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(57) ABSTRACT 
The present invention may be used in the ?eld of precision 
manufactured and assembled devices and precision test 
apparatus, among many others, for the selective preparation 
(cleaning and modi?cation) of a critical substrate surface 
prior to, during, or following manufacturing and assembly 
operations such as coating, bonding, patterning, sealing, 
dicing, cutting, drilling, polishing, planariZation, among 
many other manufacturing operations. Moreover, the present 
method may be used to prepare medical instruments for 
implant or use and for dry cleaning textile substrates by 
providing a combination of surface cleaning and modi?ca 
tion using loW pressure plasma in combination With plasma 
dense ?uid surface cleaning pre-treatments. The present 
invention illustrates a method With various exemplary appa 
ratuses for developing and employing an instant enabling, 
dry, and selective surface cleaning and modi?cation method 
using tWo or more advanced dry cleaning techniques; 
plasma cleaning, dense ?uid cleaning, electrohydrodynamic 
cleaning and UV/OZone cleaning. Using tWo or more of 
these techniques sequentially or simultaneously as an instant 
surface treatment combination, virtually any type of con 
tamination may be efficiently, effectively, and selectively 
removed from a precision substrate surface Without damag 
ing said bene?cial surface features. Following Which the 
precision substrate surface may be modi?ed, coated, 
assembled, or used. 
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METHOD AND APPARATUS FOR SELECTIVE 
TREATMENT OF A PRECISION SUBSTRATE 

SURFACE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This invention claims the bene?t, under Title 35, 
United States Code 119 (e), of Provisional Application No. 
60/377,197, ?led May 3, 2002 entitled “Method and Appa 
ratus for Selective Treatment of a Precision Substrate Sur 
face” Which is hereby incorporated by this reference. 

BACKGROUND OF INVENTION 

[0002] As technology has advanced, the system perfor 
mance requirements and complexity of manufactured and 
assembled precision instruments and devices have 
increased, While the size of individual components and 
assemblies have decreased. This continuing miniaturization 
process has magni?ed the susceptibility of precision sub 
strates and surfaces to contamination. Speci?c effects of 
contamination depend on the type of substrate, materials 
used, and system in Which the device is used. 

[0003] Thus, an important element of any precision manu 
facturing or assembly process is the removal of contami 
nants (oils, particulates, moisture, etc.) from the surfaces of 
precision substrates. Precision substrate surfaces include 
those in the manufacturing and assembly of semiconductors, 
?ber optic, optoelectronic, medical, and sensor devices, 
fabrics, textiles, and instruments, among many other con 
taminant-yield sensitive devices. The contamination of these 
surfaces usually results from external sources such as pro 
cess equipment, personnel, process reaction by-products, 
chemical impurities and assembly residues. 

[0004] For example, contaminants in contact With a pre 
cision substrate surface may inhibit the movement of a 
microelectromechanical system (MEMS) component such 
as a gear or moveable mirror, interfere With the transmission 
of light, prevent uniform electrodeposition of a metal, pre 
vent Wetting of a bonding agent, decrease adhesion strength 
betWeen bonding interfaces, or produce shorts in micro 
scopic electronic interconnects. 

[0005] More than 80% of the yield loss of volume-manu 
factured integrated circuits is attributable to particle con 
tamination. As device geometries continue to shrink and 
Wafer size increases, particulate matter and residues Will 
have an ever-increasing impact on device yields. Current 
cleaning technologies become less effective With the groW 
ing demand for removing sub-micron (<1 micrometer) con 
tamination. 

[0006] Selection of an appropriate combination of clean 
ing techniques for precision substrate surface cleaning must 
include consideration of the type of soil to be removed, 
substrate composition and properties, and the desired level 
of cleanliness. Precision substrate surface cleaning involves 
a Wide range of substrate materials of composition, includ 
ing metals, ?bers, colorants, pigments, polymers, plastics, 
epoxies, and sealants, and usually have stringent cleanliness 
requirements such loW particle counts, no surface residues, 
Wetability, and surface brightness. Furthermore, a Wide 
range of contaminations exist, including particle contami 
nation, chemical contamination, biological contamination, 
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ionic contamination, molecular contamination and outgas 
sing or offgassing contamination. In addition, the precision 
substrate surfaces can exhibit a variety of surface geometries 
(e.g., tubing, insulated Wires, small ori?ces, surface topog 
raphy) that can make ef?cient cleaning and drying very 
dif?cult to achieve. To. date, no knoWn universal and effec 
tive dry cleaning alternative method for the variety of 
precision substrate surface preparations exists. To properly 
develop such a universal alternative cleaning methodology, 
each alternative must be evaluated based on all of the above 
cleaning factors as Well as cleanliness requirements, mate 
rial compatibility, and cost effectiveness speci?c to the 
desired surface cleaning application. 

