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(57) Abstract: Hysteretic current-voltage mediated void-free superconformal and bottom-up filling of recessed features includes pro-
viding an electrodeposition composition with a hysteretic cyclic voltammogram; providing the substrate controlling applied electric
potential; autonomously reducing the deposition potential of the recess; bifurcating the recess; forming a transition zone and moving
the transition zone through the metal deposition; and reducing metal ions to form metal; and forming a resistance enhanced supercon-
formal filling in the recess from the metal, such that forming the resistance enhanced superconformal filling occurs in consequence of

autonomously reducing the deposition potential of the recess.
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PROCESS FOR HYSTERETIC CURRENT-VOLTAGE MEDIATED VOID
FREE SUPERCONFORMAL AND BOTTOM-UP FILLING

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0001]  This invention was made with United States Government
support from the National institute of Standards and Technology (NIST), an
agency of the United States Department of Commerce. The Government has

certain rights in this invention.
CROSS REFERENCE TO RELATED APPLICATIONS

[G002]  This application claims the benefit of U.S. Provisional Patent
Application Serial No. 83/187,509 (filed May 12, 2021), which is herein

ncorporated by reference in its entirety.
BRIEF DESCRIPTION

100037  Disclosed is a process for performing hysteretic cumrent-
voltage mediated void-free superconformal and bottom-up filling of recessed
features of a substrate with a resistance member, the process comprising:
providing an electrodeposition composition comprising:  a metal elecirolyte
comprising a plurality of metal ions and a solvent, and a suppressor disposed
in the solvent; and a hysteretic cyclic voltammogram,; providing the substrate
comprising: a field surface; and the recess disposed in the substrate, the
recess comprising a distal position and a proximate position relative to the field
surface of the substrate, exposing the recess {0 the electrodeposition
composition; potentiostatically or potentiodynamically controlling an applied
glactric potential of the recess with a polential wave form, autonomously
reducing, with the resistance member in presence of the electrodeposition
compaosition with the hysteretic cyclic voltammogram, the deposition potential
of the recess from that applied by the potential waveform; bifurcating the recess
into an active metal deposition ragion and a passive region in response (o the
deposition potential and ohmic varigtions of the substrate; forming, inresponse
to bifurcating the recess, a transition zoneg at an interface of the active metal

deposition region and the passive region; progressively moving the transition
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zone closer to the field surface and away from the distal position through the
metal deposition; and reducing the metal ions {o form metal and depositing the
metal in the aclive metal deposition region and not in the passive region, and
forming a resistance enhanced superconformal filling in the recess of the
subsirate from the metal in the active metal deposition region, the resistance
enhanced superconformal filling being: void-free, disposed in the recess in the
active metai deposition region from the distal position {0 the transition zone,
and absent in the passive region between the proximate position and the
transition zone, such that forming the resistance enhanced superconformal
filling occurs in consequence of autonomously reducing the deposition potential
of the recess with the resistance member in a presence of the hysteretic cyclic

voltammogram of the electrodeposition composition,

(00047  Disclosed is a system for performing hysterstic current-
voltage medialed void-free superconformal and botiom-up filling of recessed
features of a substrate with a resistance member, the system comprising. a
cell: an electrodeposition composition disposed in the cell and comprising. a
metal electrolyie comprising a plurality of metal ions and a solvent, and a
suppressor disposed in the solvent; and a hysteretic cyclic voliammogram, the
substrate disposed in the cell in fluid communication with the electrodeposition
composition and comprising: a field surface; and the recess disposed in the
substrate, the recess comprising a distal position and a proximate position
relative to the field surface of the substraie, such that the recess is in contact
with the elecirodeposition composition, such that an applied electric potential
of the recass is under potentiostatically or potentiodynamically control with a
potential wave form; the resistance member in communication with the
glactrodeposition composition and the substrate, wherein the apparatus is
arranged and configured such that the resistance member in presence of the
electrodeposition composition with the hysteretic cyclic voltlammogram:
autonomously reduces the deposition potential of the recess from that applied
by the potential waveform, such that the recess is bifurcated into an active metal
deposition region and a passive region in response {o the deposition potential
and ohmic variations of the substrate; whereby, in response to bifurcating the

recess, a transition zone is formed at an interface of the active metal deposition
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region and the passive region, such that the transition zone progressively
moves closer to the field surface and away from the distal position through the
metal deposition to reduce the metal ions and form metal 1o daposit the metal
in the active metal deposition region and not in the passive region, thereby
forming a resistance enhanced superconformal filling in the recess of the
subsirate from the metal in the aclive metal deposition region, wherein the
resistance enhanced superconformal filling is void-frae, disposed in the recess
in the active metal deposition region from the distal position to the fransition
zone, and absent in the passive region between the proximate position and the
transition zone, such that forming the resistance enhanced superconformal
filling occurs in consequence of autonomously reducing the deposition potential
of the recess with the resistance member in a presence of the hysteretic cyclic

voltammogram of the electrodeposition composition,
BRIEF DESCRIPTION OF THE DRAWINGS

(00057 The following description cannot be considered limiting in any
way. Various objectives, features, and advantages of the disclosed subject
matier can be more fully appreciated with reference {o the following detailed
description of the disclosed subject matter when considerad in connaction with

the following drawings, in which like reference numerals identify like elements.

(0006 FIG. 1 shows several substrates, according to some

embodiments.

(G007 FIG. 2 shows a formation of a resistance enhanced
supgrconformal  filling disposed in a substrate, according o some

embodiments.

[0008]  FIG. 3 shows a formation of a resistance enhanced
superconformal filling disposed 1n & substrate, according {o some

embodiments.

(00091 FIG. 4 shows comparative deposition of metal in a substrate,

according o some embodiments.
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[0C10]  FIG. 5 shows comparative deposition of metal in a substrats,

according to some embodiments.

[0011]  FIG. 6 shows comparative deposition of melal in a substrate,

according to some embodimants.

(00121 FIG. 7 shows comparative metal disposad in a substrate,

according to some embodiments.

[0013]  FIG. 8 shows a graph of current density versus potential for a
cyclic voltammogram having an S-shaped negative differential resistance (&-
NDR) in panel A, and panel B shows a graph of current densily versus
deposition potential for a cyclic voltammogram having an N-shaped negative

differential resistance (N-NDR), according {o some embodiments.

(00147 FIG. © shows experimental and simulated voltammetry of Co
deposition in electrolytes with the indicated polyethyleneimine (PEL additive
concentrations at the indicatad rotating disk electrode (RDE) rotation rates with
simuiations of the negalive-going sweeps, all plotted against the applied

potential, according to some embodiments.

[0015]  FIG. 10 Panel A shows cyclic voltammeatry for Ni deposition in
electroivte with different concentrations of1800 molecuiar weight (MW) PEl with
partial correction of the electrical resistance of the deposition system. FiG. 10
Panel B shows the data fully correcied for the system resistance, according (o

some embodiments.

(001681 FIG. 11 Panel A shows cyclic voltammetry of Co deposition in
glectrolyte containing 5 umoll branched PEL with one scan coliected without
compensation for system resistance plotted against both the applied potential
and the potential correcied for the potential drop. Panel B shows the same data
replotied to emphasize the hysterstic range and S-shaped NDR, according to

some embodiments.

(001717 FIG. 12 shows cross-sectioned annular through silicon vias

(TSVs) after 10 minutes of Ni deposition, whersin an impact of increasing PEl
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concentration is shown from left to right, and the effect of increasing deposition

overpotential from bottom {o top, according to some embodiments.

(00187 FIG. 13 shows cross-seclioned annular TSVs after Co
deposition in electrolyte containing 20 umol/l. PEL wherein start and stop
potentiais are indicated for deposition starting at -1.18 V and proceeding in -20
mV increments o the indicated stop potential, the dwell time increment at each

potantial step is indicated, according to some embodiments.

[0019]  FIG. 14 shows representative arrays of TSVs after 12 minutas
of Cu deposition at the indicated potentials in electrolyte containing 12 umol/L
suppressor. Suppression breakdown within the vias at -0.58 V yields g bimodal

distribution of filling heights, according o some embodiments.

(00207 FIG. 15 shows a schematic of an electrodeposition cell
including substirate in electrolvie, counter electrode and reference electrode
immersed in electrolyte with a potentiostat connected 1o the substraie with a
permeable or semipermeable resistive baffle or membrane in the slecirolyte
between the reference electrode and the substrate. An additional resistance
can be generated by increasing a distance between the reference electrode
and the work piece {also referred to the substrate, according o some

embodiments.

(00211 FIG. 16 shows a schematic of an slectrodeposition cell
including substrate in electrolyte, counter slecirode and reference electrode
immersed in electrolyte with a potentiosiat connecled to the substrate through
an extenal electrical resistance slectrically interposed between the power

supply or potentiostat and substrate, according to some embodiments.

(00221  FiIG. 17 shows {a) a schematic of the axisymmetric geometry
used in the S-NDR modsl to simulate deposition in the annular TSV, (b)
Simulated growth contours in 6 min intervals {left-hand via) and final deposit
positions  {right-hand via) for potentiostatic (top) and galvanostatic {(botiom)
copper elecirodeposition after 1 h at the indicated operating conditions of
applied potential or fixed current. {c) Current and (d) overpotential (applied

potential minus reversible potential for the metal deposition reaction, n)
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fransients for the indicated simulations presented in (b), according to some

embodiments.

(002317 FIG. 18 shows simulated growth confours in & min intervals
{lefi-hand via) and final interface positions (right-hand via) for potentiostatic
copper deposition in the annular via at the indicated potentiais with a total
resistance equivalent fo (a) 11x and (b} 41« the original cell resistance of 1 Os.
Schematics show a 1-D representation of the resistances in the circuit
Corresponding (¢) current and (d) overpotential transients are included for tha

characteristic deposition profiles, according to some embodiments.

(00247  FIG. 19 Panel () shows the lowest position of the copper
deposit on the annular TSV interface after 1 h of deposition as a function of
applied potential for the indicated system resistance. The dashed line
represents the deposit height for a fully filled via. FIG. 18 Panel (b} shows the
time needed for filling along the centerling (o reach 20 % of the via height plotted
as a function of applied potential for the indicaled uncompensated cell

resistance, according to some embodiments.

(00251 FIG. 20 shows {8) a schematic of the axisymmetric geometry
used in the S-NDR model to simulate deposition in a cylindrical TSY. Simulated
growth profiles for (b} polentiostatic and {c) galvanostatic copper
electrodeposition after 1 h at the indicated applied potentials and currents with
1 (s of uncompensated resistance and simulated growth profiles after 1 h of
potentiostatic copper electrodeposition with the indicated system {i.e., cell)

resistance, according to some embodiments.

(00267 FIG. 21 shows simulated growth contours for cyvlindrical TSY
with three different heights for the indicated applied potentials/current and
systemn resistance. The specified applied polentials are the most negative
values that do not result in seam or void formation, according (o some

embodiments.

00277 FIG. 22 shows the lowest centerline position of the copper

deposit on the cylindrical TSV interface as a function of applied potential for the
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indicated system resistances and deposition times for TSV of the three

indicated heights, according 1o some embodiments.

(00287 FIG. 23 shows (a) schematic of the 2-D geometry used in the
S-NDR mode! to simulate deposition in trench arrays. Simulated growth profiles
for {b) galvanostatic and (¢} polentiostatic copper electrodeposition at the
indicatad operating conditions and final times with & system resistance of 11Q0s.
Contour lines represent the individual trench centerline positions of the
glectrode interface, spaced in 10 min intervals. (d-e) Charts showing the
certerling position of the growth front for each individual trench as time
progresses including when all trenches reach y = {0, according to some

embodiments.

[0029]  FIG. 24 shows global current responses during galvanostatic
and potentiostatic deposition for the indicated conditions with a system
resistance of 11Qs for arrays of the indicated numbers of frenches.
Galvanostatic currents scale with the number of trenches, according to some

embodiments.

G030} FIG. 25 shows simulated growth profiles for galvanostatic and
potentiostatic copper electrodeposition at the indicated operating conditions,
final imes, and system resistances in an array of trenches having different
widths. Contour lines represent the position of the growth front, spaced in 10
min intervals. Charts show the centerline position of the growth front of sach
individual trench as time progresses including when all trenches reach v =

according to some embodiments.

