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ARTICLE INFO ABSTRACT

Keywords:

The Part III of the four-part series of articles discusses the challenges and opportunities in microscale additive
manufacturing processes, specifically focusing on energy-induced deposition and electrochemical processes.
Compared to the direct ink write (DIW) and laser-based processes, the energy-induced deposition methods can
fabricate high-resolution, high aspect ratio and complex parts, while the hybrid electrochemical process can be
used to fabricate complex parts using a wide range of conductive and photoactive materials. However, the
volumetric throughput of these processes is lower than their DIW and laser-based counterparts. The processes
that have been explored in this process are Focused-ion Beam Induced Deposition (FIBID), Laser Chemical Vapor
Deposition (LCVD), Menicus-confined Electrodeposition (MCED) and Laser-Enabled Electrochemical Printing
(LECP). The range of processable materials, feature-size resolution, geometry and volumetric throughput are
used as factors to evaluate the current state-of-the-art for these processes. Novel approaches have been proposed

Microscale additive manufacturing
Focused ion beam

Laser CVD

Meniscus confined electroposition
Electrochemical printing

in the article to address these challenges associated with microscale AM processes.

1. Introduction

Energy-induced deposition and other hybrid microscale additive
manufacturing processes are typically driven by the idea of localized and
selective deposition of material through thermochemical and electro-
chemical means. The primary motivation behind adopting these tech-
niques is the relative maturity and controllability of the vapor
deposition and electroplating industries, which allows for the fabrica-
tion and selective deposition of thin films critical to high resolution and
complex microstructures. In essence, these processes can fall under other
major additive manufacturing classes, but we have decided to report
them separately because of the significant differences in the resolution,
throughput and geometric capabilities of the process. FIBID and LCVD
are variants of direct write processes which use gaseous precursors as
the starting material and high energy sources such as focused ions or
lasers as the selective material deposition mechanism. While these ap-
proaches allow for the precise fabrication of complex microparts, the
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process throughput is limited by the kinetics of the chemical deposition
and electrochemical reactions. From an AM perspective, these processes
have been used to successfully fabricate 2.5D structures like low aspect-
ratio pillars, and 3D parts like helical coils which are discussed in the
following sections. This is part III of the series of articles which discuss
the potential challenges and opportunities in microscale additive
manufacturing processes [1-3].

2. Focused-ion beam induced deposition (FIBID)
2.1. Description of the focused ion beam induced deposition process

Focused Ion beam (FIB) induced deposition or direct write is a 3D
process that uses a FIB to selectively deposit materials in precise loca-
tions on a substrate. The principles behind FIB induced deposition
(FIBID) are largely based on the chemical vapor deposition (CVD) pro-
cess, and the reactions are similar to those found in laser CVD. The main
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components of a typical FIBID tool include an ion-column, a work
chamber with a 6DOF stage, a vacuum system, and a gaseous delivery
nozzle system [4]. The ions (typically Ga + due to its low melting point
& low corresponding vapor pressure) are generated in the ion-column by
the application of a strong electric field on a Liquid Metal Ion Source.
The Ga + ion source is the most widely used ion source due to its
long-term stability and room temperature operation [5], however there
are many other metal ion sources such as Si, Ge, Au, Cr, Bi that have
been used in FIBID depending upon the desired application of the tool
[6,7]. Plasma ion sources such as Xenon FIBs have also been used for
micro-machining applications to achieve a higher throughput [8].

The FIB induced deposition process involves supplying the gaseous
precursor to the surface of the substrate with a fine tip nozzle assembly
and selectively scanning an ion beam over the gaseous precursor to
deposit material onto the substrate with sub-100 nm resolution. As the
gases are sprayed they are adsorbed to the substrate and the incoming
ion beam decomposes this gaseous precursor into its volatile compo-
nents (organics), which are desorbed and removed through the vacuum
system, and non-organics (metals), which remain on the surface as a thin
film [9]. It should be noted that the beam cannot stay at any one location
very long else before it starts sputtering away the deposited material. So,
the precursor gas needs to be replenished quickly and the beam scanned
between the first site and another location further deposition such that
damage to the deposited material can be minimized [10]. Another
advantage of the process is that it doesn’t require the substrate to be flat
or rigid, and has been demonstrated on various non-planar surfaces [9].
As a result, the process is also suitable for use on flexible substrates and
recently, researchers have demonstrated the deposition of sub 100 nm
wide Pt, Co lines on flexible substrates [11]. In fact, FIB induced CVD has
been used to create free space wiring 3D nanostructures using carbon
[12]. A typical arrangement of a FIBID setup coupled with an insitu
imaging tool and some fabricated parts have been show in Fig. 1.

Precision Engineering 68 (2021) 174-186

2.2. Materials

2.2.1. Materials capabilities and challenges in FIBID

Focused ion beam deposition can be used with a wide variety of
materials including conductors such as Au, Al, Cu, Mo, W, Ta and Pt
[14-19], and insulators such as SiOx, TEOS, TMCTS/02, PMCPS/02
[20-22]. Because of its maskless deposition capability for both con-
ductors and insulators, it has been widely used in semiconductor
manufacturing for low volume repair work, mask repair, device modi-
fication, and IC debugging, as well as in applications such as
micro-sensor/micro-actuator fabrication [23,24], optical metamaterials
[25] and development of micro-nano 3D structures [10,26,27].
Although the foundation of ion physics and ion emission science was
developed in academic research, the machine development effort was
continued only by a few companies geared towards the needs of IC
industry-their primary market which is evident from the list of
commonly deposited materials above. However, other efforts have been
carried out by the researchers in deposition of various materials for
different applications. Matsui et al. developed many functional
micro/nano structures using FIB-CVD including 3D nanorotors using
Phenanthrene (Ci4H7¢), biomimetic structures and bio-nano tools for
cell organelles manipulation, nanoactuators with coil structures, and
neural interfaces connecting human nervous system to external devices
using diamond like carbon [24,28-30].

