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Meniscus-confined electrodeposition (MCED) is a solution-based, room temperature process for

3D printing of metals at micro/nanoscale. In this process, a meniscus (liquid bridge or capillary)

between a nozzle and a substrate governs the localized electrodeposition process, which involves

multiple physics of electrodeposition, fluid dynamics, mass, and heat transfer. We have developed

a multiphysics finite element (FE) model to investigate the effects of nozzle speed ðvNÞ and nozzle

diameter (D0) in the MCED process. The simulation results are validated with experimental data.

Based on theoretical approach and experimental observation, the diameter of the deposited wire is

in the range of 0.5–0.9 times of the nozzle diameter. The applicable range for vN for various nozzle

diameters is computed. The results showed that the contribution of migration flux to total flux

remains nearly constant (�50%) for all values of pipette diameter in the range examined

(100 nm–5 lm), whereas the contribution of diffusion and evaporation fluxes to total flux increase

and decrease with the increasing pipette diameter, respectively. Results of this multiphysics study

can be used to guide the experiment for optimal process conditions. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984910]

I. INTRODUCTION

Three-dimensional (3D) printing in small scale has

attracted significant interest within additive manufacturing

community. Most low cost effective methods have been

developed for printing plastic or polymers.1,2 New approaches

have been recently established to print metals in nano/micro-

scale, given potential applications in micro/nanoscale sensors

and electronic devices.3–10 The common 3D printing pro-

cesses for metals at macroscale such as laser sintering and

electron beam melting processes are not suitable for micro-

scale, given the size of the individual metal powders in the

range of 20 lm–100 lm.11 Meniscus-confined electrodeposi-

tion (MCED) is one of the 3D printing approaches that ena-

bles the fabrication of precise metallic micro/nanostructures

in a cost-effective manner, using metal electrolytes at room

temperature.4,12–15 In this method, electrodeposition (electro-

plating) is performed within a liquid meniscus between the tip

of a pipette (often a glass capillary) and a conductive sub-

strate. The metal deposition through the confined meniscus is

a complex multi-physics process in which electrodeposition,

fluid dynamics, mass, and heat transfer physics are simulta-

neously involved. Parameters such as relative humidity of the

environment, size of the nozzle, speed of the nozzle, applied

electric potential, and concentration of the electrolyte ulti-

mately govern this micro/nanoscale additive manufacturing

process.14 Given the multiphysics nature of the process,

numerical simulation using multiphysics finite element (FE)

analysis is a suitable method to investigate the effect of pro-

cess parameters on process outcomes. The effect of environ-

mental relative humidity was studied in the earlier work of

the authors.14 The results of that study revealed that flux of

ions toward the cathode increased by lowering the relative

humidity (RH) of the environment due to the increased evapo-

ration rate from the meniscus surface. In addition, the evapo-

ration process generated a convective flow in the nozzle that

influenced the concentration of the ions at the cathode surface,

which controls the deposition rate. In this work, we investi-

gate the effect of nozzle speed (vN) and nozzle diameter (D0)

on the process. A finite element (FE) model was developed to

study the influence of nozzle speed and diameter on MCED.

Four involved physics, i.e., electrodeposition, fluid dynamics,

and mass and heat transfer, were considered. The FE results

were validated by comparing to the experimental data. The

applicable range for vN was defined, and its influence on the

transport mechanisms of the ions was elucidated.

II. MULTI-PHYSICS PROCESS

The schematic of the meniscus-confined 3D nano-

printer and close-up view of the liquid meniscus are shown

in Figs. 1(a) and 1(b), respectively. The printing process is

based on localized electrodeposition at the tip of a glass

pipette. Copper ions (Cu2þ) are reduced and deposited at the

growth front of the wire as the pipette is moved upward. The

involved physics are elaborated as follows.

