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As semiconductor scaling advances below 2—3 nm 3 silica in water
dimensions, precise control of nanoscale impurities becomes crucial 2 3 °
for maintaining device performance and production yield. Conventional = ° 9
purification methods, such as distillation and filtration, are ineffective in 2 400 41.3%
removing nanoparticles smaller than 10 nm. This study investigates ® @ reduction
insulator-based dielectrophoresis (iDEP) for efficient removal of silica ® %
nanoparticles from semiconductor processing chemicals. Interdigitated . H i 0 _ .
electrode patterns fabricated on sapphire substrates were employed to o g L
generate high electric field gradients, facilitating nanoparticle aggrega- ° » P
tion. A 20 nm-thick aluminum oxide passivation layer was deposited via “~ ¢ A 0 4 8 12

atomic layer deposition to prevent electrode degradation. Finite element number of cycle

method simulations confirmed that the strong electric field gradient

necessary for nanoparticle aggregation was generated at the electrode edges. The optimal frequency for nanoparticle aggregation was
determined using the Clausius—Mossotti factor, and large-scale iDEP experiments demonstrated a 41.3% reduction in Si
concentration in deionized water and a 23.4% reduction in 2% nitric acid after 12 purification cycles. This method effectively
removes the nanoparticles that are difficult to eliminate using conventional techniques, enhancing the purity of semiconductor
processing chemicals. The study demonstrates iDEP’s scalability, high throughput, and reliability for industrial applications, offering
a promising solution for meeting purity standards in semiconductor fabrication.

dielectrophoresis, purification, semiconductor, manufacturing, nanoparticle, aggregation

Various nanoparticle manipulation techniques have been
developed, including optoelectronic tweezers, optical trapping,
magnetic control, and dielectrophoresis (DEP).”~"? Among
these, DEP has demonstrated high efficiency and scalability for
nanoparticle manipulation, particularly in large-scale sys-
tems.>~"> DEP induced the movement of polarizable particles
in a nonuniform electric field through the interaction between

As semiconductor miniaturization progresses to sub 2 nm
nodes in logic devices, controlling nanoscale impurities has
become increasingly critical for maintaining circuit integrity
-3 . )
and performance. ~ These contaminants not only lower chip
yield but also result in substantial financial losses in high-

volume manufacturing. Ensuring the purity of chemicals used induced dipoles and the electric field gradient.lé_lg This
in semiconductor fabrication is essential for sustaining high mechanism depends on the relative permittivity of the particle
production yields." For instance, silicon impurities in chemicals and the surrounding medium, which allows for its application
can react with residues on wafers during cleaning, potentially to a wide range of materials, from biological cells to nanoscale
inducing defects such as unintended SiGe epitaxial growth.’ particles.'”'”*° However, a significant limitation of DEP is that
However, achieving ultrahigh purity at the nanoscale remains a the force exerted on a particle is proportional to its volume,
critical challenge. While conventional purification methods significantly reducing its effectiveness for nanoparticles. To
such as distillation, filtration, and ion exchange effectively overcome this challenge, studies have focused on increasing
remove submicrometer-scale impurities, they are inadequate the electric field gradient which directly influences the DEP
for capturing nanoscale contaminants. In particular, commer-

cial filtration systems including membrane filtration often fail March 17, 2025

to achieve pore sizes small enough to capture particles below May 7, 2025

10 nm.° These challenges required advanced purification May 8, 2025

technologies capable of efficiently removing nanoscale silicon May 15, 2025

impurities while remaining scalable for high-volume produc-
tion.
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Figure 1. Fabrication and operation of the micropatterned iDEP device. (a) Ti/Au electrodes were defined to form the interdigitated iDEP
electrodes. (b) A 20 nm-thick Al,O; layer was deposited using the ALD process. (c) The Al,Oj; layer on the contact pads was selectively wet-etched
for AC biasing. (d) A solution containing silica nanoparticles was dropped on the iDEP device, followed by the application of a sinusoidal AC

voltage.

force through interdigitated or sharp-tip configurations.”"**
Purifying semiconductor chemicals for industrial applications
requires a reusable large-scale system capable of efficiently
removing nanoparticles. Such systems must also demonstrate
reliable performance across various operational conditions,
including both aqueous and acidic environments, ensuring
versatility in industrial processes. DEP substrate can be reused
by selectively removing aggregated particles, whereas conven-
tional filtration methods require filter replacement.

