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ABSTRACT

Aerosol particle charging is widely used in various technical applications. A model of a needle-plate
type charger for efficient charging of aerosol nanoparticles in a corona plasma discharge has been
developed and investigated. The main difference from similar devices in the modernization of the
grounded plate hole's geometry and the number of corona needles exist. This has resulted in a substantial
increase in the charger's efficiency by over 25%. The effects of two types of discharge plates, one with
cylindrical and the other with conical inner holes, on the extrinsic charging efficiency of aerosol particles
were experimentally investigated. Metallic nanoparticles of Ag with sizes ranging from 20 to 160 nm
and a number concentration of 10° to 108 cm® were utilized as the test aerosol. This system shows that
the maximum efficiency of particle charging is attained by using a plate with a conical hole, which
reduces electrostatic losses from 37+3% to 20+2%. Furthermore, an additional effect of increasing the
particle charging efficiency was also observed by using a multi-pointed needle, which resulted in lower
electrostatic losses compared to a single needle. Experimental evidence confirms that utilizing a conical
hole in the plate and a multi-pointed needle has increased the particle charging efficiency from 47+3%
to 59+4%, as opposed to the standard design featuring a cylindrical hole and a single-pointed needle. In
this paper, an increase in the efficiency of charging particles in a charger with a multi-pointed needle
compared to a single-pointed one is shown for the first time.
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NOMENCLATURE
Le  Electrostatic losses of particles (%) di Smaller diameter of the conical hole in the plate (mm)
N; lon concentration (cm) d2 Larger diameter of the conical hole in the plate (mm)
Qsh  Sheath flow (Ipm) | Conical hole depth (mm)
Q. Aerosol flow (Ipm) n Number of points in multi-pointed copper needle
Zi Electrical mobility of ions (m%/(V-s)) r Tungsten needle radius of curvature (um)
E Electric field strength (V/m) R Copper needle radius of curvature (um)
n; Particle concentration at the outlet with NPC and ESP turned off (cm®)  Greek Symbols
n, Particle concentration at the outlet with NPC on and ESP off (cm®) Hextr Extrinsic particle charging efficiency (%)
n3 Particle concentration at the outlet with NPC and ESP turned on (cm™) Hintr Intrinsic particle charging efficiency (%)
A Effective anode surface area (m?) B The field enhancement coefficient
e Elementary electric charge (C) Abbreviations
| Corona discharge current (LA) NPC  Nanoparticle charger
U Corona discharge voltage (kV) ESP Electrostatic precipitator
dp Particle size (nm) DC Direct current
h The fraction of uncharged particles (%) SDG  Spark discharge generator
d Diameter of cylindrical hole in plate (mm) AR Aspect ratio
1.INTRODUCTION the effectiveness of an ionizer, the charging efficiency is

Nanoparticles with electrical charge are increasingly
being used in practical applications. Their ability to be
controlled using electric or magnetic fields is particularly
interesting, as it enables a wide range of potential uses.
Furthermore, in this paper also presents a distinctive
investigation into the design of electrodes, suggesting
that existing chargers could be greatly enhanced through
simple modifications. Effective charging of aerosols is
essential for achieving high concentrations and reducing
material costs in 3D printing, and can be achieved
through methods like corona discharge charging, as well
as optimization of particle size and concentration (1, 2).
Improving aerosol charging efficiency is especially
important for printing metallized micro- and
nanostructures, where reducing coagulation is essential
(3). Aerosol charging is also used in differential electrical
mobility measurements (4, 5). By increasing the charging
efficiency of nanoparticles, material consumption and
costs can be reduced in additive manufacturing (6-9). On
the other hand, to achieve high-speed printing of micro-
or nanostructures, a significant amount of nanoparticles
is required as building blocks (10). Functional
nanoparticles are widely used both in the form of an
aerosol (11, 12) and in a colloidal solution (nanofluid)
(13). However, increasing the concentration of particles
also leads to higher losses due to Coulomb mutual
repulsion (14). Therefore, developing chargers that can
efficiently work with highly concentrated aerosols is
challenging. This article investigates the diffusion
mechanism involved in the charging (15, 16) of Ag
nanoparticles with sizes ranging from 20 to 160 nm and
at a high concentration of 105-108 cm™ (17). To charge
particles, a needle-plate charger is utilized to create a
unipolar ion cloud through DC corona discharge,
resulting in the movement of ions towards the particle
surface to transfer charge. Various wire and needle
corona ionizer designs for particle charging have been
detailed in published works (14, 16, 18-20). To evaluate

