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Abstract

Background: Although the wet cleaning process has been widely used in semiconductor device
manufacturing due to its convenience, it faces theoretical limits. That is, when the size of the
objected particle is smaller than 100 nm, it is buried in the stagnant layer where there is sub-
stantially no fluid flow.

Aim: Only small particles below the stagnant layer (<100 nm) is removed without any damage
to the fine patterns or substrate: pattern collapse, critical dimension shift, and optical property
shift.

Approach: Utilizing unique characteristics of water: volume expansion when freezing, solid
(ice) is lighter than liquid (water), and particles adhered the substrate is peeled off from the
substrate and rise to the water surface along with the surrounding ice.

Results: By repeating the cycle of cooling, thawing, and rinsing, polystyrene sphere particle
of 80 nm in diameter can be removed with high particle removal efficiency (PRE >90%) and
no negative influences on the pattern or substrate.

Conclusions: A new cleaning method for very small (<100 nm) particles is proposed with high
PRE and low damage. This method is thought to be applied to every process if water can infil-
trate into the gap between the particles and the substrate.
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1 Introduction

In recent years, the performance of semiconductor devices has improved owing to improvements
such as downscaling, introduction of three-dimensional (3D) structures and new materials, and
circuit improvement.1–3 For the downscaling process, ArF-immersion (ArF-i) has a resolution
limit of ∼40 nm, but the minimum critical dimension (CD) of semiconductor devices is already
smaller than that in 2012, but the subsequent downscaling of the devices has continued. Extreme
ultraviolet (EUV) lithography was recently introduced with a resolution limit of ∼13 nm for
single patterning. Currently, the minimum size of semiconductor device is thought to be
∼7 nm, so even if the EUV lithography technology is used, the minimum CD of the semicon-
ductor devices is smaller than its limit. Downscaling can be realized using patterning techniques
such as pattern splitting and self-aligned patterning on a wafer.4,5 Although requirements for a
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decrease in the photomask dimensions are reduced, fine patterning and cleaning processes
exhibit significant performance demands.

Here, we confirm why not only fine pattering technology but also cleaning technology is
important to realize the cutting edge devices. Semiconductor device manufacturing is basically
consisted of repetition of thin-film processes. That is, by forming a desired thin film is deposited
on the substrate, transferring the circuit pattern to the photoresist (mask material) through a
photomask (master plate), and processing underlayered film according to this mask, then the
desired material is created as a fine pattern. If before and/or after fine patterning, there is foreign
material on the circuit area, it leads a circuit open or short. This means during these processes,
substrate should be kept clean or all the foreign materials should be removed from the substrate.
So before and after each process, cleaning process is inserted multiple times. In addition, low
(none)-damage cleaning process is strongly required because of multiple use. That is why the
cleaning technology is so important to realize the cutting edge devices. In photomask fabrication,
basically this thin-film process concept is introduced. So in the photomask fabrication line,
cleaning processes are used multiple times (timing and frequency depend on the production line
performance and requirement to the mask performance). Thus, the efficient and low-damage
cleaning process is required.

So photomask cleaning process is applied multiple times in its production and also used in
high-volume manufacturing.

Furthermore, differences exist between the causes of the significant performance demands
for the mask and wafer processes. Given that a mask is a master plate used in the mass production
of semiconductor devices, it should not contain defects (this corresponds to 100% yield). So a
repair process is also introduced to the mask fabrication. But to reduce the initial number to
repair, that is, to fabricate the complete mask, cleaning steps are introduced multiple times
in the mask production flow much often than that of wafer process.

Additionally, a mask is repeatedly used in the same number of processes as the number of
manufactured devices in the high-volume mass production of semiconductor devices. Owing to
repeated use, a mask is soiled by defects, such as growing defects. To remove these defects, the
mask must be cleaned at a specific frequency.

Next, we discuss a target size of the particles to be cleaned. For an optical photomask, the
minimum diameter of the particle that requires cleaning is ∼100 nm considering that the CD of a
photomask is four times larger than that of wafer and ≤50 nm for EUV. In nanoimprint lithog-
raphy (NIL),6,7 a fine pattern is directly translated into a template without reduction; thus, the
target minimum particle diameter is ∼10 nm. However, particles with diameters smaller than
100 nm are hard to remove, as described below.

Various processes (e.g., dry cleaning) with respect to cleaning have been investigated.8–10

Cleaning technologies based on liquids have also been employed given that physical forces are
effective in particle removal. Accordingly, their use is expected to increase over time. However,
the particle removal efficiency (PRE) of wet cleaning technologies significantly decreases for the
removal of particles with diameters smaller than 100 nm. In a wet cleaning process, the fluid drag
force Fd, which is the particle removal force is given by11

EQ-TARGET;temp:intralink-;e001;116;244Fd ∝ d2pu2; (1)

where dp is the particle diameter and u is the velocity of a moving fluid. The main adhesion force
of particles to a substrate is the Van der Waals adhesion force (FVdW), which is proportional to
dp.