10031} Fi(G. 26 shows simulated growth profiles for galvanostatic and
potantiostatic copper electrodeposition at the indicated operating conditions,
uncompensated cell resistance and final times in an array of trenches having
different heights. Cortour lines represent the position of the growth front,
spaced in 10 min intervals. Charts show the centerline position of the growth
front for each individual trench as time progresses with including when ali

trenches reach y = 0, according to some embodiments.
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100321 FIG. 27 shows parameters for for mm-TSV simulations,

according to some embodiments.
DETAILED DESCRIPTION

100337 A detailed description of one or more embodiments is

presented herein by way of exemplification and not limitation.

[0034] it has been discovered that addition of an appropriate
electrical resistance along a current path from a potentiostat to a subsirate and
then to a reference slectrode through an slectrodeposition composition
provides a process for forming a resistance enhanced superconformal filling in
a recess of a substrate in which metal deposition filis a recess on the substrate
from a distal position such that the superconformal filling is a void-freg, seam-

free metallic filling.

(00357 A resistance enhanced superconformal filling can fill mulliple
recesseas including recasses of different sizes on the same substrate seam-free
and void-free using a single potential or a potential waveform within a broad
potential window. The recess or recesses can be a tall and narrow high aspect
ratio features such as a through hole {e.g., a through hole on a printed circuit
board or a pinhole in a tube) or a blind hole in the substrate (e.g., a through
silicon via in a silicon computer chip or @ metal tube in a steam boiler). The
process includes a suppressor in an slectrodeposition composition that yields
an hysteretic S-shaped negalive differential resistance (S-NDR) current
response during a voltage cycle of an electrodeposition such that both an active
deposition rate of the metal and a passive deposition rate of the metal ocecur
over a range of potential at the substrate (substrate potential) that is related to
a type and a bulk concentration of the suppressor in the electrodeposition

composition.

(00367 Beneficially, during filling of a recess the concentration of
suppressor decreases from the field surface toward the distal position. Further,
at a deposition potential in the range of potentials exhibiting the hyslerstic
current response (hysteretic range) active deposition of metal begins only in the

recess from the distal position of the recess o a transition zone where a3
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concentration of the suppressor is less than a critical concentration (CC). The
critical concentration CC of the suppressor increases toward the bulk
concentration at more negative valuas of the deposition potential within the
hysteretic range. Accordingly, for a selecled deposition potential in the
hysterstic range, the dacrease of suppressor concentration in a recess away
from a field surface of a substrate provides deposition of the melal that can
progress from the distal position to the transition zong, and the transition zong

can progress toward the field surface.

(00377 Unexpectedly and advaniageously, use of an electrical
resistance in series with the deposition current allows void-free and seam-free
filling of different diameter as well as different depth recesses o ocour
sequentially, simultanecusly, or 8 combination thereof under a fixed applied
potential and over a broad potential window because the deposition potential is
altered from the applied potential in a time-dependent and feature size
dependent manner by a resistive drop due 1o a deposition current associated

with metal deposition {(deposition current) across the electrical resistance.

100387  For some elecirodeposition compositions, suppressors, or
substirate potentials, active meatal deposition continues until reaching a position
where g local concentration of the suppressor equals CC. For this subset active
deposition in the recess halls at this position, .., deposition self-passivates. A
more negative deposition potential within the hysterstic potential range
corrasponds {0 & more proximal position {o which the transition zone can
progress within the recess that is closer to the field surface and farther from the

distal position.

10039 it is contemplated that electrodeposition for filling high aspect
ratio features relies on a variety of additives that selectively suppress deposition
towards the top of the feature while permitling growth at the bottom. For
additive packages consisting of a suppressor, localization of deposition is
dictated by selective breakdown of the suppressor adlayer. Breakdown is
associated with positive feedback and S-NDR in the global -V response with

characteristic features and deposit patiern formation influenced by the
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resistance of the elecirochemical cell and operation mode of the

glectrochemical cell {potenticstatic or galvanostatic).

100407  An exiernal resisior and potentiostatic control can produce a
filling dynamic that blends fealures of galvanostatic and external resistor-fres
potentiostatic deposition.  Complete filling of features at a single potential
followed by spontansous interface passivation can occur. The extent of which

depends on the magnitude of exiernal resistance added to the cell.

10041} In an embodiment, a process for performing hysieretic
current-voitage mediated void-free superconformal and bottom-up filling of
recessed features of a substrate with a resistance member, the process
includes:  providing an electrodeposition composition including:  a metal
glectrolyte comprising a plurality of metal ions and a solvent; and a suppressor
disposed in the solvent; and a hysterelic cydlic voltammogram, providing the
substrate including: a field surface; and the recess disposed in the substrate,
the recess comprising a distal position and a proximate position relative {o the
fisld surface of the substrale; exposing the recess {0 the slectrodeposition
composition; potentiostatically or polenticdynamically controiling an applied
glactric potential of the recess with a polential wave form, autonomously
reducing, with the resistance member in prasence of the slectrodeposition
composition with the hystergtic cyclic voltammogram, the deposition potential
of the recess from that applied by the potential waveform; bifurcating the recess
into an active metal deposition region and a passive region in rasponse o the
deposition potential and ohmic vanations of the substrate; forming, inresponse
to bifurcating the recess, a transition zone at an inlerface of the active melal
deposition region and the passive region,; progressively moving the transition
zone closer to the field surface and away from the distal position through the
metal deposition; and reducing the metal ions (o form metal and depositing the
metal in the active metal deposition region and not in the passive region, and
forming a resistance enhanced superconformal filling in the recess of the
subsirate from the metal in the active metal deposition region, the resistance
gnhanced superconformal filling being: void-fres, disposed in the recess in the

active metal deposition region from the distal position {0 the transition zone,
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and absent in the passive region between the proximate position and the
transition zone, such that forming the resistance enhanced superconformal
filling occurs in consequence of autonomously reducing the deposition potential
of the recess with the resistance member in a presence of the hysteretic cyclic

voltammogram of the electrodeposition composition.

100421 In an empodimeant, tha resistance member consists essentially
of a lumped resistor, a baffle, and a selected interglectrode separation distance
between the substrate and a reference electrode in electrical communication
with the electrodeposition composition. In some embodiments, the resistance
member i3 the lumped resistor, and the lumped resistor includes a resistor in
glectrical communication with and electrically interposed between the substrate
and a counter electrode in electrical communication with the electrodeposition
composition. In an embodiment, the resistance member is the baffle, and the
paffle is in fluid communication with and fluidically inlerposed between the
subsirate and the reference slectrode. According o an embodiment, the
resistance member is the selected interelectrode separation distance between
the substrate and a reference elactrode in electrical communication with the
electrodeposition composition, and the process further comprises adjusting the

interelectrode separation.

{00431  The electrical resistance provided by lumped resistor 400 is in
series between potentiostat 100 and substirate 2 and is summed with electrical
resistance between reference slectrode 500 and substrate 2. When present,
for the latter, this includes baffle 450 and siectrical resistance of the
electrodeposition composition 300 between substrate 2 and reference
glectrode 500, The current distribution that defines the slectrolyte resistance
can be influenced by the overall distribution of current flowing from substrate 2

to counter electrode 700,

(00447  The process can include terminating the depositing the metal
before completely filling the recess to the field surface or terminating depositing

the metal after completely filling the recess {0 the field surface.
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100451 In an embodiment, the hysteretic cyclic volfammogram

comprises an S-shaped negative differential resistance.

10046} In an embodiment, with reference to FIG. 1, which shows
cross-sections of substrate 2, substrate 2 includes racess 4 disposed in body
member 16 and bounded by wail 6 and terminal wall 8 as shown in panel A
Recess 4 exitends from proximate position 12 proximate to field surface 10 of
body member 16 to distal position 14 distal io field surface 10 but proximate o
tarminal wali 8. Accordingly, recess 4 has a depth L from fisld surface 10 to
terminal wall 8 and width W. In an embodiment, as shown in panel F of FIG. 2,
resistance enhanced superconformal filling 38 is disposed in recess 4 of
subsirate 2. Formation of resistance enhanced superconformal filling 38 in
recess 4 occurs via electrodeposition of metal. Here, wall 6 and terminal wall
8 are electrically conductive. It is contemplated that body member 16 is
electricaily conductive to provide electrical conductivity to wall 6 and terminal

wall 8. In this configuration, recess 4 includes a blind hole.

(00477 According to an embodiment, with reference to panel B of FIG.
1, substrate 2 inciudes body member 16, electrically conductive layer 18 that is
recassed with respect to field surface 10, recess 4 bounded by wall 6 and
terminal wall 8. Here, body member can be an electrical conductor, electrical
semiconductor, or electrical insulator, and slectrically conductive layer 18 is
glectrically conductive to support electrodeposition of resisiance enhanced

superconformal filling 38 in recess 4.

10048} In an embodiment, as shown in panel C of FIG. 1, recess 4
includes a through hole that extends from first field surface 10A to second field
surface 10B. Proximate positions (124, 12B) are proximate to field surfaces
(1CA, 10B). Distal position 14 is interposad between proximate positions (124,
128) and bisects recess 4. Accordingly, a distance between first field surface
10A and distal position 14 is first length L1, A distance belween second fisld
surface 10B and distal position 14 is second length L2, wherein total length L
of recess 4 is a sum of first length L1 and second length L2, Moreover, as
shiown in panel D of FIG. 1, substrale 2 can include elecirically conductive layer

18 disposed in body member 16 to provide wall 6 for recess 4.
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100491 In an embodiment, with reference to FIG. 2, panels Ato F
show formation of resistance enhanced superconformal filling 38 inrecess 4 of
substrate 2 as a function of ime and deposition potential of wall 8 and terminal
wall 8. Al time 10 an applied voltage VU is first applied by a potentiostiat that is
connected through an external resistance R to contact substrate 2 that includes
body member 16 such that wali 6 and terminal wall 8 of body member 16 which
are exposed to electrodeposition composition 30. Because a deposition current
i has been zero there has been no current | passing through the exiernal
resistance s¢ the deposition potential on the substrate is not reduced from the
applied voltage by potential drop across the resistance that equals current
multiplied by resistance (iR}, As shown inpanel B of FIG. 2, attime {1 thereafter,
the deposition potential on the substrate 2 is now reduced from the potential VO
supplied by the potentiostat {0 a less negative voltage V1 due to potential drop
across R from the now non-zero deposition current | passing through i, passive
region 34 and active metal deposition region 36 are formed at wall © and
tarminal wall 8 with transition zone 32 interposed at an interface of passive
region 34 and active metal deposition region 36, In this manner, recess 4 is
bifurcated into acltive metal deposition region 36 and passive region 34 in
response to resistance controlled deposition potential. As a resuit, metal ions
in elecitrodeposition composition 30 are reduced and form metal that is
deposited on wall 6 and terminal wali 8 in active metal deposition region 36 but
not deposited in passive region 34 Further, resistance enhanced
suparconformal filling 38 is void-free, disposed in recess 4 in active mestal
deposition region 36 from the distal position 14 o transilion zone 32, and absent
in passive region 34 belween proximate position 12 and transition zone 32
Thereafter, with reference to panel © of FIG. 2, at time {2, the deposition
potential remains near or at voltage V1 as metal is produced from reduction of
the metal ions in eleclrodeposition composition 30 so that transition zone 32
progressively moves toward field surface 10 and away from distal position 14,
The metal is deposited in recess 4 on wall 8 and terminal wall 8 in active metal
deposition region 36 but not deposited in passive region 24 as resistance
enhanced superconformal filling 38 is enlarged {o fill more of the volume of

recess 4 from transition zone 32 to distal posilion 14
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[0080]  With reference to panel D of FIG. 2, at time {3, the deposition
potential still remains close to voliage V1 as the transition zone 32 progressively
moves closer o fisld surface 10 and away from distal position 14. More metal
is produced from reduction of the metal ions in electrodeposition composition
30, The metal is deposited in recess 4 on wall 6 and terminal wall 8 in active
metal deposition region 36 but not deposited in passive region 34 as resistance
enhanced superconformal filling 38 is enlarged to fill more of the volume of
recess 4 from transition zone 32 o disial position 14, With reference {0 panel
E of FIG. 2, at time 14, the deposition potential V2 begins to shift back more
significantly from V1 toward VO as suppressor concentration from the distal
position 14 increases toward a bulk concentration existing ouiside the recess
that begins to decrease the deposition current, so that the deposition potential
V2 is at a potential between V1 and VO, and transition zong 32 progressively
maoves closer to field surface 10 and away from distal position 14, More metal
is produced from reduction of the metal ions in electrodeposition composition
30, The metal is deposited in recass 4 on wall 6 and terminal wall 8 in active
metal deposition region 36 but not deposited in passive region 34 as resistance
enhanced superconformal filling 38 s enlarged o fill more of the volume of
recess 4 from transition zone 32 to distal position 14. With reference {o panel
F oof FIG. 2, at time 15, for the subset that seif-passivates, the deposition
potential reverts to the appilied voltage VO as transition zone 32 approaches
close encugh to field surface 10 and away from distal position 14 that the
suppressor concentration reaches the critical concentration CC associated with
the applied potential VO and active deposition halts. Qutside this subset,
deposition can continue, including over and onto the field surface {10}, in sither
manner resistance enhanced superconformal filling 38 is formed to be disposed

in recass 4 of substrate 2.