a critical factor. It refers to the percentage of charged
particles among all particles that reach the ionizer input.
A desirable ionizer should have a high #ex value for
extrinsic charging efficiency, indicating that a high
proportion of particles are charged. Additionally, a high
Ni value for ion concentration is preferred, indicating that
a large number of ions are generated. Finally, a low Le
value for electrostatic losses of particles is desirable,
indicating that fewer particles are lost due to electrostatic
forces. Overall, an ideal ionizer should have high #7exr and
Ni values and a low Lg value. The charger described in
this article can charge nanoparticles with the highest
efficiency 7exr=59+4% with sizes between 20 and 160
nm. While, it has a simple and compact design, it
provides low diffusion, inertial and electrostatic losses.
Improving the charger's efficiency has multiple benefits,
including reducing material consumption, especially
when using costly materials like in printing.
Additionally, it lowers the speed of device
contamination. This enables you to achieve a charger that
operates more consistently and for a longer period of time
without needing to be cleaned. In this work, experiments
were carried out using polydisperse metallic
nanoparticles of Ag obtained by spark discharge between
silver electrodes (21-27). It is known that this synthesis
method provides a high number concentration (105-108
cm™®) aerosol nanoparticles that quickly coagulate,
resulting in a broadening of the particle size distribution.

The charging process of a highly concentrated aerosol
is further complicated by the mutual repulsion of charged
particles, resulting in electrostatic losses Le. For this
purpose, in this regard, in this work the known geometry
of the Nanoparticle charger (NPC) was modified for
working with polydisperse aerosol. Specifically, changes
were made to the design of the plate and the needle, with
addition of sheath flow Qs to guarantee a high extrinsic
particle charging efficiency #exr across various particle
sizes. Furthermore, the modified NPC was employed to
create nanoparticle microstructures on a silicon substrate



1928 A. Efimov et al. / [JE TRANSACTIONS A: Basics Vol. 37, No. 10, (October 2024) 1926-1935

through the technique of aerosol lithography aided by an
electric field, to showcase its operational benefits and
efficacy.

2. MATERIALS AND METHODS

To enhance comprehension, Figure 1 illustrates the
sketch of the updated Nanoparticle charger, which allows
for interchangeable needles and plates. A needle is
inserted into a polyamide dielectric body under the
potential of a high voltage supplied from a source IVNR-
30/1 (Plazon, Russia). The sharp part of the needle is
located in a hole in a grounded copper plate so that the
space between the tip of the needle and the edge of the
hole forms a volumetric of corona plasma region (see
Figure 1). Aerosol nanoparticles passing through the
plasma collide with ions and electrons and acquire
electrical charges (15, 28-33). The Qa aerosol flow was
supplied through a 6 mm diameter hole in the top of the
sheath. The absence of sharp corners in the path of
aerosol movement allows one to avoid inertial losses of
particles. Moreover, the body of NPC has a hole for
supplying a sheath flow Qsn in order to reduce
electrostatic losses of particles on the walls of the plate.
The ion concentration in the region of the volume corona
charge Nj was determined by the Equation 1:

[
7 -E-Ae

N @
where | — corona discharge current

Zi — electrical mobility of ions;

E — electric field strength;

A — effective anode surface area;

e —elementary electric charge.

The value of the corona discharge current | was
measured using an M-42300 microammeter. To ensure
effective functioning of the charger, the ion concentration
Ni must be significantly higher (2-3 orders of magnitude)
than the particle concentration (34). The ion
concentration calculated in experiments was 10%1-10%?
cm 3, which satisfies these conditions. The aerosol flow
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Figure 1. Sketch of the developed Nanoparticle charger with
replaceable corona needles and copper plates.
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Figure 2. Experimental design to measure charger
performance.

rate Qa with numerical concentration ng at the outlet of
the spark discharge generator (SDG) was 1 Ipm (Figure
2). This particle size distribution is characterized by a
lognormal function (5, 35). The aerosol flow passes
through the charging device and is then directed to the
electrostatic precipitator (ESP). When activated, this
precipitator traps all electrically charged particle in the
flow (Figure 2).

