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Development and experimental validation of a new cleaning model to
predict the removal efficiency of 10-130 nm contaminant particles on Si
wafers using sprayed microdroplets: Emphasis on optimizing cleaning time
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School of Mechanical Engineering, Pusan National University, Busan, South Korea

ABSTRACT
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Liquid jet spray cleaning has recently emerged as a promising method for removing nanoparticle
contaminants from Si wafers in the semiconductor industry. However, its environmental benefits
from not using chemicals are not fully realized due to limitations in the size of removable particles
and insufficient removal efficiency for smaller particles. In this study, we aimed to overcome the
technical limitations. We developed a Monte Carlo model that connects existing single droplet-
based cleaning models to multiple droplet impacts in real cleaning experiments, enabling the
prediction of removal efficiency of particles by their size. For experimental validation, we devel-
oped a water-spray cleaning system using a two-fluid supersonic nozzle capable of spraying
microdroplets 10-40 um in diameter with controlled impact velocity ranging from 14 to 100 m/s
onto a wafer surface. As a result, we demonstrated for the first time that the cleaning (or spraying)
time is a key parameter in determining particle removal efficiency across a size range of 10-
130 nm, alongside droplet size and impact velocity. Based on this finding, we proposed a new
approach to maximize the removal efficiency particularly for 10-30 nm particles, by optimizing
the cleaning time to maintain a dry surface. Our Monte Carlo model reasonably predicted the
size-resolved particle removal efficiency across all cases considered.

Copyright © 2025 American Association for Aerosol Research
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1. Introduction

The fabrication processes for advanced semiconductor
devices are typically categorized into three key stages:
Front End of Line (FEOL), Middle of Line (MOL),
and Back End of Line (BEOL). A significant portion,
approximately 20-25%, of these processes is related to
cleaning procedures (Reinhardt and Kern 2018; Snow,
Sato, and Tanaka 2013). For instance, processes such

as chemical-mechanical planarization (CMP) or etch-
ing can leave behind a significant number of particu-
late contaminants (Hong et al. 2016). Particularly
when these particles become attached to patterned
wafers, they can degrade the electrical properties of
semiconductor devices, leading to a reduction in their
yield (Liu et al. 1996; Kim et al. 2009; Eranna 2014).
This motivated the development of methods for
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eliminating these contaminants, which can be primar-
ily divided into chemical cleaning methods and phys-
ical cleaning methods (Kern 1990).

Chemical cleaning, which involves using a solution
mixture of hydrogen peroxide and acidic chemicals,
has been employed to remove contaminants from
wafer surfaces. However, the acidic chemicals can
induce surface roughening through etching, which
may adversely affect device performance (Ohmi et al.
1992). Furthermore, chemical cleaning requires sub-
stantial amounts of ultra-pure water and various
chemicals, raising environmental and economic con-
cerns related to waste discharge and treatment
(Hattori et al. 2007).

Physical cleaning methods, on the other hand, are
gaining increased attention because they utilize external
forces to physically remove contaminant particles with-
out the need for any chemical agents. These methods
include brush scrubbers, cryogenic aerosol-based
sprays, and liquid jet sprays (Toscano and Ahmadi
2003; Huang et al. 2011; Liu and Liu 2011; Lee et al.
2019). The brush scrubber method effectively removes
slurry residues and other contaminants following the
CMP process. However, it is not directly applicable to
patterned wafers and may cause secondary contamin-
ation due to abrasive particles remaining in the brush
(Zantye, Kumar, and Sikder 2004). Cryogenic aerosol
cleaning method involves spraying tiny solid/liquid par-
ticles formed through the free expansion cooling of
inert gas, typically at extremely low temperatures, to
remove contaminant particles from wafer surfaces
(Banerjee and Campbell 2005). In addition to its eco-
nomic challenges in maintaining cryogenic tempera-
tures, this method can induce thermal stress in
patterned wafer, potentially leading to cracking or other
types of damage (Huang et al. 2011).

In light of the aforementioned limitations, the
liquid jet spray method emerges as a promising

alternative capable of achieving effective cleaning with
minimal damage to the wafers. We have summarized
existing experimental studies utilizing the liquid jet
spray for nanoparticle removal comparatively in
Table 1. Referring to the table, early studies com-
monly used chemical solutions including ammonia
peroxide mixture (APM) and/or hydrofluoric acid
(HF) to remove sub-100nm particles (Eitoku et al.
2003; Hirota et al. 2005; Hirano et al. 2006; Xu et al.
2009). These studies mostly reported relatively high
particle removal efficiencies (PRE) ranging from 60 to
90%, with the exception of Hirano et al. (2006).
Specifically, Xu et al. (2009) demonstrated that using
an APM solution is more effective in removing Si3Ny4
particles (>65nm) compared to DI water, resulting in
a higher PRE of 90% versus 60%. However, subse-
quent research appeared to revert to spraying pure
water presumably due to the environmental concern
of chemicals, even though there was a decline in PRE
to 35-63% for particles of comparable sizes
(Watanabe et al. 2009; Sato et al. 2011; Iwasaki et al.
2015). Following Seike et al. (2010), Teng et al. (2016)
reported that a notably high PRE of 90% could be
achieved for particles larger than 100 nm, solely with
pure water spray. However, it is noted that their
methods may be questioned when targeting sub-
100nm particles, as it is more challenging to remove
smaller particles (Park et al. 2024; Snow, Sato, and
Tanaka 2013; Sato et al. 2011).