(G051 FIG. 2 shows formation of resistance  enhanced
superconformal filling 38 disposed in recess 4 of substrate 2, wherein recess 4
ncludes a through hole in body member 16. Here, substrate 2 also includes
first field surface 10A and second field surface 10B, distal position 14 of recess
4 interposed between field surfaces (10A, 10B). As shown in panel A, at time

{0 and suppliad voltage V0, electrodeposition composition 30 is provided {o
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contact substrate 2 such that wall & of body member 16 is exposed to
glectrodeposition composition 30. As shown in panel B of FIG. 3, at time {1,
the depuosition potential is reduced to voltage V1 from the potential VO supplied
by the potentiosiat due to IR potential drop across the electrical resistance; and
recess 4 is bifurcated into passive ragions (34a, 34b), active metal deposition
region 36 at wall 6 with transition zones (32a, 32b) interposed at interfaces of
passiva regions (34a, 34b) and active metal deposition region 36 as a result of
differing suppressor concentrations within the feature and S-NDR nature of the
alectrodeposition composition. As a result, metal ions in electrodeposition
composition 30 are reduced and form metal that is deposited as resistance
gnhanced superconformal filling 38 on wall 6 in active metal deposition region
36 but not deposited in passive regions (34a, 34b).  Further, resistance
enhanced superconformal filling 38 is void-free, disposed in recess 4 in active
metal deposition region 36 from the distal position 14 {o transition zones (323,
32b), and absent in passive regions {34a, 34b) between proximate positions
{12a, 120} and transition zones (32a, 32b). Thereafter, with reference to panel
C of FIG. 3, at time {2, the deposition potential may change to voltage V2 due
to change of the deposition current with changing active area and resulting
change of the iR polential drop, and transition zones (32a, 32b) progressively
move closer to field surfaces (10a, 10b) and away from distal position 14 in
response to metal deposition. More, metal is produced from reduction of the
metal ions in slectrodeposition composition 30. The metal is deposited in
recess 4 on wall 6 in active metal deposition region 36 but not deposited in
passive regions {34a, 34b) as resistance enhanced superconformal filling 38 is
enlarged to fill more of the volume of recess 4 from transition zones (32a, 32b)

to distal position 14.

(00521 With reference to panel D of FIG. 3, at time {3, the deposition
potential voltage V3 is modified from the applied potential by variations of the
ohmic losses as active deposition is maintained given change of active surface
area as well as higher suppressor concentrations nearer o the field surfacs,
and transifion zones (32a, 32b) progressively move closer o field surfaces
{1Ca, 10b) and away from distal position 14 due (o metal deposition. More

metal is produced from reduction of the metal ions in electrodeposition
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composition 30, The metal is deposited in recess 4 on wall 6 in active metal
deposition region 36 but not deposited in passive region 34 as resistance
enhanced superconformal filling 38 is enlarged to fill more of the volume of
recess 4 from transition zones (323, 32b) to distal position 14, With reference
to panal E of FIG. 3, attime {4, for the subsst that self-passivates, the deposition
potential reverts (o vollage VO as the fransition zones (32a, 32b) approaches
close enough to field surfaces (10a, 10b) and away from distal position 14 that
the suppressor concentration reaches the critical concentration CC associated
with the supplied potential VO and active deposition halts. Outside this subset,
deposition continues, including over and onto the field surface (10a, 10b)). In
gither manner resistance enhanced superconformal filling 38 is formed {0 be

disposed in recess 4 of substrate 2.

(00537 Metal can be deposited in various conventional ways that
completely cover exposed surfaces of a material.  Thindfilm metallic
microstructuras have been produced by through-mask slectropiating {(also
known as the LIGA). Through-mask deposition has been applied to a wide
variety of metallic matenals, including applications in both passive and active
devices. LIGA combines tlemplate production (e.g., lithography) with
alectrodeposition whereby metal deposition proceeds on exposead surfaces of
an underlying conductive seed layer. Additionally, damascene processes
include metallizing a patterned diglectric with a thin seed layer across the entire

surface followed by metal elecirodeposition across the entire surface.

[0054] In this regard, with reference to FiG. 4, FIG. 5, FIG. 6, and
FiG. 7, substrate 42 is exposed to the electrodeposition composition 40, As
shown in FIG. 4, metal 44 is electrochemically deposited under essentially
consiant deposition potential on all exposed surfaces of substrate 42 including
field 10. As shown in FIG 5, metal 44 is electrochemically deposited under
constant deposition potential al the bottom of substrate 42 and fills the feature
from the botiom to the top of the feature and onto field 10 such that meial 44 is
disposed on all exposed surfaces of substrate 42 including field 10. As shown
in FIG. 6, metal 44 is electrochemically deposited under constant deposition

potential on all exposed surfaces of substrate 42 including field 10,
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[0085]  FIG. 7 show comparative filling of trench or via 50 with metal
44 on substrate 42, Panel A of FIG. 7 shows comparative subconformal filling
of metal 44 in trench or via 50 and planar region 10 of substrate 42, The
subconformal filling of metal 44 has a greater deposition rate at paitern features
stuich as at the {op edges 52 of trench or via 50. The subconformal growth shown
in panel A of FIG. 7 leads to void 54 as shown in panel B of FIG. 7. As
glactrodeposition of metal 44 continues, growth of metal 44 at {op edge 52
continues until the metal 44 meets in a central location, forming and enclosing

void 54 therein as shown inpanel B of FIG. 7.

(00561  Panel C of FIG. 7 shows comparative conformal growth
wherein metal 44 grows at a consistent rate on planar region 10 of substrate
42, within french or via 50, and at top edges 52 of trench or via 50. Conformal
growth as shown in panel C can form seam 54 as shown inpanel D of FIG. 7.
Seam 54 can be formed with continued growth of metal 44 inward from

sidawalls of french or via 50.

[00577  Panel E of FIG. 7 shows comparative supsrconformal filling
wherein metal 44 forms a V-noich 56 centrally oriented within trench or via 50,
Although conventionally referred to as bottom-up filling, a flat-bottomed
geometry also occurring in a subset of cases, this comparative super conformal
super filling produces a substantially uniform filling of trench or via 50 with metal
44 as shown inpanel F of FIG. 7. Here, trench filling Is characterized by uniform
growth on field 10 and feature 50 as shown in panel B followed by development
of V-notch 56 geometry with the deposition of metal 44 on fisld 10 as shown in

panel £ and panel F of FIG. 7.

[0058] FIG. 8 panel A shows a cyclic voltammogram for an
glectrodeposition composition 30 that provides an S-shaped negsative
differential resistance (S-NDR) in cyclic voltammetry. FIG. 8 Panel B shows a
cyclic voltammogram where some combination of metal ions, sobent, or
additives provides a N-shaped NDR (N-NDR) in cyclic voltammetry. With S-
NDR there is a potential range over which multiple deposition currents are
permitted, two of which are stable and reflect a two-state active-passive

system. The critical potential that marks the positive end of this potential range
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represents the point at which balance is first achieved between the rate of
suppressor adsorption from the electrodeposition composition and the rate at
which the adsorbed suppressor is consumead by the potential-dependent metal
deposition. Active deposition at more negative potentiais rapidly disrupis and
buries the adsorbed suppressor while at more posilive potentials deposition is
gffectively blocked by the suppressor-passivated surface. it is this combination
that, coupled with suppressor diffusion, gives rise to the S-NDR voltammetric

behavior.

(0059 ft should be appreciated that, as described herein, a
combination of the resistance member and hysteretic behavior of the cyclic
voltammogram of the electrodeposition composition provide conditions for
performing hysteretic current-voltage mediated void-free superconformal and
bottom-up filling of recessed features of the substrate to form the resistance
enhanced superconformal filling, e.g., with the system including a cell to hold
the electrodeposition composition in communication with various electrodes

and the substrate having recessed features.

100607 The deposilion potential existing on the substraie can be
offset from the applied potential provided by the potentiostat by the resistive
potential losses associated with the electrical current that is, itself, coupled with
the metal deposition flowing through the resistive components of an
glectrodeposition system. The system resistance includes terms from the
glectrodeposition composition between the reference and substrate, an
external resistance placed in slactrical series betweaen the potentiosiat and the
substrate, a resistive permeable or semipermeable baffle or membrane placed
in the slectrodeposition composition between the substrate and reference
glectrode, or a combination. If the sysiem resistance is large enough the
measured hysteretic current response o substrate potential is stretched fo
more negative applied potentials in plots versus applied potentials and the
applied potential range of the S-NDR of the suppression breakdown in the plots
is reduced. For large enough resisiance the S-NDR current response can be

hidden entirely in plots versus applied potential. That said, the hyslerstic
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potential range associated with suppressor breakdown and the interface

reaction on the substirate still remain in sither case.

(00617 FIG. 9 Panel A shows cyclic voltammetry for Co deposition
from a Co electrodeposition compaosition containing 1 moifl. CoSC04s + 0.2 mol/l
CoCl + 0.5 moll HiBOs pH=3.5, Panel B shows resulls for the Co
slectrodeposition composition with addition of 0.5 umol/l. branched PE! (1800
g/mol) branched PEIl additive and Panel C shows results for the Co
glectrodeposition composition with addition of 1 umol/L branched PE!L; cathodic
currents are plotted positive and current densities were obtained from the
measured current using the area of the rotating disk electrode (RDE). Resistive
iR losses in the electrodeposition composition that are not corrected for, e.g.,
in data acquisition or plotting the data, broaden the S-shaped suppression
breakdown so that S-NDR does not readily appear in plots of current density
versus applied potential, but the hysteratic potential range for each condition
appears in the plots. Simulations used io exiract parameters for models are

overlaid.

(00627  FIG. 10 Panel A shows cyclic voltammetry for Ni deposition
from a nickel electrodeposition compaosition containing 40 mb of 1 mol/L NiSQO4
+ 0.2 molll NiClz + 0.5 molil H:BOs; cathodic currents are plotted positive.
Voltammuograms are also shown for electrodeposition compaosition that aiso
cortaing branched PEl of the indicaled concenirations to suppress the Ni
deposition reaction. Inhibition of metal deposition is evident with even the
lowest PEI additions. The suppression is followed at more negative potentials
by sharp breakdown in the inhibition {(suppression breakdown;) after which the
current merges with that for the additive-free case, the return scan yielding a
hysteretic voltammogram. The cyclic voltammograms were collected with
software compensating for roughly 80 % of IR potential drop. FIG. 10 Pansl B
shows the same resuits after post experiment correction of the applied potential
for the remaining 20 % of IR potential drop to obtain the deposition potential on
the substrate, which makes the S-NDR nature of suppression breakdown
clearer and its potential range broader. Currents have been converted {o

current densities using the RDE area.
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[0063]  FIG. 11 Panel A shows cyclic voltammetry for Co deposition
on an RDE in 1 moll CoS0s + 0.2 molfl CoClz + 0.5 moll HaBOs, pH=3.5,
containing 5 umolfl branched PEL (1800 g/mol} additive. The datg, collected
without compensation for the IR potential drop associated with the R = 9 0 cell
resistance, is plotted against bolh the applied potential and the potential
corrected for the IR potential drop. FIG. 11 Panel B shows the same data
replotted to emphasize both the hysteretic potential range and S-shaped NDR
that was lost in the data plotted against the applied potential (uncompensated)
but appears in the data plotled against the substrate potential {fully

compensated).

