein each of R', R* and R¥ is independently selected from
the group consisting of substituted or unsubstituted atkyl, substituted or unsubstituted atkenyl,
substituted or wnsubstituted alkynyl, suhstituted or unsubstituted alieyclic, substisnted or
unsubstituted aralkyl, substituted or unsubstituted aryl and substituted or unsubstituted
heterocyelic; (ii) an N-substitnied and optionally further substituted heteroalicyclic amine
wherein the N-substituent is selected from the group consisting of substituted or unsubstituted
alkyl, substituted or unsubstituted alicyclic, substituted or unsubstituted aralkyl, substituted or
unsubstituted aryl, and substituted or unsubstituted heterocyclic; and (111) a substituted or
unsubstituted nitrogen-containing hetercary! compound;

n is an integer between 3 and 35, p is an integer between 0 and 25;

X 15 a halo substituent; and

X718 a monovalent anion.

{00751 Preferably Q corresponds to stucture HA, 1B or [IC:
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(1B) or
RS i@ R
7

( .

(IIC)Y

wherein: (i structure IIB is an N-substituted heterocyelic moiety, (1} stracture HC is a
heterocyclic moiety; (iil) each of R, R, RY and R is independently selected from the group
copsisting of substituted or unsubstituted alkyl, substituied or vnsubstituted atkenyl, substituted
or unsubstituted alkynyl, substituted or unsubstituted aralkyl, substituted or unsubstituted
aticyclic, substituted or unsubstituted aryl, and substituted or unsubstituted heterocyclic; and (iv}
each of R*, R%, R7, R* and R” is independently selected from the group consisting of hydrogen,
substituted or unsubsiituted alkyl, substinmied or unsubstituted alkenyl, substituted or

unsubstituted alkynyl, substituted or unsubstituted aralkyl. substituted or vnsubstituted alicyelic,
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substituted or unsubstituted aryl, and substituted or unsubstitated heterocvelic. Where any of R
to R* is substituted, the substituent preferably does not comprise an amino group.

{0076] The leveler may also comprise a substituted pyridyl compound, which may be, for
example, a pyridinium compound and, in particulart, a guaternized pyridinium salt. Examples of
these substituted pyridyl compounds include, but are not Hinited fo, derivatives of a vinyl
pyridine, such as derivatives of 2-vinyl pyridine and derivatives of 4-vinyl pyridine, homo-
polymers of vinyl pyridine, co-polymers of vinyl pyridine, quaternized salts of vinyl pyridine,
and guaternized salts of these homo-polymers and co-polymers. Specific examples of such
compounds nclude, for example, poly(d-vinyl pyridine), the reaction product of poly{4-vinyl
pyridine) with dimethyl sulfate, the reaction product of 4-vinyl pyridine with 2-chloroethanol,
the reaction product of 4-vinyl pyridine with benzylehloride, the reaction product of 4-vinyl
pyridine with allyl chioride, the reaction product of 4-vinyl pyridine with 4-
chloromethylpyridine, the reaction product of 4-vinyl pyridine with 1,3-propane sultone, the
reaction product of 4-vinyl pyridine with methyl tosylate, the reaction product of 4-vinyl
pyridine with chloroacetone, the reaction product of 4-vinyl pyridine with 2-
methoxyethoxymethylchloride, the reaction prodoct of 4-vinyl pyridine with 2-chioroethylether,
the reaction product of 2-viny! pyridine with methy! tosylate, the reaction prodact of 2-vinyl
pyridine with dimethy! sulfate, the reaction product of vinyl pyridine and a water soluble
initiator, poly(2-methyl-S-vinyl pyridine), and -methyl-4-vinylpyridinivm triflooromethyi
sulfonate, among others.

{0771 Other polymeric quaternary nitrogen species can also be used as levelers in the copper
electroplating composition deseribed herein so long as they ave compatible with the sappressor
and aceelerator and are capable of producing nanotwinned copper in features of a
microelectronic substrate.

