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ABSTRACT

3D printing of metals at the microscale and nanoscale is crucial to produce high-density interconnects and intricate structures in electronic
devices. Conventional melting and sintering processes are not suitable for these scales due to a reliance on individual metal particles in the
size range of tens of micrometers. Confined electrodeposition (CED) is an established alternative to conventional metal 3D printing pro-
cesses in which an electrolyte is used to selectively induce deposition of the metal on the printing surface. However, commercialization and
efficiency of this process have been limited due to a reliance on sub-micrometer nozzles to achieve desirable deposition rates and single
nozzle to achieve uniformity of printed structures. Here, we address these challenges by computationally analyzing an array of microscale
nozzles. We tailor the convection within the electrolyte to alter both deposition rate and geometric uniformity of the printed structures.
The results show that for large nozzles the evaporation alone is not sufficient to obtain high deposition rates, yet an external pressure can be
used to increase deposition and alter uniformity (thickness) of printed structures. Our results can be used to design and analyze new experi-
ments toward parallel multi-nozzle deposition using CED toward high-throughput metal printing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0072183

INTRODUCTION Confined electrodeposition (CED) has recently gained atten-
tion as an efficient and cost-effective AM process to accurately
produce complex metal structures at the microscale and nano-
scale.'”'> Contrary to the typical electrodeposition process in
which a conductive material is submerged in an electrolyte bath,
CED is a process in which a nozzle containing the electrolyte
directly prints the material onto a conductive substrate. Metal dep-

Metal additive manufacturing (AM) remains one of the most
efficient and effective methods to produce complex 3D structures
for demanding applications within the aerospace, automotive, and
biomedical industries.' ™ Suitable AM processes for metals are typi-
cally based on layer-by-layer deposition through melting/sintering
of metal powders, with such processes including selective laser

melting (SLM) and direct energy deposition (DED), among osition at the meniscus tip is a complex multiphysics process in
others.”® However, such processes are limited to macroscale part which heat and mass transfer, fluid dynamics, and electrodeposi-
production due to a reliance on high working temperatures and tion are simultaneously involved. Among the parameters that affect
individual metal particles in the size range of tens of  this process (nozzle size and speed, electric potential, and electro-
micrometers.””® Metal AM processes provide an efficient alternative ~ lyte concentration), fluid velocity is a major factor which influences
to conventional manufacturing processes at the macroscale, yet AM the deposition rate and resulting geometric uniformity of the
of metals with microscale resolution has been severely limited. As printed microstructures. Convection is generated within the electro-
such, significant interest has recently been spurred in microscale lyte as it flows inside the nozzle toward the cathode. Convective
and nanoscale metal AM processes given the anticipated applica- flow affects the ionic flux toward the cathode, thus governing the

9,10

tions in small-scale electronic devices and sensors. deposition rate. The fluid velocity can be controlled by altering
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the relative humidity of the ambient environment or forcing con-
vection by means of an external pump.

Although CED has been demonstrated experimentally for
both a single nozzle'” and an array of nozzles,' ' factors such as
evaporation rate and ion flux cannot be sufficiently analyzed in situ
due to the complex multiphysics phenomena governing the
process. Thus, computational models are necessary to fundamen-
tally understand the CED process. Previous studies have developed
two-dimensional (2D) finite element (FE) models to study CED for
a single nozzle,"'” yet no such models have been developed to
comprehensively study an array of nozzles printing simultaneously
in parallel. Additionally, these studies present results tailored pri-
marily toward nanoscale printing. Parallel printing is necessary to
achieve higher throughput for commercialization of this technol-
ogy. While the underlying physics remain the same for both single
and array cases, electrolyte evaporation becomes an even larger
issue when studying CED for a nozzle array. For the deposition rate
to remain uniform throughout the nozzle array, the evaporation
rate on each meniscus surface must be uniform. As the array size
increases and the lateral spacing between nozzles decreases, it
becomes increasingly difficult for electrolyte to evaporate from the
inner nozzles compared to those on the periphery of the array.
Metal electrodeposition would then occur at a higher rate for the
peripheral nozzles, resulting in non-uniform deposition across the
array. Thus, it is of great importance to quantify the effect of array
size and nozzle spacing on evaporation rate, ion flux, and deposi-
tion rate. In this article, a three-dimensional (3D) finite element
(FE) model is developed to investigate the effect of nozzle spacing
on such factors for a 3 x 3 nozzle array for parallel 3D printing of
Copper (Cu) structures.