Electrochemical dynamics of the electrolyte is described

by the Nernst-Planck equation:

a)Author to whom correspondence should be addressed: majid.minary@
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Ni ¼ �Dirci � zi ui F cirul þ ci u; (1)

in which Ni is the transport vector; the diffusivity of the ionic

species is denoted by Di; concentration of the ion i, the elec-

tronic charge of the ionic species, and the mobility of the

charged species are shown by ci, zi, and ui, respectively. In

Eq. (1), F is the Faraday constant; the electric potential dif-

ference in the electrolyte is shown by ul; and u is the fluid

velocity. Within the electrolyte, the ionic flux is governed by

the first, second, and third terms in the Nernst-Planck equa-

tion corresponding to the diffusion, migration, and convec-

tion processes, respectively.16 Boundary conditions for the

anode and the cathode are charge-transfer reaction kinetics

defined by the Butler-Volmer expression. The charge trans-

fer current or local current density (ict) on the electrode sur-

face is expressed by

ict ¼ i0 CR exp
aaFg
RT

� �
� C0 exp

�acFg
RT

� �� �
; (2)

where the exchange current density is i0; the dimensionless

concentration of the reduced species is CR; the dimensionless

concentration of the oxidized species is C0; the charge trans-

fer coefficients for the anode and cathode are aa and ac,

respectively, and g denotes the overpotential. The first and

second terms in Eq. (2) represent the anodic and cathodic

components of the local current density. During the deposi-

tion process, the wire growth front (cathode) moves in the

vertical (growth direction). Steady-state growth of the wire is

obtained when vN is equal to the average growth rate of the

wire. In the FE model, it was assumed that the average wire

growth rate is equal to the nozzle speed, since we aim to

investigate the steady-state growth rate of the wire. Therefore,

the nozzle speed vN can be expressed by vN ¼ � MCu ict

zcu qCu F,

where MCu is the molar mass, and qCu is the density of

copper.16,17

Solvent evaporation from the meniscus free surface has

a significant effect on MCED.14,18 Heat and mass transfer

physics must be taken into account to model evaporation

from the electrolyte in the meniscus. Evaporation was simu-

lated by using the diffusion equation for vapor concentration

within the air domain. Water evaporation from the meniscus

surface generates convective flow within the electrolyte

domain, which was modeled by the Navier-Stokes together

with the continuity equations.14,19

III. FINITE ELEMENT MODELING

A. Geometry

Numerical simulations were conducted in COMSOL

Multi-physics. A 2D axisymmetric finite element model was

employed to simulate the process. The geometric detail of

the FE model is shown in Fig. 2(a), which represents a

micro-pipette filled with a liquid electrolyte of the metal of

interest. In the experiment, we used CuSO4 for printing Cu

structures. Cylindrical coordinates were introduced with the

z-axis in the vertical (nozzle) direction. Growth angle ðu0Þ
was defined as the angle between the line tangent to the

meniscus and the wire axis. The growth angle was calculated

to be �12� for the copper-water-air system.4,14

FIG. 1. (a) Schematic illustration of

the 3D nano-printer. (b) Close-up view

of the liquid meniscus between the

pipette nozzle and the deposited wire.

FIG. 2. (a) Details of the computa-

tional geometry and the coordinate

system used to describe the liquid

meniscus in the vertical wire deposi-

tion process. (b) Applied boundary

conditions in the finite element model.
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The relation between the meniscus height and the diam-

eter of the deposited wire for a given pipette is expressed as4

H Dð Þ ¼ 1

2
D cos u0 cosh�1 D0

D cos u0

� cosh�1 1

cos u0

� �
;

(3)

in which D and D0 are diameters of the deposited wire and

pipette nozzle, respectively; u0 denotes the growth angle,

and H is the meniscus height. The normalized meniscus

height versus normalized diameter of the deposited wire with

respect to the nozzle diameter is plotted in Fig. 3(a).

According to Eq. (3), the maximum height of the meniscus

occurs at Hmax ¼ 0:28D0. This maximum height divides the

curve in Fig. 3(a) into two regions: stable and unstable. By

increasing vN in the stable region, the liquid meniscus is

stretched and meniscus height increases from zero up to the

maximum meniscus height Hmax, whereas the diameter of

the deposited wire reduces from the value near D0 to the

value of Dmin ¼ 0:5D0 [point b in Fig. 3(a)]. Only within this

region, the meniscus is stable and a continuous wire deposi-

tion can be sustained. Any further increase in vN shifts the

meniscus height to the unstable region, which results in

breakage of the liquid meniscus. Since the ionic current is

essential for the continuous deposition, the breakage of the

meniscus eliminates the ionic current and deposition stops.

It can be concluded that maximum value of vN occurs at

Dmin, which was also observed in the experiment. In this

study, therefore, it is assumed that maximum vN occurs at

Dmin ¼ 0:5D0. It can be assumed that the minimum value

of vN happens at the points where Dmin ¼ D0 and H ¼ 0.