Finally, an aerosol spectrometer (SMPS 3936, TSI
Inc., Shoreview, MN, USA) was connected to the ESP
outlet to allow real-time measurement of particle size and
concentration in the aerosol flow.

In these experiments, a well-known method was used
to evaluate the charger efficiency, taking into account the
geometry of the discharge electrodes (needle and plate)
and the value of the sheath flow (Qsn) (14, 15). This
method required conducting consecutive measurements
of particle number concentrations with the NPC and ESP
in both active (turned on) and inactive (turned off) states
(as illustrated in Figure 2), with the objective of
calculating the values for the intrinsic charging efficiency
ninw, €lectrostatic losses Le, and the fraction of uncharged
particles h, using the following equations:

7”1_n2 2
rlimr nl ( )
n, —n
==+ 3)
1
n
h=—= )

where n; — particulate matter concentration at the outlet
when both the NPC and ESP are inactive (turned off);
n, — particle concentration at the outlet with the NPC
active (turned on) and the ESP inactive (turned off);
ns — particle concentration at the outlet when both the
NPC and ESP are active (turned on);

The extrinsic particle charging efficiency #exr, which
is the main performance parameter of the charger, is
determined by the following equation:
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My == (5)

Parameters 7intr, Le, h, and #exr are commonly used in

practice and are selected as main characteristics to
evaluate NPC performance (14). For example, the
intrinsic charging efficiency #inr represents the fraction
of initially neutral particles that acquire a charge while
inside the charger, regardless of whether they leave the
charger or not. Electrostatic particle losses L refer to the
fraction of charged particles that are lost in the charger
due to electrostatic forces. The extrinsic charging
efficiency, #exr, IS the most important parameter for
practical use, and it is determined by the ratio of the
concentration of charged particles at the outlet of the
system (nz-ns) to the initial concentration of particles (n1)
entering the charger.
Experiments were conducted to evaluate the efficiency of
the charger for plates and needles of various geometries,
as previous studies indicated that charged particles are
significantly lost on them (14, 36, 37). In the
experiments, particle charging was studied for three types
of discharge electrode geometries (needles and plates) at
different values of the sheath flow rate Qsn. A schematic
representation of these types is presented in Figure 3. The
first and second types (Figures 3a and 3b) of discharge
electrodes were a single-point needle located inside a
cylindrical and conical hole of the plate, respectively, and
the third type (Figure 3c) was a multi-point needle inside
a conical hole. The diameter of the cylindrical hole in the
plate is d=3mm with a depth of L=4mm, and the conical
hole has diameters of d;=3mm, d>=8mm, and a depth of
I=2mm. Both the single-pointed tungsten needle and the
multi-pointed copper needle (8 points) have radii of
curvature equal to r=32 and R=42 um, respectively.

It is a well-established fact that, for long-term needle
use, it is advisable to use materials that resist ion
bombardment and the adsorption and desorption of
residual gas molecules. Typically, the materials used for
manufacture corona needles include refractory metals

Type 1 Type 2 Type3
Plate = Plate = Plate =
\ \ "’
Needle N ;z Needle S/ 727z Needle g =T's
AN g : <l>a £ i E| E
e | T_ oc» T |en| e

o
d
d,

f '
/=2 mm /=2 mm o [ F2mm
L=4 mm L=4 mm L:4 mm

(a) (b) (©
Figure 3. The schematic represents the corona charge region
with a single-point tungsten needle inside a plate with a (a)
cylindrical and (b) conical hole, as well as a multi-point
copper needle inside a plate with a (c) conical hole

(such as W, Re, Pt, Mo) and transition group metals
(including Cr, Nb, Hf). Nonetheless, there are some
challenges involved in the machining of refractory
materials.

In this work, a combination of a single-point
refractory needle and a multi-pointed copper needle was
utilized. The use of a copper needle is suitable for short-
term work, as the softness of this metal significantly
eases the process of creating multi-point tips.

To demonstrate the applicability of the developed
charger, it was used in aerosol lithography with an
electric field, to create metal microstructures from
nanoparticles that are pertinent to electronic and optical
uses.

