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Abstract
As the feature size of semiconductor chips is decreasing down to nanometric scales, cleaning of nanoscale contaminant 
particles without damaging the fine features puts forth severe technological challenges. Here we introduce a design meth-
odology of a nozzle to generate a beam of supersonic CO

2
 solid nanobullets into the air at atmospheric pressure, which 

dislodge the contaminant particles by colliding with them. The dry cleaning scheme proposed here does not resort to the 
chillers, vacuum chamber, and carrier-gas handling system, which conventional dry cleaning systems often required and 
thus hampered their practical applications. We provide a theoretical framework to select key design parameters, such as the 
area ratio of the nozzle throat and exit and the supply gas pressure. We experimentally verify the superior capability of our 
nozzle in generating a CO

2
 aerosol beam under the atmospheric back pressure condition. Additional process parameters 

including the stand-off distance and the incident angle of the CO
2
 beam are optimized to maximize the cleaning efficiency 

and minimize the pattern damages. Our work suggests a practical nanoparticle cleaning scheme that is faster and simpler 
than the conventional dry cleaning methods.

Keywords Compressible flow · Supersonic nozzle · Sublimation · Nanoparticle removal

1 Introduction

Cleaning of wafers and  photomasks constitutes important 
processes in semiconductor manufacturing as it plays a criti-
cal role in determining the yield and quality of the products 
[1]. With the continual decrease of feature sizes in semicon-
ductor devices below tens of nanometers, the size of killer 
particles having a fatal effect on the circuit performance is 
also decreasing [2]. The finer the contaminant particles, 
the stronger the adhesion force gets per contact area of the 
particle and the substrate. Therefore, effective techniques 

to dislodge nanometric contaminant particles without dam-
aging fine and fragile functional components are strongly 
desired.

The cleaning methods of semiconductors are classified 
into wet and dry schemes. In the wet cleaning, one often 
uses liquid chemicals (e.g., hydrogen peroxide, ammonium 
hydroxide, hydrofluoride, etc) or ultrasonic waves to dis-
lodge contaminants through etching, electrostatic repulsion 
or hydrodynamic forcings [3–7]. Despite their strong clean-
ing ability, the wet schemes may generate environmentally 
harmful wastes [8], leave residual precipitates after drying 
[9], and lead to collapse or leaning of submicrometric pat-
terns by capillary forces of drying liquid films [10–12]. The 
dry schemes use jets of fine solid particles of argon, nitro-
gen or carbon dioxide, which collide with contaminants and 
transfer momentum to disengage them from the substrate. 
They are in general environmentally benign and free of those 
problems associated with evaporation of liquid chemicals. 
The cryogenic aerosol techniques generate particle-laden 
jets by drastic expansion of cryogenic fluid (argon or nitro-
gen) which is pre-cooled to below 100 K [13, 14]. CO2 needs 
no cryogenic cooling because its sublimation temperature 
is much higher (194.7 K) than that of Ar (83.8 K) or N2 
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(63.1 K). Because the CO2 gas used for the cleaning pro-
cess is captured from the natural environment, no additional 
environmental contamination is generated, which prompted 
replacement of some hazardous chemicals with CO2 in other 
manufacturing industries[15, 16].

Removal of contaminant particles tens of nanometers 
in size using CO2 nanoparticle jets were reported earlier 
[17–19]. Despite previous demonstrations of the CO2-based 
cleaning method, the following aspects should be further 
improved for the scheme to be employed in the actual fabri-
cation line. First, all the previous researches needed to con-
trol the temperature and pressure of the cleaning chamber to 
achieve sufficient momentum of CO2 particles. In particular, 
the cleaning chamber was at vacuum conditions, which low-
ered the fabrication rate while increasing the cost and energy 
consumption. Second, an additional carrier gas like helium 
was frequently used to accelerate the particles. Third, the 
operation conditions to avoid damages of functional patterns 
while maintaining a high cleaning efficiency were seldom 
established. Therefore, here we report an apparatus capable 
of issuing CO2 nanoparticles with a sufficient momentum 
for cleaning in a chamber at atmospheric pressure and room 
temperature. We also provide the conditions to achieve 
high cleaning efficiency without damaging nanopatterns. 
This apparatus provides huge advantages to reduce cost and 

complexity of the actual fabrication scene in that no addi-
tional facilities are necessary like chillers, vacuum pumps, 
and He injection systems.