According to the IRDS (Institute of Electrical and
Electronics Engineers 2023), the target particle size for
removal has steadily decreased to below 10 nm, in line
with the ongoing miniaturization of the semicon-
ductor devices. Nevertheless, there is currently no
experimental evidence supporting the efficacy of exist-
ing liquid jet spray cleaning methods (as shown in
Table 1) for the removal of small particles sized
between 10 to 40 nm. Furthermore, Table 1 indicates

Table 1. Previous experimental studies on particle removal via liquid jet spray methods, comparatively summarized in terms of
detailing the kinds of gas and liquid in nozzles, droplet sizes and velocities, target particle sizes and materials, and particle

removal efficiency (PRE).

Cleaning Droplet Droplet Particle Particle
Reference Liquid Gas time size (um) vel. (m/s) PRE (%) size (nm) material
Eitoku et al. (2003) DIW, APM N, - - - 84 > 80 PSL
Hirota et al. (2005) DIW, APM? Air or N, - dozens of micron size 70 60 > 65 Si0,
Hirano et al. (2006) DIW, HF®, APM N, 600 s 35 > 50 SisN,
Xu et al. (2009) DIW, APM N, - 5-30 35-85 90 > 65 SizNg
Watanabe et al. (2009) DIw Steam - 20 200 63 > 87 Latex
Seike et al. (2010) uPwe Air 300s 5-35 40-90 920 > 200 PSL
Sato et al. (2011) DIW N, - 22,40 20-80 35 > 78 SiO,
Iwasaki et al. (2015) DIW N, - 2-38 40-100 50 > 45 SizNg
Teng et al. (2016) UPW N, - - - 20 > 100 PSL

2APM: Ammonia peroxide mixture.
PHF: Hydrofluoric acid.
‘UPW: Ultra-pure water.



that only two previous studies have specified the
cleaning time during which a liquid solution was con-
tinuously sprayed onto the wafers for particle removal.
Prolonged cleaning times inevitably result in multiple
droplet impacts, leading to significant overlap between
droplets and the formation of a thick liquid film on
the wafer surface. According to Kondo and Ando
(2019), once a liquid film forms, subsequent droplet
impacts become significantly less effective in removing
particles compared to a dry surface, due to the cush-
ioning effect. Conversely, when the cleaning time is
too short to result in liquid flooding, particles, after
being detached from the surface, are found to not be
completely removed but rather to resettle on the sur-
face (Park et al. 2024). These two extremes may sug-
gest that there is room for optimization of the
cleaning time. However, guidance on this matter has
not yet been provided.

Most recently, we proposed an effective cleaning
diameter that defines the intrinsic cleaning area pre-
dicted from a single droplet impact and provided a
contour plot for predicting the effective cleaning
diameter based on the impaction conditions (size and
velocity) of droplets (Park et al. 2024). However, this
effective cleaning diameter cannot be directly used to
predict the particle removal efficiency (PRE) in real
experiments because it essentially represents the
impact of a single droplet on a dry surface. Indeed,
no model currently exists that links such a single-
droplet effect to the ensemble effect arising from the
multiple impacts of droplets (Zoeteweij, van der
Donck, and Versluis 2009; Seike et al. 2010; Iwasaki
et al. 2015; Park et al. 2024).

Hence, this study was designed to optimize the
cleaning time for contaminant particles with an aver-
age size of 20nm by bridging the gap between the
cleaning models and actual cleaning experiments. To
achieve this objective, we developed a supersonic two-
fluid nozzle system to spray microdroplets onto a con-
taminated silicon wafer while controlling their impact
velocities. By measuring the diameter and velocity of
individual droplets, we established a database correlat-
ing the impaction conditions with effective cleaning
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diameters. We then developed a Monte Carlo model
(Kim, Shin, and Lee 2022; Kim and Lee 2023) to
simulate the spatially random impaction of size-poly-
disperse droplets. Concurrently, we conducted a series
of experiments to provide comprehensive experimen-
tal datasets for comparison with model predictions,
including size-resolved particle removal efficiencies
(PREs) for particles ranging from 10 to 130nm.
Finally, we introduced a new concept to optimize the
cleaning time and thereby increase PREs, based on the
observed time-dependent variations of PREs with par-
ticle sizes.

2. Methods

2.1. Prediction of effective cleaning diameter (Dg)
of a single droplet

In this section, we provide an overview of the effective
cleaning diameter as described in our previous study
(Park et al. 2024), for the readers’ convenience. When
a droplet impacts a dry wafer surface, it deforms into
a liquid film and spreads radially, gradually decelerat-
ing due to the friction with the surface and the drop-
let’s limited volume. The spreading ceases once it
reaches the maximum diameter, D,,,,. As the liquid
flows over a particle adhered to the surface (refer to
Figure 1), it can generate various forces on the par-
ticle: a drag force (Fp), a lift force (F.), and a rota-
tional moment induced by surface stress (Mp)
(Burdick, Berman, and Beaudoin 2001; Leite et al.
2012; Kondo and Ando 2019; Tran-Cong, Gay, and
Michaelides 2004). Among these forces, the rolling
moment induced by the drag force and the surface
stress (Mp + 3 Fpd,) is recognized as the driving force
for detaching a particle with a diameter (d,) from the
surface (Burdick, Berman, and Beaudoin 2001).
Conversely, the adhesion force (F,4) acts as a resist-
ance in the opposite direction.