In this study, we present an advanced purification method
using insulator-based dielectrophoresis (iDEP) to aggregate
and remove silica nanoparticles. High electric field gradients
were generated by interdigitated electrode patterns on a
sapphire substrate, facilitating efficient nanoparticle aggrega-
tion. An aluminum oxide (AL,O;) passivation layer was
deposited via atomic layer deposition (ALD) to prevent
electrode degradation and contamination during the DEP
process. The Clausius—Mossotti (CM) factor was calculated to
determine the optimal frequency range for silica nanoparticle
aggregation at the edges of the interdigitated electrodes.
Additionally, large-scale iDEP experiments were conducted
repeatedly to evaluate the nanoparticle removal efficiency, with
the aggregated particles subsequently cleaned using buffered
oxide etchant (BOE). After 12 DEP cycles, Si concentration
measurements showed a 41.3% reduction in deionized water
(DIW) and a 23.4% reduction in 2% nitric acid. This approach
successfully removed nanoparticles that conventional purifica-
tion systems struggle to eliminate, significantly enhancing the
purity of semiconductor processing chemicals.

When particles are exposed to a nonuniform electric field, the
DEP force arises from particle polarization, enabling their
manipulation. The DEP force acting on a spheroidal particle
suspended in a medium can be expressed as:
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where ¢, is the medium permittivity, R is the particle radius,
*

¢, and Er;k are the complex permittivities of the particle and
medium, and VIEP is the gradient of the squared electric field
magnitude.”> The DEP force strongly depends on particle
volume and decreases substantially with particle size.”* At the
nanoscale, the influence of Brownian motion becomes
dominant over DEP forces, presenting significant challenges
for nanoparticle manipulation.25 Silica nanoparticles, common
impurities in chemicals used for semiconductor manufacturing,
typically range from a few nanometers to 100 nm. Their small
size results in weak DEP forces, making their manipulation
difficult. Polarizability, which indicates a particle’s capacity to
induce a dipole under an electric field, is crucial in determining
the DEP behavior of a particle. Among various impurities, silica
nanoparticles are particularly difficult to manipulate through
DEP due to their low polarizability.”® Particles with higher
polarizability respond more effectively to electric fields,
enhancing particle manipulation. The polarizability closely
correlates with the relative permittivity of the particle, defined
by the CM relation:

8r—1_Na
e+ 2

T

3 )
where ¢, denotes relative permittivity, N represents the number
density of the molecules, a is the molecular polarizability, and
&, is the permittivity of free space.”” A comparative analysis of
silicon and silica nanoparticles, both common impurities in
semiconductor manufacturing, reveals significant differences in
their dielectric properties. Silicon nanoparticles with a relative
permittivity of 11.7 exhibit strong polarization and high
responsivity to electric fields.”® In contrast, silica nanoparticles
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Figure 2. (a) Schematic of electrode degradation and subsequent solution recontamination. (b) Optical microscopy image of Ti/Au electrodes
with a 20 nm-thick Al,O; layer deposited via ALD (scale bar: 20 um). An AC voltage frequency of 1 kHz and V,, of 10 V is applied. Plots of the VI
EP in a cross-sectional view (c) without and (d) with a 20 nm-thick AL Oj layer, under a 10 V applied potential with a 200 nm electrode gap.

with a lower relative permittivity of 3.8 exhibit reduced
polarizability, making their electrokinetic manipulation more
challenging at the nanoscale.””*’

To address the challenges of manipulating silica impurities
due to their nanosize and low polarizability, we enhanced the
DEP force by intensifying the electric field gradient. Since the
DEP force is proportional to VIEP, reducing the electrode
spacing to 10 um significantly amplified the electric field
gradient, enhancing the DEP force.”® To implement this
design, micropatterned interdigitated electrodes were fabri-
cated on a sapphire substrate using photolithography, followed
by Ti/Au deposition via e-beam evaporation (Figure 1a). This
interdigitated design minimizes series resistance and maximizes
edge exposure, improving nanoparticle trapping efficiency."”> A
20 nm-thick Al,O; passivation layer was then deposited using
ALD (Figure 1b).”" Contact pad areas were defined by
photolithography, and the Al,O; layer was selectively etched
with phosphoric acid for electrical contacts between the Au
probe tips and the contact pads of the device (Figure 1c). The
significantly lower etch rates of Ti, Au, and SiO, compared to
Al,Oj; enabled selective etching. Following the etching process,
the micropatterned electrodes were connected to a function
generator via the probe station. The silica nanoparticle solution
was carefully dropped onto the interdigitated electrode region
while avoiding contact with the Au probe tips at the contact
pads, and an alternating current (AC) voltage was then applied
through the function generator (Figure 1d). To simulate
semiconductor manufacturing conditions, Ludox colloidal
silica was selected due to its particle size distribution, which
is comparable to that observed in the manufacturing process.
Analysis of the Ludox solution confirmed that the silica
nanoparticles were smaller than 100 nm, with the highest
distribution in the 7—10 nm range (Figure S1).

