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Abstract
Adding to the efforts spent to establish localized electrochemical deposition
(LECD) as a standard fabrication process; this paper presents an
experimental investigation and theoretical modelling of shape formation of
high aspect ratio columns and lines fabricated by LECD. The proposed
model suggests that transport of depositing ions leading to deposit formation
is mainly dominated by migration forces. The deposition model is verified
by numerical simulation which utilizes electric field calculation by a
boundary element method and a progressive boundary update approach to
determine the evolution of deposition profiles. Simulation results are
compared against images of copper columns obtained at different formation
stages during the deposition process. Both results are in agreement, which
demonstrates the potential and capabilities of the proposed model and
simulation procedures as an analysis tool to aid in characterizing the
deposition process and resulting structures, as well as the understanding of
the dynamics and factors influencing object formation in LECD.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The ability to fabricate microstructures with controlled
and confined geometries is essential to meet technological
demands in continuously reducing structural dimensions.
Structures with high aspect ratio features are of particular
importance since they enable a wide range of applications
in microelectronics and instrumentation [1], communications
[2–4], microrobotics [5], life science [6, 7], integrated
hydrodynamic and thermodynamic microsystems [8, 9] and
countless applications utilizing microsensors, actuators and
miniature devices.

Of interest to this work are three-dimensional (3D)
high aspect ratio objects with geometries such as lines
and columns of arbitrary trajectories, helices, tubes etc.
Although such structures attract interest for a broad range
of applications and research in different fields, they are of
particular interest in the present work for the realization
of electrically conducting objects for rapid prototyping and
fixation of integrated circuits (ICs), ICs interconnects and

rerouting [10] and antenna elements for integrated transceiver
communication systems [11].

Realization of the above-mentioned objects at the
micrometre and sub-micrometre scale is still a considerable
challenge. Current fabrication techniques capable of
producing high aspect ratio structures can generally be grouped
as batch patterning techniques and probe directed techniques.
Batch patterning techniques rely on the use of a mask or a
mould to confine and shape batches of deposited or removed
material. Lithography [12] and electrodeposition [13],
among other techniques mainly driven from the silicon-based
electronics industry, are examples of processes that require
the use of a mask to build rather two-dimensional (2D) planar
structures. High aspect ratio geometries are thus a result of
multiple steps of material deposition or removal through the
use of several masks, which adds to the required fabrication
time and cost.

Probe directed techniques, many of which are still
under development, overcome some of the above limitations.
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Unlike batch patterning techniques, probe directed methods
utilize a miniaturized probe to initiate and enhance material
growth from a surrounding medium directly at the end of the
probe. Moving the end of the probe relative to a reference
point allows the production of arbitrary geometries. Examples
of probe techniques include laser assisted chemical vapour
deposition (LACVD) [14], where a laser beam is used as
the probe to provoke material deposition from a surrounding
vapour. The resolution achieved by LACVD is limited by
the diffraction of the laser beam used. A similar technique
that induces microfabrication uses an electron beam as a
probe [15]. Recently a localized electrochemical deposition
(LECD) technique [16] has been introduced in which a
conducting microelectrode is used to fabricate high aspect ratio
structures.

LECD has many of the technical and economical
advantages associated with electrodeposition (electroplating)
technology [17]. Specifically, LECD is applicable to many
materials without limitations on the type or size of the substrate
or the type or thickness of deposited material [18]. LECD,
however, is capable of providing deposition rates of the order
of several µm s−1 and can reach more than 30 µm s−1 with
the aid of a jet mechanism [19].

During fabrication, localized deposition is produced
by placing an electrode tip, which has micrometre-scale
dimensions, near a substrate in an electrolyte and applying
an electric potential between them [20]. Due to the highly
localized electric field in the region between the microelectrode
and the substrate, confined deposition is produced. High aspect
ratio structures result from the displacement of the end of the
electrode along the trajectory of the desired geometry while
maintaining continuity with the deposited material.