Therefore, we employ a moment inequality > M =
Mp + 3 Fpd, — Faqa > 0 as a criterion for judging par-
ticle detachment from the surface. Through computa-
tional fluid dynamics (CFD) simulations, we obtained

‘ Water dropwise impaction

Figure 1. Dropwise impaction and its resulting forces acting on a particle adhered to a wafer surface.
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the velocity field within the spreading liquid film at
various positions and times, with a focus on the local
velocity (Vg) at the particle center. Subsequently, we
continuously monitor the size of the region where
> M >0 until the spreading ceases. The maximum
size of the region determined through this process
represents the effective cleaning diameter (Dg) result-
ing from a single droplet impact.

Following the detailed procedure outlined by Park
et al. (2024), we iteratively calculate the values of Dy
resulting from each impact of single droplets with
various diameters at different velocities. Figure 2a
presents a three-dimensional scatter plot of Dy against
droplet’s diameter and impact velocity, focusing on
the removal of 20-nm particles. As the droplet diam-
eter increases while maintaining a constant velocity of
10m/s, there is a gradual but slight increase in Dg.
However, at higher velocities, such as 50m/s, the
droplet diameter exhibits a more pronounced effect
on particle removal, leading to a steeper, linear-like
increase in Dg. In comparison, Figure 2b demon-
strates that the droplet diameter is a more influential
factor for the removal of 60-nm particles, particularly
at a low velocity of 10 m/s, doubling the Dr compared
to the case of 20-nm particles.

Upon comparing Figures 2a and b, it is evident
that the Dy is influenced not only by droplet’s diam-
eter (Dy) and velocity (U) but also by the target par-
ticle diameter. This suggests a functional relationship
of Dp = f(Do,U,d,). Continuing the calculation of
Dy for other diameters of target particles, we establish
a comprehensive database correlating the output Dy
to the three independent parameters within the range
of 10um < Dy < 40um, 10m/s < U < 50m/s, and
10nm <d, < 130nm. According to Park et al.
(2024), there are other parameters affecting Dg, such

| @ D,20nm

as Hamaker constant, Young’s moduli of particle and
surface, and the work of adhesion at the particle-sur-
face interface. These additional parameters are incor-
porated into the moment inequality as part of the
adhesion force (F,;) term and thus used for calcula-
tion of Dgr. However, since titanium particles depos-
ited on silicon wafers are consistently used to validate
the current Model, these parameters remain constant
throughout this study. This explains why the material
properties are not explicitly included in the functional
relationship.

Readers may find it more convenient to utilize a
simple mathematical expression rather than the dis-
crete database itself. Therefore, we further apply the
rational Taylor model with the Levenberg-Marquardt
algorithm (Ji et al. 2022) to the database to obtain the
best-fitted rational function of f(Dy, U,d,) as follows:

C

Cp

20+ ApDy + BoyU 4 B U? + CuDoU
1+ ADy + A, D% + B, U + B,U? + C,DyU

Dg = f(Do, U, dy) =

(1)

where zy, Ao1, Bo1, Bo2, Coz, A1, Ay, By, By, and G,
are the fitting parameters. In Equation (1), Dy and Dg
have units of micrometers, while d, has units of
nanometers.

From a preliminary test, we observe that the fitting
is not very satisfactory with a single set of the param-
eters. Thus, we divide the range of particle diameter
into three parts: 10nm <d, < 60nm, 60nm <d, <
90nm, and d, > 90nm, and obtain a separate set of
the fitting parameters for each range as listed in
Table 2. In Figure 2, we also plot the values of Dy
predicted by Equation (1) in blue for comparison with
the original data in red. The model predictions are
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Figure 2. Variations of effective cleaning diameters of droplets with changes in droplet diameter and impact velocity, for the

removal of (a) 20-nm and (b) 60-nm particles.
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Table 2. Three sets of fitting parameters of the rational Taylor function obtained for the three ranges of particle diameters.

d, (nm) 2y Aot Bo1 Boz Coz A A; B B, G
10~60 13.2648 —0.0873 —1.2088 0.0141 0.1757 0.0186 6.25x107° 0.0082 5.10x107* —468%x107*
60 ~ 90 13.2648 —-1.7164 —-1.9213 0.0116 0.7005 —0.0182 5.00x107* 0.2088 —3.72x107* —0.0012

> 90 13.2648 -0.6213 —1.6567 0.0106 0.4424 —-0.0157 1.97x107* 0.1166 —1.70x107* —503%x107*

Shield open & close

UPW flow ]

Figure 3. Experimental setup for the liquid jet spray system
for cleaning the contaminated Si wafer.

notably successful across the entire range of interest,
with errors within a maximum of 4%.