THE MULTIPHYSICS PROCESS

The total flux of ions within the electrolyte depends on con-
vection, diffusion, and migration and is described by the Nernst—
Planck equation,

N,' = —D,-Vci-z,-u,-Fcngol + ciu, (1)

in which N; is the transport vector, D; is the diffusivity of the
chemical species, ¢; is the ionic concentration, z; is the electronic
charge of the chemical species, u; is the velocity of the electrolyte, F
is the Faraday constant, and ¢, is the applied electric potential.
Boundary conditions for the anode and cathode are charge-transfer
reaction kinetics and are described by the Butler—Volmer equation,

. . aaFn —acFy
i = g (CRe & — Coe &7 ) (2)

in which i, is the local current density on the cathode surface, iy is
the exchange current density, Cx and Cp are the dimensionless
concentrations of the reduced and oxidized species, respectively, o,
and a, are the anodic and cathodic charge-transfer coefficients,
respectively, 7 is the overpotential, R is the universal gas constant,
and T is temperature. The first and second terms in Eq. (2) repre-
sent the anodic and cathodic components of the local current
density, respectively. As deposition occurs, the cathode moves to
the tip of the printed structure. The deposition rate on the cathode
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surface, v, is expressed as

MCu ict
>
ZCupP CuF

3)

Vdep = —

in which Mc, is the molar mass of copper and p, is the copper
density.'*"*

Previous studies have shown that solvent evaporation from the
electrolyte meniscus surface has a significant effect on the CED
process.'® Heat and mass transfer must be accounted for to simu-
late evaporation in the model. Heat transfer within all domains is
defined by Eq. (4),

szC(%—f—l—v-VT) — KV*T, 4)

in which Q is the heat source, C is the heat capacity, v is the veloc-
ity, and K is the isotropic thermal conductivity. A Neumann boun-
dary condition was applied on the meniscus surface for heat
transfer. The evaporation process was modeled by using the diffu-
sion equation within the air domain,'**°

oc

8_; = DVV2C1/> (5)
in which ¢, is the vapor concentration and D, is the diffusivity of
water vapor in air. The evaporation flux at the meniscus-air inter-
face is then expressed as

J = DV, (6)
in which J is the evaporation flux.'”*

Evaporation on the meniscus surface generates a convective
flow within the electrolyte which is directed toward the cathode.
Fluid dynamics within the electrolyte was modeled by simultane-
ously solving the Navier-Stokes and continuity equations, which,
respectively, are

p(%-ﬁ- u- Vu> =-Vp+V-@Vu+ (Vu)") +F, 7)

V-u=0, (8)

in which u is the fluid velocity, p is the fluid pressure, p is the fluid
density, u is the dynamic viscosity of the fluid, and F accounts for
external body forces acting on the fluid (e.g., gravity).

FINITE ELEMENT ANALYSIS

Numerical simulations were conducted in the COMSOL
Multiphysics software package. A 3D FE model was generated to
simulate the parallel CED metal printing process for a 3 x 3 nozzle
array (nine nozzles in total). The model geometry is shown in
Figs. 1(a) and 1(b), which represents an array of nine nozzles filled
with an aqueous electrolyte of the metal to be deposited (Cu in this
case). A single nozzle with the applied boundary conditions is
shown in Fig. 1(c). The same boundary conditions were applied to
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FIG. 1. (a) A CAD rendering of the 3 x 3 nozzle array, (b) a cross-sectional view of the array, and (c) a close-up view of a single nozzle tip with the applied boundary con-
ditions. The same boundary conditions were applied to all nozzles. The contours for the meniscus surface and meniscus height are shown in Fig. S1 in the supplementary

material.

each nozzle within the array. Given the geometric symmetry, only
one quarter of the array was modeled to simulate the process.
A Cartesian coordinate system was used, in which the x and y axes
are in the lateral direction and the z axis is in the vertical direction.
The growth angle (¢,) of the deposited wire was defined as the
equilibrium angle between the growth direction and the contact
line at the solid-liquid-gas (metal-electrolyte-air) interface. Previous
computational studies have used a value of ¢, = 12° for the copper-
electrolyte-air system,'®'”*" which was determined experimentally
in Ref. 13.

