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A B S T R A C T

A quasi-deterministic molecular dynamics simulation was performed to study the migration and deposition of
ions under the influence of charged, constant-potential electrodes. The input parameters that were varied in-
clude tool size, tool potential, substrate potential, interelectrode gap, and concentration. The output parameters
of the deposit that were monitored included deposition height over time, number of atoms deposited over time,
averaged current density, and deposition quality. Variation of the interelectrode gap or concentration resulted in
changes to the deposition rate and quality that were inversely related to each other. It was found that there is an
optimal radius to simultaneously maximize deposition speed and quality. An increase in the voltage difference
between the tool and substrate improved the rate and overall quality of the deposition, but the highest voltage
differences between the electrodes led to a hollow region in the center of the deposit due to ion depletion. Low
concentration similarly led to ion depletion conditions. A low amount of anode-cation interactions due to a small
tool or low concentration resulted in a deposit that engulfed the tool due to less overall electrostatic interactions
repelling the cations from the tool. It was found that an increased output current density did not necessarily
coincide with increased output deposit quality.

1. Introduction

Additive manufacturing (AM) is a versatile approach to manu-
facturing that allows for complex parts to be constructed directly from
computer designs. AM encompasses a wide variety of processes that use
different mechanisms of material addition. Electrochemical additive
manufacturing (ECAM) is an emerging, non-traditional AM process that
extends the localized electrodeposition of metal [1] into a method of
additive manufacturing of complex three-dimensional parts [2]. The
ECAM process holds many unique advantages that distinguish it from
conventional AM processes, including its non-thermal nature, in-
dependence from adhesives and support structures, direct feedback
monitoring, ease of material supply, and flexibility across different size
scales and work materials [2,3]. While miniaturization in additive
manufacturing is in demand across many industries, including con-
sumer, electronics, medical, automotive, and aerospace; the features
created by the localized electrodeposition process have been cited to be
of particular interest for actuators and sensors, communication devices,
integrated circuits, thermodynamic and hydrodynamic devices, and
surgical robots [4,5].

A significant amount of conventional additive manufacturing pro-
cesses rely on heat to melt the starting material, sinter powders

together, or vaporize a binder [6]. This approach leads to unwanted
thermal defects, which cause deviations in output geometry, material
properties, chemical composition, and part performance [7,8]. Because
electrodeposition can be performed at room temperature, ECAM can be
operated as a nonthermal process and entirely avoid these complica-
tions.

Even non-thermal AM processes, such as adhesive-based binder
jetting or sheet lamination, are plagued by limitations in output part
integrity. Their reliance on coarse work materials and adhesives leads
to inhomogeneous parts, with material properties, surface quality, and
resolution limited to that of the constituent materials. The handling and
application of adhesives and binders also introduces complications
[9–12]. Unlike these processes, ECAM directly generates metallurgical
bonds through atom-by-atom deposition, and material is directly sup-
plied via the surrounding electrolyte.

Support structures are another issue inherent to many additive
manufacturing processes, which introduce disadvantages due to build
time, material waste, labor, and risk of part damage. The electro-
chemical nature of material addition in ECAM allows for support
structures to be avoided entirely. The feasibility of programming ECAM
tool paths to achieve increased complexity in deposit geometry without
relying on support structures was demonstrated elsewhere [13].
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Finally, highly unique advantages of ECAM that are not seen in
many conventional processes include versatility across size scales and
direct feedback on the mechanism of the part build. Conventional AM
methods typically work at a limited size scale, and may rely on sec-
ondary feedback such as optical or thermal imaging, which may be
limited to certain size scales and involve processing of large amounts of
information. In contrast, because ECAM is an electrochemical process,
the size scale may be varied across the macro, micro, and nano regimes
by a change in tool size. At any size scale, the very current that causes
material addition can be rapidly monitored, captured, and used for
control.

Advancing the Nano ECAM process to become a predictable, reli-
able, and commercially-viable additive manufacturing process requires
a deep understanding of how the electrical and chemical phenomena
are linked in the act of material addition. Because material addition by
electrodeposition fundamentally arises from atomic-scale behaviors,
and the Nano ECAM process operates at an atomic-scale resolution, a
corresponding atomic-scale understanding of the process is needed.
This work contributes to this objective by using molecular dynamics
simulations to study the output migration and deposition of ions in the
ECAM process under the influence of varying input electrochemical
parameters.