The deposition of a material using FIB is limited by the availability of
volatile organic or inorganic compounds of the desired material. In
principle, all precursors used in CVD can be used for FIBID, materials
including precursors for depositing metals, metalloids (binary metals),
ceramics [31] and carbon. Metal organic precursors such as metal car-
bonyls and organometallics are quite popular as the precursor materials
for deposition of the corresponding metal. In terms of purity of deposited
metal, metal carbonyls result in better deposition compared to
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Fig. 1. (a) Schematic of a dual-beam (FIB + SEM) setup for in-situ monitoring of FIBID fabricated 3D parts (b) FIB induced nanostructures [9] with overhangs. (c)
Triple-helical nanowires fabricated using FIBID process for photonic applications [13] (Reproduced with permission from Ref. [13]. Copyright Nature Publish-
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organometallics, however the toxicity of metal carbonyls is much higher
than organometallics [7]. Metal halides are also used for their high
purity, but they are also highly toxic and corrosive [32]. The research
needed to identify suitable precursors to achieve high purity of depos-
ited materials with desirable properties is, on the whole, still lacking for
materials not used primarily in the IC industry. An extensive list of the
different categories of precursor materials has been compiled and
reviewed by Utke et al. [7]. Another drawback of current metal ion
source based processes lies in the problem of substrate contamination
with elements from corresponding ions, elements from the precursor
gases causing a degradation in mechanical, thermal, optical and elec-
trical properties of the part [21,33].

2.2.2. Possible approaches to overcome material challenges in FIBID

Selecting appropriate precursor material such that it decomposes
more rapidly than it can be sputtered away, is critical for the successful
deposition of the desired material. An ideal precursor should stick and
stay on the substrate for long durations until it is ready to be dissociated
for deposition. The volatile compound and non-desired constituents
formed during the irradiation of precursors should desorb readily. Since,
both the ligands and the material to be deposited originate from the
same parent molecule and have opposing requirements, finding suitable
precursors with high purity of the deposited material is challenging.
Although many precursors have been identified for the commonly used
metals for deposition, more research is required to identify the ideal
precursors for other materials, and to understand the precursor dy-
namics, including their irradiation chemistry, the role of surface ki-
netics, diffusion, adsorption/desorption from the substrate, and the
effect of substrate properties/temperature. Additionally, to improve the
purity of the deposited material and reduce contamination from the ion
source, using lighter elements as ion sources such as He + or Ne + could
lead to lower ionic contamination which is significant with heavier
element ion sources [34].

2.3. 3D feature fabrication

2.3.1. 3D feature fabrication capabilities and challenges in FIBID

One of the main benefits of this process is that it can be employed for
fabrication of highly complex geometries & shapes with resolutions
better than 100 nm [12,35,36]. Among the many micro and nanoscale
processes, FIBID has the capability to produce structures with one of the
widest ranges of intricate designs. The process also enables deposition of
complex 3D shapes with overhanging features. This ability to fabricate
overhanging features enables the process to be used for hermetic
encapsulation of micro-sensors [37]. However, the fabrication of intri-
cate structures including overhangs requires a precise control of the
growth rate and growth direction, and thus good control over the pro-
cess parameters such as gas flow rate and direction is highly desired. For
depositing complex shapes, a tradeoff exists between the accu-
racy/cleanliness of features and processing time. A fine beam (small ion
current) and small overlap between consecutive layers can provide a
fine resolution overhang with little debris while if a high deposition rate
is desired, a higher current beam is needed which can lead to coarse
features and debris under the fabricated overhang.

2.3.2. Possible approaches to overcome 3D feature fabrication challenges in
FIBID

The size and complexity of parts that can be deposited with FIBID is
limited in practice by the processing time available. Complex structures
up to 10s of microns can be typically fabricated in a reasonable amount
of time. However, as the complexity of parts increases, the control of
process parameters such as growth angle and growth direction grows in
importance in order to be able to maintain part geometry at high reso-
lution [38]. Robust models of the process must be developed and
simulated offline to achieve a high fidelity simulation and process
parameter optimization for complex three dimensional geometries [39].
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As the models and process mature, and the processes are guided more
and more by the simulations and model predictive control, the speed of
the process can be improved while fabricating intricate geometries and
structures with different materials.

2.4. Feature size resolution

2.4.1. Feature size resolution capabilities and challenges in FIBID

The process can deposit layers as thin as 10 nm [7] with minimum
lateral feature resolution on the order of tens of nanometers (10-100
nm) and aspect ratios of 5-10 [10,40]. The minimum feature size is
limited by the FIB spot size on the substrate. This spot diameter has a
direct relationship with both the current density and the ion beam
current. However, the interaction volume of the beam with substrate can
be significantly higher due to a large number of cascaded collisions of
heavy metal ions (such as Ga+) with the substrate as the ions penetrate
the substrate, thus degrading the achievable resolution [34] at the sur-
face. The process requires a tight control of beam parameters such as
dwell time, refresh time, focus, and beam spacing for realizing high
resolution features.

2.4.2. Possible approaches to overcome current limits in feature size
resolution for FIBID

Since the minimum feature resolution is dependent upon the inter-
action volume, it is imperative to shrink the interaction volume to
improve the feature resolution. Writing into free space eliminates the
substrate contribution to interaction volume and consequently, finer
resolutions can be achieved. The push for finer resolution has led to the
development of FIB tools with lighter elements ion sources such as He+
and Ne+ [41,42] with theoretical resolutions of sub-Inm and 1 nm
respectively. These lighter elements penetrate further and come to rest
deeper in the substrate and have fewer collision cascades at the surface
leading to a smaller interaction volume and hence, sharper feature
resolution [43]. Depositing sub-10 nm resolution features requires a
strict control and optimization of beam profile and minimizing the
lateral energy spread of the beam. Recently, some articles have reported
He+/Ne + induced deposition results with lateral resolutions as small as
10 nm as well [26,44,45]. Since the resolutions in single digit nm have
already been demonstrated, there is only a small window for further
improvement to move closer to the theoretical resolution of features that
can be deposited with FIB.

2.5. Throughput

2.5.1. Throughput capabilities and challenges in FIBID

Although FIB has benefits such as generation of 3D structure with
high complexities and resolutions smaller than 100 nm, the size of the
structures that can be obtained by FIB is severely limited by processing
speed. FIB is slower than both laser induced chemical vapor deposition
and micro-stereolithography, however the achievable resolution is
much better. As the resolution of the process is so small, its deposition
speed or volumetric throughput, consequently, is limited. Thus, making
larger structures (>100 pm) can be extremely time-consuming [10]. The
volumetric throughput of the FIBID process is generally 0.05-0.1 pm>/s
[9,46]. This makes FIB very limited for scaling and high throughput
applications, and the primary reason why it has traditionally been only
used for repairs or other low throughput tasks. With finer resolution, this
throughput falls even further. For higher deposition rates, a higher ion
current can be used, however, the features are expected to become
coarser, degrading the resolutions achievable [9].