However, the largest value for the diameter of the wire in the

experiments was Dmax ¼ 0:9D0 [point a in Fig. 3(a)]. At the

points where D > 0:9D0 (H < 0:28D0), wire growth front

easily reaches the pipette tip, and the deposited metal clogs

the pipette due to the small height of the meniscus.

Therefore, the minimum values of vN was assumed to occur

at Dmax ¼ 0:9D0 [point a in Fig. 3(a)]. Five different menis-

cus heights between points a to point b were chosen for the

simulation [points shown in Fig. 3(a)). In the coordinate sys-

tem established in Fig. 2(a), the meniscus shape during stable

growth is described by20,21

z rð Þ ¼ 1

2
D cos u0 cosh�1 D0

D cos u0

� cosh�1 2r

D cos u0

� �
:

(4)

As an example, the meniscus shape for points a and b in Fig.

3(a) for a micropipette with the nozzle diameter of D0

¼ 730 nm are shown in Fig. 3(b). This pipette diameter was

chosen from one of the experiments.

Changing the hydrophobicity of the substrate can affect

the shape of the meniscus at the initial stage of deposition

since the growth angle at the initial stage depends on the sur-

face properties of the substrate. The electrolyte on a hydro-

phobic surface might exhibit a higher initial growth angle

than on a hydrophilic surface, which will result in a larger

base for the wire. In this work, however, the steady state

wire growth is studied (away from the base), and the growth

angle for the copper-water-air system (12�) was used in the

simulation. As shown later in Fig. 4(b), the base of the wire

is often larger than the steady state wire diameter. Also, the

hydrophobicity of the nozzle surface may change the contact

angle of the meniscus and the pipette.

Two-dimensional triangular elements with a maximum

element size of 9 nm were used to construct the geometry.

Mesh sensitivity analysis was carried out for the model with

various mesh densities. Results of this analysis showed that

good convergence was achieved for element size less than

9 nm. A total number of 51 213 elements was used in the

simulation.

B. Boundary conditions

The system consists of electrolyte (copper ions (Cu2þ)

and sulfate (SO2�
4 ) in an aqueous solution), surrounding

FIG. 3. (a) Normalized meniscus

height vs. normalized wire diameter.

(b) Meniscus profiles corresponding to

points a and b in (a) for the pipette

with the nozzle diameter of 730 nm.

FIG. 4. (a) Dependence of the diameter of the deposited wire on vN for the

nozzle diameter of 730 nm. (b) An SEM image of a deposited wire.
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environment (air), and the micro-pipette (glass). Ionic trans-

port was modeled by utilizing the Nernst-Plank equation for

the electrolyte coupled with the Naiver-Stokes equation for

the convective flow. The applied boundary conditions are

shown in Fig. 2(b). Since the nozzle vertical walls are elec-

trically insulated, the copper ion flux at these boundaries will

be zero. Moreover, no slip condition was applied on the noz-

zle’s internal wall. Steady-state growth of the wire was

obtained when vN was set equal to the average growth rate of

the wire. The initial values and boundary conditions in the

model were assigned based on the experimental conditions.

Conditions included assuming atmospheric pressure and

room temperature for all domains; and a bulk concentration

of 10 mol=m3 (0:01 mol=lit) for the electrolyte. A potential

difference of 0:4 V was applied between the anode and the

cathode. No heat source existed in the simulation, and the

only heat transfer was due to evaporation of water from the

meniscus surface. The diffusivity of the Cu2þ ions was

assumed to be 5� 10�10 m2=s.22,23 Electrolyte viscosity and

density assumed to be 0.0010093 Pa.s and 1000 kg/m3,

respectively. The values for the constants in Eq. (2) were

i0 ¼ 30 A
m2; aa ¼ 0:5; ac ¼ 1:5; C0 ¼ Ccu2þ

Ccu2þ ;ref
; CR ¼ 1;17,24–26

where Ccu2þ and Ccu2þ;ref are the concentration of Cu2þ ions

on the electrode surface and in the bulk electrolyte,

respectively.17

According to the author’s earlier study14 and experimen-

tal results, an environmental relative humidity of 70% is

the optimum condition for a stationary and stable wire

growth. Therefore, all simulations were performed in this

condition. A parametric study on the pipette length showed

that the results were not affected when the length of the

pipette was large enough in comparison with meniscus

height. Therefore, the pipette length was set to be 100 times

of the meniscus height.