3. RESULTS

The results of measurements of parameter values #in, Le,
h, and 7e«r, for different types of discharge electrodes
(Type 1-3) and various sheath flow rates Qs»= (1-3) Ipm,
are shown in Figure 4. The experiments were performed
at a constant corona discharge current of 1=20 pA, with
the corona discharge voltage U being adjusted. The
results depicted in Figure 4 indicate that in all cases, an
increase in the values of Qs leads to a reduction in
electrostatic losses Le and an increase in the proportion
of uncharged particles h. It is known that further increase
Qsh would lead to too much dilution of the concentration
of nanoparticles, which is a negative effect (14).

For the purpose of convenience of analysis, Table 1
presents the values Hintr, Le and
nexer=(nin—Le), received from Qs=3 Ipm for the case of a
single-point and multi-point needle and a cylindrical and
conical hole in the plate, respectively. In the case of using
a single-point needle and a plate with a cylindrical hole
(Type 1), the maximum value of the extrinsic charging
efficiency zexr is 47+£3% at Qsn=3 Ipm, as shown in Table
1. The shape of the plate hole was altered to a truncated
cone in order to minimize the electrostatic losses Le on
the plate (Type 2). From a comparison of Figures 4 (a and
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Figure 4. Dependence of charger characteristics (Lg, h and
nextr) When using three types of discharge electrodes (Type
1-3) for different values of sheath flows Qsn equal to 1, 2 and
3 Ipm. which consist of (a) Type 1 and Qsh=1-3, (b) Type 2
and Qsh=1-3, (c) Type 3 and Qsn=1-3.
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b) it can be seen that the electrostatic losses Le have
indeed decreased.

Nevertheless, altering the geometry of the hole in the
plate also resulted in a significant increase in the
proportion of uncharged particles h due to the reduced
ion concentration N; in the corona plasma, as shown in
equation 1, because at a constant current I, it was
necessary to increase the corona voltage U from -2.4 to -
2.7 kV, as shown in Table 1. The decision was made to
increase the number of points on the needle to 8 in order
to counteract this effect (Type 3), as shown in Figure
4(c). This change did indeed lead to a notable reduction
in the proportion of uncharged particles h while keeping
the electrostatic losses Le unchanged.

Figure 5 illustrates the processes taking place inside
the charger. The particles move along the main axis of
the needle, after which they fall into the corona discharge
region. Particles acquire an electric charge with a certain
probability, which depends on the concentration of ions
and the time the particle is in a given area. Charged
particles are exposed to a strong electric field that attracts
them to the plate. Approaching the walls of the plate, the
flow of enveloping gas prevents their deposition. Thus, a
decrease in electrostatic losses of particles from 34%
(type 1) to 22% (type 2) when changing the shape of the
hole in the plate is due to the complication of their
movement towards the plate walls (see Table 1). When
changing the shape of the needle, a higher ion
concentration is obtained, which accompanies an
increase in intrinsic charging efficiency from 59% (type
2) to 79% (type 3). As a result, an increase in extrinsic
charging efficiency of particles from 47% (type 1) to 59%
(type 2) obtained.

In comparison to recent studies by Hrasa et al. (38)
and Saputra et al. (39), this research demonstrates that the
charger has higher intrinsic and extrinsic charging
efficiency. This is because bipolar devices are less
efficient for charging due to the recombination of ion
charges. However, in the aforementioned studies,
chargers have very low losses, which reduces the risk of
device contamination and the need for cleaning.
Therefore, the choice of device depends on the set goals.

\
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Figure 5. Illustration of the particle charging and losses
processes occurring within the aerosol charger

TABLE 1. Charger parameters when assessing its operating
efficiency at Qsh=3 Ipm.

Name of Intrinsic Electrostatic Extrinsic
discharge u’A k\’/ efficiency losses efficiency
electrodes Wintr Le Hextr
Type 1 20 24 81% 34% 47%
Type 2 20 2.7 59% 22% 37%
Type 3 20 -21 79% 20% 59%

