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NANOTWIN COPPER MATERIALS IN SEMICONDUCTOR DEVICES

CROSS REFERENCE TO RELATED APPLICATIONS
[G001] This application claims the benefit of UK. Patent Application No. 17/411.321 filed

(v

August 25,2021, which the entire disclosure of which is incorporated by reference herein for
all putposes.

TECHNICAL FIELD
[6802]  The prosent technology relates o clectrocheniical deposition operations in
semiconductor processing. More specifically, the present technology relates to systems and
10 methods that perform electrochemical depositions of nanotwin-copper-containing materials

on semiconductor structures and 1 semiconductor packaging.

BACKGROUND
16003}  Tntegrated circuits are made possible by processes that produce intricately patterned
15 material layers on substrate surfaces. After formation, etching, and other processing on a
substrate, metal or other conductive materiads are often deposited or formed to provide the
clectrical connections between components. Because this metallization may be performed
after many maonufacturing operations, problems caused during the metallization may create

expensive waste substrates or wafers.

206 0004 Electroplating is performed in an electroplating chamber with the target side of the
wafer in a bath of liquid electrolvte, and with electrical contacts on a contact ring touching a
condactive laver, sach as a seed laver, on a substrate matenial. Electrical current 1s passed
through the electrolyte and the conductive laver from a power supply. Metal 1ons in the
clectrolyte plate out onto the substrate material, creating a metal layer on the substrate

25 matertal. When the substrate material has patterned, non-planar features defined across the
surface, the metal ions in the electrolyie may not deposit at the same rate at all points on the
non-planar features. These vanations can challenge electroplating operations and create

deposited materials that include voids and non-uniform thicknesses, among other defects.
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{6005} Thus, there is a need for improved sysiems and methods that can be used to produce
high-~quality devices and structures. These and other needs are addressed by the present

technology.

SUMMARY

{6006} Embodiments of the present technology mehude electroplating methods that include

(4

plating a metal material i0to at least one opening on a patterned substrate. At least a portion
of the motal material is characterized by a nanotwin crystal structure. The methods may also
mclude polishing an exposed surface of the metal material in the opening to reduce an
average surface roughness of the exposed surface to less than or about | nm. The polished
10 surface includes as least a portion of the metal material characterized by the nanotwin crystal

structure.

[6007}  In additional embodiments, the metal matenial characterized by the nanotwin crystal
structure is nanotwin coppet. in further emboduments, the metal material may include at least
a second metal laver that 1s selected from gallium, sitver, gold, and platinum. To still firther

15 embodiments, the metal material is polished with chemical mechanical polishing. In yet
additional embodiments, the metal matenial is polished with electropolishing. In more
embodiments, the polishing of the exposed surface of the metal material 15 performed 10 an
oxygen-free environment, and where the polishing removes one or more metal oxides from
the exposed surface of the metal material. In still more embodiments, the metal material

20 includes a first portion in contact with a bottom surface of the opening that is free of the
nanotwin crystal structure and a second portion in contact with the polished exposed surface
that inclades the nanctwin crystal structure. In still additional embodiments, the patterned
substrate further ncludes a barrier layer positionad between the first portion and the second

portion of the metal material in the opening.

b
4

[6008] Embodiments of the present technology also include electroplating methods that

include plating a first portion of a metal matenial on a bottom portion of at least one opening
on a patterned substrate, where the first portion of the metal matenal 1s substantially free of
nanotwin crystal structures. The methods further inclode forming a barrier layer on the first

portion of the metal material, The methods additionally include plating a second portion of

L
o

the metal matenal on the barrier laver, where the second portion of the metal material is

characterized by a nanotwin crystal structure.
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{6009}  In additional embodiments, the frst portion of the metal material is greater than or
about 50 wi.% of a total amount of the metal material in the opening. In further
embodiments, the metal material is copper. In still further embodiments, the second portion

of the metal material incudes at least a second metal selected from gallnwm, silver, gold, and

(4

platinum, o yet additional embodiments, the barrier layer includes a metal that 15 not
included i the second portion of the metal material. In more embodiments, the method
further includes polishing an exposed surface of the second portion of the metal material in
the opening to reduce an average surface roughness of the exposed surface to less than or

about 1 nim.

10 (6018} Embodiments of the present technology further inchude circuit device structures that
nclude a pattemed substrate. The patterned substrate includes at least one opening having a
top portion and a bottom sarface. At least the top portion of the opening is filled with a
metal-containing material, where the metal-containing material includes an exposed surface
characterized by an average surface roughness that 1s less than or about 1 nm, and where the

15 metal-contaming material is characterized by a nanotwin crystal structure.

{6611} In additional embodiments, the patterned substrate further includes a barrier layer
positioned between the metal-contaiming material filling the top portion of the openung and a
second portion of the metal-containing material in contact with the bottom surface of the
opening. In further embodiments, the second portion of the metal-containing material is free
20 ofthe nanotwin crystal structure. In still further emboduments, the metal-containing material
wncludes copper. In vet additional embodiments, the metal-containing material in the top
portion of the opening includes at least a second metal selected from gallium, silver, goid,
and platicum. In more embodiments, the opening in the patternied substrate is characterized

by an aspect ratio that is greater than or about 101,

b
4

[6012] Embodiments of the present technology permit the formation and finishing of
nanotwin metals, such a nanotwin copper, in openings on pattemed substrates. These
embodiments form metal lines, vias, pillars, and other metal-containing components of an
integrated circuit device, where bonding surfaces on the components include metal with a

nanotwin crystal structure, o many iostances, metals with a nanotwin crystal structure are

L
o

less susceptible to oxide formation and more easily bond to similar metal surfaces at lower
bonding temperatures and pressures. Additionally, embodiments of the present technology

may be performed in a plating chamber in which nanotwin-metal-containing lines and
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columns are formed at high throughput into openings on a patterned substrate. These and
other embodiments, along with many of their advantages and features, are described in more

8,

detail in conjunction with the below description and attached figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[G013] A further understanding of the nature and advantages of the disclosed embodiments

may be realized by reference to the remaining portions of the specification and the drawings.