{00781 With levelers being a suppressing species along with the polvhydroxyl suppressors, the
prolonged plating times of wafer level packaging applications typically drives the plating
performance to be a function of leveler interaction at the plating surface. The fast kinetics of the
polyhydroxyl suppressors will allow nanotwinned copper to be initiated but eventually the
stronger and slower acting levelers dominate the interactions ocenrring at the plating surface and
thus again disrupt nanotwinned copper microstructare formation. By choosing a wesk leveler

specics, this disruption can be greatly lessened to where nanctwinned copper can be maintained,
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while the leveler can act as a suppressing species on the field, allowing the polyhydroxyl
suppressor to act in the recess of the vias.

[0079] Thas, in one embodiment, suitable leveler species include, but are not limited to &
reaction product of 4,4-dipyridyl and 2-chlorcethylether. The concentration of the leveler
depends in part on the particular leveler being nsed as well as the particular suppressor and
accelerator and the process conditions. In one embodiment, the leveler is present in the copper
electrolyte at a concentration within a range of about 0.5 to about 10 mg/L, more preferably
about 2 to about 5 mg/L.

{0080] In & suppressor only system that can produce nanotwinned copper microstructure, higher
current density {(i.e., about 4 to about 20 ASD, more preferably about 6-12 ASD), is better than
fower current density (... in the range of about (1.5 to about 2 ASD, more preferably in the range
of about 1 ASD). However, the opposite is true when saperfilling copper in features of a
microglectronic substrate, where lower current density (1 ASD) is better than higher current
density (6 ASD).

[0081] Therefore, in ope emvbodiment, the copper electroplating composition comprises a two or
three component copper electroplating bath that is used in a step-current plating method to
enable nanotwinned copper microstructure via filling. In one embodiment, a two-component
copper electroplating bath can be used comprising a polyhydroxyl suppressor and leveler
comprising a polymeric quaternary sitrogen species as described above. In another embodiment,
a three-component copper electroplating bath can be vsed comprises a polvhvdroxyl suppressor,
an accelerator comprising an organic sulfur compound, preferably UPS, and a leveler comprising
a polymeric quaternary nitrogen species. The inventors of the present invention have found that
baths containing these combinations of suppressor and leveler and/or accelerator are capable of
filling features such as vias when electroplated with first @ high current density to generate high
density nanotwinned copper, immediately followed by a lower current density step to finish the
hotton-up fill.

[0082] A ramping current, where the corrent ramps from high to low, as opposed to step current
changes, can also be applied to the 2- and 3-component copper plating bath to accomplish via
filling with nanotwinned copper microstructure.

{0083] Likewise, a two-bath system can accomplish via filling with nanotwinned copper

microstructure. This can be accomplished, for example, by plating high density nanotwinned
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copper with a copper electrolyte containing only a polyhydroxyl suppressor polyhydroxyl (Le.,
the copper electrolyie is at least substantially free of any accelerator, brightener, carrier, wetier,
or leveler or any compound that can function as an accelerator, brightener, carrier, wetier, or
leveler), followed by plating in a separate copper electrolyte containing SPS, & polyhydroxyl
suppressor, and a leveler.

[0084] Generally, the use of SPS in the copper electrolyte will deter any nanotwinned copper
formation. However, when plated on a high density nanotwinned copper susface, a copper
electrolyte containing up to about 10-15 mg/L ppm of SPS can be used in the composition
without compromising the desired microstrocture.

{0085} Thus, as described herein, in one embodiment, the copper electrolyte of the present
invention may comprise:

A) about 40 to about 60 g/L copper ions;

B} about 80 to about 140 oL sulfurie acid;
&) about 30 to about 120 mg/L chloride fons;
m about 300 to abont 500 mg/L of a linear or branched polyhydroxyl, wherein the