2.5.2. Possible approaches to overcome throughput challenges in FIBID
High process throughput is a critical requirement for scalability to a
production environment. To improve the throughput of the FIBID pro-
cess, a mask-based solution along with a collimated wide ion beam was
developed called ion projection lithography (IPL). In IPL, ions are
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extracted from a lighter element ion source (H+,Hy+, Hs+, He+) and
collimated through a mask with the imaging pattern, after which they
are accelerated through a set of electrostatic lenses that project the ions
onto a wafer substrate, where the ions penetrate and modify the sub-
strate materials [47,48]. The process was largely considered as one of
the promising NGL (next generation lithography) techniques in early
2000s, however due to implementation difficulties and low throughputs,
it was never widely adopted in industry.

Another offshoot of projection-based lithography that uses a multi-
beam solution has been tested and developed. The process does not
use a stencil mask and is termed projection mask less patterning or
multi-beam ion lithography. The technology uses thousands of tiny
beamlets generated through a programmable aperture mask. The mask
is de-magnified by a 100-200X factor and hence, the mask opening of
3.5um can be patterned at 35 nm to 17.5 nm resolution spots on the
sample [49]. This technology has received more positive response and
has been favorably adopted to reduce the costs of mask writing for
lithography tools [7,50,51]. Another potential solution to the
throughput problem could be to design and develop a process which
uses a variable beam size and shape so that a fine beam can be used for
deposition of high resolution features and the beam size can be made
larger for coarser features where higher throughput is desired. This kind
of solution has been researched and implemented for other processes
[52] such as variable shaped electron beam lithography [53].

2.6. Prognoses

Focused ion beam induced deposition provides a solution for high
resolution, sub-pm additive manufacturing of several metals and in-
sulators typically used in semiconductor industry. However, many
technical challenges remain in its adoption and implementation as a
complete additive manufacturing solution in a higher volume produc-
tion environment. There is significant scope for improvement in terms of
identifying precursors for depositing different materials including ce-
ramics, polymer-based low-K dielectrics, and developing robust process
models for a highly reliable process for micro-nano AM. With the current
throughput levels, the process is best suited for prototyping and
manufacturing of high precision micro and nano devices with a wide
variety of materials in addition to its applications in IC industry. For
successful adoption in high volume manufacturing environments, the
process can be integrated with macroscale AM processes so as to achieve
fine resolution in critical regions of a part combined with a high
throughput in less critical regions.

3. Laser Chemical Vapor Deposition (LCVD)
3.1. Description of the LCVD process

Laser chemical vapor deposition (LCVD) is a method for selective
deposition of solid materials via localized chemical reaction driven by a
focused laser beam. The LCVD approach can be used to create large-area
(mm? scale) films [54] or true-3D microstructures out of a wide variety
of both conductive [55] and non-conductive materials [56]. LCVD has
several advantages over traditional chemical vapor deposition (CVD)
processes (e.g., low-pressure CVD, metal-organic CVD, or
plasma-enhanced CVD) including increased deposition rate [57],
decreased process temperatures [58], superior spatial resolution [59],
and the ability to produce true-3D microstructures with micron or
submicron-sized features [60], including periodic structures [60]. The
LCVD approach works with almost all of the materials that can be
deposited by traditional CVD [61], and has been used to deposit mate-
rials with improved mechanical properties and thermal stability [59].
The LCVD approach is compatible with various process monitoring
techniques that improve uniformity and consistency including optical
interferometry [62], spectroscopy (optical radiation monitoring) [58],
pyrometry (thermal radiation monitoring) [63], and CCD-based image
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acquisition [58]. Fig. 2 shows a typical schematic of the LCVD process
and some parts made using the process.

LCVD processes are generally categorized as either pyrolytic [64] or
photolytic [65] depending on the type of mechanism which initiates the
chemical reaction. Pyrolytic LCVD processes are thermally-driven re-
actions in which a focused laser beam is used to locally heat the surface
of the substrate to the temperature required for decomposition of the
adjacent gaseous precursor, resulting in deposition of solid material. The
pyrolytic LCVD approach is often used to deposit small regions of 2D
films faster than traditional CVD processes due to its faster localized
heating and cooling rates [66]. In contrast, photolytic LCVD processes
use photons from focused laser beams to directly dissociate reactant
gases, resulting in precise deposition of solid material in either 2D films
or 3D structures. Photolytic LCVD systems typically utilize pulsed lasers
as their high peak power levels more effectively drive the chemical re-
actions [54]. One limitation of this approach is the need to closely match
the laser wavelength with the absorption spectrum of the reactants [61].
However, the main advantages of this reaction is that it can more readily
add material in 3D configurations, and it occurs at lower temperatures
than pyrolytic processes, thus inducing less thermal stress builds up in
the resulting structures [61].

3.2. Materials

3.2.1. Materials capabilities and challenges in LCVD

LCVD has been used for fabrication of fibers with a variety of ma-
terials that have been traditionally used in CVD [61]. This includes
carbon nanotubes [63], silica [62], tungsten [56,60], diamond-like
carbon [56], aluminum [55], aluminum oxide [69], iron oxide [54],
silicon carbide [66], boron [66], boron nitride [66], molybdenum [66],
nickel [59], titania [59], Yttrium oxide [70] and titanium carbide [59].
LCVD is limited by the development of precursor chemistries. This
limitation is shared by conventional CVD, and the range of available
materials is slowly expanding as increased research interest in micro-
fabrication drives greater material variety.

3.2.2. Possible approaches to overcome materials challenges for LCVD

Increased research and development in the CVD precursor material
variety will slowly expand the material space available to LCVD. The
limitations on precursor development are mainly centered around en-
gineering the thermodynamics of the chemistries. This presents unique
challenges for each target chemistry. LCVD offers an opportunity to
overcome some present challenges with material deposition via wave-
length targeted interaction with the deposited materials. For instance,
specific wavelength absorption during the material deposition could be
used to aid in breaking the oxygen bond to push towards pure metal
deposition. Metals are typically difficult to deposit due to their pro-
pensity to oxidize, but a wavelength specific laser may be able to drive
reaction kinetics towards a more favorable space. Such a system may use
one laser for photolytic or pyrolytic deposition and a second to drive the
reaction kinetics.

