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Abstract Semiconducting silicon wafers were subjected to centrifugal wet cleaning to remove microcontaminants. The circular wafers were rotated while a cleaning liquid was supplied to the wafer surface.
During such a cleaning process, the centrifugal force atomizes the liquid film at the wafer edges, producing
drops. These drops travel in the confined chamber, collide with the chamber walls, and form splashed
droplets. Thereafter, the splashed droplets return to the wafer, thereby significantly increasing the risk of recontamination. Given this wafer wet cleaning scenario, we experimentally investigated the trajectories of
splashed droplets. We introduced metal mesh filtration and air-blowing techniques to minimize wafer recontamination by the splashed droplets. The metal mesh decreased the speed of the drops, thus minimizing
the intensity of splashing. The droplets were also air-blown with a supersonic stream to deflect the droplets
from their trajectories and thus prevent them from reaching the wafer. The optimal air-blowing condition
was determined through parametric studies. The metal mesh was electroplated with copper, producing
textured surfaces on the mesh wires. In addition, the metal fiber mats were laminated on the metal mesh and
the effects of these on splashing were studied. Further, photographs of droplets spreading and splashing over
these metal meshes were captured to elucidate their detailed dynamics. Time-series snapshots of drops
penetrating the metal meshes were also captured.
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Gap between sensitive paper bottom edge and disk top (vertical) (mm)
Distance between liquid nozzle exit to disk top (vertical) (mm)
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Greek symbols
c Geometric ratio, c = 1 ? Dw/Dp
q Liquid density (kg/m3)
l Liquid dynamic viscosity (N s/m2)
r Liquid surface tension (N/m)
1 Introduction
Contamination of semiconducting devices with organic and inorganic microparticle impurities is a major
cause of their malfunction (Kern 1990; Hattori et al. 1998; Ryoo 2005a, b; Ruzyllo et al. 2007; Sato et al.
2012; Ruzyllo and Hattori 2014). These impurities or contaminants diffuse into the semiconducting devices
during thermal treatments, thus causing device malfunctions. Therefore, semiconductor wafer surfaces
should be cleaned to ensure and improve the performance and reliability of semiconducting devices.
Among various cleaning processes, spinning wet rinsing is widely used, whereby a columnar water jet is
applied vertically on top of the rotating circular wafer (Kern 1990). The centrifugal force due to rotation
generates a wavy liquid film on the wafer surface, thereby launching the water drops to the edge of the
rotating wafer. The launched drops travel horizontally and eventually collide with the surrounding chamber
wall. These impurity-containing drops shatter into splashed droplets upon impact with the wall and rebound
to the rotating wafer, thereby re-contaminating the wafer. This impact scenario and the production of
numerous splashed droplets are undesirable. Therefore, it is imperative to reduce splashing or/and deflect the
trajectories of the splashed droplets to prevent or minimize the wafer re-contamination.
We introduced metal meshes of various pore sizes and metal fiber mats with microscale pores and
allowed the drops to pass through these obstacles before impacting the chamber wall. These mesh/mat
obstacles slow the drop motion and reduce the intensity of splashing. The introduction of multiple meshes
approximates the installation of a porous medium that slows or stops the drops in motion before impact (Ryu
et al. 2017; Xu et al. 2017; Boscariol et al. 2018; Zhang et al. 2018). However, the complete removal of
splashed droplets is virtually impossible because the drops collide with the mesh itself, thereby inducing
minor splashing. For this reason, the thin wire minimizes the impact surface available to the moving drops
and thus minimizes splashing. An optimal pore size facilitates smooth filtration of the drops and imposes
sufficient drag to slow the drop motion. Therefore, we studied the effects of the pore size of the mesh and
surface conditions of the wire on the intensity of droplet splashing. In addition, we aimed to deflect the
splashed droplets from their trajectory by blowing air, thereby minimizing the wafer re-contamination.
Drop impact on metal meshes has recently received attention because it can be systematically and
accurately controlled by the various pore sizes of the porous media or mesh. Porous substrates have
drastically different wettability depending on their pore size and surface texture (Ryu et al. 2017; Xu et al.
2017; Boscariol et al. 2018; Zhang et al. 2018; Lembach et al. 2010; Sahu et al. 2012, 2013, 2015).
Therefore, superhydrophobicity or/and superhydrophilicity can be imparted by modifying the surface of the
metal mesh (Ryu et al. 2017; Lembach et al. 2010). Lembach et al. (2010) provided details regarding water
drops impact onto a solid substrate coated with porous nanofiber mats. They found the pinning effect at the
maximum spreading stage, which prevented receding and thus fingering formation at the drop periphery.
They also found that the mat having the pore size of * 5 lm and the mat thickness of 100–200 lm were
optimal to absorb water that facilitated pinning the contact line of a spreading drop as well as delivering
water to the solid substrate. Sahu et al. (2012) studied the drop penetration across porous nanofiber mats.
They found the liquids with a lower surface tension and viscosity penetrated the mats more easily and liquid
penetration always set in if the impact velocity was high. This phenomenon was universally observed for all
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types of the nanofiber mats; even the Teflon mat was incapable of preventing liquid penetration when the
liquid surface tension and viscosity were low. Blowing drops off by gas flow along thin filaments was
studied by Sahu et al. (2013). The physical phenomena of the blowing drops along thin filaments is similar
to those of the drop impact against mesh wires. Sahu et al. (2015) also demonstrated that falling drops with
sufficient dynamics can penetrate into both glass fiber and Teflon membranes, which were porous materials.
In general, drop impact on a mesh occurs in the order of deposition, partial imbibition, and eventual
penetration with an increase in the kinetic energy of the drop. Drop penetration can be promoted with an
increase in the impact velocity. Drop penetration decreases when the liquid viscosity is increased and the
pore size is refined (Boscariol et al. 2018). For example, if the pores are excessively small, only partial
penetration of drop occurs and the remaining mass on the mesh forms a liquid pool, which completely
changes the impact conditions for subsequent drops. This multiple-drop impact occurs in many industrial
applications such as inkjet printing, spray-coating, fabrication of superhydrophobic textiles, water harvesting, anti-icing, anti-fouling, and heat-transfer enhancement via surface texturing (Ryu et al. 2017).
However, existing studies of drop impact on metal meshes are limited to single-drop impact at a relatively
low speed. Severe splashing conditions that produce numerous splashed droplets have not been considered
so far.
The current study addresses the relatively high-speed impact of multiple drops, with guaranteed production of numerous splashed droplets. The splashed droplets were quantified by placing sensitive papers at
various locations where the droplets fell. The splashing intensity is thus quantified accordingly. The various
pore sizes of the mesh and the surface wettability state of the meshes resulted in different splashing
conditions. This allowed us to identify the condition that yields the ideal scenario for reducing the risk of
wafer contamination.
2 Experimental methods
2.1 Vertical drop impact
Figure 1a shows a water drop with diameter D = 4.5 mm released vertically from a piston needle using a
syringe pump (Legato 100, kdScientific, USA). The impact speed of the drop is solely determined by
gravity, while the impact of a horizontal drop shown in Fig. 1b is determined by the centrifugal force of the
rotating wafer. The drop was released from heights (H1) of 5, 20, and 65 cm, yielding experimental impact
speeds (ui) of 0.84, 1.66, and 3 m/s, respectively, at the substrate (mesh or solid wall).
Meshes with pore sizes Dp of 1.72, 1.09, and 0.22 mm and wire diameters Dw of 0.5, 0.5, and 0.14 mm
were used; these are referred to as coarse, medium, and fine mesh, respectively. The corresponding geometric ratios, as defined by Boscariol et al. (2018), are c = 1 ? Dw/Dp = 1.29, 1.46, and 1.64, respectively.
In addition, a mesh with the pore size Dp of 0.97 mm and the wire diameter Dw of 0.18 mm had the
corresponding geometric ratio c = 1.18. This particular mesh allowed relatively large pore sizes with thin
wire sizes that facilitated smooth penetration of drops with minimized splashing.
The mesh was located approximately h1 = 0 and 10 mm from a solid acrylic wall. After a drop was
released from the piston from height H1, splashing occurred and droplets formed for the cases of h1 = 0 and
10 mm. The splashed droplets travelled radially, with trajectories traced by the water-sensitive paper
(20,301-3N, TeeJet technologies company, IL 60,139, USA) located at distance d2 from the drop-impact
location. All the reported wetting percentage data are averages from three repeated runs in each case, from
which the error margin was estimated. The wetting percentage was computed by image processing of the
dark area formed on the paper by the splashed droplets (ImageJ Software). The metal mesh was made of
stainless steel electroplated with copper to induce superhydrophilicity; see the first scanning electron
microscopy (SEM) image in Fig. 1c. This surface state of the textured mesh induces superhydrophilic
interaction with static water drops, according to our water contact angle test (not shown here for brevity).
Electrospun nanofibers were sputter-coated with platinum to a thickness of a few nanometers to produce
metallized fibers. This sputter coating was carried out to facilitate surface conductivity required to initiate
electroplating. Then, a bare copper foil was immersed in an electroplating solution. Thereafter, a voltage of
1 V (electric current density, 67 mA/cm2) was applied to the circuit during 30 s to electroplate the nanofibers coated with Pt; see the middle image in Fig. 1c. The metal mesh wires did not require platinum
coating before electroplating, because they are electrically conductive. The metal mesh was immersed in the
electroplating solution for 30 s to obtain the surface morphology shown in Fig. 1c (the left image). The
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Fig. 1 Schematics illustrating a a vertical drop impact and b a horizontal drop impact. A rotating wafer on which a liquid film
is formed imposes centrifugal force on the liquid film, which gets atomized at the wafer periphery. The atomized drops
infiltrate the fiber mat and the metal mesh and then collide with the solid wall beneath. The splashed droplets rebounding and
returning to the wafer are detected by the water-sensitive paper. c SEM images showing an electroplated stainless metal mesh
(left) and electroplated metal fiber mat (middle), and a photograph of the drop impact phenomenon across the metal mesh
(right)

