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Capability and efficiency of droplets in removing nanoparticle contaminants 
from Si wafer via high-speed microdroplet impaction

Jinhyo Park†, Seungwook Lee†, Jeonggeon Kim, and Donggeun Lee 

School of Mechanical Engineering, Pusan National University, Busan, South Korea 

ABSTRACT 
The high-speed impact of liquid microdroplets has emerged as a promising method to elim
inate nanoparticle contaminants from semiconductor wafer surfaces. However, existing 
experimental studies have primarily focused on evaluating their own nozzles for removing 
particles larger than 50 nm, which does not align with the current research roadmap where 
the target particles’ size decreases down to sub-10 nm. As it is more challenging to remove 
smaller particles, there is a strong need to better understand droplet’s spreading behavior 
in relation to the detachment of particles from a surface. Nonetheless, there remains a lack 
of experimental evidence to validate existing models or a scarcity of numerical simulation 
studies, mainly due to the practical difficulties associated with single droplet experiments. 
Hence, in this study, we conduct a series of numerical simulations to investigate the time- 
dependent spreading behavior of the droplet, together with collecting local velocity data at 
the attached particle position. The local velocity data is then integrated to an existing model 
to predict the effective cleaning diameter for each impact condition. Starting from the free- 
fall dropwise impaction, we develop a single-microdroplet cleaning system by minimizing 
the number of sprayed droplets and capturing their behavior using a high-speed camera 
(HSC), with aims of validating the model predictions and numerical simulations. Finally, we 
provide a contour plot for a prior prediction of the effective cleaning diameter from the 
impaction conditions of microdroplets.
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1. Introduction

Inorganic, organic, metallic, nonmetallic, and polymer 
particles unintentionally generated during the 
semiconductor manufacturing processes are known to 
contaminate the target surface. This contamination 
represents a significant factor contributing to the 
reduced yield of semiconductor devices (Hong et al. 
2019). Methods for eliminating these contaminants 
are primarily categorized into chemical cleaning meth
ods and physical cleaning methods (Kern 1990). 
Chemical cleaning methods are problematic due to 
their use of toxic chemicals. Moreover, when the line 
width (also known as the feature size that measures 
the width of the smallest lines that can be patterned) 
in a semiconductor fabrication process is smaller than 
10 nm, the high aspect ratio (i.e., height to thickness) 
of the line pattern hinders the ultrapure water-based 
cleaning solution from reaching the bottom of the 
pattern (Cho et al. 2020). Therefore, physical cleaning 

methods are currently receiving increased attention, as 
they facilitate contaminant removal through momen
tum exchange caused by the impact of a less toxic 
solution on the surface. This approach results in fewer 
environmental and health concerns (Okorn-Schmidt 
et al. 2014; Henry and Minier 2014).

When a fluid flows rapidly over a contaminated 
wafer surface, the resulting momentum exchange with 
surface contaminants generates several forces: a drag 
force, a lift force, and a torque. These forces collect
ively contribute to the detachment and removal of 
contaminants, involving sliding, lifting, and rolling 
processes. Among these forces, rolling induced by 
drag force is recognized as the dominant factor in the 
removal of nanoparticles (Zoeteweij, Van der Donck, 
and Versluis 2009). However, when a pressurized gas 
is employed, the gas’s lower density and viscosity, in 
comparison to liquids, result in insufficient drag 
forces acting on nanometer-sized contaminant 
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particles, leading to reduced particle removal effi
ciency. To address this challenge, current research 
endeavors are actively exploring the utilization of 
high-speed spraying of liquids. This approach aims to 
enhance particle removal efficiency while minimizing 
the consumption of ultrapure water.

When a droplet impacts the surface perpendicularly 
at a velocity of U, it initially spreads across the sur
face, forming a circular film. The radial spreading vel
ocity of this liquid film is highest immediately after 
the impact, gradually decreasing as the spreading pro
cess continues. Eventually, the liquid film ceases to 
spread, reaching its maximum spreading diameter 
(Dmax). Numerous studies have been conducted on 
dropwise impaction, and the key findings of relevant 
previous studies have been summarized comparatively 
in Table 1. It is worth noting that most prior studies 
in Table 1 have focused on predicting Dmax under 
various impaction conditions. This was accompanied 
by normalizing Dmax with the initial droplet diameter 
(D0), denoted as the maximum spreading ratio 
(bmax � Dmax=D0), and expressing bmax as a function 
of Weber number (We) and Reynolds number (Re). 
Here, We is a dimensionless number representing the 
ratio of the impaction kinetic energy of the droplet to 
surface tension, while Re represents the ratio of inertia 
to friction during liquid film spreading (Yonemoto 
and Kunugi 2017). For example, Pasandideh-Fard 
et al. (1996) proposed an equation for calculating the 
spreading velocity of the liquid film after droplet 
impact, relying on the principles of mass conservation 
and energy conservation. This work was subsequently 
followed by various model developments in Table 1. 
Notably, the majority of relevant experimental data 
originated from the impaction of millimeter-sized 
droplets under free fall conditions. These experiments 
involved high-speed camera measurements to track 
changes in liquid film diameter as a function of time 
(Pasandideh-Fard et al. 1996; Jung and Hutchings 
2012; Yonemoto and Kunugi 2017; Tan 2017).