{6614} FIG. 1 shows a schematic perspective view of an electroplating system according to

some crmbodiments of the present technology.

{6015} FIG. 2 shows a partial cross-sectional view of an electroplating system according to

some embodinents of the present technology.

[#816] FIG. 3 shows exemplary operations in a method of electroplating according to some

embodiments of the present technology.

[6817F FIGS. 4A-4B show schemaltic cross-sectional views of a pattered substrate
undergoing a plating of nanotwin-copper-containing material according to some

cmmbodiments of the present technology.

{6618}  Several of the figures are included as schematics. [t is to be understood that the
figures are for illustrative purposes and are not to be constdered of scale unless specifically
stated to be of scale. Additionallv, as schematics, the figures are provided to aid
comprehension and may not inchide all aspects or information compared to realistic

representations and may include cxaggerated material for ilustrative purposes.

{8019]  Inthe figures, sinular components and/or featores may have the same numerical
reference label. Further, varous components of the same type may be distinguished by
following the reference label by a letter that distinguishes amoung the sunilar components
and/or features. I only the first numerical reference label 1s used in the specification, the
description is applicable to any one of the simidar components and/or features having the

same first mumerical reference label irrespective of the letter suffix.
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DETAILED DESCRIPTION
[0028] Many types of electronic devices that use semiconductor-based integrated civcuits
have progressed from single chip {i.¢., die) packages, which are electronically interconnected
theough a circuit board, to mukiple chips that are stacked or stherwise arrayed inn a single
package. These multiple-dic packages can include dics for memory, logic, micro-clectro-
mechanical-systems (MEMS), and sensors, among other functions, and may include systen-
on-chip {(S50C) and system-in-package {SiP} packages. As these multiple-chip packages add
more chips that are further miniaturizing, the density of the electrical interconnections (i.c.,
the intercomnect density) between them increases. This has caused the size of those
interconnections to decrease. These sizes, commonly measured as the piteh of an
electrically-conductive line or via that makes an interconnection between input/output pads
on adjacent semiconductor dics, bave decreased from several hundred micrometers to 10 um

or less.

[6021] The decrease in the pitch size of the imterconnects has changed how the connections
are formed. For many kinds of increasingly mimaturized multi-die packages, a conventional
solder bump, measuring hundreds of microns in diameter, is too large to form high-density
interconnects with pitch sizes of 50 um or less. In many instances, these high-density
interconnects eliminate solder bumps and form a direct metal-to-metal conmection between

opposite facing bnes, vias, and pads of the interconnect.

{8022} Inmost conventional, high-interconnect-density integrated circuit devices, the direct
metal-to-metal connections are made with polyerystalline copper whose grains are in random
orientations. Unfortanately, as the pitch sizes of copper hines, vias, and pillars continue to
decrease, the limitations of polyerystalline copper become more apparent. In many cases, the
oxidation and diffusivity characteristics, among other characternistics, of polyeryvstailine
copper require copper-copper bonding to be done at high temperatures and pressures. The
bonding conditions can cause more cracks and other defects in the smaller and thinner copper
lines arcund the bonding site. The number of defocts is further compounded by the mncreased
density of bonding sites in the high-interconnect~-density integrated circuits, Ag interconmnect
pitch sizes and other dimensions continue {o decrease and bonding site density continues to
increase, the problems with high-temperature, high-pressure bonding of polycrystalline

copper surfaces continue to grow.,

2



(4

10

[
(¥4

30

WO 2023/027917 PCT/US2022/040488

{6023} Ewmbodiments of the present technology address the problerns with bonding
polycrystalling copper 1n high-interconnect-density integrated circuit devices by replacing the
polycrystalline copper with nanotwin copper {NTCu}, which has a <11, 1> crystallographic
orientation. In additional embodiments, a significant percentage of the NTCu grains at a
bonding surtace of the metal are oriented n the same <1, 1, 1> direction. NTCu is
signtficantly less prone to oxidation and the formation of copper oxide than polyerystalline
copper. NTCu is also characterized by diffusivity rates that ave normally x10% to x10* higher
than polycrystalline copper. Due to these and other characteristics, bonding temperatures and
pressures for NTCu are significantly lower than polverystalline copper. Unfortunately,
NTCu is not as stable as other crystal phases of copper, and it has proven challenging to form
metal contact surfaces with a significant fraction of the surface made of NTCu. Contact
surfaces formed from electroplated NTCu can also be characterized by a high average surface
roughness. The rough contact surfaces can reduce the contact area between opposite facing
ends of an imterconnect and require higher bonding temperatures and pressures to form a

sufficient bond between the ends.

{3024} Embodiments of the present technology address the problems of poor NTCu
coverage and high levels of roughness 1o the contact surtaces of electroplated NTCu formed
in narrow-pitch, high-aspect-ratio openings on patterned substrates. Embodiments of the
present technology include methods of fithng and finishing copper-contaming materials in
narrow-pitch, high-aspect-ratio openings to provide contact surfaces in those materials that
have high levels of NTCu and low average surface roughness. The embodiments include
methods of electroplating NTCu copper ap from a bottom surface of the opening 30 that the
top of the opening where the contact surface is formed includes a large percentage of NTCu.
The embodiments further mclude polishing the exposed contact surfaces to reduce their
average surface roughuess and remove contaminants such as metal oxides. The embodiments
also mclude forming a barrier layver between bottom and top portions of the metal-containing
material filling the opening. The barrier layer can prevent non-nanotwin-phased metal in the
bottom portion from diluting and converting nanotwin-phased metal to other crystal phases
the top portion of the opening. The embodiments still also include forming a second metal
layer on the contact surface of the electroplated NTCu copper. The second metal layer is
selected to enhance the low-temperature, low-pressure bonding of opposite facing ends of a
metal interconnect. These and other embodiments of the present technology are discussed

further below.

