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Electrospray deposition (ESD) as a patterning method of nanoparticles deposited on a substrate has
attracted much attention due to several advantages over other methods. However, obtaining an opti-
mum ESD processing condition for nanoparticle pattern relies much on trial experiments because of the
lack of reliable numerical simulation. In this study, the deposition characteristics of nanoparticle gener-
ated by electrospray were investigated by using a three-dimensional Lagrangian model. Three important
process parameters, including solution dielectric constant, applied voltage and surface charge density on
mask were considered by fixing the geometrical parameters of the ESD device. Simulation result showed
that under the condition of without a mask, the spray diameter increases with increasing solvent dielectric
constant, and higher applied voltage makes the spray area wider. Controllability of focusing by changing
surface charge density on the mask was confirmed: higher surface charge density on the mask results in
more focused deposition. Validity of the numerical simulation developed in this study was verified by
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comparison with experimental data.
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Sciences. Published by Elsevier B.V. All rights reserved.

1. Introduction

Patterning of nanoparticles over large areas is a prerequi-
site for making nanodevices. Several spray deposition methods
have been proposed for patterning surfaces with nanoparticles.
Compared to other deposition techniques, electrostatic spray depo-
sition (ESD) has several advantages, e.g., high deposition efficiency,
no ring-stain effect during deposition, high resolution and uniform
patterning, controllability of the size of dried nanoparticles, etc. (Ju,
2009). ESD has been used in sample preparation in mass spectrom-
etry (Fenn, Mann, Meng, Wong, & Whitehouse, 1989), organic film
formation in solar cells (Ju, Yamagata, & Higuchi, 2009), making
fuel cells, ink-jet printing (Park et al., 2007, 2010), etc.

Electrospray is an aerosolization method that involves both sur-
face tension force and electrical force to feed a liquid through
a capillary and to create an electric field gradient between the
capillary tip and an electrode surface. When the surface tension
force and electrical force in the liquid meniscus at the capillary
outlet are in balance, the liquid assumes a conical shape, called
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Taylor cone, and emits a jet (Fernandez de la Mora, 1996; Taylor,
1964). Viscous instabilities in the liquid cause the jet to break into
highly charged droplets that undergo a series of fissions generat-
ing smaller droplets, until the droplets completely evaporate to
become nanoparticles deposited on the substrate. The fine droplets
are nearly monodisperse in size distribution (Nemes, Marginean,
& Vertes, 2007), and their average diameter can be controlled by
adjusting operation parameters (Gafian-Calvo, Davila, & Barrero,
1997; Tang & Gomez, 1994).

To obtain an optimum deposition pattern using electrospray
device, many parameters have to be carefully considered, and
call for considerable efforts in experiments. Numerical simula-
tion techniques have been developed to become an indispensable
tool in both academia and industry. However, up to now only
few numerical works have been published on modeling nanoparti-
cles generated by ESD. Gafian-Calvo, Lasheras, Davila, and Barrero
(1994) developed a numerical model to describe the transport
of electrosprayed droplets. Wilhelm, Madler, and Pratsinis (2003)
studied the electrospray transport, evaporation and deposition on
a heated substrate with Lagrangian tracking of single droplet, and
predicted the size of primary and satellite electrospray droplets.
Jung, Oh, and Kim (2010) investigated the characteristics of spray
evolution and deposition patterns as a result of multiple EHD
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Nomenclature

ESD electrostatic spray deposition

CCD charge-coupled device

Cp drag coefficient

d; diameter of ith droplet (m)

Eext external electric field intensity (V/m)
g gravitational acceleration (m/s?)

