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ABSTRACT

Void-free Cu electrodeposition in high aspect ratio features requires, at a minimum, an additive pack-
age containing micromolar halide and polyether that combine to form a co-adsorbed adlayer that in-
hibits metal deposition on the electrode interface. Successful feature filling relies on preferential growth
proceeding from the most recessed surfaces where sustained breakdown of the polyether-halide sup-
pressor layer occurs. Localization is the result of positive feedback between inhibitor breakdown and
metal deposition subject to transport limitations of the suppressor precursor(s). This gives rise to a S-
shaped negative differential resistance (S-NDR) that, convolved with uncompensated ohmic resistance,
results in electrode bifurcation into active and passive zones. The interplay between the additive derived
S-NDR behavior, uncompensated cell resistance, and potentiostatic regulation is explored in comparison
to galvanostatic feature filling. Uncompensated resistance arises from the working electrode contact and
electrolyte between the working and reference electrodes. For a CuSO4 - H,SO, electrolyte containing
80 pumol/L ClI- and 40 pmol/L polyether, simulations of potentiostatic deposition with minimal uncom-
pensated resistance reveal a narrow window between fully passive and voided feature filling; bottom-
up filling terminates prematurely even under the most favorable conditions. In contrast, optimized gal-
vanostatic operation enables void-free feature filling with termination dictated by coulometry. Increasing
the uncompensated resistance along with application of accordingly more negative applied potentials
produces filling dynamics that blend the positive attributes of galvanostatic and potentiostatic deposi-
tion to enable complete, void-free feature filling with spontaneous passivation near the feature opening.
Importantly, these beneficial filling effects are also evident for trench arrays having variable widths or
heights.

Published by Elsevier Ltd.

1. Introduction

sorption between these species that, in the case of sub-micrometer
features, includes the effect of area change on the coverage of the

Electrochemical deposition is widely used to fabricate mi-
croscale structures ranging from nanometer sized on-chip inter-
connects to larger scale wiring in printed circuit boards and related
structures for microelectromechanical devices. Central to these ap-
plications is the need to fill high-aspect ratio recessed surface fea-
tures. Typically, multicomponent additive packages are necessary
for robust void-free filling of sub-micrometer trenches and vias.
In the case of Cu electrodeposition, three components often used
include a polyether-based suppressor, sulfonate-terminated thiol
or disulfide accelerator, and some N-bearing leveler molecules, all
of which have distinctive effects on the rate of metal deposition
[1-12]. Superconformal feature filling results from competitive ad-
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respective species [3-5]. For larger scale features, constraints on
mass and charge transport become increasingly important to the
filling process. Herein, the filling of larger features such as through
silicon vias (TSV), whose depths approach or exceed the thickness
of the adjacent hydrodynamic mass transport boundary layer, are
examined. For these conditions, a more extreme form of preferen-
tial bottom-up feature filling is possible based on selective break-
down of a passivating layer that otherwise serves to block access
of the metal cations to the electrode surface [13-24].

In the case of Ni [13,14], Co [15], and Au [16,17], only a single
suppressing additive is required to induce this form of highly lo-
calized deposition while suppression of Cu deposition involves co-
adsorption of a polyether and halide [25-42]. Polarization to suf-
ficiently negative potentials disrupts the adlayer, permitting Cu®*
access to the electrode for electrodeposition [20-49]. In addi-
tion to applied potential, suppressor breakdown depends on the
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concentrations of its precursor components and hydrodynamics.
Activation involves suppressor desorption and/or incorporation of
some components into the growing deposit. It is also possible that
the desorption process itself may be further stimulated by metal
deposition. In either case, the positive feedback associated with
potential-driven activation results in a sharp increase in deposition
current and thereby significant hysteresis in cyclic voltammetry
and galvanodynamic measurements. Operating at applied poten-
tials within the hysteretic region leads to bifurcation of the elec-
trode surface into active and passive reaction zones that give rise
to Turing patterns on planar electrodes [18,50-56] and bottom-up
filling of recessed electrode geometries such as through-holes and
TSVs [18-24, 46-49]. The two phenomena are closely connected,
resulting from differing time-scales between the ‘fast’ electronic
response and ‘slow’ evolution of chemical gradients. The topogra-
phy of the TSV substrate is coupled with local mass transport con-
ditions that serve to guide the electrode bifurcation such that the
planar field is passive due to a higher suppressor flux and active
metal deposition occurs on the most recessed surfaces. An equally
important contribution to the process is long range global coupling
associated with the electrical response that is much faster than the
development of suppressor and metal cation gradients driven by
diffusion, electromigration, and sometimes convection. Indeed, it
is the dynamic coupling between both effects that underlies the
patterning associated with S-NDR systems [57-59]. Importantly, as
pursued in detail herein, the strength of global coupling is a func-
tion of both the magnitude and spatial distribution of the uncom-
pensated resistance in the system [57,58]. In a related fashion, the
interaction between critical bistable systems and different regula-
tion modes, controlled potential versus current, have been exam-
ined with particular attention to the important role of uncompen-
sated resistance [59].

Uncompensated resistance includes ohmic losses associated
with current flow in the electrolyte as well as external losses as-
sociated with the working electrode contacts that in combination
cause the potential at the working electrode to deviate from the
applied potential. The respective resistance values can be used as
design parameters through various means. These include variation
of the reference electrode position in 3-electrode systems, intro-
duction of a porous, resistive baffle into the electrolyte between
the reference and working electrode [60], and/or the insertion of
an external resistor between the working electrode and the sens-
ing point in the potentiostatic circuit [57-59]. In the case of a 2-
electrode cell operating under constant applied potential, i.e., with
the reference and counter electrodes shunted, an external in-line
resistor can be introduced. However, in this instance additional
knowledge of the counter electrode reaction characteristics is re-
quired for analysis of the working electrode overpotential. With
the development of a suitable counter electrode it is interesting
to contemplate the use of a 2-electrode cell run under constant
applied potential as a useful variant to conventional galvanostatic
operation, vide infra. Generalizing, if the shunted counter/reference
electrode reaction is non-polarizable and the symmetry of the cell
and workpiece are uniform, so that the lumped resistor approxima-
tions for the electrolyte can be used, then modeling of the 2- and
3-electrode configurations are analogous to one another. That said,
in moving beyond 1-D models the location of the reference elec-
trode, i.e., Haber-Luggin capillary, with respect to a multidimen-
sional working electrode can be destabilizing to a uniform elec-
trode state with the effect accentuated as the reference point is
brought closer to the working electrode [56,57]. In the present 2-
D simulations this concern is mitigated by sampling the reference
potential at a plane within an idealized parallel plate cell where
the potential is expected to be uniform based on the primary cur-
rent distribution and the periodic nature and scale of the patterned
workpiece.
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Post-measurement correction for the uncompensated ohmic
losses in conventional voltammetry reveals an inversion, or bi-
stable S-shaped negative differential resistance (i.e., a decrease in
driving force associated with an increase in reaction rate) that un-
derlies the behavior of the suppressor based critical system. In the
absence of ohmic losses, potentiostatic control within the S-NDR
region is not viable as the system is unstable and jumps to either
the active 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 sta-
ble global potentiostatic operation while the bifurcation, accompa-
nied by dynamic variations in overpotential and dissipative ohmic
losses, evolves freely leading to pattern development. In contrast,
galvanodynamic measurements enable the potential inversion as-
sociated with S-NDR critical systems to be revealed more directly
by virtue of the single valued control points within the S-NDR re-
gion that enable a fixed deposition rate to be easily specified and
maintained. The distinct path dependence of morphological evolu-
tion on planar electrodes for the respective control modes was re-
cently highlighted in a microelectrode study of Cu deposition from
the polyether - ClI~ suppressed CuSO4 — H,SO4 system that serves
to further motivate exploration of related effects during feature fill-
ing [52].