3.3. 3D feature fabrication

3.3.1. Capabilities and challenges in LCVD for fabricating 3D features

3D structures can be fabricated in LCVD by coordinated movement of
laser spot with respect to the substrate. Lehmann and Stuke reported
fabrication of a laser driven micro-motor [71], three-dimensional
aluminum grid structure [72], and a micro-cage made out of
aluminum oxide with rods of diameter 5-20 ym69 (Fig. 2b). Stuke et al.
later demonstrated usage of micro-cages for trapping and handling of
polarizable particles [55]. The most common structure for the present
state-of-the-art in LCVD is a thin wire [55,57], however other features
have been generated [61] including dots and in-plane lines [60]. These
structures are created by extruding the reaction point of the system
through space. Complex non-wire 3D structures place changing
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Fig. 2. (a) Schematic of a typical LCVD system setup. Continuous or pulsed laser is used to pyrolytically or photolytically drive chemical reactions that decompose
gaseous precursor and deposit solid material. (b) Freestanding aluminum oxide microstructure, diameter of the rods is about 20 pm (photo reprinted taken from
Ref. [67] (c) Tungsten carbide microsolenoid (photo reprinted taken from Ref. [68]).

demands on the reaction kinetics when approached as a conventional
layer-by-layer print approach, and as such LCVD research has focused on
wires.

Pyrolytic processes utilize the nonlinear thermal breakdown
threshold to localize the decomposition operation at the point of laser
focus. This avoids unwanted reactions outside of the target zone. Pyro-
lytic processes must be initiated on an absorbing surface which transfers
optical energy to thermal energy. This can be on the substrate or a
section of the built structure. The pyrolytic process, therefore, requires
careful planning to determine the optimal build order. Pointwise oper-
ation with no cured material above it leads to the best fabrication
quality, which can limit the kinds of structures produced. Any material
above the build point is likely to be heated by the beam and may suffer
thermal damage or unwanted material buildup. Reaction kinetics
(powers, rates, gas pressures) tuned around pointwise diffusion kinetics
may prove difficult to implement in more complex geometrics. The
process could continue to rely on a pointwise raster scan deposition;
however it would face similar challenges as found in metal AM sintering
with thermal management [73,74].

Photolytic processes, being less dependent on a nonlinear threshold,
are less selective in the location of the reaction, meaning that a slight
decomposition operation may occur outside of the focal point making it
difficult to produce 3D structures using this method.

3.3.2. Possible approaches to overcome 3D feature fabrication challenges in
LCVD

A path to expanding the feature geometry capabilities of LCVD would
require modification of the nonlinear thresholds governing the deposi-
tion reaction to make these thresholds more amenable to proximity with
a partially created structure. This is likely to be difficult with the py-
rolytic process, as thermal diffusion is difficult to control. The photolytic
process offers an opportunity via the transfer of recent advances in laser
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driven AM processes [75-77]including two-photon (TPP) interactions
[69] which are now much more widely available. Two-photon reactions
occur via transfer of the combined energy of two photons and are
localized to the focal point of a (typically) pulsed which locally reaches
sufficient photon flux to drive the reaction [76]. A TPP photolytic LCVD
process could localize the decomposition to a single build point in space
and could thus print within complex existing structures without
depositing material elsewhere through the structure. The development
of the TPP compatible precursor would, however, pose a significant
research hurdle.

3.4. Feature size resolution

3.4.1. Feature size resolution capabilities and challenges for LCVD

The minimum fabricated feature size in this process is dependent on
the wavelength of the laser used (i.e. minimum spot size based on
diffraction limit), energy density at the deposition zone, and thermal
behavior of the substrate. Film thicknesses of less than 100 A and up to
20 pm have been reported [59]. Williams et al. provided a deposition
layer thickness (h(vs, t)) estimation equation for diffusion-limited re-
actions, in which wy is the laser spot radius, Ry is the axial growth rate,
Vsis the scanning speed, and ¢ is process time [78]:

\/E(U()Rol‘
VW + 2(vst)

A typical printing spot size of a few pm has been reported [64], but
the ranges cover from sub-micron [60] to 5 pm [56] up to around 20 pm
[55]. The limits on feature size are driven by the build spot size, which is
in turn limited by the control of the nonlinear reaction threshold phys-
ics. Pyrolytic processes are limited by the control of the thermal profile
via a combination of laser focus and heat dissipation mechanisms as
main factors. Photolytic processes are limited by the laser focus as a

h(vs, 1) = (12.4)
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main factor.

3.4.2. Possible approaches to overcome current limits in feature size
resolution for LCVD

The pyrolytic approach is unlikely to offer any significant room for
feature size improvement, given the difficulty in engineering a precise
thermal profile. Photolysis may offer more space for improvement. The
use of the two-photon reaction offers a means to significantly reduce the
reaction zone below the diffraction limited size of the laser focal point.
While the reaction kinetics and mobility of the gas may alter the results
of the TPP process, it is unlikely to provide a reduction in the size of the
reaction spot.

3.5. Throughput

3.5.1. Throughput capabilities and challenges for LCVD

Generally, deposition rates reported for LCVD are increased with
higher pressure of gases, increased laser power and power density, and
increased scanning rates [79]. Higher process temperatures also accel-
erate the growth rate exponentially based on chemical kinetics, however
the rate will be ultimately limited by the mass transfer and diffusion of
gases at the deposition zone [61,67]; which can be idealized as a point in
free space with no rate limiting constraints around it. The reported
deposition rates for fibers with average diameter of around 10 pm are in
the order of 0.5-5 mm/s (0.14-1.4 mm3/h), with extremes up to 12
cm/s”® (34 mm3/h). Williams et al. reported fabrication of freestanding
coils (Fig. 2¢) with deposition rate as high as 3.5 mm/s for carbon and
175 pm/s for tungsten-carbide [78]. Banal et al. reported wide area (15
mm spot size) surface growth at rates up to 300 mm/h (~50 mm?>/h)
scaling with applied laser power up to 250W at which point the depo-
sition rates were likely enhanced by laser-generated plasma at the
solid-gas interface [70]. With these relatively low throughputs, LCVD
has not been considered a promising method for bulk production, but
with current progress in holographic beam-splitting, this deposition
technique has the potential to be parallelized to yield higher volumetric
rates [68]. Higher deposition rates will likely be governed by the details
of high-energy laser-matter interactions as indicated in Refs. [70] via the
plasma enhanced deposition rates. Such effects could be modulated by
choice of pulse wavelength, intensity and temporal shape to meet the
specific users’ objectives.