2.2. Experimental for nanoparticle removal from a
Si wafer surface

Figure 3 illustrates a schematic diagram of our liquid
jet spray system, mainly comprising a two-fluid super-
sonic internal-mixing nozzle, a shield plate reciprocat-
ing by a pneumatic gas cylinder, and a contaminated
wafer. The nozzle was designed for nitrogen gas to
strongly recirculate inside the cavity of the nozzle
after being accelerated through nozzle throat, resulting
in impetuous breakups of ultrapure water (UPW)
before exiting the nozzle. Thus, water droplets, pri-
marily forming inside the nozzle, were injected
through the nozzle exit by the N, gas jet. The nozzle
was installed on a motorized XY stage (SM1-0810-3S,
Sciencetown Co., Korea) to adjust the nozzle exit-to-
wafer distance (k) from 50 to 150 mm with a vertical
resolution of 2pum. The shield plate (5cm x 5cm)
was horizontally positioned 5cm away from the wafer
surface and moved back and forth by a pneumatic gas
cylinder equipped with a timer to control the cleaning
time from 1 to 3 s with a resolution of 0.1s.

A set of contaminated wafer samples was prepared
by depositing Ti nanoparticles with an average diam-
eter of ~20nm, generated by a spark discharger (Lee
et al. 2011; Park et al. 2024), onto a 1 cm x 1cm sili-
con wafer for 30s. These nanoparticles were positively

charged using a corona discharger (Ock et al. 2018)
and then electrostatically deposited onto the wafer by
employing a negative voltage (5kV) to the bottom of
the wafer. A field-emission scanning electron micro-
scope (FE-SEM; ZEISS Supra25) was used to visualize
residual particles on the wafer surface. To ensure
comprehensive image analysis of the entire wafer sur-
face, we randomly selected 15 different sites on the
surface, both before and after cleaning, and captured
SEM images with an equal magnification ratio. We
then used an open-source software Image] to analyze
the images and measure the sizes of existing particles
(Castanet et al. 2013). As an example, one of the 15
SEM images before cleaning, captured at a high mag-
nification of 100,000x, is presented in Figure S1(a). As
a result, most particles appear non-agglomerated
when d, < 60 nm, while agglomeration tends to occur
in particles larger than 60nm. To quantify this, we
counted the number of agglomerated particles (i.e.,
those larger than 60nm) and compared them to non-
agglomerated particles. The result indicates that
agglomerated particles are relatively rare, comprising
only 14% of the total particle count. Additionally, we
compared the size distributions of particles from five
different sites on the surface, as shown in Figure
S1(b), confirming a spatially uniform distribution of
particles across the wafer surface. It should be noted
that this procedure was consistently applied to the
cases after cleaning.

To operate the nozzle, we varied the volume flow
rate of ultrapure water (Q;) in a range of 10-80 ccm
while maintaining the volume flow rate of nitrogen
gas (Q,) at a constant 50 lpm. We captured the
sprayed water droplets by placing a petri dish with a
diameter of 3 cm containing organic liquid (1-methyl-
naphthalene) 20cm away from the nozzle, ensuring
that droplet impacts did not result in any splash of
the organic liquid (Eigel and Moore 1983). According
to the manufacturer (Sigma Aldrich), the density of
the organic liquid is 1,001 kg/m’, which is almost
identical to that of water. This allows fine water drop-
lets to remain well suspended after their impact with
the organic liquid, without either floating or sinking.
We visualized the captured droplets using an optical
microscope (Leica, DM750M), as demonstrated in
Figure S2, for subsequent image analysis using Image].
Figure 4a shows the size distributions of droplets
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sprayed with different volume flow rates of water.
Since smaller droplets are advantageous for more effi-
cient removal of particles (refer to Figure 7 in Park
et al. (2024)), we hereafter maintained the volume
flow rate of water at 10 ccm, producing the smallest
droplets with an average diameter (Do) of 23.4pum
and a standard deviation of 8.4 um.

A high-speed camera (HSC) (Phantom, mini UX-
50), combined with a LED light (40,0001x) on the
opposite side (Choudhury et al. 2017), was installed to
illuminate directly above the wafer (see Figure 3) and
measure the velocities (U) of individual droplets by
continually tracking them (refer to Figure S3a). For this
purpose, we adjusted the camera’s frame rate to 100,000
FPS with an image resolution of 1280 x 24 pixels. We
tracked 100 droplets at a specific distance from the noz-
zle, and then continued to measure the droplet velocity
while increasing the distance from 50 to 150 mm.

0.20
(a) —u—Q,; 10 ccm
—o— Q,;30 ccm
0.154 —A—Q,60 ccm
IS —v—Q,80 ccm
k5
o
C0.10
(9]
e}
£
>
z
0.054
0.00
0 20 40 60 80
Droplet diameter (um)

Figure 4b shows that the average velocity of droplets
consistently decreases with the distance (h); specifically,
100+9.8m/s at h 50mm, 50+3.4m/s at h
100 mm, and 14+2.8m/s at h = 150 mm. Additionally,
the overall spray pattern was recorded with the camera
operating at 250 FPS and a resolution of 1284 x 1024
pixels. Analysis of the video snapshots, such as in
Figure S3b, revealed that the spray angle (0) was ~27°
under the spray condition of Q, = 50 lpm and Q; =
10 ccm.