The important non-linear effects that arise from coupling re-
sistive electrolyte losses with transport-constrained suppressor ad-
sorption and its subsequent disruption by metal deposition were
noted in earlier studies of extreme bottom-up filling of TSVs
[18,43,44]. However the idea of engineering the uncompensated
resistance to optimize feature filling has remained unexplored. Ac-
cordingly, the present work uses simulations of copper deposi-
tion in TSVs and trenches to compare feature filling dynamics dur-
ing galvanostatic and potentiostatic deposition with an adjustable
uncompensated resistance. The computations are built upon a
suppressor co-adsorption S-NDR model that has been previously
shown to capture feature filling dynamics and the relevant criti-
cal behavior [20]. The base case is potentiostatic deposition with
a minimum uncompensated resistance, comparable to some recent
experimental and computational work [20], that results in a nar-
row window for bottom-up filling subject to self-termination and
incomplete filling of the TSVs and trenches examined. Recent the-
oretical and experimental studies have demonstrated that system-
atic stepping of the applied potential to more negative values (i.e.,
potentiodynamic control) can be used to adjust the termination
point to achieve the desired level of filling [20,46-48]. More con-
ventionally, optimized galvanostatic deposition enables stable fill-
ing of high-aspect ratio features for a limited range of applied cur-
rents with growth termination determined by coulometry. How-
ever, designing the system to have a larger uncompensated resis-
tance, coupled with the associated increases in the applied po-
tential, enables significant expansion of the operational window
and void-free feature filling by the potentiostatic control mode.
Furthermore, morphological evolution during filling under these
conditions is nominally akin to that seen for galvanostatic depo-
sition and, with optimization, the height of self-termination can
be adjusted to match the feature opening. Another important at-
tribute associated with optimized use of the uncompensated resis-
tance is a significant improvement in the ability to fill both simple
and complex trench arrays under a fixed applied potential. Inter-
estingly, iterative filling of individual recessed features may occur
within the array when applied potentials are at the more positive
end of the hysteretic window [19]. For galvanostatic control this
has an interesting analogy to the bifurcation reactions on micro-
electrode arrays where the individual microelectrodes not only se-
quentially switch from the passive to active state as the applied
current density is increased but can also exhibit oscillatory behav-
ior [61,62]
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2. Computational methods

Finite element method (FEM) computations are used to sim-
ulate copper electrodeposition in 2D axisymmetric annular and
cylindrical through-silicon vias and 2D trench arrays. The dimen-
sions of the annular TSV (inner radius R; = 4 pm, outer radius
Ro = 9.5 pm, and height H = 56 pm) match those of prior ex-
perimental work [13-20,43,44]. Simple cylindrical TSV having ra-
dius Ry = 5 pm and height Hg, ranging from 50 to 200 pm,
corresponding to aspect ratios from 5 to 20, were also examined.
Trench arrays were simulated in a 4 x 1 configuration with di-
mensions of trench width W; = 10 um, trench height H; = 50 pum,
and pitch P = 20 um between trench edges. The 2D configu-
ration assumes a trench length of 1 mm. More complex trench
arrays having a 3 x 1 configuration with varying trench width
from 10 to 30 pm and trench height from 50 to 100 pm were
also examined. For all workpiece geometries, the reference elec-
trode (RE) and counter electrode (CE) were combined in a com-
mon plane opposite the working electrode (WE) at a distance L,
and the electric potential was fixed at zero. For the base case, L
was taken to be 0.25 cm, thereby specifying the uncompensated
resistance between the working and reference electrode. This gives
a potential drop that was nominally equal to that observed in re-
cent experimental work with annular TSV albeit for a less well-
defined electrochemical cell configuration [19,20]. The hydrody-
namic boundary layer thickness, §, is set to 25 um in all sim-
ulations and the concentration of each species (Cu®*, Cl-, and
polymer) is set equal to that of the bulk solution (C7) at these
boundaries. The solution conductivity, «, for the 1.0 mol/L CuSO4-
0.5 mol/L H,SO,4 equals 15.26 S/m [18]. Each simulation begins
with a 2 min incubation period that emulates an experimental
setup where patterned electrode fragments are pretreated with an
ethanol wetting solution prior to insertion into the plating solu-
tion and subsequently idled for 2 min at a small overpotential be-
fore stepping to the much more negative applied potential. Com-
putationally, this is approximated with an applied potential of -
0.40 V (or current equal to 1% of the set value) for 2 min before
stepping to the set value. Initial concentrations are 0.01C? in the
electrolyte domain contained within the hydrodynamic boundary
layer to emulate electrolyte exchange with the ethanol filled fea-
tures.

Variation in the uncompensated resistance between the refer-
ence and working electrodes is examined computationally using
three different schemes: (a) alteration of the distance between the
reference and working electrodes, (b) insertion of a baffle into the
electrolyte phase with fine scale porosity that effectively increases
the resistance between the working and reference electrodes, and
(c) insertion of an external resistor between the sensing point on
the working electrode and the actual metal/electrolyte interface.
All three approaches have been used by experimentalists for var-
ious ends. The first provides a simple method to evaluate the ef-
fect of the electrochemical cell time constant (7 ~ resistance x ca-
pacitance, RC). Baffles have been used in commercial electroplating
cells to counter the terminal effect that otherwise leads to non-
uniform deposition on resistive seed layers [60]. The introduction
of the external resistor in series with a 2-electrode cell has been
used to examine the effects of variation in the experimental con-
trol mode, from potentiostatic to galvanostatic, and its impact on
pattern formation in bistable systems, a subject of central interest
in the present work [58,59].

The focus of this study is the consequence of, not the pathway
to, increasing the uncompensated resistance. Considering the un-
compensated ohmic drop in the context of the electrolyte conduc-
tivity and the geometric configuration of the cell, with the work-
ing and counter electrodes positioned at opposite ends of a circular
tube of radius R, allows the ohmic losses due to current flow in

Electrochimica Acta 375 (2021) 137925

the electrolyte to be defined by

L

Qs = ———.
: TL’RCZK

(1)

For a given workpiece, area is taken to define the cross sections
of the cell (i.e., mR:2) so that changes in Qs are accomplished by
adjusting the distance from the RE/CE relative to the working elec-
trode (WE), L, or through the solution conductivity, k. A series of
calculations were performed where 2 is increased by a factor of
6, 9, 11, 21, 41, 81, 161, or 401. This can be realized via Eq. (1) by an
increase in L from 0.25 cm to 1.5, 2.25, 2.75, 5.25, 10.25, 20.25,
40.25 , and 100.25 cm, respectively. Alternatively, the same effect
can be obtained by holding L at 0.25 cm and increasing the ef-
fective x by insertion of a porous and electrically insulating baffle
whose net effect on ohmic losses is a composite of the respective
material properties. In the present work the insertion of a baffle
is approximated by giving a thin slice of the electrolyte (25 pm
thick) adjacent to the RE/CE plane a lower conductivity (e.g., 500
x to 20,000 x lower) than that of the actual electrolyte conductiv-
ity, k. This effectively increases the uncompensated resistance by
11 x to 201 x the default 25 based on the homogenous solution
conductivity and L = 0.25 cm. Finally, the uncompensated resis-
tance can similarly be manipulated by inputting an external resis-
tor, that is some multiple of 25, between the WE and RE contacts
(or CE/RE plane in the current construct). Given the symmetry of
the cell and workpiece, the first important conclusion is that de-
spite differences in the location of the uncompensated resistance
within the cell, simulations of equivalent total resistance produce
identical results regardless of which method is implemented, pro-
vided that the baffle is located sufficiently far from the working
electrode that it does not influence the development of chemical
gradients. Adjusting the position of the RE/CE plane is the most
computationally demanding as it requires additional meshing that
leads to longer computational times. From an experimental stand-
point, integrating uncompensated resistance as a variable control
parameter into an existing 2- or 3-electrode system is most easily
realized by the external resistor approach. As such, all simulations
presented herein use an external resistor to adjust the overpoten-
tial to account for the potential drop associated with the deposi-
tion current flowing through the external series resistor in order
to model the impact of a modified global cell resistance.

The concentration C; (and flux N;) of each species in the elec-
trolyte domain is described by the Nernst-Planck equation, captur-
ing both diffusion and electromigration, such that the evolution of
concentration is given by
8C,' N
W =-V. N; = -V. (—Z,—um,,-FC,-V¢ - DIVG) (2)
given the species’ charge z;, diffusion coefficient D;, Faraday’s con-
stant F, and mobility uy,; calculated by the Einstein relationship

(3)

Um,,' = ﬁ

The simulated electrolyte assumes full dissociation of CuSO4
and NaCl, reasonable for the relevant concentrations of Cu®* and
Cl—, while the speciation and gradients associated with hydronium,
sulfate, bisulfate, and sodium were not evaluated. The poloxam-
ine suppressor (subscript P) is assumed to be neutral in charge
(zp = 0). Diffusion coefficients listed in Table 1 for Cu?+, CI-, and
poloxamine tetronic (TET) are taken or estimated from literature
sources [20,63-67].