N
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[6025] FIG. 1 shows a schematic perspective view of an electroplating system 100 that can
perform NTCu electroplating methods according to embodiments of the present technology.
Electroplating system 100 illuystrates an exemplary electroplating system, mcluding a svstem
head 110 and a bowl 115, During electroplating operations, a wafer may be clamaped to the
systemt head 110, inverted, and extended into bowl 115 to perform an electroplating
operation. Electroplating system 100 may include a head lifter 120, which may be configured
o both raise and rotate the head 113, or otherwise position the head within the system,
including tilting operations. The head and bowl may be attached to a deck plate 125 or other
structure that may be part of a larger svstem mcorporating multiple electroplating svstoms
100, and which may share electrolyte and other materials. A rotor may allow a substrate
clamped to the head to be rotated within the bowl or outside the bowl in different operations.
The rotor may include a contact ring, which may provide the conductive contact with the
substrate. A seal 130 discussed further below may be connected with the head. Seal 130
may nclude a chucked wafer to be processed. FIG. 1 illostrates an electroplating system 100
that may include components to be cleaned directly on the platform. In embodiments, the
clectroplating systern 100 further mnchudes an i situ rinse system 135 for component
cleamng. In additional embodiments (not shown) an electroplating system may be
contigured with a platform on which the head may be moved to an additional moduic where a

seal or other component cleaning s performed.

{80267 FIEG. 2 shows a partial cross-sectional view of an electroplating chamber that
ncludes an electroplating apparatus 200 according 1o some embodiments of the present
technology. The electroplating apparatus 200 may be incorporated with an electroplating
system, inchiding svstem 100 descnbed above. As illustrated in FIG, 2, a plating bath 205 of
an clectroplating system is shown along with a head 210 having a substrate 215 coupled with
the head. In the embodument shown, a substrate ts coupled with a scal 212 incorporated on
the head 210, A rinsing frame 220 may be coupled above the plating bath vessel 205 and
may be configured to receive the head 210 into the vessel during plating. Rinsing frame 220
may include a rim 225 extending circumterentially about an upper surface of the plating bath
vessel 205, A rinsing channel 227 may be defined between the rim 225 and an upper surface
of the plating bath vessel 205, For example, rim 225 may inchude interior sidewalls 230
characterized by a sloping profile. As described above, rinse fluid shing off a substrate may
contact the sidewalls 230 and may be recetved m a plenum 235 extending about the rim for

collection of the rinse fluid from the electroplating apparatus 200,
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[6027] Inembodiments, electroplating apparatus 200 may additionally include one or more
cleaning components. The cleaning components may mclude one or more nozzles used to
deliver fluids to or fowards the substrate 215 or the head 210, FIG. 2 illustrates one of a
varicty of embodiments in which improved rinse assemblies may be used to protect the bath
and substrate during rinsing operations. In additional cmbodiments, a side clean nozzie 250
may extend through the rim 225 of the ninsing frame 220 and be directed to rinse seal 212,

along with aspects of substrate 213,

[8028] Embodiments of the above-described systems and chambers may be used to perform
embodiments of the present NTCu electroplating methods. FIG. 3 shows exemplary
operations i a method 300 of electroplating and finishing a NTCu-containing material
according to embodiments of the present technology. The method 300 may also include one
or more operations prior to the initiation of the method, including front-end processing,
deposition, gate formation, etching, polishing, cleaning, or any other operations that may be
performed prior to the described operations. The method may further include a number of
optional operations, which may or may not be specifically associated with some
embodiments of methods according to the present technology. For example, many of the
operations arc described in order to provide a broader scope of the processes performed but
are not eritical to the technology or may be performed by alternative methodology, as will be
discussed further below. Method 300 may describe operations shown schematically in FIGS.
4A-4C, the illustrations of which will be described in conjunction with the operations of
method 300, Tt is to be understood that the figures Ulustrate only partial schematic views, and
a substrate may contain any number of additional materials and features having a varnety of
characteristics and aspects, as illustrated i the figures. Embodiments of method 300 may or
may not invoive optional operations to develop the semiconductor structure to a particular

fabrication operation.

[6029] Embodiments of method 300 include providing a patterned substrate 460 in
operation 303, FIG. 4A shows a portion of a patterned substrate 400 that may be included in,
for example, an mtermediate packaging region of a single-die or multi-die {e.g., 3D-IC)
integrated circuit package. The portion of patterned substrate 400 may include at least one
opening 404. In embodiments, the opening 404 may include a bottom surface 406 and one or
more sidewall surfaces 408, To further emboduments, the opening 404 may be a trench that
shapes part of an NTCu-contaning conductive line, such as a redistribution hine in an
intermediate packaging region. In additional embodiments, the opening 404 may be a via

3
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that shapes an NTCu-containing conductive via or pillar. In still further embodiments, the
opening 404 may mclude one or more of a recess, a step, or an isolation structure, among

other kinds of structures.

[6038]  In embodiments, the patterned substrate 400 may include a diclectric laver 402 into
which the opening 404 may be formed. In the embodiment shown in FIG. 4A ) the opening
404 terminates in the diclectric layer 402 to leave the bottom surface 406 of the opening
made of an exposed surface of the diclectric layer 402, These openings may include trenches
that shape part of an NTCu-containing, electrically conductive Hine, such as a redistribution
line. In additional embodiments {not shown), one or more openings may extend through the
dielectric layer and ternunate at an vaderlying conductive layer, such as a pad layer. In these
embodiments, the underlying laver forms the bottom surface of the opening instead of the
dielectric layer. These openings may include columnar vias and pillars that electrically

connect metal lines and lavers in vertically separated plancs.