details of the electroplating conditions may be found in our previous reports (Kim et al. 2017; Yoon et al.
2016; An et al. 2014, 2016).
2.2 Horizontal drop impact with air blowing
As shown in Fig. 1b, the wafer spinning at the speed of 300–500 rpm launches drops from its edge. The
impact speed was estimated using photographs from a high-speed camera (Phantom 6117 M, Phantom,
USA). In case of the horizontal setup in Fig. 1b, water was supplied to the rotating disk by a liquid column
jet, whose nozzle was located at a height h3 = 45 mm above the disk. The bottom of the sensitive paper that
detected the splashed droplets was located at the edge of the disk at a distance h2 = 10 mm above the disk.
The supersonic nozzle that blew away the splashed droplets downward was located parallelly at H2 = 11 cm
above the disk. The mesh on which the drop impacts was located away from the disk edge at a distance
ranging from d2 = 3 to 13 cm.
These drops travel horizontally and first collide with the metal mesh covered with copper fiber mats (see
the snapshot at top right). Owing to filtration through the mesh and mat, the speed of the drop is reduced
before colliding with the solid wall. Note that in the scenario tested, the mesh was not in contact with the
solid wall, but placed at a distance h1 = 10 mm. The drops collide with the mesh/mat, splash, and bounce
back toward the rotating wafer. To detect how far these bouncing splashed droplets travel, sensitive papers
were placed at a distance d2. To minimize the wafer contamination caused by these splashed droplets, a
supersonic nozzle was installed as depicted in Fig. 1b; the airflow from this nozzle deflects the splashed
droplets from their original trajectories. The splashed droplets were blown downward by the supersonic
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airstream. The operating pressure of the supersonic nozzle was varied from 1 to 5 bar, thus changing the air
speed. The details of the supersonic nozzle may be found in previous reports (Lee et al. 2016, 2017; Kim
et al. 2018).
3 Results and discussion
3.1 Vertical drop impact
Figure 2a shows the trace of the splashed droplets generated from drop impact corresponding to a release
height of H1 = 65 cm. The water-sensitive papers were located at 2 B d1 B 9 cm from the impact location.
Drops were released for 30 s with a mass flow rate of 3 mL/min (or 5.1 9 10-5 kg/s), producing a total of
30–32 drops. A significant amount of splashed drops is observed when the paper is located closer to the
impacting location, whereas fewer drops reach the paper when it is located at a larger d1.
Figure 3a shows data for drops released from heights H1 = 5, 20, and 65 cm, which yield drop impact
speeds of ui = 0.84, 1.66, and 3 m/s, respectively, as estimated experimentally from videos recorded by a
high-speed camera. The theoretical impact speeds of these drops calculated using ui = (2gH1)1/2 are higher
at ui = 1, 2, and 3.6 m/s. The differences between the theoretical and experimental values indicate that