Due to the high concentration of CuSO4 and the H,SO4 support-
ing electrolyte, potential in the electrolyte (¢) is well approximated
by the Laplace equation

Vi¢ =0, (4)
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Table 1

Parameters for mm-TSV simulations.
Parameter Name  Units Value Reference
Annular TSV Cell Geometry
inner radius R; pm 4 [20]
outer radius Ro Hm 9.5 [20]
height Hann pm 56 [20]
cell radius Reann nm 26 [20]
cell resistance Q Q 76,600 -
Cylindrical TSV Cell Geometry
radius Reyi nm 5 -
height Hey Hm 50 to 200 -
cell radius Reeyt pm 26 -
cell resistance Qs Q 76,600 -
Trench Array Cell Geometry
width W, pm 10 to 30 -
height H; pm 50 to 100 -
length L mm 1 -
spacing P; pm 20 -
cell resistance Q Q 1363 -
General Cell Geometry
boundary layer thickness § mm 25 -
reference electrode position L cm 0.25 -
Electrolyte Parameters
bulk concentration Cu?* [¢H mol/L 1 -
bulk concentration Cl~ ¢ pmol/L 80 -
bulk concentration polyether (Poloxamine Tetronic 701) G pmol/L 40 -
diffusion coefficient Cu?*+ Dey cm?/[s 5 x 1076 [63]
diffusion coefficient Cl- D¢ cm?/s 9 x 1076 [20]
diffusion coefficient polyether (Poloxamine Tetronic 701)  Dp cm?/[s 1x 1076 [65-67]
electrolyte conductivity K S/m 15.26 Measured
reversible Potential Erey \'% -0.38 Measured
Adsorbate Parameters
saturation chloride coverage T'q mol/m? 1.62 x 10~ [20]
saturation suppressor coverage r'p mol/m? 9.2 x 108 [69]
chloride adsorption kinetics k%, m3/(moles) 20 [20]
chloride deactivation kinetics kg 1/m 1.5 x 107 [20]
suppressor adsorption kinetics 73 m3/(moles) 2500 [20]
suppressor deactivation kinetics kp 1/m 1 x 107 [20]
initial chloride & polymer coverages Oio 0 -
Electrochemical Kinetics
unsuppressed Cu exchange current density 7 A/m?2 20 [20]
suppressed Cu exchange current density 79 A/m? 0.13 [20]
unsuppressed charge transfer coefficient 7 - 0.5 [20]
suppressed charge transfer coefficient o - 0.5 [20]
Cu ionic charge n - 2 -
Cu molar volume Q m3/mol 7.1 x 1076 -
Miscellaneous
applied potential (potentiostatic) Vapp \ -0.46 to -2.18 -
applied current (galvanostatic) iapp HA -0.016 to -400 -
uncompensated cell resistance Qeerl Q 1Q to 4012 -
pretreatment time tore s 120 -
pretreatment potential (potentiodynamic case) Vipre \ -0.40 -
pretreatment current (galvanostatic case) ipre mA/cm? 0.01igpp -
temperature T K 293 -

which neglects potential variation in solution arising from ionic

gradients. The current density j associated with the Cu?t flux
through the electrolyte is given by Ohm'’s law

j=—kVe. (5)

where « is the solution conductivity. A zero flux symmetry condi-
tion is imposed on the side of the cell (at r = R; in axisymmetric
simulations and x = 0 and x = 12 W; in 2D trench simulations) for
gradients of solution potential

09 09

Pl 0 oror = 0 (6)
and gradients of concentration

G G

P 0 ors = 0. (7)

Accumulation of adsorbates on the electrode follows Langmuir
adsorption kinetics with deactivation of suppression related to

metal deposition involving a combination of desorption and/or in-
corporation into the growing deposit. Evolution of the fractional
chloride coverage 6, defined as the surface concentration divided
by the saturation coverage, is described by

36

T k& Ca (1 —6cr)
where Kk is the adsorption rate constant, Cg is the chloride con-
centration at the evolving metal/electrolyte interface, kg is the de-
activation rate constant and v is the metal deposition rate. Evolu-
tion of the fractional poloxamine coverage, 0p, is described by the
analogous equation

d0p -

W = kIJ;Cp(QCl — 913) — kP 9131/ (9)
where the poloxamine is restricted to adsorption on top of the
halide covered sites and thereby implicitly subject to the require-
ment that p cannot exceed 6 through adsorption. The fractional

— kEIQCﬂ/ (8)
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chloride and poloxamine coverages are further limited to values
between 0 and 1. Values for k,fr and k; listed in Table 1 are esti-
mated from model fits to the hysteretic voltammetry with the fit-
ting procedure focused on capturing the critical onset potential for
suppressor breakdown as a function of suppressor and halide con-
centration [20,44]. In previous efforts the critical breakdown po-
tential was shown to be dominated by the higher rate of ClI- ad-
sorption and consumption relative to that of the polymer. Once a
fully developed Cl-polyether adlayer exists, CI~ consumption into
the solid by the second term on the right side of Eq. (8) can make
the adsorption term for the suppressor in Eq. (9) effectively func-
tion as a desorption term.

The metal deposition rate is assumed to be a function of the
suppressor coverage 0p (or, equivalently, coverage of the polyether-
chloride bi-layer), metal ion concentration Cc,, and overpotential 7,
at the interface, thus

V(6p.Coue ) = o [y () (1 = B0) + oo (D)6 (10)
nfF ¢,

The overpotential-dependent current densities on unsuppressed
(jo—p) and suppressed (jy_;) surfaces for the two electron reduction
of Cu?t to its metallic form are thus translated into growth veloc-
ity, v, using Faraday’s constant (F = 96,485 C/mol), the ionic charge
n, and the molar volume 2 of solid copper. This simple form cap-
tures suppression arising from the polyether coverage (as limited
by chloride coverage). The current densities (jy_g;) are assumed to
exhibit the conventional exponential dependence on overpotential

n by
1—ag_g1)F ap_o1F
jeo.1(n>=jzzo,1<e( okl _ -t '7). (11)

The applied potential Vgpp is related to the overpotential at the
working electrode through

Vapp =N+¢+Ee (12)

where the potential ¢ within the electrolyte is evaluated at the
electrolyte/deposit interface to capture the dissipative losses (i.e.,
iR-drop) between the workpiece and the reference electrode asso-
ciated with current flow through the electrolyte and external resis-
tor layer. The overpotential driving electrodeposition is referenced
to the reversible Nernst potential for the Cu2*/Cu reaction. The val-
ues of jj_, and o, for the fully suppressed surface are obtained
by fitting the negative-going voltammetric scans up to the onset
of suppression breakdown [20,52]. Although the kinetics of copper
deposition on polymer-free surfaces are known to be a function of
halide coverage, for simplicity, the present work uses a single set
of j§_, and ag_q values for deposition on the polymer-free surface,
as in previous feature filling simulations.