[0007] For example, aqueous cleaning may be effectively 
used to clean simple geometric surfaces, but the cleaning 
liquid may become entrapped in crevices and hidden cavities 
of more complex components, thus potentially affecting the 
operation of the precision device if not thoroughly removed 
in subsequent drying steps. Furthermore, aqueous cleaning 
techniques are not compatible With neW substrate materials 
and shrinking geometric features, Which leads to effects such 
as corrosion or oxidation or may cause substrate damage 
during drying operations due to capillary force pressure 
Within microvias and cavities. 

[0008] It important to discuss the speci?c types of con 
taminations and precision substrate surfaces encountered 
and cleaning energies required to perform the myriad num 
ber of precision cleaning operations, and addressed by the 
present invention. The folloWing is a generalized categori 
zation of common surface contaminations and substrates 
encountered in precision cleaning applications. Surface con 
taminations may be classi?ed and typi?ed into four major 
groups according to Table 1. 

TABLE 1 

Contamination Classi?cation Scheme 

Class A—Thick Films 
(viscous liquids and solids having micrometer level thickness) 

Type A1—Cross linked and bonded ?lms 
(i.e., optical coatings, polymers, plasma etch residues) 
Type A2—Viscous organic ?lms 
(i.e., hydrocarbons, stains, blood) 
Class B—Thin Films 
(viscous liquids having monolayer and nanometer level thickness) 

Type B1—Organic ?lms 
(i.e., resist residue, ?nger oils, trace hydrocarbons, biological, haze) 
Type B2—Inorganic ?lms 
(i.e., Water, minerals, ionics, oxides) 
Class C—Particulates 
(inorganic and organic solids and semi-solids) 

Type C1—Macroscopic 
(i.e., particle sizes > 10 micron) 
Type C2—Microscopic 
(i.e., particles sizes between 0.5 and 10 microns) 
Type C3—Nanoscopic 
(i.e., particle sizes < 0.5 microns) 
Class D—Outgassing Compounds (condensed vapors) 

Type D1—Organic outgassing compounds 
(i.e., organic gases and vapors) 
Type D2—Inorganic outgassing compounds 
(i.e., inorganic gases and Water vapor) 
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[0009] Precision Substrate Surfaces may be classi?ed and 
typi?ed according to Table 2. 

TABLE 2 

Substrate Surface Classi?cation Scheme 

Class A—Anisotropic Surface 

Type A1—Planer 
(i.e., diced or Whole disk drive, semiconductor, optical and MEMS Wafers) 
Type A2—3—Dimensional 
(i.e., optical benches, CMOS image sensor, implantable device) 
Class B—Isotropic Surface 

Type B1—Planer 
(i.e., photodiode, LCD, lead frame, optical lenses, polyimide ?lm, IC 
test socket pad) 
Type B2—3—Dimensional 
(i.e., optical ?ber, holloW tube, CMOS image sensor) 

[0010] Cleaning is de?ned as the removal of unWanted 
substances (Table 1) from a substrate surface or subsurface 
(Table 2). The process of removing unWanted substances 
involves breaking bonds, chemical and physical, using a 
combination of mechanical, physical, and chemical energy. 
Furthermore, cleaning performance is measured in terms of 
a combination of the aforementioned cleaning energies, 
level of contamination, and cleaning time required to meet 
a certain cleanliness level. The mechanics of cleaning are 
complex due to the many variables as discussed above, thus 
an innumerable variety of conventional Wet and dry com 
binational cleaning methodologies exist. 

[0011] Furthermore, cleaning energies may be classi?ed 
and typi?ed according to Table 3. 