3.5.2. Possible approaches to overcome current throughput limits in LCVD

The LCVD process is amenable to a parallelization of the build spot.
Each spot interacts with a small volume of space, drawing down the
precursor species in this space through the consumption at the reaction
point. Outside of a characteristic distance, the gas species concentration
increases to the overall average value. Such diffusion behavior allows
point-wise build operations to occur at much higher rates than standard
planar CVD 1D diffusion operations [56]. It may be possible to suc-
cessfully parallelize the process if additional points are operated in the
part volume and are constrained to stay several characteristic distances
apart from one another.

The fundamental limits to build rate parallelization may be envi-
sioned as a part material build rate per volume of gas. A single point in
space can only pull in material from the gaseous environment so fast and
has a rough boundary of effect. Outside of this boundary, gas species are
not drawn down significantly. Attempting to build faster than this will
simply deplete the local area of the chemical species needed for the
reaction, leading to diminishing returns in close packed parallelization.
Overcoming printing rate will require careful attention to control of
parallelized build points with handling that manages for the depletion
zone around each build point. It will also likely require careful modu-
lation of the light pulse via wavelength, intensity, and temporal shape to
ensure the high-energy laser-matter interactions are tightly controlled.
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3.6. Prognoses

The LCVD process can fabricate highly complex true-3D structures.
However, metals are difficult to deposit since they are more susceptible
to oxidation. A possible solution for that would be to use multiple laser
wavelengths to tune the deposition process and improve the reaction
kinetics. While this process has been primarily used to demonstrate
wire-like structures, layer-by-layer 3D structures have been less
explored using this process due to challenges with the reaction kinetics.
There is a lot of potential to improve the throughput of the process by
parallelizing the build spot. However, the rate at which precursor ma-
terial is drawn within a volume remains a fundamental limitation to a
parallelized LCVD process.

4. Meniscus confined electrodeposition (MCED) process
4.1. Description of the MCED process

The concept of electrodeposition has existed for several centuries,
mainly used for surface modification and improving corrosion resistance
of metals. The idea of extending it to microscale AM fabrication was
primarily driven by the need to develop novel methods for creating
metallic wire bonds and chip-scale interconnects [80,81]. The potential
advantages of an electrochemical additive manufacturing technique like
this include fabrication of freestanding, pure metal structures, which do
not need further post-processing. There are two main approaches to
achieve a meniscus-confined electrodeposition regime. First, with novel
use of micro/nano-pipettes, the electrodeposition process can be local-
ized to a specific point on the substrate. The pipette containing metal salt
solution and an electrode (anode) is moved towards the substrate
(cathode) until a liquid meniscus is established between them. When an
electric potential is applied across the substrate, the metal ions in the
pipette undergo reduction, resulting in confined metal electroplating
within the volumetric element. The second approach uses a microelec-
trode in a metal bath solution, which acts as the anode. Local electro-
deposition occurs between the microelectrode and the substrate when
an appropriate electric field is introduced across them [82]. The 3D
structure forms with a conventionally cylindrical cross section with the
meniscus defined by a nozzle with circular cross section. This makes the
process lucrative for applications in wire bonding and freestanding
pillar-like structures with specific applications in microelectronics. The
growth of the 3D structure is defined by the rate of electrochemical
reduction. The key physical mechanisms involved in ionic transport
between the anode and cathode are convection, diffusion and electro-
migration [80,83,84]. The ability of this process to achieve micro-
structures without additional annealing/sintering steps, with a
resistivity of ~1.8 times of the bulk metal makes it critical for several
potential microscale AM applications [85]. The MCED process and
fabricated parts are shown in Fig. 3.

4.2. Materials

4.2.1. Materials capabilities and challenges in meniscus-confined
electrodeposition

The process has been repeatably used to fabricate 2.5D structures of
Cu, Pt [80,85] and 2D line patterns of Ag [87]. However, the range of
materials that can be printed is very narrow. The key requirement of the
material is that a viable electrochemical reduction step can be initiated,
and, therefore, a conducting medium and substrate is required. An
advantage of this process is the independence to material size and
morphology, unlike some other microscale AM process which must
employ nanoscale particles for achieving the required resolution. Since
the process is limited to a conductive substrate, the process is not yet
suitable for flexible electronics applications which use compliant ul-
trathin glasses and plastic films.
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Fig. 3. (a) Schematic of a typical MCED system setup. There are two primary approaches to initiate electrodeposition of metals. The first one involves establishing a
meniscus between the micropipette and the substrate and when an electric potential is applied across the substrate, the electrodeposition of metal occurs within the
meniscus. The other approach uses a microelectrode dipped in a metal salt solution bath and acts as the anode. It induces local electrodeposition when an electric
potential is applied across the microelectrode and the substrate (cathode)(b) (scale bar = 10 pm) Scanning electron micrograph of a electrodeposition based 3D
freestanding Cu mesh architecture [86] (Reproduced with permission from Ref. [86]. Copyright John Wiley & Sons, Inc.). (c) A triple helical structure fabricated
using a maskless MCED process with force-controlled nanopipette for accurate position control [82] (Reproduced with permission from Ref. [82]. Copyright John

Wiley & Sons, Inc.).

4.2.2. Possible approaches to overcome materials challenges for MCED

Electrodeposition of 2.5D and 3D structures using conductive poly-
mer nanostructures like polyaniline (PANI) [88] and polypyrrole (PPy)
[89] may be possible. Other conductive polymers can also be exploited
using this process including poly(3,4-ethyl-
enedioxythiophene)-poly-(styrene sulfonate) (PEDOT:PSS). Kim et al.
[88] demonstrated the polymer nanowire array fabrication by
leveraging oxidative polymerization of pyrrole in air and guided by the
growth of the meniscus.

4.3. 3D feature fabrication

4.3.1. Capabilities and challenges for fabricating 3D features using MCED

Freestanding 2.5D pillar-like and wired structures have been fabri-
cated using the Meniscus-confined electrodeposition process [80,82].
The primarily applications for the MCED include wire bonds and in-
terconnects for microelectronics applications. Overhanging structures
with angled features do not need support structures [81]. However, like
DIW, there are challenges associated with fabricating repetitive struc-
tures as the process is more suited for continuous fabrication of wire-like
structures. The key problems with transitioning from continuous
wire-like structures to true-3D repeatable microproducts are associated
with the difficulty getting menisci on demand at desired positions [82,
90]. The stability of the meniscus depends on the humidity, substrate
wetting properties and retraction speed [80,85]. If the speed of nozzle
retraction is faster than the growth of the reduced metal structure, there
is a possibility of pattern discontinuity and re-establishing the meniscus
can be difficult.
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4.3.2. Possible approaches to overcome 3D feature fabrication challenges
for MCED