The local current density at the electrode is equated to the Cu+
flux from the electrolyte onto the electrode interface (outward sur-
face normal #i) according to

1
ﬁ]Cu
Similarly, the normal fluxes of chloride and polyether from the

electrolyte to the interface are equated to the rates of their adsorp-
tion yielding

= —(ZCuum,CuFCCuVCb + DCuVCCu) A (13)

—(2qumaFCa Vo + D V() - i = Tk Ca (1 — 0cr) (14)
and
—(DpVGp) - fi = TpkiCp (O — Op) (15)

with saturation coverages I'; estimated from literature [20,68,69].
As stated previously, the (8 - 6p) term captures the requirement
that suppressor adsorption only occurs at chloride covered surface
sites.
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The full system of equations is solved numerically in 2D and
2D-axisymmetric geometries using a finite element method em-
ployed in the COMSOL Multiphysics version 5.5 software package
with the default solver, implementing the following modules: Ter-
tiary current distribution, primary current distribution, separate
coefficient form boundary partial differential equations for both
chloride and suppressor, and deformed geometry. The 2D triangu-
lar mesh elements are more highly refined along the electrode in-
terface, their dimensions initially equal to 20% of the feature ra-
dius or width on each side. The mesh scales up to a maximum
of 2.5 pm within the boundary layer and 26 um outside of the
boundary layer. The mesh in the thin resistive layer is also re-
fined, having a maximum size of 5.2 pm. Automatic remeshing is
enabled, prompting re-mesh when the maximum mesh distortion
parameter exceeded 1.56. A moving boundary smoothing param-
eter of 2, geometry shape order of 1, and Laplace mesh smooth-
ing type are used in the deformed geometry module (see COMSOL
documentation for detailed explanation on how these parameters
impact moving boundary convergence). The system of equations
was solved so that the overall charge imbalance (the fractional dif-
ference between the total integrated currents at the counter and
working electrodes) was less than 0.02%. The numerical evaluation
error, thus, is acceptably small for the present purposes. To give
a sense of the computational expense, the smaller geometry sim-
ulations having 1800 domain and 400 boundary mesh elements
take on the order of 5 min to compute. Larger simulations having
5000 domain and 800 boundary mesh elements take on the order
of 30 min to compute. All simulations used a Dell Precision 3630
desktop computer with an Intel Xeon E-2186 G CPU @ 3.80 GHz
and 64 GB RAM using a Windows 10 Enterprise 64-bit operating
system.

3. Results and discussion

Experimental copper deposition in through-silicon vias has
been previously detailed in electrolytes having a single suppress-
ing polyether additive for a range of chloride concentrations (2 to
1000 pmol/L) and combinations of CuSO4 and H,SO4 concentra-
tions [18-20,47,48]. In low chloride solutions (< 80 pmol/L), cop-
per deposition initially occurs on the bottom of the via as well
as the neighboring sidewalls up to a position marking a transi-
tion between active and passive plating regions. This transition
point shifts upward in the via with lower chloride concentrations
or more negative potentials [20]. At fixed potential, deposition is
eventually quenched at a position within the via determined by
the balance between transport constrained adsorption of the sup-
pressing additives and its disruption by the metal deposition re-
action. Accordingly, for these low chloride electrolytes it is nec-
essary to step or ramp the potential to more negative values in
order to fully fill features [20,46-48]. This approach requires tun-
ing the applied potential waveform to optimize filling. For stepped
potentials, the discontinuous nature of the increase in available
free energy might be expected to impact, or mark, the deposit mi-
crostructure. Alternatively, galvanostatic deposition provides both
operational simplicity and cost advantages in process control, con-
gruent with its use in industrial electroplating practice. Deposition
is sustained as long as the current is applied and with proper op-
timization void free filling is possible. If the applied current is too
high void formation will occur, while too low a value will result
in uneven activation of deposition across the workpiece. Even with
an appropriate value of applied current substantial under- or over-
fill will occur if the deposition time is not tuned appropriately for
each substrate pattern. In contrast, potential-controlled deposition
offers an alternative path to feature filling based on spontaneous
self-passivation that calculations indicate to be less sensitive to
variations in pattern density on the work piece.
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Fig. 1. (a) Schematic of the axisymmetric geometry used in the S-NDR model to simulate deposition in the annular TSV with dimensions of R; = 4 pm, R, = 9.5 pm, and
Hann = 56 pm. Relevant domains and boundaries are indicated. (b) Simulated growth contours in 6 min intervals (left-hand via) and final deposit positions (right-hand via)
for potentiostatic (top) and galvanostatic (bottom) copper electrodeposition after 1 h at the indicated operating conditions. (c) Current and (d) overpotential, 1, transients

for the indicated simulations presented in (b).

3.1. Deposition in annular TSV

Fig. 1 shows simulated final growth profiles and interface con-
tours (in 6 min intervals) for potentiostatic and galvanostatic de-
position in 1 mol/L CuSQ4, 0.5 mol/L H,SO4, 40 pmol/L TET, and
80 umol/L CI- for the annular TSV configuration shown schemat-
ically in Fig. 1a. The cell and workpiece geometry have been
previously detailed both experimentally and computationally for
potential-controlled deposition with L = 0.25 cm [20]. As discussed
above, the simulations of potentiostatic deposition do not predict
complete filling even under conditions yielding deposition local-
ized 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 passi-
vates even earlier, after ~ 6 min, filling just the lowermost 4 pm
of the 56 pm tall feature (i.e.,, z = -52 pm). At a more reducing
potential of -0.56 V deposition is predicted to yield void forma-
tion after 8.5 min. Galvanostatic deposition, conversely, results in a
nearly filled feature at -0.10 pA after 1 h of deposition with the ap-
plied current appropriately tuned to the relevant electrochemically
active surface area in the present case. A factor of 2 decrease in the
applied current results in only 1/3 of the feature being filled after
1 h before localized bottom-up deposition is lost and the applied
current redistributes across the entire surface, with a correspond-
ing 7 x decrease from the peak current density during bottom-up
fill. At the other limit, a doubling of the applied current leads to
void formation after 9 min.

Current and overpotential transients in Fig. 1c and Fig. 1d, re-
spectively, provide insight into the growth dynamics under po-
tentiostatic deposition at -0.54 and -0.56 V for the base case
with an uncompensated resistance of 125 and, for the same ge-
ometry, galvanostatic deposition at -0.10 and -0.20 pA. Determin-
ing the appropriate area for current density scaling is a chal-
lenge for bifurcating systems given the temporally varying active
electrode area. That said, an applied current of -0.10 pA corre-
sponds to -4.7 mA/cm? when scaling by projected electrode area,

-42.9 mA/cm? when using only the via bottom, and -1.45 mA/cm?
when using the entire electrode interface, signifying the available
current density range depending on what portion of the surface
is electrochemically active. Each simulation begins with a 2 min
incubation period to emulate experiments where the electrolyte
mixes with the ethanol wetted recessed features, as described in
detail in the preceding section. After stepping to -0.54 V the cur-
rent sharply rises to -0.17 pA followed by a slow decent associated
with Cu?* depletion as deposition begins on the bottom surface
and the immediately adjacent region of the sidewalls. This is fol-
lowed by a current inflection near 10 min that correlates to fur-
ther reduction of the growth area during the transition to purely
bottom-up filling, as reflected in the growth front profiles at 6 and
12 min shown in Fig. 1b. Following the brief rise in current to a
local maximum near -0.13 pA, the advancing profile permits the
suppressor phase to reform and the current descends to a final
passive current plateau of ~ -0.02 pA for the workpiece. Stepping
to a more aggressive applied potential of -0.56 V leads to an ini-
tial current in excess of -0.20 pA followed by a slow current decay
for the first few minutes as deposition develops along the lower
sidewalls and via bottom; however, the resulting Cu2t depletion
followed by sidewall collision results in void formation by 9 min
that halts further simulation. The relatively constant overpotential
profiles for potentiostatic conditions in Fig. 1d reflect the minimal
contribution ohmic losses have in determining the interfacial over-
potential, 1, as calculated by Eq. (12); the nearly constant overpo-
tential for deposition at -0.54 V despite the large decrease in total
current indicates the product with cell resistance is small over the
full range of deposition current being generated. In the galvanos-
tatic simulations, the applied potential (and thus overpotential) of
the working electrode varies with time. For deposition at -0.10 pA
the overpotential transient exhibits a gradual increase as bottom-
up deposition in the via progresses towards complete filling by 1 h.
The increase in driving force is required to sustain the applied cur-
rent in the face of increased suppressor flux as the unfilled via
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Fig. 2. Simulated growth contours in 6 min intervals (left-hand via) and final interface positions (right-hand via) for potentiostatic copper deposition in the annular via at
the indicated potentials with a total uncompensated cell resistance equivalent to (a) 11 x and (b) 41 x the original cell resistance, €2;. Schematics show a 1-D representation
of the uncompensated resistances in the circuit. Corresponding (c) current and (d) overpotential, », transients are included for the passive (-0.56 V, -0.64 V), partial fill

(-0.62 V, -0.84 V) and full fill (-0.68 V, -1.01 V) characteristic deposition profiles.

depth decreases and the corresponding gradients become steeper.
A doubling of the applied current to -0.20 pA yields a higher over-
potential close to -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 halts the simula-
tion, analogous to the case for potentiostatic deposition at an ex-
cessively negative applied potential of -0.56 V.