Efforts invested in developing LECD as a standard
fabrication technique have concentrated on demonstrating
its capabilities [10, 20–22]. The technique has been
demonstrated on conducting, semiconducting, and non-
conducting substrates [23]. Geometries of microstructures
fabricated by LECD have been achieved using a glass-
insulated ultra-microelectrode (UME) tip [19], the tip of an
atomic force microscope (AFM) [20, 24] and a micropipette
electrode [25], thus allowing fabrication at micrometre and
sub-micrometre scales. Investigation of the effect of different
parameters of the LECD process on the deposition rate and
characteristics of deposited structures has also been presented.
Among the investigated parameters are the applied electrode
potential, electrolyte concentration, the presence of organic
additives [26], rotating the electrode tip [27], the presence of
ultrasonic vibrations during deposition [28] and the effect of
insulation material surrounding the electrode tip [29]. Study
of these effects has been mainly experimental in nature but
without quantitative modelling.

Attempts to model the localized deposition process
have generally been limited to the estimation of the
electric field distribution on the substrate due to a nearby
microelectrode [20]. A quantitative evaluation of the
progressive formation of the localized deposit is necessary for
the characterization of the LECD process and the resulting
structures. Such calculations will also provide a better
understanding of the deposition dynamics to further enhance
many of the LECD characteristics such as the process rate and

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. An illustration of a typical LECD set-up arrangement,
including reaction-current monitoring for feedback and probe
positioning purposes. The concept of localized deposition is
illustrated by circled drawings demonstrating an oxidation reaction
at the microelectrode end (anode), thus causing bubbles, and a
reduction reaction at the substrate (cathode) resulting in copper
deposition. An intense electric field causes faster deposition rates
beneath the microelectrode end, hence localizing the deposition.

repeatability, dimensional confinement, structure porosity and
quality of results.

This work presents both experimental investigation and
theoretical modelling of shape formation in microstructures
fabricated by LECD. The most fundamental and simplest of
these structures are lines and columns which are considered
here. The proposed simulation procedures rely on determining
incremental growth of the deposition from electric potential
calculations using the boundary element method. The
evolution of shape formation is enabled using a progressive
boundary update approach. Simulation results are compared
with images of the evolution of copper columns at different
formation stages. The comparison of both results reveals the
quality of the simulation results, indicating its promise for
further studies of the characterization of the LECD process.

2. Localized electrochemical deposition

2.1. Principle of operation

The schematic drawing in figure 1 illustrates a general
arrangement of a typical set-up used for LECD. A
microelectrode is placed very close to a conducting substrate,
while both are immersed in an ionically conducting electrolyte
that contains ions of the material to be deposited. The
microelectrode is usually insulated from all sides except for
an exposed tip region with micrometre-scale dimensions. An
electric potential is applied between the microelectrode and
the substrate, thus causing a faradic current to flow through
the electrolyte between the microelectrode and the substrate.
Since the electrolyte contains reducible metal ions (e.g. Cu2+

ions in the present work) and the substrate is connected to
a negative potential with respect to the microelectrode, then
the flow of faradic current results in an oxidation process at
the microelectrode tip and a deposition of metal ions at the
substrate, as illustrated by the circled drawings in figure 1.

Unlike typical electroplating methods, where deposition
occurs at a uniform rate on all exposed regions of the substrate,
the deposition process outlined in figure 1 is very localized to
the region beneath the electrode tip. This is due to the highly
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Figure 2. Photographs of (a) the constructed LECD apparatus
showing the aluminium base, the Teflon cell and the three-axis
positioning stage holding the microelectrode, (b) a close-up of
cell-substrate–probe arrangement and (c) an optical microscope
photograph of the glass insulated microelectrode showing the
25 µm diameter Pt wire.

localized electric field in the space between the microelectrode
tip and the substrate region directly below the tip. The result
is highly localized growth with an extent of approximately the
dimensions of the microelectrode tip, as illustrated by the lower
circled drawing in figure 1. At the start of fabrication, however,
the extent of deposition is usually less confined and extends
outside the region beneath the tip due to a fringing electric
field emanating from the tip boundaries and terminating on the
substrate, which will be demonstrated in the next section. As
the deposition end moves farther away from the substrate, the
geometry of the deposit becomes more confined to a region of
the same extent as the tip boundaries.

The deposition rate in the LECD process is proportional
to the magnitude of the deposition current which is monitored
during the entire fabrication session. The magnitude of
the deposition current can be controlled by adjusting the
space between the microelectrode tip and the substrate
using conventional feedback control along with a positioning
mechanism for electrode displacement. During deposition,
the microelectrode is moved with respect to the deposition end
along the trajectory of the desired microstructure geometries.