(00641  Coupling of suppression breakdown in the electrodeposition
composition (aiso referred 1o herein as additive-containing electrolytes) that
exhibit S-NDR in plots versus deposition potential and surface topography in
filling of recessed features including through silicon via (TSV) can provide

controlied superconformal or bottom-up filling.

(0065 FIG. 12 shows Ni deposition from 1 molfll NiSQO4 + 0.2 mol/L.
NiClz + 0.5 molL HaBOs elecirodeposition composition of pH 3.1 plus PEI
additive that exhibits S-NDR and its effect on the depth of suppression in
recessed featured at three different applied potentials. Feature filling is shown
in = 56 um deep TSVs of annular cross-section having a 1 um thick Cu seed in
the field and a lesser amount on the side walls. The depth of the transition
where passive to achive deposition occurs, and thereby the length of the
suppressed region, increases with suppressor concentration. The effect of
potential on the depth of the passive-active transition is also readily evident.
Void formation is unavoidable for deposition starting at the more negative
potential of -1.31 V that would otherwise permit filling to approach reasonably
near the field surface, this being a case where passivation occurs where the

suppressor concentration reaches CC for the applied potential.

(00867 Forfilling of a recess in this case, including arecessed through
silicon via (TSVY) geometry, the decrease of suppressor concentration moving
from the fisld surface to the distal surface of a recess introduces a position-

dependent shift of the critical potential associated with the bulk suppressor
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concentration in the electrodeposition composition toward more positive values
compared to that of the free-surface. This accounts for passivation breakdown
being localized within the feature where the height of the passive-to-active
transition zone is determined by the fransport constrained suppressor flux. The
deposit in the actively plating region of the TSV reflects the active state of the

bifurcated system.

100677 The applied potential in this case thus determines the location
where the slectrode {or a surface of a recess) bifurcates into passive areas and
regions of active metal deposition as well as how close active deposition may
approach the surface field before self-passivation at a particular applied
potential. Absent sufficient electrical resistance, a potenticdynamic stepped
potential wave form or ramped potential waveform is required in many systems
to prograssively move the passive-active transition zone during metal
deposition 1o both avoid void formation that occurs at more negative applied
potentiais and also enable filling sufficiently close o the field surface than is
possible at more positive applied potentials. Higher suppressor concentrations,
characterized by larger voltammetnc hysteresis, provide a wider potential range
that facilitates the use of such potentiodynamic control for superfilling recessed
surface feature. Higher concentrations also enable use of the higher deposition

rates at more negative potentials, permitting faster filling.

[0068]  FIG. 13 shows experimental cobalt filling in annular TSVs after
Co deposition in 1 mol/L CoSQs + 0.2 moll CoClx + 0.5 mol/l HaBQs, pH=3.5,
containing 20 umolil branched PEI (1800 g/mol} additive using such stepped
potentiodynamic processes. Start and stop potentials are indicated, deposition
starting at ~1.19 V in all cases and proceeding in -20 mV increments to the
indicated stop potential, all failing within the hysieretic potential range. The
dwell time increment at each potential step is indicated. This is also a case
where passivation occurs where the suppressor concentration reaches CC for
the applied potential. The use of progressively wider ranges of the hysieretic
potential range theraeby enables progressivaly higher feature filling while longer
deposition time at each potential allows more substantial filling of the volume

within the active regions. Close inspection reveals inflection points along the v-
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notch growth surfaces that mark the heights of the passive-active transitions at

the preceding, more positive potentials.

10069} Processes using such stepped potentials to achieve void-free
filling of recessed features can vield seam-frae and void-free superconformal
filing. However, they require significant experimental exploration o fix the
significant number of free parametsr in each process that include initial
potential, final potential, potential step size and step durations in addilion o
glactrodeposition composition and transport related parameters for sach

geometry of substrate and recessed feature.

(00701 Use of an gppropriate system resistance permits the use of
constant, or simplified potentiodynamic, applied potential that avoids both the
pitfalis of filling only near the distal region that occurs at more positive applied
potentiais as well as voided filling thal occurs at more negative applied
potentials. The impact of system resistance can be infarred from depuosition as

applied potentials approach the positive end of the hysleretic range.

(00711 FIG. 14 shows cross-sectioned annular TSVs after 12 minutes
of Cu deposition at the indicated potentials in 1 moll. CuS0s and 0.5 moll
H2504 electrodeposition composition containing 1 mmol/L NaCl and 12 ymol/L
of a poloxamine additive (e.g., as commercially available under the tradename
TETRONIC T701). Representative arrays of TSVs with 50 um pitch. The
images capture the consistency of filling observed at all potentials examined
gxcept -0.58 V. Suppression breakdown within the vias at this potential is seen
to yield a bimodal distribution of filling heights. The patterned substrates wereg
rotating at 100 rpm. Filling of only this fraction of the vias occurs because at this
value of applied potential the IR drop associated with the system resistance for
current from active deposition in more TSVs would push the substrate potential
positive of the hysterstic potential range. This is not a case where passivation
necessarily occurs where the suppressor concentration reaches CC for the
applied potential, which is clear from an overfilling at the most nagative potential
of .66 V. it becomes so if the chioride concentration is decreased by an order

of magnitude.
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(00727  The process for performing hysterelic current-voltage
mediated void-free superconformal and bottom-up filling of recessed features
of a substrate with a resistance member can be performed In various
ervironments such as sysiem 1000, In an embodiment, with reference to FIG.
15 and FIG. 18, system 1000 includes: call 200; electrodeposition compaosition
300 disposed in cell 200 and including: a metal electrolvie including a plurality
of metal ions and a solvent, and a suppressor disposad in the solvent, and a
hysteratic cyclic voltammogram,; substrate 2 disposed in cell 200 in fluid
communication with electrodeposition compaosition 300 and including. a field
surface; and the receass disposed in the substrate, the recess including a distal
position and a proximate position relative to the field surface of the substrats,
such the recess is in contact with electrodeposition composition 300, such that
an applied eleciric potential of the recess i under potentiostatically or
potentiodynamically control with a potential wave form; the resistance member
in communication with elecirodeposition composition 300 and subsirate 2,
wherein system 1000 is arranged and configured such that the resistance
member in presence of electrodeposition composition with the hysteretic cyclic
vollammogram:  autonomously reduces the deposition potential of the recess
from that applied by the potential waveform, such that the recess is bifurcated
into an active metal deposition region and a passive region in response o the
deposition potertial and ohmic variations of substrate Z2; whereby, in response
to bifurcating the recess, a transition zong is formed at an interface of the active
metal deposition region and the passive region, such that the transition zone
progressively moves closer to the field surface and away from the distal position
through the metal deposition (o reduce the metal ions and form meatal to deposit
the metal in the aclive metal deposition region and not in the passive region;
thereby forming a resistance enhanced superconformal filling in the recess of
subsirate 2 from the metal in the active metal deposition region, wherein the
resistance enhanced superconformal filling is void-free, disposed in the recess
in the active metal deposition region from the distal position to the transition
zone, and absent in the passive region between the proximate position and the
transition zone, such that forming the resistance enhanced superconformal

filing occurs in consegquence of autonomously reducing the deposition potential
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of the recess with the resistance member in a presence of the hysteretic cyclic

voltammuogram of the electrodeposition composition.

(00731 Inan embodiment, with reference to FIG. 15 and FIG. 16, the
resistance member is selecting from the group consisting essentially of lumped
resistor 400, baffle 450, and a selected interelecirode separation distance 800
between substrate 2 and reference slectrode 500 in slectrical communication
with electrodeposition composition 300, In an embodiment, with reference fo
FIG. 16, the resistance mamber is lumped rasistor 400, and lumped resistor
400 includes a resistor in electrical communication with and electrically
interposed between substrate 2 and counter electrode 700 in slectrical
communication with electrodeposition composition 300, iIn an embodiment, the
resistance member is baffle 450, and baffle 450 is in fluid communication with
and fluidically intarposed betwean substrate 2 and referance electrode 500, In
an embodiment, the resisiance member is selecied inlerelecirode separation
distance 800 between substrate 2 and reference electrode 500 in slectrical
communication with electrodeposition composition 300, and the process can

nclude adjusting interelectrode separation 800

[0074]  FIG. 15 shows systemn 1000 that includas slectrodeposition
cell 200, potentiostat 100 that supplies the applied potential to a working
glectrode substrate 2, counter electrode 700, reference electrode 500,
subsirate 2, and baffle 450 {(e.g., a permeable or semipermeabie resistive
glement or membrane) disposed in electrodeposition composition 300 disposed
in cell 200. Interelectrode saparation 800 s a distance between the reference
electrode 800 and substrate 2. Interelectrode separation 800 provide
resistance to system 1000 that includes contributions {0 electrical resistance
experienced by current flowing from the potentiostat 100 connection to
substrate 2 and to a sampiing distance of the reference electrode 800 dus to a
passage of a current associated with deposition on the substrale through the
electrodeposition composition 300, A selected system resistance s provided
baffle 450. It should be appreciated that baffle 450 can be arranged to not
interfere with kinetic factors relsted to transport for forming the resistance

erthanced supercordformal filling in the recessed features of substraie 2.
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FIG. 16 shows system 1000 that includes electrodeposition
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superconformal filling 38, in electrodeposition composition 30, the suppressor
decreases the rate of electrodeposition of the metal. Exemplary suppressors
inciude a polyethylene oxide; a polyethyiene glyeol, alkylammonium cations,
polyethers, poloxamers, polyoxamines, optionally in conjunction with halides,
polyethyleneimine, nitrogen bearing polymers, PVP, polypyrrole, pyridineg, and
atkyammonium salts, benzotniazole, benzimidazole, mercapto-benzimidazole,
and other N- andfor S-bearing aromatics, or a combination thereof. The

polyethyleneimine can have a repeating unit formula (1)

(1)

The polysthyleneimine compound can include from 1o 2 4 ormore, or & or
more, of the repeating unit of formula 1. The polysthyleneimine can include
nitrogen atoms that are present as a primary aming, secondary aming, of
tertiary aming and can include a terminal hydroxyl group, e.g., as 8
polyhydroxylamine. The poivhydroxylamine can have a structure of formula (2):
R"HN-(CH2-CH2-NR}e-R', wherein R is a group including the repeating units of
formula (1), R and R" independently are each a hydrogen atom or hydroxyi

group, and a is an integer of 4 or greater.

{00837 The polvethyieneiming can have a linear structure in which the
repeating units of formula (1) are linearly linked or a molecule in which such

repeating units are iinked in a branched structure. Examples of
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polyethyleneimine compounds that exhibit linear or branched structures are

provided as formulas (3) and {4).

R'HN-(CH2-CH2-NH)b-R' (3)

R"HN m[(CHQCHQ§);‘“‘(CHZCHZNH)E}] R

(EHQ

- (4)
wherein R' and R" are as described above, and a and b are integers of 4 or
greater, specifically 6 or greater. In formula (4), linkage groups of the nitrogen
atom are not shown, but the linkage groups ¢an be selected from repesting
units of formula (1), hydrogen atoms and hydroxyl groups.  In formula {4),
repeating unils having branches and repeating units not having branches can

be linked randomly as desired.

(00847 When the polysthylenaiming compounds have a branched
structure, branching chains {represented by R in formula (2)) having any length
and branching form are bonded to the nitrogen atom in any number of repeaating
units and at any position from the termini of the side chains in the
polyethylenaimine to which mutltiple units of the aforementioned repeating unit
(1) are linked. With regard {o bonding format in the branched regions, the
bondable carbon atoms in repeating units (1) {(carbon atoms that are not
bonded to nitrogen atoms in the above repeating units) are bonded to the
ritrogen atoms of other repeating units (nitrogen atoms o which R is bonded in
formula (23). Branching chains in the polyethyieneimine (represented by R in
formula (2)) aiso can be chains that have the repeating units of formula (1), or
can be chains formed by the linkage of any number of repeating units, where

the linkage mode can manifest a branching or linear structure.