Fig. 2 shows simulated final growth profiles alongside positional
contours (in 6 min intervals) for potentiostatic deposition in the
annular TSV depicted in Fig. 1a but with an additional uncompen-
sated resistance equal to (a) 1025 or (b) 402 (corresponding to
11 x and 41 x, respectively, higher total cell resistance relative
to the base case). For both conditions, it is evident that the in-
crease in resistance permits more complete filling of the annu-
lar TSV at a constant applied potential during 1 h of deposition.
As with galvanostatic deposition in Fig. 1, the applied potential
must be chosen appropriate to the pattern density and geometry,
but, significantly, appropriate engineering of the uncompensated
resistance allows full bottom-up filling at a fixed applied potential,
analogous to earlier TSV filling albeit at higher Cl- concentrations
[18]. At potentials that are too positive the system fails to acti-
vate and the current is distributed uniformly across the passivated
surface. When the applied potentials are too negative, a seam or
void is formed; simulations (not shown) reveal that applied po-
tentials 20 mV more negative than those shown in Fig. 2 result
in seams or voids. It is noteworthy that the potential window be-
tween complete interface passivation and voided via is significantly
widened with the increase in uncompensated resistance: shifting
from 40 mV for partial only bottom-up filling as in Fig. 1 in the
base case with 1€ total resistance to 140 mV with 112 total
resistance and 420 mV with 41 total resistance. Further still,
one can readily envision tuning the resistance and/or applied po-
tential such that deposition slows down to effectively passivate
(or, redistribute current evenly on the interface) just below the

via outlet, a phenomenon difficult to achieve by a galvanostatic
approach.

The current and overpotential transients associated with the
filling simulations are shown in Fig. 2c and Fig. 2d, respectively,
categorized as passive, partial fill, or full fill according to the final
deposition profiles (left, middle, and right, respectively, of Fig. 2a
and b). In each case the current spikes to the most negative value
after the initial 2 min incubation period, falling gradually as the
via is filled. Current reduction occurs faster at lower applied po-
tentials and for the smaller values of uncompensated resistance.
At less reducing applied potentials (passive, shown as dotted lines
---), the more rapid current reduction ends with universal inter-
face passivation and sustained deposition currents near -0.025 pA
that are distributed over the entire deposit surfaces for both val-
ues of uncompensated resistance. The small difference in the final
currents at -0.56 and -0.64 V reflects more negative overpotential
for the latter as per Fig. 2d; both profiles rise quickly to ~ -0.16 V
and -0.165 V, respectively, at which values they remain for the du-
ration of the 1 h simulation. The transients for the intermediate
applied potentials (partial fill, shown as dashed lines - --) exhibit a
more gradual reduction in current after the initial spike (Fig. 2c),
plateauing after 35 min of deposition for the 1125 case and 55 min
for the 4125 case (the latter evident in plots extending to longer
times). The current in the simulation with a total uncompensated
cell resistance of 1125 decreases (in magnitude) by about 0.06 pA
while that for 4125 decreases by about 0.02 pA. The more stable
current profile for a higher cell resistance reflects the transition
in overall behavior towards galvanostatic control. Interestingly, the
current transients at intermediate (---) and more negative (full fill,
shown as solid lines -) applied potentials exhibit similar trends,
the latter simply shifted to larger deposition currents. With 112
of uncompensated resistance, the current plateaus at a similar time
for both applied potentials. The higher current at -0.68 V yields
more sustained localized deposition that results in a fully filled via.
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With 41 of uncompensated resistance, continued motion explicit
in the last two growth contours at -0.84 V suggests that the feature
might fill completely given sufficient deposition time. The simula-
tion at -1.04 V reaches the field (i.e., z = 0) sooner because of the
higher overall current throughout the process (albeit more material
is also deposited on the field). It is notable that the overpotential
profiles for both full fill simulations, i.e., at -0.68 V with 112 and
at -1.04 V with 41, are nearly identical for the majority of the
simulations, with similar filling contours evident until the growth
front approaches the via opening. The steadily increasing overpo-
tential as deposition approaches the opening reflects the increased
driving force required to advance the growth front due to the en-
hanced transport of the suppressing additives and despite the in-
creased transport of metal ion.

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,
also including an intermediate value for total uncompensated re-
sistance of 21€2. Fig. 3a shows the lowest position on the deposit
interface after 1 h of deposition for the indicated values of un-
compensated resistance as a function of applied potential. As in
Fig. 1, potentiostatic control with 195 uncompensated resistance
only achieves a fill height of -33 pm (the next -20 mV increment of
applied potential resulting in void formation). Higher uncompen-
sated resistance expands the applied potential window between
fully passive and voided filling while also permitting higher filling
at constant potential; with 41 of total uncompensated resistance
the window is seen to span -0.68 to -1.04 V (a range of 0.36 V).
The impact of each -20 mV increment on fill height decreases at
more negative applied potentials, particularly for the 41 data.
This trend reflects the balance of transport, which scales with the
concentration gradients and thus increases with 1/unfilled depth,
with the potential dependent deposition kinetics that drive dis-
ruption of the suppressor layer. Fig. 3b plots the time needed to
achieve 90% fill of the annular TSV as a function of the applied
potential for each resistance. Counterintuitively, higher uncompen-
sated resistance enables faster filling of the TSV, albeit at more
negative applied potentials, with 50.4 pm of filling achieved as
quickly as 38 min for 412, 42 min for 212, and 53 min for 11€2s.
The decreased fill time with increased uncompensated resistance is
associated with more stable operating currents throughout filling
as in Fig. 2, consistent with a trend towards galvanostatic opera-
tion.

3.2. Deposition in cylindrical TSV

The simulations of deposition in annular TSV in the preceding
section offer predictions that can be validated against prior exper-
imental work [20]. This section explores the influence of uncom-
pensated resistance on deposition in the more generic cylindrical
TSV geometry depicted in Fig. 4a. Similar to the annular TSV, sim-
ulations of potentiostatic deposition with 1£2s uncompensated re-
sistance (again, determined by L = 0.25 cm and R. by Eq. (1)) in
the 5 ym radius and 50 pm tall via in Fig. 4b depict a narrow op-
erating window between passive (-0.52 V) and voided (-0.56 V)
growth profiles. Achieving a fully filled cylindrical TSV again re-
quires a potentiodynamic waveform like that detailed in previous
work [20,46-48] to progressively shift the location of the sidewall
passive-active transition upwards. As with the annular TSV, gal-
vanostatic deposition enables substantial void-free bottom up via
filling at 1 h of deposition, in this case at an applied current of
-0.05 pA as shown in Fig. 4c. However, the majority of the via is
filled in the first 30 min of deposition before increased additive
transport passivates deposition and shifts much of the current to-
wards deposition on the field (not shown). Of course, galvanostatic
methods still require tuning of the applied current to avoid con-
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Fig. 3. (a) Chart showing the lowest position on the annular TSV interface after
1 h of deposition as a function of applied potential for the indicated total uncom-
pensated cell resistance. Simulations 20 mV more negative of the most negative
potentials shown for each resistance result in a seam or void. The dashed line rep-
resents the deposit height for a fully filled via. (b) Chart showing the time needed
for the lowest position on the TSV interface to reach 90% of the via height plotted
as a function of applied potential for the indicated uncompensated cell resistance.
Simulations requiring more than 60 min deposition time to achieve 90% fill are not
included.

formal, passive deposition on the via (as at -0.02 pA) or voided
deposits (as at -0.08 pA). Fig. 4d and e show simulations of poten-
tiostatic deposition with an increase in uncompensated resistance
to 1125 and 1012, 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 pum (i.e., below
the field) for the 1025 case at -0.60 V and -8 pm for the 100€2;
case at -1.12 V. For each resistance, the simulations at potentials
20 mV more negative than these values predict a seam or void.
The behaviors uncovered thus far motivate further exploration
of the effect of uncompensated resistance on the filling of even
higher aspect ratio features. Fig. 5a shows simulated growth con-
tours in 6 min intervals for the indicated control-method, operat-
ing condition, and added uncompensated resistance for the cylin-
drical TSV geometry presented in Fig. 4a (having an aspect ra-
tio of 5). The condition presented (throughout Fig. 5) is the most
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Fig. 4. (a) Schematic of the axisymmetric geometry used in the S-NDR model to simulate deposition in a cylindrical TSV with dimensions of Ry = 5 pm and He = 50 pm.
Relevant domains and boundaries are indicated. Simulated growth profiles for (b) potentiostatic and (c) galvanostatic copper electrodeposition after 1 h at the indicated
applied potentials and currents with 195 of uncompensated resistance. Simulated growth profiles after 1 h of potentiostatic copper electrodeposition with a total uncom-

pensated cell resistance of (d) 112 and (e) 101€;.