{8031} Inembodiments, the opening 404 may be characterized by a pitch that is less than or
about 100 pum, less than or about 75 pm, less than or about 30 wm, less than or about 40 um,
less than or about 30 um, less than or about 20 pm, less than or about [0 pm, less than or
about 5 pm, less than or about 4 pm, less than or about 3 pm, less than or about 2pum, less
than or about 1 pm, or less. In further embodiments, the opening 404 may be charactenzed
by a height-to~-width ratio {i.c., an aspect ratio} that is greater than or about 0.25:1, greater
than or about 0.5:1, greater than or about .75:1, greater than or about 1.1, greater than or
about 2:1, greater than or about 3.1, greater than or about 4.1, greater than or about 5:1,
greater than or about 6.1, greater than or about 711, greater than or about 811, greater than or

about 9:1, greater than or about 10: 1, or more.

[6832] In additional embodiments, the patterned substrate 400 may be formed by
depositing and patterning a photoresist material on at least one layer of dielectric material and
ctching the at least one opening into the layer of dielectric maternial through the patterned
photoresist. In further embodiments, the pattermed substrate 400 mayv be formed in at least
one laver of semiconductor material. In more embodiments, the at least one layer of
dielectric material may include stlicon oxide, silicon nitride, silicon-carbon-nitride, or an
organic polymer {¢.g., a benzocycloalkane), among other dielectric matenals. In still more
cmbodiments, the at least one laver of semiconductor material may include silicon,

germanium, or gallium arsenide, among other semiconductor materials.
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[6033] In further embodments, the pattemed substrate 400 may include a barrier laver 410
that can lynit the diffusion or nteraction of fill material with the underdymg substrate. In
embodiments, the barrier layer 410 may include one or more of a refractory metal, a metal
oxide, or a metal nitride, among other barrier layer materials. In additional embodiments, the
barrder layer 410 may include one or more of tantalum, titasium, or tantalum vitnide. In vet
additional embodiments, the barnier Jayer 410 may facilitate deposition of a seed tayer 415

and may also be or inclade an adhesion layer to factiitate the formation of the seed layer.

[8034] Embodiments of method 300 also mclude forming a seed layer 415 at operation
310. In embodiments, the seed laver 415 may be deposited at a uniform rate on all the
interior surfaces of the opening 404, including the bottom surface 406 and the sidewall
surfaces 408, In still further embodiments, the seed layer 415 may be a conformal layer that
has the same thickness on both the bottom surface 406 and the sidewall surfaces 408, In
crabodiments, the seed layer 415 may be formed by physical vapor deposition or atomic layer
deposition, among other deposition techniques. In additional embodunents, the seed layer
415 may mclude the same matenals that are plated into the openng 404, In further

embodiments, the seed layer 415 may inchude NTCu.

[6035] In additional embodiments, the seed layer 4135 may be formed to a thickness of less
than or about 100 nm, less than or about 30 nm, less than or about 25 nm, less than or about
10 nm, less than or about 5 nm, or less. In further embodiments, the formation of the seed
layer 415 may provide coverage along certain regions of the opening 404, such as the bottom
corners or sidewall surfaces 408 proximate the bottom surface 406 of the openung. In further
embodiments, the seed layer 415 is thin enough to avoid pinching-off at the top of the
opening that can hinder or prevent the electrodeposition of the NTCu-containing material into
the opening by slowing or barring the NTCu-containing electrochemical plating tluid from
reaching the bottom of the opening 404, Tt 1s to be understood that the structural
characteristics of the opening 404, meluding the piteh size aspect ratio of the opening among
other structural characteristics, is not intended to be limiting, and any of a variety of other
patterned substrates 400, including sced laver matenials, are similarly encompassed. Gther
exemplary patterned substrates may include two-dimensional and three-dimensional
patterned substrates common in semiconductor manufactuning, and within which an opening
or other feature may be formed, and along which a seed laver may be deposited.

Additionally, although a patierned substrate that mcludes high-aspect-ratio openings may

10
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bencfit from the present technology, the technology may be equally applicable to lower

aspect ratio openings and other structures.

{6636} Embodiments of method 300 may further inchide removing one or more
contaminants from the as-deposited seed layer 415 at operation 315, In additional
embodiments, the one or more contaminants may include metal oxides that form on surfaces
of the seed layer 415 that are exposed to oxygen in the agueous clectrochemical plating fhuid
ot directly to air. In further embodiments, these metal oxides may include copper oxides,
such as copper dioxide (CuQz), that may be formed, at least n part, by the oxidation of
copper metal in the seed layer 415, In more embodiments, the contaminants may be removed
by contacting the as-deposited seed layer 415 with an etchant bath. In embodiments, the
ctchant bath may inclade an agueous solution of an inorganic acid such as hyvdrochlornic acid
or sulfuric acid. In additional embodiments, the etchant bath may include a corrosion
inhibitor, such as benzotrazole. In further erabodiments, the contaminants may be removed
by a plasma, such as an oxygen-contaming etch plasma to remove organic materials, an
argon- and/or mitrogen-contaiming plasma to expose a pristine surface, or a hydrogen-
containing plasma to reduce surface oxides on the metal-containing surface, among other

kinds of plasmas.

[6837F Embodiments of method 300 may yet also include plating an NTCu-containing
material 420 mto at least one opening 404 of a pattemed substrate 400 at operation 320, In
some emboduments, the plating operation may further optionally include interrupting the
plating operation fo form a barrier layer 425 on a first portion of the plated matenal at
operation 325, In these embodiments, the method 300 includes plating a first portion of
copper-containing material 420 in a bottora portion of the opening 404, forming a barrier
laver 425 on the first portion of material, and plating a second portion of copper-containing
material 430 in a top portion of the opeming. In additional embodiments, the barrier laver 425
prevents first portion of the copper-containing material 420 from dihiting and converting the
NTCu in the second portion 430 into non-nanotwin phases of copper. By incorporating the
barrier laver 425 mto the copper-contaming fill of opening 404, the first portion of the
copper-containing material 420 plated into the bottom portion of the opening may be done
rapidly, and the material 420 may bave more polycrystalline copper and less NTCu than the
second portion of the copper-containing material 430, The barrier laver 425 also sets a new
bottom surface for the opening 404 that 1s higher up i the opening than the original bottom
surface 406. The second portion of the copper-containing material 430 is plated in a

i1
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shaflower opening with a lower aspect ratio than the original opening 404, This allows the
plating of the second portion 430 to have a more bottom-up character with less

polyerystalling copper impinging on the NTCu from the sidewall surfaces 408,

[6038]  In further embodiments, the barrier laver 425 may be made of an electrically