11 Given that the force required to remove the particle from the substrate is quadratically
proportional to the particle diameter and the particle adhesion force on the substrate is linearly
proportional to the particle diameter, hence, the adhesion force significantly increases in accor-
dance with a decrease in the particle size. In addition, a layer referred to as the stagnant layer in
the immediate proximity of the substrate has almost no fluid flow. The layer thickness is
∼100 nm. According to hydrodynamics, the velocity of a Newtonian fluid such as water is zero
at a fixed surface, and the velocity increases in accordance with an increase in its distance from
the surface. A stagnant layer is a region where the liquid velocity is significantly low. Thus, it is
considered as the zero region and is ∼100 nm in the case of water.
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Therefore, when the particle diameter is smaller than ∼100 nm, almost no effective particle
removal force exists, resulting in a significantly poor cleaning performance. From the above-
mentioned consideration, it is thought to be a theoretical limit to remove a smaller than ∼100-nm
particle. Tomita12 investigated the decrease in the stagnant layer thickness by controlling the
liquid viscosity and the surface energy of the solid interface. The stagnant layer thickness can
be decreased to an extent, and particles with diameters of 40 nm can be removed with a high PRE
by increasing physical impact. However, this increases the number of fine pattern defects; thus,
an increase in the physical impact (cleaning ability) results in a tradeoff between the PRE and
pattern defects.

General cleaning process utilized physical and/or chemical action to the entire substrate for
cleaning, so the fine patterns and the particles seem the same object. Therefore, as the applicable
cleaning condition, it is necessary to find a condition that the patterns are not peeled off from the
substrate and only the particles are peeled off. The smaller the pattern size is, the weaker the
adhesion force is, and then the difference between the adhesion force of the pattern to the sub-
strate and that of the particle is becoming narrower. This is the reason why cleaning becomes
difficult with the downscaling.

Moreover, the freeze-cleaning equipment used in this study was designed and manufactured
with a focus on the following phenomena: (1) the expansion of water during its phase transition
to ice, (2) the instantaneous partial freezing of a portion of supercooled water upon its induced
phase transition to ice, and (3) the ice growth by continuous cooling.

In Sec. 2, we discuss these phenomena in detail. Section 2.1 describes the fundamental char-
acteristics of water and supercooled water. It also describes what happens when water freezes.
Section 2.2 describes the motion of the particle in the water. By solving the equation of motion,
we estimate the velocity and the time to travel of 100 nm (to escape from the stagnant layer) of
particles in the water. And Sec. 2.3 describes the application of these phenomena to freeze clean-
ing with a model proposal.

2 Characteristics of Water and the Freeze-Cleaning Mechanism

2.1 Characteristics of Water and Supercooled Water

This section presents a discussion on the freezing process of supercooled water and its physical
properties with respect to literature. The freezing point of water is 0°C; however, it can remain
liquid at significantly lower temperatures under a given set of conditions with the lowest reported
temperatures between −40°C and −48°C.13,14 Moreover, triggers, such as flow, vibration, fine
patterns, and particles, cause water freezing and ice formation. The freezing temperature for the
supercooled state varies depending on the conditions. However, the entire system rapidly freezes
upon the induction of freezing. When freezing is triggered, the temperature of the water and ice is
0°C, regardless of the supercooled water temperature. Consider the case of a cooled substance
and the phase transition from liquid to solid. First, the liquid is cooled, which lowers the internal
energy by lowering the temperature. When the freezing temperature is reached, this temperature
is maintained. Instead, in the phase transition, solidification begins. In this study, water is cooled
to a temperature exceeding its inherent solidification temperature to become supercooled water.
The water phase transitions to ice when a stimulus is provided, and proceeds as follows. First,
accumulated heat (solidification heat in this case) is used as the latent heat. The amount of accu-
mulated heat depends on the temperature when the supercooled state finishes. The accumulated
heat should be used as a solidification heat all at once. Therefore, the entire system freezes like a
sherbet, and the temperature goes up to the freezing temperature. If water is cooled very slowly, it
freezes at 0°C and maintains this temperature until all the water is frozen. The amount of ice
formed from the initial amount of water can be estimated. According to Yokoyama,14 the physi-
cal change is an adiabatic process, and a quantity of heat is emitted until the water at 0°C reaches
the point at which the final temperature of the supercooled state is equal to the quantity of heat
emitted during freezing for ice formation. For example, 19% and 52% of the total water freeze if
the final temperature of the supercooled state is −15°C and −38°C, respectively. Moreover, the
ice expansion speed is ∼25 cm∕swhen the final temperature of the supercooled state is −15°C.14
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The specific volume, which is the inverse of the water density, is the lowest at 4°C and
increases at temperatures above and below this threshold. Similarly, the specific volume of ice
decreases in accordance with a decrease in temperature below 0°C. Figure 1 shows the temper-
ature dependence of the specific volume of ice and water between −50°C and 100°C.15,16 Water
below 0°C is supercooled water; however, the specific volume gradually changes as the water
changes from normal to the supercooled state (Fig. 1). The volume change between 0°C and
−38°C is ∼3.6% and ∼0.6% for water and ice, respectively.

Figure 2 shows the volume change estimated from the above-mentioned values based on the
assumption that supercooled water transitions into ice at 0°C. Moreover, with respect to this
supercooled water, the volume increases by 4.7% to 9.1% when compared to that immediately
prior to freezing. Thus, the volume change causes the particles to be removed from the substrate.
Although the volume change decreases in accordance with the decrease in temperature of the
supercooled water, a volume change of over 4% is maintained, this is considered as sufficient for
particle removal.