When it comes to removing nanoparticles attached 
to a solid surface, it should be noted that a significant 
velocity gradient occurs within the spreading liquid 
film due to the formation of a viscous boundary layer 
on the surface (Snow et al. 2013; Kondo & Ando, 
2019). This effect is particularly pronounced when the 
target particle is small, leading to a substantial reduc
tion in the local spreading velocity at the particle’s pos
ition, which falls well below the (aforementioned) film 
spreading velocity or impaction velocity. Consequently, 
obtaining the relationship between the distribution of 
the local spreading velocity within the liquid film and 
the impact conditions of the droplet (such as its diam
eter and impaction velocity) is crucial for quantitatively 
predicting the feasibility of particle removal.

Due to the challenges associated with measuring 
the local spreading velocity of a thin liquid film, there 
have been no experimental studies conducted on this 
aspect. Even computational fluid dynamics (CFD) 
simulations for the purpose of particle removal have 
been quite scarce. Kondo and Ando (2019) carried 
out a CFD simulation on the impaction of droplets 
with diameters of 200 lm. Their aim was to determine 
the distribution of the local spreading velocity within 
a spreading droplet and calculate the resulting drag 
force acting on the particles. They subsequently pre
sented a spatio-temporal evolution diagram to judge 
particle removal for three different impact velocities 
of droplet. However, their model has not been vali
dated with experimental data, presumably due to 
practical difficulties in conducting single-droplet 
cleaning experiments. Indeed, as seen in Table 2, 
existing experimental studies have primarily focused 
on the ensemble effect on particle removal efficiency 
(PRE) through the multiple impaction of a large num
ber of fine droplets (Zoeteweij, Van der Donck, and 
Versluis 2009; Seike et al. 2010; Iwasaki et al. 2015). 
Additionally, Table 2 highlights the current research 
trends, wherein smaller and higher-speed droplets are 
increasingly used, while the target particle sizes for 

Table 1. Comparative review of previous research on the analysis of dropwise impaction, emphasizing model or CFD predictions, 
droplet sizes, impact velocities, and spreading dynamics.
Year Authors Model / CFD Droplet size (mm) Impact velocity (m/s) Spreading velocity bmax b(t)

1996 Pasandideh-Fard et al. CFD 2.05 1 x o o
2002 Roisman et al. Model 2.75 − 3.5 1.18� 4.5 o o o
2009 Wang et al. Model 2.1 − 2.2 5.2� 5.3 x o o
2011 Hung et al. Model 2.1 − 2.4 0.4� 1.4 o o o
2012 Jung & Hutchings Model 0.025 − 0.028 3, 6, 8 x o o
2014 Riboux and Gordillo Model 2 1.29 − 2.28 x o x
2017 Yonemoto and Kunugi Model 1.2 0.44 − 3.7 x o o
2017 Choudhury et al. Model 2.2 − 3.7 0.44 − 0.7 x o o
2012, 2015 Visser et al. CFD & Model 0.05 50 x o o
2016 Lee et al. CFD 2 0.2 − 3.6 o o o
2017 Xu et al. CFD 2.05 0.44 − 3.7 x o o
2019 Liu et al. CFD 2 1.1 − 2.4 x x x
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cleaning wafer surfaces have decreased in recent years. 
According to the ITRS front surface preparation road
map (Snow et al. 2013), the critical particle diameter 
has annually decreased down to sub-10 nm. Since it is 
more challenging to remove smaller particles from a 
surface (Snow et al. 2013), there is a strong need to 
establish the intrinsic limits of high-speed microdrop
let impaction for removing the smallest particles, 
based on single-droplet experiments.

In this study, therefore, we conducted a series of 
CFD simulations and single-droplet experiments. 
Initially, we performed CFD simulation to investigate 
the impact of a single microdroplet on a surface. The 
results were validated by comparing the bmax values 
with our experiments and values from previous litera
ture. Specifically, we analyzed the time-dependent 
spreading behavior of the droplet to obtain the local 
velocity distribution inside the liquid film. This infor
mation was subsequently utilized in an existing model 
to calculate the drag force at the position of the target 
particle, the rotational moment, and consequently the 
effective cleaning diameter. We also developed a sin
gle-droplet cleaning system by minimizing the number 
of sprayed droplets and visualizing them through a 
high-speed camera (HSC). The measured effective 
cleaning diameters were directly compared with those 
obtained from CFD simulations to further validate the 
model.

2. Methods

2.1. Particle removal model

As depicted in Figure 1, when a single droplet with a 
diameter of D0 impacts a smooth and dry wafer sur
face, the droplet transforms into a liquid film, rapidly 
spreading in the radial direction. The spreading vel
ocity of the liquid film gradually decreases due to fric
tion with the surface and the limited initial volume. 
The spreading stops when it reaches the maximum 
diameter, Dmax: When the spreading liquid film 

encounters a small particle attached to the surface, it 
generates a lift force (FL), a drag force (FD), and a 
rotational moment (MD) around the particle. These 
forces serve as driving forces for detaching the particle 
from the surface, but they encounter resistance from 
opposing forces, such as the adhesion force (Fad) and 
friction force (Ff ). According to Zoeteweij, Van der 
Donck, and Versluis (2009), an attached particle 
would (1) detach perpendicularly when FL > Fad, (2) 
slide horizontally on the surface and eventually detach 
when FD > Ff , or (3) rotate to detach when the 
moment imbalance (

P
M > 0) is achieved. The vari

ous forces described above depend on the properties 
of the surface, the size and properties of the droplet, 
and the size and properties of the particle which 
include its hardness or deformability that determines 
the contact radius (a) of the particle on the surface 
(Snow et al. 2013).

The adhesion force (Fad) of a nanoparticle is typic
ally approximated by the van der Waals force (Fvdw), 
which is calculated for a spherical particle using 
Equation (1), while neglecting its gravity force. Fvdw is 
a function of the Hamaker constant (A), the particle 
diameter (dp), the particle-to-surface distance (z) (usu
ally assumed to be 0.4 nm), and the contact radius (a) 
(Zoeteweij, Van der Donck, and Versluis 2009).