In the following, we start with a description of the clean-
ing system, and explain the theoretical approaches to obtain 
the nozzle design to issue CO2 nanoparticles with a high 
velocity into the air at atmospheric pressure. Then we pro-
vide the results to visualize the nanobullet jets, or CO2 beam, 
to measure the removal efficiency of contaminant particles, 
and to evaluate the pattern damages, under varying experi-
mental conditions. Our experiments allow us to find the opti-
mal operation conditions for a high cleaning efficiency and 
minimal pattern damages.

2  Experimental

The experimental apparatus to generate high-speed CO2 
beams is schematically depicted in Fig. 1a. The compressed 
CO2 gas is supplied to a plenum chamber, whose large vol-
ume effectively stops the CO2 gas and regulates the pressure 
and temperature. The pressure loss from the gas tank to the 
plenum chamber is negligible while the temperature in the 
plenum chamber is kept at 298 K. Then the high-pressure 
gas enters a nozzle where the gas passage converges and 
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Fig. 1  a Schematic of the experimental apparatus for CO2 beam cleaning. b The generation process of an CO2 aerosol beam with a converging-
diverging nozzle, which is enclosed by a circle in a. c SEM image of the silicon wafer contaminated with the sub-25-nm particles of CeO2
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then diverges as shown in Fig. 1b. As will be explained in 
detail below, the gas is accelerated in the converging sec-
tion. Upon passing the neck, the gas undergoes sudden 
expansion accompanying a drastic decrease in pressure and 
temperature. Then the supersonic CO2 gas sublimates into 
solid particles, which grow in size to reach several tens of 
nanometers. The velocity and size of the issued CO2 parti-
cles depend on the pressure and temperature at both ends of 
the nozzle and the nozzle geometry.

The CO2 particles are injected into the cleaning chamber 
and directly collide with contaminant particles on a wafer. 
The interior pressure of the cleaning chamber ranges from 
0.05 to 1 bar as controlled by a vacuum pump, while its 
temperature is kept at 298 K. The distance from the nozzle 
exit to the wafer surface, and the incident angle of the CO2 
beam can be adjusted. The wafer moves horizontally at 3 
mm/s to ensure cleaning of wide surface area. We visualize 
the CO2 beams issued from the nozzle with a high-speed 
camera (Fastcam SA-Z, Photron).

We evaluate the cleaning efficiency by analyzing the 
images of a contaminated wafer before and after cleaning 
with the scanning electron microscope (SEM). To contami-
nate the wafer surface, we uniformly spin-coat the wafer 
with spherical nanoparticles of CeO2 (Sigma Aldrich), 
whose diameter ranges from 4 to 13 nm, as shown in 
Fig. 1c. The particle removal efficiency, � , is defined as 
� = (Ab − Aa)∕Ab , where Ab and Aa is the surface area cov-
ered by the contaminants before and after cleaning, respec-
tively. We identify the covered area by binarizing grey value 
of each pixel in the SEM images based on the threshold 
brightness. We evaluate � on the area of 0.06 mm2 of the 
wafer surface and average them.

3  Aerothermal Design of Nozzle

To generate supersonic CO2 solid nanobullets, we use a coni-
cal, converging-diverging nozzle as shown in Fig. 1b. While 
previous researches used converging-diverging nozzles to 
issue CO2 beams in a vacuum chamber [17–19], here we 
introduce a design methodology and associated theoreti-
cal developments to determine the nozzle dimensions that 
enable strong and stable jets of CO2 solid nanoparticles into 
an atmospheric condition. The gas flow entering the nozzle 
undergoes phase change in the diverging section, which can 
cause great complexity in theoretical analysis and nozzle 
design. We employ a single-phase compressible flow theory 
throughout the nozzle for a low mass fraction of solid in the 
CO2 stream [20, 21]. In the following, we explain how to 
determine the key design parameter of the nozzle, i.e. the 
ratio of the cross-sectional areas of exit and throat, and the 
gas supply pressure, both of which depend on the target 
Mach number at the exit.