The high-speed camera was also used to selectively
monitor the gradual accumulation of droplets on the
wafer surface upon impact, thereby identifying the
time required for the formation of a liquid film on it.
Figure 5 shows the sequential images of wafer surface
taken at h = 150 mm (corresponding to U = 14m/s
from Figure 4b), starting from the initial impact of
droplets. At 0.5s, the surface appeared to be covered

120

100- {

80
60 i

401

® Q,501Ipm, Q10 ccm

Droplet velocity (m/s)

20

0 T T T T
60 80 100 120
Distance (mm)

140 160

Figure 4. Spray characteristics of the current two-fluid internal-mixing nozzle: (a) size distributions of droplets obtained by the
immersion method, and (b) variations of droplet’s average velocity with the distance from the nozzle obtained from high-speed

camera observations.

(a)0s

Figure 5. Sequential snapshots of wafer surface from individual droplet deposition to liquid film formation, taken at different time
intervals of (a) Os, (b) 0.5s, (c) 1.55, and (d) 2.3 s for droplet impact at U = 14m/s.
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with individual droplets. At 1.5s, however, water
droplets significantly coalesced to form much larger
liquid drops on the surface. At 2.3s, the surface was
fully covered with a continuous water film, and the
water began to flow outward from the wafer surface.
Referring to the snapshots taken at different impact
velocities in Figure S4, we confirmed that the time for
the water film formation (zf,,) was shortened to 1.3,
as expected, at an impact velocity of U = 33 m/s, and
to 0.4s at U = 50m/s. Furthermore, we determined
the thickness of water film (hs,) by measuring the
difference in mass (Am) of the wafer before and after
droplet impacts for a duration 3s (> t4,) as hpy, =
Am/(p1Ayafer). We found that the mass of the remain-
ing water film Am was invariant around 0.5+ 0.03 mg,
regardless of the droplet velocity, resulting in hg, =
50+ 0.3 um.

When a wafer surface cleaned in this manner (par-
ticularly spraying an HF aqueous solution) is left to
air-dry, circular water marks are often created.
According to Kurumoto, Eitoku, and Miya (2009),
pure isopropanol, with its low surface tension of
21.7mN/m, can effectively prevent the water mark
formation on the wafer surface by displacing residual
water before evaporation. In this study, therefore,
cleaned wafer samples were immersed in isopropanol
(99.9%, Sigma Aldrich) for 30s and then dried in a
vacuum oven at 80°C for 10min, prior to SEM
imaging.

2.3. Monte Carlo model for predicting particle
removal efficiency

As mentioned in the Introduction, there is a discrep-
ancy between the effective cleaning diameter of a sin-
gle droplet and the particle removal efficiency

(a) A?:emain

(b) on;rlap
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resulting from multiple droplet impacts. In this study,
we developed a Monte Carlo (MC) model to account
for the ensemble effect of multiple droplet impacts,
building upon the single-droplet performance.

To simulate multiple droplet impacts, we randomly
generated droplets just above the wafer surface, cover-
ing a 1cm x 1cm area, and sequentially moved them
to impact the surface. For this simulation, the droplets
were sampled to have various diameters in accordance
with the size distributions obtained from experiments,
while their impact velocities were simplified to the
average values measured at different distances from
the nozzle during the experiments (refer to Figure 4).
For each impact, the effective cleaning diameter (Dg)
and maximum spreading diameter (D,,,,) were calcu-
lated by applying the impact condition to Equation
(1) and using Yonemoto and Kunugi’s (YK) model,
respectively. Here, the YK model is the most recent
analytical model to examine the relationship between
a droplet’s ultimate spreading and impact conditions
in dimensionless form (refer to Equation (10) in Park
et al. (2024)).

Figures 6a—c illustrate the circular traces left by the
sequential impacts of five different droplets, character-
ized by their respective Dg and Dy, values, and
describe how to treat contaminant particles in
response to the droplet impacts. As shown by the
white circle in Figure 6a, particles initially located
within r < Dg/2 were modeled to be completely
removed from the surface. In the annular region
(Dr/2 <1 < Dpgy/2), denoted as ‘Asemain’> existing
particles were assumed to remain unaffected by liquid
spreading toward D, or even by any subsequent
droplet impacts. For instance, even if another droplet
with a diameter of D, impacts part of the circular
trace of the first droplet, particles in the overlapped

move

e

(C) onerlag
s

Apafert A

Dmax

Figure 6. Schematic diagrams illustrating how to model the particle removal (a) upon impact of the first droplet with a diameter
of Dy, (b) upon impact of the second droplet with D,, and (c) during subsequent multiple droplet impacts. Tiny black dots repre-
sent contaminant particles adhered to the wafer surface, while the white area indicates the clean area obtained after particle

removal.
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Figure 7. Field-emission scanning electron microscope (FE-SEM) images of the contaminated Si wafer (a) before and after droplet

impact for 3s, (b) at 50m/s, (c) at 33 m/s, and (d) at 14 m/s.

region (see ‘A,yerigp in Figure 6b) would remain due
to the difficulty of removing particles in the first
annular region. As droplet impacts continue (see
Figure 6c), the total clean area increases, but only to a
limited extent due to the increasing overlap and the
decrease in untouched region. Consequently, we could
aggregate newly-created clean areas over a cleaning
time duration to predict the particle removal effi-
ciency (PRE), which is defined as the ratio of the total
clean area to the original surface area of wafer (A,ufr
= 1cm?).