The relationship between the meniscus height and the diame-
ter of the deposited wire is expressed as

1 D,
H(D) = EDcos @ (cos W' —  _cosh!

1
)
Dcos ¢, cos @y

in which D and Dy are the diameters of deposited wire and nozzle
tip, respectively, ¢, is the growth angle, and H(D) is the meniscus
height."> A previous computational study has shown that stable
deposition occurs within the range of 0.5D; < D < 0.9Dy, in
which D, = 0.5Dy and D,,,, = 0.9D,. Both the diameter of
the deposited wire and the height of the meniscus are dependent
On Vgep, With Dy, occurring at Vgep, max and Dy, occurring at
Videp, min- If the deposition rate is under v,,, the wire growth
front will quickly reach the nozzle tip and clog the nozzle; and if
the deposition rate is over vy, the electrolyte meniscus will break
and deposition will cease. In this work, a value of Dy = 20 um was
used in conjunction with v,,;,, resulting in a deposited wire diame-
ter of D = 18 um. The shape of the meniscus during stable growth
is then defined as

1 D, 2
2(r) ==Dcos @y cos h ' ——— —cos h ' ——— ), (10)
2 Dcos ¢,

Dcos ¢,
in which r is the coordinate point in the lateral direction between
the outer edge of the deposited wire and the outer edge of the
nozzle tip.'** A parametric study on nozzle length showed that
results were not affected when the length of the nozzle was large

enough compared to meniscus height. Thus, the nozzle length was
set to be 100 um in the simulation.

The electrolyte of interest is copper sulfate (CuSO,), which is
contained in a glass nozzle in an air environment with controlled
humidity. Simulation of the CED process was divided into two
steps: in the first stationary step, evaporation on each meniscus
surface was calculated by solving the heat transfer and diffusion
equations. Evaporation was treated as a time-independent process
since no environmental changes occur. In a subsequent time-
dependent step, the calculated evaporation rate on each meniscus
surface served as the outlet velocity for the electrolyte.

The transport of the electrolyte solution was modeled by cou-
pling the Nernst-Planck equation with the Navier-Stokes equation.
There is no flux through the walls of the nozzle as they are insu-
lated. A no-slip condition was also applied on the internal nozzle
walls. Parameters and boundary conditions in the model were
applied based on previous studies and experimental condi-
tions.'™"” Atmospheric pressure and room temperature were
assumed for all domains within the model. A bulk electrolyte con-
centration of 10 mol/m® was used in conjunction with electrolyte
viscosity and density of 0.0010093 Pas and 1000 kg/m>, respec-
tively. Furthermore, diffusivity of Cu? * ions was assumed to be
5% 107% m%/s.”* Values used in Eq. (2) were ip = 30 %, a, = 0.5,
o =15, Co= gg;; ,
the concentrations of Cu*" ions on the cathode surface and in the
bulk electrolyte, respectively.”**> A potential difference of 0.4 V
was applied between the anode and the cathode. According to a
previous study,'” an environmental relative humidity of 70% falls
near the middle of the applicable experimental range of values
and provides ideal conditions for stable wire growth. Thus, all
simulations were performed using this value.

and Cp = 1, in which Cgp+ and Ccup} are
o

RESULTS AND DISCUSSION

The presented FE model was used to investigate the effects of
nozzle spacing on metal deposition rate in the parallel CED
process. Twelve different values for tip spacing were considered in
the analysis, specifically 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 um. Here, we defined the tip spacing as the lateral distance

J. Appl. Phys. 131, 055303 (2022); doi: 10.1063/5.0072183
Published under an exclusive license by AIP Publishing

131, 055303-3


https://www.scitation.org/doi/suppl/10.1063/5.0072183
https://www.scitation.org/doi/suppl/10.1063/5.0072183
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

between nozzle tips. The results were analyzed for each individual
nozzle within the array. Each nozzle is numbered in Fig. 2(a) for
use in subsequent analysis. In the numbering, we considered the
symmetry in the model. The material deposition rate (V) on the
cathode surface for each nozzle was first calculated for each tip
spacing value, as it is of interest to determine the relationship
between the tip spacing and the average deposition rate for all
nozzles (numbered 1, 2, and 3). We calculated Vi, by integrating
the metal deposition over the entire nozzle tip surface (cathode).
Interestingly, we found that insufficient evaporation on each menis-
cus surface will occur if the nozzles are too close together, primarily
due to less exposure to the ambient air environment. This results in
non-uniform metal deposition among nozzles and, thus, non-
uniform geometries of the final printed structures.