We start with the range of the Mach number at the exit 
which ensures the stable jet in the atmospheric pressure 
condition. When the pressure of the exiting gas differs 
from the back pressure (the pressure in the cleaning cham-
ber), the CO2 beam experiences abrupt pressure change, 
leading to shocks [22–24]. Then the velocity, density, 
pressure and temperature of the issued CO2 beam fluctu-
ate [25], and the CO2 particles cannot maintain sufficient 
momentum to dislodge contaminant particles. Hence, the 
exit pressure Pe should match the atmospheric pressure.

The CO2 at the nozzle inlet needs to be supplied as gas 
phase rather than a supercritical fluid. When the aerosols 
are generated from the critical state, the particles experi-
ence prolonged condensation and growth in the nozzle, 
resulting in undesired size increase [19]. Excessively large 
particles are ineffective in removing finer contaminant par-
ticles while only increasing the possibility of pattern dam-
ages. Thus, the stagnation pressure P0 (the pressure at the 
nozzle inlet or in the plenum chamber) should be lower 
than the liquefaction pressure of CO2 at 298 K, 64.3 bar 
[26]. The aerodynamic theory states that the Mach number 
at the exit of the converging-diverging nozzle, Mae = Ue∕a 
with Ue and a respectively being the exit flow velocity and 
speed of sound at 298 K, is related to the pressure ratio 
P0∕Pe as [27]

where k = 1.3 is the specific heat ratio of CO2 gas and an 
adiabatic process is assumed. Here we assume P0 to be high 
enough to ensure that the Mach number at the nozzle throat 
is unity. Because Pe = 1 bar and P0 < 64.3 bar, Mae should 
be less than 3.27.

The lower bound of Mae is given by the temperature con-
sideration. Through the diverging section, the temperature 
of the gas drops due to the adiabatic expansion. To gener-
ate solid phase CO2 clusters before escaping the nozzle, the 
temperature of CO2 at the nozzle exit, Te , should be lower 
than the sublimation temperature, 194.5 K for atmospheric 
pressure. Mae and Te are interrelated as [27]

where T0 is the stagnation or inlet temperature, 298 K. For 
Te < 194.5 K, Mae should be higher than 1.84.

Within the range of the target Mach number, 
1.84 < Mae < 3.27 , that satisfies the foregoing pressure 
and temperature conditions, a high Mae is preferred to 
transfer sufficient momentum to the contaminants. We set 
Mae = 3.17 in our design to avoid likely liquefaction and 
excessive fluid consumption when Mae is too close to the 
upper bound, 3.27. This value allows us to determine the 

(1)
P0

Pe

=
(

1 +
k − 1

2
Ma

2

e

)k∕(k−1)

,

(2)
T0

Te
= 1 +

k − 1

2
Ma

2

e
,



932 International Journal of Precision Engineering and Manufacturing-Green Technology (2020) 7:929–938

1 3

ratio of the nozzle exit area ( Ae ) to the throat area ( At ) to be 
6.25 using the following relationship [27]:

We also find P0 = 50 bar and Te = 119 K to yield Mae = 3.17 
using Eqs. (1) and (2), respectively.

To verify the foregoing theoretical development based on 
the single-phase flow assumption, we now obtain the pres-
sure, temperature and Mach number of CO2 gas considering 
the phase change. Hill [28] developed a one-dimensional 
model that predicts the states of the gas flowing through a 
supersonic nozzle including the phase transition as follows:

where � = hfg∕(cpT) with hfg and cp respectively being the 
enthalpy change during the phase transition and the specific 
heat at constant pressure, x is the distance from the entrance 
of the nozzle, � is the mass ratio of solid to vapor, and A is 
the cross-sectional area of the nozzle at x. The theory pre-
dicts the path of P and T of the gas in the nozzle, starting 
from the supply condition of 50 bar and 298 K and reaching 
0.93 bar and 118 K at the exit, as depicted in Fig. 2. These 
values are fairly close to the foregoing results(1 bar and 
119 K) that ignored the phase change. Because the CO2 gas 
passes through the nozzle in a few microseconds, the time 
for heat transfer during the phase change is too short for the 
sublimation to exert significant effects on P and T of the gas.