Fvdw ¼
Adp

12z2 1þ
2a2

zdp

 !

(1) 

Unlike a hard particle, which has nearly a point 
contact with the surface, a soft particle can deform on 
the surface to create a circular contact cross-section, 
potentially hindering particle detachment. Typically, 
the contact radius of a hard particle is estimated using 
the Derjaguin-Muller-Toporov (DMT) model, while 
that of a soft particle is estimated using the Johnson- 
Kendall-Roberts (JKR) model (Johnson, Kendall, and 
Roberts 1971; Derjaguin, Muller, and Toporov 1975). 
Since the JKR model tends to overestimate the van 
der Waals force (Fvdw) through the term of ‘a’ 

Table 2. Previous studies on particle removal via physical cleaning, comparatively summarized in terms of detailing methods, 
droplet sizes, velocities, and particle removal efficiency.

Year Author Method
Droplet  

size (mm)
Droplet  

vel. (m/s)
Particle  

size (lm)
Type of  

impaction Performance Removal model

1994 Soltani and Ahmadi Sim. 10–100 x 20,35a Single PREb Moment balance
2019 Kondo and Ando Sim. 200 30,40,50 0.01 Single ARc Moment balance
2009 Zoeteweij et al. Sim.& Exp. 27 x >1 Single, Multiple PRE 77–100% Moment balance
2009 Xu et al. Exp. 7–30 35–85 >0.065 Multiple PRE 35–100% –
2010 Seike et al. Exp. 5–35 40–90 0.132 Multiple PRE <75% Moment balance
2011 Sato et al. Exp. 22,40 20–80 >0.078 Multiple PRE <35% Impact Energy
2015 Iwasaki et al. Exp. 2–38 40–100 >0.045 Multiple PRE �50% Impact Energy
aRange of particle diameters that have been validated with experimental data.
bPRE: Particle removal efficiency based on the count of particles before and after cleaning.
cAR: Ratio of effective cleaning area to the maximum spreading area of liquid film.
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compared to the DMT model, it can consequently 
underestimate the effects of external forces (Fd, FL, 
and Md) on particle removal. In this study, we applied 
the JKR model (Johnson, Kendall, and Roberts 1971) 
regardless of the particle hardness, as described in 
Equation (2).

a3 ¼
R
K

F þ 3pDcRþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6pDcRF þ ð3pDcRÞ2
q� �

(2) 

where R originally represents the combined radius of 
two contacting objects but is simply treated as the 
particle radius in this study, as the particle contacts a 
flat surface. F represents additional external forces, 
such as gravity force or electrostatic force, which con
tribute to increasing the Fad: However, these forces 
are simply neglected with F ¼ 0 in this study, given 
the small size of target particles and the loss of elec
trical charge in the water film. Dc represents the work 
of adhesion at the interface between the surface and 
the particle. K is the combined value of the Young’s 
modulus of the two objects: particle and surface. 
When the Young’s modulus of the particle is E1 and 
that of the surface is E2, K is calculated using 
Equation (3).

K ¼
4
3
ð1 − �2

1Þ

E1
þ
ð1 − �2

2Þ

E2

� �−1

(3) 

where � is the Poisson ratio of the two objects.
The lift force (FL) and the drag force (FD) are cal

culated using Equations (4) and (5), respectively 
(Burdick, Berman, and Beaudoin 2005).

FL ¼ 1:62gd2
p

q

g

@u
@y

� �1
2

VR (4) 

where g is the viscosity of the fluid, q is the density 
of the liquid, @u=@y is the vertical gradient of the 
local spreading velocity u of the liquid, and VR is the 
flow velocity at the center of the particle.

FD ¼
1
2
qV2

RCDAp (5) 

where Ap (¼ pd2
p=4) is the frontal area of the particle; 

CD represents the drag coefficient of the spherical par
ticle, which is calculated by Equation (6).

CD ¼ 1:7f ¼ 1:7
24
Rep

(6) 

where f is the friction factor, and Rep is the Reynolds 
number based on the diameter of particle. The rota
tional moment (MD) is calculated by Equation (7).

MD ¼
1
2
qV2

RCMVp (7) 

where Vp is the particle volume, and the moment 
coefficient CM is calculated by Equation (8) (Burdick, 
Berman, and Beaudoin 2005).

CM ¼ 0:944f ¼ 0:944
24
Rep

(8) 

By combining Equations (1), (4), (5), and (7), the 
moment equilibrium with reference to the point (O) in 
Figure 1 is assessed to determine particle detachment 
through Equation (9).

X
M ¼ MD þ 0:5FDdp − Fad − FLð Þa > 0 (9) 

As such, 
P

M > 0 can serve as a criterion for 
judging particle detachment from the surface by rota
tion at the point O: The point O is located at x ¼ a, 
which is a distance equal to the contact radius (a) 
from the contact center. Clearly, the local velocity dis
tribution (u) of liquid film is a key factor, being 
involved in the terms such as @u=@y and VR in 
Equations (4), (5), and (7), to evaluate the criterion. 
Precise measurement of @u=@y and VR at the center 
of nanoparticle, such as 10 nm away from the surface 
for the case of 20-nm particles, is practically impos
sible; therefore, CFD simulations were used for this 
purpose. For this study, all material properties 
involved in Equations (1)–(9) are listed in Table 3.