2.2. Instrumentation and demonstration

The photographs in figure 2 show the details of a constructed
apparatus used for LECD fabrication. The apparatus consists
of an aluminium base holding a deposition cell, machined
from Teflon, and the microelectrode mounted on a three-axis
positioning stage. The microelectrode used in the present work
was prepared from a 25 µm in diameter Pt wire following the
procedures outlined in the literature [30]. The Pt wire was
inserted in a glass micropipette that was sealed to insulate the
wire from all sides except at the very end of the wire, which
was polished to form an exposed disc. Electrode polishing was
done using successive grades of 600, 1200 and 1500 silicon
carbide paper and final polishing with 1.0 µm diamond polish
followed by 0.05 µm alumina to produce a smooth surface
with nanometre-scale roughness. The glass surrounding the
electrode wire extends to a diameter of about 1500 µm. The
three-axis positioning stage uses microstepping motors (New
Focus, Inc., CA, USA) capable of very fine steps, around

30 nm, achievable at various speeds with a maximum of
28 µm s−1.

As a demonstration, the deposition of copper columns and
lines was attempted on metal substrates using the apparatus
in figure 2 and an electrolyte of copper sulfate solution
(CuSO4·5H2O, 250 g l−1). The substrates were prepared from
1.0 cm diameter metal rods that were cut and machined as a
T-section that fits and locks into the Teflon cell. The substrate
surfaces were polished with successive grades of 240, 400 and
600 silicon carbide paper. Final polishing was done using
diamond polishing paste and then alumina, as in the electrode
preparation.

Upon fabrication, the deposition cell was filled with the
electrolyte and the electrode tip brought close to the substrate
surface. An electric potential was applied to the tip with the
substrate grounded and a feedback circuit used to move the
tip away from the growing copper as it touches the tip. The
feedback circuit operates by setting a reference potential V0

(equivalent to a reference deposition current I0) and comparing
it with the monitored deposition current. As deposition is
started, copper grows on the substrate beneath the tip, causing
the deposition current through the tip It to increase until the
growing copper touches the tip at which It exceeds I0. This
triggers the feedback circuit to move the tip away from the
deposition end and along the desired trajectory at a constant
speed until the reference current value I0 is restored, at which
tip displacement is stopped. Copper growth continues until
the growing metal touches the tip again, which triggers the
feedback circuit to move the tip, and so on. Figure 3 shows
scanning electron microscope (SEM) images of examples
of a fabricated copper column and line deposited under an
applied potential of 4.0 V. The objects in figure 3 have a
diameter of about 25 µm and lengths ranging from few hundred
micrometres to few millimetres.

Due to the high aspect ratio of their geometries, the
ability of column structures such as those shown in figure 3 to
withstand impact forces, during sample handling for example,
becomes a concern. A major factor affecting this is the
adhesion of deposited structures to the substrate. In an attempt
to evaluate the adhesion force holding a deposited column to
the substrate, the average force, applied at the top end of the
column, required to release the column from the substrate, was
measured. In the force measurement the electrode structure
and one of the positioning stage axes were arranged and used
to apply a force at the top end of the column, perpendicular to its
axis and parallel to the substrate. Here, the electrode end was
pushed against the column end by triggering the positioning
axis to move incremental steps of 30 nm continuously until the
column is released from the substrate. This was repeated for
several columns of heights around 500 µm. On average, the
columns were released from the substrate after the positioning
axis (and correspondingly the column end) had moved about
0.5 µm. The force exerted at the column end can be extracted
using the displacement of the column end and the spring
constant k of the column, which can be evaluated using [31]
k = (3π Ea4)/4l3, where E is the modulus of elasticity of the
column material (E = 110 GPa for copper), a is the column’s
radius and l its length. Using a column radius of 12.5 µm
and length of 500 µm, the force exerted at the column end to
release it from the substrate is evaluated as 25.3 µN. This is
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Figure 3. SEM images of high aspect ratio copper column
(Ø = 25 µm, length >2 mm) (a) and a copper line (b) fabricated
using the apparatus in figure 2 and copper sulfate solution.

            

Figure 4. SEM image of a section of the line presented earlier in
figure 3, showing pulsed-like deposition, suggesting consistent
electrode displacement of 5 µm.

equivalent to attaching 2600 µg at the end of the column while
protruding horizontally out of a vertical substrate.

