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Abstract- Removal of surface contaminants by various cryogenic aerosol jets has been experimentally investigated. 
Simplified theoretical consideration of their removal mechanism has been also presented based on the impact power 
of the aerosol jets. Under atmospheric operation, water vapor and carbon dioxide could make their particles in- 
dependent of their concentrations in the carrier gas while argon and nitrogen could hardly solidify to their own par- 
ticles. The cryogenic aerosol jets were very effective in removing both submicron particle contaminants and pho- 
toresist films on wafers. The rate of the PR film removal strongly depended on the hardness of the film. Molecular 
organic films could be also removed with the aerosol jets. In general, the removal of the contaminants depends pri- 
marily on the physical impact. The removal rate increased with the mass concentration of the aerosol particles, re- 
gardless of their nature. The rate also increased with the impact velocity of the jets which was controlled by either 
the chamber pressure or the distance between the nozzle tip and the contaminant surface. The cryogenic aerosol- 
free jet was much less effective than the corresponding aerosol jets but had some effectiveness compared to the 
noncryogenic one. The thermal shock of the film was, therefore, supposed to have a secondary effect on the con- 
taminant removal. 

Key words : Cryogenic Aerosol Cleaning, Low-Pressure Impactor, Particle Contaminants, Molecular Films, Photoresist, 
Sublimation 

INT RODUCT ION 

Cryogenic jets have been widely used in removing dirt and 
contaminant films on the surfaces of semiconductor devices, 
precision products, printed circuit boards and machines, and in 
removing various coatings on surfaces, to name a few. The 
aerosol particles in the jets include ice, dry ice and solidified 
argon, all of which can be formed in a cryogenic environ- 
ment and sublimed after the surface contaminants are remov- 
ed. They have advantages of no waste production, the capabili- 
ty to clean complex-shaped objects and no need to disassemble 
and assemble the machines to be cleaned, over conventional 
dry and wet cleaning [Skidmore, 1987; RIrzillo,1990], and other 
abrasive blasting methods. Ohrnori et al. [1989] proposed ice 
scrubber cleaning and discussed the qualitative nature of the pro- 
cess. Their original idea was improved by adding either jet-ac- 
celeration supplement [Nagae et al., 1989] to enhance the phy- 
sical strength of the jets, or solutes [Endo et al., 1992] to in- 
crease the chemical solubility of the dirt on the surface. Dry 
ice cleaning is known to be effective in removing contaminan~ 
from precision to large-scale cleaning. Dry ice methods were 
initiated by Kashu et al. [1984] to remove photoresist films 
on wafer. Many practical patents have been issued [WiUiford 
et al., 1994; Peterson et al., 1994] and the solidified argon and 
nitrogen introduced as new media [McDermott et al., 1994; Wu 
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et al., 1996]. In spite of the wide applications of the methods, 
however, as yet there have been few studies on the formation 
of aerosol particles, the removal mechanism and the comparison 
of the removal rates of various cryogenic jets. In this study, we 
have investigated how the removal rate is influenced by the na- 
ture of the source gases and the contaminants to be removed, 
and the process variables, such as the mass concentration of the 
aerosol particles, chamber pressure and nozzle-to-substrate dis- 
tance. We have focussed on the formation mechanism of the 
cryogenic particles and their strength for the removal of vari- 
ous contaminants. The media investigated include ice, dry ice, 
argon and their combination. 

E X P E R I M E N T A L  SECTION 

96 

1. Cleaning Apparatus 
The experimental apparatus for cryogenic aerosol cleaning 

is shown elsewhere [Yoon, 1997; Yoon et al., 1998]. The cryo- 
genic heat exchanger cools down the carrier gas stream con- 
taining the source gas component, by passing liquid nitrogen 
through the jacket. The source gas may solidify into fine par- 
ticles by phase transition. The cooled stream passes through 
a nozzle to expand into a low-pressure chamber and has a 
second chance for particle formation by further cooling. The 
particles in the high-velocity jet issuing from the nozzle hit 
the contaminated surface placed perpendicular to the jet, re- 
move the contaminants and sublime by themselves. The sub- 
strate moves horizontally back and forth in 1 minute per cycle 
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with or without rotation. The rate of the horizontal move- 
ment is fixed at 0.0008 m/s, while the rotational speed is 57.5 
rpm. For the rotational back-and-forth movement, the cleaned 
area appears as a circle whose center coincides with the half 
point of the whole horizontal displacement. 
2. Preparation of Substrates 