(4

condactive material, such as a metal other than copper, that does not substantially mercase
the electrical resistance through the copper-containing material fitling the opening 404, In
vet further embodiments, the bartier layer may be made of one or more metals such as
gallium, silver, gold, or platinum, among other mwetals. In more embodiments, the barrier
laver 425 may be a thin layer deposited by physical vapor deposition or atomic layer

10 depositicn among cther deposition techniques. The barmer layer 425 may have a thickness
that 13 less than or about 25 nm, less than or about 20 nim, less than or about 15 nm, less than

or about 10 nm, fess than or about 5 nm, or less.

[603%]  In additional erabodiments, the first portion of the copper-containing material 420
may be plated at a first deposttion rate that is faster than a second deposition rate for plating
15 the second portion of the copper-containing material 430, In further embodiments, the first
deposition tate for the first portion of the copper-containing raterial 420 may be greater than
or about 10% faster than a second deposition rate for the second portion of the copper-
containing matertal 430, In still additional embodiments, the percentage difference in the

G/

first and second deposition rates may be greater than or about 15%, greater than or about

20 20%, greater than or about 25%, greater than or about 30%, greater than or about 35%,
greater than or about 40%, greater than or about 45%, greater than or about 50%, or more. In
more embodiments, the plating rate for the first portion of copper-containing material 420
may be greater than or about 0.5 pm/minute, greater than or about 0.75 pm/muinute, greator
than or about | um/minute, greater than or about 1.25 ym/minute, greater than or about 1.5

25 um/nunute, or higher. In vet more embodiments, the plating of the first portion of the
copper-containing material 420 may last until the partially-filled opening reaches an aspect
ratic of tess thao or about 2: 1, less than or about 1.5:1, less than or about 1:1, less than or
about 0.5:1, or less. In vet further embodiments, the plating operation during the first period
of time may nclude delivering a contimuous forward current to the patterned substrate 400

30 from a DC power supply. In still additional embodiments, the as-plated first portion of the
copper-containing material 429 may include less than or about 25 wt.% NTCu, less than or
about 20 wi.% NTCq, less than or about 13 wt.% NTCu, less than or about 10 wi % NTCuy,

less than or about 5 wit. % NTCu, less than or about T wi.% NTCu, or less.

12
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[0046]  In further embodiments, the second portion of the copper-containing material 430
formed in the top portion of opening 404 may be plated at a second deposition rate that s less
than or about 1 um/minute, less than or about 0.9 pmv/minute, less than or about 0.8
pm/minute, fess than or about 0.7 pm/minute, less than or about 0.6 pm/minute, less than or
about 0.5 p/minuie, or less. In vet additional emboduments, the second portion of the
copper-containing material 430 may include greater than or about 50 wi.% NTCu, greater
than or about 55 wt.% NTCu, greater than or about 60 wt. % NTCe, greater than or about 65
wt. % NTCy, greater than or about 70 wt.% NTCy, greater than or about 75 wt % NTCy,
greater than or about 80 wt.% NTCu, greater than or about 85 wt.% NTCu, greater than or

about 50 wt.% NTCu, or more.

{6041} In additional embodiments, the plating operation 320 may include the pulsed
delivery of forward and reverse carrents to the patterned substrate that plate and de-plate
copper from the surfaces of the substrate. In some embodiments of the plating operation 320
that further include forming the barrier layer 425 at operation 325, the pulsed delivery of
forward and reverse currents may be limited to the plating of the second portion of the
copper-containing material 430, In additional embodiments, where a barrier layer 425 1s not
formed, the pulsed delivery of forward and roverse currents may be used for all portions of
plating operation 320. In the discussion of the pulsed delivery of forward and reverse
currents to the patterned substrate below, the bottom surface may refer to either the bottom
surface 406 of the opening 404 when no barrier layer 425 1s formed, or the bottom surface

formed by the barrier layer 425 when one is formed.

{3042} In embodiments, the pulsed debvery of forward and reverse currents to the patterned
substrate may include a reverse current that de-plates the copper from the sidewall surfaces
408 faster than the bottom surface of the opening 404, Successive cycles of forward and
reverse current plate more NTCu-containing material on the bottom surface than
polycrystalline copper on the sidewall surfaces 408, When the fill has recached the top of the
opening 404 a majority of the copper on the contact surface of the fill has a nanotwin crystal
orientation. In further embodiments, the contact surface nclades NTCu across greater than
or about 50% of the surface arca, greater than or abowut 53% of the surface area, greater than
or about 60% of the swrface area, greater than or about 63% of the surface arca, greater than
or about 70% of the surface arca, greater than or about 75% of the surface area, greater than
or about 80% of the surface area, greater than or about 85% of the surface area, greater than

or about 90% of the surface area, or more.
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[6043] In embodiments, the forward current ts supplied to the patterned substrate 400 in
contact with the electrochemical plating fluid n the clectroplating chamber with a pulsing
DC power supply. In additional embodiments, the pulse of forward current may be

characterized by a duty cycle of less than or about 50%, less than or about 45%, less than or

(4

about 40%, less than or about 35%, less than or about 30%, less than or about 23%, less than
or about 20%, or less. In further embodiments, the on-time of the duty cycle may be greater
than or about 0.5 seconds, greater than or about 1 second, greater than or about 1.5 seconds,
greater than or about 2 seconds, greater than or about 2.5 seconds, greater than or about 3
seconds, greator than or about 3.5 seconds, greater than or about 4 seconds, greater than or