The micropatterned electrodes in the DEP chip generate
highly localized electric fields, enabling effective modulation of

2344

silica nanoparticles. However, the application of an AC voltage
to an unpassivated electrode leads to electrode degradation at
the overlap regions of the interdigitated electrodes, where the
electric field gradient is maximized (Figures 2a and $2).>* This
degradation results from the reduced interelectrode spacing,
which increases the electric field gradient.”” Under these high-
electric field gradient conditions, Au atoms detach from the
underlying Ti layer, disrupting the continuous transmission of
AC signals and weakening the DEP forces acting on the target
nanoparticles.”” Furthermore, the detached Au atoms disperse
into the solution due to direct electrode-medium contact,
leading to solution contamination.

To address this electrode degradation, iDEP was employed,
offerin§ several advantages over conventional electrode-based
DEP.”” In iDEP systems, insulating structures are inserted
between the electrodes and the medium, preventing direct
contact between them. This configuration significantly reduces
the electrode degradation and contamination issues commonly
observed in conventional electrode-based DEP systems, where
electrodes directly contact the medium. To achieve this, a 20
nm-thick Al,O; passivation layer was deposited via ALD over
the interdigitated electrodes. As demonstrated in Figure 2b, the
Al O;-passivated electrodes maintain their structural integrity
even under intense electric field gradients, unlike unpassivated
electrodes, which exhibit severe degradation. The passivation
layer effectively prevents Au atom detachment, preserving DEP
force generation throughout the operation. When a dielectric
layer is used as a passivation layer, the AC electric field couples
capacitively into the solution, influencing the movement of
silica nanoparticles. Since the dielectric layer modifies the
nonuniform electric field distribution between electrodes,
investigating its effect on DEP force generation is necessary
for effective particle manipulation. Finite element method
(FEM) simulations were conducted to evaluate modifications
in the electric field gradient induced by the passivation layer.
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Figure 3. (a) Optical microscopy image of a micropatterned iDEP device (scale bar: 200 ym). (b) Silica nanoparticles trapped in regions with the
strongest electric field gradient. (c) Magnitude plot of VIEI* for a 10 V potential and 5 yum electrode spacing, highlighting a strong peak at the
electrode edge. (d) CM factor plot for the silica nanoparticle in water at varying AC field frequencies.

The simulation domain consisted of DIW as the solvent for the
silica nanoparticle solution, with a fixed potential difference of
10 V applied between electrodes, consistent with the
experimental conditions. The simulation parameters are
summarized in Table S1. Figure 2c shows the electric field
gradient distribution between two electrodes without a
passivation layer. Upon depositing a uniform 20 nm thick
Al,O; passivation layer, the modified electric field gradient
distribution is depicted in Figure 2d. In both cases, the most
intense electric field gradients are observed at the electrode
edges, with intensity decreasing as the distance from these
points increases. As the DEP force is proportional to VIEI?,
silica nanoparticles experience the strongest DEP forces near
the electrode edges, leading to their aggregation at these
points. Furthermore, the magnitude of the applied electric field
gradients remained consistent, regardless of the presence of the
Al, O, passivation layer (Figure S3). The micropatterned DEP
device effectively manipulates silica nanoparticles by generating
enhanced field gradients. However, for practical semiconductor
manufacturing applications, the system must exhibit chemical
resistance against acids to prevent solution recontamination
during purification. Al,O;, selected as the passivation layer,
provides excellent resistance to acidic chemicals commonly
used in semiconductor manufacturing processes.”* This highly
chemical-resistant layer enhances both the stability of the DEP
chip and its reliability in harsh manufacturing environments.
Figure 3a shows an optical microscopy image of the
micropatterned iDEP device, where an AC voltage applied to
interdigitated electrodes generates an electric field, manipulat-
ing the movement of silica nanoparticles. When the AC bias is
applied, the VIEI* reaches its maximum at the electrode edges,
whereas the central regions of the overlapping electrode exhibit
relatively lower field intensities, as depicted in Figure 3c. This
spatial distribution of field intensity influences the behavior of
polarizable particles suspended in the medium, causing their

