
Electric Field-Assisted Agglomeration of Trace Nanoparticle
Impurities for Ultrahigh Purity Chemicals
Dongryul Lee,∥ Donggyu Lee,∥ Sungjune Lee, Hee Jeong Park, Kuk Nam Han, Sam-Jong Choi,
Yun Ho Kim,* and Jihyun Kim*

Cite This: JACS Au 2024, 4, 1031−1038 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: With the advancement of semiconductor manufac-
turing technology, the effects of trace impurities in industrial
chemicals have grown significantly. In industrial processes,
conventional purification methods, such as filtration and
distillation, have reached their limits for removing nanoparticles
from aqueous and acidic solutions. Especially, silicon and silicate
are two fundamental byproducts in semiconductor fabrication
processes. Assembly and subsequent removal of these materials at
the nanoparticle level have been confronted with significant
challenges. Therefore, it is imperative to develop technologies to
effectively control and remove these impurities for next-generation
manufacturing processes. In this study, we explored the use of
electric field-assisted assembly to agglomerate silicate and silicon nanoparticles in industry-standard aqueous and acidic solutions. By
applying an alternating current electric field, we induced dipole moments in the nanoparticles, which led to their agglomeration.
Notably, nanoparticles smaller than 4 nm grew into significantly larger ones, with submicroparticle sizes exceeding 87 nm for silicate
and reaching 130 nm for silicon. Through systematic analysis of the size distribution changes, we identified optimal agglomeration
times of 10 min for silicate and 20 min for silicon, revealing effective agglomeration within the frequency range of 1−1000 kHz. The
agglomerated particles were stable for 5 days. Our electric field-assisted approach to obtain assembled nanoparticles that can be
subsequently removed by conventional purification processes holds promise for enhancing future microfabrication processes, such as
semiconductor manufacturing, potentially improving the manufacturing yield and uniformity by reducing the number of trace
particles that can act as defective sites.
KEYWORDS: electric field, agglomeration, nanoparticle, dielectrophoresis, polarization

■ INTRODUCTION
Technological advancements have led to continuously advanc-
ing manufacturing processes, particularly in industries such as
semiconductor production, which require small, powerful, and
high-performance devices. As device miniaturization progresses
to the submicrometer scale, manufacturing margins become
narrower, making the effects of trace impurities in chemicals
increasingly pronounced. Minute impurities or nanoparticles in
chemicals can cause defects, significantly decreasing the device
production yields. Conventional purification methods, such as
filtration, distillation, and ion exchange, have been employed to
mitigate impurities in chemicals at the micron scale. However,
the removal efficacy of these methods has reached fundamental
limits for microorganisms or nanoparticles. In addition, acidic
solutions, including HF, HNO3, and H2SO4, which are widely
used to obtain highly clean surfaces, encounter limitations in
achieving ultrahigh purity. Currently, the most widely used
chemical purification systems are distillation and filtration.
Although an increasing number of columns are required to
remove trace impurities using distillation towers, their

purification efficiency is very low. For commercially available
filters, the pore size is insufficient to trap all subnanoparticles
present in the material. Moreover, as the pore size of the filters
decreased, the permeation flux also decreased, limiting the mass
production of purified chemicals. It is essential to develop a
technology that can control and aggregate nanoparticles for the
effective removal of several nanometers. Therefore, alternative
purification methods need to be explored to meet the
specifications of next-generation manufacturing processes.
Research on the assembly and removal of nano- and

submicron-sized particles using electric fields is well docu-
mented.1−4 The assembly and movement of charged particles
along the electric field facilitate their removal, whereas for
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neutral particles, induced dipoles facilitate assembly and
removal.5−8 Gao et al. used a direct current (DC) electric field
to assemble a series of DNA networks on a large scale.9