Understanding various characteristic times is cru-
cial for assessing the validity of assumptions used in
our MC modeling. According to Park et al. (2024),
particles within r < Dg/2 apparently migrate toward
the annular region after detaching from the surface
and eventually resettle on it during their single-drop-
let experiment. We defined the resettlement time of
detached particles as 7,, = 18n,hm/gd12,(pp — pi), where
p, and p; are the densities of the particle and liquid,
n; is the liquid viscosity, h,, is the thickness of the
liquid film at r = Dy, /2, and g is the gravitational
acceleration. For instance, upon the impact of a single
23-um water droplet at U = 14 m/s, CFD simulations

indicated h, > 5.6pm, resulting in 7, > 33.2s for
titanium particles of 130nm, given properties p, =
4540kg/m>, p, = 997kg/m’>, and #n, = 8.89 x 107
Pa-s. Recalling Figure 5, the wafer surface was fully
covered with a continuous water film at g, = 2.35,
which is much shorter than the 7,, even at the lowest
impact velocity (U = 14m/s). This suggests that once
detached, particles are carried away from the surface
by the water flow before resettling. Another significant
time is the time interval between successive droplet
impacts (t;,¢). Given a liquid volume flow rate (Q)), a
spray divergent angle (0), an average droplet diameter
(Do), and a nozzle-to-wafer distance (h), the impac-
tion rate of droplets onto the wafer is calculated as
Nwafe, :LQQM, where Ay, represents the cross-
sectional “area of the spray at distance h, given by
Agpray = n(h-tan(@/z))z. Thus, t;,; is calculated as
Tint = I/Nwafe,, resulting in 7, = 7.3 us at U = 14m/
s (h = 150mm), 0 = 27°, Do = 23.4um, and Q; = 10
ccm. Our CFD simulations (Park et al. 2024) con-
firmed that the time (zy,) for a droplet to fully spread
and reach D, is approximately 6.6 ps under the
same condition, which is shorter than t;,,. This indi-
cates that a single droplet fully spreads before the



impact of the next droplet, validating the sequential
sampling approach of droplets in our MC model.
Furthermore, the times 7;,, and 15, are too short to
allow significant evaporation of water traces. This sug-
gests that particles in the annular region are protected
from any subsequent droplet impacts by the cushion-
ing effect of the remaining water film (Kondo and
Ando 2019).

3. Results and discussion

3.1. Experimental validation for PRE predictions of
MC model

Following the procedure described in Section 2.2, we
conducted experiments to measure particle removal
efficiencies at different impact velocities of droplets
and used the results to validate the model predictions
of PRE. Figure 7 shows the FE-SEM images of the
wafer surface before and after droplet impacts at three
different velocities over a duration of 3s. Figure 7a
visualizes the wafer surface contaminated with Ti
nanoparticles prior to droplet impacts, where the par-
ticles appear to be randomly distributed on the sur-
face. In contrast, Figures 7b-d show particles
remaining after cleaning at droplet velocities of 50, 33,
and 14 m/s, respectively. Clearly, the number of par-
ticles gradually decreases with increasing droplet vel-
ocity. It is also important to note that those particles
in Figures 7b-d are not significantly different from
those seen in Figure 7a and remain spatially distrib-
uted randomly on the surface, without forming circu-
lar clusters even after cleaning. The absence of water
marks is likely attributed to our post-treatment of
cleaned wafers with isopropanol (refer to Section 2.2).

We conducted image analysis on the images in
Figure 7 to determine the size distribution of particles
present in each case. Figure 8 compares the particle
size distributions corresponding to Figures 7a-d. The
vertical axis represents the number of particles within
each size bin, normalized by the image area, while the
error bars indicate the standard deviations of the par-
ticle number density for each size. Notably, the small
error bars suggest that the sizes and counts of existing
particles are consistent across the entire wafer surface.
When comparing the size distributions obtained
before and after cleaning at U = 14 m/s (see squares
and circles in Figure 8), it is evident that smaller par-
ticles are more difficult to remove, consistent with
previous reports (Park et al. 2024; Sato et al. 2011;
Snow, Sato, and Tanaka 2013). For example, 15-nm
particles show approximately a 27% decrease in their
number density, from 46 to 34 #/umz, while 50-nm
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Figure 8. Comparison of the number size distributions of par-
ticles remaining on the wafer surface before and after cleaning
at three different droplet velocities.

particles exhibit a 68% decrease. Particles larger than
90nm seem to be almost completely removed by the
3-s cleaning. Higher-velocity droplet impacts, such as
those at 33m/s, are observed to be more effective at
removing smaller particles, particularly in the 15-to-
30nm range. However, further increasing the droplet
velocity to 50m/s does not yield additional benefits,
suggesting that this may be near the upper limit of
cleaning efficiency for the 3-s cleaning.