polymer may or may pot contain a nitrogen-containing species;
£) optionally, about 0.5 to about 10 mg/L of a leveler, the leveler comprising a
polymer quaternary nitrogen species; and
) optionally, about 1 to about 50 mg/L of an accelerator, the accelerator comprising
an organic sulfar compound.
{0086] In another preferred embodiment, the present invention cousists essentially of a copper
clectroplating composition capable of electrodepositing copper having 4 high density of
nanotwinned copper, the electroplating composition consisting essentially of:
A) about 40 {o about 60 g/l copper ions;
B) about 80 to about 140 g/L sulfuric acid;
<) about 30 to about 120 mg/L chloride ions;
D) about 300 to about 500 mg/L of a linear or branched polyhydroxyl wherein the
polvimer may or may not contain a nitrogen-containing species; and
E} about 0.5 to about 10 mg/L of a leveler, the leveler comprising a polymer

guaternary nitrogen species,
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{0087] In another preferred embodiment, the present invention consists essentially of a copper
electroplating composition capable of electrodepositing copper having a high density of
nanctwinned copper, the electroplating composition consisting essentially of:

A} about 40 to about 60 g/L copper ions;

B about 80 to about 140 ¢/1. sulfuric acid;

O about 30 to about 120 mg/L chioride ions;

Dy about 300 to about 500 mg/L of a linear or branched polyhydroxyl wherein the
polymer may or may not contain a nifrogen-coniaining species;

E) about 0.5 1o about 10 mg/L of a leveler, the leveler comprising a polymer
quaternary nitrogen species; and

F) about 1 to about 50 mg/L of an accelerator, the accelerator comprising an organic
sulfar compound.
[0088] In another embodiment, the copper electrolyie of the present invention may comprise a
lower amount of sulfuric acid. For example, the copper electrolyte may comprise:

A} about 3 to about 30 g/L copper 10ns;

B) about 8 to about 15 g/L sulfuric acid;

) about 30 to about 120 mg/l. chioride fons;

)] about 300 to about 500 mg/L of 4 linear or branched polyhydroxyl, wherein the

polymer may or may not contain a nitrogen-containing species;

E) optionally, abeut 0.5 to abouot 10 mg/L of a leveler, the leveler comprising a
polynmer quaternary nitrogen species: and

Fi optionally, about 1 to about 50 mg/l. of an accelerator, the accelerator comprising

an organic saifur compound.

[0089] In another preferred embodiment, the present invention consists essentially of a copper
electroplating composition capable of electrodepositing copper having a high density of
nanotwinned copper, the electroplating composition consisting essentially of:

A) about 5 to about 30 g/L copper ions;

B) about 8 to about 13 g/L. sulfuric acid;

<) about 30 to about 120 mg/L chioride ions;

D) about 3G0 to about 300 mg/L of a linear or branched polyvhyvdroxyl wherein the

polymer may or may not contain a nitrogen-containing species; and
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E) about 0.5 to abont 10 mg/L. of a leveler, the leveler comprising a polyvmer
guaterpary hitrogen species.
{00901 In another preferred embodiment, the present invention consists essentially of a copper
electroplating composition capable of electrodepositing copper having a high density of
nanotwinned copper, the electroplating composition consisting essentially oft

A) about 5 to about 50 g/1. copper ions;

B) about § to about 15 g/L sulfuric acid;

) about 30 to about 120 mg/L chloride ions;

13} about 300 to about 500 mg/l. of a linear or branched polvhydroxyl wherein the
polymer may or may not contain a nitrogen-containing species;

E) about 0.5 to about 10 mg/L of a leveler, the leveler comprising a polymer
gquaternary nitrogen species; and

B about 1 to about 50 mg/L of an secelerator, the accelerator comprising an organic
sulfur compound,
[0091] By “consisting essentially of,” what is meant is that the composition is free of any
additive that would have a detrimental effect on the ability of the composition 0 produce a
copper structure having a high density of nanotwinned copper.
{00927 The present invention also relates generally to a method of electroplating nanotwinmed
copper on a substrate, the method comprising the steps of

A} providing the subsirate, at least one anode, and the copper plating bath described
herein:

B) contacting the substrate and the at least one anode, respaetively, with the copper
bath; and

(0! applying an electric voltage between the smface of the workpiece and the at least
one anode such that cathodic polarity is imposed upon the subsirate relative to the at least one
anode;

wherein a copper structure having a high density of nanotwinning is deposited on the
substrate.
{0093] In some embodiments, the nanotwinned copper structures have a plurality of (111) erystal
grain structures, Furthermore, o ensure the success of this method, which requires slevated

temperatures and pressures, it is generally preferred to generate electroplated copper in (1115
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orientation with at least 80% or at least 85% or at least 90% nanctwinned columnar copper {nt-
Cu) grains. While not being held to a particular theory, #t is hypothesized that when the two
nanotwinned copper substrates come into contact and are exposed to the necessary temperatures
and pressures, the nanotwinned copper growth will extend between the boundaries of the copper
substrate, forming a Cu-Cu bond that extends across the interface.