Fig. 2 a Traces of splashed droplets on water-sensitive papers placed at various distances (d) from the drop impact location.
Impact speed ui = 3 m/s. b Snapshots of drops released from H1 = 65 cm colliding a solid wall (top), single mesh (middle),
and EP SM (bottom), which are directly below the nozzle. Drop diameter was fixed at D = 4.5 mm for all cases. No air gap
was present between the mesh (mat) and dry wall: h1 = 0 mm. The geometric ratio of the medium mesh is c = 1.46

Fig. 3 a Wetting percentage of splashed droplets for ui = 0.84, 1.66, and 3 m/s (H1 = 5, 20, and 65 cm, respectively).
b Wetting percentage of splashed droplets for various substrates: dry wall (w/o Mesh), single mesh (SM), double mesh (DM),
electroplated single mesh (EP SM), and electroplated double mesh (EP DM). The impact conditions are ui = 3 m/s,
H1 = 65 cm, and d1 = 5 cm. No air gap was present between the mesh (mat) and dry wall: h1 = 0 mm. The geometric ratio of
the medium mesh is c = 1.46
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approximately 16–17% energy was lost owing to aerodynamic drag during the release. The results suggest
that greater wetting occurs for higher H1 or ui and lower d1, as expected. Using the experimental values, the
corresponding Weber numbers (We = qDui2/r) were calculated to be 43, 169, and 553, respectively; the
Reynolds numbers (Re = quiD/l) are 3375, 6670, and 12,053, respectively. These trends are correlated by
the quadratic functions below for H1 = 65, 20, and 5 cm, respectively, in conjunction with Fig. 3a
W1 ¼ 0:74d12  11:91d1 þ 49:57