TABLE 3 

Cleaning Energies 

Class A—Mechanical Energy 

Type A1—Shear stress 
Type A2—Acoustic 
Class B—Physical Energy 

Type B1—Heat 
Type B2—Surface tension 
Type B3—Viscosity 
Class C—Chemical Energy 

Type C1—Solubilization 
Type C2—Oxidation 

[0012] The proper selection and application of these clean 
ing energies (Table 3) is critical to ef?ciently remove of the 
many varieties of contaminants encountered in precision 
cleaning applications, reducing cleaning time, meeting 
cleanliness requirements, and selectively treating Without 
damage to a precision substrate surface. 

[0013] As can be seen from Tables 1, 2 and 3, removal of 
the various types of contaminants from precision substrate 
surfaces necessitates the use of several cleaning energies. 
For example, particles (i.e., Table 1, Type C1, C2, and C3 
contaminants) contained on a Wafer surface (i.e., Table 2, 
Type A1 substrate surface) require shearing action (i.e., 
Table 3, Type A1 cleaning energy) for complete removal. 
HoWever, plasma reacted resist residues (i.e., Table 1, Type 
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B1 contaminants) on that same Wafer Would require addi 
tional cleaning energy in the form of oxidative cleaning 
species (i.e., Table 3, Type C2 cleaning energy) to achieve 
both a particle and residue free substrate surface. Also, other 
cleaning energies (i.e., solubility, thermal, and shear) may be 
required to rinse and dry the cleaned substrate using, for 
example, a conventional Wet and dry cleaning method. 

[0014] In conventional processes, several Wet and dry 
cleaning techniques are employed to achieve the desired 
quality and performance of the cleaning process. This is so 
because each cleaning technique delivers a certain and 
usually ?xed performance pro?le—that is a type of cleaning 
energy and effectiveness for a certain type and level of 
contamination and for a certain type of substrate surface. 
Also because Wet and dry methods are different chemically 
and physically, special rinsing and drying techniques must 
be included in the methodology. 

[0015] For example, a common technique used to achieve 
various levels of cleanliness, be it organic, inorganic and 
particulate cleanliness, involves the combinational use of 
various Wet and dry cleaning and drying technologies. 
Examples of combinational cleaning and drying processes 
include organic solvent cleaning (i.e., Table 3, Type A1 and 
C1 cleaning energies) folloWed by nitrogen drying (i.e., 
Table 3, Type A1 and B1 cleaning energies); oxidative 
hydroxylamine cleaning (i.e., Table 3, Type C2 cleaning 
energy) folloWed by deioniZed Water ?ushing (i.e., Table 3, 
Type A1 and C1 cleaning energies) and alcohol drying (i.e., 
Table 3, Type C1 and B3 cleaning energies); and plasma 
cleaning (i.e., Table 3, Type C2 cleaning energy) folloWed 
by oZonated Water residue removal and alcohol drying (i.e., 
Table 3, Type A2, B3, and C2 cleaning energies). 

[0016] As can be seen, conventional cleaning and drying 
methods can be fairly extensive and most often involve 
combinations of Wet and dry chemistries, techniques and 
equipment. HoWever, conventional cleaning methods are 
becoming increasingly problematic for precision substrate 
surfaces as device geometries shrink and neW manufacturing 
materials are used. For example, issues such as microscopic 
and contaminant-related defects caused by stiction and cap 
illary collapse are becoming more prevalent in optical and 
IC Wafer fabrication. Furthermore, highly energetic cleaning 
processes such as vacuum plasmas may damage substrates 
and especially microscopic features present on a surface 
While removing unWanted surface contaminations. Still 
moreover, to achieve nano-scale levels of cleanliness With 
out damage to the substrate surface and to modify said 
substrate surface to prepare for folloWing operations, a many 
iterations of Wet and dry processing is required, each process 
enabling the next produce a biocompatible surface, produce 
a hydrophobic surface, or to create a barrier ?lm. Surface 
modi?cations can only be properly performed on a precision 
substrate once its surface is free of hydrocarbons, particles 
and other contaminating residues. As such, there is a present 
need for a dry combinational cleaning and surface treatment 
method that can produce a clean surface ?rst and then 
modify said cleaned surface to produce additional bene?cial 
surface properties as identi?ed in Table 4. 