{0094] The current density is generally in the range of about 0.01 to about 50 ASD, more
preferably abouat 0.5 to about 20 ASD, most preferably about I to about 10 ASD. In addition, the
electroplating solution is preferably agitated, and the electroplating solution is generally mixed
about 1 to about 2,500 rpm. more preferably about 10 to about 1,200 rpm, most preferably about
50 to about 40 rpm.

{00957 The anode can be an insoluble or soluble anode, An insoluble anode is preferred. Using a
soluble anode with 2, 3-epoxy-1-propanoc! has shown to be detrimental 1o nt-Cu formation.
However, when the suppressor is switched to a reaction product of an aminic alcohol or
ammonivm alcohol with glyetdol, m-Cu can be formed with both scluble and insoluble anodes.
{00961 The copper is electrodeposited for some time to plate copper to 4 thickness of about 0.1
to about 1,000 pm, more preferably about 0.3 o about 200 pm, most preferably about 1 to about
100 um.

[0097] Substrates that can be plated with the copper electroplating solution described herein
inclode printed wirlog boards (PWB), printed circunit boards {PCB), and other electronic
substrates that may include one or more pillars, pads, hines, and vias. Tn one embodiment, the
substrate comprises a microelectronic substrate comprising one or more features, In one
embodiment the features comprising one or more vias, trenches, lines, or other similar features
that can be superfilled with copper exhibiting a high density of nanctwinning.

{0098} The presence ¢of nanotwinned grain structures can be observed using any suitable
microscopy technique, such as an electron microscopy technique. The amount of nanpiwinned
grain strycture in the copper deposit is preferably greater than about 80%, more preferably
greater than about 80% nanotwinned colunmar copper grains, which is estimated based on SEM
cross-sections.

[0099] As set forth in the examples below, nanotwinned copper structures may be characterized
by a plurality of (111)-oriented erystal copper grains containing a majority of nanotwins. In some

implementations, the plurality of (111}-oriented crystal copper grains contain a high density of
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nanotwins. As used herein, a “high density of nanotwinsg”™ may refer to copper structures having
greater than about 80% nanotwinning, and even greater than about 90% nanotwinning as
observed using suitable microscopy techaignes.

{01007 The crystal orientation of the crystal copper grains may be characterized using a snitable
technigue stch as electron backscatter diffraction (EBSD) analysis, In some implementations,
crystal orientation maps may be displayed in inverse pole figure (IPF) maps. In accordance with
the present invention, it is preferably that the nanotwinned copper structares contain primarily
(1il)-oriented graing.

Example 13

[¢101] A copper electrolyte was prepared containing a solution of 50 g/L. copper(Il} ions, 100
g/L sulfonic acid, 50 mg/L chloride on, 400 mg/L of an aminic polvhydroxyl sappressor, and 2
mg/L of @ polyquaternary amine salt and was used to plate a via having an aspect ratio of 14 at a
constant current of 3 ASD. The result was the desired nanotwinned copper microstructure with a
dishing profile as shown in Figure 1.

[0102] The aminie polyhydroxyl suppressor was prepared by reacting an aminic or ammonivm
alcohol with 2,3~epoxy-{-propanol. The general reaction procedure is as follows:

{61031 A boron triflucride etherate (5 mmol) solution in methanol was added dropwise to a
solution of 2,3-epoxy-1-propancl (2 mol} and N-methyldiethanolamine (0. 2moly in e 1L round
bottom flask equipped with a thermometer, reflux condenser, and magnetic stirrer. The
teraperatore was allowed to increase freely during exotherm and heated at its maximum
temaperature for 30 minutes. The reaction was then aliowed to cool 1o less than 100°C, wherg
water was added to make a 20% w/w solution that continued to stiv for 4 howrs. This solution
was then [ltered and used as-is.