The difference in particle number density before
and after cleaning (Nefore — Nafrer) at each size was
normalized by the value before cleaning (Npefore) to
calculate the particle removal efficiency (PRE) by par-
ticle size. In addition, we conducted similar cleaning
experiments with shorter cleaning times of 1 and 2s
at each droplet impact velocity. Figure 9a compares
the size-resolved PRE profiles experimentally obtained
at U = 14m/s with those predicted by the MC model
for three distinct cleaning times. Notably, the MC
model’s prediction for the 1-s cleaning time is nearly
perfect. For the 2- and 3-s cleaning times, the model
tends to slightly underpredict the PREs of 15-30 nm
particles and overpredict those of particles larger than
90 nm. Despite these minor discrepancies, the MC
model accurately predicts the change in PRE with
increasing the cleaning time across the entire particle
size range. For instance, increasing the cleaning time
to 2s is recommended for improving PRE, while fur-
ther increases in cleaning time yield only small gains
in PRE, consistent with experimental observations.

Figure 9b and ¢ compare the PRE profiles between
the model predictions and experimental data for drop-
let impacts at elevated velocities of 33 m/s and 50 m/s,
respectively. Unlike Figure 9a, the three different
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Figure 9. Comparison of size-resolved PRE profiles obtained from the experiments and MC model predictions for three different
cleaning times under droplet impacts at (a) 14 m/s, (b) 33 m/s, and (c) 50 m/s.

symbols or lines in these figures tend to converge into
a single trend. This represents that both the experi-
ment and the MC model indicate that the cleaning
time of 1 to 3s is no longer a control parameter for
the PRE under high-velocity droplet impacts. In other
words, a cleaning time of 1s, for example, at U =
50m/s is likely sufficient for our spray cleaning pro-
cess to reach an upper limit in PRE. Examining
Figures 9b and a closely, it becomes apparent that the
time required to reach the upper limit of cleaning
seems to increase to between 1 and 2s at U = 33 m/s
and between 2 and 3s at U = 14m/s. Interestingly,
this time correlates well with the time for water film
formation (tfy,) discussed in Section 2.2, where
Thim = 0.4, 1.3, and 2.3s for U = 50m/s, 33 m/s, and
14 m/s, respectively. This correlation further supports
the adverse effect of liquid film formation on spray
cleaning, as a result of the cushioning effect men-
tioned earlier. Notably, only 1s (or less) of spray
cleaning at a velocity of 50m/s can achieve a PRE of
> 80% for particles larger than 50 nm, surpassing the
limitations of cleaning time and PRE reported in pre-
vious studies listed in Table 1. However, even at the
highest impact velocity, the PRE is still as low as 61%

for 15-nm particles in Figure 9c, which may be insuf-
ficient for industrial applications.

3.2. Further improvement of jet spray cleaning

This section describes our efforts to further improve
particle removal efficiencies (PREs), particularly for
15-30nm particles which have not been tested to
date. As discussed earlier, continuous cleaning meth-
ods encounters a critical limitation in PRE due to
the cushioning effect created when a water film cov-
ers the wafer surface. Since the current limitation
stems from the presence of a water film, our key
idea began with a simple question: What would hap-
pen if we removed the water film (created during
the first cleaning) and conducted the second clean-
ing on the dried wafer surface? To test this, we div-
ided the 3-s continuous spray cleaning process into
n cycles of a combined subprocess of spray cleaning
and drying. Specifically, we established a 1-s spray
cleaning at U = 50m/s followed by a 20-second dry-
ing as a unit subprocess, and repeated this 1 to 3
times. For the drying process, we injected only
nitrogen gas at 50 lpm through the same nozzle. We
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Figure 10. Comparison of (a) size distributions and (b) PRE profiles of particles remaining after n cycles of spray cleaning between
experimental data and model predictions, under droplet impacts at 50 m/s.

also attempted to predict PREs as a function of par-
ticle diameter (d,) after n cycles as follows: (1) Start
with the size-resolved PRE data predicted by our
MC model for 1-s spray cleaning (see the black dot-
ted line in Figure 9¢) as PRE(dp); (2) Calculate the
number density of particles remaining after n cycles,
N,(d,), using the definition of PRE and the number
density of pristine particles No(d,) (see ‘sample’ in
Figure 8) as N,(d,) = No(d,)(1 = PRE(d,))"; (3)
Calculate the overall PRE data after n cycles
as PRE, (d,) = 1 — (1 — PRE(d,))".

Figure 10a presents the size distribution of particles
remaining after #n cycles (N,(d,)), in comparison to
Ny(d,). Symbols represent experimental data, while
dotted lines represent predictions from the MC
model. It is important to note that the repeated spray-
ing and drying of droplets effectively remove particles
across the entire size range. In particular, 15-nm par-
ticles are continuously removed with each cleaning
cycle, eventually reducing their number density to 2.7
#/um” after the third cycle. Additionally, the predicted
size distribution, N,, (dp), closely matches the experi-
mental data for each cycle. Based on the experimental
data for N, (dp) in Figure 10a, we estimated PRE, (dp)
for each cycle and compared these experimental esti-
mates to the predictions given by the equation for
PRE,(d,), as shown in Figure 10b. The model once
again provides reasonable predictions of PRE values
across particle size range, regardless of the cycle num-
ber. As expected, the cleaning efficiency (PRE,) for
15-nm particles continuously improves with each
cycle: 61% after the first cycle, 87% after the second,
and 94% after the third. To our knowledge, this is the
first experimental demonstration of near-complete
removal of 15-nm particles within 1 min.