2. Literature review

2.1. Electrodeposition at the nano level

Scaling the ECAM process down to the nano level introduces ad-
vantages and considerations that are uniquely distinguished from op-
eration at the macro or micro size scale. Size effects begin to greatly
influence the behavior of deposition. For example, a change of inter-
electrode gap at the micro scale is simply a change in input parameter,
with the same fundamental mechanism of deposition occurring [14]. A
change in the interelectrode gap at the nano scale can mean the dif-
ference between deposition occurring in the quantum tunneling region,
the electrical double layer, or bulk electrolyte, which have different
structures and behavior [15]. Surface diffusion also begins to play a
significant role at the nano scale [16]. Electrochemical nanoscale de-
position techniques have relied on modified scanning probe microscopy
(SPM) methods, whose nature of operation has provided atomic-scale
access for material addition, feedback, and imaging.

Atomic-scale dissimilarities and defects have been used as me-
chanisms for material addition. Studies have shown the feasibility of
mechanical “jump-to-contact” alloying between metal deposited on a
scanning tunneling microscope (STM) tip and a dissimilar metal sub-
strate [17]. Another technique has been defect generation by probe
scratching [18] or pulsing [19,20] to induce nucleation sites. For
ECAM, any reliance on mechanical alloying or defect generation may
not be applicable to part build beyond the first layer. Additionally, any
mechanical or electrical defect generation may negatively affect the
geometrical integrity of the tool and substrate [21].

Direct electrochemical techniques, without prior surface modifica-
tion, have also been used. Prior studies include ultrashort voltage pulses
at double-layer-size interelectrode gaps [22] and local supersaturation-
induced deposition [23]. However, these have also used deposition of a
dissimilar metal from the original substrate, limiting their applicability
to one layer of deposition. For nano scale ECAM, the mechanism of
choice is STM-based spot plating of a metal that is homogeneous to the
substrate. This technique has been used in micro-scale ECAM ex-
tensively [2], and the feasibility of approaching the nano scale using an
atomic-scale STM probe has been shown in a prior study for gold-on-
gold deposition for one trial using a single set of input parameters [24].
This method suits the voxel-by-voxel material addition inherent to the
Nano ECAM process, because it avoids any dependencies on induced
defects or interactions between dissimilar metals that would complicate
the process. However, the prior work is limited to a single set of input

parameters, with the size scale bordering on the micro and nano size
regimes. The focus of this study is to use simulation to investigate the
performance of the process scaled down to the nano level under varying
levels of input parameters. Because this size scale approaches atomic-
level resolution, an atomistic approach is needed for simulation; this is
further detailed in the next section.

2.2. Atomistic simulations of nano deposition

Electrochemical processes, particularly metal deposition, are in-
credibly complex and not fully understood at the atomic level. The
structure of the electrochemical interface consists of a complex system
of differently-charged ions, metal lattices, and solvent [16]. For metal
deposition, this involves the drift of randomly-walking ions under an
electric field towards the electrode to cross the double layer. Transfer
across the double layer then involves simultaneous or sequential che-
mical bond change, charge transfer, and crystallization processes. These
may occur in numerous pathways, depending on the system being
studied [16,25–27]. The exact mechanism and sequence of these events
is of interest, especially for divalent metal ions, and depending on what
species is studied. Different scientists have operated under the theories
that ion charge transfer occurs in discrete steps [16,25–29], simulta-
neously [30], or gradually [29,31–33]. Perspectives also range on
whether charge transfer is carried out by an electron jump from the
metal to the ion [30], the ion crossing the double layer [29,31,32], or a
combination of the two [16,26,27,29,33,34]. Multiple reaction path-
ways are also possible – for example an ion may directly transfer from
the electrolyte to its final deposition spot, or it may transfer to a lower-
energy area on the metal surface and then surface diffuse to the final
spot [16,26,27,34]. Bulk and surface diffusion are described as sto-
chastic, random-walk processes rather than deterministic ones [25,35].

Due to the complexity and several possible states of electrodeposi-
tion at the nanoscale, even for a single ion, the ability to construct a
unified and solvable analytical model of the system becomes extremely
challenging [21,36]. Further challenges include limitations in the
feedback from nanoscale experimental equipment, such as electro-
chemical scanning tunneling microscopy (ECSTM). The ability to only
gather topographical information means the chemical nature of the
substrate is not captured, posing limitations in studying alloy deposi-
tion. Experiments are also limited in the time scale of scanning and data
acquisition, which is in the order of seconds. This means that experi-
ments cannot capture the fine details of interfacial and transport pro-
cesses that occur at small time scales [37]. Atomistic simulation is a
promising approach to study these phenomena at nano scale by al-
lowing greater flexibility with complex configurations than pure theory,
and a closer view of electrochemical mechanisms at smaller timescales
than can be experimentally captured.