Although electrodeposition is an exothermic process, the

exchange of thermal energy in this process is not large com-

pared to liquid-gas phase transformation. Therefore, in the

present study, heat transfer happens only due the water evapo-

ration from the meniscus free surface. Since no environmental

change occurs during the electrodeposition given the con-

trolled environment, the heat transfer process was considered

as a time-independent process. A steady state wire growth

was studied in this article. Therefore, any dynamic effects on

the mass transfer of electrodeposition was neglected.

IV. RESULTS AND DISCUSSION

A. Validation of the computational model

The presented FE model was used to investigate the

effect of the nozzle speed ðvNÞ on the MCED process. Five

different heights of the meniscus within the stable region

[points shown in the Fig. 3(a)] were considered for the analy-

sis. Figure 4(a) shows the predicted values of vN for the dif-

ferent shapes of the meniscus for a pipette with the nozzle

diameter of 730 nm. The increase in vN from 88 nm=s (mini-

mum vN) to 263 nm=s (maximum vN) resulted in the decrease

in wire diameter in the stable region from 657 nm to 365 nm

[from point a to point b Fig. 3(a)]. In order to validate the FE

simulation, different vN values within the predicted stable

range were used in the experiments. The diameter of the

deposited wire at each vN was measured using SEM micro-

graphs. As an example, the SEM image of a deposited wire

is shown in Fig. 4(b). The experimental data for the pipette

with the nozzle diameter of 730 nm are also shown in Fig.

4(a). Numerical results showed good agreement with the

experimental data. Increasing vN stretches the meniscus and

decreases the diameter of deposited wire from the point a to

point b shown in Fig. 3(a). Experimental data revealed that

by increasing vN from 100 nm=s to 210 nm=s, the wire diam-

eter decreased from 650 nm to 460 nm, respectively.

Experimental observation also showed that for vN approach-

ing � 270 nm=s (point b) the meniscus broke due to liquid

instability, and for vN lower than � 100 nm=s (point a), the

pipette frequently clogged. The clogging of the pipette for

slow vN was because the meniscus height became very small

and the wire growth front reached the pipette nozzle.

Additionally, Faraday’s equation can also be used to

predict the wire diameter (D),4 D ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

iM
nFqp�N

q
, where i and vN

are the experimental values for the ionic current and nozzle

withdrawal speed, presented in Table I; F is the Faraday

constant; M and q are the molar mass and the density of

copper, respectively; and for Cu2þ, n¼ 2. In other words,

D /
ffiffiffiffiffiffiffiffiffi
i=vN

p
. The predicted values using Faraday’s equation

for the diameter of the deposited wire is also shown in Fig.

4(a). The analytical results showed reasonable agreement

with the experimental values, and FE simulation results.

Included in the Fig. 4(a) is also the numerical result using

the earlier finite element model presented by Seol et al.18 In

their study, a cylindrical geometry was assumed for the

meniscus (u0 ¼ 0), and the wire diameter and meniscus

height were equal to 1 and 0.75 times of the nozzle diameter,

respectively. The assumed meniscus height was 2.7 times

larger than Hmax calculated by Eq. (3). Comparison to the

experimental data, the predicted value for vN in this case

does not show good agreement. Therefore, considering the

realistic geometry of the liquid meniscus is essential to

obtain accurate results from the FE model.

B. Effect of the nozzle speed on MCED

The nozzle speed vN affects the MCED process through

two mechanisms. First, it directly influences the electrodepo-

sition process by adjusting the diameter of the deposited wire

(cathode). Changes in the wire diameter influence the amount

of ions deposited on the wire growth front and affect the

concentration of Cu2þ ions within the electrolyte. Second, vN

affects evaporation on the meniscus surface by changing

the meniscus profile. Evaporation was established to be one

of the key factors governing the MCED process, since it

TABLE I. Electrical current and vN in the experiment for the nozzle with

the diameter of 730 nm.