Figure 1. Illustration of the dropwise impaction and its resulting forces acting on a particle attached to a flat substrate.
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2.2. CFD simulations and validations for free-fall 
impaction of coarse droplet

The unsteady Volume of Fluid (VOF) method in the 
commercial CFD software (ANSYS Fluent 2020R1) 
was utilized to simulate the spreading behavior of a 
liquid droplet on a hydrophilic Si wafer. User-defined 
functions (UDF) were incorporated to introduce the 
dynamic contact angle (Voinov 1976; Wang et al. 
2007) at the leading edge of the spreading liquid film. 
For the calculation, we used the Voinov model 
expressed as h3 ¼ h3

0 þ 9Ca ln h0
hm

� �
− 1

� �
, where h 

and h0 are the dynamic and static contact angle, 
respectively; Ca ð¼ gu=r) is the Capillary number 
involving the surface tension of the liquid (r); and the 
macroscopic length scale h0 is approximated by D0 
while the limiting length scale hm is of the order of 
1 nm (Voinov 1976). To facilitate efficient calculations, 
we assumed axisymmetry with respect to the vertical 
central axis of the droplet upon impact. As shown in 
Figure S1, the (2-D) calculation domain was set to be 
sufficiently large to encompass the falling and spread
ing liquid droplet, adjusting its size in proportion to 
the droplet size. A non-uniform grid system was gen
erated, specifically refining grids such that the grid 
size gradually increased by 1.2 times from a minimum 
size of D0=2000 on the surface and the symmetric axis 
until x � 0:7D0 or y � 0:25D0; beyond this region, 
the size was set to D0=200: Consequently, the min
imum grid size decreased from micrometer to nano
meter scales as droplet size was reduced to 
micrometers for the removal of nanoparticle.

A series of CFD simulations was initially performed 
for a 2 mm diameter water droplet with the material 
properties listed in Table 3. The impaction velocity 
(U) of the droplets was set between 0.45 and 1.45 m/s 
to replicate their free-fall conditions as described in 
the literature. Additionally, we conducted a free-fall 
impaction experiment using a 2 mm diameter water 
droplet, chosen for its ease of observation, to validate 
the simulation results. Figure 2a illustrates a schematic 
diagram of the experimental setup. A drop of 

deionized (D.I.) water was dispensed from a blunt-tip 
syringe needle (20-gauge) and fell onto a flat Si wafer 
due to gravity. The height of the needle tip was 
adjusted between 50 and 150 mm to align the impac
tion velocity of the drop with the simulation range 
(0.45 to 1.45 m/s, respectively). A high-speed camera 
(Photron Fastcam SA3, Japan) capturing at 30,000 
frames per second recorded the instantaneous position 
of the droplet. These images were analyzed to measure 
the droplet’s velocity and size just before impact. 
Following impact, the ongoing transformation of the 
droplet was continually monitored at the same frame 
rate until it ceased spreading.

Figure 2b displays a sequence of images showcasing 
the evolving droplet at four different times, ranging 
from 0.5 to 2.6 ms, depicted in black. These are com
pared with the simulated boundaries of the spreading 
liquid, highlighted by green dashed lines. As a result, 
the CFD simulations successfully track the continu
ously deforming boundary of the liquid film, provid
ing accurate predictions of the instantaneous diameter 
of the liquid film and the resulting film spreading vel
ocity throughout the dropwise impaction process. It is 
notable that at 2.6 ms, the experimental observation 
reveals a flat liquid film, while the CFD simulation 
depicts a pizza-like shape—a flat central part bordered 
by a thick crust. This discrepancy arises because the 
CFD simulation provides a cross-sectional boundary 
of the liquid, whereas the high-speed camera (HSC) 
captures a side view where the central part remains 
hidden. Despite this, the CFD predictions closely align 
with the experimental findings, showing differences 
within 6% regarding the diameter, thickness, and 
shape of the deforming liquid drop.

2.3. Single-microdroplet experiments for removal 
of nanoparticles from a Si wafer surface

Additional experiments were conducted to provide 
experimental evidence for the inherent capability of 
individual microdroplets in removing nanoparticles 
from a dry wafer surface. Firstly, we prepared a set of 

Table 3. Material properties used in the model calculations and subsequent CFD simulations.
Parameter Value Parameter Value

Viscosity of water (g)1 8:89 x 10−4 Pa�s Ti Young’s modulus (E1)4 110 GPa
Surface tension of water (rÞ1 71:7 x 10−3 N/m Si Young’s modulus (E2)5 125 GPa
Density of Water (q)1 997 kg/m3 Ti Poisson’s ratio (�1)4 0.36
Static contact angle (h0)2 28� Si Poisson’s ratio (�2)5 0.188
Density of Ti (qP)3 4,540 kg/m3 Hamaker constant (A)6 9:46 x 10−20 J

Work of adhesion (Dc)7 0:137 J=m2

1Engineering ToolBox (2004); 2Measured with a contact angle meter (SEO, Phoenix300); 3Pierson (1999); 4Hanson 
(1995); 5Moram et al. (2006); 6Bergstr€om (1997); 7You and Wan (2013); Referring to their paper, we estimated the work of 
adhesion (Dc) between Ti particles and Si substrate by taking a geometric average of the surface energies of Ti and Si 
(0.21 J/m2 and 0.09 J/m2, respectively).
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uniformly contaminated wafer samples by depositing 
Ti nanoparticles onto the wafer surface. These Ti 
nanoparticles, with an average diameter of �20 nm, 
were produced using a home-made spark discharger 
(Lee et al. 2011). They were positively charged using a 
corona discharger (Ock et al. 2018) and subsequently 
deposited onto a 1 cm x 1 cm Si wafer for 30 s while 
employing a negative high voltage (5 kV) to the bot
tom of the wafer (Kim et al. 2022). It was clear that 
the surface contamination of particles was quite uni
form due to their random deposition, as shown in 
Figure S2.