The Nano ECAM process operates on the principle of localized
electrochemical deposition on a substrate via a tool of nanoscale geo-
metry. It is therefore essential that the simulation covers the following
simultaneously: explicitly-defined nanoscale electrode geometry, con-
stant-potential electrodes, localized charging behavior, and the transi-
tion of an aqueous ion to a solid cathode atom under overpotential
conditions. The prior work on atomistic simulation overlaps with this
study in certain ways, but there is no study which accounts for all
elements. Prior work has shown quasi-deterministic [37,38] and sto-
chastic [39] methods to simulate metal deposition, but they have been
applied to plating and not localized deposition. Other work simulated
localized deposition simulating a burst of ions dissolving from pre-
programmed locations on the tool to create localized supersaturation
conditions near the surface to drive deposition [40]. However, this
mechanism differs from the direct overpotential deposition used in
ECAM. Other studies have focused on underpotential deposition, which
differs from overpotential deposition [41,42]; as well as the jump-to-
contact technique, which is a physical rather than electrochemical
process [36,43]. Another study has created a technique of modeling
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constant-potential electrodes with fluctuating charges to study the ad-
sorption of water between an STM tip and substrate [44]. It has also
been studied on ionic liquids [45], but not metal deposition from an
aqueous solution. Other studies have gone into finer details of the
quantum behavior driving the deposition of a single ion [33,46].
However, simulations involving the quantum level of detail are com-
putationally expensive [47]. This is an issue for the ECAM process,
which requires simulating many ions explicitly. This study therefore
combines the relevant elements of past studies in a new way, with
additional modifications necessary to describe the mechanism of Nano
ECAM process.

Different methods of atomic deposition have called for different
techniques in simulation [36]. Fully-deterministic molecular dynamics
(MD) has been used to model jump-to-contact deposition [43], fully-
stochastic Monte Carlo (MC) has been used to study the stability of
deposited species using varying techniques [36], and “quasi-determi-
nistic” Langevin dynamics (LD) has been used to study direct electro-
chemical overpotential deposition [37,38]. In the LD method, implicitly
modeling the aqueous solvent allows for a large enough time scale to
handle aqueous and solid motion. Most recently, hybrid classical-
quantum methods, combining MD with density functional theory (DFT)
have been used to model the charge transfer in even finer detail [33].

3. Simulation setup

3.1. Initial conditions

3.1.1. Simulation space
The simulation consists of an anodic tool and cathodic substrate as

illustrated in Fig. 1(a). Throughout all trials, the cathode is modeled as
a flat plate of a fixed amount atomic layers of copper in the face-cen-
tered-cubic arrangement at the bottom of the simulation space. The
anode is modeled as a variable-radius hemisphere cut from a platinum
FCC lattice block. The space between and surrounding the electrodes is

designated as the electrolyte, extending laterally to the borders of the
cathode and vertically from the top of the cathode to the top of the
anodic hemisphere. This negative space is filled in by “phantom” ions,
shown in Fig. 1(b), which are used in subsequent volume and surface
area calculations. The matrix of phantom ions follows the extended FCC
lattice arrangement of the cathode; as the deposit on the cathode grows,
the phantom ions in the corresponding locations switch off.

3.1.2. Aqueous electrolyte
The electrolyte itself is modeled throughout this volume as a fixed

amount of randomly-dispersed cation and anion particles as seen in
Fig. 1(c). This amount corresponds to an experimental bulk con-
centration c0.

The default concentration of copper was chosen to be 1M, which
reflects the copper ion concentration of a 1M CuSO4 and .5M H SO2 4

solution used in a prior experimental paper [19]. However, the nuances
of hydrogen and anion behavior were assumed to be outside of the
scope of this paper. Instead, a CuCl2 solution was modeled due to the
simpler structure of a chloride anion compared to a sulfate anion. The
function of the anion in this simulation was primarily to balance out the
charge of the cations, but some of the anions were attracted to the
substrate and their resulting behavior was similar to selective adsorp-
tion and blocking of sites for copper to sit, resembling specific ad-
sorption [48].