Example 2

[0104] A copper electrolyte was prepared containing a solution of 50 g/L. copper(Il} ions, 100
g/L. sulfuric acid, 50 mg/L chioride fon, 400 mg/L of an aminic polyhydraxy! suppressor, and 2
mg/L of a polyguaternary amine salt (i.e., a dipyridyl reacted with 2-chloroether) and was used to
plate a via at a constant current of 1 ASD. The result was a less than desired nanotwinned
copper microstracture as compared with Example 1 but with a doming profile, indicating better
vig fill ag shown in Figure 2,

Example 3:
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[0105] A copper elecurolyte was prepared containing a solation of 50 g/L copper(1l) ions, 100
g/L sulfuric acid, 30 mg/L chloride ion, 400 mg/L of an aminic polyhydroxyl suppressor, and 2
mg/L of a polyquaternary amine salt and was used to plate a via with & wave form of 3 ASD then
1 ASD {equal plating times). The result was a desived nanotwinned copper microstructure with
ancoptimal flat profile as shown in Figore 3,

Example 4:

{0106] A copper electrolyte was prepared containing a solution of 50 g/L copper(1l) ions, 100
g/L. sulfuric acid, 50 mg/L chioride ion, 400 mg/L of an amiaic polyhydroxyl suppressor, 10
mg/L of UPS, and 2 mg/L of a polyquaternary anune salt and was used to plate a via with a wave
form of 3 ASD then | ASD (equal plating times). This showed a desired nanotwinned copper
microstructore with ag optimal flat profile as can be seen in Figure 4.

Comparative Example 5:

{01071 A copper electrolyte was prepared containing a solution of 50 g/L copper(Hl) ions, 100
/L sulfuric acid, 30 mg/L chioride ion, 400 mg/L of an aminic polyhydroxyl suppressor, and 2
mg/L of a polygnaternary amine salt and was used to plate a via at 3 ASD. A second copper
electrolyte was prepared countaining 50 g/l copper(1l) ions, 100 g/L sulfuric acid, 50 mg/L
chloride fon, 10 mg/L UPS, 400 mg/L of a polyethylene glycol suppressor, and 2 mg/L of a
polyguaternary amine salt was used to plate a via as 3 ASD. As shown in Figores 5A and 5B,
the use of a polyethylene glycol suppressor did not produce a nanotwinned copper
microstracinre,

Comparative Example &

A copper electrolyte was prepared containing a solution of 30 g/L copper(1T) fons, 100 g/L
selfurie acid, 50 mg/l. chloride lon, and () 400 mg/L of an aminic polyhydroxyl suppressor
amine salt wags used to plate a via at 3 ASIY, (b) the same electrolyte with 10 mg/L SPS and 400
meg/L of an aminic polyhydroxyl suppressor was used to plate a via at 3 ASD and; (¢} the same
electrolyte with 10 mg/L SPS, 400 mg/L of a polyethylene glycol suppressor, and 2 mg/l of a
polyquaternary amine salt and was used to plate a via at 3 ASD. It is apparent that the addition
of 10 mg/L of SPS negatively affected the nanotwinned copper microstructure, but improved via

fill as shown in Figures 6A to 6C,

Example 7;
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[0108] A damascene-like via was electroplated with copper electrolyte containing a solution of
40 g/l copper(ll} ions, 10 ¢/L. sulfuric acid, 50 mg/L chloride ion. The first bath containing (A)
400 mg/L of an aminic polyhydroxyl suppressor amine salt was used to plate a via at 3 ASD; (B)
two different baths were prepared with the same electrolyte where first 1/3 to ¥ of the via was
plated with the electrolyte containing 400 mg/L of an aminic polyhydroxy! suppressor amine salt
at 3ASD and the second bath containing 6 mg/L SPS, 400 mg/L of an aminic polyhydroxyl
suppressor, and 1 mg/L of a dipyridyl polygquaternary amine salt was used to viafill the
remaining portion of the via at 6 ASD: It is apparent that 3-component bath being plated on top
of the nt-Cu microstructore from the first bath improved the via fill as shown in Figures 104 and
10B.