Secondly, we developed a new system for conduct
ing single-microdroplet cleaning experiments. 
Traditional nozzle-based spraying systems used for 
cleaning often lead to multiple droplet impacts, caus
ing significant overlap between droplets and frequent 
liquid flooding on the surface. This made it challeng
ing to evaluate the cleaning capability of a single 
microdroplet, resulting in a lack of direct experimen
tal validation for existing cleaning models. Therefore, 
a primary objective was to minimize droplet overlap 
after impact, enabling us to distinguish traces of indi
vidual droplets.

As depicted in Figure 3, we initiated the process by 
placing a small drop of D.I. water onto a nylon mesh 
with dimensions of 1 cm x 1 cm. The pore size of the 
nylon mesh was as small as 508 mm, allowing a small 
drop of DI water to rest on top of the nylon mesh 
without penetrating through. Subsequently, we 
directed supersonic N2 gas jets through a two-fluid 
nozzle, without flowing liquid (Firmansyah et al. 2014; 
Kaiser et al. 2018), toward the mesh (positioned 1 cm 
away from the nozzle tip) to generate water droplets. 

This approach allowed us to control the size and 
number of microdroplets, almost independently of 
their impaction velocity, by adjusting the initial 
volume of the water drop. To monitor the sprayed 
droplets above the wafer surface, we employed a high- 
speed camera situated 1.5 cm away from the mesh. 
This camera, combined with a light source, enabled 
direct measurements of the diameter and velocity of 
individual droplets (refer to Figure S3 for more 
details). For this purpose, we adjusted the camera’s 
frame rate to 20,000 fps.

Figure 4a displays a scatter plot of the data col
lected for 500 droplets using a high-speed camera in 
the velocity and diameter domain. This plot indicates 
that microdroplets with diameters ranging from 10 to 
80 mm are observed to move at an average velocity of 
16.8 m/s, with a standard deviation of 5.6 m/s, within 
a range of 5 to 35 m/s. Simultaneously, we collected 
the water droplets in an organic liquid (1-methyl 
naphthalene) by placing a petri dish with a diameter 
of 3 cm containing the organic liquid instead of the 
wafer, and then visualized the captured droplets using 
an optical microscope (Leica, DM750M), as demon
strated in Figure S4, for subsequent image analysis 
using an open source software ImageJ. This allowed 
us to independently measure the size distribution of 
the droplets before impact. Recalling the snapshots in 
Figure S3, it is evident that water droplets are 
observed to merely move without undergoing further 
breakup, even at the position of the high-speed cam
era (1.5 cm away from the nylon mesh). This observa
tion suggests that the water droplets maintain their 
initial sizes until they are captured in the petri dish. 
Therefore, we positioned the petri dish 20 cm away 

Figure 2. Free-fall dropwise impaction experiment with (a) a schematic diagram of experimental apparatus, and (b) the transient 
transformation of a coarse droplet with D0 ¼ 2mm after its impact with a velocity of 1.1 m/s, where its captured images were dir
ectly compared with CFD results.
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from the mesh, where droplet impacts do not result 
in any splash of the organic liquid. Moreover, accord
ing to the manufacturer (Sigma Aldrich), the density 

of the organic liquid is 1,001 kg/m3, which is almost 
identical to that of water. This allows fine water drop
lets to remain well suspended upon impact with the 

Figure 3. Experimental setup for the single-microdroplet cleaning of the contaminated Si wafer.

Figure 4. Characteristics of generated microdroplets: (a) scatter plot showing the velocity versus size (diameter) of individual drop
lets, and (b) number size distribution of the droplets obtained from high-speed camera observations compared with that from the 
immersion method.
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organic liquid, without either floating or sinking (refer 
to Figure S4).

Figure 4b presents the size distribution of droplets 
converted from Figure 4a, compared to the distribu
tion directly observed from the petri dish. Both meth
ods are confirmed to reasonably measure the size 
distributions of the droplets, yielding an average drop
let diameter of 26.6 mm when using the high-speed 
camera, which closely aligns with 27.1 mm obtained 
using the immersion method. A field-emission scan
ning electron microscope (FE-SEM; ZEISS Supra25) 
was used to visualize the traces of water droplets on 
the wafer surface, as illustrated in Figure 3, and to 
count the nanoparticles existing on the surface both 
before and after impact. This data will be utilized for 
subsequent analysis of the effective cleaning diameter 
(to be explained later) and particle removal efficiency.

3. Results and discussion

3.1. CFD simulations for high-speed impacts of a 
single microdroplet and its validation

In addition to the simulations in Section 2.2, we con
ducted similar CFD simulations for microdroplets and 
compared the results with literature data for further 
validation. Initially, we calculated the diameter (D) of 
the spreading liquid film over time (t), and displayed 
it in a dimensionless form in Figure 5a by plotting b 

(¼ DðtÞ=D0) against t� (¼ tU=D0) using a red tri
angle. As demonstrated in the figure, our simulation 
results show good agreement with the experimental 
data from Visser et al. (2015).