However, owing to their low energy consumption and
outstanding performance, processes using pulsed and nonuni-
form electric fields for demulsification and dehydration have
been reported.10,11 Tsouris et al. enhanced the efficiency of
distillation by applying an electric field.12 Peng et al. reported
that droplets in oil can coalesce under a high-voltage pulsed
electric field.13 Gong et al. modulated the size of particles with a
pulsed-to-electric field by varying the electric field intensity and
frequency.14 Furthermore, neutral particles can be controlled in
nonuniform electric fields by dielectrophoresis (DEP) force,
facilitating the creation of particle clusters.15,16 Opoku et al.
achieved the alignment of ZnO nanowire powder, suitable for
transistor channels, using DEP deposition.17 Krupke et al.
demonstrated the separation of metallic and semiconducting
single-walled carbon nanotubes with different dielectric
constants through DEP processes at varying frequencies.18

Under alternating current (AC), polarizable microparticles can
generate charge separation, surface accumulation, and electric
field-induced dipoles and coagulate into larger particles.19−21

This study demonstrates the potential of utilizing electric
fields to efficiently assemble trace chemical impurities into
clustered impurities of larger sizes that can be readily removed
through conventional purification processes. Silicate and silicon,
prevalent byproducts in semiconductor manufacturing pro-
cesses such as etching and deposition, are unequivocally
classified as particles requiring assembly. We demonstrated
that the application of an electric field induces dipole moments
in silicon and silicate nanoparticles, enabling the aggregation of
nanoparticles measuring only several nanometers into particles
on a scale of hundreds of nanometers. Silicon particles are one of
the primary impurities in liquid chemicals that are difficult to
remove completely using current purification processes owing to
their small size, the existence of other impurities in different
forms (ions, oligomers, and particles), and their chemical
stability. Consequently, the application of an electric field was
designed to align with the sizes and systems used in
contemporary semiconductor processes, and the same was
achieved at low voltages. We analyzed the aggregated particle
size distribution using a Zetasizer and confirmed the stability of
the aggregates over time and in various environments, including
aqueous and acidic solutions.

■ RESULTS AND DISCUSSION
Based on research conducted by Peng et al., particles polarized
by an electric field in a solution experience an attractive force,

leading to their aggregation.13 Assuming that μ1 and μ2 are the
dipole moments of two polarized particles, the electric field
energy (W) between the two polarized particles can be
described as follows.
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where d is the distance between two particles, r1 and r2 are the
radii of two particles, ε0 is the vacuum dielectric constant, ε1 and
ε2 are the relative dielectric constants of the particle and
solution, respectively, and E is the intensity of the electric field.
By partially differentiating the electric field energy with respect
to d, the electric force between the two particles can be
calculated as follows:
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From the above equation, it can be inferred that the primary
factors influencing particle aggregation are the distance between
the particles (d) and the radii of the particles (r1 and r2).
Figure 1a shows a logarithmic scale representation of the

electric force between two particles, modeled as a function of
their interparticle distance and respective radii, derived from eq
3. A reduced distance between particles coupled with an increase
in particle size results in a stronger electric attractive force. As
the electric field density gradient increases in a solution with
silicon particles, the interparticle distance decreases due to the
negative DEP (nDEP) phenomenon. As the interparticle
distance decreased, the attractive force Fd between the silicon
particles increased exponentially, providing a sufficient driving
force for the silicon nanoparticles to aggregate and grow into
larger particles.
When polarizable nanoparticles are exposed to a nonuniform

electric field, they undergo movement owing to the DEP force
based on the electric field density gradient. The DEP force is
represented by the following equation:

= | |F A Re F E( )DEP m CM
2

(4)

where A is a value related to geometric shape and volume of the
particle, Re(FCM) is the real part of the Clausius−Mossotti

Figure 1. (a) Logarithmic representation of the electric force between two particles as a function of interparticle distance and particle radii, derived
from eq 3. (b) Schematic of the DEP process of the ICP standard solution. Silicon and silicate ICP standard solutions were placed in a Teflon vial. (c)
Function generator was connected to electrodes, and alternating current bias was applied. (d) Silicon and silicate nanoparticles agglomerated to larger
particles.
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factor, and∇|E2| is the gradient of the square of the electric field.
The Clausius−Mossotti factor (FCM), which determines the
direction and magnitude of the DEP force based on the
frequency change in the AC voltage, is defined as follows:

=
* *

*FCM
p m

m (5)

* = * =i i,p p
p

m m
m
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where εp* and εm* are the complex permittivities of the particle

and medium, respectively, i is 1 , and ω is the frequency of

the electric field. εp and εm are the dielectric constants of the

Figure 2. Atomic number percentage of silicate nanoparticle in the silicate ICP standard aqueous solution (a−c) before DEP process and after (d−f)
30 s, (g−i) 1 min, (j−l) 5 min, and (m−o) 10 min of DEP time with log scale graph.
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particle and medium, respectively, and σp and σm are the
conductivities of the particle and medium, respectively.
Figure 1b−d illustrates the electric field-assisted assembly and

separation processes in a standard inductively coupled plasma
(ICP) solution. The ICP standard solution contained only
nanoparticles smaller than 4 nm at a concentration of 0.1%,
making it suitable for nanoparticle agglomeration. Two types of
ICP standard solutions were used: one with distributed silicon
particles and the other with silicate particles. The silicon
nanoparticles in the silicon ICP standard solution were
dispersed in 2% HNO3 and 0.5% HF acid solutions to prevent
nanoparticle agglomeration. Conversely, the silicate nano-
particles in the silicate ICP standard solution were dispersed
in an aqueous form. Nanoparticles ranged in diameter from 0.5
to 1.3 nm in both solutions with a concentration of 0.1%. A
function generator was utilized to generate a sine-wave-shaped
AC voltage with a frequency of 100 kHz at an amplitude of 10

peak-to-peak voltages (Vpp), which can be readily obtained from
commercial equipment. A gold tip was connected to the
function generator to form a circuit and maintain a consistent
voltage application under acidic conditions. This voltage can
induce the effective movement of the particles and a dipole
moment within the individual particles, enabling particle
agglomeration.
Figure S1 shows the real part of the Clausius−Mossotti factor

of silicon as a function of the frequency. The Clausius−Mossotti
factor facilitates the prediction of both the magnitude and
direction of the DEP force exerted on the silicon nanoparticles at
varying frequencies. The calculated results for the silicon ICP
standard acid solution containing 2% HNO3 and 0.5% HF
showed that the DEP force acting on the silicon nanoparticles
remained constant up to 10 GHz, and subsequently decreased at
frequencies higher than 10 GHz. Silicon nanoparticles, owing to
their lower dielectric constant, tend to migrate toward regions

Figure 3.Atomic number percentage of silicon nanoparticle in the silicon ICP standard acid solution (a−c) before DEP process and after (d−f) 1 min,
(g−i) 10 min, and (j−l) 20 min of DEP time with log scale graph.
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with lower electric field densities, a phenomenon known as
nDEP. This behavior can be ascertained from the negative real
component of the Clausius−Mossotti factor. Microparticles
experience a greater DEP force than nanoparticles because the
DEP force is proportional to the volume. However, controlling
the nanoparticles with DEP has been confirmed in several
studies. Brown et al. utilized an atomic force microscope tip at
the nm scale to control the behavior of silicon nanoparticles with
a radius of 5 nm in water.22 Chinappi et al. proposed an
analytical model that uses DEP to adjust the position of
polarized nanoparticles within a nanopore.23

Figure 2 shows the Zetasizer analysis results of the silicate ICP
standard solution (aqueous) before and after the electric field-
assisted assembly over time. The silicate ICP standard solution
was treated with an AC electric field for 0.5, 1, 5, 10, 30, and 60
min. The silicate ICP standard solution contained SiO4