2.2 Motion of Particles, Ice, and Particles in the Water

According to the above-mentioned consideration, the particle adsorbed on the substrate is
thought to be removed from the surface if surrounded by the ice. Next, we consider a motion
of the particle surrounded by the ice [freeze cleaning (FC) particle]. To simplify the consider-
ation, all of the particles are assumed as sphere and temperature is 0°C. If the FC particle is very
small, the motion is assumed as a laminar flow. In this case, the forces that act on the FC particle
are assumed as buoyancy (Fb), gravity (Fg), and the drag force (Fd) described in Fig. 3.
Buoyancy is given by

Fig. 1 Temperature dependence of the specific volume of ice and water plotted based on Refs. 15
and 16.

Fig. 2 Volume change rate when supercooled water is frozen.
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EQ-TARGET;temp:intralink-;e002;116;557Fb ¼ ρwVFCg; (2)

where ρw is the density of water (not that of the FC particle) and VFC is volume of the FC particle.
Radii, density, volume, and mass of the ice, the particle, and the FC particle are described as:

rice, rp, rFC, ρice, ρp, ρFC, V ice, Vp, VFC, andmice,mp,mFC, respectively. Drag force is given by
17

EQ-TARGET;temp:intralink-;e003;116;498Fd ¼ 6πμrFCvFC; (3)

where μ is the viscosity of water and vFC is the velocity of the FC particle.
Then the equation of the motion is given by

EQ-TARGET;temp:intralink-;e004;116;443mFC

dvFC
dt

¼ ðρwVFC −mFCÞg − 6πμrFCvFC: (4)

Solving Eq. (4) by taking the origin at the surface of the substrate, and the x axis as the
up-forward vertical direction,

EQ-TARGET;temp:intralink-;e005;116;377vFC ¼ mbg
k

�
1 − e−

k
mb

t
�
; (5)

and

EQ-TARGET;temp:intralink-;e006;116;320xFC ¼ mbg
k

�
tþ mb

k
e−

k
mb

t
�
; (6)

where

EQ-TARGET;temp:intralink-;e007;116;263mb ¼ ρwVFC −mFC; (7)

EQ-TARGET;temp:intralink-;e008;116;220k ¼ 6πμrFC: (8)

When t → ∞ in Eqs. (5) and (6)

EQ-TARGET;temp:intralink-;e009;116;197vFC∞ →
mbg
k

; (9)

EQ-TARGET;temp:intralink-;e010;116;146xFC∞ →
mbg
k

t ¼ vFCt: (10)

These results mean that the FC particle motion is as follows: FC particle starts by buoyancy at
the beginning of its motion and slowed down by the drag force of proportion to the velocity, and
after buoyancy and drag force are balanced it reach to the terminal velocity Eq. (9).

In accordance with the above consideration, we estimate the actual value of our experiment:
detailed condition for the experiment will be mentioned later. At the first, we estimate the

Fig. 3 Forces act on the particle surrounded with ice.
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condition of buoyancy is strongest. Particle is polystyrene of 80 nm in diameter and density
ρp ¼ 1.05 g∕cm3. At 0°C, ρw ¼ 1 g∕cm3 and ρice ¼ 0.917 g∕cm3.

EQ-TARGET;temp:intralink-;e011;116;710V ice ≥ 0.62Vp: (11)

In the case of V ice ¼ Vp, terminal velocity of FC particle (vT80 nm) is estimated with Eq. (9)
and μ ¼ 1.79 × 10−3 Pa · s at 0°C,18

EQ-TARGET;temp:intralink-;e012;116;652vT80 nm ≅ 5.1 × 10−11 m∕s: (12)

And in this case, time constant in Eqs. (5) and (6) is estimated as

EQ-TARGET;temp:intralink-;e013;116;607

1
k
mb

¼ vT80 nm

g
≅ 5.2 × 10−12 ∕s: (13)

This estimation means that the FC particle achieves to the terminal velocity immediately after
the float motion begins, and its speed is extremely low. Therefore, the FC particle will be adrift
very close to the substrate surface and never rise up beyond the stagnant layer. This means that
the particle is not removed at all.

In Sec. 2.3, we will further consider the water/ice behavior on the substrate and propose a
brand new cleaning process.

2.3 Model of Freeze Cleaning

Now we further consider the water/ice behavior and propose a cleaning process with a model.
From now on, the consideration is along with our experimental condition mentioned later: water
is poured on the substrate with thickness of 60 μm, cooled at the bottom via the substrate, and
water is frozen at −38°C through supercooled water. And after frozen, the ice is continuously
cooled during the thaw process. After the entire water on the substrate phase change to the ice, it
is thawed by rinsing with 20°C water, and then the next step is started by pouring 60-μm-thick
water again after spinning off the water thickness to about 10 μm. On the substrate surface, a fine
pattern is fabricated, a particle is adsorbed.