[0109] As can be seen from the Examples and Comparative Examples, the copper electrolyte
described herein is capable of depositing a plated copper strocture that comprises a high density
of nanotwinned colummar copper grains. In addition, it can also be seen that the types and
concentration of additives in the electralyte along with the plating condition can affect both the
generation of a nanotwinned copper deposit and the goality of the via fill,

[0110] Fignre 7A shows a nanotwinned copper plating deposit on a blanket surface in which the
nanotwinned copper was deposited from an electrolyte comtaining a polyhydroxy! suppressor.
As seen in Figure 7A, the copper plated deposit exhibits a high percentage of nanotwinned
copper grains aligned in a (111) orientation. In contrast, Figure 7B shows a copper plating
deposit on a blanket surface in which copper was deposited from an electrolyie containing a
polyvhydroxyl suppressor and T mg/L 8PS, As seen in Figure 78, the nanotwinned copper
microstructure 18 {ost.

[0111]} Figore 8A shows a nanotwinned copper plating deposit on a blanket surface in which the
nanotwinned copper was deposited from an electrolyte containing a polyhydroxyl suppressor and
25 mg/L UPS. As seen in Figure 7TA, the copper plated deposit exhibits a high percentage of
nanotwinned copper grains aligned in a (111) orientation. In contrast, Figure 7B shows a copper
plating deposit on a blanket surface in which copper was deposited from an electrolyte
containing a polyhydroxyl suppressor and 50 mgs se/L UPS. As seen in Figure 7B, the addition
of a higher amount of UPS resplted in a copper deposit in which the nanotwinned copper

nyerosirneture was {ost,

ok
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[0112] Figure 9 shows a nanotwinned copper plating deposit on a blanket surface in which the
nanotwinned copper was deposited from an electrolyte containing a polyhydroxyl suppressor and
25 mg/L ZPS.

{0113] From Figures 7-9, it can be seen that both the type and concentration of the accelerator in
the copper electrolyte can influence the formation of nanotwinned copper in the deposit.

{0114] Figure 10A shows a nanotwinned copper plating deposit on a damascene-like via that
was plated with a suppressor only bath which have a propensity o generate center voids.
Whereas, Figure 10B shows a two-bath system, in which, a suppressor only bath was ntilized to
plate 1/3 of the via with nt-Cu, and the remaining 2/3 of the via is plated with an accelerator,
suppressor, and leveler comprising copper plating bath. This prevents the center voids, and is
also able to fill the via faster with a smaller overburden.

{0115} By the process described hereln, it Is possible to plate vias having a high perceatage of
nanotwioned copper grain growth from the bottom of the vias. This process can be used to plate
vias having an aspect ratio of between 1:4 and 4:1 with a high percentage of nanctwinned copper
erains where the nanotwinned copper graing grow from the bottom of the vias.

[0116} Figure 11 shows the XRD analysis of a nt-Cu film, plated with an electrofyte containing
culy a suppressor, that has a high concentration of Cu (11 1) microstructure.

{0117] Figure 12 the EBSD analysis of a nt-Cu film, plated with an electrolyte containing only a
suppressor, that shows a majority of the copper grains are smaller than 1.0 ym.

{0118} Finally, it should also be undersiood that the following claims are intended o cover all of
the generic and specific features of the invention described herein and all statements of the scope

of the invention that, as a matter of lang r1age might fall therebetween.
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WHAT IS CLAIMED IS:

ro

e

w

A gopper electrolyte comprising:

a) a copper salt;
b) a source of halide ions; and
c) a suppressor, wherein the suppressor comprises a linear or branched

polyhydroxyl,

wherein the copper electroplating bath also comprises one or more of:

o~
%
RS2

an accelerator, wherein the accelerator comprises an organic sulfur
compound; dnd
(iiy  aleveler, wherein the leveler comprises a polymeric guaternary nitrogen

species;

wherein the copper electrolyte is capable of depositing copper, wherein the copper

deposit exhibits greater than about 80% nanotwinned colamnar copper grains.