4−

molecules linked in a few patterns, and the solution in its
pristine state was analyzed to examine the distribution of silicate
nanoparticles in the solution. Figure 2b,c shows that only silicate
particles ranging from 0.5 to 3.6 nm are distributed in the
pristine ICP solution, with particles of size 0.6 nm constituting
the highest proportion. Because the Si−O bond of the silicate
molecule has a dipole moment of 4.1803, it can produce a
sufficient amount of charge separation and accumulation even
with a short duration of voltage application. The distance
between the two electrodes was maintained at 2 in to ensure that
the processing conditions were compatible with industry-
standard cleaning processes. Previous research efforts have
narrowed the distance between the electrodes to tens to
hundreds of micrometers to reduce the required voltage.
However, the objective of this study was not electrode
alignment, but rather to induce agglomeration in the solution
through the application of an electric field. Therefore, a large-
scale environment suitable for commercial industrial applica-
tions was established.
As shown in Figure 2, the electric field-assisted assembly

process is conducted at a frequency of 100 kHz and a sine-wave-
shaped AC voltage with an amplitude of 10 Vpp. The
measurements show that 4 nm undersized particles agglomerate
to form medium-sized particles in the range of 30−100 nm after
30 s (Figure 2f). The duration was varied to analyze the effect of
the electric field application time on the size distribution of the
particles. After 1 min of treatment, all nanoparticles smaller than
4 nm agglomerated in the range of 87−1460 nm, with a peak
distribution at 141 nm (Figure 2i). Extending the electric field
treatment time to 5 min yielded similar results (Figure 2j−l). At
10 min, some of the agglomerated medium-sized particles
separated again, resulting in relatively smaller particles in the
range of 31−80 nm (Figure 2o). However, at 30 and 60 min, the
particles clustered to form particles larger than 87 nm (Figure
S2). During the electric field-assisted assembly treatment,
medium-sized particles agglomerate as long as minimum
agglomeration time is achieved. With additional treatment
time, some particles broke down and reagglomerated. There-
fore, nanoparticles smaller than 4 nm in the silicate ICP standard
solution can agglomerate into medium-sized particles larger
than 87 nm. The size of these agglomerated particles varies
according to the dipole moment, which is influenced by the
properties of the silicate particles, and the particle size
distribution changes depending on the treatment time. This
finding enabled the purification of nanoparticles by using a
conventional filtration process with a 10 nm pore size filter.
Furthermore, we conducted energy-dispersive X-ray spectros-

copy (EDX) analysis to confirm that the particles aggregated by
the applied electric field are silica (Figure S3). When the
LUDOX solution, which has a higher weight% of silica than the
silicate ICP standard solution, was treated at a frequency of 100
kHz for 15 min, a substance expected to be silica was discovered
on the metal electrode. After the elements of this particle were
analyzed using EDX, the atomic percentages of Si and O were
found to be 9.51 and 65.27, respectively (Table S1). The atomic
percentages of Si and O in the agglomerated particles proved
that they were agglomerated silica.
Figure 3 shows the Zetasizer analysis results before and after

time-dependent electric field treatment of the silicon ICP
standard (2% HNO3 and 0.5% HF acid solutions). The silicon
ICP standard solution was treated with an AC electric field for 1,
10, and 20 min. Intrinsically, the silicon ICP solution includes Si
atoms that are semiconjugated, and to preclude spontaneous
agglomeration within the ICP solution, it is maintained in a weak
HF trace condition. Examination of the particle distribution in
the pristine solution revealed the exclusive presence of silicon
nanoparticles ranging from 0.5 to 1.3 nm, with the 0.6 nm
particle being the most predominant (Figure 3b,c). Given the
absence of covalent bonds between the silicon particles in
solution, there was no associated dipole moment. Therefore, the
application of a nonuniform electric field induces the partial
agglomeration of some silicon particles. A processing duration
longer than that of silicate was used to ensure sufficient
agglomeration at the same frequency as that of the silicate
electric field-assisted assembly treatment to predict the electrical
imbalance within the agglomerating particles.
After 1 min of treatment, more than 60% of the particles less