In accordance with Fig. 4, we discuss the water/ice behavior. Figure 4(a) describes the water
from 4°C to −38°C before freeze begins. In this temperature region, cooler water is lighter than
warmer one. So cooler water rises up to the surface, and warmer water sinks down to the bottom.
Therefore, a convection occurs: this is opposite direction of heating, and specific volume of
supercooled water at −38°C is almost the same value of 80°C water (see Fig. 1). This water
motion is thought to lead a local ununiformity of density, flow, and wave of the water. So this
ununiformity of the physical properties may be a trigger point of freeze. As mentioned in
Sec. 2.1, when the temperature of the water reaches to −38°C, about 52% of the volume of
the water is frozen [Fig. 4(b)]. In Fig. 4(b), surrounding water of particle 1 is frozen but that
of particle 2 is not frozen, because the ice formation is thought to be determined stochastically. In
the case of the particle 1, between the substrate and the particle there is not enough space to
expand the volume when the water freezes. Therefore, the ice pushes the particle aside to make
the space for expansion [red arrows in Fig. 4(b)]. The other portion on particle 1, the ice sur-
rounding the particle does not feel any reaction force and merely expands in volume when freez-
ing [we ignore a weak compression force because it does not affect to the particle motion; blue
arrows in Fig. 4(b)]. At the fine patterns, if between patterns and the substrate there are no gaps
that water infiltrate to, no force acts to remove them [blue arrows in Fig. 4(b)]. At the ice created
in water due to some fluctuation of physical properties (density ununiformity, wave, and flow),
the volume increases by about 5% when compared to that immediately prior to freezing
(Sec. 2.1) and no force acts to remove anything. Blue arrows are shown at one of the ice to
avoid complication in Fig. 4(b). These phenomena are considered to be one of the key factors
in forming the removal force of the particle from the substrate. During continuous cooling until
the entire water change to the ice, the temperature of the liquid–solid coexistence state is kept at
0°C. So, macroscopically, the heat (minus amount) should be used as a solidification heat on a
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priority basis. No temperature gradient exists inside the sherbet such as water, no heat shift
occurs. The heat exchange occurs at the water surface and the bottom of the water. So the ice
created inside the water is thought to be adrift in the water and the size is not change. At the
bottom of the water, fine patterns surrounded by the ice, particles surrounded by the ice and the
water contact to the substrate. In this part, the ice is thought to be grown by cooling from
the substrate and removal force acts at the bottom like as Fig. 4(b). And also it is thought that
the ice creation may occur at the particle that was not triggered prior timing. This image is shown
in Fig. 4(c). At the water surface, water may be heated up by the air microscopically, but the heat
from the air mainly should be used as a heat of fusion of the ice at/adjacent to the water surface,
and the bulk temperature is kept at 0°C. And then the particle surrounded large ice rises to water
surface [Fig. 4(d)]. Finally, the entire water phase change to the ice, and some of the particles
escaped from the stagnant layer and the other particles are still remain on the substrate surface
[Fig. 4(e)]. And then the ice is thawed by rinsing with 20°C water [Fig. 4(f)].

The water infiltration into gaps depending on the gap size is briefly described below. When a
pattern pitch is within the millimeter to micrometer scales, the “lotus effect” is predominant,
which does not result in water infiltration into the pattern gap. However, when the pattern pitch
is at the submicrometer scale, the surface tension, which is primarily the capillary force, is pre-
dominant. As reported, water infiltrates the gaps between small patterns via gas dissolution.19–21

The tool and the process developed herein have been used by Tanabe et al.22 to remove particles
stuck between small gaps (∼80 nm). A further investigation is required on water infiltration into
all gaps with respect to the materials, shape, and surface energy. This paper presents a discussion
on water infiltration into the small gaps between the substrate and the particle.

Fig. 4 The model of freeze-cleaning method. (a) Water behavior from 4°C to before freezing
begins (−38°C), (b) ice formation in the water and particle removal force by volumetric expansion,
(c) ice growth by continuously cooling from the substrate, (d) escape the FC particle by buoyancy
from the substrate, (e) entire water is frozen, and (f) particle only escaped from the stagnant layer
is rinsed away from the substrate.
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Now, we estimate how large ice is needed to escape from the stagnant layer easily according
to the discussion in Sec. 2.1.

First, we estimate when the particle weight can be ignored. The weight of the FC particle is
given as

EQ-TARGET;temp:intralink-;e014;116;687mFC ¼ ρFCVFC ¼ yρiceV ice þ ð1 − yÞρpVp; (14)

where y is the proportion of the ice in FC particle. We assumed when the second term on the right
side is smaller than 1/100 compare to the first term on the right side, the particle weight can be
ignored. In the case where the particle is polystyrene (ρp ¼ 1.05 g∕cm3) of 80 nm in diameter,
rice is estimated as

EQ-TARGET;temp:intralink-;e015;116;606rice ≅ 194 nm: (15)

And terminal velocity vT389 is estimated by Eq. (9)

EQ-TARGET;temp:intralink-;e016;116;562vT389 ≅ 3.9 × 10−10 m∕s: (16)

This velocity is thought to be still too low to escape from the stagnant layer. In the case of
terminal velocity to reach faster than 1 μm∕s, the ice radius needs larger than 3.1 μm. When the
ice (≈FC particle) radius is 3.5 μm, terminal velocity vT3500 and time to travel of 100 nm t100 nm

are estimated as

EQ-TARGET;temp:intralink-;e017;116;481vT3500 ¼ 1.2 μm∕s (17)

and

EQ-TARGET;temp:intralink-;e018;116;438x100 nm ≅ 80 ms: (18)

In our experiment mentioned later, liquid–solid coexistence time is about 5 s. So 80 ms is
short enough that FC particle escapes from the stagnant layer.