2.3. Experimental observations

Several properties and observations on fabrications produced
by LECD have been presented in earlier experimental
studies [20, 26–28]. This work focuses on two observations
related to the shape formation of deposited structures. The first
is the pulsed-like structure that can be noted in the SEM images
in figure 3 and the enlarged image shown in figure 4. This
is explained by the adopted feedback mechanism described
earlier. The image suggests pulsed deposition intervals of
5 µm, which corresponds to the value of the set reference
current I0 that determined the initial separation between the
tip and substrate.

The other observation of importance to this work is
the large dimension of the base of fabricated columns in
figure 3 as compared with the column or tip diameters. To
illustrate this, figure 5 shows SEM images of 25 µm diameter
columns of about 150 µm length, and enlarged images of the
corresponding column bases. As is obvious from the images
in figure 5, appreciable deposition at the start of fabrication
(column base) extends way beyond the desired region (within
a tip diameter). As column formation proceeds and deposition
grows, however, evolved geometry becomes more confined
to the desired dimensions. The undesirable deposition
growth shown in figure 5 would limit the resolution of the
LECD process, especially when considering array structures.
Moreover, this may affect the structure’s performance in
geometry-dependent applications, and can lead to malfunction
of integrated structures due to electric shorts between adjacent
objects used in electrostatic or high-frequency applications.

The undesirable deposition shown in figure 5 can be
explained by the concentrated fringing field lines around
the tip for a small tip–substrate spacing at the start of

                            

Figure 5. SEM images of deposited copper microcolumns,
illustrating the large dimensions of the columns bases, which may
limit the resolution of the fabrication by LECD.

fabrication. The density of fringing field lines, however,
decreases as the deposition grows and the tip achieves a large
separation from the substrate, hence localizing deposition
(increasing deposition rate) to the region directly beneath
the tip. The descriptive nature of this explanation, however,
is not sufficient to provide a quantitative analysis of shape
formation during deposition. Moreover, a quantitative analysis
is required to aid in finding methods for controlling deposit
formation.

3. Shape formation

3.1. Experimental investigation

In order to model deposit formation in LECD, column
formation was first investigated experimentally. In the
experiments a series of column depositions were attempted
following the procedures outlined in the previous section. The
deposition of each column in the series, however, was stopped
one tip-displacement step farther than it was stopped at the
deposition of the preceding column case. Elapsed deposition
time was not considered in determining deposition height,
since deposition rate varies in any deposition session due to
vigorous bubble formation at the microelectrode tip during
deposition that tends to insulate the tip from the electrolyte
and prevents deposition current and material reduction from
occurring. Figure 6 shows SEM images of deposition results
for three different stages of column formation corresponding
to deposition heights of 5, 15 and 30 µm.

The images in figure 6 illustrate two rates of deposition,
one in the region within a virtual cylindrical boundary that has
a diameter almost equivalent to that of the tip, and another
region that extends outside this boundary. The deposition
profiles in all the side-view images in figure 6 demonstrate a
steady deposition rate within the cylindrical boundary, which
contributes to the desired column growth. The deposition
rate outside this region tends to be highest for tip–substrate
spacings much smaller than the tip diameter, as in figure 6(a)
(5 µm � 25 µm), and decreases as the tip is displaced farther
away from the substrate. This is clearly evident from the wide
spread of deposition around the column base in figure 6(a),
which evolves into the volcano shape in figure 6(b) that
indicates a substantial decrease in the rate of side deposition at
such a tip–substrate spacing (15 µm), and becomes extremely
slow for tip–substrate spacings of the same order as or larger
than the tip diameter (30 µm > 25 µm) as in figure 6(c).
At this column height and afterwards the deposition rate is
much faster directly beneath the tip, with depositions outside
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Figure 6. SEM images showing the evolution of a copper column at different stages of formation. The shown depositions were formed
separately with the deposition stopped when the deposited column height reached (a) 5 µm, (b) 15 µm and (c) 30 µm, without
consideration of the required deposition time.

the intended boundaries still occurring but at a much slower
rate (determined by the steady-state limiting current of the tip
at infinite tip–substrate spacing [30]).

3.2. Deposition profile modelling

In order to study the effect of the different possible
factors enabling the undesirable side deposition in figures 5
and 6, it is necessary to quantitatively determine deposition
profiles resulting during LECD microfabrication. This
section proposes a model for shape formation in LECD
and simulation procedures to determine the corresponding
incremental growth.