�N (nm/s) 100 120 150 180 210

Current (nA) 1.02 1.03 1.00 0.97 0.96
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controls the flux within the electrolyte.14 The evaporation rate

along the meniscus free surface [denoted by the x-coordinate

in the inset of Fig. 5(a)] for the two extreme predicted values

of vN i.e., 88 nm=s and 263 nm=s is depicted in Fig. 5(a). The

results show that water evaporates faster at the top and bottom

corners of the meniscus since the evaporation rate is higher at

solid/liquid contact line, and it is uniform away from the cor-

ners.14,27 Increasing vN stretches the meniscus, so the menis-

cus height for vN ¼ 263 nm=s becomes 2.06 times of the one

at vN ¼ 88 nm=s [Fig. 3(b)].

We define the volumetric evaporation (VE) as the

amount of water evaporated per second from the meniscus,

which can be calculated by VE ¼ AER� A, where A is the

area of the meniscus surface, and AER is defined as the aver-

age evaporation rate along the meniscus. Figure 5(b) shows

the meniscus surface area and the volumetric evaporation vs.

vN . The surface area of the meniscus monotonically increases

with vN , whereas the volumetric evaporation rate is nearly

constant for all vN , with slight variation. Figure 5(c) shows

the volume of the meniscus vs. vN , which shows the increase

with vN up to �150 nm/s and then decreases for higher vN .

AER and average concentration of Cu2þ ions vs. vN are

shown in Fig. 6(a). AER along the meniscus for vN¼ 88 nm=s

was 0.95 mm/s, which is roughly twice the value for the

vN ¼ 263 nm=s. The values of VE were 2:11� 10�16 m3=s

and 2:08� 10�16 m3=s for the vN of 88 nm=s and 263 nm=s,

respectively. Even though the AER highly depends on vN ,

VE is nearly constant for the all vN [Fig. 5(b)]. As can be

seen in Fig. 6(a), the concentration of ions within meniscus

increases by increasing vN . At higher vN , meniscus stretches,

and the radius of the deposited wire decreases, so fewer ions

are reduced (consumed) at the wire growth front. As a result,

the concentration of ions within the meniscus considerably

increases with vN . In the MCED process, ions are transported

between the anode and cathode electrodes through convec-

tion, diffusion, and migration processes, simultaneously

[Eq. (1)]. Evaporation stimulates the convective flux within

FIG. 5. (a) Profiles of evaporation rate along the meniscus surface for vN of

263 and 88 nm/s, (b) meniscus surface area and volumetric evaporation vs.

vN , and (c) volume of the meniscus vs. vN .

FIG. 6. (a) Average concentration of Cu2þ ions within the meniscus and

average evaporation rate at the meniscus surface vs. vN . (b) Flux of Cu2þ

ions that exit nozzle vs. vN . Total flux, as well as convection, diffusion, and

migration fluxes are shown.

214305-5 Morsali et al. J. Appl. Phys. 121, 214305 (2017)



the electrolyte and brings the ions from the bulk electrolyte

toward the meniscus’ surface. The diffusion flux and migra-

tion flux are generated due to the ion concentration gradient

and applied electric potential, respectively. The total ionic

flux between the nozzle tip and the meniscus, as well as con-

vection, diffusion, and migration fluxes vs. vN , is shown in

Fig. 6(b). According to the third term in Eq. (1), convective

flux ðci uÞ depends on both the flow velocity within the elec-

trolyte ðuÞ generated due to evaporation at the meniscus sur-

face (VE) and the concentration of the ions ðci Þ. Although VE
is almost constant for all vN [Fig. 5(b)], the concentration of

ions ðci Þ increases at higher vN [Fig. 6(a)]. Therefore,

increasing vN increases the magnitude of the convective flux.

The magnitudes of convective flux for the vN of 263 nm=s is

20:9� 10�15 mol=s, which is �3.8 times the value for

88 nm=s. The diffusion flux depends on the concentration

gradient. The lower concentration gradient between the

meniscus and bulk electrolyte reduces diffusion flux at high

vN [Fig. 6(a)]. Since diffusion and convection are reversely

affected by the Cu2þ ions concentration, their contribution to

the total flux remains nearly constant for all values of vN .

Contribution of convection and diffusion together to total

flux is �50%. The contribution of convection is �13.3% and

46.4%, whereas the contribution of the diffusion is 36% and

3.3% at vN ¼ 88 nm=s and 263 nm=s, respectively. The mag-

nitude of the migration flux was calculated to be �2:2
�10�15 mol=s, which is �50% of total flux. The magnitude

of the total flux were calculated to be 4:12� 10�15 mol=s and

4:5� 10�15 mol=s for the vN of 88 nm=s and 263 nm=s,

respectively.