100851 in formula (2), R' and R" are each independently hydrogen
atoms or hydroxy! groups such that the terminals of the polysthylensimine will

be amine groups or hydroxyamine groups. in addition, the aforementioned
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branched chains in the polyethyleneiming can be aming groups or

hydroxyaminoe groups.

100967 A molecular weight of the polyethyleneimine can be, e.g., 300~
100,000, with 1000-20,000 being preferred.  The polyethyleneiming can be
present in elecirodeposition composition 30 in an amount from 0.01 g/l 1o 100
/L, specifically from 0.01 gfl. 1o 100 ¢/l and more specifically from 0.01 g/l {o
100 giLl.

(00877 Similarly, polyethers or block co-polymers such PEG-PPG-
PEO or PRO-PEO-PPQ, poloxamers, or poloxamines can be used. Exemplary

amount of each independently can be from 0.1 wmol/L o 500 umol/iL.

{00887 Accordingly, the resistance member in presence of the
glectrodeposition composition i contact with substrate 2 can make the
resistance enhanced superconformal filling due to autonomously reducing the
deposition potential of the recass. The potential wave form used in the process
for filling the recessed features of the substrate can include a single fixed
applied potential. It is contamplated that deposition can be controlled by an
applied potential imposed in a two or three slectrode configuration {e.¢., as
shown in FIG. 15 and FIG. 18) by an extarnal power supply or potentiostat. In
addition to autonomous modulation of substrate potential by ohmic losses
associated with the resistance member, the applied potential can be modulated

in steps or ramped to fill different shapes or sizes of recessed fealures.

100991 it should be appreciated that various resistance members can
be used, including the lumped resistor in an electrical circut electrically
interposed between and in electrical communication with the reference
electrode and the substrate and can be an input o the potentiostat that provides
the applied potential. Reducing the deposition potential of the recess from that
applied by the potential waveform due o ohmic resistance can occur with
current flow through a permeable or semipermeable baffle disposad in the
electrodeposition composition and interposed between the reference electrode
and the substrate. Optionally, the interelectrode separation can be changed

betweaen the working electrode subsirate and the reference electrode. A
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magnitude of resistance provided by the resistance member can be from 1
times to 1000 times greater than the system resistance from closely disposing
the referance electrode to the substrate, such as a separation of about 1 mm
to 10 mm, e.g., 2.5 mm. it is contemplated that an uncompensated ohmic drop
for conductivity of the eslectrodeposition composition and a geomestric
configuration of the cell, with the working and counter electrode positioned at
opposite end of circular tube of radius R, has ohmic losseas due to current flow
in the electrodeposition composition given by
Qg = — 1]

TR K

For a given substrate, area is the cross sactions of the cell (e.g., TRA) so that
changes in {Is are accomplished by adjusting the position of the RE/CE, L, or

through the solution conductivity, k.

(001001 In an embodiment, substrate 2 includes recess 4 Recess 4
can be formed in substrate 2 by lithographic patterning, etching, laser drilling,
cutling, scratching, mechanical deformation, thermal cycling and the like, or a

combination thereof.

(001011 I is contemplated that substrate 2 can be exposed to
electrodeposition composition 30, &.¢., by immersing, coating, spraying, and
the like substrate 2 with electrodeposition composition 30. Electrodeposition
composition 30 can be prepared by dissolving salts in solvent sequentially or in
compination or mixing in pre-dissolved salts. Exposing recess 4 o
electrodeposition composition 30 can be accomplished by partial immersion or
total immersion of a subsitraie within a container already containing
glectrodeposition compasition or addition of electrodeposition composition to a

container already containing the substrate or the like.

1001021  Potentiostatically  or  potentiodynamically  controlling  the
deposition potential of the recass with a potential wave form can be performed
by a polentiostat connected through a resistor to the substrate or with a resistive
haffle or membrane placed in the electrodeposition composition between the

subsirate and reference potential or by controlling the resistivity of the
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glectrodeposition composition and the distance between the reference
glactrode and the substrate or a combination thereof. A potential waveform can
include a single potential, potential step waveform, potential ramp, or a

combination thereof.

[00103] Formation of potential controlled superconformal filling 38
from transition zone 32 to distal position14 in active metal deposition ragion 36
while formation of potential controlled superconformal filling 38 18 absent In
passive region 34 occurs dug o electrodeposition composition 30 in
combination with time-dependent potential drop across a resistance between
the potentiostat supplying power and the substrate that reduces the deposition
potential at wall 6 of recess 4 from the potential supplied by the potentiostat. In
an embodiment, electrodeposition composition 30 provides an S-NDR cyciic
voltammaogram, €.9., as shown in pansl A of FIG. 8. Some combination of metal
ions, solvent, or additives provide a N-shaped NDR (N-NDR} as shown in panel
B of FIG. 8. The S-NDR and potenticdynamically control of the deposition
potential  above suppression breakdown voliage VB provide selected
glectrodeposition of resistance enhanced supserconformal filling 38 inrecess 4
with an absence of resistance enhanced supercorformal filling 38 on field

surface 10 of substrate 2.

{01041  The process for forming resistance enhanced superconformal
filling 38 has numerous beneficial uses, including simplified control and a wider
potential range for void-free and defect-free metal deposition in recesses that
can include different feature shapes, feature widths and feature depths on a
single subsirate. In an embodiment, resistance enhanced superconformal
filling 38 can be used to copper fill through vias with different dimensions on a
glass interposer. In ancther embodiment, resistance enhanced superconformal

filling 38 can be used o copper fill through silicon vias with different dimensions.

(001051  Advantageously, the resistance member enables the
beneficial behavior of 5-NDR for the electrodeposition composition under a
fixed applied potential to be attenuated for uniform and complete filling for an
array of fealures with spontaneous self-termination upon completion of the

filling process by formation of the resistance enhanced superconformal filling.
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Moreover, the process for performing hysteretic current-voltage mediated void-
free superconformal and bottom-up filling of recessed features of a substrate
with a resistance member overcomes limitations and disadvantages of
conventional processes that iypically involve galvanostatic  conirol,
optimization, and monitoring of the charge during deposition. The proceass for
performing hysteretic current-volfage mediated void-free superconformal and
bottom-up filling of recassed features of a substrate with a resistance member
provides more complete void-free feature filling followed by self-termination
upon making the resistance enhanced superconformal filling compared with

conventional processes.

(001061 The articles and processes herein are ilustrated further by the

following Example, which is non-imiting.
EXAMPLE

(001071 Effect of Control Mode and Uncompensated Resistance in S-
NDR Systems

(001081 Void-free Cu slectrodapaosition in high aspect ratio features
relies on preferential growth proceeding from the most recessed surfaces
wheare sustained breakdown of the co-adsorbed polyether-halide suppressor
layer occurs. Localization is the result of positive feedback between inhibitor
breakdown and metal deposition subject o transport limitations on the
suppressor precursor(s). This gives rise {0 a negative differential resistance (&-
NDR) that, convolved with ohmic resistance of the system that has not been
compeansated for by software or hardware {(uncompensated), resulls in
glectrode bifurcation into active and passive zones. The interplay between the
additive derived S-NDR behavior, uncompensated system resistance, and
potentiostatic regulation 18 explored in comparison o galvanostatic feature
filing. Uncompensated resistance arises from the working electrode contact
and electrolvte between the working and reference electrode. For a CuSQ0s —
H2504 electrolvie containing 80 umolL. CF and 40 umoi/L. polyether, simulations
of potentiostatic deposition with minimal uncompensated resistance reveal a

narrow window between fully passive and voided feature filling,; bottom-up filling
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gven terminates premaiurely under the most favorable conditions. In contrast,
optimized galvanostatic operation enables void-free feature filling with
tarmination dictated by the operator. Increasing the uncompensated resistance
along with application of accordingly more negative applied potentials produces
filling dynamics that blends the positive aftributes of galvanostatic and
potentiostatic deposition {0 enable complete, void-free feature filling with
spontanecus passivation near the fealure opening. Importantly, these
beneficial filling effects are also evident for via and ifrench arrays with variable

widths or heights.

001091 Electrochemical deposition is widely used to fabricate
microscale structures ranging from nanometer sized on-chip interconnacts {o
larger scale wiring i printed circuit boards and packaging for
microelectromechanical devices, Central {o these applications is the need to
fill high-aspect ratio recessed surface feaiures. Mullicomponent additive
packages are involved for void-fres filling of sub-micrometer trencheas and vias.
In the case of Cu elecirodeposition, three components are often used that
nclude a polvether-based suppressor, sulfonate-terminated thiol or disuifide
accelerator, and some N-bearing leveler molecules, all of which have distinctive
effects on the rate of metal deposition. Superconformal feature filling results
from competitive adsorption between these species that, in the case of sub-
micrometer features, includes the effect of rapid area change on the coverage
of the respective species. For larger scale features constrainis on mass and
charge transport become increasingly important o the filling process. Herein
the filling of larger features, such as through silicon vias (TSV) whose depth
approaches the thickness of the adjacent hydrodynamic mass transport
boundary layer, are examingd. For these conditions a more exireme form of
preferential bottom-up feature filling is possible based on selective breakdown
of passivating additives that otherwise serve 1o block access of the metal

cations to the electrode surface.

[00110]  In the case of Ni, Co, and Au, a single suppressing additive is
used to induce localized deposition while suppression of Cu deposition involves

co-adsorption of a polyether and halide. Polarization o sufficiently negative
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potentials disrupts the adlayer, permiiting Cu®® access io the electrode for
glectrodeposition.  In addition to applied potential, suppressor breakdown
depends on the concentrations of s precursor components  and
hydrodynamics. Activation involves suppressor desorption and/or incorporation
of some components into the growing deposit. | is also possible that the
desorption process itself may be further stimulated by metal deposition. In
gither case, the positive feedback associated with potential-driven activation
results in a sharp increase in deposition current and thersby significant
hysteresis  in cyclic voltammetry and galvancdynamic measurements.
Operating at applied potentials within the hysieretic region leads o bifurcation
of the electrode surface into active and passive reaction zones that give rise to
Turing patierns on planar electrodes and botiom-up filling of recessed electrode
geometries such as through-holes and TSVs. The two phenomena are closely
connected, resulting from differing time-scales between the fast’ slectronic
response and ‘slow’ evolution of chemical gradients. The topography of the TSY
substrate is coupled with local mass transport conditions that serve to guide the
electrode bifurcation, where the planar field is passive due to a higher
suppressor flux and acltive metal deposition occurs on the most recessed
surfaces. A contribution to the phase separation process is the longer range
global coupling associated with the electrical response that is much faster than
the development of suppressar and metal cation gradients driven by diffusion,
alectromigration, and sometimes convection. Dynamic coupling between these
two effects underlies patterning associated with S-NDR systams. The strength
of global coupling 18 a function of both the magnitude and geometry of the
uncompensated rasistance in the system. In a related fashion, the interaction
between critical bistable systems and different regulation modes, controlied
potential versus current, have been examined with particular attention to the

important role of uncompensated resistance.

[00111]  Uncompensated resistance includes ohmic losses associated
with current flow in the eleclrolvie as well as external losses associated with the
working  electrode  substrate contacts that in combination cause the
overpotential at the working electrode to deviate from the applied potential.

Thase respective resistances are design parameters that include vanation of
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the reference electrode position in 3-electrode systems, introduction of a
porous, resistive baffle into the electrolvie between the reference and working
glactrode, and the insertion of an external resistor betwesn the working

electrode and the sensing point in the potentiostiatic circuit.

[00112] In the case of a Z-elecirode cell operating under consiant
applied potential, La. with the reference and counter electrode shunted, an
gxternal in-ling resistor can be introduced. However, knowledge of the counter
glactrode reaction characteristics is required for analysis of the working
electrode overpotential. With the development of a suitable counter glectrode it
is interesting to contempiate the use of a 2-electrode cell run under constant
applied potertial as a useful variant to conventional galvanostatic operation. if
the shunted counter/reference electrode reaction is non-polarizable and the
symmetry of the cell and workpiece are uniform, so that the lumped rasistor
approximations for the electroivte can be used, then modeling of the 2- and 3-
glectrode configurations are analogous {0 one ancther. That said in moving
bevond 1-D modeis, the location of the reference electrode, e, Haber-Luggin
capillary, with respect o a multidimensional working electrode can be
destabilizing to a uniform elecirode state and the effect is accentuated as the

reference point is brought closer {o the working electrode.