4  Results and Discussions

4.1  Visualization of Supersonic CO
2
 Beam

We experimentally observe the shape of CO2 aerosol beam 
generated from the nozzle designed as above while changing 
the back pressure Pb , i.e. the pressure in the cleaning cham-
ber, from 0.05 to 1 bar. CO2 gas is supplied to the plenum 
chamber at 50 bar and 298 K. The images of CO2 beam 
under different back pressure are shown in Fig. 3. The Ray-
leigh scattering of light off the CO2 nanoparticles allow us 
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to visualize the CO2 beam in blue. We see that as the back 
pressure increases, the CO2 beam becomes thinner without 
diverging near the nozzle exit and clearer in color. For the 
lower pressure, Fig. 3a–d, the ejected CO2 beam undergoes 
abrupt pressure changes forming an underexpanded jet [22] 
because the gas pressure at the nozzle exit is designed to 
match the atmospheric pressure. The issued CO2 gas forms 
expansion waves accompanying fluctuations in temperature, 
pressure, and density. Thus, the solid CO2 particles gener-
ated in the nozzle are prone to re-sublimation, resulting in 
a dim beam in Fig. 3a. Figure 3c shows bumpy outlines 
of the jet and Mach disks [23, 25], characteristics of the 
expansion waves. Under the atmospheric back pressure con-
dition, Fig. 3f, the diameter of the beam changes little as 
traveling downstream, enabling the CO2 particles to stay as 
solid and to carry sufficient momentum until collision with 
contaminants.

To see the effects of nozzle design on the formation of a 
CO2 beam, we observe the beam issued from a nozzle spe-
cialized for vacuum back pressure [17–19]. The area ratio 
Ae∕At of the nozzle is 289, which achieves the exit Mach 
number of 7 [17, 27]. The pressure and temperature of the 
supplied gas at the plenum chamber are 50 bar and 298 K. 
Figure 4 shows that the CO2 beam, which is clearly visible 
at the back pressure of 0.05 bar in (a), tends to vanish as the 
back pressure increases. Because the pressure of the exiting 
CO2 is tuned to be low, the CO2 aerosol is compressed and 
decelerated under high back pressure. The normal shocks 
are generated in the nozzle due to large pressure difference 
across the nozzle exit [23, 24, 29]. The CO2 particles are 
re-sublimated in the nozzle, failing to form a stable beam.

Upon verifying the effectiveness of our nozzle design 
in issuing a clear beam of CO2 under atmospheric back 

Fig. 2  Theoretical path of the pressure and temperature of the CO2 
flowing through the supersonic nozzle with A

e
∕A

t
= 6.25 , obtained 

by using Eqs. (4–6)
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pressure, we now turn to examine the states of CO2 in the 
beam of Fig. 3f. By collecting the CO2 beam impacting on a 
Si wafer 1 cm away from the nozzle, we find a white hill to 
form as shown in Fig. 5a, resulting from the accumulation of 
solid particles of CO2 . We also issue the CO2 particles onto 

a substate coated with 2 μm-thick photoresist (AZ 5214E) 
under atmospheric condition, to find dents caused by solid 
impacts as shown in Fig. 5b. The average width of the dents 
is 36 nm with the standard deviation of 15 nm, giving us the 
size of CO2 nanobullets.
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4.2  Effects of Stand‑Off Distance and Incident Angle

With the supersonic CO2 particles issued from the nozzle, 
we now evaluate the effects of the stand-off distance and 
incident angle of the beam on the cleaning efficiency. We 
vary the incident angle � , the angle between the beam and 
the flat substrate, from 30◦ to 90◦ . The stand-off distance, l, 
measured from the nozzle exit to the substrate in the direc-
tion parallel to the beam, ranges from 2 to 4 cm. Figure 6a 
shows the experimentally measured particle removal effi-
ciency at different l and �.

