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Abstract

Scanning surface inspection systems (SSISs) require standard wafers (SWs) with traceable
particle characteristics for accurate calibration. Achieving controlled particle deposition
on wafer surfaces is essential for the fabrication of such SWs. In this study, numerical
simulations were conducted using Fluent to systematically investigate the effects of key
deposition parameters—including nozzle diameter, nozzle-to-wafer distance, chamber
volume, rotation speed, and particle size—on deposition efficiency and uniformity. Based
on the simulation results, a generation—-deposition system was developed, incorporating
a differential mobility classifier (DMC) to produce monodisperse aerosols. The particles
used in the experiments were polystyrene latex (PSL) particles with diameters of 70 nm,
100 nm, 140 nm, and 200 nm; the wafers used were 50 mm silicon wafers. Experimental
validation was carried out using scanning electron microscopy (SEM) and SSISs. The
optimal deposition conditions were identified as a nozzle diameter of 4 mm, nozzle-to-
wafer distance of 15 mm, chamber volume greater than 657 cm?, and a rotation speed of
0.314 rad/s. Under these unified parameters, particles with diameters >100 nm could
be effectively deposited, while smaller particles required additional adjustments. The
developed system enables the preparation of SW with traceable particle sizes and uniform
deposition, fulfilling the fundamental requirements for SSIS calibration.

Keywords: monodisperse aerosol; numerical simulation; particle deposition; standard
wafers; scanning surface inspection systems

1. Introduction

Surface defects constitute a primary yield-determining factor in semiconductor man-
ufacturing, directly impacting production efficiency and device reliability [1,2]. Industry
data demonstrate that particulate contamination accounts for over 60% of wafer yield
loss, significantly exceeding other process-related issues and emerging as a critical bot-
tleneck in semiconductor technology advancement [3]. Since defect prevention during
fabrication proves more effective than post-process cleaning, scanning surface inspection
systems (SSISs) have been universally adopted at key process stages [4,5]. Nevertheless,
SSIS technology faces two fundamental limitations:

1. Its light-scattering-based detection mechanism cannot reliably distinguish weak scat-
tering signals from sub-critical defects [6,7];
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2. The system’s inability to provide direct defect imaging necessitates establishing a ref-
erence correlation between standard particle sizes and scattering intensities, requiring
subsequent conversion of measured signals into equivalent standard dimensions [8].

Therefore, SSIS calibration using standard wafers (SWs) becomes essential to guar-
antee detection accuracy and consistency. SWs are a type of standard material primarily
characterized by controlled particulate contamination [9,10]. The composition, particle
size, and deposition patterns on these wafers are precisely regulated. Researchers achieve
controlled particle deposition on the wafer surface through the electric mobility technol-
ogy screening of particle size [11,12], combined with electrostatic force [13-15], inertial
force [16-18], thermophoretic force [19,20] and other multi-physical field effects for deposi-
tion behavior regulation. However, the existing technology still has significant limitations.
The electrical deposition system is highly efficient, but the electric field parameters need
to be adjusted dynamically according to the characteristics of the particles, which quickly
leads to non-uniform deposition. The non-electrical deposition system can avoid charge
interference. However, it is challenging to meet the demand for high-precision calibration
due to the high complexity of the equipment and the residual contamination of liquid
droplets. In addition, the simulation of aerosol dynamics inside the deposition chamber
is still insufficient, and the quantitative analysis of turbulence effects and particle—flow
coupling is lacking.

To address the above challenges, this study utilizes computational fluid dynamics
(CFD) to simulate and optimize the flow field parameters within the deposition chamber.
The influence of particle size, chamber geometry, and the coupling of external force fields
on particle deposition behavior on the wafer surface is systematically analyzed. Based on
the simulation outcomes, an integrated generation—deposition system was developed for
the preparation of standard wafers (SWs). Polystyrene latex (PSL) particles with diameters
of 70 nm, 100 nm, 140 nm, and 200 nm were used to generate monodisperse aerosols via an
aerosol generator and a particle size classifier, and these were subsequently deposited onto
silicon wafers using the optimized deposition chamber. This work provides theoretical
guidance for the engineering-scale fabrication of SWs and proposes a novel calibration
solution for scanning surface inspection systems (SSISs).