This study involved design, manufacture, and evaluation of the equipment to realize the
above-mentioned states, namely, the freezing phenomenon of the supercooled water (e.g., par-
ticle-induced freezing), the volumetric expansion at freezing used to remove the particle from the
substrate surface, and the ice growth of the FC particle to escape from the stagnant layer by
buoyancy.

The following can be realized considering the utilization of changes in the physical properties
during the freezing of supercooled water (i.e., the volumetric expansion is the force utilized for
the particle removal from the substrate surface. And ice growth utilized for giving the enough
velocity to escape from the stagnant layer).

Upon pouring and cooling of water on the substrate, freezing occurs via the supercooled
phase. Several possible stimuli, such as water flow, vibration, particles, and fine patterns, can
be employed. Freezing may be induced by particles, fine patterns, and some fluctuation of physi-
cal properties [Figs. 4(a) and 4(b)]. The cooled water rises to the water surface owing to its lower
mass at a lower temperature. Thus, water cooling is preferably performed from the substrate side.
If the water is cooled from its surface, the cooled water is retained at the surface by its specific
weight (Fig. 1); thus, the cooling of the substrate surface, which is the bottom of the water, is
only because of the heat conductivity. This indicates a decrease in the cooling efficiency of the
substrate surface. In addition, it is highly probable that freezing is induced at lower temperatures,
thereby starting at the water surface and not at the particle. This case stimulus is thought to be a
fluctuation of the physical property at the water surface and not the particle nor the fine pattern
but the wave. Upon the particle-induced freezing of the supercooled water, after the particle
removal from the substrate, it rises to the water surface due to the buoyancy of the surrounding
ice, which is lighter than the supercooled water (Fig. 1). With the continuous cooling of water,
the ice size increases and so does the buoyancy. The particles that rise above the stagnant layer
are rinsed from the substrate at the subsequent rinse step. Owing to the insufficient amount of
particles removed by one process cycle, the process is repeated. Small particles measuring 80 nm
are removed with a PRE larger than 95%.
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3 Materials and Methods

3.1 Cleaning Sample and Particle Measuring Method

The samples for this study were prepared as follows: commercially available 6025 quartz sub-
strate was coated with a polystyrene latex (PSL) aqueous solution (Thermo Scientific, 3080A
model) having particle diameters of 80 nm under optimum conditions. The number of PSL par-
ticles was adjusted to 10;000� 10%. The number of particles on the substrate was measured
using a mask substrate/blank inspection tool (Lasertec, Magics M2350: measurement limit is
80 nm or larger). For the evaluation of the collapse of the fine patterns, the evaluation samples
and data were obtained from Kioxia Co., Ltd., and a joint research was conducted.22 Evaluated
sample was MoSi alloy-based attenuated phase shift material of 60-nm height, isolated pattern
with minimum size of 50 nm × 75 nm was used.

The PRE is used as an indicator of the particle cleaning efficiency that is obtained using
Eq. (19) as follows:

EQ-TARGET;temp:intralink-;e019;116;561PREð%Þ ¼ Ninitial − Nfinal

Ninitial

× 100; (19)

where Ninitial represents the number of particles on the substrate measured using a particle
counter prior to the cleaning process, and Nfinal represents the number of particles after the
process.

3.2 Cleaning Tool Configuration

The freeze-cleaning module used in this study was developed as a critical module of a novel
single photomask cleaning system23 (Shibaura, MC150-plus). Figure 5 shows an overview of the
cleaning system MC150-plus, which can be employed for the flexible setup of MC150-plus
various module types. The system employed in this study consisted of two standard mechanical
interface pods, a double transfer arm (upper: dry; lower: wet), an ultraviolet (UV) irradiation
module, a flip hand module, a spin module, and a freezing module. Figure 6 shows an overview

Fig. 5 Outline of MC150-plus and layout of the freeze-cleaning module.

Fig. 6 An overview of the freeze-cleaning module.
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of the freeze-cleaning module. The chamber was equipped with a rotating mechanism to hold
and rotate a mask, a backside nozzle to eject cryogenic N2 into the underside of the mask, and a
moving nozzle arm to dispense deionized water (DIW) onto the upper-side surface of the mask.
The ceiling of the chamber had a fan unit with a chemical filter. The inside of the chamber was
kept clean. In addition, the moving nozzle arm was equipped with a radiation thermometer
(Micro-Epsilon, CTF-SF15-C3) to measure the surface temperatures of the DIW and the
substrate.

3.3 Cleaning Procedure

The substrate was processed based on UV irradiation in a UV module (70 mW∕cm2, 4 min),
precooling (freezing, thawing, rinsing) × n-cycles, and spin drying.

First, the precooling step duration was fixed at 600 s through a preliminary check of the
substrate cooled to −70°C and saturated. During precooling, DIW was continuously supplied
to prevent the water vapor from accumulating on the substrate. When the precooling was com-
pleted, the water supply was stopped under predetermined conditions to maintain an appropriate
amount of water on the substrate (about 60-μm-thick water was remained). The surface temper-
ature was monitored using the radiation thermometer. The substrate was cooled and frozen using
cryogenic N2 gas. Thereafter, the substrate was thawed by rinsing with water at room temper-
ature (i.e., ∼17°C in this study). Between cycle and cycle, the substrate surface was kept wet
(water thickness was maintained thicker than about 10 μm during rinsing). After the substrate
was subjected to multiple freeze–thaw cycles, it was rinsed using DIW and then spin-dried.
During the above-mentioned treatment, with the exception of the final drying step, cryogenic
N2 gas was continuously supplied.