10 about 4.5 seconds, greater than or about 5 seconds, or more. In still firther embodiments, the
forward current may be characterized by an average current density of fess than or about 2.0
mA/em?, less than or about 1.5 mA/om?, loss than or about 1.0 mA/om?, less than or about 6.5
mA/cm?, orless. In more embodiments, the forward current may be characterized by a peak

current during the on-time of greater than or about 6.5 A and may be greater than or about

[
(¥4

1.0 A, greater than or about 1.5 A, greater than or about 2.0 A, greater than or about 2.5 A,
greater than or about 3.0 A, greater than or about 3.5 A, greater than or about 4.0 A, greater
than or about 4.5 A, greater than or about 5.0 A, or higher. In still more embodiments, the
peak current may be characterized by a peak current density of greater than or about 2
mA/cm?, and may be greater than or about 5 mA/om?, greater than or about 10 mA/cn®,

20 greater than or about 20 mA/cm?, greater than or about 50 mA/em?, or higher.

{0044} In additional embodiments, the reverse current is delivered 1o the patiemed substrate
400 following the deliverv of the forward current. In embodiments, the reverse current may
be delivered by the same pulsing DT power supply that delivers the forward current orby a
different power supply. The reverse current de-plates a fraction of the copper plated on the
25 patterned substrate 400 during the delivery of the forward current. Inmore embodiments, the
reverse current de-plates less than or about 50 wt.% of the copper plated in the previous
delivery of the forward current. In still more embodiments, the reverse current de-plates a
fraction of the previcusly-plated copper that is less than or about 45 wt.%, less than or abowt
40 wt. %, less than or about 35 wt.96, less than or about 30 wt %, less than or about 25 wt. 9%,
30 less than or about 20 wit.%, less than or about 13 wt. %, less than or aboot 10 wit.%, Jess than
or about 5 wt. %, or less. As noted above, the reverse current de-plates more plated copper
from the sidewall surfaces 408 than the bottor surface of opening 404. In embodiments, the

difference 1 the amount of copper de-plated trom the sidewall surfaces and bottom surface
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mayv be greater than or about 5%, greater than or about 10%, greater than or about 15%,
greater than or about 20%, greater than or about 23%, greater than or about 30%, greater than

or about 35%, greater than or about 40%, greater than or about 45%, greater than or abowut

50%, or more.

[8045] In some embodiments, the reverse current may be a pulsed current that has the same
or sinilar average current density and peak current density as the forward current and a
shorter period of on-time during its duty cycle. In additional embodunents, the reverse
current may be a pulsed carrent with a lower average and peak curvent density than the
forward current and the same or similar period of on-time during a comparable doty cycle. In
further embodiments, the pulse of reverse current may be characterized by a duty cycle of
less than or about 530%, less than or about 45%, less than or about 40%, less than or about
35%, less than or about 30%, less than or about 25%, less than or about 20%, orless. In
further embodiments, the on-time of the duty cycle may be less than or about 100
milliseconds, less than or about 90 milliseconds, less than or about 80 nulliseconds, less than
or about 70 milliscconds, less than or about 60 nulhiseconds, less than or about 50
milliseconds, less than or about 40 milliseconds, less than or about 30 milliseconds, less than
or about 20 milliseconds, fess than or about 10 milliseconds, or less. In still further
embodiments, the reverse current may be characterized by an average current density of less
than or about 2.0 mA/om?, less than or about 1.5 mA/cm?, less than or about 1.0 mA/em?, less
than or about 0.5 mA/em®, or lower. In still more embodiments, the reverse current may be
characterized by a peak current density of greater than or about 2 mA/em®, and may be
greater than or about 5 mA/cm?, greater than or about 10 mA/em?, greater than or about 20

mA/cm?, greater than or about 50 mA/om?, or higher.

[6646] In more embodiments, the number of eycles of forward and reverse current being
delivered to the patterned substrate 400 i contact with the electrochemical plating fhud in
the electroplating chamber depends on the net NTCu plated after each cycle and the total
amount of copper-containing material to fill the opening 404, Tn embodiments, the number of
cveles may be greater than or about 1 cycle, greater than or about 2 cyveles, greater than or
about 3 cvcles, greater than or about 4 cycles, greater than or about 5 cycles, greater than or
about 6 cvcles, greater than or about 7 cycles, greater than or about & cycles, greater than or
about 9 cycles, greater than or about 10 cveles, greater than or about 15 cycles, greater than

or about 20 cycles, or more. In still more embodiments, the overall plating rate of the NTCu-
containing matenal may be characterized by a deposition rate of greater than or about 6.1

s
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pm/minute, greater than or about 0.2 pnv/minute, greater than or about 0.3 pm/minute, greater
than or about 0.4 wmw/mmute, greater than or about 0.5 pn/minute, greater than or about 0.6
wm/minute, greater than or abowt (.7 pm/minete, greater than or aboot 0.8 pm/minute, greater

than or about 0.9 povminute, greater thao or about 1 pmy/minute, or more.

{8047} In embodiments, the electrochemical plating fluid in contact with the pattemed
substrate 400 during the plating operation may be an agqueous solution that includes copper
ions. In further embodiments, the concentration of copper ions may be greater than or about
(.1 M, greater than or about 0.2 M, greater than or about 0.3 M, greater than or about 0.4 M,
greater than or about 0.5 M, greater than or about 0.6 M, greater than or about 0.7 M, greater
than or about 0.7 M, greater than or about 0.9 M, greater than or about | M, or more. In more
embodiments, the copper 1ons may be supplied by water-soluble copper-containing salts such
as copper sulfate and copper chloride, among other copper-contaiming salts. In additional
cmbodiments, the clectrochemical plating fluid may have a pH of greater than or about 2,
greater than or about 3, greater than or about 4, greater than or about 5, greater thao or about
6, greater than or about 7, greater than or about 8, greater than or about 9, greater than or
about 10, greater than or about 11, greater than or about 12, or more. In vet additional
embodiments, the pH of the electrochemical plating fluid may be adjusted by an acid such as
sulfuric acid or hydrochloric acid, among other acids. In still further erabodiments, the
clectrochemical plating fluid may mclude one or more additional compounds to facilitate the
plating of the NTCu-containing material, such as one or more thickening agents, one or more
surfactants, one or more accelerators, one or more levelers, one or more suppressors, and one

or more polanzers, among other compounds.