Continuing the CFD simulations, we subsequently 
obtained a set of maximum spreading diameters for a 
wide range of impaction conditions and compared the 
simulated bmax data with literature data in Figure 5b. 
Once again, we confirmed that our CFD simulations 
allow for accurate predictions of maximum spreading 
diameters in a range of Weber numbers (10 �We �
10, 000). It is noted that our CFD simulations were con
ducted under the same impaction conditions as those in 
the experiments of Visser et al. (2012, 2015), specifically 
focusing on the impact of 50-mm microdroplets. 
Moreover, we employed the most recent analytical 
model (Yonemoto and Kunugi 2017) to explore the rela
tionship between bmax and We number as

We
3

−
27
64

D2
0

t2
m

bmax
We
Re

− 1-coshð Þb2
max þ

2tm

D0
bmax sin h

þ
1
3
qgD0tm

r
þ 4 −

4Sdef

pD2
0
¼ 0

(10) 

where h is the simple average of the static (h0) and 
dynamic (h) angles, tm is the thickness of fully-spread 
liquid film, and Sdef represents the free-surface area of 
the film, approximated as a harmonic average of sur
face areas between two limiting shapes: a spherical 
cap for low We numbers vs a flat circular film for 
high We numbers. By applying the relevant material 
properties in Table (3) to Equation (10) along with 
Equations (19)–(21) in the literature, we calculated 
bmax at various impact velocities of a 50-mm water 
droplet. As a result, we presented the model-predicted 
results as a solid line in Figure 5b. It is evident that 
the model effectively tracks the experimental and CFD 
results in predicting bmax:

It is also noted that h ¼ 55� was used for the model 
prediction, taking into account that h � 90� from 
Figure 2b and h0 ¼ 28� from Table 3. For comparison, 
we included another model prediction, obtained with 
h ¼ 90�, as a red dotted line in the figure. Notably, 
the model appears to overpredict bmax with a larger 
value of h when We < 102, but its prediction 
approaches the solid line as We number increases 
beyond 102. According to Yonemoto and Kunugi 
(2017), when We < 101, the liquid spreading behavior 
is subject to the capillary regime, where the contact 
angle h has a pronounced effect on bmax through the 
third and fourth terms in Equation (10), as evidenced 
by Figure 5b. When We > 102, on the other hand, 
kinetic energy and viscous dissipation become domin
ant in Equation (10), leading to a transition into the 
viscous regime and a scaling law of bmax / Re1=5 /

We1=10: This explains why the two model predictions, 
as well as our CFD simulation data, approach the 
guide line representing the scaling law in Figure 5b as 
the We number increases. It is worth noting that our 
impact conditions for particle removal mostly lie in 
the region of We > 102 (as depicted with solid squares 
in Figure 5b), suggesting that accurate prediction of h 

is less critical for particle removal.
Next, we analyzed the simulated flow fields to 

investigate the local spreading velocity inside the 
liquid film as a function of the dimensionless time 
(t�) and radial position (x� ¼ 2x=D0) from the impact 
point. For instance, Figure 6 displays the local velocity 
distribution along the vertical position (y) from the 
surface for two different-sized droplets (10 vs 50 lm) 
at t� ¼ 1 and x� ¼ 0:7: In the case of the 10-lm drop
let impact at U ¼ 50 m/s, the velocity distribution 
profile, represented by a solid line, suggests that at 
t� ¼ 1, the spherical droplet transforms into a 1-lm 
thick liquid film at x� ¼ 0:7, and the boundary layer 
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almost fully develops from the surface. Meanwhile, 
the 50-lm droplet, impacted at the same velocity, 
forms a relatively thicker liquid film, resulting in a 

thicker boundary layer. This reaffirms that the local 
spreading velocity (VR) at the center of a target nano
particle is much smaller than both the spreading 

Figure 5. Comparison between the present CFD simulations of microdroplet impaction and literature results in (a) transient evolu
tion of dimensionless diameter (b ¼ DðtÞ=D0) of spreading liquid film, and (b) the simulated bmax data under various We number 
conditions.

Figure 6. Local spreading velocity distribution along the vertical position (YÞ for two different-sized droplets at t� ¼ 1 and x� ¼ 0:7:
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velocity at the leading edge of the liquid film and the 
impaction velocity (U) of the droplet.

3.2. Predictions of effective cleaning diameter

Continuing the CFD simulations involving droplets of 
different sizes and impact velocities, we collected data
sets of flow fields at various times and positions. 
Referring back to Figure 5a, it is worth noting that b 

initially rises rapidly and then levels off, indicating a 
continual decrease in the spreading velocity for the 
majority of the time (t� > 0:1). We observed that local 
velocity data (VR) at the height of particle center 
undergoes similar changes over time in response to 
the film spreading velocity. From the collected dataset, 
we extracted VR data along a horizontal line at y ¼
dp=2 (representing the height of the particle center) at 
every time step. Subsequently, we identified the max
imum value in the VR data (VR, max) and its corre
sponding radial position (xR, max) at each time. We 
also observed that the maximum velocity VR, max grad
ually decreases over time, while its radial position 
moves away from the point of impact. Regarding this, 
we determined when VR, max begins to fall below a 
critical value by monitoring, leading to 

P
M < 0 in 

Equation (9). In fact, the maximum value of xR, max 
observed at that time becomes half of the effective 
cleaning diameter (Dremoval). Since Dremoval is always 
smaller than the maximum spreading diameter, Dmax, 
the term Dremoval was normalized by the correspond
ing Dmax to define the intrinsic particle removal 
efficiency (PRE) of a single droplet as PRE ¼
Aremoval=Amax ¼ D2

removal=D2
max:

In Figure 7, we plotted the area ratio Aremoval=Amax 
against the impaction velocity of droplets, varying the 
droplet diameter from 10 to 50 mm. It was observed 
that droplets across all size ranges exhibit higher 
cleaning area ratios as their velocity increases, which 
is consistent with the general understanding that 
higher-speed impaction is advantageous for particle 
removal (Ibrahim, Dunn, and Brach 2003; Xu et al. 
2009). Importantly, smaller droplets consistently 
showed higher area ratios compared to larger ones at 
the same velocity, suggesting their greater efficiency in 
removing 20-nm particles. This observation finds sup
port in Figure 6, where the local spreading velocity 
(involving VR) of a 10-mm droplet was higher than 
that of a 50-mm droplet particularly near the surface. 
However, this should not be interpreted as smaller 
droplets clean a larger area. Referring to Figure 7, it is 
evident that larger droplets can indeed cover a larger 
cleaning area (Aremoval) by multiplying the area ratio 

by Amax, albeit at the expense of reduced particle 
removal efficiency.