[0017] To address this need, the present inventor has 
developed a completely dry substrate surface cleaning and 
modi?cation method using a unique combination of state 
of-the-art dry cleaning and surface modi?cation technolo 
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gies. Candidate technologies Were identi?ed, studied, and 
evaluated to determine the performance characteristics and 
limitations for each. 

[0018] As a result of this Work, it has been discovered that 
using various dry cleaning and surface modi?cation tech 
niques in certain combinations, called instant surface treat 
ment methods herein, alloWs for complete treatment of a 
substrate surface Without resorting to conventional Wet 
cleaning and drying methods described above. The present 
method provides the entire range of cleaning energies (i.e., 
Table 3) required for the various contaminations (i.e., Table 
1) and substrate surfaces (i.e., Table 2) encountered in most 
precision substrate surface cleaning. Moreover, a cleaning 
technique Was chosen (i.e. loW pressure plasma) Which 
serves as a folloW-on surface modi?cation technique (i.e., 
Table 4), thus increasing the utility of the present invention. 
The present method is highly selective and an instant 
method may be constructed so as not to damage delicate 
features found on precision substrate surfaces. In many 
applications, only the affected substrate surface may be 
treated Which minimiZes re-contamination and materials 
compatibility problems using the techniques described 
herein. Furthermore, the present invention can treat nearly 
all types of contamination typically found on various pre 
cision substrate surfaces and can produce a physicochemi 
cally modi?ed surface Which is necessary for subsequent 
manufacturing operations such bonding, plating, coating, 
assembly, or for direct use. 

SUMMARY OF THE INVENTION 

[0019] The present invention employs various combina 
tions of solid cryogenic carbon dioxide spray cleaning, 
liquid and supercritical carbon dioxide immersion cleaning, 
atmospheric plasma, and ultraviolet/oZone cleaning. Fur 
thermore, the present invention teaches the use of a neW dry 
cleaning technique called electrohydrodynamic (EHD) 
cleaning for the removal of nanoscopic surface contamina 
tions. Although very attractive, these individual techniques 
have discrete characteristics, that is application and perfor 
mance limitations, Which prevent them individually from 
properly treating a substrate surface and may even damage 
a surface. For example, physical damage to a substrate 
surface may be caused by a particular technique due to 
excessive cleaning energies required (i.e., high spray pres 
sure, high plasma energy level, presence of oxidiZing chem 
istries) and excessive treatment periods required to achieve 
a certain surface cleanliness level. The individual technolo 
gies employed in combination in the present process. More 
over, many times the native substrate surface must be 
chemically activated to insure good adhesion or Wetting for 
folloW-on manufacturing processes. Finally, Water reduction 
and pollution prevention are a major concern for the preci 
sion device manufacturing industries. 

[0020] Most conventional Wet and dry combinations cre 
ate signi?cant Waste by-products, pose Worker exposure 
dangers, and consume tremendous amounts of Water 
resources. Much interest exists to develop alternative pre 
cision substrate cleaning and drying methods to replace 
haZardous chemicals such as organic solvents, acids and 
hydrogen peroxide. Technological advances in this area such 
as Microelectromechanical Systems (MEMS) and shrinking 
line Widths and deep trenches With high aspect ratios require 
advanced cleaning and drying technologies. Industry utiliZes 
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or has proposed various techniques to remove plasma 
reacted or patterned organic photoresists (i.e., Table 1, Type 
A1 contamination) and particles (i.e., Table 1, Type C2 and 
C3 contamination), rinse and dry a semiconductor Wafer. An 
example of a typical conventional and combinational clean 
ing technique for semiconductor substrates folloWs. 