ð1Þ

W2 ¼ 0:06d12  1:09d1 þ 5:42

ð2Þ

W3 ¼ 0:01d12  0:29d1 þ 1:65

ð3Þ

Figure 3b shows the wetting percentages for different substrates obtained by fixing their lateral location
at d1 = 5 cm. The greatest wetting percentage (W) is observed for the dry wall. With a single mesh (SM), the
splashing is reduced. When an extra metal mesh is layered on the existing mesh to obtain a double mesh
(DM), splashing is reduced further. The metal mesh was electroplated (EP) with copper and then the wires
constituting the mesh were textured with microstructures, as shown in the inset SEM images in Fig. 1c. This
texturing of the wire surface increases the surface hydrophilicity, thus decreasing the droplet rebound. This
phenomenon is shown in the bottom snapshot in Fig. 2b. Splashing was clearly suppressed using a textured
wire mesh, as shown quantitatively by the wetting percentage in Fig. 3b.
Figure 4 shows time-series snapshots of drops colliding with various substrates, viz., a solid wall, metal
mesh, and fiber mat. Figure 4a shows a drop spreading on a dry acryl solid wall, which has the static water
contact angle of WCA = 75° (not shown here for brevity). A releasing liquid reservoir was dyed with a
black ink. A backlight technique was used to provide sufficient lighting for the high-speed camera. An LED
light was irradiated behind the acryl substrate, which distinguished falling black drops from background. It
appears that the maximum spreading diameter is reached at t = 5 ms with fingers formed at the edge or rim
of the spreading liquid film. These fingers arise from Rayleigh–Taylor instability (Drazin and Reid 2004)
and they later merge; the number of fingers decreases with time t. An irregular liquid film rim is formed at
t = 11 ms when the liquid film recedes and contracts.
Figure 4b shows a drop spreading on a fine metal mesh (c = 1.64). The maximum spreading diameter is
observed at approximately t = 3 ms, and then the drop recedes. Some of the jet fingers formed at the liquid
periphery detach and roll along the metal mesh to points far from the bulk liquid film. This fluid behavior
demonstrates the surface tension force that pulls the neighboring liquid. The same drop impact experiment
was also carried out on a medium metal mesh. The spreading diameter was slightly larger because a
relatively lower viscous drag was imposed. For a smaller pore size, the total surface area of the mesh
penetrated by the spreading liquid was larger, which increased viscous drag or dissipation. As a result, the
spreading diameter was smaller when the pore size was smaller for the finer mesh, because the energy was
efficiently dissipated. To conclude, the spreading diameter is the largest in the absence of metal meshes, as
demonstrated in Fig. 4a. Other than the dissipation of viscous force by the wall, all the initial kinetic energy
is smoothly converted to the spreading energy of the liquid film.
Spreading of a drop impacting a mesh with a fiber mat was also studied (not shown); the spreading
behavior was only slightly different than that on a mesh without the fiber mat. The slight difference implies
that the metal mesh dominates the drop spreading dynamics, thus greatly diminishing the effect of the fiber
mat. The spreading radius of a drop on a metal mesh with a fiber mat was slightly smaller than that on a
metal mesh only. This smaller spreading radius was caused by the greater viscous drag imposed by the fiber
mat. A fiber mat imposes a greater drag force than a solid wall, thus impeding the spreading motion of the
liquid. This is demonstrated in Fig. 4c, wherein a smaller spreading diameter is observed than that in
Fig. 4a. The maximum spreading diameter was reached at t = 3 ms before the edge recedes or recoils with
time. However, the spreading liquid travels along the metal fibers while forming lengthy jets around the film
periphery. The formation of these lengthy jets is promoted by the liquid pulling. Liquid is easily mobilized
along the thin metal fibers via capillary pressure, DP * 2r/Rf, where Rf is the fiber radius.
Figure 5 compares top views of drops colliding with meshes with fine and medium pores. An air gap of
h1 = 10 mm separates the mesh and the solid wall. The air gap was purposely installed in the experiment to
simulate the situation described in Fig. 1a, b, wherein drops ejected from a rotating wafer collide with the
metal mesh and penetrate them before colliding with the solid wall. The top views show that the drop
penetration varies with the pore size of the mesh. In Fig. 5a, the drop passing through the medium-pore-size
mesh was found to spread more because of the smaller viscous interference. For the fine mesh with a
reduced pore size, the viscous drag is increased because the surface area of the mesh wires in contact with
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Fig. 4 Single drop impact on a a dry wall, b fine metal mesh (c = 1.64), and c metal fiber mat. All impacting conditions were
identical for the following three cases: We = qD0ui2/r = 553 and Re = quiD0/l = 12,053, with ui = 3 m/s, H1 = 65 cm, and
D0 = 4.5 mm. No air gap was present between the mesh (mat) and dry wall: h1 = 0 mm

the drop increases. Therefore, after the drop penetrates the mesh, the remaining kinetic energy of the drop is
smaller. As a result, the spreading diameter at the solid wall is smaller.
The effect of the fiber mat on drop penetration was also investigated. The fiber mat was installed on
metal meshes of different pore sizes and the drop impact behavior was observed (not shown here). Results
suggested that the fiber mat had no discernible effect on drop spreading. The liquid breakup through the
mesh is essentially dominated by the pore size of the mesh, and the subsequent liquid spreading remains
unaffected by the fiber mat. The pore size of the fiber was on the micrometer scale; thus, its presence did not
affect the impacting drop because of the dominant millimeter scale of the metal mesh.
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Fig. 5 Time-series snapshots of a single drop colliding with a metal mesh with a medium pores (c = 1.46) and b fine pores
(c = 1.64). The impacting conditions are ui = 3 m/s, H1 = 65 cm, D0 = 4.5 mm, We = 553, and Re = 12,053. An air gap of
h1 = 10 mm was present between the mesh and solid wall