When a cylindrical hole and a single-pointed needle
are used (Figures 2a and 4a), the electric field lines are
nearly perpendicular to the direction of particle flow.
This design is commonly used in many devices of this
type. On the other hand, when utilizing a plate with a
truncated cone-shaped hole (Figures 2b and 4b), charged
particles must counter the aerosol and sheath flows to be
deposited on the plate, leading to reduced electrostatic
losses (Le). However, the discharge voltage in this
scenario is higher at -2.7 kV instead of -2.4 kV.
Consequently, the intrinsic charging efficiency (7int)
decreases due to a reduction in ion concentration, as
outlined in equation 1. On the contrary, when using a
multi-point needle and a conical hole (Figures 2¢ and 4c),
the ion concentration can be increased by reducing the
discharge voltage U at the same current value |, as shown
in Table 1. Thus, it ensures high intrinsic charging
efficiency 7inr, and low losses are achieved by the fact
that charged particles also have to go against the aerosol
and sheath flows. The photographs of the single-point
tungsten and multi-point copper needles used in the
experiments are displayed in Figure 6.

Preliminary studies have indicated that the proportion
of diffusion-deposited particles is less than 5-10% of the
initial concentration (14, 40, 41) and is independent of
the shape of the electrodes. Therefore, in further
experiments, diffusion losses were not considered when
calculating the charging efficiency. Electrostatic losses
Le arise when an electric field acts on charged particles.
This effect is particularly pronounced in the corona
plasma region, and excessive voltage or an extended
charging area can result in increased losses. The sheath

@ (b)
Figure 6. Photographs of (a) a single-point tungsten needle
and (b) a multi-point copper needle measured using a
Keyence VHX-1000 optical microscope
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flow Qsn interferes with this process and removes charged
particles, preventing them from reaching the plate.

It is known that one of the main parameters
determining the emission properties of tip cathodes is the
field enhancement coefficient g (see equation 6). This
coefficient is equal to the ratio of the maximum electric
field strength E,,, to its average value
E = U/d, where U —the voltage across the needle, and d
is the distance between the needle and the plate.

E

B= gx (6)

The maximum field enhancement factor fmax of a
single tip is primarily determined, as a first
approximation, by its aspect ratio (the value of the ratio
H/2Ro), where H represents the tip height and Ro denotes
the radius of its curvature. When the tip height is fixed,
the coefficient fmax increases as the radius of curvature
decreases and, for a constant radius, it increases with the
height of the tips. As fBmax grows, the current-voltage
characteristics shift towards the region of lower voltages.
To minimize the shielding of adjacent points, it is advised
to select a distance between points (L) that is equal to or
greater than twice the height of the needle (H) (L > 2H)
in the case of a multi-point needle. The study found that
for an eight-pointed needle with a radius (R) of 42 um,
an average distance (L) of 400 um and height (H) of 200
pum was optimal. The tungsten needle had a radius of
curvature of 32 um.

To achieve better results, the field enhancement
factor # was increased by ensuring a small radius of
curvature of the tips (R=42 um) and the required length
of each tip (H=200 um). Additionally, increasing the
number of tips from 1 to 8 at a given distance between
them (L=400 um) allowed for a high concentration of
ions N; with minimal electrical potential on the needle.

Furthermore, the intrinsic and extrinsic efficiency of
particle charging, denoted as #inr and #exr, Were
investigated based on their size d, for geometries Type
1-3 (Figures 6 and 7) at different flow rates Qsn. Figure 8
illustrates the dependence of extrinsic particle charging
efficiency nexr ON their size d, for different sheath flows
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Figure 7. Dependence of intrinsic particle charging
efficiency zintr on their size dp for different sheath flows Qsn
with (a) Type 1, (b) Type 2 and (c) Type 3
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Figure 8. Dependence of extrinsic particle charging
efficiency #exr on their size dp for different sheath flows Qsh
with (a) Type 1, (b) Type 2 and (c) Type 3

The highest extrinsic particle charging efficiency,
nextr, 18 achieved for particles ranging in size from 20 to
60 nm. However, it is important to consider that charging
also reduces the coagulation of particles and increases the
number of small particles at the output by decreasing the
concentration of large particles.

Figures 6 and 7 show that the improved needle and
plate geometry of the designed charger results in higher
extrinsic particle charging efficiencies, 7exr. This is due
to the reduction of electrostatic losses, Lg, through
changes in the shape of the plate, while maintaining high
intrinsic charging efficiency values, 7inr, by replacing a
needle with a multi-pointed one.