The contaminated surfaces were prepared by depositing ul- 
trafine smoke particles on a slide glass and coating molecular 
organic film and photoresist (PR) film, respectively, on a wafer. 
The smoke particles were generated by a cigarette lighter with 
full opening of its fuel injection valve. They were deposited 
onto the slide glass located at 0.01 m from the lighter opening 
until the light transmittance of the glass immediately dropped 
to zero, which was checked by UV-VIS (JASCO V-550, Jasco 
Co.). The smoke particles deposited on the slide glass were 
spherical but they were agglomerated like necklaces. The num- 
ber and weight average diameters were measured as 226 and 
238 nm, respectively, and the distffoution was found to be very 
narrow [Yoon, 1997]. 

Molecular contaminant films were formed by dissolving 
measured quantities of eicosane in 5 ml heptane, depositing 
two drops of the solution onto a clean gemanium attenuated 
total reflectance (ATR) plate and spreading the material across 
the plate to produce films of roughly equal thickness. Eicosane 
was chosen because it has low solubility (0.19 mole%) in liquid 
carbon dioxide [Hills, 1995] to exclude the solubility effect 
in the mechanism of the film removal. 

PR (AZ1512) films with 1.2-ktm thickness were formed on 
the wafer by a spin coater. The film was baked at 95 ~ for 30 
min. Twenty micrometer-thick PR films (PLP40) were also pre- 
pared to test the effect of  film hardness. The PR films with 
different hardness were obtained without baking, and with 
baking at 105 ~ for 212s and at 150~ for 600s, whose av- 
erage Micro Vickers hardness were 7.1, 11.07 and 27.46, re- 
spectively. 
3. Process Variables for Cleaning 

The flow rates and partial pressures of  the source gases 
for various aerosol media are shown in Table 1. The media 
M1 was prepared by spraying water droplets with an ultrasonic 
vibrator at the rate of 0.1027x 10 -3 kg/min in particle-free ni- 
trogen as a carrier gas at 25~ [Sung et al., 1996]. The com- 
posite media M2 and M3 were made by mixing 2 x  10 -5 m3/ 
min of CO2 and argon, respectively, with 0.060• 10 -3 kg/min 

of water vapor in nitrogen gas at 25 ~ Since the exact mass 
flow rates of CO2 and argon gases corresponded to 0.0392• 
10 -3 and 0.0357x 10 -3 kg/min, restxx:fively , the total mass flow 
rates of the aerosol sources were 0.0992x 10 -3 and 0.0957• 

10 -3 kg/min, respectively, close to the flow rate of the water 
droplets in M1. For the generation of pure dry ice and sol- 
idified argon particles, carbon dioxide and argon were add- 
ed, respectively, at the same mass rates as above (0.0392x 
10 -3 and 0.0357x 10 -3 kg/min) to dry nitrogen gas at 25~ 
Those media were designated as M4 and MS, respectively. All 
the media from M1 to M5 were passed through the cryogenic 
heat exchanger. To see the cryogenic effect in removal mech- 
anism, M5 without passing through the heat exchanger was 
also used for removing the same contaminants. This was desig- 
nated as M6. In all cases, the total flow rate of the carder 
and source gases varied according to the pressure of the clean- 
ing chamber. The flow rate, however, saturated to about 3.2x 
10-3m3/min below 53 kPa [Ju et al., 1996], which is the critical 
pressure for the flow through the nozzle to be sonic [Smith 
et al., 1996]. 

In addition to the nature of the cleaning media described 
above, we chose, as the process variables, the nozzle-to-sub- 
strate distance and the pressure of the cleaning chamber. The 
experimental conditions are shown in Table 2. To investigate 
the effect of one variable on the removal rate, its value was 
varied while the other variables were kept at the correspond- 
ing reference values. 
4. Measurement of Cleaning Efficiency 

In order to quantify the removal efficiency in the smoke-par- 
ticle removal, the light transmittance of  the slide glass was 
measured with UV-VIS (JASCO V-550, Jasco Co.). We chose 
the measuring point at 0.006 m apart from the center of the 
cleaned circle, where the effect of the process variables on the 
efficiency best appeared. 