Quantitative determination of shape formation in
locally deposited structures can be treated by calculating
deposition current distribution typically encountered in
problems involving change in electrode shape, such as
in electroforming, electrochemical machining and other
electrochemical processes [33–38]. In such problems, the
anode (equivalent to the microelectrode in this work) is
stationary and the changing boundary is only that of the
cathode (the substrate) due to a deposition or etching process.
In the simulation of localized deposition considered here,
however, the microelectrode is repeatedly displaced away
from the deposition surface as deposition growth reaches the
microelectrode tip. Thus, the boundaries of both the cathode
and the anode in LECD are continuously changing due to
incremental deposition on the substrate and the displacement
of the microelectrode relative to the deposition end.

The deposition of ions from an electrolyte is usually
controlled by four partial reactions [39] including: mass trans-
port, charge transfer, chemical reaction and crystallization.
Understanding of these partial reactions and their effect on
the deposition rate is well established in the literature [40].
Essentially, an ion must have enough energy to trans-
port through the bulk electrolyte and reach the elec-
trode/solution interface, overcome the potential barrier
at the interface, receive an electron to neutralize as
an atom, and incorporate itself within the crystal of
other atoms reduced from the electrolyte. In this
series of events, mass transport and charge transfer are gener-
ally the limiting factors of deposition rate [41]. Charge transfer
is directly affected by the applied electrode potential, and for
typical electric potentials used in LECD, charge transfer rates
greatly exceed that of mass transport, thus leaving it as the
rate-determining process.

The three mechanisms of mass transport are: convection
(in both of its forms: natural and forced) that is driven by
pressure gradient, diffusion by concentration gradient and
migration by electric potential gradient. Unless enhanced
by a jet mechanism, mechanical stirring, or heat-induced
microstirring, convection-based mass transport plays a minor
role in determining the deposition rate in LECD. Both diffusion
and migration, on the other hand, greatly determine the rate
of transfer of depositing ions from the bulk electrolyte to
highly depleted regions between the electrode tip and the
substrate. Since the electric field in this region is highly intense
(≈106 V m−1 at 1 µm tip–substrate spacing), depositing ions
will be mainly directed by migration forces; this has never been
verified by a comparison between observed deposition profiles
and calculated electric field strength for a disc electrode over a
flat substrate [20]. Thus, the determination of shape formation
and resulting deposition profiles can be achieved by adopting a
simplified deposition model based on determining the electric
field distribution in the region between the electrode tip and
the substrate, assuming 100% deposition efficiency resulting
from the force exerted by the electric field on depositing ions.

The deposition model suggested above applies to
electrode–substrate arrangements where the tip–substrate
spacing is much smaller than the tip diameter. This
is necessary to ensure the domination of the migration
mechanism in determining shape formation. Figure 7 shows
an example of such an arrangement that also schematically
illustrates the model considered for shape formation in column
deposition. To complete the deposition model, and simplify the
formulation of determining the shape formation, the following
assumptions are considered:

(1) a single depositing species is involved in the deposition
reaction (copper ions in this work),

(2) the bulk of the electrolyte is well stirred so that no
concentration gradients are present,

(3) the diffusivity of the reacting species is constant during
the deposition and that the rate of change of shape of the
deposit is slow compared with the establishment of the
concentration field, and

(4) deposition current efficiency is unity.

Quantitative determination of shape formation and the
corresponding deposition profiles can be evaluated from the
deposition surface velocity resulting from deposition growth.
The local surface velocity (proportional to the deposition rate),
vs , at any coordinates of the depositing surface, in a direction
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Figure 7. A schematic illustration of the microelectrode and
substrate arrangement considered for modelling shape formation in
column deposition. The model assumes an infinite substrate and
tip–substrate spacing much smaller than the diameter of the
electrode wire (h � 2a).

Figure 8. A drawing illustrating the sequence of calculation
procedures followed in the proposed progressive boundary update
approach. Incremental deposition profiles are evaluated from
electric field calculation (using updated boundaries) while the
electrode is held at a constant height ‘h’ above the substrate. The
microelectrode is raised by another displacement ‘h’ when
deposition height reaches the end of the electrode.

of the surface normal n̄, indicated in figure 7, can be described
by Faraday’s law as [40]

n̄ · vs = M

ρz F
in, (1)

where M is the atomic weight (g mol−1) of depositing species,
ρ is its density (g m−3), z is the number of electrons in the
deposition reaction, F is the Faraday number (96,500 C) and in

is the deposition current density (A m−2) normal to the surface.
At the deposition boundaries the normal current density is
proportional to the gradient of the electric potential, φ [40]

in = −κ∇nφ, (2)

where κ is the electrolyte conductivity (�−1 m−1), and ∇n

is the gradient operator component normal to the deposition
surface. Substituting for the deposition current in (1) from (2)
gives

n̄ · vs = − Mκ

ρz F
∇nφ. (3)