2. Materials and Methods

2.1. Numerical Simulation Methods
2.1.1. Modeling and Parameters

As shown in Figure 1, the model grid and deposition schematic of the chamber are
presented. The deposition chamber has a bottom diameter of 200 mm and a height of
120 mm, making it compatible with the standard 50 mm wafer size. In this study, particle
motion and deposition distribution on the wafer wall were analyzed by modifying the
chamber structure and adjusting particle properties. To achieve uniform deposition, the
effects of nozzle diameter, nozzle-to-wafer distance, chamber volume, rotational speed,
and particle diameter were investigated.

Table 1 summarizes the physical properties and parameter values varied in the simu-
lation, with their effects on deposition evaluated and discussed in the subsequent results
section using the modified geometrical model as the experimental reference.
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Figure 1. Schematic of model and mesh and deposition.
Table 1. Parameters of surface deposition simulation.
Aerosol Flow Rate = 0.3 L/min
Dp/nm Dpoozle/mm  H/mm V/em3 N/rad-s—1
Dhozzle 300 1,2,4,6,8 15 3650 0
H 300 4 5,15,50 3650 0
1% 300 4 15 81, 657, 3650 0
N 300 4 15 3650 0.314, 3.14, 31.4
70, 100, 200,
Dp 300 4 15 3650 0

Dpozze—n0zzle diameter; H—nozzle-to-wafer distance; V—chamber volume; N—rotational speed; Dp—particle diameter.

2.1.2. Solver Settings

Fluent was used to construct the numerical model of aerosol particle deposition and to

define the boundary conditions for both the fluid and discrete phases. Adapted numerical

algorithms were employed to ensure the accuracy and stability of the calculations. The

specific boundary conditions and solution algorithms used in this study are as follows:

1.

Viscous model: To compute non-uniform, high-curvature rotating flow fields, the
realizable k-¢ model is employed as the turbulence model. For near-wall treatment,
the enhanced wall model is chosen to ensure compatibility with both boundary
layer conditions, balancing computational efficiency and accuracy. Additionally,
the curvature correction option is enabled to achieve a more accurate simulation of
velocity and shear stress distribution.

Fluid boundary conditions: The inlet is defined as a velocity inlet with a flow velocity
of 0.4 m/s, a turbulence intensity of 4%, and a hydrodynamic diameter of 4 mm. The
outlet is set as a pressure outlet with a gauge pressure of 100 Pa. All wall surfaces are
specified as static, no-slip boundaries with a roughness height of 0 m and a roughness
constant of 0.5.

DPM boundary conditions: The particles are monodisperse, spherical, and inert, with
a density of 1050 kg/m3, and their initial velocity at the inlet is synchronized with
the airflow (0.4 m/s). The interaction rules between particles and walls are defined as
follows: the wafer surface adopts the Trap condition, the inlet and outlet are set as
Escape, and all other walls are set as Reflect. The forces acting on the particles include
gravity, Saffman force, trailing force, and rotational shear. The discrete random walk
(DRW) model is employed to simulate diffusion and vortex effects.

Numerical solution strategy: The transient pressure-based solver is employed, utiliz-
ing the “SIMPLE” algorithm for pressure-velocity coupling with a convergence resid-
ual of 10~%. The “PRESTO!” (Pressure Staggering Option) and “Standard” schemes
are both interpolation options in ANSYS 2022 Fluent used to calculate pressure values
on control volume faces. For pressure term discretization, the “PRESTO!” scheme is
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applied in rotational cases, while the “Standard” scheme is used for non-rotational
cases. The momentum, turbulence, and convection terms are discretized using the
“Second-Order Upwind scheme”.

2.2. Experimental Materials and Methods
Table 2 presents the primary materials and instrumentation parameters used in

the experiments:

Table 2. Primary materials and instrumentation.