Beyond the ratio Aremoval=Amax, readers might have 
a stronger interest in a priori prediction of Dremoval 
based on droplet impaction conditions, because 
Dremoval itself defines the intrinsic capability of an 
individual microdroplet upon impaction for particle 
removal. For this reason, we transformed Figure 7
into a contour plot of Dremoval in a two-dimensional 
space defined by the diameter and velocity of droplets. 
Furthermore, we performed CFD simulations, akin to 
those shown in Figure 7, for the removal of 50-nm 
particles in order to comparatively analyze the con
tour plot.

Figure 8a shows the Dremoval contour for the 
removal of 20-nm Ti particles, while Figure 8b con
trasts the contour map for the case of 50-nm Ti par
ticles. In both figures, there are two dash lines, each 
representing a constant value of Dremoval at 25 mm or 
50 mm. In Figure 8a, the dotted lines, resembling col
orful contour bands, look like a reciprocal function 
with negative slopes, indicating an inverse relationship 
between the diameter and velocity of droplets in 
achieving a specific but fixed cleaning diameter 
(Dremoval). For instance, larger droplets are required to 
impact at lower velocities, whereas smaller droplets 
need to impact at higher velocities to yield the same 
cleaning diameter. This clearly suggests that both the 
diameter and velocity of droplets are crucial parame
ters for effectively removing 20-nm particles. In con
trast, the dotted lines in Figure 8b appear relatively 
vertical with steeper negative slopes. The aqua blue- 
to-red zone notably extends downward (toward lower 
velocities) compared to Figure 8a. This observation 
suggests that the droplet diameter has a more pro
nounced effect on the removal of 50-nm particles 
than on the removal of 20-nm particles. For instance, 
when maintaining the impact velocity at U ¼ 20 m/s, 
increasing the droplet diameter up to 50 mm leads to 
more pronounced color changes along an imaginary 
horizontal line in Figure 8b. This indicates that the 
maximum value of Dremoval reaches 139 mm, signifi
cantly surpassing the value (86 mm) in Figure 8a. This 
seems qualitatively consistent with Snow et al. (2013)’s 
experimental report that 40-mm droplets are more 
advantageous than 22-mm droplets at the same vel
ocity for removing 78-nm particles (refer to Figure 
3.23 in the literature). However, it should be noted 
that their experiment involved multiple droplet 
impacts, leading to the formation of a liquid layer on 
top of the wafer surface, which could affect the clean
ing performance of droplets. Due to these disparities, 
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direct comparisons between our single droplet-based 
analysis and the existing literature may raise 
questions.

3.3. Experimental evidence for the effective 
cleaning diameter of a single droplet

Following the procedures outlined in Section 2.3, we 
conducted additional experiments to validate our 
model’s predictions of the cleaning diameters. Figure 
9a presents a FE-SEM image illustrating the traces left 
by individual droplets upon impacting the contami
nated wafer surface. The figure notably showcases 
numerous visible circular traces, together with a few 
instances of overlapping circles that remain distin
guishable, indicating the anticipated reduction in 
overlap between spreading droplets. Each non-over
lapping circular mark represents the cleaned area by 
an individual droplet. To confirm this hypothesis, we 
magnified an independent circular trace, as depicted 
in Figure 9b. Within the circular mark, notably fewer 
particles are present compared to its surroundings, 
which enables a clear delineation of its boundary and 
facilitating diameter measurement. Readers might 
wonder: where did the particles inside the circular 
mark go? To address this question, we magnified 
three distinct sites labeled ‘A’, ‘B’, and ‘C’ in Figure 
9b, presenting each in Figures 9c–e, respectively.

Comparing Figures 9d and e, one can notice a dis
tinct absence of darker and larger spots (observed in 
site ‘C’) within site ‘B’, along with a substantial reduc
tion in their overall population. This indicates that 
larger particles are mostly removed by the impact of a 
single droplet, while some smaller ones may remain. 
On the other hand, Figure 9c elucidates the event 
occurring in the boundary region (site ‘A’). Particles 

positioned right at the edge of the circular trace 
appear notably darker and larger, compared to those 
located farther from the boundary such as in site ‘C’. 
This observation suggests that particles initially 
located inside the boundary aren’t completely 
removed; instead, they seem to migrate toward the 
boundary after detaching from the surface before 
resettling on it. Specifically, the presence of elongated 
structures in Figure 9c suggests that particles detached 
within the circular trace are likely agglomerated dur
ing their resettlement near the boundary.

To quantitatively analyze these observations, we 
measured the diameters of all particles visible in 
Figures 9d and e using open-source software (ImageJ). 
Subsequently, we compared the resulting (number) 
size distributions of particles remaining in the two 
sites: site ‘B’ and ‘C’. In Figure 10a, the profile repre
sented by solid circles illustrates the size distribution 
of pristine particles outside the circular trace (site ‘C’), 
while the profile indicated by solid triangles depicts 
the size distribution of particles within the circular 
trace (site ‘B’). As a result, we confirmed that particles 
larger than 40 nm are nearly entirely removed by the 
impact, although a small fraction of particles sized 
between 5 and 35 nm remain.