(001131 In 2-D simulations this concern is mitigated by sampling the
reference potential at a plane within an idealized paralie! plate cell where the
potential is expected to be uniform based on the primary current distribution

and the pericdic nature and scale of the workpiece pattemns.

(001141  Post-measurement correction for the uncompensated ohmic
losses in conventional voitammelry reveals an inversion, or bi-stable S-shaped
negative differential resistance (1.e., a decrease in driving force associated with
an increase in reaction rate) that underlies the behavior of the suppressor
based critical system. In the absence of ohmic losses, potantiostatic control
within the 5-NDR region is not viable as the system is unstable and jumps to
aither the aclive or passive branch. Rather, the presence of a significant
uncompensated resistance enables operation within the hidden S-NDR region

by providing a single valued applied potential for stable global potentiostatic
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operation while the bifurcation, with it dynamic variations in overpotential and
dissipative ohmic losses, evolve freely leading to pattern development. In
contrast, galvanodynamic measurements enable the polential inversion
associgted with S-NDR critical systems {0 be revealed more directly by virtue
of the single valued controd points within the S-NDR region that enable a fiked

deposition rate to be easily specified and mainiained.

001151 Non-linear effects arise from coupling resistive elecirolyte
losses with transport constrained suppressor adsorption and its subseguent
disruption by metal deposition and occur in extreme bottom-up filling of TSVs.
However, engineering the uncompensated resistance {o optimize feature filling

has largely remained unexpiored.

(001161 Simulations of copper deposition in TSVs and irenches
compare feature filing dynamics between galvanostatic and potentiostatic
control  modes  with an  adustable uncompensated resistance. The
computations are built upon a suppressor co-adsorption S-NDR model that has
been previously shown o caplure feature filling dynamics and the relevant
critical behavior. The base case is potentiostatic deposition with 8 minimum
uncompensated resistance, comparable to prior experimeantal systems, that
results in a narrow window for botiom-up filling that is subject to self-
termination, preventing complete filling of the TSVs and trenches examined.
Systematic stepping of the applied potential to more negative values (e,
potentiodynamic control) can be used to adjust the termination point to achieve
the desired level of filling. Conventionally, optimized galvanostatic deposition
enables stable filling of high-aspect ratio features for a limited range of applied
currents  with growth {termination determined by coulometlry. Howeaver,
designing the system to have a larger uncompensated resistance, coupled with
the associated increases in the appliad potential, enables significant expansion
of the operational window and void-free feature filling by a potentiostatic control
mode. Morphological evolution during filling under these conditions is nominaily
akin to that seen for galvanostatic deposition and, with optimization, the height
of self-lermination can be adjusted o maich the feature opening. Ancther

attribute associated with oplimized use of the uncompensated resistance is an
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improvement in the ability to fill both simple and complex french arrays under a
fixed applied potential. Interestingly, iterative Tilling of individual recessed
features may occur within the array whean applied potentials/currents are at the
less reducing end of the hysteretic window. For gaivanosiatic control this has
an interesting analogy {0 the bifurcation reactions on microslectrode arrays
where the individual microelectrodes not only sequentially swilch from the
passiva to aclive state as the applied current density is increased but can also

exhibit osciligtory behavior.
(001177 COMPUTATIONAL METHODS

(001181 Finite element method (FEM) computations are used to
simuiate copper electrodeposition in 2D axisymmedtric annuiar and cylindrical
through-silicon vias and 2D trench arrays. The dimensions of the annular TSV
(Ri=4 um, Ko = 9.5 um, and H = 56 ym) match those of prior experimental
systems. Simpler cylindrical TSV were also examined having radii of Rgy = 5
um and heights, Hey, ranging from 50 um to 200 um corresponding to aspect
ratios from 5 to 20, Trench array were simulated in a 41 configuration with
dimansions of trench width Wy = 10 um, trench height Hy = 50 um, and pitch
= 20 um between trench edges. More complex trench arrays having a 3x1
configuration with varying trench width from 10 um to 30 um and trench height
from 50 um to 100 um were also examined. For all workpiece geometries, the
reference and counter electrode were combined in a common plane opposite
the working electrode at a distance L, and the slectric potential is fixed at zero.
For the base case, L was taken o be 0.25 om, thereby specifying the
uncompensated resistance between the working and reference electrode. The
hydrodynamic boundary layer thickness § is set to 25 um in all simulations and
the concentration of each species (Cu®, CF, and polymer) is set equal to that
of the bulk solution (£7) at these boundaries. The solution conductivity « far the
1.0 moll CuSQs ~ 0.5 molfll H2504 squals 15.26 S/im. Each simulation begins
with & 2 min incubation pericd that emulates an experimental setup where
patterned eleclrode fragments are pretreated with an ethanol wetling solution
prior to insertion into the plating solution. Computationally, this is approximated

with an applied potential of -0.40 V {or current equal to 1 % of the set value) for
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2 min before stepping to the set value. Initial concentrations are 0.01C# in the
glectrolyte domain below the hydrodynamic boundary layer to emulate

glactrolyte exchanges with the ethanol! filled features.

(001191 Variation in the uncompensaled resistance between the
reference and working electrodes was examined using three different schemes:
(a) alteration of the distance between the reference and working electrodes, (b)
insertion of a baffie into the electrolvte phase with fine scale porosity that
effectively increases the resistance between the working and reference
electrodes, and (¢} insertion of an exiernal resistor between the sensing point
on the working electrode and the actual metalielecirolyte interface. All three
approaches have been used by experimentalists for various ends. The first
provides a simple method {0 evaluate the effect of the electrochemical cell ime
constant (t ~ RC) while a baffle has been used in commercial electroplating
cells to counter the terminal effect that otherwise leads to non-uniform
deposition on resistive seed layers. The last approach, namely the introduction
of the externsal resistor in series with a 2-electrode cell, has been used fo
gxamine the effects of variation in the experimental control mode, from
potentiostatic to galvanostatic, and its impact on pattern formation in bistable

systems.

(001201 The impact of uncompensated resisiance on via filling was
examined using the three different configurations outlined above. Given the
symmetry of the cell and workpiece, despite differances in the location of the
uncompensated resistance within the ceall, the net effect on feature filiing is the
same, provided that the baffle is located sufficiently far from the working
glectrode 1o not influence the development of chemical gradients. Increasing
the uncompensated resistance relative o that for the default geometlry is
investigated. Considering the uncompensated ohmic drop in the context of the
electroivte conductivity and the geometric configuration of the cell, with the
working and counter elecirode positioned at opposite end of circular tube of
radius R, allows the ochmic losses due to current flow in the electrolyte {o be
defined by
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£ = n,r;% A

(001211 For a given workpiece, area is taken to define the cross
sections of the cell {i.e., WRA) so that changes in (s are accomplished by
adjusting the position of the RE/CE, L, or through the solution conductivity, . A
series of calculations were performed where (0 is increased by a facior of 6X,
Ox, 11X, 21x, 41%, 81x%, 161x, or 401, This can be realized by an increase
nLfromO025cemtotbom 225om 275 om, 525 om, 10.25 om, 20.25 om,
40.25 om, and 100.25 om, respectively. Alternatively, the same effect can be
obtained, perhaps more conveniently, by holding L at 0.25 cm and increasing
the effect of x by insertion of g porous but insulating baffle whose net effect on
chmic losses 8 a composite of the respective materials properties. This is
realized by making a slice of the elactrolyte adjacent to the RE/CE plane having
a thickness of 25 um have a conductivity smalier, €.g. 500X to 20,000x, than
that of the actual electrolyte conductivity, x, effectively increasing the
uncompeansated rasistance, &.¢. by factor of 11x 10 201«, greater than the
default (s basad on the homogenous Kk solution resistance and L = 0.25 cm.
Going further, the same effects can be obtained, again perhaps more
conveniently, by inputting an external resistor, that is some multiple of (s,
between the WE and RE contacts (or CE/RE plane in the current construct). In
fact, as long as the equivalent total cell resistance is the same, simulations
produce identical results regardiess of which method for adjusting resistance
as outlined above is implemented. Nevertheless, of the three methods,
adjusting the posilion of the RE/CE plans is the most computationally
demanding as it requires additional meshing that leads {o longer computational
times. From an experimental standpoint, integrating uncompeansated resistance
as a vanabfe control parameter into an existing 2- or 3-electrode system is most
egasily realized by the exiemal resistor approach. As such, all simulations
presented herein use an external resistor (o adjust the overpotential to account
for the potential drop associated with the deposition current flowing the external

series resistor in order o model the impact of a modified global cell resistance.

10012217 The concentration C and flux Ny of each species in the

glactrolyte domain is described by the Nemst-Planck equstion, capturing both
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diffusion and slectromigration, such that the evolution of concentration is given
by

e V- Ny = =V (it FCY$ — DVC) 2

dae

given the species’ charge z, diffusion coefficient D, Faraday’s constant £, and

mobility um; calculated by the Einstein relationship

Uiy = 2 3]

(001231 The simulated electrolyte assumes full dissociation of CuSO4
and NaCl, reasonable for the relevant concentrations Cu* and Cf, ignoring
hydronium, sulfate, bisulfate, and sodium species. The poloxaming suppressor
{subscript ) is assumed to be neutral in charge {z, = 0). Diffusion coefficients
listed in FIG. 27 for Cu®*, C and poloxamine tetronic (TET) are taken or

estimated from literature sources.

(001241 Due fo the high concentration of CuS04 and Ha804 supporting
electroivte, potential in the electrolvte (¢) is well approximated by Laplace’s

squation
Vip=0 | 141

which neglects potential variation in solution arising from ionic gradients. The
current density ;7 assocciated with the Cu?* flux through the electrolyte is given

by Ohm's law
J =V 5]

where k is the solution conductivity. A zero flux symmetry condition is imposed
on the side of the cell (at r = R in axisymmetric simulations and x =0 and x =

12We in 2D simulations) for gradients of solution potential

o

ar 0,01 dx 0 [6]

and gradients of concentration
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6" ac; -
= L= (3 or W-—O } (7]

1001251 Accumulation of adsorbates on the elecirode follows Langmuir
adsorption kinetics with deactivation of suppression related to metal deposition
involving a combination of desorption and/or incorporation into the growing
deposit. Evolution of the fractional chloride coverage 8¢, defined as the surface

concentration divided by the saturation coverage, is described by

B = ey C (1 00y) ~ k5B 8]
where k7, is the adsorption rate constant, Cer is the chioride concentration at
the evolving metalfelecirolyte interface, kg is the deactivation rate constant
and v is the metal deposition rate. Evolution of the fractional poloxamine
coverage Gp is described by the analogous

(L'gp

ar = k;:(.:p(({)cf - gp) — k;fz)pv Egl

where the poloxamine is restricted {0 adsorplion on top of the halide covered
sites and thereby implicitly subject to the reguirement that 8e cannot exceed G
through adsorption. The fractional chionide and poloxaming coverages are
further limited to values between 0 and 1. Values for &k and k] listed in FIG.
27 are estimated from model fits {o the §-NDR voltammetry with the fitling
procedure focused on capluring the critical onset potential for suppressor
breakdown as a function of suppressor and halide concentration.#®4 In
previous efforis the critical breakdown potential was shown {o be dominated by
the higher rate of Cl adsorption and consumption relative {0 that of the polymer,
Cnce a fully developed Cl-polyether adlayer exists, Cl consumption into the
solid by the second term in Eg. 7 can make the adsorption term for the

suppressor in Eq. 8 function effectively as a desorption term.