The copper electrolyte according to claim ¥, wherein the copper salt is copper sulfate.
The copper electrolyte according to claim 1, further comprising an acid, wherein the acid
comprises sulfuric acid or methane sulfonic acid,

The copper electrolyte according to claing 1, wherein the linear oy branched polyhydroxyl
comprises poly(2,3-epoxy-1-propanol).

The copper electrolyte according to claim 1, wherein the linear or branched polvhydroxyl
comprises a reaction product between 2. 3-epoxy-1-propanol and an amine componnd.
The copper electrolyte according to claim 1, wherein the near or branched polyhvdroxyl
comprises at least one nitrogen atony,

The copper electrolyte according to claim 3, wherein the amine compound is selected
from the group consisting of ethanolamine, dicthanolamine, trigthanclamineg,
propanoiamine, isopropanolamine, ditsopropanolamine, fritsopropanolamine, N-methyl
disthanolamine, N-ethyl diethanolamine, N-propy! diethanclamine, methyl
monoethanolamine, N N-dimethyl ethanolamine, N, N-diethy] ethanolamine, N-propyl
monoethanalamine, N-propyl diethanolamine, N-butyl ethanolamine, M-butyl

diethanolamine, N.N-dibutyl ethanolamine, hivdroxy ethy! morpholine, 2-piperidino
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ethanol, diethanol isopropanolamine, N-(2-hydroxyethyl) pyrrolidine, 4-

pyridingmethanol, 4-pyridineethanol, 4-pyridinepropansl, 2-hydroxy-4-methylpyridine,

2-hydroxymethyl-1-methylimidazole, 4-hydroxymethyl-5-methylimidazole, choline

chloride, b-methylcholine chloride, bis(2-hydroxyethyhidimethylammmonium chloride,

tris{2-hydroxyethylymethylammonium chloride, camnitine chloride, (2-

hydroxyethyl)dimethyl(3-sulfopropylammonium chloride, 1-(2-hydroxyethyl)-3-
nethylimnidazolivm chioride, and combinations of the foregoing:

8. The copper electrolyte according to claim |, wherein the accelerator is present and is
selected from the group consisting of bis-(3-sulfopropyl)-disulfide, 3-mercapto-1-
propanesulfonic acid, 3-(benzothizolyl-2-mercapto)-propylsulfonic acid, N,N-
dimethyldithiocarbamylpropy! sulfonie acid, 3-S-isothinronivm propyl sulfonate, and (O-
ethyldithiocarbonato)-S-(3-sulfopropyliesier.

8. The copper electrolyte according to claim 8, wherein the accelerator is selected from the
group consisting of 3-(benzothizolyl-2-mercapto)-propylsulfonic acid and 3-8-
isothiwonium propy! sulfonate.

0. The copper electrolyte sccording to claim 1, wherein both the accelerator and the leveler
are present 1 the composition.

11. The copper electrolyte accerding to claim 1, wherein the copper electroplating solution
COomprises:

a. about 40 to about 60 g/l copper lons;

b, about 80 to about 140 g/L. sulfuric acid;

¢. about 30 1o about 120 meg/L chloride ions;

d. about 300 to about 800 mg/L linear or branched polyhvdroxyl, wherein the
polyhydroxyl comprises a poly{(2,3-epoxy)- T-propanol directly bonded to a
nifrogen-containing species,

12. The copper electrolyte according to claim 1, wherein the copper electroplating solution
Comprises:

a. about § to about 50 g/l copper ions;

b. about 8 to about 15 g/ sulfuric acid;

<. about 30 to about 120 mp/L chloride ions;
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13.

14.

ta

18.

19.

d. about 300 to about 600 mg/L linear or branched polyhydroxyl: wherein the
polyhydroxyl cormprises a poly(2,3-epoxy)-1-propanc! directly bonded to a
aitrogen-containing species.