A commonly used approach to fabricate complex spiral and over-
hanging structures is using custom shaped pipettes that can encompass a
wide range of designs. Hu and Yu [81] used FIB milling to design
micro/nanopipettes which can fabricate complex 3D structures. Hirt
et al. [82] used cantilevered probes used in atomic force microscopy
(AFM) with a micro-channeled aperture to deposit the fluid and initiate
local reduction of metal ions under the tip. In their FluidFM process,
once the desired height of the structures are reached, the deflection of
tip acts as a feedback loop to change the position of electrodeposition
and fabricate continuous structures. A similar approach was employed
by Momotenko et al. [91] in a process called scanning ion conductance
microscopy (SICM). They used a dual nozzle pipette design, where one
of the channels consists of the metal salt solution and the other is used as
a feedback by measuring the ionic flux using electromigration. It is
important to note that both the processes take place in a supporting
electrolytic bath, and therefore the problems associated with the
establishment of the liquid meniscus can be bypassed. There are, how-
ever, trade-offs between the minimum feature size resolution and
throughput that can be achieved using both FluidFM and SICM.

4.4. Feature size resolution

4.4.1. Feature size resolution capabilities and challenges in MCED

In the absence of any externally applied force on the liquid meniscus,
the minimum reported feature size that can be laterally deposited de-
pends on the geometry and size of the nozzle. However, solvent evap-
oration from the free surface of the meniscus can lead to wire diameters
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as small as half of the exit nozzle diameter. The highest reported reso-
lution for MCED of vertical metal wires is around 100 nm®! and for
conductive polymers is around 50 nm®°. It must be understood that the
theoretical resolution can be potentially much smaller, depending on the
size of the nanopipette, but there are several practical disadvantages
including nozzle clogging, high applied pressures, and extremely low
throughputs [80-82]. The meniscus size also depends on the wetting
properties of the substrate, air humidity, and nozzle speed. The unifor-
mity of meniscus growth depends on the thermodynamic stability of the
metal, air, liquid meniscus [84]. The relationship between the wire
diameter, and the equilibrium contact angle at the meniscus is defined

by
P o o1
d—W:O.ScosQ)e (cosh ]m — cosh lcos®€> (13.4)

where hy, is the instantaneous height of the meniscus, d, is the wire
diameter, d, is the nozzle diameter, and (. is the equilibrium contact
angle. The wire diameter also scales as dy = k(I/Vn)l/ 2 where k is a
proportionality constant, I is the ionic current, and v, is the nozzle
retraction speed. These relationships are found to be in good agreement
with the experimental and modeling data [84].

4.4.2. Possible approaches to overcome resolution challenges in MCED

The resolution of the process is fundamentally limited by the nozzle
diameter, applied ionic potential across the system, the nozzle retraction
speed, and the thermodynamic stability of the three-phase meniscus. A
smaller nozzle diameter, higher retraction velocity and reduced hydro-
phobicity of the substrate will yield higher resolution prints. However,
from a practical standpoint, working with submicron nozzle sizes leads
to nozzle clogging issues. Experimental results for deposition of wire
bonds have shown that above a retraction speed ~270 nm/s, the liquid
instabilities at the free surface often led to discontinuities in the
meniscus, while very low retraction speeds (~100 nm/s) lead to nozzle
clogging. Maintaining a uniform relative humidity in the print envi-
ronment can potentially facilitate the stability of the nozzle [92]. Un-
derstanding the effect of the parameters on electrohydrodynamic
computational models can help in optimizing the overall printing reso-
lution without affecting the stability and throughput of the process [84,
92].

4.5. Throughput

4.5.1. Process throughput capabilities and challenges

The throughput of the electrodeposition processes is limited by the
electroplating rate which is dependent on the applied overpotential and
mass transport characteristics. Typical growth rates are limited to
100-500 nm/s for submicron parts [80,81,90]. At higher applied po-
tentials, evolution of hydrogen ions can affect the process. The retrac-
tion velocity of the nozzle is limited by the growth rate of the structure,
and is defined by [81,84].

M.\' I.\'
Vy = —
wp F

(13.5)

where M is the molar mass, z is the mobility of the charged species, py
is the density of the bulk metal, Iy is the local current density (reaction
kinetics are defined by the Butler-Volmer expression [93]) and, F is
Faraday’s constant. As the nozzle speed increases, the effective evapo-
ration of water increases, and the meniscus is stretched (h,, increases).
The radius of the meniscus and reduction of the ions at the growth front
go down significantly [81,84]. This implies that the concentration of the
ions within the meniscus increases. Evaporation also drives the flux of
ions towards the meniscus surface. However, beyond a certain range of
vy, the ionic gradient between the growth front and nozzle exit leads to
instabilities in the meniscus growth and stops the electrodeposition
process. The deposition rate also increases with a decrease in nozzle
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4.5.2. Possible approaches to overcome throughput challenges in MCED
The general rule of thumb for increasing the throughput of the
electrodeposition process is to decrease the nozzle diameter and applied
potential. Additionally, better control over the shape of the growth
meniscus can help in avoiding nozzle clogging and discontinuities in the
process. The electrodeposition process, however, will be primarily
dependent on the kinetics of the electrochemical reactions. Like other
DIW process, parallelizing the process with multiple nozzles might be
useful in increasing the overall volumetric deposition throughput, but
there are typical challenges associated with establishing very close
menisci and introducing instabilities during the menisci growth.

4.6. Prognoses

Meniscus-confined electrodeposition process provides several ad-
vantages over traditional microscale AM processes by leveraging ionic
gradient for fabricating highly dense microproducts. Several variants of
the electrodeposition process are being developed to improve its geo-
metric stability and explore a wider design space. The overall simplicity
of the setup makes the process more conducive for mass production.
Conversely, the fundamental nature of the electrodeposition process is
also impeding its ability to undergo mass commercialization. It can
process only conductive metals and the rate of electrochemical reactions
severely affect the throughput of the process. These challenges can be
primarily overcome by understanding the physical mechanisms associ-
ated with electrodeposition of different types of materials and the
identifying the printing regimes within which the process is stable.