The concentration and flux map of Cu2þ ions for

vN ¼ 88 nm=s and 263 nm=s are shown in Fig. 7. As it was

expected, the concentration of Cu2þ ions was higher at

vN ¼ 263 nm=s. The convection flux within the electrolyte is

shown in the Fig. 7(b). The results showed that higher con-

vection was generated on the meniscus top corner because

the evaporation rate was higher in that region [Fig. 5(a)].

Convection carries the Cu2þ ions to the meniscus surface

and generates a diverging flux that increases the concentra-

tion at the vicinity of meniscus free surface [Fig. 7(a)].

Diffusion carries the ions from the electrolyte bulk and

meniscus surface toward wire growth front due to concentra-

tion gradient and facilitates more uniform concentration dis-

tribution, which results in a converging ion flux [Fig. 7(c)].

At vN ¼ 263 nm=s, however, back diffusion happens since

the concentration of Cu2þ ions in the meniscus top corner is

higher than the bulk solution [Fig. 7(a)]. At vN ¼ 88 nm=s,

all the ions brought by convection and migration are con-

sumed by electrodeposition, because the electrodeposition

consumes more ions since the cross-section of the wire

(cathode surface) is 1.8 times larger than vN ¼ 263 nm=s.

Therefore, the concentration of Cu2þ ions within the menis-

cus remains considerably less than the bulk electrolyte,

which triggers the diffusion to bring the ions from the elec-

trolyte bulk to the wire growth front. Migration and diffusion

are the dominant flux transport mechanisms near the wire

growth front [Figs. 7(c) and 7(d)]. The direction of total flux

[Fig. 7(e)] is from bulk electrolyte to the wire growth front

and has its highest value close to the center-line of the

meniscus, in particular near wire growth front, due to the

contribution of migration and diffusion.

Due to strong diverging convective flux at higher vN

[Fig. 7(b)], the concentration of Cu2þ ions at the wire edge

gets higher than the wire center [Fig. 7(a)]. The resulting

increase in the concentration would increase the growth rate

at the wire edge according to Eqs. (2) and (3). The concen-

tration (C) and growth rate (GR) ratio between the edge (e)

and the center (c) of the wire for different values of vN are

compared in Table II. The value of growth rate ratio exceeds

1.94 at vN ¼ 263 nm=s, which might cause deposition of

FIG. 7. (a) Concentration distribution of Cu2þ ions in electrolyte. Graphical

representation of flux map of ions close to the wire growth front, illustrating

(b) convection flux, (c) diffusion flux, (d) migration flux, and (e) total flux

for the nozzle with vN of 88 nm=s and 263 nm=s. The diameter of the nozzle

is 730 nm in this simulation.

TABLE II. Concentration and growth rate ratio for different vN . C and GR

are concentration and growth rate, respectively.

�N (nm/s) 88 114 147 195 263

Ce/Cc 1.21 1.35 1.42 1.50 1.71

GRe/GRc 1.19 1.40 1.51 1.63 1.94
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hollow structures for higher vN .14 The vN ¼ 263 nm=s could

not be applied in the experiment due to meniscus instability

on the hollow structures. The results show that if fabrication

of hollow structures is desired, higher vN should be used.

C. Effect of the nozzle diameter on MCED

A parametric study was carried out to investigate the

influence of the nozzle diameter on MCED. The diameter of

the nozzle was varied in the desired range of experimental

values for nozzle diameter, from 100 nm to 5 lm, which is

relevant for micro/nanoscale 3D printing. For a given nozzle

diameter, vN can vary from the minimum to maximum value

corresponding to the minimum (Dmin ¼ 0.5 D0) and maxi-

mum (Dmax¼ 0.9 D0) permissible deposited wire diameters,

respectively [points a and b in Fig. 3(a)]. The total flux of

Cu2þ ions that exits the nozzle vs. nozzle diameter is shown

in Fig. 8(a). The total flux is roughly independent from vN ,

while it has linear relation with nozzle diameter. Note that

the x-axis is in the logarithmic scale. By increasing the num-

ber of Cu2þ ions carried to meniscus, the ionic current is

expected to increase. The predicted ionic current as a func-

tion of nozzle diameter is shown in Fig. 8(b). Similar to total

flux, ionic current linearly increases with the nozzle diameter

with the slope of �0:0012 nA=nm. Ionic current can be mea-

sured in the experiment by monitoring the current in the cir-

cuit between the anode and the cathode.