Ionic motion is modeled using stochastic Langevin dynamics, re-
presenting motion in an implicit aqueous solvent. In addition to the
ionic interaction forces Finteraction, which are detailed in the next section,
the solvent contributes forces corresponding to friction and random
fluctuations, Ffrictional and Frandom as shown in Equation (1) [49]. A fur-
ther breakdown of velocity-dependent Ffrictional is expressed in Equation
(2), where ξfric is the friction coefficient, ri is the radius of the ion, η is
the viscosity of water, and v is the instantaneous velocity vector.
Equations (3) and (4) detail the stochastic force Frandom, for which each
x, y, and z component is calculated using a random number from a

Fig. 1. Simulation domain setup.
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Gaussian distribution of mean zero and standard deviation 2m k Tγ/Δti B ,
where mi is the ionic mass, kB is the Boltzmann constant, T is the
temperature, =γ ξ /mfric is a coupling constant, and Δt is the simulation
timestep [49,50].

= + +F F F Fnet interaction frictional random (1)

= − = −F v vξ 6πr ηfrictional fric i (2)

= F FF [F , , ]x
random
y

random
z

random random (3)

= −F 2m k Tγ
Δt

rand[ 1,1]random
x y z, , i B

(4)

3.1.3. Constant-potential electrodes
The electrode ions, modeled as fluctuating Gaussian charges, are

kept at constant user-specified potentials Vtool and Vsubstrate throughout
the simulation. To hold any solid electrode ion i at a potential V0 at
timestep t , Equation (5) is applied and its charge q t( )i is solved for [44].
In this equation, the first right-hand term refers to interaction of the
Gaussian charge with itself, the second term refers to its interaction
with the explicitly-charged cations and anions (indexed by a), and the
third term refers to interaction of each charge i with other induced
charges ≠j i. The parameter = aξ (1/7) i corresponds to the width of the
Gaussian charges, where ai is the lattice constant of ion i. Application of
this equation to all electrode ions forms a matrix equation which is then
solved to obtain all unknown charges qi.

∑ ∑= +
−

+
−

−

≠

−( ) ( )
r r r r

V
q t

π

q q( )
ξ

erf erfr r r r

i

a

a

i a j i

j

i j
0

2 ξ ξ
i a i j

(5)

3.1.4. Interatomic potentials
It was assumed only collisions between the ion and electrode par-

ticles were of relevance, except for the discharge and incorporation of
the cation into the solid metal cathode lattice under the programmed
condition for deposition. Otherwise, the ion was electrostatically re-
pelled from the cathode when it came into contact, representing its
location in the Inner Helmholtz Plane [51]. Anion-cathode interaction,
such as specific adsorption [48], was not intentionally programmed
into or studied by the simulation. However this was captured as a side
effect of the few anions that made their way to sites on the substrate by
local attraction to their induced image charges. The anions were also
repelled electrostatically from the cathode, but their presence blocked
the adsorption of copper at the corresponding sites. The tool used in
Nano ECAM is an inert Pt-Ir tool. The tool's primary role was to create a
localized electric field to drive the motion of the ions. Any reaction at
the tool was assumed to be not of interest; therefore any ions contacting
the tool would experience repulsion. Finally, only collisions occurred
between aqueous ions, which are stably bound in hydration shells in a
prepared plating solution [16]. An activation energy is required to pull
off the immediate surrounding primary and secondary solvation shells
of the aqueous ions, which only happens once the ion transition from
the bulk of the solution to the interface [26,27]. This meant that the
ions did not interact with one another outside of collisions.

Aqueous cations and anions therefore interacted with each other
and the solid copper cathode by a combined Coulomb and truncated
“soft-sphere” Lennard-Jones potential [52]. Because it was assumed
only collisions between the particles were of relevance, the purely-re-
pulsive truncated Lennard Jones potential was used. It was also as-
sumed that aqueous cations took on the same Lennard Jones parameters
as solid copper ions. The Lennard Jones and charge parameters are
listed in Table 1. Interaction parameters between unlike particles i and
j followed the Lorenz-Berthelot combination rules =σ σ σ /2ij ii jj and

=ε ε εij ii jj [53,54].
After a cation was deposited onto the substrate, it would then

strictly interact with the surrounding cathode ions via the copper EAM

potential [57], an interaction potential for metal lattices, similar to the
implementation in prior work [37,38]. Computation of the EAM in-
teraction was done using the open-source LAMMPS molecular dynamics
software [58]. All anode ions were assumed to remain inert and un-
moving.