We introduced a textured metal mesh, as depicted in the inset SEM image in Fig. 1c, to determine the
effect of texturing on splashing, which is quantified in Fig. 3 and qualitatively represented in Fig. 2; no air
gap was present between the mesh (mat) and dry wall. As such, the mesh texturing affects and mitigates the
impact of splashing while taking advantage of hydrophilicity of the electroplated mesh. However, when an
air gap of h1 = 10 mm was present between the mesh and solid wall, as in Fig. 5, the electroplated mesh
exhibited no significant effect on drop penetration and spreading (not shown for brevity). In this air-gap
scenario represented in Fig. 5, the effect of mesh electroplating is insignificant, unlike the previous case in
Figs. 2 and 3, where there was no air gap between the mesh and solid wall (h1 = 0 mm). Drop penetration
and spreading are essentially governed by the mesh size while the effect of electroplating is obscured and
minimized.
Figure 6 compares the effects of the mesh pore size and the use of the fiber mat on drop penetration
across the cross section of the mesh. Figure 6a, b shows side views of the drop impact on meshes of medium
(c = 1.46) and fine (c = 1.64) pore sizes, respectively, in conjunction with Fig. 5a, b. Figure 6c also shows
side views of the drop impact on a fine mesh covered with a fiber mat. All the meshes were located at
h1 = 10 mm from the solid wall; thus, the impacting drop must penetrate the mesh and break up to reach the
bottom solid wall.
As shown in the first snapshot in Fig. 5a, the initial drop of D = 4.5 mm occupies four cells of the
medium-pore-size mesh. At t = 0.7 ms in Fig. 6a, the drop is broken into four bulky jets and discharged to
reach the bottom. These jets are shaped as continuous columns that do not atomize until they make contact
with the wall. After the jet–wall collision, splashed droplets are formed; however, the momentum of these
droplets is insufficient to induce rebound to the mesh. The splashed droplets therefore remain within the air
gap between the mesh and wall. As mentioned previously, the impacting liquid columns or jets retain
sufficient momentum to coalesce and form a liquid film that spreads in the lateral direction, forming a larger
spreading diameter, as demonstrated in Fig. 5a. However, when the impacting drop penetrates a fine
mesh, * 16 columnar jets are formed, which is equal in number to the number of cells occupied by the
impacting drop, as shown in the first snapshot in Fig. 5b. These jets are thin enough to undergo the
‘‘capillary-driven’’ Rayleigh–Plateau instability (Rayleigh 1878) and are broken into primary droplets due to
necking before droplets reach the bottom solid wall. This jet breakup phenomenon is also referred to as the
Rayleigh instability. During the liquid jet breakup, the necking region experiences a high capillary pressure
because DPcap * 2r/Rj with decreasing jet radius (Rj). As a result, the volume of the necking region
becomes thinner while pushing liquid away from the necking to the bulging region. Thus, the jet eventually
breaks up. These atomized droplets are relatively small with insufficient momentum to undergo secondary
atomization or breakup. They simply land on the solid wall, form a puddle, and spread, and induces finger
formation at the rim or edge of the spreading liquid film. This interfacial phenomenon is known as the
‘‘buoyancy-driven’’ Rayleigh–Taylor instability (Chandrasekhar 1981), which arises when the heavier fluid
accelerates toward the lighter fluid or vice versa. However, the film quickly lost momentum and a final
spreading diameter of 8.33 cm was recorded, which is about 1.85 times larger than the original drop size of
D0 = 4.5 mm. In contrast, the spreading factor of the drop in the case of medium-pore-size mesh was *
2.8; see Fig. 5a. The larger spreading diameter of the medium-pore-size case indicates the greater
momentum remaining after the breakup process while passing through the medium-pore-size metal mesh.
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Fig. 6 Time-series snapshots of a single drop (N = 1) impacting on a metal mesh with a medium (c = 1.46) and b fine pores
(c = 1.64); and on c a metal mesh with fine pores (c = 1.64) covered with a metal fiber mat. The impacting conditions are
ui = 3 m/s, H1 = 65 cm, D0 = 4.5 mm, We = 553, and Re = 12,053. An air gap of h1 = 10 mm was present between the mesh
and solid wall