5. Laser-enabled electrochemical printing
5.1. General process of laser-enabled electrochemical printing (LECP)

Laser-enabled electrochemical printing (LECP) is a class of rapid
prototyping technology that exploits electrochemical processes and a
high speed laser to produce 2D films and 3D parts. As seen in Fig. 4a, in a
typical LECP process, the laser-induced electrical field drives the
transfer of charged particles, constrained at the liquid-solid or
molecular-solid interfaces to form 2D films or 3D structures. LECP in-
cludes three major types: (1) laser-assisted electrophoretic deposition
[94,99,100], (2) laser-enhanced electroplating deposition [97,
101-103], and (3) electrochemical photon-deposition [104-106]. LECP
has a broad variety of material choices and has been used to print in-
tegrated electronics, sensors [94], and devices for photonics [95], en-
ergy [96], chemical, and biological applications [97]. In comparison
with regular electrochemical deposition methods, LECP provides
improved precision, a wider range of material choices, and the capa-
bility to fabricate arbitrary structures. LECP can directly print metals,
semiconductors, nanoparticles, or polymer structures with a resolution
of 0.1-10 pm. One limitation of the LECP process is that its throughput is
limited by the sequential laser scanning process, where the focus of the
laser drives the electrochemical processes for material deposition.
Moreover, the higher the laser activation energy used, the slower the
deposition rate will be. Higher throughput may be achieved by applying
multiple laser beams for parallel scanning [98].

5.2. Materials

5.2.1. Capabilities and challenges of LECP

A wide range of materials (e.g, metals, semiconductors, nano-
particles, nanocrystals, organics etc.) can be fabricated by LECP; how-
ever different materials systems and structures may require different
system configurations and processing details. Conductive and photo-
active materials have the right characteristics for the LECP process, but
they are deposited using different mechanisms. For example, gold
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Fig. 4. a) Configuration of laser-enabled electrochemical printing (LECP) processes, which include an electrochemical system and a laser beam for selective
deposition [90]. In this process, sequential and selective electrodeposition can be achieved by a laser. b) Scanning electron microscopy (SEM) image of a 2D tungsten
composite pattern formed by light-directed electrophoretic deposition, the scale bar is 500 pm [111]. ¢) SEM image of a micro-helical spring made of gold nano-
particles [107]. d) SEM image of a patterned of colloid particles [100]. e) Image of palladium dots deposited from an aqueous solution, the average diameter the
microsphere is ~6.6 pm [109]. f) SEM image of 3D LECP printed pillars of gold nanoparticles of different scales. The diameter of the left/right pillars are 2 pm/500
nm respectively [107]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

nanoparticles can be deposited by spatial confinement via a laser focus
on the surface of a target substrate, where an electrical voltage drives the
deposition process [107]. CdTe nanocrystals can be deposited by
appropriate laser irradiation that induces electric charges for deposition,
i.e., selective laser-induced electrophoretic deposition [95]. With a
similar deposition mechanism, amorphous selenium colloidal material
in solution (Fig. 4d) can be deposited on a substrate within tens of
seconds [104]. Other metals, e.g., tungsten (Fig. 4b), Mo, nickel [103,
108], gold [971], silver [101], protactinium [109], aluminum [106], and
palladium [110](Fig. 4e), have been also reported to form depositions.
Recently, ultrathin graphene has been fabricated by combining photo-
lithography with the selective electrophoretic process [96].

In contrast to conductive materials, it is challenging to apply the
LECP process to fabricate materials that are non-polar or photon
insensitive. This is because in such materials, (1) it is difficult to
generate electron-hole pairs using photon-enabled electronic transfer;
and (2) the charge transfer reaction contributed by electrochemical
potential is not enough to induce material deposition. It should be noted
that both the solution chemistry and the choice of substrates are great
importance for LECP.

5.2.2. Possible approaches to overcome material challenges in LECP
One possible way to address the LECP fabrication limitation for non-
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polar and photo-insensitive materials is to exploit the atom force mi-
croscopy (AFM) and focused ion beam (FIB) technologies that generate
Van-der-Waals forces and strong discharge strengths respectively.
Accordingly, transfer of charged particles may be induced using one of
these mechanisms, which leads to controlled deposition. Notably, both
AFM and FIB technologies can control the fabrication resolution at
submicron scale at the expense of substantially reduced throughput and
increased cost.

5.3. 3D fabrication

5.3.1. LECP for fabricating 3D structures

The LECP method is a high-precision selective process, which has
been frequently used for generating high-resolution 2-D patterns of
different materials and on various substrates. Complex 3D structures can
also be fabricated via a layer-by-layer stacking LECP process; however,
due to the limited throughput, the LECP 3D fabrication has only been
used for process and laboratory demonstration purposes and lacks
practical applications. 3D structures, such as pillars [107], coils [107]
(Fig. 4c), walls [95,112] and overhanging structures [95], have been
fabricated via light-assisted electrochemical printing methods.
Furthermore, complex 3D microstructures made of gold nanoparticles
have been successfully fabricated by manipulating the liquid cell via
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laser trapping. Fig. 4f shows a nano-pillar with an average diameter of
500 nm'?”. A gold coil was fabricated by moving the liquid cell along a
vortex trajectory while the gold particles are deposited [95]. A mono-
lithic CdTe crystal was fabricated in a conformal layering process in
which the electric field guides the growing direction [95]. Notably, as
seen by Mora et al. [94], an enhanced light-directed electrophoretic
deposition system was developed by using a projection-based system
that not only eliminates a need for physical masks, but also allows the
depositing pattern to change continuously, which resembles the pro-
jection stereolithography process. In a demonstration, an ultrathin
graphene film with a thickness of 25 nm was rolled to form a 3D
single-layer nanotube [96]. The LECP process and the recent develop-
ment open a new route to the fabrication of complex and functional
structures for scientific and engineering applications.

5.3.2. Possible approaches to overcome challenges in fabricating 3D
structures

As mentioned, the bottleneck of the LECP process is its limited
throughput. Most reported methods, however, are more suitable for 2-D
surface patterning, coating, or physio-chemical modification than true
3D fabrication [108,112,113]. To enhance fabrication rate, one may
apply multiple laser foci to parallelize the fabrication process; this may
be achieved by using a micro-lens array, spatial light modulator, or a
digital micromirror device (DMD) [98,114].