The copper clectroplating solution according to claim 11, further compristng:

. about 0.5 to gbout 10 my/L of the leveler, the leveler comprising a polvmer
quaternary nitrogen species; and

f. about 1 to about 30 mg/L of the accelerator.

The copper electroplating solution according to claim 11, further comprising:
e. about Q.5 to about 10 mg/L of the leveler, the leveler comprising a polymer

quaternary nitrogen species.

. The copper electroplating solution according to elaim 1, wherein the copper

electroplating solution is at least substantially free of any accelerator, brightener, carrier,
welter, or leveler or any compound that can function as an accelerator, brightener, carrier,

wetier, or leveler.

. A method of electrodepositing copper on a substrate, the method comprising the steps of”
P g oy g $

a. contacting & surface of the substrate and at least one anode with the copper
electrolyte of claim §; and

b, applying an electric voltage between the surface of the substrate and the at least
one anode such that cathodic polarity is imposed upon the substrate refative to the

at least one anode;

whergin a copper deposit having a high deusity of nanotwinned columnar copper

grains is deposited on the substrate.

X
H

/. The method according to claim 16, wherein the nanotwinned copper deposit isina (111)

orientation.

The method according to claim 16, wherein the copper deposit comprises greater than 90%
nanotwinned columnar copper grains,

The method according to claim 16, wherein the substrate comprises one or more features
selected from the group consisting of pillars, pads, lines, via and combinations of one or

more of the foregoing.

Fod
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20. The method according to claim 16, wherein the substrate comprises one or more vias,
wherein the vias are filled with the copper deposit having the high density of nanotwinned

columnar copper grains,

o]

1. The method according to claim 20, wherein the viss are elecwoplated at & fivst corrent
density to generate high density nanotwinned columnar copper grains and then at a second
tower current density to finish bottom up fill of the micovias.

22. The method according to claim 21, wherein the fivst current density s in the range of about

4 1o about 12 ASD and the second lower cwrent density 1s i the range of about 0.5 t©

ahout 2.0 ASD.

23. A method of electredepositing copper having a high density of nanotwinned cohunna

copper it vias by bottom up flling, the method comprising the steps oft
a. contacting a surface of the substrate and at least one avode with a first copper
electrabyte to establish & base faver of nanotwinned copper, wherein the first
copper clectrolvie comprising topper 1ons, salfuric acid, chloride ions, and a
suppressor containdng & hvear or branched polvhydroxyl, wherein the fivst copper
electrolyte is at loast substantially free of any accelerator, brightener, carrier,
wetter, or leveler or any compound that can function as an accelerator, brighiener,

carrier, wetter, or leveler: and thereafter

o

contacting a surface of the substrate and at least one anode with a second copper
electrolyte to commplete filling of the vias, whetein the second copper slecirolyte
comprising copper ions, sulfuric acid, chionde ions, a suppressor containing a
Hnear or branched polyhydroxyl, an accelevator comprising an organie sulfur

compound, and optionally, g leveler;

wherein an electric voltage is applied between the surface of the substrate and
the at least one anode such that cathodic polarity is imposed upon the subsirate
relative to the at least one anode duoring the steps of contacting the surface of the

subsirate with the first copper electrolyte and the second coppey eleciralyie;

wherein the copper deposited in the vias exhibits the high density of

nanchbwinned colwmnar COPPET grains.
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24. The method according to claim 23, wherein the copper deposit exhibits greater thaun about
80% nanotwinned cclumiar copper grains.
25, The method according to claim 23, wherein the nanotwinned copper deposit is fna (111}
orientation.
26. A substrate comprising o8¢ or more vias, wherein the one or more vias are filled with a
anotwinned copper plated deposit,
wherein at least one of the one or more vias has an aspect ratio of between 1:4 and
4:1 and 1s plated with the copper electrolyvte of claim 1, and
wherein the plated deposit exhibits a high percentage of nanotwinned copper
grains, where the nanotwinned copper grains grow from the bottom of the via.
27. The substrate according to claim 26, wherein the copper deposit exhibits greater than

about 80% nanotwinned columnar copper grains,
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