3.4 Temperature of Substrate Surface with Respect to the Start Time of the
Thawing Step

In accordance with the above discussion, we set the experiment procedure, but it seems a little
long process time is required. Especially, it takes a considerable amount of time to thaw from the
entire substrate surface if frozen [Fig. 4(f)]. On the other hand, if rinsing is started in the liquid–
solid coexistence state, the amount of ice adhering to the substrate is thought to be small
[Fig. 4(d)]. So it can be expected that the time required for thawing can be shortened. So
we added an experiment based on this consideration.

Figure 7 shows the temperature of the substrate surface throughout the process as monitored
using the radiation thermometer. Given that the sensitivity of the radiation thermometer at low
temperatures ranged from 8 to 14 μm, the measured temperature was that of the outermost sur-
face, as the infrared (IR) light was absorbed by water with a large absorbance. The temperature
trend at each step is presented as follows [Fig. 7(a)]:

Fig. 7 Substrate surface temperature with respect to the process using cryogenic N2 on the under-
side of the substrate. (a) The thawing step begins after the temperature decreases for the second
time in the freezing step. This corresponds to Fig. 4(f). (b) The thawing step begins when the
temperature is maintained at −4°C in the freezing step. This corresponds to Fig. 4(d).
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1. The surface temperature of the rinse water during precooling was ∼17°C.
2. Water was cooled using cryogenic N2 gas via the substrate, passed through the freezing

temperature of 0°C, and froze at ∼ − 38°C via the supercooling phase. Process time count
starts at the beginning this step.

3. As expected, the temperature increased to 0°C. However, the cooling speed is significantly
high in our system, so the actual temperature may be balanced at slightly lower than 0°C
(∼ − 4°C), which resulted in a liquid–solid coexistence phase. Moreover, continuous cool-
ing increased the ice size. However, the temperature was maintained.

4. The temperature decreased again after all the water underwent a phase transition into ice.
5. Rinse water was poured onto the substrate surface to induce thawing: this step corresponds

to Fig. 4(f), and the process time count ends at the beginning of this step. All of the ice
melted and was rinsed from the substrate, constituting the final step of one process cycle.

6. The rinse water supply was stopped, resulting in a decrease in excess water and inducing
freezing as the start of the subsequent cycle.

Figure 7(b) shows that steps 1 to 3 are the same as Fig. 7(a). Thawing began at step 3, where
the temperature was maintained at ∼ − 4°C: this step corresponds to Fig. 4(d). Steps 5 and 6 were
the same as Fig. 7(a).

4 Results and Discussion

4.1 PRE versus Repeat Cycle Number

A result processed in accordance with Fig. 7(a) was obtained with PRE ¼ 83%. In this case,
process time was 90 s.

Figure 8 shows the PRE dependence on the number of cycles. The procedure was performed
by referring to Fig. 7(b). In this case, process time was 47 s. The PRE was 52%when 10 cycles of
the process were conducted, 95% after 30 cycles, and 94% after 60 cycles. Figure 8 also shows
the particle map after each cycle. The PRE uniformly increased in accordance with an increase in
the number of repetitions and then saturated at 30 cycles.

As expected, the supercooled water thawing on the substrate surface by the formation of a
liquid–solid phase removed the particles from the substrate. Moreover, with an increase in the
number of cycles, a PRE > 90% can be achieved.

PREn is given in Eq. (20) when the number of particles is sufficient:

EQ-TARGET;temp:intralink-;e020;116;316PREn ¼ 1 − θn; (20)

where θ is the remaining probability after one cycle of the cleaning process. A particle count
greater than ∼5000 is sufficient. As shown in Fig. 8, θ was estimated when the cycle number was
10 and the PRE ¼ 52%:

Fig. 8 PRE with respect to the number of cycles.
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EQ-TARGET;temp:intralink-;sec4.1;116;735θ ¼ 93%

and

EQ-TARGET;temp:intralink-;sec4.1;116;701PRE1 ¼ 7%:

With references to the values above and the literature,14 ∼52% of the total DIW transitioned
into ice at the end of the supercooling phase at −38°C. Thus, ∼13% of the phase change con-
tributes to the particle removal. The estimated value of θ is not accurate. However, the amount of
frozen supercooled water that contributes to the particle removal can be estimated.

4.2 PRE versus Freezing Step Time

Figure 9 shows the PRE dependence on the freezing time. In this case, the procedure was done by
referring to Figs. 7(a) and 7(b). The number of cycles was 10. The PRE was 52% at 47 s in
the liquid–solid phase, 83% at 90 s in the solid phase, and 99% at 600 s in the solid phase.
In addition, the ice was crushed at 600 s.