I spray current (A)

K conductivity of liquid droplet (2 m)
gi droplet charge (C)

Q flow rate (L/min)

Re Reynolds number

F,-j distance from the ith droplet to the jth droplet (m)
v droplet velocity (m/s)

Greek symbols

density (kg/m?3)

permittivity of vacuum (F/m)
dielectric constant

applied voltage (V)

surface tension coefficient (N/m)

SRS

Subscripts

ij droplet number
d droplet phase

g gas phase

spraying with a capillary-extractor-substrate configuration by
changing the applied extractor-substrate voltage, the moving
speed of nozzles, and the distance between nozzles. Kim et al.
(2006) reported a concept of parallel focusing of nanoparticles
via ion injection together with charged aerosols to create nanoar-
rays of nanoparticles on a surface. A self-assembly process of
charged nanoparticles on a silicon substrate was demonstrated
by Tang, Verrelli, and Tsoukalas (2009), who also discussed the
dynamics of the focusing process and the spray time which
affect the focusing effect by both experiment and Monte Carlo
simulation.

However, all the above studies did not consider the effect
of liquid property on the deposition pattern. To provide more
detailed and reliable analysis for investigating the feasibility of
using electrospray to aerosolize organic solutions to fabricate a
photovoltaic device, this paper focuses on numerical methods
using three-dimensional Lagrangian models to investigate the
deposition characteristics. The effects of three important param-
eters, solution dielectric constant, applied voltage and surface
charge density on the mask, on the deposition characteris-
tics are studied by fixing the geometrical parameters of ESD
device.

2. Numerical method

A numerical simulation method to track the trajectory of
charged nanoparticles generated by electrostatic spray was devel-
oped to examine the spatial distribution of the spray and the
deposition patterns on a substrate. A three-dimensional Lagrangian
model based on the work of Gafian-Calvo et al. (1994) was used in
this study under the assumption of spherical particles. Brownian
motion of particles could be neglected, because the particle kinetic
energy caused by the electric field is much greater than random
thermal energy (Kim et al., 2006). The equation of motion based on

Newton'’s second law for particle i can be written as follows:
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The left-hand side of Eq. (1) accounts for the inertia of the particle
i. The terms on the right-hand side account for the drag force by
the surrounding gas, the electrical forces exerted by the external
electric field, the electrical repulsion forces between the charged
particles, and the gravitational force, respectively.

The drag coefficient of Newton'’s resistance law can be expressed
as follows:

Cp = %(1 +0.15Re%678) for Re < 800, (2)

where Re is the Reynolds number.

In electrohydrodynamics, the dynamic currents are small, and
hence the effect of magnetic induction can be ignored. For sim-
plicity, the effect of charged droplets self-induced electric field
on external electric field is omitted (Hartman, Brunner, Camelot,
Marijnissen, & Scarlett, 1999). So the electric field between capillary
and substrate is given as

E=-Vp, (3)

where g is the applied voltage. The electrical potential distribution
can be written as

Vip=o0. (4)

In the present study, particles with diameters of Gaussian distri-
bution are assumed to be electrically charged even before entering
the electric field. The average droplet diameter can be determined
by dave = (pg€0Q3/0K)"® (Gafidn-Calvo, 2004),

When the charge of a droplet is above a critical point, i.e., the
Rayleigh limit as expressed by Eq. (5) (Gomez & Tang, 1994), the
droplet will become unstable and release its charge through a series
of fissions. Therefore, the initial value of charge for each droplet
must be smaller than the Rayleigh limit:

1/2
)2,

qr = (872 goyd? (5)

The average charge per droplet was calculated using the spray
current I and liquid flow rate Q by:

s I
ave Q ’
where qave is the average charge per droplet, dave is the aver-
age droplet diameter and I can be determined by I=f{¢)(cQK]/e)!/
(Fernandez de la Mora & Loscertales, 1994). The charge on each

droplet was calculated using the relationship between droplet size
and droplet charge (Gafnan-Calvo et al., 1994):

T
Jave = gd (6)

gi di \’
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Initially, all the particles are generated near the tip of the cap-
illary and randomly distributed in the x and y directions with the
initial speed of (0,0, w). Because of the same charge polarity, there is
no interaction like collision or coagulation/agglomeration between
particles. As the boundary condition to solve electric field, elec-
tric potentials on the capillary and substrate were set to ¢g and 0,
respectively. In this study, firstly, the external electric field was cal-
culated by using Egs. (3) and (4), and then Eq. (1) was solved using
Runge-Kutta method to obtain the particle trajectory.
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