(001261  The metal deposition rate is assumed to be a function of the
suppressor coverage ge {or equivalently, coverage of the polyether-chioride bi-

layer), metal ion concentration Ccy, and overpotential n at the interface, thus

V(65 Coun ) = 7 2 [gmo (D (L = 0p) + jomy (5] [10]
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(0012717 The current densities on unsuppressed (Je=¢) and suppressed
{jo=1} surfaces for the two electron reduction of Cu?* to its metallic form are
translated into growth velocity, ¢, using Faraday’s constant (F = 96,485 C-mol
1, the ionic charge n, and the molar volume ( of solid copper. This simple form
captures suppression arising from the polyether coverage {(as limited by
chioride coverage). The current densities {js=¢ 1) are assumed to exhibit the

conventional exponantial dependence on overpotential i by

o (1=8gepn 1 )F Xy 15
] g=0,1) " 8:=:0,1 w)

Jomoa (M) = Jugy (€7TF T e R T (11}

100128] The applied potential Vapp i1s related to the working electrode
through

i’&p'p =7+ P+ By {12}

where the potential ¢ within the electrolyte is evaluated at the slectrolyte/deposit
interface to capture the dissipative losses between the workpiece and the
reference electrode associated with current flow through the electrolyie and
external resistor layer. The overpotential driving electrodeposition is referenced
to the reversible Nernst potential for the Cu?Y/Cu reaction. The values of j§_,
and og.q for the fully suppressed surface are obtained by fitting the negative-
going voltammetric scans up io the onset of suppression breakdown. Although
the kinetics of metal deposition on polymer-ree surfaces are known {0 be a
function of halide coverage, for simplicity, the present work uses a single set of

J5-0 and gy values for deposition on the polymer-free surface.

001281 The iocal current density at the electrode is equated to the
Cu® flux from the electrolyte onto the electrode interface (outward surface

normal /) according to
L : e s
o = ~(ZeuUme CouVE + Do Vg 1 [13]

Similarly, the normal fluxes of chioride and polyether from the electrolyte to the

interface are equated 1o the rates of thelr adsorption yielding

{2 U 1 FCaVip + Dy VCe) 7 = Tk 50 (1 — 8¢y) [14]
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and
—(DpVCp) - A = Fpkp Cp(8ey — Bp) [15]

with saturation coverages [ estimated. As stated praviously, the (8o~ 8p) term
captures the requirement thal suppressor adsorption only occurs at chloride

covered surface sites.

1001301 The full system of equations is solved numerically in 2D and
2D-axisymmetric geometries using a finite element method employed in the
COMSOL Multiphysics version 5.5 software package with the defaull solver,
implementing the following modules: tertiary current distribution, primary
current distribution, separate coefficient form boundary partial differential
gquations for both chioride and suppressor, and deformed geometry. The 2D
trianguiar mash elements are more highly refined along the electrode interface,
their dimensions initially equal to 20 % of the feature radius or width on each
side. The mesh scales up to a maximum of 2.5 um within the boundary layer
and 26 pm outside of the boundary layer. The mesh in the thin resistive layer is
also refined, having 8 maximum size of 5.2 pm. Automatic remeashing is
enabled, prompting re-mesh when the maximum mesh distortion parameter
gxceadad 1.58. Amoving boundary smoothing parameter of 2, geometry shape
order of 1, and Laplace mesh smoothing type are used in the deformed
geomelry module {see COMSOL documentation for detailed explanation on
how these parameters impact moving boundary convergence). The system of
aquations was solved so that the overall charge imbalance (the fractional
difference between the toial integrated currents at the counter and working
electrodes) was less than 0.02 %. The numerical evaluation error, thus, is
accaptably small for the present purposes. To give a sense of the computational
expense, the smaller geomelry simulgtions having 1800 domain and 400
boundary mesh slements take on the order of & minutes to compute. Larger
simuiations having 5000 domain and 800 boundary mesh elements takes on
the order of 30 minutes to compute. All simuiations used a Beli Precision 3630
desktop computer with an Intel Xeon E-2186G CPU @ 3.80 GHz and 64 GB
RAM using a Windows 10 Enterprise 84-bit operating system.
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[00131] RESULTS AND DISCUSSION

001321  Experimental copper deposition in through-silicon vias (T8V)
in electroivies having a singie suppressing polyether additive for a range of
chioride concentrations (2 umol/L to 1000 umeoliL} and combinations of CuS04
and H:504 concentrations were performed.  In low chioride solutions (£ 80
umolL), copper deposition initially occurs on the bottom of the via as weall as
the neighboring sidewalls up 1o a position marking a fransition between active
and passive plating regions. This transition point shifts upward in the via with
lower chioride concentrations or more negative potentials. At fixed potential,
deposition is eventually guenched at a position within the via determined by the
balance between transport constrained adsorption of the suppressing additives
and its disruption by the metal deposition reaction. Thus, for these low chioride
glactrolytes it is necessary {o step or ramp the potential to more negative valuss
in order to fully fill features. This approach requires tuning of the applied
potential waveform {o optimize filling. For stepped potentials, the discontinuous
nature of the increase in available free energy might be expecied to impact, or
at least mark, the deposit microstructure. Galvanostatic deposition provides
both operational simplicity and cost advaniages in process control, congruent
with its use in industrial electroplating practice. Deposition is sustained as iong
as the current is applied and with proper optimization void free filling is possible.
If the applied current is {00 high void formation will cccur while {00 low a value
will result in uneven activation of deposition across the workpiece. Even with
an appropriate value of applied current substantial under- or overfill will occur if
the deposition time is nol tuned appropriately for each substrate pattern.
Alternatively, the spontaneous self-passivaltion associated with potential-
controlied deposition offers an alternative path {o feature filling that should be

less sensitive {0 variations in patiern density on the work piece.

(001331  Simulations in annular TSV — FIG. 17 shows simulaled final
growth profiles and interface contours (in 8 min intervals) for potentiostatic and
galvanostatic deposition in 1 moll CuS04, 0.5 molfl H2504, 40 umolil TET,
and 80 umolL. Cl- for the annular TSV configuration shown schematically in

FiG. 17a. The cell and workpiece geomelry has been previously detailed both
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experimentally and computationally for potentiai-controlled deposition with L =
(.25 cm. Simulations of potentiostatic deposition do not predict complete filling
even under conditions vielding deposition localized to the via bottom, rather
passivation occurs less than halfway up the via after = 20 min at -0.54 V.
Deposition at -0.52 V passivates even earligr, after = 6 min, filling just the
lowermost 4 um of the 56 um tall feature. Al a more reducing potential of ~0.56
V deposition is predicted {o vield void formation after 8.5 min. Galvanostatic
deposition, conversely, resulls in a nearly filled feature at ~-0.10 uA after 1 hour
of deposition with the applied current appropriately tuned {o the relevant
glectrochemically active surface area in the present case. A factor of 2
decrease in the applied current resulls in only 1/3 of the feature being filled after
1 h before localized bottom-up deposition is lost and the applied current
redistribuies across the entire surface comresponding to a 7x decrease from
peak current density during bottom-up Till. At the other limit, a doubling of the

applied current produces a void after 9 min.

[00134] FIG. 17 shows (8) a schematic of the axisymmetric geometry
used in the S-NDR model to simulate deposition in the annular TSY with
dimensions of Ri = 4 ym, Ro = 8.5 um, and Hann = 56 um. Relevant domains
and boundaries are indicated. (b) Simulated growth contours in & min inlervals
{left-hand via) and final deposit positions (right-hand via) for potentiostatic {top)
and galvanostatic (bottom) copper elecirodeposition after 1 h at the indicated
operating conditions. (c) Current and (d) overpotential, n, transients for the
indicated simulations presented in (b). Full seam-fres and void-free filling can
only be obtained for a narrow window of galvanostatic deposition conditions

and is not obiainable at all for polentiostatic conditions.

[00135] Current and potential transients in FIG. 17¢ and FIG. 174,
respectively, provide insight into the growth dynamics under polentiostatic
deposition at -0.54 V and -0.568 V for the base case with an uncompensated
resistance of 1Ws and, for the same geometry, galvanostatic deposition at -0.10
LA and -0.20 pA. The appropriate area for current density scaling is somewhat
of a mystery for bifurcating systems with a temporally varying total electrode

area. That said, an applied current of -0.10 uA corresponds to -4.7 mA/om?
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when scaling by projected electrode area, -42.9 mAfom® when using only the
via botiom, and -1.45 mAfom? when using the entire electrode interface,
signifying the available current density range depending on what is truly the
electrochemically relevant surface area. Each simulation begins with a 2 min
incubation period {0 emulate experiments where the alactrolyte mixes with an
sthanol wetling solution, as described in detall in the preceding section. After
stepping to -0.54 V the current sharply rises o -0.17 A followed by a slow
decent associated with Cu?* depletion as deposition begins on the botiom
surface and the adjacent sidewalis. This is followed by a current inflection near
10 min that correlates to the area reduction of the growth front during the
transition from conformal deposition on the via botiom and adjacent sidewalls
to botiom-up filling, evident in growth front profiles at © and 12 minutes shown
in FIG. 17b. Foliowing the brief rise in current to reach a local maximum near -
0.13 uA the onset of passivation bagins as the suppressor phase reforms and
the current descends o a Tinal passive current plateau of = -0.02 uA for the
workpiece, Stepping to a more aggressive applied potantial of -0.56 V lsads to
an initial current in excess of -0.20 uA followed by a slow current decay for the
first few minutes as depositions develops in the lower sidewalls and via bottom;
however, the resulting Cu® depletion followed by sidewall collision results in
void formation by 8@ min which halts further simulstion. in the galvanostatic
simulations, the applied potential (and thus overpotential) of the working
electrode varies with time. For deposition at -0.10 yA the overpotential transient
gexhibits a gradual increase as bottom-up filling of the via progresses to almost
fill the via by 1 h. The increase in driving force is required to sustain the applied
currant in the face of increased suppressor flux as the unfilled via depth shrinks
and gradient becomes steeper. A doubling of the applied current to -0.20 YA
yields a high overpotential close ¢ -0.16 V that remains constant during a
period of conformal growth on the lower sidewalls and bottom surface until
sidewall impingement and void formation haits the simulation, analogous to the
case for potentiostatic deposition at an excessively negative appilied potential
of -0.56 V.

[G0136] FIG. 18 shows simulated final growth profiles and positional

contours {in 8 min intervals) for potentiostatic deposition in the annular TSV
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depicted in FIG. 17a but with an additional uncompensated resistance equal {o
{(a) 100, and (b) 400 (corresponding to 11x and 41X, respectively, higher tofal
cell resistance relative to the base case). For both conditions, it is evident that
the increase in resistance permits more complete filling of the annular TSV at
a consiant applied polential following 1 h of deposition. As with galvanosiatic
depasition in FIG. 17, the applied potential must be chosen appropriate o the
pattern density and geometry but, significantly, by appropriate engineering of
the uncompensated resistance full bottom-up filling can be accomplished at a
fixed applied potential, analogous to earlier TSV filling albeit at higher Ci-
concentrations.'® At potentials that are too positive the system fails to activate
and the current is distributed uniformly across the passivaied surface,; at the
other extrema, when the applied potentiais are {00 negative, a seam or void is
formed. Simulations (not shown) reveal that applied potentials 20 mV more
negative than those shown in FiG. 18 result in seams or voids. It is also
noteworthy that the polential window between complete interface passivation
and voided via is significantly widened with the increase in uncompensated
resistance, shifting from 40 mV (for partial bottom-up filling as in Fig. 1) for the
base case with no added resistance (1Qs) o 140 mV and 420 mV wiih tolal
uncompensated cell resistances equivalent to 11{s and 4105, respectively.
Further still, one can readily envision tuning the resistance andfor applied
potential such that deposition passivates just before the via oullet, a

phenomenon difficult to achieve by a galvanostatic approach.