Hence, the PRE for the solid phase thawing improved by 8%, which was slightly higher
compared to that in the liquid–solid phase thawing. The reason why this difference is considered
is as follows: in accordance with the discussion above, rinse starts at the timing of Fig. 4(d), the
amount of the particles captured and removed away from the stagnant layer by the ice should be
halfway. On the other hand, rinse starts at the timing of Fig. 4(f), all of the particle is captured and
removed away from the stagnant layer. And also, the difference in the thermal shrinkage between
the substrate and the ice may act as a shear force on the particles (linear thermal expansion
coefficient of quartz and ice is 3.4 × 10−7 and 5.4 × 10−7, respectively). However, at 600 s,
a significant improvement of 99% was observed in the PRE. This can be attributed to the ice
shrinkage by continuous cooling, followed by crushing with buckling and removal from the
substrate. However, the particles and the fine patterns may also be removed from the substrate;
thus, pattern collapse may occur.

4.3 Pattern Collapse and PRE

A pattern collapse may occur when the stress applied to the pattern surface is sufficient for
crushing ice. Therefore, the pattern collapse was evaluated using a test pattern provided by
Kioxia: MoSi alloy-based attenuated phase shift material of 60-nm height, isolated pattern with
minimum size of 50 nm × 75 nm.

Figure 10 shows the dependence of the PRE and the number of the pattern collapses on the
freezing time. The water phase transitioned into solid at 80 and 120 s without crushing, and into
solid with crushing at 180 and 600 s. In this experiment, the ice surface was monitored, and the
crushing of ice occurred at ∼150 s after the freezing step began. In addition, the PREs were 81%
and 99% at 120 and 180 s, respectively. The numbers of pattern collapses were 1 point of the

Fig. 9 PRE with respect to the freezing time.
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pattern measuring 50 nm at 180 s and 4 points of the patterns measuring 50 and 55 nm at 240 s.
Thus, this indicates that the freezing time should be <150 s to prevent the pattern collapse.

In this study, the details of the pattern collapse were not investigated. But considering that the
test pattern is composed of MoSi alloy monolayer film, the collapse might be occurred at the
interface between the substrate and the MoSi alloy.

To improve the PRE, 30 sets of freezing for 120 s and thawing steps were performed.
Consequently, the PRE was improved to 98%. By further investigation, the collapse of patterns
with sizes equal to or smaller than 60 nm was observed in the ice crushing process. The proposed
process can clearly distinguish the particles and patterns. In this case, the removal of the particles
and the fine patterns was significantly different from that of the proposed mechanisms. The
particles and the fine patterns are removed with the ice from the substrate when it is crushed.
This phenomenon is considered to be understood the thawing starts after the ice crushed in
Fig. 4: Fig. 4(e)→ ice is crushed → thawing (rinsing). The entire water freezes Fig. 11(a), and
continuous cooling causes the ice to shrink, eventually crushing along with particles and fine
patterns Fig. 11(b). Given that PRE1 was estimated to be ∼7% (Sec. 4.1), many particles should
be retained after one treatment cycle.

Now we discuss the consistency of the results in Fig. 10 and our model proposed with
Fig. 11. The number of the pattern collapse seems to increase by prolonging freezing step time.
And the number of crack on the ice also increases by prolonging freezing step time, but its
number is much larger by a few orders than that of pattern collapse. So we speculate these phe-
nomena as follows: adhesion force between the substrate and the MoSi alloy is much stronger
than the peeling force when the ice crushed. So the peeling of the MoSi alloy pattern occurs
stochastically. Therefore, the number of the pattern collapse increases slowly. This means that
even in the ice crushed procedure, it is still a very soft treatment compare to the convenience
treatment.

Fig. 10 PRE and the number of pattern collapses with respect to the freezing time.

Fig. 11 Model of the long freezing duration and the subsequent ice crushing. (a) After the entire
water is frozen [same as Fig. 4(e)] and (b) additional cooling causes the ice crush along with every-
thing peeling from the substrate.

Hattori et al.: Particle and pattern discriminant freeze-cleaning method

J. Micro/Nanolith. MEMS MOEMS 044401-13 Oct–Dec 2020 • Vol. 19(4)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Micro/Nanolithography,-MEMS,-and-MOEMS on 10 Nov 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Based on the above consideration, freezing should be completed prior to ice crushing to
realize cleaning with high PRE and low-damage probability of fine patterns.

4.4 Discussion on the Applicability and Limitation of the Freeze-Cleaning
Method

As above-mentioned, we discussed the model and results employing the tool designed and
manufactured to realize the model. Although our proposed model is conceptual, data were lim-
ited: used only 80-nm-diameter sphere polystyrene particles on the blanket quartz for freeze-
cleaning evaluation and only Att-PSM (MoSi alloy base material) with 50 nm × 75 nm used
for pattern collapse evaluation.

Here, we will discuss the applicability and the limitation of freeze-cleaning method.
First, we discuss the applicability to the other objects:
In our model, water infiltration into the gap between the particle and the substrate is the most

important phenomenon to obtain the removal force of adhered particle from the substrate. As the
above-mentioned discussion, if the gap between the particle and the substrate is submicron order,
water tends to infiltrate to the gap by capillary force. But if the surface free energy of the particle
and/or the surface of the substrate is too high to allow the water to infiltrate into the gap, removal
force is not obtained. So the surface free energy of not only the particle and but also the surface of
the substrate affects the applicability of the freeze-clean method. Surface free energy is varied by
not only the material but also its surface condition.