Figure 6c shows the drop impact on a fine mesh covered with a fiber mat. The time-series snapshots are
juxtaposed with those from the uncovered fine mesh in Fig. 6b. The final spreading diameters of these two
cases are quite similar to that of the top view in Fig. 5b; it seems that the presence of the fiber mat does not
affect the overall spreading diameter. However, in the side views shown in Fig. 6b, c, the transient images
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differ discernibly. From t = 0.7 to 1.5 ms, the jet motion (Fig. 6c) was relatively slow; the presence of the
fiber mat impeded the drop penetration. Comparison of the images obtained at t = 4 ms indicates that the
jets are more uniform when the fiber mat is present. The images at t = 6 ms show that the atomized droplets
are more uniformly distributed when the fiber mat is present. The presence of the fiber mat moderately
affects the drop penetration through the mesh and the breakup of the falling drop. However, it should be
reminded that the presence of the fiber mat had no discernible effect on liquid spreading over the substrate.
In summary, the drop penetration is moderately affected by the fiber mat presence, but spreading is less
likely affected.
Most importantly, a fraction of the falling liquid does not penetrate the mat and remains on top of the
mat, as shown in all images in Fig. 6c. The liquid remaining on top rebounds from the mat and produces
splashed droplets. These splashed droplets can return to the ejecting wafer location and possibly contaminate the wafer being cleaned. Therefore, the presence of a fiber mat on top of the mesh is undesirable for
reducing the amount of splashed droplets at the impact location.
In summary, the pore sizes of the metal wire meshes must be small enough to interfere with the motion
of penetrating drops to decrease their kinetic energy and thus minimize the risk of generating splashed
droplets. Meanwhile, at the same time, the pore size must be sufficiently large to avoid blockage of the drop
by the enhanced surface tension effect owing to the reduced length scale of the interacting structures or
geometries.
Figure 7 compares the time-series snapshots of multiple drops (N = 10) falling on metal meshes of
various pore sizes (coarse, medium, and fine). The falling drop with D = 4.5 mm occupies approximately 2,
4, and 16 cells of the coarse, medium, and fine meshes, respectively (Fig. 7a–c).
When the first drop (N = 1) impacted the mesh, approximately 2, 4, and 16 jets, respectively, were
ejected from the coarse, medium, and fine meshes upon impact (only based on the front views in Fig. 7).
Subsequent drops continued to impact the mesh until N = 10. The numbers of jets formed do not match the
numbers of cells occupied by a single drop; see images for N C 2 in Fig. 7b, c. The pores of the medium and
fine meshes are filled with liquid from the previous drop impact; hence, the drops falling subsequently
impact the liquid film formed rather than the dry metal mesh with empty pores. For N = 10 in Fig. 7c a
single liquid column is formed, indicating that all the pores are filled and connected by liquid. This thin
liquid film is formed on the mesh top owing to the enhanced surface tension effect in accordance with the
reduced mesh size, and it interferes with the penetration of the following drops. As a result, drop impact on a
liquid film promotes splashing significantly, which is undesirable.
However, in case of a mesh with medium pore size, multiple jets still formed below the mesh. The liquid
film was no longer prevalent at the mesh top, although some splashed droplets remained. For the largest pore
size (coarse mesh; Fig. 7a), the entire volume of the impacting drop penetrated the mesh, and no liquid film
formed on top of the mesh, which is the most desirable condition for cleaning a wafer, because it significantly suppresses splashing.
3.2 Horizontal drop impact with air blowing
In another experiment, the wetting percentage of the splashed droplets resulting from multiple-drop impact
on the mesh was quantified. Multiple drops were released from a rotating wafer, as shown in Fig. 1b. When
the wafer rotation speed was 300 rpm, the speed of the ejecting drops at the edge of the rotating wafer was
estimated to be ui = 2.5 m/s, based on the images acquired from the high-speed video.
Water-sensitive papers were located at 3 B d2 B 13 cm from the impacting location. Air was blown in a
vertical direction (from top to bottom) to sweep away or intercept splashed droplets traveling horizontally.
The blown air was provided by a supersonic nozzle at pressures of 1–5 bar; greater pressure corresponds to
greater blowing speed according to the isentropic 1D flow theory (Shapiro 1953). At higher blowing speeds,
the air sweeps away the splashed droplets more efficiently. However, an excessive blowing speed can cause
secondary atomization or breakup of the splashed droplets (Lefebvre 1988). This secondary breakup can
produce more droplets and increase the risk of contamination. Figure 8a compares the amount of splashed
droplets qualitatively. For the scenario without air blowing, a greater number of splashed droplets travelled
back to the wafer. With air blowing, the splashed droplets were efficiently swept away, and fewer splashed
droplets travelled back to the wafer. Figure 8b quantitatively compares the amount of splashed droplets as a
function of blowing pressure or air speed. It appears that blowing air at a pressure of 3 bar is optimal for
suppressing splashing.
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Fig. 7 Time-series snapshots of multiple drops (N = 10) impacting a metal mesh with a coarse (c = 1.29), b medium
(c = 1.46), and c fine (c = 1.64) pores. The Reynolds and Weber numbers are We = 553 and Re = 12,053. An air gap of
h1 = 10 mm was present between the mesh and solid wall

These trends are correlated by the quadratic functions below for w/o nozzle, 1 bar, 3 bar, and 5 bar,
respectively, in conjunction with Fig. 8b
W1 ¼ 0:14d22  6:52d2 þ 63:59

ð4Þ

W2 ¼ 0:31d22  7:59d2 þ 47:39

ð5Þ

W3 ¼

0:15d22

 4:1d2 þ 29:29

ð6Þ

W4 ¼ 0:14d22  4:1d2 þ 29:29

ð7Þ

Figure 8c compares the effect of the number of mesh layers on splashing. Meshes with medium pores
were used and the air was blown at a pressure of 3 bar. The solid wall was located 2 cm away from the
single mesh. For the double-mesh case, an additional mesh was inserted midway between the first mesh and
solid wall. The differences are quantitatively compared in Fig. 8d. The most effective suppression of
splashing was observed with the double mesh. Drops penetrated the first mesh and then experienced
additional reduction in speed as they penetrated the second mesh. Thus, the kinetic energy of the impacting
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Fig. 8 a Water-sensitive papers placed at various locations with respect to the impacting location (3 B d2 B 13 cm) without
(top) and with (bottom) air blowing. No metal mesh was used. b Wetting percentages for various blowing conditions derived
from a. c Water-sensitive papers placed at various distances (6 B d2 B 9 cm) with respect to the impacting location with airblowing (3 bar); a single or double metal mesh was used (c = 1.18). d Wetting percentages derived from c. The wafer rotating
speed is 300 rpm, yielding ui = 2.5 m/s