As an example, the contour plot of growth rate on the surface
of each cathode for a tip spacing of 50 um is shown in Fig. 2(b).
As nozzle 3 has the most exposure to the environment and, thus,

A

3 2 3
2 1 2 Z o5 |
> 065 |
- —o-n =1
3 2 3 N

ARTICLE scitation.org/journalljap

the highest deposition rate, the deposition rates for nozzles 1 and 2
were normalized by the deposition rate for nozzle 3. Such data are
shown in Fig. 2(c).

The plot shown in Fig. 2(c) can be roughly divided into two
regions: (i) tip spacing <50 um and (ii) tip spacing >50 um. The
deposition rate ratio increases for both nozzles 1 and 2 within
region (i) because of increased exposure to the surrounding air.
Both ratios become near constant within region (ii) once a spacing
of ~50um is reached, with ratios for deposition rate for nozzle
1/nozzle 3 and nozzle 2/nozzle 3 approaching values of ~0.85 and
~0.93, respectively. More specifically, the growth rate for nozzle 1
reaches a maximum value of ~85% of the growth rate for nozzle 3,
while the growth rate for nozzle 2 reaches a maximum value of
~93% of that for nozzle 3. Thus, it becomes increasingly less bene-
ficial to increase tip spacing beyond 50 um if the goal is to equalize
deposition rates of all nozzles, while printing metal structures with
high spatial resolution. Of course, the exception would be if a
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0.88 24
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FIG. 2. (a) A top view of the nozzle array. Each nozzle is numbered for use in subsequent data analysis. (b) The deposition rate on the cathode surfaces for a tip spacing
of 50 um. (c) The ratio of the average deposition rate for nozzle 1/nozzle 3 and nozzle 2/nozzle 3 as a function of tip spacing. Average deposition rates for nozzles 1 and
2 were normalized by that of nozzle 3, as nozzle 3 has the most exposure to the ambient air environment and thus the highest deposition rate. (d) The average deposition

rate and current density for nozzle 3 as a function of tip spacing.
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particular application requires relatively large areas of free space
between structures. Furthermore, the obtained growth rates in
Fig. 2(b) follow the trend of values reported in Ref. 17. Although
the nozzle diameter in this work is 20um, at a tip spacing of
50 um, the average deposition rates were calculated as 0.65, 0.72,
and 0.79 nm/s for nozzles 1, 2, and 3, respectively. As the nozzle
diameter increases, the evaporation and deposition rate decrease
due to decreasing meniscus surface area-to-volume ratio (A/V).
The surface area-to-volume ratio for various nozzle diameters is
shown in Fig. S2 in the supplementary material. A/V sharply
reduces as the nozzle diameter increases. For example, A/V for a
0.25 um nozzle is ~18.4um™", A/V for a 1 um nozzle is ~4.6 yum™",
and A/V for a 20 um nozzle is ~0.23 ym™".

It has been established that for small diameter nozzles with
high A/V ratio, evaporation drives the CED process and deposi-
tion rate is a direct product of the evaporation rate on the menis-
cus surface.'®'” We calculated the average evaporation rate (AER)
on each meniscus surface, and the AER on meniscus surfaces for
nozzles 1 and 2 were each normalized by that of nozzle 3.
Figure 3(a) displays the relative humidity within the air domain
surrounding the nozzles. Figure 3(b) shows the AER ratio for tip
spacings in the range of 1-100 yum. We found that the AER pla-
teaus once a tip spacing of ~50 um is reached, similar to the plot
for deposition rate ratio in Fig. 2(c). The AER on nozzle 1's
meniscus surface approaches ~79% of the AER on nozzle 3's
meniscus surface, while the AER on nozzle 2’'s meniscus surface
approaches ~90% of that for nozzle 3.

Both the evaporation rate and deposition rate are relatively
low despite ratios of the two becoming near constant at tip spacings
of >50 um. At a tip spacing of 50 um and relative humidity of 70%,
the AER for nozzle 3 was found to be 0.016 mm/s, compared to an
AER of 0.8 mm/s for a single 0.86 um nozzle reported in Ref. 16.
Furthermore, the average deposition rate for nozzle 3 was found to
be 0.79 nm/s, compared to a value of approximately 70 nm/s for

mol/m?