reducing applied potential or current in 20 mV and 2 nA inter-
vals, respectively, before simulations predict a seam. Potentiostatic
deposition at -0.54 V for a cell with 12 passivates shortly after
12 min of deposition, having achieved a deposit height of only
12 pm. Galvanostatic deposition at -72 nA permits active bottom-
up deposition within the via for 24 min before shifting to a slower
near conformal deposition mode where the last 30 min of depo-
sition only results in the addition of 3.5 pm to the 43 pum tall
deposit. This tuned current corresponds to current densities of -
3.39 mA/cm? when scaled by projected area, -91.7 mA/cm? when
scaled by area of the via bottom, and -1.95 mA/cm? when scaled
by the entire electrode interface. For potentiostatic deposition with
11925 of uncompensated resistance an applied potential of -0.60 V
yields maximum filling with active deposition for ~ 21 min be-
fore full passivation occurs. Potentiostatic deposition with 1012
of total uncompensated resistance and an applied potential of -
1.12 V yields maximum filling with a shift from bottom-up growth
to conformal deposition after 24 min and an evolution of deposit
profile that is very similar to that for galvanostatic deposition at
-72 nA.

Analogous sequences of simulations are presented for cylindri-
cal TSVs deepened to have aspect ratios of 10 and 20 (R, = 5 pm)
in Fig. 5b and 5c, respectively. In general, the trends in deposition
profiles across the control-methods, with the additional uncom-
pensated resistances increased in proportion with the via depth,
match those in Fig. 5a. Specifically, potentiostatic deposition with
1Q; results in early passivation deep within the via whereas a
substantially larger uncompensated resistance shifts the final de-
posit height higher, with filling at the largest values approaching
the height achieved using the galvanostatic approach. In higher as-
pect ratio vias the applied potential/current must be less reduc-
ing, regardless of control method or uncompensated resistance, to
avoid Cu?* depletion that induces formation of a seam or void.
For galvanostatic deposition, the most reducing current is roughly

halved for each doubling of the via depth, consistent with consid-
eration of the gradients that underlie reactant and additive trans-
port. In terms of current densities, those in the aspect ratio 10
and 20 features correspond to -1.51 and -0.75 mA/cm?, respec-
tively, when scaled by projected area, -40.7 and -20.4 mA/cm?,
respectively, when scaled by area of the via bottom, and -0.61 and
—0.19 mA/cm?, respectively, when scaled by the total electrode in-
terface area. Despite use of the most aggressive applied potentials
and currents compatible with void-free deposition, passivation oc-
curs before the deposit reaches the field for each geometry. Al-
though not the focus of this study, fill height can be increased by
reducing the flux of suppressor additives either through decreased
chloride concentration or reduced convective transport (i.e., in-
creasing the boundary layer thickness in the model) with further
optimization of applied potential and uncompensated resistance.
The final deposit height (lowest point on the interface which, by
symmetry, lies at the via middle) as functions of applied potential
for the cylindrical vias with aspect ratios of 5, 10, and 20 are pre-
sented in Fig. 6a, 6b and 6¢, respectively, for the indicated values
of total uncompensated resistance. As with the annular geometry,
the fill height for each geometry increases and the potential win-
dow between fully passive and voided filling profiles widens as the
uncompensated resistance is increased.

3.3. Deposition in trench arrays

The influence of uncompensated resistance on Cu deposition
in high aspect ratio features was further explored in trench ar-
rays as depicted in the 2D geometric configuration of Fig. 7a. The
trenches are 10 pym wide, 50 pum tall, 1 mm long (into the page),
and are spaced 30 pm apart center-to-center (P, = 20 pm). Simu-
lations of galvanostatic operation produce fully filled trench arrays
at currents ranging from -6 to -30 pA, the primary difference being
the time necessary to achieve complete fill. Currents in excess of
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Fig. 5. Simulated growth contours for a cylindrical TSV with a 5 pm radius and heights of (a) 50 pm, (b) 100 pm, and (c) 200 pm for the indicated applied potentials/current

and total uncompensated cell resistance. Final contours are at 1

, 2, and 8 h with contour spacing of 6 , 10

, and 40 min for TSV with heights of 50 pm, 100 pm, and

200 pm, 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 uncompensated resistance (in increments of 20 mV).

-30 pA produce voids towards the bottom of the trench while cur-
rents smaller than -6 pA result in conformal deposition over the
entire electrode interface and, ultimately, seam or void-formation.
For -30 pA of applied current, the current densities are 25 mA/cm?
when scaling by projected area, -75 mA/cm? when scaling by the
area of the trench bottom, and -5.77 mA/cm? when scaling by
the entire electrode interface. Final deposit profiles and contours
shown in Fig. 7b indicate the electrode interface position spaced
in 10 min intervals for galvanostatic conditions that enable full fill-
ing. For all three conditions the trench array is completely filled,
with deposition at -8 pA requiring 80 min longer than -30 pA. At
the two higher applied currents the resulting overburden is non-
uniform across the array. The interface contours (colorized to indi-
cate time) show that deposition at -30 pA occurs uniformly in all
four trenches from 2 to 32 min. After this time, deposition is local-
ized to the 1st trench and shifts across the array from left to right.
The charts in Fig. 7d show the center-line position as a function of
time for each trench depicted in Fig. 7b. The profiles for all four
trenches at -30 pA are identical until ~ 32 min; shortly after this
time, deposition continues in trenches 1 and 2 while trenches 3
and 4 have passivated. Eventually, trenches 3 and 4 reactivate and

10

achieve a similar height across the array at 52 min of deposition.
At t = 41 min, all four trenches have reached the field (position
of y = 0), although an ~ 10 pm difference in fill height exists be-
tween trenches 1 and 4.

Deposition at the lower applied current of -16 pA exhibits be-
havior analogous to deposition at -30 pA, although deviation of
height among the trenches in the array begins at a lower height
within the trench after ~ 35 min. In this case, deposition dy-
namically passivates and re-activates within various trenches from
35 to 95 min, at which point the profiles all merge again. Sim-
ilar to the -30 pA condition, there is an =~ 10 pum difference in
deposit height between trenches 1 and 4 at t = 67 min; in this
simulation, however, trench 1 is the last to reach the field (y = 0).
Deviation across the trench array occurs at even earlier times for a
lower applied current of -8 pA, after only 3 min of deposition and
progresses in almost discrete steps, not unlike the sequential acti-
vation seen in the case of microelectrode arrays under controlled
current where the total current is a globally conserved quantity
[62]. At 35 min the difference in height between trenches 1 and 4
is 34 pm. After 110 min the individual trenches have all reached
roughly the same height, breaking the y = 0 threshold at 124 min.

~
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Fig. 6. Chart showing the lowest (centerline) position on the final deposit profile in
the cylindrical TSV as a function of applied potential for the indicated total uncom-
pensated cell resistances and deposition times for 5 pm radius TSV of (a) 50 pm,
(b) 100 pm, and (c) 200 um height.