than 4 nm in size agglomerated into medium-sized particles 100
nm or larger. However, nanoparticles smaller than 4 nm
remained, and the size of the agglomerated particles exhibited
some variation (Figure 3d−f). After 10 min of treatment, the
scattered distribution of medium-sized particles was concen-
trated between 400 and 600 nm, and nanoparticles smaller than
4 nm were fully agglomerated (Figure 3g,h). There were slight
variations among the medium-sized particles in the range of 30−
100 nm, the large particles in the range of 330−807 nm, and the
superlarge particles in the range of 4400−7200 nm. This
phenomenon is attributed to the fact that during the electric
field-assisted assembly, some particles arbitrarily form larger
clusters, and owing to subsequent fragmentation, do not achieve
a fully stable state (Figure 3i). Following a 20-min treatment,
nanoparticles less than 4 nm are no longer present, and they all
agglomerated into medium-sized particles in the range 130−330
nm (Figure 3j−l). Therefore, nanoparticles smaller than 4 nm in
size within the silicon ICP standard solution can agglomerate
intomedium- to large-sized particles of 130 nmor larger through
this electric field process. Similar to silicates, the size of the
particles is determined by the formation of the particle dipole
moment owing to the electric field process, and as the processing
time increases, the particle size distribution narrows. Con-
sequently, the purification of nanoparticles can be achieved
using a filtration process with a conventional filter. Traditional
acidic solution purification methods, such as distillation, have
limitations in terms of process complexity, danger, and
productivity. However, purification of acidic solutions through
electric field-assisted assembly treatment, as described above,
offers advantages, such as simplicity, safety, and fast processing
speed.
In general, the agglomeration, separation, and coalescence of

droplets and nano/microparticles are achieved by using an AC
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bias or pulsed bias rather than a DC bias. External electric fields
induce dipole moments in particles within the fluid in different
directions. By continuously changing the direction of the
nonuniform electric field, AC or pulsed bias can correct the
optimal dipole position within the particles and enhance the
strength of the induced dipole. Although colloids or nano-
particles present in the fluid are randomly distributed in various
directions through AC bias, the random distribution of these
particles can be electrokinetically aligned to induce an effective
dipole and trigger movement and coagulation. Furthermore, the
nonuniform AC bias enhances the strength of an individual
dipole and strengthens the induced dipole in agglomerated
particles, facilitating their coalescence into medium- or large-
sized particles. Kim et al. reported that using AC DEP provides
better alignment with a higher yield rate than using DC DEP.24

Based on the advantages of an AC electric field, efficient
movement control and assembly of silicate and silicon particles
can be achieved. The agglomeration characteristics of the
nanoparticles in the silicon ICP standard acid solution are
analyzed at frequencies of 1, 10, 100, and 1000 kHz and 20 min
of treatment to determine the stable frequency operating range
(Figure 4a−e). Figure 4a confirms that only silicon particles

smaller than 4 nm exist in the pristine silicon ICP standard
solution. Subsequent processes at each frequency showed that
the size and proportion of the agglomerated particles varied
slightly; however, all of the particles agglomerated into medium-
sized particles larger than 50 nm. For 1 and 10 kHz, particles of
78.8 nm constituted the highest proportion, and the
agglomerated particles based on these particles exhibited
standard deviations of 32.3 and 24.2 nm, respectively. At 100
kHz, particles measuring 190.1 nm were predominant, with a
standard deviation of 36.11. At 1000 kHz, particles measuring
58.8 nm were predominant, with a standard deviation of 24.1.
The standard deviations suggest that the primary dispersion
range was ±24−36 nm based on the particles with the highest
percentage across all frequencies. Therefore, a frequency range
consistent with the theoretical Clausius−Mossotti factor
calculation results was effectively applied to the actual process.
Based on the standard deviation results, it was anticipated that
using a filter with a pore size of 100 nm and a frequency of 100
kHz would enable the filtration of agglomerated particles. Filters
with pore sizes of less than 30 nm were estimated to be capable
of filtering agglomerated particles. To examine the stable
operating frequency range, the real part of the Clausius−

Figure 4. Atomic number percentage of silicon nanoparticle in (a) pristine solution and after 20 min of DEP process at varying frequencies (b) 1, (c)
10, (d) 100, and (e) 1000 kHz.