Two experimental data points for the pipette with a noz-

zle diameter of 730 nm for different values of vN are added

in the Fig. 8(b). The measured values of electrical current in

experiment for the vN of 100 nm=s and 210 nm=s were

1:02 nA and 0:96 nA, respectively. Similar to FE results,

experiment data show that ionic current does not strongly

depend on vN as long as the chosen vN lies within its applica-

ble range. The applicable range of vN for different nozzle

diameters is shown in Fig. 8(c). The applicable range for vN

highly depends on the nozzle diameter. The value of applica-

ble vN increases with decreasing diameter of the nozzle. The

results show that the deposition rate for a pipette of 100 nm

in diameter can be in the range of 524 nm=s–2:3 lm=s, while

the deposition rate decreases to 14:5 nm=s–45 nm=s for a

pipette of 5 lm in diameter.

The contribution of the three ionic fluxes to the total

flux that exit the nozzle tip for the minimum vN and maxi-

mum vN are shown in Figs. 9(a) and 9(b), respectively. The

contribution of the migration is approximately 50% of the

total flux and does not strongly depend on vN or nozzle diam-

eter. However, diffusive flux and convective flux are differ-

ent for minimum vN [Fig. 9(a)] and maximum vN [Fig. 9(b)].

The graphs can be roughly divided into two regions:

D> 2 lm and D< 2 lm. The total contributions of convec-

tion and diffusion remains �50% for all vN . For large pip-

ettes with the nozzle diameters over �2 lm, the contribution

of convection flux is �35% and �9% for the maximum and

minimum vN , and does not depend on the nozzle diameter. It

can be concluded that wire with uniform cross-section can

be deposited in large pipettes since convection contribution

is not high. The contribution of diffusion and convection is

almost constant for large pipettes. The values of convection

and diffusion contributions are 9% and 41% for minimum

vN , and 34% and 16% for maximum vN , respectively.

For pipettes with the nozzle diameter smaller than

�2 lm, the contribution of convection and diffusion varies

with the diameter of the nozzle. For minimum vN , all fluxes

are toward the growth front; however, for maximum vN ,

back diffusion happens in certain regions of the pipette (pip-

ettes with the nozzle diameter smaller than 730 nm). In this

case, convection takes a larger contribution in the total flux.

In addition, in this case, the contribution of convection

becomes even larger than migration. For pipette with nozzle

FIG. 8. Effect of nozzle diameter on (a) total flux of Cu2þ ions that exit the

pipette nozzle, (b) ionic current, and (c) minimum and maximum permissi-

ble values for vN . In C, both axes are in logarithmic scale. In (a) and (b), the

x-axis is in the logarithmic scale.
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diameter of 100 nm, contribution of convection is over 100%

of the total flux, which reveals the importance of evaporation

in the small pipette range for high vN . The large convection

flux in small pipettes is due to the high Cu2þ ions concentra-

tion and high evaporation rate.

Figure 10(a) shows the average evaporation rate at the

meniscus free surface as a function of nozzle diameter for

minimum and maximum of vN , respectively. The evaporation

rate increases as the nozzle diameter decreases. For example,

the average value of evaporation rate for a pipette with a noz-

zle diameter of 100 nm is �47 times larger than the pipette

with the nozzle diameter of 5000 nm for both cases of mini-

mum and maximum vN , which shows the importance of evap-

oration in the MCED process, in particular for small pipettes.

This high value for evaporation rate in the small pipette is

mainly due to the high surface area to volume ratio (A/V) of

the meniscus.14 The A/V ratio for the pipette with the nozzle

diameter of 100 nm is 50 times larger the pipette with a noz-

zle diameter of 5000 nm. Figure 10(b) shows the average con-

centration of ions within the meniscus as a function of nozzle

diameter for minimum and maximum of vN . For minimum

vN , concentration of electrolyte always remains below the

concentration of bulk electrolyte. However, for maximum vN ,

concentration of ions in meniscus becomes larger than bulk

electrolyte for pipettes with the nozzle diameter less than

�500 nm. In this case, back diffusion from meniscus to the

bulk electrolyte will happen.

Figure 11(a) shows the volumetric deposition rate

(lm3/s) vs. nozzle diameter. The volumetric deposition rate

provides the volume rate of the deposited metal structure and

was calculated by multiplying the linear deposition rate

along the nozzle axis with the area of the deposited structure.