3.2. Boundary conditions

3.2.1. Mechanism of deposition
According to fundamental literature [51], overpotential deposition

occurs in four main steps: (1) diffusion of the ion from the bulk to the
double layer; (2) charge transfer of the ion across the double layer; (3)
chemical reactions associated with the depositing ion; and (4) crystal-
lization via surface diffusion of the deposited ions. Steps (1) and (2)
were modeled by the ionic motion under the influence of the stochastic
Langevin forces and drift under the electric field of the electrodes.
When a cation reaches within aCu of any solid cathode atom, steps (3)
and (4) were implemented as follows.

Prior literature modeled plating on a substrate under varying
overpotentials by using a constant background chemical potential
parameter μ representing the electrode overpotential

= − −η ze μ μ(1/ )( )0 0 . An ion near the electrode would gradually begin
to experience of the EAM potential UEAM from the electrode lattice.
When the condition <U μEAM was met, the ion transitioned from aqu-
eous to solid [37,38]. In this study, there was no explicit or localized
counter electrode that was modeled; instead, the resulting substrate
overpotential was implicit in the value of μ.

In contrast to the study of plating, simulation of localized nanoscale
deposition must explicitly handle the atomic-scale geometry, place-
ment, and charge distribution of a nanoscale tool counter electrode.
This results in a dynamic electrochemical environment in the sur-
rounding electrolyte across space and time that cannot be captured by a
constant parameter. Therefore, the constant background potential
method was extended to a dynamic background potential which could
track the changing potential experienced by each aqueous cation across
space and time. When each cation reached the interface, this value was
used to evaluate the whether the transfer of ion from solution to sub-
strate would occur, depending on the electrochemical potential ex-
perienced by the ion. The dynamic monitoring of μ was implemented
by linking to another definition of overpotential in terms of electrostatic
potential differences, = −η Δφ Δφ0, as seen in Equation (6) [51].
Terms with the subscript 0 denote when a deposited ion in a kink is at
equilibrium at a given substrate potential and concentration. This “test
kink” condition is illustrated in Fig. 1(d). The electrostatic potential φS

0
experienced by the test ion i by all other ion and electrode charges j as
it sits in the kink shown in the figure, where = ∑ ≠φ kq r( / )S

j i j ij0 . The
reference chemical potential μ0 is the potential energy of the kink ion
interaction with the rest of the cathode lattice via the EAM potential.

Terms without the subscript 0 denote dynamic variables monitored
during deposition. The potential difference Δφ is equal to the difference
in potential between metal and solution −φ φM S [51], and the equation
is further expanded into Equation (7). Because in both the test kink and
simulation cases the substrate potential within the metal is identical,
the φM terms cancel out as seen in Equation (8). Finally, Equation (9)
shows the equation rearranged to give a dynamic value of μ that de-
pends on the variable electrostatic potential φS experienced by an ion i
by all other ion and electrode charges j as it moves around the system,
where = ∑ ≠φ kq r( / )S

j i j ij . This dynamic μ value is evaluated against

Table 1
Ionic interaction potentials.

Ion σ (Å) ε kcal mol( / ) q Reference

+Cu2 2.616 4.72 2 [55]
−Cl 4.40 .1 −1 [56]
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UEAM when the ion nears the substrate surface.

− = − −Δφ Δφ
ze

μ μ1 ( )0
0

0 (6)

− − − = − −φ φ φ φ
ze

μ μ( ) ( ) 1 ( )M S M S
0 0

0
0 (7)

− = − −φ φ
ze

μ μ1 ( )S S
0

0
0 (8)

= − −μ μ ze φ φ( )S S
0 0 0 (9)

3.2.2. Maintaining constant concentration
As described previously, the charges fluctuate on the electrodes to

maintain their constant potential condition, and when the cations reach
the cathode, they undergo the potential checking procedure for metal
deposition. As a result, the boundary of the substrate grows as seen in
Fig. 2(a) and the boundary of the phantom atoms shrinks over time,
shown in Fig. 2(b) and (c). The phantom ion lattice was updated by
“switching off” any phantom ions that were within a distance of a /2Cu
of any solid substrate ions. This was then used to approximate volume
changes over time in order to maintain a constant concentration. With a
flat substrate, the initial volume was =V a n a n a n( /2)Cu x Cu y Cu z0 with a
phantom ion count of P0. As the phantom ion count changed to P t( ), the
volume V t( ) was updated using Equation (10).