A

0.95

the nozzle array

0.9
0.85
0.8
0.75

0.7

AER, / AER;
o
(@)]
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the 0.86 um diameter nozzle. We found that the low deposition rate
is a direct result of insufficient evaporation on the meniscus surface.
Furthermore, altering the humidity of the environment has a little
effect at this scale (of nozzle diameters). For example, at a relative
humidity of 10% and tip spacing of 50 um, the average evaporation
and deposition rates for nozzle 3 were found to be 0.047 and 2 nm/s,
respectively, as shown in Fig. S3 in the supplementary material.
Although higher than both values for the case of 70% relative
humidity, the evaporation rate is still too low to result in desirable
deposition rates. Additionally, this value is well outside the appropri-
ate experimental humidity range of 60%-80%.'® Thus, we conclude
that a low humidity alone is not suitable to induce sufficient convec-
tion and desirable metal deposition for a 20 um nozzle, particularly
in the case of a 3 x 3 array.

To counteract the low evaporation rate for the 20 um nozzle
array, we introduced a flow rate at the inlet of the fluid reservoir to
enhance convection within the electrolyte. This flow rate essentially
simulates an external pump, which is used experimentally for
“larger” nozzles.”*~*® In this simulation, there is no need for the air
domain and the stationary step, in which heat transfer and evapora-
tion were calculated. All other boundary conditions and geometries
remained the same and a tip spacing of 50 um was used. To deter-
mine the effects on the Cu deposition rate, we examined a series of
reservoir inlet flow rates between 0.025 and 2.5 nl/s. The flow rates
were set at the inlet of the entire reservoir, as shown in Fig. 1(a).

As shown in Fig. 4, the ionic concentration within the menis-
cus changes drastically depending on the inlet flow rate of the res-
ervoir. Particularly in the case of a flow rate of 2.5 nl/s, we found
that the concentration is considerably higher than that of the bulk
electrolyte (10 mol/m?), particularly on the meniscus surface.
References 16 and 17 have reported such a change in concentration
due to strong diverging convective flux, specifically because fluid
flow is directed toward the top corner of the meniscus. Our results
show that this phenomenon results in discrepancies between

w
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FIG. 3. (a) The relative humidity within the vicinity of the nozzles as observed from the bottom of the array. In this case, the environment humidity was set to 70%. (b)
The ratio of the average evaporation rate (AER) for nozzle n/nozzle 3 (n=1, 2) as a function of tip spacing. AERs for nozzles 1 and 2 were normalized by that of nozzle

3, as nozzle 3 has the most exposure to the ambient air environment.
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FIG. 4. Electrolyte concentration in (a) the nozzle array and (b) the center nozzle for an inlet flow rate of 0.05 nl/s. (c) Growth rate on the cathode surfaces for an inlet flow
rate of 0.05 nl/s. Electrolyte concentration in (d) the nozzle array and (e) the center nozzle for an inlet flow rate of 2.5 nl/s. (f) Growth rate on the cathode surfaces for an

inlet flow rate of 2.5 nl/s. The fluid reservoir is not shown so all nozzles are viewable.

material deposition at the center of each nozzle and the edge of
each nozzle. The deposition rates for inlet flow rates of 0.05 and
2.5 nl/s are shown in Figs. 4(c) and 4(f). For a flow rate of 0.05 nl/s,
the deposition rate at the center of each nozzle is ~48% of that at
the edge of each nozzle; and this deposition is relatively uniform.
However, for a flow rate of 2.5 nl/s, the deposition rate at the center
of each nozzle is ~1.8% of that at the edge of each nozzle, which
will result in thin-walled, hollow structures. This is shown further
in Figs. 4(c) and 4(f).

Comprehensive data for all examined flow rates between 0.025
and 0.5 nl/s are shown in Fig. 5. To further investigate the effects of
the inlet flow rate on deposition rate, we calculated the ratio of dep-
osition rate at the center of each nozzle to the edge of each nozzle
(Viep, center! Vdep, edge)- Our results show that the deposition ratio is
inversely proportional to the flow rate, while the average deposition
rate is proportional to the flow rate. However, the higher average
deposition rate comes at the drawback of geometric non-
uniformity; and at a flow rate of 2.5 nl/s, copper will be deposited
nearly 57 times faster at the edge of the nozzle compared to the
center. Thus, a flow rate of 0.025nl/s is ideal to print relatively
uniform structures at the drawback of slower deposition. Although
the evaporation is not present, an external pump can provide suffi-
cient convection to achieve relatively large deposition rates

compared to the model with evaporation. Additionally, the thick-
ness of the printed structure can be tailored by simply changing the
inlet flow rate.