In the case of the PR film, the removal rate or impact power 
was measured as the radius of the completely PR-removed area 
as described elsewhere [Yoon et al., 1998]. On the other hand, 
simply to see the effect of film hardness on the efficiency, only 
the reciprocating movement of the substrate was allowed and 
the average depth of the removed film was measured with ~- 
step (ct-200, PENCOR Instrument). 

The impact on the PR film and its removal were observed 
with metallurgical microscope (FX-35WA, Nikon) and scan- 

Table 2. Experimental conditions 

Process variables Their values chosen 
Pressure (kPa) 8.0", 14.7, 21.3, 34.7, 48.0 
Nozzle-to-substrate Smoke removal 5, 10", 15 

distance (• 10 -3 m) Photoresist removal 5", 10, 15 

*reference condition 

Table 1. Flow rates and partial pressures of the source gases 

Cleaning media M1 M2 M3 M4 M5 M6 

Source gas Water vapor Water vapor+CO 2 Water vapor+argon C O  2 Argon Argon (Not cryogenic) 
Mass flow rate 0.1027 0.0992 0.0957 0.0392 0.0357 0.0357 

(X 10 -3 kg/min) (0.0600+0.0392) (0.0600+0.0357) 
Partial pressure, kPa 3.25 3.14 (1.90+1.24) 3.03 (1.90+1.13) 1.24 1.13 1.13 

98.05** 98.16"* 98.27** 100.06"* 100.17"* 100.17"* 
*Under maximum carder gas flow rate. 
**Nitrogen partial pressure. 
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ning electron microscope (JSM-5200, JEOL Co.), respectively. 
5. Theoretical Consideration of Cleaning Power 

�9 The physical cleaning power P is given as the product of 
the particle flux and the kinetic energy of single particle : 

nd 3 1 (  pPp~.3 1~. 3 P = (Iqp vp) �89 mt, vJ = Nt, ~ t - ~ - ~  f,s, = ~vip v j (1) 

where N v is the number concentration, vp the impact velocity, 
ra v the mass, ~ the diameter, pp the density and ~ the mass 
concentration of the cleaning pare 
6. Particle Formation in Cryogenic Heat Exchanger 

The particle (droplet) formation depends on the supersatura- 
tion of the source gas. The birth of the particles begins with 
the formation of the critical nuclei, whose rate is highly de- 
pendent on the saturation ratio of the gas [Friedlander, 1977]. 
Subsequent particle growth occurs by the condensation of the 
source-gas molecules which have not participated in the nu- 
cleation. When the particles already exist in the system, the 
gas molecules may either self-nucleate or condense out on the 
existing particles, depending on the concentration of the par- 
ticles and the saturation ratio of the gas [Fdedlander, 1977]. 
Fig. 1 shows the vapor pressure data for water vapor, carbon 
dioxide, argon and nitrogen. The velocity and temperature fields 
within the heat exchanger were calculated numerically from 
momentum and energy balance equations by using TEACH 
code. The axial-velocity distributions and radial temperature 
of the carder gas are shown in Figs. 2 and 3 for the inlet, 
middle and outlet of the exchanger. The outlet velocities of 
the carder gas drop to about one-third of the inlet velocities 
due to the volume reduction in the cryogenic environment. 
At an average outlet temperature of about - 140 ~ the media 
containing water and/or cafl~on dioxide (M1, M2 and M4) are 
supposed to solidify regardless of their concentrations (partial 
pressures). However, argon (MS) and nitrogen gases would 
not condense at all under the partial pressures given in our 
experiment (Table 1). As shown in Fig. 1, argon gas would 
condense above 26.7 kPa even though the average outlet tem- 
perature reaches the temperature of liquid nitrogen. Therefore, 
the media M5 are supposed to have a negligible number of par- 
ticles and so act as a gas jet only. 

Fig. 1. Vapor pressure curves for the gases involved in our 
experiment. 
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Fig. 2. Axiai velocity distributions calculated by TEACH code 
at different distances from the heat exchanger inlet. 

l~,. 3. Temperature distributions calculated by TEACH code 
at different distances from the heat exchanger inlet. 