Until now, we have shown that the promising
results can be reasonably predicted by our MC

model, which is applicable to the removal of spher-
ical particles. Revisiting Figures 7 and Sla, one might
raise concerns about the potential agglomeration of
particles that may affect the prediction accuracy of
the model. According to Tran-Cong, Gay, and
Michaelides (2004), the drag coefficients for irregular
particles (Cpa) can be well approximated by Stokes
law (Cpa = 24/Rey), regardless of the actual shapes
of the particles, when their Reynolds number
(Res = p;Vrda /) is smaller than 1.0. Here, d4 is the
projected area-equivalent diameter of the irregular
particles. Since Re4 < 1 in this study, their result
leads to two notable scaling relations: Cps o< 1/dy
and Fpy = Cpandip,Va/8 < ds for a constant local
velocity (Vg). These relations suggest that the pro-
jected area of agglomerated particles becomes the
most influential factor in determining the drag force
(Fpa). For this reason, we plotted the size distribu-
tions of particles before and after cleaning, as well as
the resulting PREs, as a function of d4 in Figures 8-
10. Interestingly, in the figures, the MC model rea-
sonably predicts the variations of PREs, regardless of
particle agglomeration, by utilizing d4 in place of d,
in Equation (1).

It is also interesting to recall the finding in Figure
S1: while some particles are agglomerated, they were
few in number and significantly larger than the size
range of primary interest in this study (10-30nm, as
stated in Introduction). Therefore, our MC model pre-
dictions are valid, at least within the 10-60nm size
range, where particles are predominantly non-agglom-
erated. Moreover, Figures 9 and 10 show that PREs
predicted exhibit the significant changes within the
size range, highlighting the key characteristics of the
current particle removal process. Thus, we conclude
that the potential impact of particle agglomeration is
minimal in this study.
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4. Conclusion

In this study, we proposed two novel approaches to
overcome the technical limitations associated with
removing contaminant particles in the 10-30nm
range from Si wafers using a liquid jet spray. First, we
developed a Monte Carlo model to address the lack of
predictive models for particle removal efficiency in
real-world cleaning experiments. This MC model was
successfully validated through a series of cleaning
experiments for 10-130 nm particles on Si wafer sur-
face, using on a two-fluid supersonic nozzle that con-
trolled impact velocities of sprayed microdroplets.
Both the model and experiments consistently revealed
notable characteristics of PRE profiles by particle size,
including that smaller particles are more challenging
to remove than larger ones. More importantly, we
demonstrated for the first time the significance of
cleaning time duration, showing that continued drop-
let spray after the formation of a liquid film on the
surface has a negligible effect on PREs. To minimize
the adverse effects of liquid film formation, we pro-
posed a cyclic repetition of spraying droplets and dry-
ing the surface as the second trial, which resulted in a
dramatic increase in PREs, particularly for the
removal of 10-30nm particles. Specifically, for 15-nm
particles, when droplets were sprayed continuously for
3s at a velocity of 50m/s, the PRE was as low as 61%.
However, when droplets were sprayed for 1s, followed
by a 20-second drying process in one cycle, and this
process was repeated three times, the PRE for 15-nm
particles eventually increased to 94%. This result
strongly supports that liquid jet spray cleaning can be
an effective solution to meet the recent demand for
removing smaller contaminant particles from wafer
surfaces in the semiconductor industry.

Nomenclature

a radius of contact between a particle and the Si
wafer surface

Aoverlap  Overlapped region due to subsequent droplet
impacts

Avemain  region where particles remain unaffected by fur-
ther spreading of liquid

Aspray cross-sectional area of droplet spray

Asafer area of the Si wafer

Cpa drag coefficient for an agglomerated particle

da projected-area equivalent diameter of the agglom-
erated particle

d, diameter of a spherical particle

Dy initial droplet diameter before impact

Do average droplet diameter

Dy effective cleaning diameter of a droplet on the
surface

Dinax maximum spreading diameter of a droplet on the
surface

Fq adhesion force between a particle and the surface

Fp drag force exerted on an attached spherical par-
ticle by a spreading liquid film

Fpa drag force exerted on an agglomerated particle

Fr lift force exerted on the particle in a spreading
liquid

g gravitational acceleration

h distance from the nozzle exit to the wafer surface

fitm thickness of liquid film when the surface is com-
pletely covered

h,, thickness of liquid film at its maximum
spreading

m mass of liquid on the wafer

Mp rotational moment induced by surface stress on
particle surface

n number of cleaning cycle

N number of existing particles on the surface

N wafer impaction rate of droplets

Q volume flow rate of gas through the nozzle

Q volume flow rate of ultrapure water through the
nozzle

r radius from the point of impact

Rey Reynolds number based on the local velocity and
projected area equivalent diameter

U impact velocity of a droplet

Vr local flow velocity of spreading liquid at the loca-

tion of particle center

Greek symbols

m liquid viscosity

0 spray divergent angle

Py density of liquid

Pp density of particle

Thilm time required until the surface is completely
covered

Tint time interval between two consecutive droplet
impacts

Trs time for complete resettlement of detached par-
ticles in the liquid film

Tsp time for the spreading liquid film to reach D,y

Note that all variables are expressed in SI units unless
otherwise stated.
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