Regardless of the incident angles, � is maximized when 
l ranges from 3 to 3.5 cm. When � = 45◦ , � at l = 3 cm is 
approximately 6% and 23% higher than those at l = 2 and 4 
cm, respectively. We attribute this dependency of � on l to 
the size and speed of the impacting particles. The solid CO2 
particles issued from the nozzle decrease in size during flight 
for heat exchange with the atmosphere. The Mach number 
of the issued particles also decreases due to the air drag. 
For l < 3 cm , the CO2 particles are supposed to arrive at the 
substrate with excessively large size, which was reported to 

be inefficient in removing sub-micrometric particles [30]. 
When the stand-off distance is too large, l > 3.5 cm , the 
velocity of the CO2 particles is too small to transfer sufficient 
momentum to the contaminants.

We see in Fig. 6a that at the same stand-off distance, 
the higher � is obtained in general as the incident angle 
decreases. When l = 3 cm , � at � = 30◦ is 7% higher than at 
� = 90◦ . It is because the particulate contaminants, which 
are non-spherical due to attractive interactions with the sub-
strate [31], are dislodged dominantly by the sliding mecha-
nism [30, 32] upon collision with CO2 nanobullets. As the 
horizontal impact force of the nanobullets increases with 
reduced � , it is more likely that the static friction force of the 
contaminant particles is overcome, which is proportional to 
the vertical component of the impact force.

It is known that the minimum speed of CO2 bullets 
required to remove contaminant particles decreases as the 
contaminants get larger [30]. Hence, our experiments using 
contaminant particles with the diameter ranging from 4 to 13 
nm allow us to examine whether our process conditions are 
sufficient to remove particles over 10 nm in diameter. The 
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Fig. 5  a Piles of solid CO2 particles. b SEM images of a photoresist film bombarded by CO2 beam. The distance from the nozzle tip to the sub-
strate is 3 cm, and the incident angle is 90◦
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cleaning of the contaminants of the order of 1 nm in size 
would require further experiments with finer contaminant 
particles.

Impacts of CO2 nanobullets can damage submicrometric 
patterns. To see the effects of the particle impact conditions 
on the pattern damages, we clean an array of line patterns 
contaminated with the sub-25-nm size CeO2 particles as 
shown in Fig. 7a. The line patterns of SiO2 have the width, 
height, and yield strength of 500 nm, 2.6 μm , and 55 MPa, 
respectively. At a distance where the cleaning of flat sub-
strates is the most efficient, l = 3 cm, we use the incident 
angles 10◦ and 45◦ . The CO2 beam scans the substrate in a 
direction perpendicular to the longitudinal direction of the 
line patterns at the speed of 3 mm/s. When � = 45◦ , Fig 7b, 
no pattern damage is observed with the particle removal 
efficiency reaching 99%. But for � = 10◦ , Fig 7c, we see 
damaged patterns despite almost perfect removal of contami-
nant particles. These results suggest that while the increased 
horizontal component of particle impact force with low � is 
beneficial for cleaning, excessively low � should be avoided 
to prevent pattern damage. For the current cleaning system, 
the stand-off distance of 3 cm and the incident angle of 45◦ 
lead to the most desirable cleaning performance with no 
pattern damages.

4.3  Effects of Back Pressure and Nozzle Design

We evaluate the cleaning efficiency of the supersonic CO2 
beam issued from the nozzle designed for the atmospheric 
condition under different back pressure, or the pressure in 
the cleaning chamber. The experimental results of the par-
ticle removal efficiency with l = 3 cm and � = 45◦ are dis-
played in Fig. 6b. We see that the particle removal efficiency 
decreases but slightly as the back pressure decreases, from 
99.8% at 1 bar to 98.6% at 0.05 bar. As shown in Fig. 3, 
the abrupt pressure changes from the design value, 1 bar, 
to the lower back pressure give rise to expansion waves. 
At the same time, however, the ejected CO2 can be further 

accelerated even outside the diverging nozzle when Pb < 1 
bar. Despite the fluctuations of the properties of the CO2 
caused by the expansion waves, this acceleration is supposed 
to help the beam to maintain the strong cleaning ability.