For the media M1, the droplets prepared from the ultra- 
sonic nebulizer are supposed to be completely evaporated due 
to mixing with dry nitrogen gas, then completely condensed 
and finally solidified in the heat exchanger. When both water 
vapor and carbon dioxide coexist like M2, the molecules of 
water vapor are supposed to first nucleate to form ice particles; 
then carbon dioxide molecules would either condense onto 
the surface of the particles or self-nucleate to form their own 
particles during the subsequent cooling. In M3, containing water 
vapor and argon, only water vapor is supposed to solidify. 
7. Nozzle Expansion and Impact Velocity 

The last chance of solidification remains around the expan- 
sion to the low-pressure cleaning chamber through the nozzle. 
The process is approximately isenthalpic. The Joule-Thomson 
coefficient at the temperature and pressure of the nozzle up- 
slream is, however, given at about 1 K/1.013• 10SPa [Liley et 
al., 1997]. The temperature drop through the expansion is 
then calculated as only 0.9 K and the additional cooling is 
not sufficient for further solidification. 

The cleaning power depends on both the mass concentra- 
tion and the velocity of the cleaning media as shown in Eq. 
(1). The velocity of the carder gas increases as the chamber 
pressure decreases and remains constant below the pressure 
of about 53.3 kPa as described before. The true impact veloc- 
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ity is determined by the inertia resulting from the velocity 
entering the velocity boundary layer exisling near the substrate 
surface. The complete analysis of the cleaning power is, how- 
ever, not available yet since the particle behavior near the 
point of impact is not known due to the complexity of the 
flow and temperature fields. Since a velocity boundary layer 
exists near the substrate surface, in order to strike the surface, 
the solidified particles must have a stopping distance longer 
than the thickness of the layer; hence their velocity [vp in Eq. 
(1)] at the point of impact must be greater than zero. The sit- 
uation is expressed as: 

h=~ , ;  _> ,~ (2) 

where h is the stopping distance of the particle, 8 is the thick- 
ness of the boundary layer, v~ is the particle velocity entering 
the layer, and z is the relaxation time of the particle with 
the diameter d~. t is expressed as [Hinds, 1982] : 

t =  cd;2p~' (3) 
18 It 

where C is the Cunningh~ slip correction factor, p~ the density 
of the particle and/.t the viscosity of the carrier gas. The a- 
nalysis demonstrates that the relaxation time x, the stopping 
distance h and hence the impact velocity v~ all increase with 
the particle size. Therefore, the aerosol-f~ee jet (MS) having 
only gas molecules, due to their small d~ exhibits the short- 
est stopping distance, and hence the lowest cleaning power. 

As the chamber pressure decreases, the nozzle-tip velocity 
increases; accordingly, the velocity boundary layer becomes 
thinner and the gas velocity entering the layer increases. These 
changes are stopped when the chamber pressure gets down 
to the critical value of 53.3 kPa, described as before. Then, 
the velocity v~ no longer increases and is assumed constant 
regardless of the media. On the other hand, as the chamber 
pressure decreases, the slip correction factor increases, and 
hence the relaxation time and stopping distance also increase. 
This phenomenon results in the continuous enhancement in 
the impact power with the reduction of the pressure, beyond 
the critical pressure. However, when the pressure further de- 
creases, the mean free path of the carrier gas and hence Knud- 
sen number increases for a given size of the particles, and fi- 
nally the particle motion gets into the fTee molecular regime. 
The increase in the correction factor then stops and so does 
that in the impact power. 

RESULTS AND DISCUSSION 

1. Removal of the Smoke Particles 
Fig. 4 suggests that except with M5 and M6 the nozzle- 

to-substrate distance does not appreciably affect the removal 
efficiency in the range of 0.005 to 0.015 m, so the aerosol 
jets are very effective in the removal of the submicron parti- 
cles. The pressure of the cleaning chamber also influences the 
removal efficiency as shown in Fig. 5. For all kinds of the 
ice-containing particles, the efficiency remains almost 100 % 
below about 45 kPa, but above it the efficiency decreases sig- 
nificantly with the chamber pressure. The pressure is lower 
than 53.3 kPa, which is the critical pressure for the sonic jet 

4. Effect of nozzle-to-mlbst~te distance on the transmittance 
of the contaminated slide glass far various deanlng media. 
Chamber pressure : 8 kPa, Number of scans : 2 times 

Fig. 5. Effect of the chamber pressure on the transmittance of 
the contaminated slide glass for various cleaning media. 
Nozzle-to-substrate distance : 1 x 10-2 m, Number of scans: 
2 times 

flow described before. However, for the dry ice (M4) and gas 
(M5) jets, the efficiency decreases continuously with the cham- 
ber pressure, showing no existence of such a threshold pressure. 
M6, which is noncryogenic without any aerosol particles, has 
far less efficiency than even M5. This implies that the thermal 
effect caused by the cryogenic jets has some effect on the re- 
moval of the contaminants [Hills, 1995]. 
2. Removal of Molecular Contaminant Film 