Materials and

. Parameters and Models Manufacturer Sourced
Instrumentation
PSL standard suspension 70-200 nm National Institute of Beijing, China
Metrology, China ’
Clean wafers 50 mm Topvendor Beijing, China
Atomization generator ATM 220 Topas GmbH Dresden, Germany
Cold dryer HLW-10 AC Hailvwang Hangzhou, China
Neutralizer 5.520 Grimm Ainring, Germany
Differential mobility classifier 55-U Grimm Ainring, Germany
Condenser particle counter 3775 TSI Inc. Shoreview, MN, USA
Scanning mobility particle sizer 582 TSI Inc. Shoreview, MN, USA
Scanning surface inspection E3200 AK OPTICS Beijing, China
system
Scanning electron microscope Ultra 55 ZEISS Oberkochen, Germany

Figure 2 illustrates the particle generation—deposition system. A diluted polystyrene
latex (PSL) suspension was prepared by mixing a PSL standard suspension (1:2000 mass
ratio) with deionized water. This mixture was used to generate monodisperse polystyrene
aerosol particles. The suspension was atomized using a pneumatic atomization generator
to produce droplets containing PSL particles. These droplets were subsequently dried
using a heating and diffusion dryer to remove moisture, resulting in solid aerosol particles.
The aerosol was then charge-neutralized and classified by a differential mobility classifier
(DMC) to obtain a monodisperse sample with the desired particle size. The size distribution
was measured by a scanning mobility particle sizer (SMPS), and a portion of the aerosol
flow was directed into the deposition chamber, which was connected to a condensation
particle counter (CPC) for real-time concentration monitoring.
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Figure 2. Schematic diagram of particle generation and deposition device. CPC (1) and CPC (2) are
two separate units used for particle counting before and after deposition, respectively.
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To ensure the stability and cleanliness of the aerosol generation process, a three-
stage purified air supply system was used. Compressed air was first provided by an air
compressor with a discharge pressure of 0.5 MPa and a flow rate of 156 L/min. It was then
cooled and dehumidified using a refrigerated dryer with a rated capacity of 1.5 Nm3/min.
Finally, the air passed through a series of three precision filters with filtration ratings of
3 um, 1 pm, and 0.01 um, respectively, effectively removing particulates, oil mist, and
moisture. This purification system ensured a clean and stable carrier gas throughout the
aerosol generation and deposition process.

Figure 3 illustrates the schematic of the particle deposition chamber, a sealed unit
composed of a high-efficiency fan filter unit (FFU), a stand, a platform, a wafer base,
a nozzle, and an exhaust hole. The FFU ensures chamber cleanliness before and after
deposition. The stand stabilizes the platform and allows deposition height adjustments
with 1 mm accuracy. The platform provides controlled deposition conditions, including
rotation and temperature variations. The wafer base prevents direct contact between
the wafer and rough surfaces, maintaining its stability during rotation, translation, and
changes in the deposition position. The chamber features a single inlet nozzle mounted on a
horizontally movable baffle plate, enabling selective deposition area adjustments. Exhaust
holes facilitate gas circulation within the FFU and particle detection in the CPC. During the
deposition process, the optimal parameters were identified as follows: nozzle diameter of
4 mm, deposition height of 15 mm, chamber volume greater than 657 cm?, rotation speed
of 0.314 rad/s, and aerosol flow rate of 0.3 L/min. Polystyrene latex (PSL) particles with
diameters ranging from 70 to 200 nm were used.

m | Fan filter unit

|—— Circulation channel

Nozzle-to-wafer
distance Nozzle
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/

Exhaust = .
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Figure 3. Schematic of deposition chamber and its components.
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To evaluate deposition results, the distribution and size of particles on the wafer
surface must be determined. A calibrated SSIS can fulfill some of these requirements by
comparing light scattering signals and analyzing scanning results based on calibration
data. However, its accuracy depends on the precision of the light scattering model. In
contrast, scanning electron microscopy (SEM) employs a high-energy electron beam to scan
the sample surface, utilizing electron interactions with sample atoms to generate secondary
and backscattered electron signals. These signals are captured by a detector and converted
into images and data, enabling precise particle size measurement for traceability.

3. Results and Discussion

This chapter is divided into three main sections. The first discusses the monodispersity
of PSL suspensions and aerosol samples. The second discusses the results of numerical
simulations. The third discusses the preparation of SW samples.
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3.1. Simulation Results and Analysis

Numerical simulation results, represented by the DPM concentration on the wafer
surface, specifically analyzed the concentration distribution and the size of the deposition
spots. The following sections examine the impact of different deposition chamber con-
figurations on deposition outcomes from four key aspects. Additionally, the deposition
behavior of PSL particles with varying sizes under the optimized chamber configuration
is discussed.