This graph shows that larger pipettes can generate larger vol-

umes of deposit, although the linear deposition rate for larger

pipettes is much slower than the smaller pipettes [Fig. 8(c)].

Based on Fig. 10(a), the evaporation rate for small pipettes is

much larger than the larger pipettes. Meanwhile, based

on Fig. 8(c), the deposition rate for small pipettes is also

higher than the large pipettes. Figure 11(b) shows the ratio

of deposition rate/evaporation rate vs. nozzle diameter, for

maximum and minimum vN . As it turns out, this ratio is

nearly constant for all nozzle diameters, which means that

MCED is a process primarily driven by evaporation. The

applicable range of vN highly depends on the nozzle diameter

[Fig. 8(c)]. This is due to the fact that evaporation is very

FIG. 9. Contribution of each transport mechanisms for (a) minimum vN , and

(b) maximum vN . X-axis is in the logarithmic scale.

FIG. 10. (a) Average evaporation rate on the meniscus surface, and (b) aver-

age concentration of Cu2þ ions in the meniscus. X-axis is in the logarithmic

scale.
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high and greatly depends on the meniscus shape for the small

pipettes [Fig. 10(a)]. For the nozzle diameter of 100 nm, the

average evaporation rate along the meniscus surface varies

from 3.4 mm/s to 6.9 mm/s happening for the two extreme

stable shapes of the meniscus [Fig. 10(a)]. The variation

of evaporation rate in the small pipette highly affects the

flux map (Fig. 9), concentration of Cu2þ ion [Fig. 10(b)],

and deposition rate which is assumed to be equal to vN

[Fig. 8(c)]. The applicable range of vN for the pipette with

the nozzle diameter of 100 nm is predicted to be from

�520 nm/s to 2.3 lm/s.

V. CONCLUSIONS

In summary, a multiphysics FE model was developed to

investigate the influence of nozzle speed (vN) and nozzle

diameter on MCED. Based on theoretical approach and

experimental observation, the diameter of the deposited wire

are in the range of 0.5 – 0.9 times of the nozzle diameter.

The computational model reveals that vN influences the

shape of the liquid meniscus between the tip of the nozzle

and the growth front, and beyond a certain range, meniscus

becomes unstable and breaks, which stops the deposition

process. In addition, the applicable range vN for various

nozzle diameters was computed. Within the stable range of

vN , diameter of the deposited structure decreases as the vN

increases. For example, for a pipette with the nozzle diame-

ter of 730 nm, the increase in vN from 88 nm/s (minimum vN)

to 263 nm/s (maximum vN) resulted in decrease in wire

diameter in the stable region from 657 nm to 365 nm. By

increasing vN , the surface area of the meniscus increases,

and hence the average evaporation rate (mm/s) decreases.

The volumetric evaporation rate (lm3/s) remains nearly con-

stant (�0.4–0.5 lm3/s) for all vN . In addition, by increasing

vN concentration of ions within the meniscus increases,

which is due to low consumption of metal ions for small

diameter of the deposited structure under high vN . As a

result, by increasing vN , contribution of diffusion flux to total

flux decreases, and contribution of convection to the total

flux increases. Contribution of migration to total flux remains

nearly constant for all range of the vN . The results show that

the deposition rate decreases by increasing the nozzle diame-

ter. For example, the deposition rate for a pipette of 100 nm

in diameter can be in the range of �520 nm/s–2.3 lm/s,

whereas the deposition rate decreases to �15 nm/s–45 nm/s

for a pipette of 5 lm in diameter. Contribution of migration

to total flux remains nearly constant (�50%) for all values of

pipette diameter in the range examined (100 nm–5 lm),

whereas contribution of diffusion and evaporation fluxes to

total flux increase and decrease with the increasing pipette

diameter, respectively. The results also show that the evapo-

ration rate decreases (from 3.5 to 7 mm/s to nearly zero) with

increasing the nozzle diameter. Considering the deposition

rate, the ratio of deposition rate/evaporation rate remains

nearly constant for all nozzle diameters. This value was

found to be �0.01 and �0.06 for minimum and maximum

allowable nozzle speeds. We believe that results of this work

can be used for optimization of the fabrication process in the

experiment, which may in turn result in better mechanical

and electrical properties of the fabricated structures.
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