In addition to the nozzle designed for the atmos-
pheric pressure, we evaluate the cleaning efficiency of 
the aforementioned nozzle designed for the vacuum with 
Ae∕At = 289 under different back pressure. Figure 6b shows 
that the particle removal efficiency decreases drastically as 
the back pressure increases from 0.05 bar to 1 bar. As shown 
in Fig. 4, the CO2 from this nozzle is compressed and decel-
erated under normal shock waves while the CO2 particles 
are re-sublimated to gas for Pb > 0.05 bar. The poor particle 
removal efficiency at high Pb is consistent with the vanishing 
CO2 beams in Fig. 4b–e.

To further check the effects of the area expansion ratio, 
Ae∕At , on the particle removal efficiency, we measure � 
while changing the ratio from 2.25 to 14.06 and plot the 
results in Fig. 6c. The back pressure, stand-off distance, 
and incident angle are 1 bar, 3 cm, and 45◦ , respectively. 
As the area ratio decreases from 6.25 to 2.25, � decreases 
steeply. For the area ratios lower than 6.25, the exit pressure 
becomes higher than 1 bar, as given by Eq. (1), which leads 
to expansion waves while traveling in the cleaning chamber. 
Furthermore, the Mach number at the nozzle exit decreases 
according to Eq. (3), implying the decreased momentum of 
the impacting CO2 particles, which is considered a major 
cause of the reduced particle removal efficiency. For the 
area ratios higher than 6.25, � decreases rather gradu-
ally, which will be eventually very low as already shown 
for Ae∕At = 289 in Fig. 6b. When the area ratio is higher 
than 6.25, the pressure at the nozzle exit is lower than the 
atmospheric pressure, Eq. (1), inducing shock waves. But the 
Mach number increases as the area ratio increases, Eq. (3), 
implying enhanced momentum of impacting CO2 particles. 
Thanks to this high velocity of the CO2 beam, the particle 
removal efficiency does not reduce as steeply as the case for 
the lower area ratios.

Fig. 7  SEM images of the line-patterned SiO2 wafer before and after 
cleaning. a The line-patterned surface contaminated with CeO2 par-
ticles before cleaning. Black lines are the gap between the line pat-

terns and white dots are the CeO2 particles. b The patterned surface 
cleaned with the incident angle of � = 45◦ . c The patterned surface 
cleaned with the incident angle of � = 10◦
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5  Conclusions

As a viable solution to the problems associated with remov-
ing contaminant nanoparticles using wet chemicals, we pre-
sented a methodology to design a nozzle that issues super-
sonic CO2 nanobullets into the air at atmospheric pressure. 
The developed process uses the CO2 gas that is captured 
from other industrial sites, and thus it is environmentally 
benign and free of harmful environmental wastes. Further-
more, the CO2 cleaning at atmospheric conditions can save 
the cost and energy consumption needed to create vacuum. 
We adopted a single-phase compressible flow theory to com-
pute key design parameters, such as the area ratio of exit and 
throat and the gas supply pressure, and examined the results 
with a model considering the phase change. It was shown 
that our nozzle is capable of generating CO2 nanobullets 
into the atmospheric back pressure while the conventional 
nozzles used for vacuum back pressure fail to produce stable 
CO2 aerosols. We also investigated the effects of the stand-
off distance and incident angle of the CO2 beam on the par-
ticle removal efficiency, to provide a set of optimal process 
conditions.

The design methodology delineated in this work allows 
us to design nozzles that produce supersonic nanobullets 
from various kinds of gas, including nitrogen, and argon as 
well as CO2 , into the air at atmospheric pressure. Even with 
the high-momentum nanobullets, the cleaning efficiency 
and pattern-damaging probability varies with the stand-off 
distance and incident angle, requiring us to optimize those 
fluid-dynamic conditions. The maximum speed of the par-
ticle beam is limited under the atmospheric pressure condi-
tion. In addition, the nanobullets may exchange heat with 
the surrounding air and sublimate back to the gas. Therefore, 
the process parameters should be carefully chosen to oper-
ate in the atmospheric condition. Since our nozzle designed 
for the atmospheric back pressure has been shown to work 
equally well for lower back pressure, our nozzle can expand 
the process windows in the semiconductor cleaning. The 
proposed cleaning system employing no additional facili-
ties like chillers, vacuum chambers and carrier gas handling 
apparatus provides huge advantages over conventional wet 
cleaning and vacuum-chamber-based CO2 cleaning schemes.
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