[0848] Embodiments of method 300 may still further include polishing a contact surface of
the plated NTCu-containing material at operation 330, In erabodiments, polishing the contact
surface may include chemical-mechanical-polishing (CMP) of the surface to reduce the
average surface roughness and remove surface contaminants. In additional embodiments,
polishing the contact surface may nclude electropolishing the surface by oxidizing and
dissolving jagged portions of the surface in an electropolishing medium. In further
embodiments, the polishing operation 330 may inclade a combinationof CMP and
clectropolishing. In yet further embodiments, the polishing operation 330 may decrease the
average surface roughuess of a contact surface of the as-plated NTCu-containing material by
greater than or about 10%, greater than or about 20%, greater than or about 30%, greater than
or about 40%, greater than or about 50%, or more. In still further embodiments, the polishing
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operation 330 may reduce the average surface roughness of the contact surface to less than or
about 10 nm, less than or about 7.5 nm, less than or about § nim, less than or about 2.5 nm,

less than or about 1 nm, or less.

[6049]  In embodiments, CMP operations that smooth down the sarface roughness to the
level descnibed above often leave a concave, dished surface that has a lower height 1n the
center than on the periphery of the polished surface. In direct copper-to-copper binding
operations, the concave surface can leave a gap in the nuddle of the interconnected ends. The
gap can result in a smaller contact arca between the opposite facing ends of the interconnect
and reduced electrical conductivity through the interconnect strocture. On the other hand, the
large amount of NTCu copper in the polished surface can transform the concave profile at
room temperature into a more flat profile at the elevated temperature of the binding
operation. The transformation from a concave to flat profile securs due to the thermal
expansion of the NTCu-containing material, which is more constrained at the periphery of the
contact surface than the center of the contact surface. In additional embodiments, the
increased thermal expansion at the center of the polished NTCu-containing maternal
compared to the periphery at the elevated temperature of the binding operation may reduce
the difference in height between the center and periphery of the polished surface to fess than
or gbout 100 nm, less than or about 530 nm, less than or about 25 nun, less than or about 10

win, less than or about 5 i, less than or about 1 nm, or less.

[B05G]  In embodiments, CMP operations to polish the contact surface of the NTCu-
containing material may inclade contacting the surface with a CMP pad that contains a slurry.
In further embodiments, the shury may include chemical additives and particulate abrasives.
In additional embodiments, the chemical additives may include oxidizers (such as hydrogen
peroxide, potassium ferricyanide, and ferric chiornide, among other oxidizers) that form a
removable oxide film on the contact surface. In further embodiments, the chemucal additives
may include inhibitors and complexing agents {such as benzotriazole and ammontia, among
others) that affect the formation and removal rates of the oxide flm from the contact surtace.
{3051}  In some embodiments, method 300 may also optionally include formuing a second
raetal layer on the contact surface of the NTCu-containing material at operation 335, The
second metal layer may mclude one or more copper-free metals that can further enhance bond
formation in copper-to-copper bonding of NTCu-containing contact surfaces. In

cembodiments, the second metal layer can increase the diffusivity of the NTCu copper in the
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contact surface by greater than or about 10%, greater than or about 25%, greater than or about

30%, greater than or about 75%, greater than or about 100%, or more. In more embodiments,
the second metal laver may inclade one or more non-copper metals such as gallam, silver,
gold, or platinum, among other metals. In further embodiments, the second metal layver may
have a thickness of less than or about 100 nm, less than or about 30 nm, less than or about 23
nm, less than or about 10 nm, or less. In still further embodiments, the second metal layer
may be formed on the contact surface by physical vapor deposition, chemical vapor

deposition, or atomic layer deposition, among other deposition techniques.

{3052} The fimished surface contacts of the NTCu-containing matenial are characterized by
enhanced copper-to-copper binding propertics, such as binding temperature and bindiog
pressure. In embodiments, the binding temperature of the copper-to-copper contacts may be
less than or about 2007C, less than or about 190°C, less than or about 180°C, less than or
about 170°C, less than or about 160°C, less than or about 130°C, less than or about 140°C,
fess than or about 130°C, less than or about 120°C, less than or about 110°C, less than or
about 100°C, or less. In further embodiments, the binding pressure when pressing together
opposite facing contact surfaces may be characterized as less than or about 10 MPa, less than
or about 7.5 MPa, fess than or about 5 MPa, less than or about 2.5 MPa, less than or about |

MPa, or less.

{3653} Embodiments of the present technology provide contact surfaces that inclade
nanotwin-phased copper (NTCu) for a variety of infegrated cireuit structures, mcluding high-
density interconnect lines, vias, and pillars, among other kinds of metal-contaiming IC
structures. The embodiments address the problems of forming and stabilizing contact
surfaces characterized by a high percentage of the contact surface area being made of NTCu.
The enmboduments include a number of strategies to that favor the plating of nanotwin-phased
copper at the top portion of an opening in a patterned substrate, and slow the transformation
of the NTCu into other crystaliine phases, such as polycrystathine copper. Embodiments of
the present technology also include polishing the contact surface of the NTCu-~containing
material to reduce surface roughness and remove oxides and other contaminants that reduce
binding cffectivencss of the contact surface. Hmbodiments of the present technology further
inchide the forming of a second, non-copper, metal layver on the contact surface to further
cnhance the binding cffectiveness of the surface. These and other cmbodiments of the

present technology provide NTCu-containing contact surfaces with improved binding
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cffectiveness over conventional copper contact surtaces that consist primarity of

polyerystalling copper.