Using the identity −∇nφ = En , where En is the component
of the electric field intensity (V m) normal to the deposition

surface, equation (3) can be rewritten as

n̄ · vs = Mκ

ρz F
En. (4)

Thus, the deposition profile represented by the deposition
surface velocity can be determined from the normal gradient
of the electric potential as in equation (3), or equivalently from
the electric field component normal to the deposit surface as in
equation (4). The electric potential is governed by Laplace’s
equation:

∇2φ = 0, (5)

which applies to the electric potential distribution in the
electrolytic solution. The expression in equation (5)
can be solved using available numerical techniques and
using proper boundaries representing the microelectrode–
substrate arrangement shown in figure 7. A review of
the implementation of different numerical techniques in
applications relevant to electrochemical deposition as well
as a description of the advantages and limitations of each
technique is documented in the literature [42]. In the presented
work, a numerical computational code based on the boundary
element method [43] is used to solve for the electric potential.
The calculated potential distribution is then used to determine
the electric field distribution and consequently the deposition
profile according to (4).

3.3. Progressive boundary update method

The calculation procedures outlined in the deposition model
proposed above are for stationary tip-deposition geometries.
The evolution of the deposition growth, and consequently the
deposition profile at different deposition thicknesses (column
heights in this work), can only be obtained through updated
calculations of deposition increments. The displacement of
the electrode tip must also be coordinated in order to simulate
the actual electrode positioning. This sequence of calculation
procedures is referred to here as the progressive boundary
update method, which is illustrated by the schematic drawing in
figure 8. The steps followed in this method can be summarized
by the following:

(1) Initially, the microelectrode tip is placed at a distance
h above the substrate and the calculation procedures
outlined in the previous section are carried out to
determine the profile of the first incremental deposition.

(2) The maximum increment of the calculated deposition
profile is chosen to be smaller than h. The determined
profile is then considered as the new boundary of the
substrate while the microelectrode is kept at the same
distance h from the original substrate boundary.

(3) The calculation procedures are carried out again to
determine the profile of the new incremental deposition,
which is then added to the previous profile to update the
profile of the deposition.

(4) These procedures are repeated to progressively update the
deposition profile until a region on the deposition profile
comes into contact with the microelectrode tip. At this
stage, the microelectrode is displaced a distance h from
the highest point on the latest profile.
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Figure 9. Quantitative evaluation: (a) electric field distribution in
the space between a probe electrode, 2a = 25 µm, and a flat
substrate at a spacing of 5 µm between them; (b) and (c) the
normalized deposition current densities at the substrate and tip
surfaces respectively.

(5) The calculation procedures are repeated in the same
fashion described earlier to progressively update the
deposition profile. This is continued until the deposition
growth has reached the tip before any new displacement
of the microelectrode.

4. Results and analysis

Using the deposition model and the calculation procedures
proposed earlier, the distribution of the electric field intensity
between a microelectrode (2a = 25 µm and 2R = 1500 µm)
and an approximately infinite substrate was calculated with
5 µm space between them. Figure 9(a) shows the distribution
of the electric field in a plane perpendicular to the substrate and
the surface of the tip. The results in figure 9(a) demonstrate
a highly intense and localized electric field at a tip–substrate
spacing of 5 µm with the field dropping to half of its maximum
(the maximum field is at the edge of the tip) at a radial distance
of about 1.8× the tip diameter. The resulting current density
both at the substrate and the tip surface is shown in figures 9(b)
and (c) respectively. As expected, the maximum deposition
current on the tip surface occurs at the edges.

To demonstrate the ability to determine shape formation
in LECD, the deposition profile of a column structure over
an infinite substrate was simulated using a probe with the
dimensions mentioned in the electric field calculations. In
the simulation, the microelectrode tip geometry was initially
displaced 5 µm above the substrate and the calculated
deposition profile updated using a maximum incremental
deposition of 1 µm added to the points of maximum calculated
surface velocity. Thus five cycles of calculation were necessary
before any displacement of the microelectrode geometry was
made. Consecutive tip displacements were 5 µm in the vertical
direction above the substrate to form a column. Figure 10
shows the simulation results for the shape formation of a
column up to 30 µm high.