Fig. 6 shows a series of inflared spectra of the clean, eico- 
sane-contaminated germanium ATR plates and the plates clean- 
ed with various media. In the Figure, the infrared absorption 
below 900 cm -1 is caused by the germanium plate. Fig. l(a) 
shows the infrared xq'omtional modes of eicosane, including a 
very intense carbon-hydrogen stretching mode at approximately 
2,920 cm-1. This mode is diminished in the infrared spectra of 
the plate removed by all the jets for less than 1 minute. Even 
M5, the aerosol-free jet could remove the film entirely. How- 
ever, the exact times for removal could not be measured in 
our experiments. 
3. PR Film Removal 

The SEM pictures in Fig. 7 show a series of the PR films 
being removed by the ice+dry ice particles (M2) in rotational 
scanning. It is clearly observed that the film was being scar- 
ed and finally removed, which confirmed that the particles hit 

Korean J. Chem. Eng.(Vol. 16, No. 1) 



100 C.N. Yoon et al. 

- -  l e  P l l ~  

(a) 

Co) 

Fig. 6 . I n f i m ~  multiple-reflection spectra or (a) top: clean ger- 
manium-attenuated total-reflectance plate, bottom : ger- 
manium plate covered with eicosnae, and (b) the plate 
removed with top : M1, middle : M4, bottom : M5. 

(a) 

(b) 

(c) 

the film surface. The fringe formation by the impact of the 
cryogenic jet is shown in  Fig. 8 for one-point impacts by three 
different media. The variations in the widths of fringes and their 
sharpness are clearly observed, showing the descending order of 
the impact power as M1, M4 and M5. Clearly, M5, the aerosol- 
free jet also had some effect on the impact and hence the re- 
moval of the PR film, while M6, the noncryogenic jet left no 
mark of the film removal at all. 

The effect of film hardness on the removal depth as a meas- 
ure of  the impact power is shown in Fig. 9. The depth de- 
creases with the film hardness. For the film with the same 
hardness, the ice particle jet has the highest power while the 
noncryogenic gas (M6) jet has the lowest. The hardness of 
the film has less effect on the depth for the aerosol-free jets 
(M5 and M6). 

The effect of the nozzle-to-substrate distance on the radius 
of the removed area is shown in Fig. 10. The velocity of the 
particles issuing from the nozzle tip decreases because the 
carrier gas slows down with the distance. Therefore, at the 
distance about 0.015 m apart from the nozzle the efficiency 
almost drops to zero, showing the PR removal is more dif- 

Fig. 7. SEM pictures showmg the removal of PR on wafer for 
ice+dry ice particles (M2) under the reference condition. 
(a) before removal Co) at early stage of removal (c) at later 
stage of removal 

ficult than the smoke-particle removal (Fig. 4). 
Fig. 11 shows the effect of the chamber pressure on the 

impact power. As in the smoke cleaning, the powers of both 
pure dry ice (M4) and the gas (M5) jets just decrease con- 
tinuously with the pressure, while for ice-containing media 
(M1, M2 and M3) it remains constant below a certain pressure 
and then decreases with the pressure. The pressure at which the 
reduction in the power occurs is different according to the na- 
ture of the surface contamination. For the PR-film removal it 
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(a) (b) 

(c) (d) 

Fig. 8. Variation in the impact of various cleaning media on photoresist-eovered wafer under the reference condition. 
(a) Ice particles (M1), (b) dry ice particles (M4), (c) argon+nitrogen gas stream (M5), (d) noncryogenic argon+nitrogen gas stream (IVI6) 
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Fig. 9. The effect of  the hardness of  PR film on the radius 
of  removed area under the reference condition. 

ranges between 13 and 20 kPa, depending on the media, 
while it was about 45 kPa in the smoke removal. This also 
implies that the removal of PR films is more difficult than that 
of  smoke particles. As described before, the existence of the 
pressure in the PR removal is supposed to be related to the 
fact that the regime in particle motion changes from transition 
to free-molecule regime so that no further increase in the slip 
correction factor is expected. AS noted in Eq. (3), this threshold 
chamber pressure increases with the particle size. 
4. Comparison of  Impact Powers of  Various Media. 