≈V t P t
P

V( ) ( )
0

0 (10)

The bulk concentration was calculated from the initial number of
atoms n0 and initial electrolyte region volumeV0, giving a concentration
value of =c n V/0 0 0. The number of atoms throughout the simulation
n t( ) was adjusted as shown in Equation (11) to maintain a constant
concentration.

∼n t c V t( ) ( )0 (11)

3.2.3. Incoming ionic flux
If a deposition resulted in the electrolyte volume reducing such that

the remaining ions ′n t( ) were less than the calculated n t( ), then
− ′n t n t( ) ( ) atoms were added back into the systems as a flux into the

side walls to maintain constant concentration. It was assumed that the
flux into the side walls Jin was equal to the outward flux due to con-
sumption of ions Jout . This outbound flux Jout was calculated as shown in
Equation (12) based on the number of ions that deposit on area A t( )
during a single timestep [35].

= − ′
J n t n t

A t Δt
( ( ) ( ))

( )out
(12)

The position along the side wall was generated randomly, and the
incoming velocity was calculated using the relation between velocity,
flux, and concentration [35], as seen in Equation (13).

⎜ ⎟= = ⎛
⎝

⎞
⎠

− ′
v J

c c
n t n t

AΔt
1 ( ( ) ( ))

in
in

0 0 (13)

In order to determine the substrate surface area, the substrate sur-
face atoms that were exposed to the electrolyte were first detected. This
was done by finding the number of phantom ion nearest neighbors ′Pi
corresponding to each substrate ion i, which was detected if the
phantom ion was located within a.9 Cu of the solid ion. If ′ >P 0i , then ion
i was considered a substrate surface ion. An example image of detected
surface ions is shown in Fig. 2(d). For each surface ion, its contribution
to the deposit surface area was approximated as shown in Equation (14)
at each timestep by multiplying ′Pi by 1/12th of the ionic sphere's
surface area, πr4 Cu

2 . The ionic radius rCu was equal to .73 Å [59].

∑= ′A t
πr

P t( )
4

12
( )Cu

i

2

(14)

The scope of this simulation study focused on deposition by elec-
trochemical transport of ions away from the anode and towards the
cathode, which is associated with faradaic current. However, when the
gap shrinks to a sufficient distance, electron tunneling begins to occur,
which is a completely different mechanism outside the scope of this
study. Therefore, tunneling is avoided and each run was set to termi-
nate when the interelectrode gap shrank to the electron tunneling dis-
tance, which occurs when the tip is so close to the surface that the
electronic wave functions overlap. In the simulation, this is assumed to
be ∼a1.5 4Åcu . Tunneling is an entirely different type of current flow
than faradaic. When the tunneling starts, there is no chemical change
and therefore no deposition. Additionally, this choice of termination
criteria is linked to experiment, where a current spike the tip-surface
tunneling current is the sign that an STM tip is near the substrate [60].

3.3. Input parameters

The input parameters studied were the tool size, tool potential,
substrate potential, interelectrode gap, and electrolyte concentration.
The default condition was a tool radius of 10Å, tool voltage of 3 V,
substrate voltage of .340 V, interelectrode gap of 5aCu, and electrolyte
concentration of 1.5M. The tool radius was varied to 5, 10, and 20Å;
the tool voltage was varied to 2 and 5 V; the substrate voltage was
varied to 0 and .340 V; the interelectrode gap was varied to 3aCu and
10aCu; and the concentration was varied to .5, 1.0, and 2.0 M.

Fig. 2. As the deposition progresses, the following
changes are monitored: (a) atoms making up the
total volume of the substrate and deposit, (b,c)
imaginary “phantom” ions representing the electro-
lyte volume, and (d) atoms on the surface of the
substrate exposed to the electrolyte (used for surface
area and current density calculations).
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Simulations were run until an interelectrode gap between any atom on
the anode and grown deposit shrunk below the 4Å tunneling limit, or
the simulation time exceeded 35 days.

3.4. Output parameters

The output parameters monitored at each timestep t included fol-
lowing geometrical and electrochemical behavior over time:

• Deposit height h t( ), extracted from the simulation

• Number of atoms deposited D t( ), extracted from the simulation

• Averaged current density j t( )avg was calculated using Equation (15)
each time an ion was deposited. In this equation, z is the valence of
the copper ions, e0 is the elementary charge, A t( ) is the approxi-
mated surface area of the growing cathode exposed to the electro-
lyte, tD is the integer amount of timesteps that have passed since the
last ion deposited, and Δt is the simulation timestep.