5.4. Feature size resolution

5.4.1. Capabilities and challenges of feature size resolution of LECP

The reported resolution of most LECP processes range from 0.1 to 10
pm”%101,103,104.107.109 'The minimum feature size is highly dependent on
the laser power, spot size, photon distribution (i.e., point spread func-
tion), and wavelength. Generally, higher laser power increases the laser
spot size and can trap more nanoparticles in the focus. This increases the
fabrication rate at the expense of feature resolution, while low laser
intensity will decrease the deposition rate with the benefit of improved
resolution. Although in principle the fabrication resolution is limited by
the optical diffraction limit, sub-diffraction features may be fabricated
by precisely thresholding the laser power. Notably, this sub-wavelength
fabrication may substantially compromise the throughput and unifor-
mity of the fabricated structures and is difficult to achieve for large-area
fabrication. To estimate the fabrication resolution, consider the nano-
pillar in Fig. 4f, which has a diameter of 500 nm; this is equivalent to
the size of the Airy disc, i.e.,d =1.221 /NA =496 nm, where 1 = 488 nm
is the laser wavelength and NA = 1.2 is the numerical aperture. As such,
the nano-pillar is diffraction limited. In other words, the minimum
feature size depends on the laser spot size where trapped nanoparticles
are confined [107]. Similar analyses can be performed in other experi-
ments, for example, the diameter of the amorphous selenium composite
was measured to be 0.5 pm which corresponds to the theoretical laser
spot size of 488 nm'%*; the silver particle size was ~200 nm when
irradiated under a 266 nm laser for laser plating [101]. Sub-diffraction
fabrication has been demonstrated via a laser induced 3D deposition of
CdTe nanocrystal in an aqueous solution, where a diameter of 500 nm
was achieved, which is much smaller than the laser spot size [95]. The
photon distribution of the laser beam will also influence the final feature
size. For example, a Gaussian beam has a higher intensity in the center
region; and a Bessel beam has a narrow and long photon distribution
[108].

5.4.2. Possible approaches to overcome the current limits of feature
resolution

The feature resolution depends on the laser power, spot size, photon
distribution, and wavelength. In general, the feature resolution of LECP
can be improved by improving spatially resolved control of the laser
power, use of lasers with shorter wavelengths, or novel beam modes, e.
g, a Bessel beam may be used to improve the lateral resolution of 2D
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patterns. A beam homogenizer may be included in the current optical
systems to improve the fabrication uniformity. In regard to photon
distribution, a recently reported technique achieves sub-diffraction
structures?®? by inducing and extending the lifetime of charged parti-
cles to ~10 s ms via an ultrafast laser.

5.5. Throughput

5.5.1. Capabilities and challenges of the throughput of LECP

The fabrication rate of the LECP process varies significantly with the
material choices, processing conditions, and structure complexity. For
example, Takai et al. [107] demonstrated that the LECP fabrication of
gold nanoparticles has a throughput of ~2.0x 10~% mm®/h. For
amorphous selenium, the throughput is ~0.22 mm?3/h!%*. Silver parti-
cles have a throughput of ~3.0 x 103 mm?/h!°, thin films of tungsten,
molybdenum, nickel have a throughput of ~7.2 x 10~ mm®/h'%%, and
gold spot ~28 mm®/h%’. As can be seen, the throughput of LECP
methods varies greatly depending on materials, dimensions and
complexity of structures fabricated.

The LECP throughput is limited by several factors. Firstly, the
throughput driven primarily by the growth rate of composites, which
itself is dominated by the mass transport of nanoparticles into the focal
spot of the trapping beam (i.e. the quality of the synthesized liquid so-
lution). The deposition velocity can be sped up by increasing the con-
centration of the medium as well as by increasing laser power (and thus
particle transfer) of the medium. However, there is a trade-off between
the two. Increasing laser power will cause higher absorption, and the
scattering of the laser beam will therefore prevent a significant increase
in particle concentration. On the other hand, decreasing of the con-
centration of the medium will cause less particles to interact with the
laser and thus drive fabrication throughput lower. Other parameters
such as the surface activation energy and the laser scanning velocity can
be controlled to achieve high throughput. The surface activation energy
is very sensitive to temperature variation of the substrate. There has
been evidence that high activation energy can cause reduced deposition
throughput [109].

5.5.2. Possible approaches to overcome the current throughput limits in
light-enabled electrochemical printing

Possible approaches to overcome the current throughput limits in
light-enabled electrochemical printing are mainly focus on better con-
trol of activation energy, as the surface activation energy is essential to
throughput of LECP methods. The substrate temperature depends on the
thermal conductivity of the substrate and can be varied by controlling
laser intensity. Lower laser intensity and higher thermal conductivity
are preferred because it keeps the surface activation energy low without
reducing throughput [109]. Controlling the wavelength of the laser can
also influence the process. For example, both the absorption and Ray-
leigh scattering of gold solutions were significantly reduced within a
wavelength of 500 nm and below. Another approach to control surface
activation energy is to use a transparent substrate that can reduce the
temperature increase of the substrate caused by the substrate absorp-
tion. The use of physical photomasks can compromise throughput.
Recently, a solution to eliminate the physical mask was realized by using
a digital projector to dynamically modify the illumination pattern in the
light-direct electrophoretic deposition method [115]. Furthermore,
high-speed scanning of the laser beam and using multi-beam configu-
rations are other promising approaches worthy of investigation for high
printing throughput in LECP [98].

5.6. Prognoses

LECP has the potential to transform the role of traditional electro-
chemical methods (e.g, electrophoretic deposition and electroplating)
from a deposition process to AM process for a wide variety of material
choices. Recent advances in LECP processes have shed light on
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simultaneously improving the resolution and rate by methods discussed
in the previous sections.

6. Conclusions

This article in the third in the series of articles which investigate the
state-of-the art in microscale additive manufacturing and the challenges
and opportunities regarding their scalability. Energy-induced deposition
and electrochemical approaches have demonstrated complex micro-
fabrication capabilities with a variety of conductive materials. However,
these processes are highly rate-dependent, due to the chemical kinetics
of the processes. FIBID can theoretically achieve sub-10 nm layer
thicknesses during the deposition process, and approaches using ion-
projection lithography (IPL) have been shown to improve the
throughput. Similarly, holographic beam splitting techniques can be
implemented to further increase the throughput of LCVD. However, in
these processes, deposition kinetics are dependent on mass transfer and
diffusion of the available species and trying to increase the speed will
always be limited by the rate at which local replenishment of these
species can occur. Electrochemical processes like MCED and LECP are
also limited by the rate at which mass transport of charged species oc-
curs at the regions of applied potential. While the throughput of these
processes can be somewhat improved by parallelizing them using mul-
tinozzle assemblies (in MCED) and spatial light modulators (in LECP),
the rate of electroplating or electrophoretic deposition will still be
limited by the materials being used. Considering the fundamental limits
of the processes, general design guidelines for these processes have been
explored in Part IV of the series of articles.
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