In Figure 10b, we compared the size distribution of 
particles near the boundary (site ‘A’) with that of the 
pristine particles in site ‘C’. Interestingly, the bound
ary particles, especially when dp > 40 nm, display 
slightly larger populations than the pristine particles 
of the same size, indicating an influx of particles from 
the boundary’s interior. However, the observed popu
lation increase is not as substantial as expected based 
on the number of removed particles shown in Figure 
10a. Moreover, the total population of boundary par
ticles per unit area of the surface is smaller than that 

Figure 7. Changes in the effective cleaning area ratio ðAremoval=AmaxÞ with varying the size and impaction velocity of droplets.
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of pristine particles, even with the influx of removed 
particles. One possible explanation might involve the 
agglomeration of incoming particles with existing 
ones during their resettlements, along with the image 
analysis approach that treated elongated agglomerates 
(see Figure 9c) as single particles with equal projected 
areas.

Therefore, in Figure 10c, we plotted projected areas 
of agglomerates (or spherical particles) against their 
area-equivalent diameters with the aim of elucidating the 
number of elementary particles comprising each agglom
erate. As expected, the figure shows that the projected- 
area size distribution more accurately portrays the 
migration of particles from the circular trace. Particularly 
noteworthy is the significant increase in the total pro
jected area covered by all particles in the boundary in 
comparison to that of pristine particles. This disparity 
signifies the influx of particles after detachments.

To the best of our knowledge, Figures 9–10 present 
the first experimental data to assess the cleaning capabil
ity of a single microdroplet. It is important to note that 

this observation was made possible only by minimizing 
the number of sprayed droplets. In summary, the single 
microdroplet we examined demonstrates an ability to 
remove sub-100 nm particles with an overall particle 
removal efficiency (PRE) of 72%. Notably, removing 
smaller particles proves more challenging than larger 
ones, resulting in a 55% PRE for 15 nm particles. In 
contrast, previous studies on nozzle-based cleaning typ
ically involved spraying large amounts of liquid over an 
extended duration. Consequently, these processes essen
tially lead to the formation of a thick liquid film, fol
lowed by continuous liquid flooding on the surface. 
This enables the continuous removal of detached par
ticles from the surface by flowing water. In general, 
therefore, the primary concern lies not in the ultimate 
removal of particles but rather in the reduction in par
ticle removal efficiency due to the cushioning effect of 
thick liquid film.

Now, it is important to note that the data presented 
in this section mainly reflects the outcomes of a spe
cific individual droplet rather than the collective 

Figure 8. Contour plots of Dremoval as a function of droplet size and velocity for the removal of (a) 20-nm and (b) 50-nm Ti 
particles.
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behavior of all droplets. Referring back to Figure 6a, 
the droplets exhibit significant variations in sizes and 
velocities upon impact, resulting in markedly diverse 
cleaning traces on the wafer surface and leading to 
variations in Dremoval and PRE. Consequently, it 

becomes challenging to directly correlate each droplet 
trace with its impact condition (in terms of D0 and U). 
To circumvent this complexity, we instead focused on 
the circular traces themselves (as shown in Figure 9a) 
which provide an experimental dataset for Dremoval:

Figure 9. Field-emission scanning electron microscope (FE-SEM) images of (a) contaminated wafer surface after droplet impact at 
a low magnification, (b) the area involving a single circular trace, (c) the near-boundary area of the trace magnified for site ’A’, (d) 
the interior of the trace magnified for site ’B’, and (e) the far field from the boundary magnified for site ’C’.
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Concurrently, using the dataset of D0 and U from 
Figure 6a, we calculated Dremoval for each droplet 
impact employing our cleaning model. This approach 
allowed us to establish two independent datasets for 
Dremoval, enabling a direct comparison of their 

histograms in Figure 11. Finally, we confirmed a strong 
agreement between the model predictions and the 
experimental data across the entire range of Dremoval:

4. Conclusions

In this study, we conducted CFD simulations and 
experiments to examine diverse dropwise impactions 
for cleaning particulate contaminants with an average 
diameter of 20 nm on a wafer surface. Initially, we 
simulated the transient spreading behaviors of large 
water droplets under free-fall conditions, validating 
the simulation results against literature values and our 
experimental data. Subsequently, we analyzed the 
spreading flow field of microdroplets to extract the 
local velocity at the position of the attached nanopar
ticle. This data was then integrated into an existing 
model to determine the effective cleaning diameter. 
To encompass the entire range of impact conditions, we 
repeated this calculation process to generate a contour 
plot capable of predicting the effective cleaning diameter 
for specific impaction conditions. Simultaneously, we 
conducted single-droplet cleaning experiments for the 

Figure 10. Comparison between the number size distributions of particles remaining on the sites of interest: (a) outside and 
within the circular trace, and (b) near the boundary and outside circular trace; and (c) comparison of area size distributions of par
ticles between near the boundary and outside the circular trace.

Figure 11. Histograms of two independent datasets for 
Dremoval, comparison between experimental and simulation 
results.
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first time, collecting the experimental dataset for the 
effective cleaning diameters of individual droplets. Upon 
comparing the two datasets, we observed a strong agree
ment between the experimental data and our model pre
dictions based on the local velocity data. Moreover, the 
observation that particles solely shift in position on the 
surface upon the impact of a single droplet presents an 
intriguing future prospect: leveraging a minimal amount 
of spray, adequate for removing detached particles from 
the surface but prior to forming a thick liquid film, 
becomes essential to maximize the particle removal effi
ciency of microdroplets.
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