To assess the validity of the results in figure 10, the
obtained deposition profiles were compared against observed
profiles of the deposition images in figure 6, which were

Figure 10. Deposition profiles of a column structure depositing
over an infinite substrate, evaluated using the progressive boundary
update approach. These profiles were calculated for a 5 µm
progressive spacing between the microelectrode end and the
deposition surface, with an incremental deposition of 1 µm as
shown by the dashed curves.

Figure 11. A comparison between deposition profiles of a column
structure (diameter of 25 µm) at different heights, obtained from the
simulation results in figure 10 (solid curves), and the experimental
results shown in figure 6 (dashed curves). Profiles from
experimental results were obtained by processing the corresponding
side-view images of figure 6, shown to the right, using contrast
enhancement and edge detection.

extracted by processing side-view images of the same
structures using contrast enhancement and edge detection.
Figure 11 shows a comparison between the deposition profiles
obtained from experimental deposition and from simulation
using the proposed model, for the three deposition heights of
5, 15 and 20 µm. The agreement between both profiles is very
satisfactory.

The results in figure 10 provide a quantitative analysis
as well as a reason for the enlarged side deposition at the
column base. In general, the deposition profiles in figure 10
indicate that undesired deposition growth outside the region
of the microelectrode tip (a circle with a radius of 12.5 µm)
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Figure 12. Calculated deposition current density profiles at the
substrate and column surfaces for columns of the heights indicated
in the figure. The calculated values are normalized relative to the
deposition current density at r = 0.

is of a considerable rate relative to the rate of column growth,
especially during the first 10–15 µm of the column’s growth,
thus producing the enlarged column base shown in figures 5
and 6. This is verified further in the calculations of the
deposition current density profiles shown in figure 12. Here,
the current density profiles at the substrate (beginning of
column deposition, figure 9(b)) and at column surfaces (heights
of 5, 10, 15, 20, 25 and 30 µm), are normalized relative to the
current density at the centre of the column (r = 0). The
calculated current density profiles in figure 12 suggest that
deposition rates outside the region of the microelectrode tip
reduce to negligible values (<5% of the rate at r = 0) when
the microelectrode tip is almost one-half of a tip diameter away
from the substrate. After separation of approximately one tip
diameter between the microelectrode tip and the substrate, the
deposition becomes very localized and contributes only to the
formation of the column.

The reason for the increased deposition rate outside the
tip region during the first 10–15 µm of column growth is
explained by the insert in figure 10. Here, an enlarged
view of the deposition profiles (by showing only the first
1 µm of the deposition) are shown up to a radial distance of
1000 µm (i.e. 250 µm beyond the extent of the glass insulation
surrounding the electrode wire). First, the profiles shown
suggest that when 30 µm of column height has been deposited
the deposition at a radial distance as far as 300 µm would
be about 0.5 µm. This would seriously limit the resolution of
LECD. The results also show that the deposition drops abruptly
around a radial distance of 750 µm, which is equivalent to
the radius of the glass insulation surrounding the electrode
wire. This leads to the conclusion that the glass surrounding
the electrode wire enhances the side deposition, especially at
small separations between the tip and the substrate. This is in
agreement with the expected increase in the parasitic coupling
between the electrode wire and the substrate due to the presence
of the glass insulation, which has a dielectric constant higher
than the electrolyte filling the space between the electrode
and the substrate. Thus, an initial suggestion for reducing
the undesired side deposition at the column base would be to
reduce the extent of the glass insulation around the electrode
wire. This is currently under investigation and will be utilized
to enhance the resolution of LECD deposition.

5. Conclusion

Fabrication of high aspect ratio microstructures using LECD
technology has been demonstrated. An experimental
investigation and a theoretical model to quantitatively
determine the shape formation of columnar like structures
have been presented. Simulation procedures based on electric
field calculation and the progressive boundary update method
have been proposed to determine profiles of shape formation.
Presented simulation results were compared against images
of developing copper columns obtained experimentally at
different stages of formation. Both results were in agreement
and suggested that the glass insulation around the electrode
wire can result in a reduced resolution of LECD. The results
also demonstrate the importance of the proposed deposition
model and simulation procedures as an analysis and design tool
that can be used to further characterize and enhance fabrication
by LECD technology.
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