2345

motion to depend on the frequency of the applied AC voltage.
The direction and frequency dependence of the force acting on
the particles is determined by the CM factor. For a spheroidal
particle, the CM factor is expressed as

& (@) — en(w)

fou (@) =

e:(w) + 2¢)(w) 3)
.0 .Gm
8:(0)) =g, - zi, ef(w) = ¢, — i @

where Sp(dp) and ¢,(0,,) are the electrical permittivity
(conductivity) of the particle and medium, respectively, i is
the imaginary unit, and @ is the angular frequency of the AC
voltage.”” To investigate the frequency-dependent behavior of
silica nanoparticles (conductivity 0.04 S/m) in DIW
(conductivity = 10 S/m), the real part of the CM factor was
plotted as a function of the frequency (Figure 3d).”” The
crossover frequency, where the CM factor becomes zero, is
observed at 6.6 MHz. Below this frequency, a positive CM
factor corresponds to a positive DEP (p-DEP) behavior, where
polarized silica particles migrate toward regions of stronger
electric field gradients. Conversely, the negative CM factor at
frequencies above 6.6 MHz indicates negative DEP (n-DEP),
where silica particles move toward regions of weaker electric
field gradients. Under p-DEP conditions, silica particles
accumulate at the electrode edges, where VIEP is most intense,
resulting in dense silica aggregates (Figure 3b).

Based on these theoretical predictions, we experimentally
investigated the frequency-dependent manipulation character-
istics of silica nanoparticles. Figure 4a presents the frequency-
dependent nanoparticle behavior at the iDEP electrode edges
at frequencies of 100 kHz, 1 MHz, and 80 MHz. As indicated
by the CM factor analysis (Figure 3d), frequencies below the
crossover frequency of 6.6 MHz correspond to the p-DEP

https://doi.org/10.1021/jacsau.5c00307
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1 MHz

Figure 4. Frequency-dependent DEP manipulation of silica nano-
particles suspended in DIW. (a) Optical microscopy images (scale
bar: 10 ym), and (b) 3D AFM mappings of the electrode edges after
iDEP at 100 kHz, 1 MHz, and 80 MHz. The iDEP was conducted at
an 10 V,,, of 10 V for 20 min. (c) EDS elemental maps (Ti, Au, and
Si) of the electrode edges after DEP manipulation for 20 min (scale
bar: 1 um).

regime, where silica nanoparticles migrate toward regions with
high electric field gradients. When exposed to peak-to-peak
voltage (V,,,) of 10 V at 100 kHz for 20 min, silica aggregates
formed at the electrode edges, as shown in Figure 4a. A similar
aggregation pattern was observed at 1 MHz, as both 100 kHz
and 1 MHz fall within p-DEP regime. Furthermore, the extent
of nanoparticle aggregation at the electrode edges increased
with longer DEP process durations (Figures S4 and SS). After
20 min, silica nanoparticles fully aggregated in the regions with
a high electric field gradient, and no further aggregation was
observed during subsequent processes. Conversely, at
frequencies above the crossover frequency of 6.6 MHz, n-
DEP behavior dominates. At 80 MHz, the silica nanoparticles
were repelled from the electrode edges due to n-DEP behavior,
resulting in the absence of observable aggregation.