If the gap itself is very narrow, water cannot infiltrate. If the particle has film shape and
adheres on the substrate, the gap should be very narrow. So the particle shape also affects the
applicability of the freeze-cleaning method.

Second, we discuss for heavy and/ or large particle removal:
In accordance with the above-mentioned discussion, we estimate some of the value, in case of

the particle is SiN (ρp ¼ 3.44 g∕cm3) of 80 nm in diameter. In this case, enough radius cor-
responded to Eq. (15) is estimated as

EQ-TARGET;temp:intralink-;e021;116;396rSiN ≅ 288 nm: (21)

Equation (21) shows that if the FC particle size is larger than this number, particle weight can
be ignored. Therefore if the FC particle size is 3.5 μm in diameter, its terminal velocity and time
of travel of 100 nm are regarded as the same value as Eqs. (16) and (18). In our system, the entire
ice is frozen in some seconds, so FC particle with the diameter larger than 3.5 μm is likely
formed in every cycles and escapes from the stagnant layer. From this consideration it is thought
even if the particle density is high, it will easily escape from the stagnant layer. And if the particle
size is larger than 100 nm, it means that the particle is larger than the stagnant layer, the particle
can feel the drag force of Eq. (1) when rinsing. Then the particle may be removed from the
surface along with the buoyancy and drag force in Eq. (1). Moreover when the ice freezing,
the particle feels a volumetric expansion force: it acts as a removal force from the substrate.
For the large particle, the gap between the particle and the substrate is also considered large.
Then the amount of volume expansion is also considered large, and as a result, the removal force
becomes large.

Finally, we discuss the heat shock during the treatment.
In our system, water is cooled from back side of the substrate. The surface temperature is

saturated at −70°C by supplying cryogenic N2 gas of −100°C from the substrate back side. And
during the thaw process, the surface temperature experiences between −70°C to 20°C. So the
maximum temperature range is 12°C. This temperature change may affect to the substrate prop-
erties. Especially, EUV blanks have very thin multilayer of Si and Mo, and also have absorbers
via capping layer.

Currently, the criteria or limitations of the above-mentioned situation are not clear. Further
evaluation should be needed.
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5 Conclusions

In this study, a technique for the removal of small-sized particles (<100 nm) from a substrate was
developed and verified. Particles that were excessively small to be buried under the stagnant
layer (∼100 nm) were removed from the substrate using the volumetric expansion force gen-
erated by the freezing of supercooled water, namely, rapid freezing, and escaped from the stag-
nant layer by buoyancy of the ice enclosing the particles that were grown by continuous cooling
of the substrate. Slight change in volume, phase transition of half of the initial amount of water
into ice, and distinction between the particle and the fine pattern upon freezing were particularly
observed, followed by surface removal and the rise of the particle and the surrounding ice to the
water surface by buoyancy. In the proposed freeze-cleaning process, the DIWon a substrate was
cooled from below using cryogenic N2, and the DIW in the liquid–solid phase was then thawed.
This technique was verified for the treatment of particles without affecting the fine patterns,
thereby achieving a high PRE without pattern collapse. Moreover, given that DIW was used,
no chemical discharges were observed. In our proposed model, discriminant method of patterns
and particles is merely whether water can infiltrate into the gap between the substrate and the
particle. At this point of view, we believe that proposed model can be widely applied to many
situations, such as material and structure. In the same sense, there are some limitations of the
proposed model. If the particles are in the form of a film and adhere tightly to the substrate,
water cannot infiltrate into the gap. If the surface energy of the substrate and/or the particle
is too high to allow water to infiltrate into the gap. In these cases, our proposed process cannot
be applied. However, we believe that our proposed process can help the improvement in per-
formance for removing the particles from the substrate with minimum affection to the substrate
properties, by combining the current technologies, such as physical and/or chemical treatment.
Because our proposed process uses only water and the temperature range from −100°C to 20°C.
In these temperature ranges, it is considered that water does not heavily affect any chemical
reaction.

The above-mentioned characteristic, namely, high PRE without pattern collapse or any
chemical impact, has been recognized in this decade to be in a tradeoff relation.

The proposed technique has a potential to be employed to clean various masks, such as pho-
tomasks, EUV masks, and NIL templates, and can be applied to wafer processing.

Further investigation is required to consolidate and expand the applicability of the freeze-
cleaning technique. We believe that the mechanism of lifting off particles from the substrate is
commonly accepted; however, its limitations are not clear in terms of water infiltration to the gap,
gap amount required, limitation to the material or its surface energy (contact angle), and so on.
Given the unique characteristics of water with respect to its volumetric expansion upon freezing,
it is required as the main material. However, several additives are suitable, which may improve
the performance. Moreover, carbonated water is widely used as a rinsing liquid to prevent the
degradation caused by the charge build-up on the substrate during the rinse process. Therefore,
carbonated water was applied herein to freeze cleaning, and the results were highly similar. The
saturation concentration of CO2 in water was <100 ppm at 20°C; hence, the characteristics of
water do not significantly vary.

In addition to several chemical treatment methods, conventional techniques, such as mega-
sonic cleaning and two-fluid spray techniques, may be combined for freeze cleaning. Similarly, a
long freezing duration of freeze cleaning, which induces ice crushing, may be applied under the
following conditions: large pattern sizes, high adhesive strength, and no patterns (in the case of
blanket cleaning).
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