Inherent to the S-NDR system is competition between interface
activation driven by disruption of the suppressor layer through the
metal deposition itself that is balanced against interface passiva-
tion driven by additive adsorption. In short, under galvanostatic
control, higher applied currents for a given active area are asso-
ciated with higher rates of deposition and increased suppressor

1
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disruption that in the present case is associated with halide in-
corporation at larger overpotentials. If the applied current is suf-
ficiently high then transport limited passivation is insufficient to
shut down deposition within the feature (the transport limited
suppressor flux being reduced deeper within a feature) and the
deposition profiles across the array are uniform. However, the ad-
ditive flux available to passivate active deposition in a feature in-
variably increases as filling proceeds upward. At some point, vari-
ations in the geometry between the individual features, or at least
its numerical simulation, occur such that a portion of the active in-
terface can passivate and redistribute the current to other features.
Subsequently, the inverse can occur as well, where passive features
reactivate and draw current from other sites. Such localized passi-
vation and reactivation is the origin of the non-uniform profiles
across the arrays in Fig. 7. Improved uniformity within the array
at -30 pA reflects the higher suppressor flux required to passivate
the surface when operating at the higher deposition (and adsor-
bate consumption) rates, values that exceed the depth-dependent
limits on additive transport down the trench throughout a greater
portion of the filling process. For any value of applied current that
yields localized deposition within the trenches there will neces-
sarily be a depth at which the transport limited suppressor flux,
scaling as the inverse of that depth, is sufficient to induce such in-
stabilities. Eventually, however, the profiles all converge, indicating
that the increased transport limit on suppressor flux is balanced by
increased overpotential in a manner that enforces activation of all
features. Both the passivation/activation of individual features and
the ultimate convergence of filling contours in all features are clear
for the -8 pA profile in Fig. 7b and are also evident at longer times
in the Fig. 7d charts for -16 and -30 pA.

As with the annular and cylindrical vias shown earlier, simula-
tion of trench array filling under potentiostatic conditions in the
presence of 1925 of uncompensated resistance has a narrow oper-
ating window between fully passive (-0.58 V) and voided deposi-
tion (-0.60 V). Deposition at -0.59 V (not shown) passivates after
30 min at a height 13 pm below the field (y = 0). An increase
in the uncompensated resistance to 112 allows for complete fill-
ing of the trench arrays in a manner similar to that seen for gal-
vanostatic operation. The potentiostatic operating window (evalu-
ated in 20 mV increments) is also much wider between full pas-
sivation (-0.64 V) and voided deposition (-1.02 V). Deposit profiles
and interface contours for two potentiostatic conditions are shown
in Fig. 7c, exhibiting evolution similar to that of the galvanostatic
profiles in Fig. 7b. For the more reducing condition of -0.98 V, de-
position proceeds uniformly across the array until the interface is
near the field (y = 0) at which point individual trenches begin to
oscillate between passive and active states. It takes 45 min for all
trenches to reach y = 0 with about a 10 pm difference in height
between the highest and lowest (trenches 1 and 4). In contrast,
deposition at the less reducing condition of -0.72 V exhibits uni-
form deposition across the array until a depth of -34 pm. At this
point deposition localizes into select trenches, dynamically passi-
vating and re-activating at different heights. Deposition across the
interface becomes uniform when filling in each trench approaches
the field, with a height of y = 0 achieved for all features after
102 min.

Fig. 8 shows the global current for galvanostatic and potentio-
static conditions during deposition in the 4 trench array depicted
in Fig. 7 as well as for 2 trench and 8 trench arrays under condi-
tions that yield analogous filling. For galvanostatic operation, simi-
lar filling behavior requires scaling of the applied current with the
number of features. Under potentiostatic control, the global cur-
rent automatically adjusts for the increased surface area of larger
arrays; the peak current at -0.98 V immediately after the pretreat-
ment period shifts from -14.5 pA to -29 pA to -58 pA as trench
quantity increases from an array of 2 to 4 to 8 trenches. In fact,
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Fig. 7. (a) Schematic of the 2-D geometry used in the S-NDR model to simulate deposition in trench arrays with dimensions of W; = 10 um, H; = 50 pm, P; = 20 pm,
and length of 1 mm (into the page). Simulated growth profiles for (b) galvanostatic with 1€2; of cell resistance and (c) potentiostatic copper electrodeposition with 112 of
cell resistance at the indicated operating conditions and final times. Contour lines represent the individual trench centerline positions of the electrode interface, spaced in
10 min intervals and beginning after the pretreatment step, colorized to indicate time. (d,e) Charts showing the centerline position of the growth front for each individual
trench (denoted as T1, T2, T3, and T4 from left-to-right) as time progresses with annotations indicating the time when all trenches reach y = 0.
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identical) filling.

the current profiles at -0.98 V fall directly on top of each other
when scaling for the number of trenches, as demonstrated by the
dashed gray line in Fig. 8c representing the current profile at -
0.98 V in a 4-trench array that has been doubled after the simula-
tion. Thus, a potentiostatic approach may be advantageous for de-
positing on wafers or dies with an unknown recessed surface area,
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unknown dimensions, or number of features that vary experiment-
to-experiment. The noise associated with passivation of individual
trenches under potential control (e.g., at -720 mV) is reduced for
larger trench arrays; in a 2-trench array passivation of a single
trench impacts 50% of the active surface area versus only 12.5% in
an 8-trench array.

3.3.1. Deposition in trench arrays of varying width

The influence of the control mode on copper deposition behav-
ior is further explored in trench arrays where the trenches have
multiple widths as shown in Fig. 9. Trench height and edge-to-
edge spacing are fixed at 50 uym and 20 pm, respectively, in a pe-
riodic array of adjacent 10, 20, and 30 pm wide features. In con-
trast to the uniform array in Figs. 7 and 8, galvanostatic simula-
tions in an array of trenches of varying widths indicate a smaller
and discontinuous operational window for void-free filling. Simu-
lations at -5 pA produce conformal deposition on the electrode in-
terface and, examined in 2.5 pA increments, deposition at -10 pA,
-20 pA, and all currents greater than -30 pA result in void forma-
tion; examples of voided deposition are shown in Fig. 9 at -10 and
-40 pA. Void formation at the lower applied currents (i.e., -10 and
-20 pA) is caused by activation and localization of applied current
to the narrowest trench. For applied currents greater than -30 pA,
deposition occurs across the trench array but at a rate sufficient
to deplete metal ion in the narrowest trench leading to void for-
mation. Interestingly, all other conditions between -5 and -35 pA
(again, in 2.5 pA intervals) produce fully filled trench arrays; ex-
amples are shown in Fig. 9 at -7.5 and -25 pA. For the less ag-
gressive applied current value, filling of the trenches progresses
individually and sequentially; deposition occurs in trench 1 (nar-
rowest) from 2 to 25 min, trench 2 (intermediate) from 26 to
70 min, and trench 3 (widest) from 71 to 132 min. The local de-
position on all three trenches slows after 155 min as the filling
profile approaches the free surface with slightly varying heights
across the array. Deposition at -25 pA, in contrast, occurs evenly
across all three trenches until ~ 10 min when the deposition rate
accelerates in the smallest trench until it temporarily passivates
at a height of -22 pm for about 20 min. This cycle of passiva-
tion and re-activation occurs once more before the deposit height
reaches y = 0. Deposition in trench 2 behaves similarly, cycling
between passive and active but lagging behind trench 1, whereas
trench 3 remains active until the deposit breaches the opening and
passivates at a height of 8 nm. Interestingly, the smallest trench
is the last to reach a height of y = 0, occurring after 62 min
of deposition. The overfill on the field is non-uniform, similar to
that observed for galvanostatic deposition in an array of identical
trenches.

Unlike galvanostatic deposition, or even potentiostatic deposi-
tion in a uniform array, simulations of potentiostatic deposition
for the base case with 12 results in either conformal deposition
or voided filling in the varying width trench array in Fig. 9. At -
0.57 V and applied potentials more positive, negligible deposition
occurs and is largely conformal in nature. Deposition at applied po-
tentials between -0.58 and -0.605 V, examined in 5 mV intervals,
produces a void in the narrowest trench while the wider trench 2
and trench 3 remain passive. Simulations of deposition at -0.61 V
and more negative potentials produce a fully activated trench array
but with sufficient cupric ion depletion that a void forms in the
narrowest trench, halting the simulations. Significantly, increasing
the uncompensated resistance enables complete void-free filling of
the varying width trench array. With 62 of total uncompensated
cell resistance, deposition at potentials of -0.60 V and more pos-
itive values results in conformal deposition. A more negative ap-
plied potential of -0.63 V yields iterative trench filling similar to
that at the -7.5 pA galvanostatic condition except a transition to
the passive state occurs for all 3 trenches after 100 min at heights
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Fig. 9. Simulated growth profiles for galvanostatic and potentiostatic copper electrodeposition at the indicated operating conditions, final times, and total uncompensated
cell resistances (19Qs, 62, or 41€2) in a trench array of varying widths: 10 , 20 , and 30 pm from left-to-right. Contour lines represent the position of the growth front,
spaced in 10 min intervals and beginning after the pretreatment step, colorized to indicate time. Charts show the centerline position of the growth front of each individual
trench (denoted as T1, T2, and T3 from left-to-right) as time progresses with annotations indicating the time at which all trenches reach y = 0.

of -15, -20, and -22 pm from left to right. For a more reducing ap-
plied potential of -0.68 V, deposition initially occurs in trenches 1
and 2 alone while trench 3 remains passive, with all three trenches
eventually reaching the field (y = 0) after 112 min. Voiding occurs
at potentials more negative than -0.82 V and at -0.64 V, the latter
case is similar to the -10 pA galvanostatic condition with localiza-
tion of all current to trench 1.