liquid was greatly reduced by the time it reached the solid wall. As the bouncing splashed droplets would
have insufficient momentum to travel back to the rotating wafer, the wafer contamination would be greatly
reduced.
Figure 9 compares the wetting percentages of the splashed droplets without a mesh, with a mesh, with a
mesh/mat, and with mesh/blowing at 3 bar at an increased rotating speed of 500 rpm and the drop impact
speed of ui = 4.1 m/s, estimated from the high-speed video images. These trends are correlated by the
quadratic functions below for w/o mesh, mesh, mesh/mat, and mesh/3 bar, respectively, in conjunction with
Fig. 9b
W1 ¼ 0:31d22 þ 2:68d2 þ 50:49

ð8Þ

W2 ¼ 0:46d22  9:7d2 þ 58:68

ð9Þ

W3 ¼ 0:24d22  5:22d2 þ 31:69

ð10Þ

W4 ¼

0:41d22

 9:71d2 þ 66:43

ð11Þ

The greatest wetting percentage was achieved when no mesh was used and the smallest wetting was
observed when a mesh was used along with air blowing at a pressure of 3 bar. We have previously
demonstrated that splashing is promoted when a fiber mat is installed on the mesh top, which is not
desirable. The reduced mesh size increased the surface tension force (DP * 2r/Rmesh), which in turn held
the liquid along the wires of the mesh and fiber mat. Drops adhere and tangle on the mesh and fiber mat,
exhibiting the surface tension effect. This excessively saturated pool caused the formation of a liquid pool
on the mesh or/and mat, which is demonstrated in Figs. 9c and 10; also see MOVIE S1.
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Fig. 9 a Water-sensitive papers placed at various locations from the impacting location (4 B d2 B 12 cm) without a mesh,
with a mesh, with a mesh/mat, and with mesh/blowing. A mesh with medium pore size was used. b Wetting percentages
corresponding to a. c Snapshots corresponding to a and b. The wafer rotation speed was 500 rpm, yielding ui = 4.1 m/s. The
geometric ratio of the medium mesh is c = 1.18

Figure 10 shows the impact phenomena on various impact surfaces. In Fig. 10a, on the vertically
oriented solid wall, thin liquid films are attached to the wall, onto which drops collide and splash. These
liquid films or puddles stick to the wall because of surface tension and do not drip vertically. A drop size of
D = 0.47 mm collides with the wet wall, inducing a typical milk-crown splashing that generates multiple
splashed droplets at the rim. These splashed droplets travel back to the rotating wafer horizontally, thus
increasing the wafer contamination.
In Fig. 10b, drops collide with the mesh. Simultaneously, some smaller drops immediately pass through
the mesh pores. Upon impact, some splashed droplets retain their momentum and pass through the mesh in
the horizontal direction. However, some droplets bounce back in the upstream direction. Meanwhile, some
splashed droplets adhere to the mesh wire surface under liquid surface tension. The accumulated liquid at
the wires dangles until its weight overcomes the surface tension; see the snapshots for t C 2 ms in Fig. 10b.
At this point, the dangling liquid finally drips and clears the pores. Simultaneously, some pores remain
completely filled with liquid, in which case the incoming drops land on the liquid pool, which induces
splashing. The formation of liquid pools across the pores increases with decreasing pore size (for finer
pores), because the surface tension effect is stronger for materials with reduced characteristic length scales;
see MOVIE S1.
We have previously demonstrated in Fig. 9b that the fiber mat does not help in reducing splashing. This
is because the pores in the fiber mat were of micrometer scale, which dramatically increased the surface
tension effect. In Fig. 10c, the formation of the liquid film across the fiber mat is clear. In Fig. 6c, we
showed that the impacting drop did not penetrate the fiber mat completely, leaving some liquid that formed a
liquid film on the top of the fiber mat. Subsequent drops therefore impacted the liquid film, rather than
impacting the dry mesh that would have allowed smooth filtration of the incoming drops. Because of this
enhanced surface tension force with a finer mesh or/and a fiber mat, splashing is promoted, which is
undesirable for wafer cleaning.
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Fig. 10 Time-series snapshots of impacting drops on a a solid wall, b metal mesh, and c mesh covered with a fiber mat. The
impacting drops were ejected from a rotating wafer (500 rpm) that yields an impact speed of ui = 4.1 m/s. The geometric ratio
of the medium mesh is c = 1.18