3.1.1. Nozzle Diameter

In this study, the impact of nozzle diameter on the spatial distribution characteristics
of aerosol particle deposition was systematically analyzed by evaluating five nozzle sizes,
as illustrated in Figure 4. To ensure consistency in the number of incident particles, the
aerosol volumetric flow rate was kept constant at 0.3 L/min for all nozzle diameters. As a
result, the outlet velocity decreased with increasing nozzle diameter.

DPM Concentration/(kg-m™2)
| B

0 8.0x10-1° 1.6x107° 24x107 32x107° 4.0x107° 4.8x107 5.6x107° 6.4 %107 7.2x107° 8.0x107°

6mm 8mm

Figure 4. Deposition distribution contours for different nozzle sizes.

Numerical simulation results indicate that the nozzle diameter has a significant in-
fluence on the morphology of deposition spots. When the nozzle diameter is small, the
higher flow velocity causes inertial forces to dominate the deposition process, resulting
in regular circular deposition spots. As the nozzle diameter increases, the flow veloc-
ity decreases, leading to a transition where diffusion-driven deposition becomes domi-
nant, causing noticeable changes in spot morphology. When the nozzle diameter reaches
8 mm, the excessively low velocity weakens inertial forces, significantly reducing deposition
efficiency and resulting in irregular deposition spot shapes.

Further analysis reveals that a smaller nozzle diameter generates higher airflow veloc-
ity, enhancing turbulent mixing effects and improving deposition uniformity. In contrast,
an excessively large nozzle diameter leads to lower airflow velocity, allowing particles to
be carried away by the flow rather than being deposited in the target region, ultimately
reducing deposition efficiency.

Based on this analysis and experimental requirements, a nozzle diameter of 4 mm
was determined to be optimal, as it ensures effective deposition while meeting the control



Appl. Sci. 2025, 15, 6970

7 of 15

requirements for deposition spot size. At this nozzle diameter, the appearance of a star-
shaped pattern in the deposition concentration distribution is attributed to the combined
effects of deposition non-uniformity and the simplifications introduced in the simulation
boundary conditions.

3.1.2. Nozzle-to-Wafer Distance

Based on the dimensionless constant //Dy, proposed by Bae et al. in deposition
experiments—where h represents the nozzle-to-wafer distance and D, denotes the wafer
diameter—it has been observed that when h/D;, exceeds 2.0, the deposition rate is inversely
proportional to the nozzle-to-wafer distance [21]. As an essential variable, airflow height
directly influences particle-substrate interactions and deposition performance. To further
investigate the spatial distribution characteristics of particle deposition, this study system-
atically examines the comprehensive effect of incident height on deposition behavior. The
deposition distribution contours for different nozzle-to-wafer distances are illustrated in
Figure 5.

DPM Concentration/(kg-m~3)

EE——— 02 B ]
0 8.0x10710 1.6%107 2.4x 107 3.2x10~ 40x10 48x 10~ 56x 10 6.4x 10 72x10° 8.0x 10~

5mm

15mm 50mm
Figure 5. Deposition distribution contours for different nozzle-to-wafer distances.

A nozzle-to-wafer distance of 5 mm was selected based on the design of impactor-type
samplers, where inertial forces dominate and the nozzle height is typically 1.2 to 1.8 times
the nozzle diameter. Simulation results show that the deposition rate is high at this height.
However, the deposition spots are overly concentrated, which causes excessive particle
aggregation and reduces deposition uniformity. In contrast, at a nozzle-to-wafer distance
of 50 mm, deposition spots become scattered and fail to form a coherent deposition pattern.
This is because the contact probability between particles and the wafer surface decreases
significantly, with most particles being carried away by the airflow, resulting in a sharp
decline in deposition efficiency.

Compared to the nozzle-to-wafer distances of 5 mm and 50 mm, a height of 15 mm
yields the best deposition uniformity, with a relatively high DPM concentration. Simulation
results show that at this height, aerosol streamlines exhibit optimal adherence to the wafer
surface, achieving a balance between inertial and diffusive forces. This balance leads to
significant advantages in both deposition efficiency and concentration distribution. Based
on a comprehensive comparison of the simulation results at different nozzle-to-wafer
distances, 15 mm is identified as the optimal nozzle-to-wafer distance.

3.1.3. Chamber Volume

The volume of the deposition chamber affects the deposition efficiency, while the
relative positions of the inlet and outlet significantly alter the flow field characteristics. As
illustrated in Figure 6, this study employs numerical simulations to analyze the deposition
behavior in three different chamber volumes—V1, V2, and V3—corresponding to 81 cm3,
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DPM Concentration/(kg-m=2)

0

657 cm?, and 3650 cm?, respectively. Additionally, the effect of the relative positioning of
the inlet and outlet on deposition behavior is examined.