(001371 In an embodiment FIG. 18 shows simulaied growth contours
in 6 min intervals {left-hand via) and final interface positions {righi-hand via) for
potentiostatic copper deposition in the annular via at the indicated potentials
with an increased system resistance equivalent to {a) 11x and (b) 41x the
system resistance associated with the electrodeposition composition in the cell
alone, {s. Schematics show a 1-D representation of the resisiances in the
circuit. Corresponding {(¢) current and (d} overpotential, n, transients are
included for the passive (-0.5¢ V, -0.64 V), partial fill (-0.62 V, -0.84 V) and full
fitl (-0.68 ¥, -1.01 V) characteristic deposition profiles. Use of sufficiently large
system resistances permits seam-free and void-free filling at -0.68 V and -1.04

V under potentiostatic conditions. The increased system resisiance may be
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obtained using an external resistance, a semipermeable or permeable resistive
baffle or membrane or expanding a distance {800} between the reference (500)
and substrate (B00) electrode, in FIG. 15 and FIG. 18

(001381 The current and overpotential ransients associated with the
filling simulations are shown in FIG. 18¢c and FIG. 184, respectively, categorized
as passive, partial filf, or full fiff according to the final deposition profiles (left,
middle, and right, respectively, of FIG. 18b). In each case the current spikes {0
a more nagative value afler the initial 2 min incubation period. The current
gradually falls as the via is filled; current reduction occurs faster for lower
applied potentials and for the smaller value of uncompensated resistance. At
less reducing applied potentials (passive, shown as dotted lines ), the more
rapid current reduction ends with universal interface passivation and sustained
deposition currents near -25 nA that are distributed over the remaining deposit
surfaces for both values of uncompensated resistance. The small difference in
the final current, for the -0.56 V and -0.84 V examples, reflects the more
negative overpotential for the latler as evident in the respeclive iransients
shown in FIG. 18d;, both profiles rise quickly to = 016 V and -0.165 V,
respectively, at which value they remain constant for the duration of the 1 h
simulation. The transients for the intermediate applied potentials {(partial fill,
shiown as dashed lines -} exhibit a more gradual reduction in current after the
initial spike (FIG. 18c), plateauing after 35 min of deposition for the 110s case
and 55 min for the 41Qs case (the latier evident in plots extending to longer
times). The current in the simulation with a total uncompensated cell resistance
of 11Qs decreases (in magnitude) by about 0.06 pA while that for 410s
decreases by about 0.02 uA. The more stable current profile for a higher cell
resistance reflects the transition towards galvanostatic control. interestingly, the
current transients at intermediate (-} and more negative (full fl, shown as solid
fines —) applied potentials exhibit similar trends, with the latter shifted to larger
current vaiues. With 110s of uncompensated resistance, the current plateaus
at a similar time for both applied potentials. The higher current at (.68 V yields
more sustained localized deposition that results in a fully filled via. With 410;s of
uncompensated resistance, continuaed motion explicit in the last two growth

contours at -0.84 V suggests that the faature might fill completely given
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sufficient deposition time. The simulation at -1.04 V reaches the field {ie., z =
{3y sooner because of the higher overail current throughout the process
{although i is clear that more material is also deposited on the figld). s notable
that the overpotential profiles for both full il simulations, e, at -0.68 ¥V with
110 and at -1.04 V with 410, are nearly identical for the entirety of the
simuiations. With filling contours that are quile similar almost through full filling,
it is understood that the trend reflects the increased driving force requirad o
advance the growth front nearer the via opening due to the enhanced transport

of the suppressing additives and despite the increased transport of metal ion.

[G0139]  Simulations of the impact of uncompensated resistance on the
filling of the annular TSVs were expanded to explore the full range of applied
potentials between passive and voided growth profiles and include an
intermediate value for total uncompensated resistance of 210, FIG. 19a shows
the lowest position on the TSV interface after 1 h of deposition for the indicated
uncompensated rasistances as a function of applied potential. As ssen in FIG.
17, potentiostatic control with 1Ws uncompensated resistance only achieves a
fill height of 23 um before the next -20 mV increment of applied potential results
in void formation. Increasing the uncompensaled resistance expands the
applied potential window between fully passive and voided filling while aiso
permitting higher possible fill heights for constant potential simulations; the
interval ranges from positive of 0.7 V to negative of 1.0V, more than 0.3 V,
with 4105 of total uncompensated resistance as reflected in the data in FIG.
19a. The impact of each -20 mVY increment decreases at more negative applied
potentials particularly for the 410s data. The curve reflects the balance of
transport, which scales with the concentration gradients and thus increasing
with Tunfilled depth {(ie., increasing asymptotically as deposition height
approaches via depth), with the potential dependent deposition kinetics that
drives disruption of the suppressor layer. FIG. 190 plots the time needed {o
achieve 90 % fill of the annular TSY as a function of the applied potential for
gach resistance. Higher uncompensated resistance aiso enables faster filling
of the TSV, reaching 50.4 um of height as guickly as 38 min for 41, 42 min

for 21Qs, and 83 min for 11{s. As in FIG. 18, decreased fill time with increasead
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uncompensated resistance is asscciated with more stable operating currents

throughout filling consistent with a trend towards galvanostatic operation.

(001401 FIG. 18 Panel (a) shows a chart of the lowest position {at the
centerline due to symmetry) on the annular TSV interface after 1 h of deposition
as a function of applied potential for the indicaied increased system resistance.
Simulations 20 mV more negative of the most negative potentials shown for
gach resistance resull in a seam orvoid. The dashed line represents the deposit
height for a fully filled via. FIG. 19 Pansl (b) shows a chart of the time needed
for filling along the centerling 1o reach 90 % of the via height plotied as 3
function of apphied potential Tor the indicated uncompensated cell resistance.
Simulations requiring more than 60 min deposition time to achieve 90 % fill are
not included. The increased system resistance broadens the range of applied
potentials  vielding seam-free and void-free filling, including filling that
passivates near the field surface. The increased sysiem resistance can be
obtained using an external resistance, a semipermeaable or permeaable resistive
baffle or membrane or increased separstion between the reference and

subsirate..

(00141 Simulations in cylindrical TSV — Tha simulations of deposition
in annular TSV in the preceding section offer prediction that can be validated
against prior experimental work.?® This section explores the influence of
uncompensated resistance on deposition in the more generic cylindrical TSV
geomelry depicted in FIG. 20a Similar to the annular TSV, simulations of
potentiostatic  deposition  with  1Ws  uncompensated resistance  (again,
determined by L = 0.25 cm and K. by Eg. 1} in the 5 pm radius and 50 um tall
via in FIG. 20b depict a narrow operating window betwsen passive (-0.52 V)
and voided {-0.56 V) growth profiles. Achieving a fully filled cvlindrical TSV
again requires a potenticdynamic waveform that progressively shifis the
location of the sidewall passive-active transition upwards like that detailed in
previous work. As with the annular TSV, galvanostatic deposition enables void-
free bottom up via filling that s almost complete after 1 h of deposition at an
applied current of -0.05 yA as shown in FiG. 20¢. However, closer inspection

(nct shown) reveals that the majority of the via is filled in the first 30 minutes of
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deposition before additive transport is sufficient 1o passivate deposition and
shift much of the current towards deposition on the TSV field. Of course,
galvanostatic methods still require tuning of the applied current to avoid
conformal, passive deposition on the via (as at -0.02 yA) or voided deposits (as
at -0.08 pA). FiGs. 20d and 208 show simulations of potentiostatic deposition
with an increass in uncompensated resistance to 110s and 101Qs, respectively.
As with the annular geometry, simulations with the additional uncompensated
resistance predict higher filling within the cylindrical TSV for the given
electrolyte chemistry. After 1 h, the deposit height reaches -22 um for the 100
case at -0.60 V and -8 um for the 10005 case at -1.12 V. For each resistor, the
simulations at potentials 20 mV more negative than these values predict a seam

or void.

(001421 FIG. 20 shows (g} a schematic of the axisymmetric geomelry
used in the S-NDR model to simulate deposition in a cylindrical TSV with
dimensions of Heyl = & um and Hoyl = 50 um. Relevant domains and
boundaries are indicated. Simulated growth profiles for (b) potentiostatic and
{¢) galvanostatic copper electrodeposition after 1 h at the indicated applied
potentials and currents with 10s of system resistance. Simulated growth
profiles after 1 h of polentiostatic copper electrodeposition with system
resistance of {(d) 110s and (e) 1010s. Only potentiostatic deposition with the
ncreased system resistance permils seam-free and void-free filling that
approaches near the field surface. The increased system resistance may be
obtained using an external resistance, a semipermeable or permeable resistive
baffle or membrane or increased separation betwesn the reference and

subsirate.

1001431  The interesting behaviors uncovered thus far motivated further
gxploration of the effect of uncompensated resistance on the filling of aven
higher aspect ratio fealures. FIG. 21a shows simulated growth contours in ©
min intervals for the indicated controbmethod, operating condition, and added
uncompensated resistance for the cylindrical TSV geometry presented in FIG.
20a (having an aspect ratio of 5). The potentiosiatic deposition at 0.54 Vifor a

cell with 1TWs passivates shortly after 12 minutes of deposition, having achieved
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a deposit height of only 12 um. Note, each condition presented in FiG. 21 is the
most reducing applied potential or current before simulations produce a seam
to aresolution of 20 mV and 2 nA intervals. Galvanostatic deposition at -72 nA
permits active bottom-up deposition within the via for 24 minutes before shifting
to a slower conformal deposition maode where the iast 30 minutes of deposition
only results in the addition of 3.5 um to the 43 um tall deposit. This tuned current
corresponds to current densities of -3.39 mAfom? when scaled by projected
area, -91.7 mAicm? when scaled by area of the via bottom, and -1.95 mA/cm?
when scaled by the entire electrode interface. For potentiostatic deposition with
110s of uncompensated resistance an applied potential of -0.60 V yields
maximum filing with active deposition for = 21 min before full passivation
occurs. Potentiosiatic deposition with 10105 of total uncompensated resistance
and an applied potential of -1.12 V yields maximum filling with a profile that is
remarkably similar to that for galvanostatic deposition at -72 nA; a shift from

bottom-up growth to conformal deposition occurs after 24 min,

(001441 FIG. 21 shows simulated growth contours for a cylindrical TSY
with a 5 um radius and heights of {a) 50 um, (b) 100 um, and () 200 um for the
indicated applied potentials/current and system resistance. Final contours are
at 1 h, 2h, and 8 h with contour spacing of 6 min, 10 min, and 40 min for TSY
with heights of 50 um, 100 um, and 200 um, respectively. The specified applied
potentials are the most negative values that do not result in seam or void
formation and thus reflect the highest filling along the via centerline obtained
for the given value of system resistance (in increments of 20 mV). Neither
galvanostatic nor potentiostatic deposition alone are capable of providing
seam-~free and void-free filling that approaches near to the field surface in the
vias having the higher aspect ratios of 10 and 20, but higher system resistance
enables higher filling and the broadest potential window and essentially
maiches the highest filling that can be oblained using a narrow window of
currents. The increased system resistance may be obtained using an external
resistance, a semipermeable or permeable resistive baffle or membrane or

increased separation between the reference and substrate.
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(001451 A sequence of simulations are presented for deeper cylindrical
TSVs having aspect ratios of 10 and 20 (Ko = 5 um) in FiGs. 21b and 21¢,
respectively. In general, the trends in deposition profiles across the control-
methods and uncompensated resistance match those in FIG. 21a. Specifically,
potentiostatic deposition with 1VWs resulfs in sarly passivation deap within the
via whereas a substantially larger uncompensated resistance shifis the final
deposit haight higher, sventually approaching the heaight achieved using a
galvanostatic approach for the largest values of uncompensated resistance. In
higher aspect ratio vias the applied potential/current must be less reducing,
regardless of control method or uncompensated resistance, to avoid Cu®™
depletion and formation of a seam or void. For galvanostatic deposition, the
most reducing current is roughly halved for each doubling of the via depth,
consgisient with consideration of the gradient that underlies reactant and additive
fransport. In terms of current densities, the aspect ratio 10 and 20 features
correspond to -1.51 mA/cm? and -0.75 mA/cm? when scaled by projected area,
-40.7 mAjem? and -20 4 mA/cm? when scaled by area of the via bottom, and -
0.61 mA/om® and -0.19 mA/em? when scaled by the total electrode interface
area, respectively. Despite the aggressive selection of applied polentials and
currents, passivation cccurs before the deposit reaches the field for each
geometry. Although not the focus of this study, fill height would be improved by
reducing the flux of suppressor additives by sither decreasing chioride
concentration or reducing convective transport (LL.e., increasing the boundary
fayer thickness in the model). The final deposit height (lowest point on interface
which, by symmetry, lies al the via middle) as functions of applied potential for
the cylindrical vias with aspect ratios of 5, 10, and 20 are presentad in FIG. 223,
22b, and 22c¢, respectively, for the indicated values of total uncompensaied
resistance. As with the annular geometry, the fill height for each geometry
increases and the potential window between fully passive and voidead filling
profiles widens as the uncompensated resistance is increased. Curvature
reflecting the balance between transport, with its asympiotic dependence on
via depth minus fill height, with deposition rate dependent disruption of the

suppressor layer is observed again as well.