To determine its relation to the deposition rate, we calculated
the average ionic concentration within the meniscus as a function
of the flow rate. Furthermore, the contributions of each transport
mechanism (diffusion, convection, and migration) to the total flux
at the tip of each nozzle were calculated as a function of the inlet
flow rate. Reference 17 reported that back diffusion of the electro-
lyte will occur if the electrolyte meniscus concentration is higher
than that of the bulk electrolyte (10 mol/m?), particularly if using
nozzles with diameter <700nm due to relatively large A/V and
evaporation rate. This is not an issue if relying on evaporation for
nozzles with larger diameters due to an exponentially decreasing
A/V. Surprisingly, we found that this phenomenon can occur in
larger nozzles if the electrolyte is pumped too fast. Based on
Fig. 6(a), we found that back diffusion will begin to occur
(particularly at the top corner of each meniscus) at a flow rate
of ~1.125nl/s. This can further be observed in Fig. 6(b).
The contribution of convection to total flux surpasses 100% once a
flow rate of ~1.125nl/s is reached, with diffusion contributing 0% to
ion transport. Convection and diffusion continue to increase and
decrease, respectively, as the flow rate increases. We found that
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FIG. 5. (a) The ratio of deposition rate at the center and edge of each nozzle and the average deposition rate as a function of inlet flow rate. (b) The variation of deposition
rate on the cathode surfaces for different inlet flow rates. Average current density on the cathode surface for an inlet flow rate of (c) 0.05 and (d) 2.5 nl/s.

convection accounts for nearly 220% of total flux at a maximum is a direct result of fluid transport being convection driven. Thus, we
tested flow rate of 2.5 nl/s, whereas diffusion accounts for —35% of conclude that increasing convection within the electrolyte will result in
total flux. As shown previously in Figs. 4(f) and 5(b), deposition non-uniform, thin-walled structures. Flow rates of below 1.125nl/s
varies drastically between the center and edge of each nozzle; and this should be used to obtain better uniformity of printed structures.
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FIG. 6. (a) The average concentration of Cu?* ions within the meniscus as a function of the inlet flow rate. (b) Contribution of each transport mechanism as a function of
inlet flow rate. (c) Contribution of each transport mechanism as a function of tip spacing with evaporation present.
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CONCLUSIONS

Overall, a Multiphysics FE model was developed to investigate
and optimize the CED process for an array of microscale nozzles.
Based on simulation results, evaporation alone is not suitable for
“fast” or uniform deposition due to the relatively low meniscus
surface area-to-volume ratio. Additionally, we found that it
becomes increasingly less beneficial to increase tip spacing beyond
50 um if relying on evaporation to drive the process. Once this
point is reached, deposition is still highly non-uniform between
nozzles due to insufficient exposure to the ambient air environ-
ment. However, our results reveal that an external pump can be
used to counteract the low evaporation rate and tailor convection
within the electrolyte. Depending on the desired application, flow
rate can be changed to print structures of varying uniformity at dif-
ferent speeds. However, several challenges remain (1) new nozzle
geometries should be developed and studied to achieve both fast
and uniform deposition in larger nozzles and (2) larger arrays
should be studied to enable higher throughput and efficiency of the
printing process. While larger arrays will allow for more structures
to be printed simultaneously, a reliance on evaporation alone may
increase non-uniformity between inner and peripheral nozzles due
to less exposure to the ambient air environment.

SUPPLEMENTARY MATERIAL

See the supplementary material for a close-up image of the
nozzle/electrolyte system, the ratio of the surface area-to-volume
ration of the meniscus, and the average evaporation rate as a func-
tion of relative humidity.
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Figure S1 A close-up image of the nozzle / electrolyte system. The variables shown
are relevant to those in equations 8 and 9. The image has been taken from [17] in the
main text.
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Figure S2 (A) The meniscus surface area-to-volume ratio for various nozzle
diameters. (B) The average evaporation rate on the meniscus surface for various nozzle
diameters. The minimum suitable deposition rate (v4ep, min) / maximum deposited wire
diameter (D,,,,) were used for all simulations, as defined in the Finite Element Modeling
— Geometry section in the article and reference [17].
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Figure S3  The average evaporation rate (AER) and average deposition rate (Vavg) as
a function of the relative humidity for nozzle 3. A tip spacing of 50 um was used for all

simulations.
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