So far the media used in the jets have been found to deft- 
nitely influence the impact power. The powers of the ice (M1) 

6 

5 

X 

2 

0 �9 t , = . 
4 6 8 10 12 14 16 

Nozzle-to-subsWate distance, x 10"3m 

Fig. 10. Effect of nozzle-to-substrate distance on the radius of  
cleaned area for various deaning media. 
Chamber pressure : 8 kPa, Number of scans : 30 times 

and ice+dry ice (M2) particles are the highest, followed by 
those of  M3, pure dry ice (M4) and M5 in turn. In any case, 
M6 has the lowest impact power. As described before, argon 
and nitrogen cannot solidify under our experimental conditions, 
so M3 contains ice particles and nitrogen plus argon gas, and 
M5 consists of nitrogen plus argon gas with no particles. The 
impact power is estimated as in Eq. (1). The order in the power 
in our results is the same as that of the mass concentration 
of the source gases, since the concentration determines the par- 
ticle size and this in turn fixes the impact velocity. The ex- 
pansion through the nozzle is supposed to give no chance for 
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l l .Effect of the chamber pressure on the radius of cleaned 
area for various deanlng media. 
Nozzle-to-substrate distance: 0.5x10 -2 m, Number of 
scans: 30 times 

additional formation of the cleaning particles as described be- 
fore, but merely contn'butes the acceleration of the particles. 

The impact powers of the ice (M1) particles have been al- 
ways close to, but slightly inferior to, those of ice+dry ice 
(M2) under the same conditions, even though the mass flux 
of M1 is slightly higher than that of M2. The reason is that 
some water often caused the clogging of the nozzle tip, making 
the actual efficiency drop. Instead, as in M2, the partial replace- 
ment of water with carbon dioxide vapor reduces the trouble. 
The combination of carbon dioxide and water vapor first gen- 
erates the ice particles which are more condensable, and the 
subsequent condensation of carbon dioxide molecules onto 
their surface. If there is only carbon dioxide in the carrier gas 
(nitrogen) (M4), its self-nucleation occurs to yield pure dry-ice 
particles. The fact that the impact power of M2 is close to 
that of M1 tells us that the mass concentration and impact 
velocity of M2 particles are similar to those of M1 particles. 
This implies that the particle sizes are similar in both media. 
It is, therefore, confirmed that the particle formations actually 
occur by almost the same routes in these media, which has 
been already postulated as before. In M3, water vapor is sup- 
posed to take part in the particle formation while argon remains 
in the gas phase. The average size of the particles is then ex- 
pected to be smaller than either M1 or M2. In M4, the dry ice 
particles nucleate by themselves with much smaller mass flux, 
having appreciably lower impact power as shown in the figures 
above. In our results, MS, the aerosol-free jet, has lower power 
than that of M4, but has higher power than M6, the noncryo- 
genic jet. This means that the cryogenic effect play a certain 
role in removing the contaminants. 

CONCLUSIONS 

We have investigated the effect of the aerosol media pre- 
pared by different source gases, the process variables, and 
the source of contamination on the impact power. From our 
study we have concluded: 

1. At atmospheric pressure, water vapor and carbon dioxide 
solidified in the cryogenic heat exchanger regardless of their 
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concentrations in the cartier gas, while the solidification of ar- 
gon gas required partial pressures far above 26.7 kPa. 

2. In cryogenic jet cleaning the removal mechanism of the 
contaminants mainly depended on the physical impact of the 
jet. The aerosol jets were, therefore, more effective in the con- 
tamimtnt removal than the aerosol-free gas jet, due to the inertia 
effect of the aerosol particles. Cryogenic aerosol cleaning was 
very effective in the removal of submicron particles and the 
photoresist film% the rates of which depended on the film hard- 
ness. The molecular organic film could be removed with the 
cryogenic jets with or without the aerosol particles. 

3. The cryogenic aerosol-free jet had also some limited power 
for the contaminant removal, which showed evidence of the 
thermal-shock effect in the removal mechanism. 

4. The order of the media in the impact power was the 
same as that of the mass concentration of the condensable 
source gases, since the concentration determined the particle 
size and this in turn fixed the impact velocity. 

5. The impact velocity increases with the reductions of the 
chamber pressure and nozzle-to-substrate distance and so does 
the impact power. For the aerosol jets, there existed a thresh- 
old chamber pressure below which the power saturated. The 
pressure increased with the particle size. 
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