To quantitatively characterize the aggregated silica nano-
particles, atomic force microscopy (AFM) measurements were
conducted. Figure 4b presents 3D AFM mappings of the
electrode edge with various frequencies. Consistent with the
optical microscopy observations, silica nanoparticles aggre-
gated at the electrode edges at frequencies below the crossover
frequency. The surface roughness in these regions was analyzed
using the root-mean-square method, calculated with the
equation below:

R, = \/% -/Ol‘z(x)zdx )

where I, represents the length of the mean line, and z(x)
denotes the difference from the average height at each
measured point on the surface. Surface roughness measure-
ments yielded 57.5 nm at 100 kHz, 57.2 nm at 1 MHz, and 3.5
nm at 80 MHz, which confirm significant nanoparticle
aggregation at frequencies that exhibit p-DEP behavior. AFM
height profiles were examined to perform a more detailed size
analysis of the aggregated nanoparticles (Figure S6). The
average heights were measured as 119.4 nm at 100 kHz and
110.8 nm at 1 MHz. Given the size of the pristine silica
nanoparticles, these results further support the aggregation of
particles under both frequency conditions (Figure S1).
Additionally, to confirm the elemental composition of the
aggregates near the interdigitated electrodes, energy-dispersive
X-ray spectroscopy (EDS) analysis was conducted (Figure 4c).
Comparison with EDS data from electrodes without the DEP
process revealed increased Si concentrations around the
electrodes, confirming the presence of silica aggregates (Figure
S7).

In addition to the DEP chip-based studies, large-scale
experiments were conducted to validate the nanoparticle
aggregation and removal from the solution. Large-scale iDEP
experiments utilizing a 2 in. substrate were performed to
quantify the removal efficiency of silica nanoparticles in
solution. Figure Sa shows an image of the 2 in. sapphire
substrate, which incorporates 36 interdigitated patterns and
two large contact pads designed for function generator
connections. Each contact pad is connected to the left and
right sides of the interdigitated patterns, with the AlLO;
passivation layer selectively etched in the contact pad areas
to enable electrical contact with the Au tips. To ensure
effective operation, the large-scale iDEP substrate was
immersed vertically in the solution while keeping the contact
pads above the solution level, as illustrated in Figure S8.
During each 20 min DEP cycle, silica nanoparticles aggregated
at the edges of the interdigitated electrodes, decreasing their
concentration in the solution. However, the accumulation of
nanoparticles at the electrode edges gradually reduced the
removal efficiency over subsequent cycles. To ensure
consistent performance, the aggregated silica nanoparticles
were removed with BOE for 10 s after each DEP cycle. The
selective etching properties of BOE effectively removed the
silica particles while preserving the integrity of the AlLO;
passivation layer. The 20 nm-thick Al,O; layer also prevented
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Figure S. Removal of silica nanoparticles via large-scale iDEP. (a) Photograph of a 2 in. sapphire substrate featuring 36 interdigitated DEP patterns
(scale bar: 1 cm). Si concentration at different iDEP cycles in (b) DIW and (c) 2% nitric acid, comparisons with and without DEP process.
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electrode detachment, ensuring the reusability of the substrate
across multiple DEP cycles.

While the iDEP chip experiments were conducted at a
frequency of 100 kHz for optimal p-DEP, the large-scale iDEP
design required frequency adjustment due to the increased
distance between the contact pads and the interdigitated
patterns. This extended distance limited the effective
application of AC voltage at 100 kHz, necessitating operation
at a lowered frequency of 1 kHz to achieve a uniform field
distribution across all interdigitated patterns. Additionally, a
DIW solution with Si concentration of approximately 500 ppm
was prepared to simulate actual conditions, reflecting the
impurity concentrations typically found in chemicals used in
the semiconductor industry. To evaluate the removal
efficiency, 12 DEP cycles were conducted, each followed by
substrate cleaning with BOE. The Si concentration in the
solution was monitored using inductively coupled plasma
atomic emission spectroscopy (ICP-AES) during the DEP
process (Figure Sb). ICP-AES measurements were repeated
three times for each cycle, and the average Si concentration
was used for analysis. Since silica nanoparticles were the only
Si-based compound in the solution, the measured Si
concentration directly corresponded to the concentration of
silica nanoparticles. After 12 DEP cycles, the Si concentration
decreased by 41.3%, confirming the effective removal of silica
nanoparticles from the solution.

Control experiments were conducted by repeatedly immers-
ing the DEP substrate for 20 min without applying an electric
field. These control experiments showed negligible changes in
Si concentration, indicating that particle removal was
exclusively driven by the DEP process. The raw data of Si
concentration, both with and without DEP cycles, are
summarized in Table S2. To further validate the nanoparticle
removal under acidic conditions, large-scale iDEP experiments
were conducted using an ICP standard solution containing
silicon nanoparticles in 2% nitric acid. The Si concentration
decreased gradually throughout the DEP process, exhibiting
trends similar to those observed with DIW (Figure Sc). A
23.4% reduction in Si concentration was achieved after 12 DEP
cycles, while control experiments demonstrated minimal
changes, further validating the effectiveness of DEP-based
removal. The stability of the Al,O; passivation layer was also
verified by consistent Al concentrations throughout the DEP
process (Figure S9). The Al concentration remained stable at
approximately 1 ppm across all DEP cycles, confirming that
neither the DEP process nor the BOE treatment affected the
Al,O; passivation layer or substrate.