[0021] With respect to cleaning Wafers to remove an 
organic photoresist contamination, commercial cleaning 
systems have been developed Which employ oZone and 
Water to replace dangerous or ecologically-unsafe chemical 
processes such as sulfuric acid-hydrogen peroxide mixtures, 
toxic organic solvents, and amine-based cleaning agents. 
One such system, called the SMS DI03 photoresist strip 
process (Legacy Systems Inc., Fremont, Calif.), uses an 
oZone generator and diffuser located in a tank of chilled (5 
C) deioniZed Water Which is circulated into a tank containing 
the Wafers. OZone is a poWerful oxidiZer that is used to 
mineraliZe organic contamination. folloWing oZone treat 
ment, Water rinsing and drying are performed. HoWever, 
complete drying of precision substrates folloWing cleaning 
by Wet methods is limited due to hydration of small capil 
laries, vias and interstices that may be present. Moreover, a 
lack of substrate surface selectivity can be limiting in many 
applications, because the entire precision device is subjected 
to the combinational cleaning method that complicates 
cleaning, drying and compatibility issues. Drying methods 
typically employ an alcohol rinse to overcome some of these 
issues. For example, techniques include the use of an 
isopropyl alcohol (IPA) vapor dryer, full displacement IPA 
dryer, and others. These IPA-type dryers often rely upon a 
large quantity of a solvent such as isopropyl alcohol and 
other volatile organic liquids to facilitate drying of the 
semiconductor Wafer. An example of such a technique is 
described in US. Pat. No. 4,911,761, and its related appli 
cations, in the name of McConnell et al. and assigned to 
CFM Technologies, Inc. McConnell et al. Generally 
describes the use of a superheated or saturated drying vapor 
as a drying ?uid. This superheated or saturated drying vapor 
often requires the use of large quantities of a hot volatile 
organic material. The superheated or saturated drying vapor 
forms a thick organic vapor layer overlying the rinse Water 
to displace (e.g., plug ?oW) such rinse Water With the drying 
vapor. The thick vapor layer forms an aZeotropic mixture 
With Water, Which Will condense on, Wafer surfaces, and Will 
then evaporate to dry the Wafer. A limitation With this type 
of drying technique is its use of the large solvent quantity, 
Which is hot, highly ?ammable, and extremely haZardous to 
health and the environment. Another limitation With such a 
drying technique is its cost, Which is often quite expensive. 
In fact, this dryer needs a vaporiZer and condenser to handle 
the large quantities of hot volatile organic material. 

[0022] As line siZe becomes smaller and the complexity of 
precision manufactured devices increases, it is clearly desir 
able to have an all dry cleaning and surface treatment 
technique, including both method and apparatus, that selec 
tively removes unWanted organic ?lms ad particles, prevents 
additional particles, and does not introduce compatibility 
problems for the manufactured device. The complete selec 
tive cleaning technique may also include a step of drying the 
precision substrate, Without other adverse results. A further 
desirable characteristic includes reducing or possibly elimi 
nating re-contamination of precision surfaces during clean 
ing and handling. The aforementioned conventional tech 
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nique fails to provide such desired features, thereby reducing 
the yield of good precision devices. 

[0023] From the above, it is seen that a method and 
apparatus for cleaning and precision drying semiconductor 
integrated circuits that is dry, safe, easy, and reliable is 
desirable. There is a present need for a all dry and enabling 
combinational method Which can produce any desired level 
of cleanliness doWn to the nanoscopic scale, and starting 
With various levels and types of contamination. Moreover, a 
robust and all dry cleaning method is desired to achieve the 
desired surface or substrate cleanliness and surface energy. 
Still moreover, a cleaning method is desired Which opti 
miZes the capabilities of each technique to achieve a step 
Wise reduction in contamination levels Without causing 
damage to the precision surfaces. Finally, a non-toxic and 
environmentally friendly dry cleaning method is desired to 
eliminate pollution, reduce haZardous Waste by-product gen 
eration, reduce Water usage and eliminate Worker exposure 
to toxic, corrosive, or carcinogenic cleaning chemicals. 

TABLE 4 

Surface Modi?cation Types 

Type A—Adhesion Promotion 
Type B—Hydrophilic Properties 
Type C—Oleophobicity and Hydrohobicity 
Type D—Surface Friction 
Type B—Barrier Films 
Type F—Biocompatibility 

[0024] Still moreover, the aforementioned conventional 
cleaning approaches do not have the capability of modifying 
or treating precision surface once cleaned. Again this is due 
to the inherent incompatibilities betWeen the conventional 
surface cleaning and modi?cation techniques. Referring to 
Table 4 above, surface modi?cation schemes may include 
etching aWay a thin layer of native and clean surface to 
increase Wetability or to promote adhesion strength during 
subsequent manufacturing operations such as adhesive 
bonding. Moreover, surface modi?cation also may include 
depositing small amounts of organic or inorganic molecules 
onto a cleaned surface to decrease friction, invention are 
described in the folloWing sections. This discussion includes 
an assessment of bene?ts and performance limitations asso 
ciated With each dry cleaning technique. 