=j t ze D t
A t t Δt

( ) ( )
( )avg

D
0

(15)

• Quality factor 1, Q1, was used to evaluate the geometrical integrity
of the deposit as a convex-shaped voxel. Q1 was expressed as a ratio
of the non-plated height −h ht p to the total deposit height ht , where
hp was defined as the plating height. The plating atoms of the de-
posit were classified as any atom whose radial distance from be-
neath the tool center was over 80% of the maximum deposit radius.
The plating height hp was the maximum height extracted from the
set of atoms classified as part of the plating region. This factor was
designed such that a dome-like deposit shape would give higher Q1
values, and a flat deposit would give lower Q1 values.

=
−

Q
h h

h
t p

t
1 (16)

• Quality factor 2, Q2, was designed to capture the change of the
deposit's volume-to-surface area ratio, relative to the beginning ratio
corresponding to the flat substrate. This factor was also designed to
result in a higher value for dome-like deposits and a lower value for
flat deposits.

=
−( ) ( )

Q
V
A

V
A initial

V
Ainitial

2
(17)

4. Results and discussion

4.1. Effect of tool size

The influence of the tool size on the nano electrodeposition process
is shown in Fig. 3. The reduction of tool size results in an overall faster-
growing deposit. This is also correlated with current density, which
increases with reduction of tool size. However, the final output geo-
metry shows that the smallest tool actually gives the worst-quality
deposit; instead of the intended convex voxel shape, a concave shape
grew around the tool without any atoms near enough to the tool to
register tunneling.

The quality of deposition, seen qualitatively in the geometrical
plots, is reflected in the areas under the curves in the Q1 plot (plating
height ratio), where the best-quality deposits had the highest areas.
However, the Q1 value appears to follow fluctuating stepwise behavior
throughout the deposition. The final values seen in the Q1 plot do not
reflect the final quality of the deposit. The trend seen in the final values
in the Q2 plot (volume-to-surface-area ratio) overall agrees with the
final shape of the deposits seen in the geometrical plots, except for the
smallest tool. This shows that the final volume-to-surface-area ratio

gives some useful insight into evaluating the final quality of the deposit.
However, this ratio alone cannot be used as a quality factor, because it
cannot capture the nature of a concave deposit forming. Therefore, both
quality factors can be used to evaluate the deposit. Overall, it was seen
that at this fixed interelectrode gap 5aCu, there is an optimal radius
value of 1.5 Å that gives the best quality of deposition. Any increase in
radius results in a decrease in quality, likely due to a wider distribution
of the electric field and a sparser charge density distributed throughout
the electrode. Any decrease in radius also resulted in a decrease in
quality, likely explained by less atoms present to exert an electrostatic
force on the cations, even though the smallest tool would have had the
strongest induced charges and electric field per atom.

4.2. Effect of tool and substrate voltage

Tool voltage, as seen in Fig. 4, appeared to have a direct relationship
to the initial deposition speed and initial current density. However, the
final current densities followed an inverse relationship. This is likely
due to the more rapid ion depletion resulting from a higher potential
difference.

The deposition qualities seen in the geometrical plots also appear to
increase with tool voltage. This is reflected in the areas under the curves
in the plating height ratio plot. However, the volume-to-surface area
ratio change plot deviated from this relationship, with the highest-
voltage tool appearing to have the worst performance. Upon closer
inspection of the geometrical plot for the 5 V condition, the deposit
appears to have a hollow center that would increase the surface area
and drive the ratio lower. This hollow center is likely a result of the
rapid depletion of ions beneath the center of the tool at the high vol-
tage. Overall, this shows that an increase in voltage results in a taller,
faster, and higher quality deposit for the larger-scale shape of the de-
posit, but increasing tool voltage past a certain point introduces hol-
lowness within the deposition.

As seen in Fig. 5, the substrate voltage changes were more subtle
than those of the tool voltages, based on values from literature for
nanoscale copper deposition [22]. The deposition rate and current
density were all close to each other in value throughout the runs.
However, the lowest substrate voltage (0 V) exhibited a faster ion de-
pletion rate than the others, as seen in the falling edge of the current
density plot. This coincided with a hollow area in the middle of the
deposit, as seen in the geometrical plot. The first quality factor also
appeared highest for the 0 V deposit, as seen in the slightly higher area
under its curve. This deposit also performed the best in the second
quality factor plot, with the highest final value. The .740 V deposit
performed second-best due to its symmetrical and overall convex shape.
The .340 V deposit had a sharp protrusion, but it was surrounded by a
larger plating area, which was likely the reason for the lowest final
value of the second quality factor. Overall, it appears that the lowest
substrate voltage had the same effect as the highest tool voltage, likely
due to both factors affecting the overall potential difference between
the electrodes. However, above this point, the behavior is more arbi-
trary and may be a result of complex interactions between a weaker
potential difference, cations, and anions.