Figure 5. Atomic number percentage of (a) silicon and (b) silicate nanoparticles in the solution 5 days after completion of the DEP process.
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Mossotti factor is calculated as a function of the frequency. The
calculated results for the silicate ICP standard solution showed
that the DEP force acting on the silicate nanoparticles remained
constant up to 1 MHz, and subsequently decreased at
frequencies higher than 10 MHz (Figure S4a). The agglomer-
ation characteristics of the nanoparticles in the silicate ICP
standard solution are further analyzed at frequencies of 1, 10,
100, and 1000 kHz for a 10-min treatment (Figure S4b−f). The
silicate nanoparticles in the silicate ICP standard solution
showed a stable operating performance within this range, which
was consistent with the theoretical Clausius−Mossotti factor
calculation.
Zetasizer measurements are conducted on a solution stored

for 5 days after the process to determine whether the
agglomerated particles maintained the same level of agglomer-
ation over time (Figure 5). Silicate and silicon nanoparticles
exhibited sustained agglomeration with sizes ranging from 50.8
to 712.4 nm, even after 5 days. In particular, silicon nanoparticles
exist in pristine ICP standard solutions in a HF trace
atmosphere, preventing agglomeration over time in the solution.
Although HF was present in the solution after the electric field
treatment in the same manner as reported previously, it did not
disaggregate the agglomerated particles. Therefore, the particles
that agglomerated after the electric field-assisted assembly
process maintained a stable agglomerated state, unless they were
subjected to external pressure. This finding indicates that the
agglomeration effect induced by the electric field was not
temporary. The stability of these agglomerated silicate and
silicon particles suggests that the particle agglomeration effect
was not compromised in the subsequent purification processes,
making effective filtration highly desirable.

■ EXPERIMENTAL METHODS

Electro-Field-Driven Assembly Process
Silicate (Silicate Standard for IC, Sigma-Aldrich), silicon standard
solutions (Silicon Standard for ICP, Sigma-Aldrich), and colloidal silica
(LUDOX SM colloidal silica, Sigma-Aldrich) were used. The gold
electrodes were cleaned meticulously with acetone, isopropyl alcohol,
and ethanol for several minutes. The cleaned electrodes were then
placed in Teflon vials containing the standard silicate and silicon
solutions. A pair of gold electrodes was connected to an Agilent 33250A
80 MHz function/arbitrary waveform generator. An AC of 10 Vpp was
applied at a frequency of 100 kHz under various time conditions. After
the electric field-assisted assembly process, the treated solution was
transferred to another Teflon vial.

Analysis
The solution was analyzed using a Zetasizer (Nano ZS, Malvern
Panalytical) to characterize the particle size and distribution. Scanning
transmission electron microscopy (GeminiSEM 560, ZEISS) was used
to examine the agglomerated silica particle morphology. EDX was used
to investigate the elemental composition of the agglomerated silica
particles which are mounted on carbon tape.

■ CONCLUSIONS
Our study demonstrated the feasibility of electric field-assisted
agglomeration of silicates and silicon nanoparticles. We
elucidated that the application of an AC electric field induces
a dipole moment, which causes agglomeration. Notably, when
the nanoparticles are smaller than 4 nm, they grow into
significantly larger particles, with silicate and silicon particles
reaching 87 and 130 nm, respectively. By analysis of the particle
size distribution, the optimal agglomeration times were
identified to be 10 and 20 min for silicate and silicon,

respectively. The Clausius−Mossotti factor indicated effective
agglomeration between 1 and 1000 kHz, which was confirmed
by the experimental results at varying frequencies. The
agglomerated particles remained stable for more than 5 days.
The electric field-assisted agglomeration of nanoparticles is
expected to enhance the yield of future semiconductor
microfabrication processes, offering a promising avenue for
advancing semiconductor manufacturing.
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