Increasing the uncompensated cell resistance makes potentio-
static deposition behave more like galvanostatic deposition. With
a 415 uncompensated resistance, the operating window between
fully passive (-0.78 V) and voided fill (-2.38 V) is greatly widened.
However, simulations within this range, examined in 100 mV in-
crements, show intermediate potentials can produce voids simi-
lar to the galvanostatic conditions seen in Fig. 9; specifically at
-118 and -1.68 V for the present geometry. Simulations at a less
aggressive applied potential of -1.08 V predict individual filling
similar to -0.63 V with a 625 uncompensated resistance. However,
interface passivation occurs higher in the trench and filling eventu-
ally reaches y = 0 after 162 min with only minor height variation
across the array. Deposition at a more reducing applied potential
of -2.18 V initially exhibits more uniform growth across the trench
array, with individual trench passivation occurring sequentially in
order of increasing trench width. The time at which all trenches
reach a height of y = 0 is shortened, occurring after 55 min of
deposition, but with a larger 10 pym height variation across the ar-
ray. The time-dependent deposit profiles and plots of fill height for
potentiostatic deposition at -2.18 V and galvanostatic deposition at
-25 pA show similar characteristics for each trench width; poten-
tiostatic control differs little from galvanostatic control, the global
current at -2.18 V with the large 41€2s uncompensated resistance
showing little variation, peaking at -29.3 pA shortly after the pre-
treatment step and gradually decaying to -27.7 pA after 1.5 h of
deposition.

3.3.2. Deposition in trench arrays of varying height
Copper deposition is explored in an even more complex trench
array of varying depths in Fig. 10; trench width and edge-to-edge
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spacing is 10 pm and 20 pm, respectively, in a periodic array of
adjacent 50 , 75 , and 100 pm deep features. Simulations of gal-
vanostatic deposition predict fully filled trench arrays at conditions
between -4 and -8 pA. Deposition at an applied current less than
-4 pA results in conformal deposition or bottom-up fill that does
not achieve fully filled heights of y = 0 after 5 h while conditions
more aggressive than -8 pA produce a void in the deepest trench.
Simulations of deposition at -4.5 pA show preferential filling of the
deepest trench for the first 90 min before passivation occurs with a
shift to deposition in the middle trench. After an additional 50 min
a similar transition occurs with deposition shifting to the shallow-
est trench. After 220 min all three trenches are at approximately
the same height, although still lower than the field at y = 0. The
filling profile is similar at -7.5 pA, except the applied current is
sufficient to activate the middle trench immediately after the pre-
treatment step. Deposition in trenches 2 and 3 is sustained for
45 min and 75 min, respectively, before passivation. The shallowest
trench remains passive for the first 80 min before significant filling
occurs. As the deposit nears the trench outlets the differences in
height lessen across the array. By 145 min there is minimal varia-
tion in trench height and all features have reached the position of
the field (y = 0). As expected, deposition at the more aggressive
current of -7.5 pA achieves complete filling ~ 100 min faster than
-4.5 pA.

Similar to deposition in the other trench arrays (Figs. 7 and 9),
potentiostatic deposition with only 1€s in uncompensated resis-
tance cannot achieve complete filling of the array prior to pas-
sivation. The fill height of the trenches in the array at the most
negative applied potential before voiding occurs are only -49 , -
57 , and -53 pm from shortest to tallest (not shown). The small-
est value of uncompensated resistance predicted to enable a fully
filled profile at a single applied potential is 925 (evaluated in 12
intervals) where complete filling occurs within 4 h at -0.66 V as
shown in Fig. 10. Filling under these conditions has similarities to
galvanostatic deposition at -7.5 pA; namely, deposition is initially
localized to trenches 2 and 3 while trench 1 remains passive for
the first 75 min. A significant portion of the feature filling time is
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Fig. 10. Simulated growth profiles for galvanostatic and potentiostatic copper electrodeposition at the indicated operating conditions, uncompensated cell resistance (12,
99, or 212), and final times in a trench array of varying heights: 50 , 75, and 100 um from left-to-right. Contour lines represent the position of the growth front, spaced
in 10 min intervals and beginning after the pretreatment step, colorized to indicate time. Charts show the centerline position of the growth front for each individual trench
(denoted as T1, T2, and T3 from left-to-right) as time progresses with annotations indicating the time at which all trenches reach y = 0.

associated with slower conformal deposition that occurs after ~
130 min, apparent in the closely spaced contours and thick deposit
on the field. The centerline of the trenches only reaches the field
(y = 0) after 212 min. Increasing the total uncompensated cell re-
sistance to 2125 permits faster filling of the trench array through
potentiostatic operation at the more negative -0.84 V. Analogous to
the 9925 simulation, the shallowest trench remains passive for the
first 75 min while deposition proceeds in the other two trenches.
Finally, a shift to conformal deposition across the workpiece occurs
after ~ 130 min with a smaller height variation across the interface
compared to that seen for the 995 simulation. The smaller remain-
ing height for the final stage of conformal deposition enables the
2195 simulation to achieve the y = 0 threshold after only an addi-
tional 22 min (¢t = 152 min) of deposition. Seam or void-formation
is predicted at potentials 20 mV more negative than the two po-
tentiostatic conditions in Fig. 10.

4. Conclusions

Bottom-up via and trench filling has been demonstrated for a
variety of additive-derived S-NDR metal deposition systems. The
simulations in the present work indicate that with appropriate op-
timization of the applied current, galvanostatic Cu deposition from
a polyether — Cl~ suppressed CuSO4 - H,SO4 electrolyte can com-
pletely fill high-aspect ratio via and trench features for dimen-
sions congruent with previous experimental work [45,49]. While
the same is true for potentiostatic conditions, deposition under
conditions where the uncompensated resistance is minimized of-
ten results in passivation before feature filling is complete. Po-
tentiodynamic waveforms have been previously explored to over-
come this limitation [20,46-48]. This work explores the utility of
manipulating instead the uncompensated resistance of the elec-
trochemical cell to help modulate and improve potentiostatic con-
trolled feature filling. This may be implemented in a number of
ways, from judicious positioning of the reference electrode, to in-
sertion of a baffle that increases the effective resistivity of the elec-
trolyte, to the addition of an external series resistor. The last is
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arguably the simplest to implement as a resistive contact to the
working electrode in a 3-electrode system and, more generally, a
series resistor located anywhere in a 2-electrode circuit. The cur-
rent response during potentiostatic deposition in S-NDR systems
with a significant uncompensated resistance begins to approach
that seen for galvanostatic control. This not only helps establish
conditions where complete feature filling is possible but also sig-
nificantly broadens the processing window making the method
more robust to variations in the workpiece geometry, from trench
dimensions to patterning effects. Particularly interesting character-
istics are captured for feature arrays of both uniform and variable
dimensions where sequential filling of different sized features is
predicted as well as oscillation between passivation and reacti-
vation during filling under different conditions. Even more com-
plex behavior can occur with discontinuities appearing in the pro-
cessing window where periodic transitions between complete fill-
ing and void formation occur as the control parameter (potential
or current) is changed monotonically. All of the above reflect the
strong path-dependent behavior that arises in non-linear bifurca-
tion reactions, especially those where a rapid electrical response
is globally coupled to slower, locally non-uniform and mass trans-
port constrained, mixed control reactions as evidenced in additive
induced S-NDR systems.
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