This study demonstrates that iDEP provides an effective and
scalable approach for removing silica and silicon nanoparticles,
common impurities in semiconductor manufacturing, from
both acidic and DIW solutions. The introduction of a 20 nm-
thick Al,O; passivation layer successfully protected the iDEP
electrodes from degradation in acidic environments without
affecting nanoparticle aggregation. Both theoretical and
experimental analyses validated that the iDEP process
effectively manipulates nanoparticles in the solutions through
enhanced electric field gradients at optimal frequencies. Large-
scale (2 in.) iDEP experiments resulted in a 41.3% reduction in
Si concentration after 12 purification cycles, revealing both
scalability and purification efficiency for industrial applications.
Additionally, the iDEP system achieved a 23.4% reduction in Si
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concentration in acidic solutions, confirming its effectiveness
across diverse chemical environments. These findings highlight
the advantages of iDEP over conventional purification
methods, including its high throughput, operational reliability,
and adaptability to various chemical environments. This
technology presents a promising solution for enhancing
semiconductor manufacturing yield and efficiency by meeting
increased contamination control standards.

The sapphire pieces (1.5 cm X 1.5 cm) for the DEP chip and the 2 in.
sapphire substrates for large-scale iDEP were initially cleaned with
acetone and isopropyl alcohol. Subsequently, LOR 5A and AZ GXR-
601 photoresists were spin-coated onto the sapphire substrates.
Micro-DEP electrodes were then patterned using photolithography
(DL-1000A1, Nano System Solutions), followed by the deposition of
Ti/Au (20/80 nm) via e-beam evaporation. To passivate the
electrodes, a 20 nm-thick Al,O; layer was deposited at 200 °C
using ALD. The ALO; layer on the contact pads was selectively
removed by photolithography and wet etching with phosphoric acid
for 60 s, exposing the contact pads.

A colloidal silica nanoparticle solution (LUDOX SM, Grace) diluted
with DIW was used in the DEP experiments. For the DEP chip
experiments, the nanoparticle solution was dropped on the
interdigitated electrodes, and the contact pads were connected to a
function generator (332504, Agilent) via a probe station. A sinusoidal
bias with V,, of 10 V was applied, and the frequency was varied from
1 kHz to 80 MHz. After the DEP process, the residual solution was
removed with N, blowing. For the large-scale iDEP experiments, the
fabricated 2 in. sapphire substrates for iDEP were vertically immersed
in the solution to prevent the contact pads from being submerged in
the solution. The contact pads were connected to a function
generator, and V, of 10 V at 1 kHz was applied to induce particle
aggregation. After the iDEP process, the substrate was immersed in
BOE solution to remove the aggregated particles. For experiments in
acidic solutions, Si standard solution (Silicon Standard for ICP,
Sigma-Aldrich) was used. After rinsing with DIW, the substrates were
dried with nitrogen gas. This process was repeated multiple times to
validate the consistency and efficiency of nanoparticle removal.

Optical microscopy was employed to analyze the morphology of the
samples. The morphology of concentrated silica aggregates around
the electrode edges was further analyzed by scanning electron
microscopy (SEM; GeminiSEM 560, ZEISS) at the National Center
for Interuniversity Research Facilities (NCIRF) at Seoul National
University. EDS was conducted to confirm that the aggregates
observed on the electrode edges consisted of silica. The size of the
aggregated particles formed during the DEP process and the
roughness of the surrounding areas were examined using AFM
(NX10, Park Systems). The size distribution of silica nanoparticles in
the solution was measured with a Zetasizer (Nano ZS, Malvern
Panalytical). ICP-AES (ICPS-8100, Shimadzu) was used to determine
the concentration of silica nanoparticles in the solution.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00307.

Atomic number percentage distribution of nanoparticles,
optical microscopy image, 3D simulation plot, AFM
data, elemental distribution maps, Al concentration plot,
and simulation parameters (PDF)
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