{66547  In the preceding description, for the purposes of explanation, numerous details have
been set forth m order to provide an understanding of various embodiments of the present
technology. It will be apparent to one skilied in the art, however, that certain embodiments
may be practiced without some of these details, or with additional details. For example, other
substrates that may benefit from the wetting techniques described may also be used with the

present technology.

{60351 Having disclosed several embodiments, 1t will be recognized by those of skill in the
art that various modifications, altemative constructions, and equivalents yoay be used without
departing from the spint of the embodiments. Additionally, a number of well-known
processes and clements have not been described 1n order to avoid unnccessanly obscuring the
present technology. Accordingly, the above description should not be taken as limiting the

scope of the technology.

{60561 Where a range of values is provided, it is understood that cach intervening value, 1o
the smallest fraction of the unit of the lower limit, unless the context clearly dictates
otherwise, between the upper and lower Hmits of that range is also specifically disclosed.
Any narrower range between any stated values or unstated intcrvening values in a stated
range and any other stated or intervening value in that stated range is encompassed. The
upper and lower hmits of those smaller ranges may imdependently be included or excluded in
the range, and cach range where either, neither, or both limits are included in the smaller
ranges s also encompassed within the technology, subject to any specifically excluded oot
in the stated range. Where the stated range includes one or both of the bimits, ranges
excluding either or both of those included himits are also included. Where suudtiple values are
provided in a list, any range encompassing or based on any of those values is similarly
specifically disclosed.

<%

{68571 As used herein and i the appended claims, the singular forms “a”, “an”, and “the”
include plural references unless the context clearly dictates otherwise. Thus, for example,
reference to “a material” meludes a plurality of such materials, and reference to “the period of
tme” inchides reference o one or more periods of time and equivalents thereof known to

those skilled n the art, and so forth.
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{6038}  Also, the words “comprise(s)”, “comprising”, “contain(s)”, “containing”,
“meclhude(s)”, and “including”, when used in this specification and in the following claims, are
intended to specify the presence of stated features, integers, components, or operations, but
they do not preclade the presence or addition of one or more other features, integers,

components, operatiom“, acts, or groups.
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WHAT IS CLAIMED 18

I. An electroplating method comprising:

plating a metal material into at least one opening on a patterned substrate,
wherein at least a portion of the metal material is characterized by a nanotwin crystal
structure; and

polishing an exposed surface of the metal matenal in the opening to reduce an
average surface roughness of the exposed surface to less than or about 1 nm, wherein the
polished exposed surface comprises at least a portion of the metal material characterized by

the nanotwin crystal structure.

2. The clectroplating method of claim 1, wherein the metal matenal

characterized by the nanotwin crystal structure is nanotwin copper.

3. The electroplating method of claim 2, wherein the metal material
comprises at least a second metal selected from the group consisting of gallium, silver, gold,

and platinum.

4. The electroplating method of claim 1, wherein the exposed surface of

the metal material is polished with chemical mechanical polishing.

5. The electroplating method of claim 1, wherein the exposed surface of

the metal matenal is further polished with electropolishing,

5. The electroplating method of claim 1, wheremn the polishing of the
exposed surface of the metal matenial is performed in an oxygen-free cnvironment, and
wherein the polishing removes one or more metal oxides from the exposed surface of the

metal material.

7. The electroplating method of claim 1, wherein the metal material
comprises a first portion in contact with a bottom surface of the opening that is free of the
nanotwin crystal structure and a second portion in contact with the polished exposed surface

that comprises the nanotwin crystal structure.

8. The electroplating method of claim 7, wherein the patterned substrate
further comprises a barrier laver positioned between the first portion and the second portion

of the metal material in the opening.
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9. An eloctroplating method comprising:

plating a first portion of a metal material on a bottor portion of at least one
opening on a patterned substrate, wherein the first portion of the metal material is
substantially free of nanotwin crystal structures;

forming a barrier layer on the first portion of the metal material; and

plating a second portion of the metal material on the barrier laver, wherein the

second portion of the metal material is characterized by a nanotwin crystal structure.

10, The electroplating method of claim 9, wherein the first portion of the
metal material is greater than or about 50 wt.% of a total amount of the metal material in the

opening.

11, The electroplating method of claim 9, wheremn the metal material is

copper.

12, The electroplating method of claim 1, wherein the second portion of
the metal matenal comprises at least a second metal selected from the group consisting of

galliom, silver, gold, and platinum.

13, The electropiating method of claim 9, wherem the barrier layer

comprises a metal that is not inchuded in the second portion of the metal matenal.

14 The electroplating method of claim 9, wherein the method further
comprises polishing an exposed surface of the sccond portion of the metal material in the
opening to reduce an average surface roughness of the exposed surface to less than or about 1

nm.

i5. An integrated circwt device structure comprising:

a patterned substrate comprising at least one opening, wherein the opening
inchides a top portion and bottom surface; and

a metal-containing material filling at least the top portion of the opening,
wherein the metal-contaning material comprnises an exposed surface having an average
surface roughness of the exposed sarface to less than or about 1 nm, and wherein the metal-

containing material s characterized by a nanctwin crystal structure.
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15, The integrated circuit device structure of claim 13, wherein the
patterned substrate further comprises a barrier laver positioned between the metal-contaiming
material filling the top portion of the opening and a second portion of the metal-containing

material in contact with the bottom surface of the opening.

17.  The integrated circutt device structure of claim 16, wherein the second

portion of the metal-containing material is free of the nanotwin erystal structure.

18, The mtegrated circuit device structure of claim 15, wherein the metal-

containing materntal comprises copper.

19, The integrated circuit device structure of claim 18, wherein the metal-
containing material in the top portion of the opening comprises at least a second metal

selected from the group consisting of gallium, silver, gold, and platinum.

20.  The mtegrated circuit device structure of claim 15, wherein the

opening is characterized by an aspect ratio greater than or about 1:1.