3.3 Effect of mesh wire size and layer number
Figure 11 compares the effect of the geometric ratio c and the number of mesh layers (single, double, triple,
and quadruple or Nm = 1, 2, 3, and 4) on the wetting percentage. Meshes with pore sizes Dp of 0.97, 1.72,
1.09, and 0.22 mm and wire diameters Dw of 0.18, 0.5, 0.5, and 0.14 mm yield the corresponding geometric
ratios c = 1.18, 1.29, 1.46, and 1.64, respectively. As shown in Fig. 11a, b, at 300 rpm, a smaller c produces
a lower wetting percentage, which is desirable. These trends are correlated by the quadratic functions below
for c = 1.64, 1.46, 1.29, and 1.18, respectively, in conjunction with Fig. 11b
W1 ¼ 0:11d22  6:06d2 þ 59:76

ð12Þ

W2 ¼

0:25d22

 7:64d2 þ 59:35

ð13Þ

W3 ¼

0:08d22

 1:82d2 þ 11:62

ð14Þ
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Fig. 11 a, b Water-sensitive papers and wetting percentages at various locations ranging 4 B d2 B 12 cm for various mesh
sizes (c = 1.64, 1.46, 1.29, and 1.18). Note that the rotation speed was 300 rpm and a single mesh was employed for all cases.
c, d Water-sensitive papers and wetting percentages at various locations ranging 4 B d2 B 12 cm for various numbers of
meshes; Nm = 1, 2, 3, 4, and 4 w/ with air-blowing. Note that the rotation speed was 500 rpm

W4 ¼ 0:05d22  2:89d2 þ 29:21

ð15Þ

It is noteworthy that the wetting percentages for c = 1.18 and 1.46 are drastically different, although the
pore sizes are approximately the same (Dp = 0.97 and 1.09). The smaller wire size of the c = 1.18 case leads
to a smaller contact area between the impacting drops and wire, thereby minimizing splashing.
Figure 11c, d compares the effect of the number of mesh layers on the extent of wetting with the disk
rotating speed of 500 rpm. A mesh with greater number of layers yielded lesser splashing, which is
desirable. This suggests that multiple layers behind the first mesh layer slow the impacting drops much more
significantly with increased drag. Thus, increasing the drag by employing increased number of wires is
favorable. However, increasing the drag by increasing the wire size (Dw) would only induce an unfavorable
effect because it increases c. Figure 11c qualitatively elucidates the benefit of employing multiple meshes
along with supersonic blowing. The effect of blowing on reducing the wetting for a wide d2 range,
4 B d2 B 12 cm, is evident. These trends are correlated by the quadratic functions below for or Nm = 1, 2,
3, 4, and 4 w/3 bar, respectively, in conjunction with Fig. 11d
W1 ¼ 2:28d2 þ 38:98

ð16Þ

W2 ¼ 2:49d2 þ 38:31

ð17Þ

W3 ¼ 1:76d2 þ 28:44

ð18Þ
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W4 ¼ 0:14d22  4:11d2 þ 31:83

ð19Þ

W5 ¼ 0:27d22  5:87d2 þ 31:63

ð20Þ

In summary, reducing the wire size and/or increasing the pore size is favorable to minimize splashing,
because the corresponding mesh geometry minimizes the impacting area for the incoming drops. However,
increasing the number of wires behind the first impacting mesh is also favorable in reducing splashing
because multiple wires slow the impacting drops through increased drag.
4 Conclusion
Collision of drops ejected from a rotating wafer on a dry wall or metal meshes of various pore sizes with and
without metal fiber mats was studied. These obstacles (metal meshes) were introduced deliberately to
intercept the drop before it collides the solid wall. They interfered with the drop motion and slowed the drop
speed before impact, thereby minimizing the splashing of drops to produce droplets. For the vertical impact
scenarios (h1 = 0 mm), the wetting percentage was less than 1% even when the impact height was the
highest (H1 = 65 cm) using the double electroplated meshes (c = 1.46). Essentially all splashing was
suppressed. For h1 = 10 mm, the drop penetration phenomena were influenced by c. However, c had an
insignificant effect on subsequent drop spreading. For the horizontal impact scenarios (300 rpm), the
wetting percentage decreased from W = 49% to 14% at d2 = 3 cm by simple supersonic blowing (3 bar)
without using a mesh. When a mesh of c = 1.18 was used, the wetting percentage decreased less than 1%.
For a higher impact speed of 500 rpm, the wetting percentage decreased from 56% (no mesh) to 15% when
a mesh (c = 1.18) and air blowing at 3 bar were applied.
A mesh with a finer pore size prevented drops from completely penetrating, because the greater drag
imposed on the penetrating drop caused some liquid mass to remain on top of the mesh or/and fiber mat.
Thus, incoming drops landed on a liquid pool formed on the mesh/mat top, which enhanced splashing. The
splashed droplets traveled back toward the wafer and thus increased the risk of re-contamination. We also
found that a smaller c = 1.18 value yielded a lesser wetting percentage. This implies that a smaller wire
thickness or/and larger pore size is favorable for reducing splashed droplets. However, a mesh with an
excessively large pore size would allow drops to simply pass through the pores and the drops would not be
slowed. That is, the blocking role of the mesh would be eliminated. Therefore, the pore size should be
sufficiently small to hinder the motion of the incoming drops but at the same time be large enough to permit
smooth filtration of the drops, which would minimize the formation of a liquid film and subsequent
splashing.
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