The particle charging process is known to play a key
role in the printing of functional micro- and
nanostructures (42). To demonstrate the applicability of
the developed charger in the technology of printing
micro- and nanostructures, the deposition of charged
metallic nanoparticles of Ag on a silicon substrate
through a dielectric mask made of polyvinyl chloride
(PVC) was performed (10). Figure 9 illustrates the
experimental design for printing metal microstructures
by utilizing a developed charger and a dielectric mask.

A flow of aerosol silver particles, ranging in size from
20 to 160 nm, was generated in a spark discharge
generator and then directed to the charger. Subsequently,

Carrier gas
—

Spark discharge
generator

Negatively
charged

HV2 + Silicon substrate

Figure 9. Schematic diagram of an experiment to print silver
nanoparticle microstructures on a silicon substrate by
depositing charged nanoparticles through a dielectric PVC
mask using a fabricated corona charger
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the negatively charged aerosol nanoparticles that
emerged from the charger were transported by a carrier
gas along a PVC dielectric mask to deposit onto the
surface of the silicon substrate through an opening in the
mask. The dielectric mask had a thickness of 13 um, and
the gap was 140 pm width and several millimeters length.
Furthermore, a 0.5 mm thick silicon substrate was fixed
to a copper plate under a positive potential of +1 kV to
attract particles with opposite charges (see Figure 9). It is
important to mention that the printed microstructures
were much narrower than the gaps in the mask. Figure 10
displays a picture and a profile of a silver nanoparticle
microstructure created by depositing them through a
dielectric mask for an hour. The optical microscope
(VHX-1000, Keyence, Osaka, Japan) and 3D
profilometer (S neox, Sensofar, Terrassa, Spain) were
used to measure the image and profile of the
microstructure and mask, respectively.

According to Figure 10, the microstructures of Ag
nanoparticles that were deposited form a line with a width
of 741 pm. This width is more than 20 times smaller than
the gap in the mask. This result is attributed to the
creation of an electric microfield on the surface of the
dielectric mask, which is caused by the deposition of
charged particles and anions. As a result, electric field
strength lines are formed from the mask, which are
directed towards the center of the silicon substrate (43,
44). This phenomenon is further explained in studies
conducted by Martins et al. (45) and Rusingue et al. (46).
It is worth noting that the printed line has a high aspect
ratio (AR=thickness/width) of 1.3, which is a typical
compared to lines produced through traditional printing
methods such as aerosol jet (2), inkjet (47), or direct
writing (48).

Obviously, the fabrication of micro- and
nanostructures requires a constant supply of building
blocks in the form of charged aerosol nanoparticles. In
this work, a corona charger was used to create such
building blocks, which has demonstrated its
effectiveness. It is known that such technologies allow
the production of micro- and nanostructures from
nanoparticles that are used in chemical (49) and gas (50)
sensors, electronics products (51), optics (52) and energy
conversion systems (53). Thus, the developed charger
has great potential for further development of contactless
printing technologies.

After studying the basic recommendations for
operating the device, a scheme was proposed to achieve
high charging efficiency of the device (as shown in
Figure 11).

It is also possible to consider the integration of
artificial intelligence into this charger, which will be able
to analyze the degree of contamination of the device and
needle wear by the level of voltage and current of the
corona discharge (54).
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Figure 10. Optical image (a), 3D (b) and 2D (c) cross-
sectional profile of a microstructure of Ag nanoparticles
formed on a silicon substrate by electrostatic deposition of
charged aerosol through a PVC dielectric mask
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Figure 11. A flowchart for selecting optimal parameters for
efficient particle charging
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4. CONCLUSIONS

The article describes the development and testing of a
modified needle-plate charger for unipolar charging of
metallic aerosol nanoparticles. The charger uses a needle
at a high electric potential and a grounded plate with a
hole to create a volumetric corona discharge that charges
the nanoparticles. In addition, different shapes and
positions of the electrodes were tested, and it was
observed that changing the geometry can improve the
extrinsic charging efficiency from 47% to 59% and
reduce electrostatic losses during charging from 34% to
20% for high nanoparticle concentrations. The modified
charger was also used to create metallic microstructures
through electrostatic deposition of nanoparticles on a
silicon substrate using a dielectric mask. Overall, the
article highlights the potential of this technology for
improving material usage efficiency and extending the
duration of continuous usage with high-speed printing.
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