50x1071  1.0x107° 15x107° 2.0x10" 25x1077 3.0x10™ 35x10" 4.0x10~° 45x10~° 5.0x10~°

Inlet

V1 V2 V3
Figure 6. Deposition distribution contours for different deposition sizes and relative positions.

In general, in small-volume chambers, the incident particle flow is primarily concen-
trated near the wafer surface, suggesting that smaller chambers may exhibit higher particle
collection efficiency under the same deposition conditions. However, simulation results
indicate that the smallest chamber volume (V1) results in the smallest deposition spot size
and the lowest deposition efficiency. As the chamber volume increases, the deposition
spot size gradually enlarges and stabilizes when the chamber volume reaches V2, beyond
which further increases in volume have a negligible effect on both deposition spot size
and efficiency.

Furthermore, under the smallest chamber volume (V1), two different inlet and outlet
configurations—horizontal and vertical—are explored. The simulation results show that
under the horizontal configuration, deposition spots are distributed along both sides of
a fan-shaped region on the wafer surface, whereas under the vertical configuration, the
deposition spots exhibit a circular distribution pattern.

Based on these findings, to optimize deposition performance, prevent irregular de-
position spot distributions, and ensure deposition efficiency, this study determines that
the deposition chamber volume should be maintained above V2. Additionally, a hori-
zontally arranged inlet and outlet design is adopted to enhance deposition stability and
controllability.

3.1.4. Rotation Speed

Rotation directly influences deposition efficiency and spot morphology by altering the
airflow field distribution and particle transport behavior. Among these factors, rotation
speed is the most critical control parameter affecting deposition uniformity, efficiency, and
spot morphology. To enhance deposition uniformity while maintaining a certain level
of deposition efficiency, precise control of wafer rotation speed is required during the
deposition process. Studies indicate that as the rotation speed increases, the gradient of the
rotational shear stress difference from the wafer center to the edge also increases, resulting
in position-dependent forces acting on the wafer surface. In general, higher rotational shear
stress leads to lower deposition efficiency, meaning that deposition efficiency at the wafer
center is lower than at the wafer edge.

As shown in Figure 7, particle deposition patterns were compared at four different
rotation speeds. The results reveal that as the rotation speed increases, the morphology
of the deposition spots becomes increasingly unstable, exhibiting an outward diffusion
trend. At the highest rotation speed (31.4 rad/s), particles mainly accumulate at the wafer
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edge. This pattern aligns with the expected relationship between shear force and deposition
efficiency. As shear force increases, deposition efficiency decreases toward the wafer center.

DPM Concentration/(kg-m~?)
— B
5.0x1071° 1.0x1071.5x 107 2.0 x107°2.5x 10 3.0x 10~ 3.5x 107 4.0 x 10794.5 x 10~° 5.0 x 10~

I H i T

0.314rad/s 3.14rad/s 9.42rad/s 31.4rad/s

Figure 7. Deposition distribution contours for different rotational speeds.

Additionally, high rotation speeds intensify turbulence and vortex effects in the airflow,
which influence deposition in two opposing ways: on one hand, turbulence-induced
particle entrainment can enhance deposition efficiency, but on the other hand, the increased
rotational shear stress reduces deposition efficiency. Overall, as the rotation speed increases,
the reduction in deposition efficiency due to shear stress outweighs the enhancement from
turbulence effects. Consequently, a moderate reduction in rotation speed helps mitigate
shear stress gradients, maintain uniform particle distribution, and prevent excessive particle
accumulation at the wafer edge.

Based on these findings, this study selects a rotation speed of 0.314 rad/s to achieve
a balance between deposition efficiency and spot uniformity. At this speed, both the
concentration distribution and uniformity of deposition spots are well maintained.

3.1.5. Particle Size

In this study, the particle size range was 70 nm to 300 nm, with the DPM phase set as
monodisperse particles. In the Lagrangian model, particles were simplified as mass-bearing
points with no volume, and particle-particle interactions were neglected. Since the volume
fraction remained below 10% throughout the calculations, particle size variations did not
significantly affect the flow field but influenced the transport and distribution of the discrete
phase within the flow.