4.3. Effect of interelectrode gap

Fig. 6 shows that the shortest interelectrode gap gave the fastest
deposition and rapid, tall spike in current density. However, this was
short-lived and a maximum height corresponding to two atomic layers
was deposited until tunneling was detected. The highest quality deposit
was the middle interelectrode gap, as evident in both quality factor
plots and the geometric plots. A further increase in height resulted in a
slower deposition, lower current density, and lower quality. Overall, it
is evident that for this given tool radius, an optimal interelectrode gap
that balances current density and quality exists. This is important, be-
cause the typical feedback during an experiment is limited to current
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density. However, unlike with the prior parameters, the current density
is not correlated with the final quality of the deposit. This shows that
the interelectrode gap has the most influence on changing the in-situ
electrical behavior, final output geometry, and the nature of the re-
lationship between the two.

4.4. Effect of ion concentration

Fig. 7 shows that the deposition speed and current density were
lowest for the extreme (highest or lowest) concentration values, and
these output parameters were highest for the middle concentration
values. However, similar to the interelectrode gap trials, the deposition
quality did not completely correlate with deposition speed and current

density. The highest concentration of electrolyte gave the highest
quality deposit, reflected in both quality plots and the geometrical plot,
despite having the slowest deposition speed and lowest output current
density. This is likely due to the increased resistance to diffusion as
more aqueous species cause more collisions with each other. The lowest
concentration gave the slowest deposition rate and lowest current
density due to less ions being present to deposit. This resulted in the
worst-quality deposition that grew around the tool, similar to the trial
with the smallest tool size. A commonality between these two trials is
that there are less overall anode-cation pair interactions, likely resulting
in the overall electrolyte not diffusing away from the tool was fast. The
plating height ratio plot overall corresponds to the geometrical plots,
while the volume-to-surface-area plot holds some deviations. Overall, it

Fig. 3. Influence of tool radius on output parameters.

Fig. 4. Influence of tool voltage on output parameters.
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can be seen that if quality is the priority, then the higher 2.0M elec-
trolyte is the desired choice. If deposition speed is the priority, then a
moderate 1.0–1.5M electrolyte concentration should be selected. Any
lower concentrations result in a decrease in both deposition speed and
quality.

5. Conclusions

A quasi-deterministic molecular dynamics simulation was per-
formed to study the migration and deposition of ions under the influ-
ence of charged, constant-potential electrodes. Deposition quality was
evaluated quantitatively using two different quantitative approaches, as
well as qualitative evaluation of the output geometry. It was found that
at the given interelectrode gap studied, there was an optimal radius for

maximum deposition speed and quality. Similarly, there was an optimal
interelectrode gap at the radius studied for deposition quality, but the
relationship with speed deviated. It was seen that varying the inter-
electrode gap and concentration allowed for inverse control over the
deposition speed and quality – as deposition speed increased, quality
decreased; and vice-versa. Variation of tool and substrate voltage gave a
coupled change in deposition speed and quality, where both would si-
multaneously increase or decrease. Overall, with some exceptions, a
higher tool-substrate voltage difference resulted in higher deposition
speed and quality. Ion depletion behavior was seen in the runs with the
highest voltage differentials and the lowest concentration, resulting in a
hollow feature in the center of the deposit. Another pattern seen was
that the overall lower amount of anode-cation pairs due to a lower tool
size or concentration led to an overall weaker drift of the ions to a

Fig. 5. Influence of substrate voltage on output parameters.

Fig. 6. Influence of interelectrode gap (IEG) on output parameters.
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localized spot on the substrate, instead resulting in substrate growth
engulfing the tool. Overall, this study shows how input electrochemical
parameters influence the output deposition speed and geometry in spot
plating for nanoscale electrochemical additive manufacturing. The
current density calculated from the tool tip size and current, which is
typically the feedback signal monitored in experiments, was seen to not
necessarily be a direct reflection of the deposition geometry.
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