[0025] The present invention is a combinational method 
Which enables the removal of most levels and types of 
macroscopic, microscopic and nanoscopic contaminants, 
thick ?lms, thin ?lms, absorbed contaminants, interstitial 
residues and particles as described in Table 1 herein. The 
present method and exemplary treatment apparatuses taught 
herein have been developed as a result of the present 
inventors understanding and exploitation of the relationships 
betWeen the various dry cleaning mechanisms and perfor 
mance pro?les for plasma, dense ?uid, UV/O3 and EHD dry 
cleaning and surface preparation treatments. Abrief discus 
sion of each technique used in the present invention folloWs. 

[0026] Vacuum and Atmospheric Plasma Cleaning and 
Modi?cation Technique 

[0027] Vacuum and atmospheric plasma cleaning uses an 
electrically charged gas containing ioniZed atoms, electrons, 
highly reactive free radicals, electrically neutral species, and 
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ultraviolet radiation. Plasmas are produced in a multi-stage 
process by passing an electric current through the process 
gas. The resulting plasma is highly reactive With surface 
contaminants. Plasmas can be used in a Wide range of 
temperature and pressure conditions; hoWever, cold plasmas 
(those With temperatures less than 140° F. [60° are most 
often used for cleaning applications. Normal operating pres 
sures for vacuum plasma cleaning processes range from 1 to 
500 millitorr. Vacuum chamber plasmas may be used to treat 
large surfaces and entire substrates, Whereas atmospheric 
and enhanced capillary discharge plasmas may be used 
selectively to treat only a portion of a precision substrate 
surface. 

[0028] In general, for thick and thin ?lm contaminations 
plasma cleaning can produce extremely clean surfaces in 
minutes. Since the cleaning medium is a gas, hidden areas of 
complex parts can be cleaned better (albeit, rather sloWly) 
than line-of-sight processes, such as carbon dioxide spray 
cleaning. Most plasma gases are selective in their cleaning 
ability, removing either organic contaminants or inorganic 
contaminants, but not both. Therefore, gas selection and 
mixing is critical. For example oxygen mixtures may be 
used for hydrocarbon cleaning, hydrogen mixtures for oxide 
removal and ?uorinated mixtures recalcitrant carbonaceous 
residues or highly cross-linked polymers. In addition, some 
types of energetic plasma, and especially vacuum plasmas, 
can cause erosion of critical dimensions on metal or epoxy 
surfaces if the conditions are not carefully controlled. More 
over, long treatment times are required for thick ?lm con 
taminants and for complete removal of all carbonaceous 
residues. 

[0029] Finally, folloWing combinational surface cleaning 
techniques described herein, gaseous or vaporous admix 
tures may be injected into a dense ?uid-plasma process 
chamber under loW pressure and plasma energy conditions 
to produce a chemically modi?ed clean surface. For 
example, this surface may be processed to have a thin 
?uorocarbon ?lm, a Te?on coating, Which provides a loW 
friction abrasion barrier for the cleaned surface. Further 
more, the cleaned surface may be activated to prepare for 
cell groWth or protein bonding (for example an implant 
surface) or for enZyme bonding (for example a platinum 
sensor surface). Polymeric precision devices such as medi 
cal instruments, optical elements, and other critical medical 
devices, once cleaned, can be treated to produce highly 
Wettable, loW permeable, clean, and sterile substrate sur 
faces using the present invention. 

[0030] Exemplary plasma cleaning and modi?cation sys 
tems suitable for use in the present invention are available 

from 4th State Inc., Belmont, Calif. (Vacuum Plasma) and 
SurFx Technologies, LLC, Los Angeles, Calif. (Atmo 
spheric Plasma). 
[0031] An aspect of the present invention is to exploit the 
various plasma techniques to ?rst chemically alter a surface 
contaminant or Weaken adhesion forces betWeen organic 
thick ?lm contaminant and substrate surface—thereby 
changing its state so that a combinational and secondary 
technique such as CO2 spray or liquid immersion may be 
used much more effectively and ef?ciently. Moreover, a loW 
pressure plasma surface modi?cation treatment may imme 
diately folloW the cleaning treatments to physicochemically 
modify a cleaned surface to produce a clean and modi?ed 




