Figure 8 illustrates the deposition spot distributions of particles with different sizes on
the wafer surface. For particles larger than 100 nm, deposition was primarily concentrated
beneath the nozzle, with a slight increase in spot size as particle size increased. The
deposition efficiency remained around 40%. In contrast, 70 nm particles exhibited a
nearly uniform distribution across the entire wafer surface, with a deposition efficiency of
approximately 17%.

Two main factors contributed to this phenomenon:

1.  For smaller particles, diffusion was the dominant deposition mechanism, while in-
ertial effects were insufficient. As a result, fewer particles were deposited directly
beneath the nozzle, and most gradually diffused into lower-concentration regions
further away.

2. Vortices formed by the airflow near the wafer surface significantly influenced smaller
particles. The lower the particle mass, the more susceptible it was to turbulence-
induced vortex effects, which enhanced particle-surface contact and deposition. Since
the experiment considered any particle contacting the wafer as captured, small parti-
cles exhibited a broader deposition area.
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Based on these results, deposition parameters can remain largely unchanged for
particles larger than 100 nm. However, for particles smaller than 100 nm, additional
parameter adjustments are necessary to control the deposition spot size and particle count.

DPM Concentration/(kg-m~3)

0 8.0x107" 1.6x107 24x10™ 32x10" 4.0x10° 48x10~ 56x10 64x10"° 7.2x10~ 8.0x10~°

300nm 200nm 100nm

1.0x1070

l 9.0x10710
80x10710
7.0x10710
:> 60x10710
50x10710
40x10710
3.0x10710
20x10710
1.0x10710

0
DPM Concentration/(kg-m=)

40nm

Figure 8. Deposition distribution contours for different-sized particles.

3.2. Aerosol Sample Monodispersity

In this study, SEM was used to verify the monodispersity of the PSL suspension. The
suspension was first diluted to a specific concentration, after which 1 mL was dispensed
onto a clean wafer surface. Following air-drying in a cleanroom, SEM images were con-
ducted to traceably validate the particle sizes of the dried solids. Figure 9 illustrates the
SEM characterization results for four characteristic particle sizes: 70 nm, 100 nm, 140 nm,
and 200 nm. The scanning results show that the particle sizes of all samples align with
their nominal values, with an error of less than 0.5%. The particle size distribution meets
traceability requirements, demonstrating the suitability of the suspension as a raw material
for preparing monodisperse aerosols and enabling the generation of initial aerosols in the
70-200 nm range.

As illustrated in Figure 10, the positions of the prominent peaks in the particle size
spectra align with the expected particle sizes. However, additional peaks appear at smaller
particle sizes. This phenomenon is related to the charge balance of the monodisperse
aerosol sample.

Taking the 200 nm monodisperse aerosol as an example, when the X-ray neutral-
izer reached charge equilibrium, the aerosol contained 200 nm particles carrying one,
two, or three charges. The corresponding electrical mobility (Z) follows the relationship
Zy < Zy < Z3, meaning that particles with more charges exhibit higher electrical mobility.
Since electrical mobility determines how particles are classified in the SMPS, multiply
charged larger particles appear at positions corresponding to smaller single-charged parti-
cles, leading to additional peaks in the SMPS results [22].

According to the Boltzmann charge equilibrium principle, larger particles have a
higher probability of carrying multiple charges. As a result, the secondary peaks become
more pronounced for 140 nm and 200 nm aerosol samples. Additionally, for the 70 nm and
100 nm aerosols, peaks also appear at sizes larger than the prominent peaks. This may be
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due to the presence of oversized particles in the PSL standard suspension or the formation
of small aggregates during the atomization process.
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Figure 9. SEM images of samples with different particle sizes.
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3.3. Standard Wafer Sample

The deposition efficiency is defined as the ratio of the number of deposited particles
to the number of incident particles and can be expressed as

_ Np _ CpVp _ CD'Hspot‘sspot (1)
" Nin Nin QinGpt

where Qj,: fluid flow rate; Cp: aerosol particle concentration; t: deposition time;
Cp: deposition concentration; Hspot: height of the boundary layer above the sediment
spot; Sspot: deposition spot area.

Figure 11 presents the SSIS scans of wafer samples with four different particle sizes,
while Table 3 summarizes the number of deposited particles and deposition efficiency
for each sample. The results indicate that, except for the 70 nm wafer samples, each
wafer contains approximately 2000 to 3000 deposited particles, with a deposition efficiency

of around 28%. This level of deposition meets the particle quantity requirements for
SSIS calibration.
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Figure 11. SSIS scanning results of standard wafers with different particle sizes. ‘#" indicates the
number of defects observed.

Table 3. Deposition number and deposition efficiency of standard wafers with different particle sizes.

Particle Size/nm Number of Deposited Particles/# Deposition Efficiency/%

70 502 6.5%
100 2470 27.4%
140 2031 29.6%
200 3069 28.4%

Note: ‘# indicates the number of defects observed.

Under the optimized experimental conditions—namely, a nozzle diameter of 4 mm, a
deposition height of 15 mm, a chamber volume exceeding 657 cm?, and a rotation speed
of 0.314 rad/s—Figure 11 presents the SSIS scans of wafer samples with four different
particle sizes, while Table 3 summarizes the corresponding particle counts and deposition
efficiencies. The results show that, with the exception of the 70 nm samples, each wafer
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contained approximately 2000 to 3000 deposited particles, corresponding to a deposition
efficiency of approximately 28%. This level of particle loading satisfies the requirements for
SSIS calibration.

It should be noted that the SSIS result images do not include a scale bar. This is due to
two main reasons: (1) SSIS operates by analyzing light scattering signals and converting
them into particle size information based on the system’s internal calibration curves; as
such, the output images typically do not represent real physical dimensions or include scale
references. (2) The particle dots in SSIS images are visually enlarged to enhance visibility,
and their sizes do not directly correspond to the actual dimensions on the wafer. Therefore,
including a scale bar could be misleading.

Figure 12 compares the deposition efficiency between simulation and experiment for
different particle sizes. The data analysis shows that the trend of deposition efficiency
with increasing particle size is consistent between the two. However, the simulated re-
sults are consistently higher than the experimental results across all particle sizes, with
differences ranging from 9.1% to 11.62%. This discrepancy primarily stems from the
simplified treatment of kinetic behavior in the numerical simulation compared to actual
working conditions.

—=#— Simulation

45 - —e— Experiment
40 -
35+
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&
930 |-
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2
o 25
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5
=20
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O 15 -
a
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1 1 1 | 1 1 |
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Figure 12. Comparison of deposition efficiency between simulation and experiment.

The deposition efficiency is highly dependent on particle size, with the 70 nm wafer
samples exhibiting lower deposition efficiency than other particle sizes. This discrepancy
aligns with the numerical simulation results. Overall, the four wafer samples with different
particle sizes demonstrated good monodispersity and uniform deposition during the SSIS
scan calibration process. This confirms that the generation—-deposition system is capable of
producing standard wafers that meet the requirements for SSIS calibration.

4. Conclusions

In this study, by generating monodisperse aerosols, numerically simulating the par-
ticle deposition chamber, and establishing the generation-deposition system, four SW
samples meeting the SSIS calibration requirements were successfully prepared with particle
sizes ranging from 70 to 200 nm. The main conclusions drawn from the experiment are
as follows:

1. Fluent simulations identified the optimal parameters for area deposition as a 4 mm
nozzle diameter, 15 mm nozzle-to-wafer distance, deposition chamber volume greater
than 657 cm?, and a rotation speed of 0.314 rad/s. Under these conditions, uniform
deposition can be achieved with a spot diameter of 23.7 mm and a deposition ef-
ficiency of 33.1%. Particles >100 nm can be stably deposited under standardized
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parameters, whereas particles <100 nm require adjustments to other parameters to
improve deposition efficiency.

2. SEM analysis confirmed that the standard PSL suspension used in the experiment
aligns with the nominal particle size, making it a suitable raw material for monodis-
perse aerosol generation. Although multiple particle size peaks were observed in the
SMPS scan spectrum, the number concentration at the main peak corresponding to
the target particle size was significantly higher than that of the other peaks. Analysis
of this phenomenon indicates that SMPS scanning data can serve as a reliable basis
for particle size distribution measurement.

3. System validation based on simulation results successfully produced four SW samples
(70-200 nm). Experimental results confirmed that the deposition efficiency reached
28% for all samples except the 70 nm sample. SSIS testing further verified that these
samples meet the requirements for SSIS calibration.
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